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ABSTRACT

This report describes a three–part investigation into the major

stages of fracture––initiation, propagation, and arrest. To study all

aspects of the problem, a wedge–loaded double-cantilever–beam design was
used because of its crack arrest capability. Much of the experimentation

was done on Fe–3Si Steel where crack–tip yielding can be revealed by a

special etching technique. Additionally, a number of experiments were

done on engineering steels, principally to study propagation resistance.

The specimen and the plastic zones produced prior to crack ini-

tiation are first described and compared with analytical and experimental

results in the literature, for purposes of calibration. The mechanism of

cleavage crack propagation was then investigated. It was found that the

fast moving crack bypasses some of the grains as it grows, leaving behind

unbroken ligaments. Rupture of these ligaments consumes a large amount

of energy locally and this process can account for crack propagation re–
sistance values estimated from these experiments.

Upon increasing root radius of the initial notch,the crack must

be overloaded to propagate, and a wide range of values of the crack driv-

ing force, G, can be obtained in a single experiment. This p~ovides a

new method of measuring crack propagation resistance, R. Etching results

suggest that R does not vary greatly as the crack grows. An energy bal-

ance shows that R is the average value of G during propagation. By this

means, Partial confirmation is given to the idea that R is equal to the

value of GIC measured in an impact test. It is then shown that the rate
and temperature dependence of KIC= (EGIC) 1/2 arises from the rate and

temperature dependence of the yield stress in the crack-tip plastic zone.

These analyses and experiments provide a framework for develop–

ing a practical arrest criterion for ship steels.
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INTRODUCTION

With the trend toward higher strength steels and more highly stressed ship
hulls, more precautions must be taken to guard against fracture. Existing methods
already make it possible to identify safe stress-level/flaw-size combinations, pro-
vided the flaw is imbedded in material of standard quality. However, this LS not
the only source of failure. A more likely source is a crack located in an atypical
region of low toughness (like the HAZ of a weld). Such a flaw will become unstable
and begin to propagate at even lower stress levels. The question then is: will the
crack emerging from the “bad region be arrested when it reaches the “good (standard
quality) material that surrounds it? The concept of designing for crack arrest is
not new. Pellini and his coworkers at NRL(l) have for some years advocated a “crack
arrest” philosophy. What is needed now is a more precise description of steels’
arrest capabilities--something like Pellini’s FAD (Fracture Analysis Diagram), but
in terms of the length of running crack that can be arrested at different stress
levels by the base metal and by continuous weld-affected regions.

This program was undertaken to explore the possibility of measuring and
analyzing crack propagation and arrest. These processes depend on a number of
factors: (1) tliemechanics of the flawed structure (or test specimen), (2) the
plastically deformed zone at the crack tip, (3] themetal’s resistanceto plastiic
flow and its race dependence,and (4) the processes of cleavage and ductile rupture
on the microstructural scale. The work sought numerical descriptions of the indi-
vidual factors with the aim of assembling these into a comprehensive, systems-type
analysis of propagation and arrest.

The studies employed the DCB (double-cantilever-beam) test specimen because
this configuration offers the possibility of initiating, propagating, and arresting
a fast fracture, under controlled conditions, within the confines of a single speci-
men. Analyses of the stress fields of stationary cracks in DCB specimens are re-
ported in the literature. A flexible, one-dimensional analysis of a crack propa-
gating in a DCB specimen has recently been devised by M. F. Kanninen of Battelle-
Columbus under separate sponsorship. Section 1 of this report deals with the plastic
zones produced by stationary cracks in this type of specimen. This work, which
exploits the l?e-3Sietching technique, was undertaken to establish a base line for
comparisons with zones produced by moving cracks.

Section 2 describes experiments which simulate slowly moving cracks.
This work revealed that the deformed material, left behind by an advancing crack tip
has relatively little influence on tlm,stress field ahead of the crack, at least
under plane strain conditions--a result which stiplifies the interpretation of propa-
gating cracks. The work described in Section 2 also demonstrates the advantages
of the DCB specimen for studies of fast fracture arrest. Under wedge loading, fast

fractures travel in essentially a straight line into a continuously decreasing
stress field and finally arrest. Metallographic sections of the arrested fractures
reveal that isolated, unbroken ligaments are left behind by the advancing crack front.
The etching studies show clearly, for the first time, that the stretching of these
ligaments behind the crack front is the main source of energy dissipation by plastic
flow during propagation.
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With these results in hand, the research described in Section 3 turned
to quantitative studies of ~he relations between the stress intensity (K) levels at
initiation and arrest in a variety of steels. The method of estimating ~d, the
average ~nergy absorption rate of a propagating fracturep from the stress fntensity

values at initiation and arrest is discussed. Experiments in which the acuity”of
the starting notch was varied show that K(arrest) decreases as the K(initiation) is
increased consistent with ~d-value close to the value of GIC. Accordingly, the
arrest condition depends on the stress and flaw size at initiation, the geome~ry of

the specimen, and %d, and is not an invariant. In the present experiments, the
ratio of K(initiation) to K(arrest) varied from-- 1 to +- 4. ~Detailed metallographic
studies show that the ligament mechanism of crack propagation occurs in all steels
studied. By sectioning several samples, it was found that the ligaments are of
limited thickness and that they are isolated regions bypasse!lby the crack. Using
this idea, a model of dynamic crack resistance is proposed,, in which the stress
intensity at the crack tip is diminished by the effect of the ligaments which are
believed to support a stress on the order of the yield stress.

In overall terms, the study encourages the view that the crack propagation
characteristics of steels can be measured, analyzed, and ultimately used to control

fracture arrest. This is illustrated in Figure 1 by an example, the case of a large

plate loaded in tension. The example presupposes that a crack in a “bad” region of

the plate becomes unstable, propagates a short distance, and then is arrested by base

metal characterized by a relatively large value of the average energy absorption rate,
Ed. Stress levels and the size of “bad” regions that can be tolerated can be esti-

mated in this way. Crack arrest may thus offer a more conservative approach to

fracture safety, both from rhe viewpoints of design, inspection, and repair. However,
both the experimental and analytical techniques need to be developed more extensively.
In addition, the metallurgical factors governing arrest toughness need to be under-

stood for the purposes of alloy development.

Reference

1. W. S. Pellini and F. P. Puzak, v,FractureAnalysis program Procedures for the

Fracture-Safe Engineering Design of Steel Structures”,
1963.
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Fig.1. SCHEMATIC REPRESENTATION OF THE
ENERGY CHANGES IN A LARGE PLATE
UNDER UNIFORM TENSION FOLLOWING
THE INITIATION OF A CRACK IN A
“BAD” REGION AND ITS ARREST BY
THE BASE METAL SURROUNDING IT.
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I?LASTIC ZONES IN Fe-3Si

G. T. Hahn, M.

SECTION 1

STEEL DOUBLE~CANTILEVER-BEAM SPECIMENS

by

Sarrate, and A, R, Rosenfield

ABSTRACT

Plastic zones generated in double-cantilever–beam specimens of an
Fe-3Si steel are revealed by etching. Zones ~orresponding to relative
stress intensity levels in the range 0.4 =. < — < 0.8 =., beam height

‘Y
to length ratios # = 0.125 and 0.35, and conditions approaching

strain are examined. The furthest extent of the zones, p z
~,13 (&a::

(Q ‘

about. half that previously observed in pl~tes loaded in tension to compara-

ble K-levels. The results are consistent with previous measurements by

Clark and lend support to Wilson’s calculations. At high stress levels,

when the zone size to beam height ratio ~ ~ 0.09, the zone begins to tilt

backwards and undergoes a transition fro% a crack- to a beam-zone. Impli-

cations of this transition with respect to the minimum beam height require–

ment are examined.
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PLASTIC ZONES IN l?e-3SiSTEEL DOUBLE-CANTILEVER-BEAM SPECIMENS

1. INTRODUCTION

In view of the many applications for the DCB (double-cantilever-beam) test
specimen*, more complete characterizations of this configuration are desirable.(1~2)
Such features as size limitations, thickness requirements, and plasticity corrections
are of interest, and these depend on the extent and distribution of the plastic
deformation generated by a crack in the specimen. A limited study of plastic zones

in DCB specimens has been conducted by Clark(s) using the l?e-3Sietching technique.
His results are summarized in Figure 1 and indicate that the maximum extent of the
DC13zones is about half of that displayed by zones produced by
field intensity levels in plates under uniform tensile loading.?~ya{~!~er~~~F~$re-

ceives support from Wilson(5) who has estimated enclave sizes and shapes from the
elastic fields obtained by applying boundary collocation to the Williams stress
function(6) for a number of specimen configurations. These calculations also show
that the infinite plate-uniaxial tension plastic zone is about twice as large as the DCB
zone, at least at one stress level.;’<”<However, the underlying differences in the
elastic field tend to disappear as the crack tip is approached. Wilson also finds

a Progressive change in the dominant inclination of the enclave, from one that leads
to one that trails the crack tip, as the beam height of the specimen is reduced (see
Figure 2).

The present stud ,
7 ~, offers more observations of zones in J)CB-specimens

art of an investigation of the plasticity attending
cracks growing under load( >8
with a geometry somewhat different from that employed by Clark. The results tend
co confirm Clark’s findings about zone size, and afford a critical.test of Wilson’s
enclave shape calculations.

* Also referred to as the wedge-opening loading (WOL), compact tension (CT), and
crack line loaded specimen.

** Wilson offers comparisons at a stress level corresponding to nominal stress-to-
yield stress ratio o/ay = 0;36. The differences among the zones should disappear
as G/oy + 0.‘\3)
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Fig.2. COMPARISON OF PLASTIC ZONES
CALCULATED BY WILSON5 WITH OUT-
LINE OF ZONE REVEALED BY ETCHING
(Spec. 3P-23, K

()

—= 0.8 ~.)
%

Fig.1. INFLUENCE OF THE RELATIVE STRESS
INTENSITY LEVEL ON THE PLASTIC ZONE
SIZE OF DCB SPECIMENS. Data points
for zones revealed on the mid-
section of Series P specimens are
compared with Clark’s 3 results for
DCB specimens and previous measure-
ments on edge and center notched
plates in uniaxial tension.q

11. EXPERllU3NTALPROCEDURES

The results reported here are for DCB Specimens having the geometry shown
in Figure 3 (Series P), and for two specimens with the same length and thickness but
a beam height of 0.5 in. (Series A). These two configurations have beam height to
length rations, !! = 0.35 and 0.125,res.pectively,compared to the ratio~ = 0.45

employed by Clar~. Another d~fference ;sthatthe specimens used here!ontained
spark machined slits cut with 0.005 in.-diameter wire which produced a slit root
radius Y 0.005 in., rather than sharp cracks.*** While the deformation within a

root radius of the slit tip is therefore not characteristic of the zone of a crack,
portions of the zone at a distance greater than 2-3.root radii from the slit tip are

*** This was done to make the zones comparable to those produced in simulated crack
growth experiments (7,8) discussed in the next section Of the report.
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60

.—

o 2 4 6
Fig.4. STRESS-STRAIN CHARACTERISTICS OF LOT

P Fe-3Si STEEL AT 100°C
.

probably indistinguishable from those of a sharp crack. The zone size to thickness(7)
ratios examined favor a close approach to plane strain conditions and this is discussed
more fully in the next section.

The DCB specimens were fabricated from Fe-3Si Steel, annealed, aged, polished,
and etched according to procedures described in detail in Reference 9. Series A speci-
mens were tested at room temperature and displayed a yield stress of 65,000 psi. Series
1?specimens were tested at 100”C to facilitate comparisons with crack growth experi-
ments made at this temperature to avoid cleavage. Lot P displayed a yield stress of

53,500 psi at 100”C and some evidence ofstrain aging, but not enough to significantly
affect the stress-strain curve (shown in Figure 4) during @e time the specimens were
under load. The spectmens were stressed.in a horizontal loading device and both the
load and the slit opening were monitored (the latter with a displacement gage). Loads
were applied and released relatively slowly, at about 5,000 Ibs. per minute. In one
case, a number of zones were produced in a single specimen by extending the slit after
each load-unload cycle and then reloading to a different K-1evel. Compliance values
calculated from the”Kanninen.(~”~ e~uation agree reasonably well with the actual
measurements as shown in Figure 5. Plastic zones generated at various K-1evels were

revealed on the DCB surface and midsection by etching.
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c=~
[ ( )~A3d3,.~k2a2sinhkcCashAc -1.sinAccosAc ~

~~x3H3
sinllzi.- Sinzkc

-i6ha
( )(
simhzAC+ sin2 AC * ~

)1

sinhkc COSIIAc. siniccosAc
SiIlh2Ac. sin2Xc si!!h2kc- Sinzkc

(SeeTable1torexplamticmofsymbsls)

(See Table 1, PageR, for explanation of
symbols)

1.4 1.6 1.8 2.0 2.2 2.4
SlitLength,in.

Fig.5. COMPARISON OF MEASURED COMPLIANCE VALUES WITH KANNINEN EXPRESSION

111. RESULTS AND DISCUSSION

Examples of the plastic zones observed on the surface and in the interior
on the specimen midsection are presented in Figures 6-9. The general appearance%of

the zones are in the main, similar tO Chose df.splayedby zones fn tensile loaded
plates.(4) Values ofp, the furthest extent of the zone measured normal to the plane
of the slit, are about 25% larger in the interior of the DCB specimens (on the plate
midsection) than on the surface, a feature also displayed by the tensile loaded
plates(41. Table 1 shows thar this is not a question of specimen alignment since a
given zone extends about the same amount on opposite surfaces of the same specimen.

Values of /3, the specimen thickness co zone size index:<,are in the range
1.25 ~ ~ ~ 0.32 for the current series of experiments. The P-values are for the most
part larger than B = 0.4, whtch is a suggested upper limit for achieving plane strain
conditions in tensile loaded plates.(2) However , since the p-values for the DCB are
about half the value for tensile loaded plates, the limiting value of B could also be
larger in this case. In fact, Wessel’s results for HP-9-4-25 and A-302B show no
significant departures from the plane strain toughness vlaue below ~ w 0.7 which
corresponds to the limit I< < 0.55 ~.

q–
for plane strain in 0.5 in.-thick specimens.

KOn this basis, the DCB zones corresponding to — = 0.6 ~.,
Dv

and 0.7 G. still repre.

sent a reasonably close approximation of plane &xain conditions. The zone obtained
by loading to ~ = 0.4 ~. probably deviated more from that which would be expected

for a crack bec$use its size fs only twice the slit root radius.

H
2

“b=: ~ , where t is the specimen thickness, K the stress intensity, and

~y Yield stress.
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(a) surface (b) midsection
,,

Fig.6, PLASTIC ZONE OF SPECIMEN 3P-16 LOADED TO K = 0.6 fir :
‘Y

(a) Specimen Surface and (b) Midsection

TABLE 1. SUMMARY OF RESULTS

TABLE1. SUMMARYOi?~~SULTS

lgt

LOAD SLITLENGTH K~ ‘JY PLAsTICZONESIZE,p {in.)
SPECLNXN (lb,) (in.) ksi(~n.) (fin.) surface midsection oppositesurface

A-3 628 3.30 ~,gttf 0.75 - 0.16

A-4 535 2.50 33 0.5 0.042

3P-16 2300 1.80 31 0.59 0.040 0.043
3P-19 2720 1.80 37 0.69 0.058 0.075

3P-23 1740 1.50 20 0.38 <0.010 0.009 <0.010

2500 1.60 31 0.57 0.040 0.042 0,037

2780 1.75 38 0.70 0,053 0.069 0.050

2960 1.95 45 0.84 0.065 0.108 0.075

2000 2.25 40 0.75 0.051 0.072 0.063

[( sinh<c+ sin2).c
T K=2fi —

Lt:slz h a sinh2Ac - sin2Ac)

t~ SeriesA,Uy = 65.0ksi

SeriesF,Uy = 53.5ksi

Ttt Apparent

+ ( )1sirhkc Coshkc - sinkc coskc
sinh2kc - sin%

a-
H-
t-
P-
I-

c-

k-

slit length
(heightofam) = 1.25 in.
(thickness)= 0.5in.
(load)
(momentof inertia)= ~

(widthofweb)= 3.6- 3
forSeriesP
(6)lt~b/H



(a) Surface (b) Midsection

Fig.7. PLASTIC ZONE OF SPECIMEN 3P-19 LOADED TO ~= 0.7 fi.:
‘v

(c) Midsection

(a) Specimen Surface, (b) Midsection, and (c) Close-up Midsection
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q

(b) Midsection, ~= 0.8fi.
‘Y

The dashed line shows the approximate
position of the slit tip when the spec-
imen was loaded. The slit was subse-
quently extended from left to right.

Fig.8. PLASTIC ZONES OF SPECIMEN 3P-23, A NUMBER OF ZONES WERE PRODUCED BY EXTEND-
ING THE SLIT OUT OF RANGE OF THE ZONE BEFORE RELOADING TO A DIFFERENT STRESS
INTENSITY LEVEL.

(a) (b)

[ = 0.5 Fiii. K (apparent) = 0.75 Y%.
TY ‘Y

Fig.9, PLASTIC ZONES DISPLAYED BY SERIES A SPECIMENS ON THE PLATE MIDSECTION. THE
DASHED LINE IN (a) SHOWS THE APPROXIMATE POSITION OF THE SLIT TIP WHEN THE
SPECIMEN WAS LOADED, THE SLIT WAS SUBSEQUENTLY EXTENDED FROM LEFT TO RIGHT.
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As shown in Figure 1, the p-values for the DCB specimens are consistent

with Clark’s findings and are about “112 as large at comparable K-levels as the
values derived from edge and center notched plates loaded in tension. In the range

0.4 En. <~< 0.7 ~., the stress intensity dependence ofp can be ex@ressed

approximatei$:

A=O.13 -

A=O.1O -

A=Oo25 -

A = 0.22 -

H
Etched, Series-P DCB Specimens ~ = 0.35

Wilson calculation for DC13 specimen,

H
-=0.5,~=0.5and

K

w
— =0.45

F‘Y a

Etched center- and edge-notched plates in
uniaxial tension(4)

Wilson calculation for center notched infinite

(1)

plate in uniaxial tension, ~ = 0.45

r
2a

‘Y

The p-values for specimens 3P-23 ( K = 0.8 fi.), A-4 and A-3 deviate noticeably
Oy

from Equation (1), and this may be connected with the transition in zone character
which is discussed in the next paragraph. Consistent with Wilson’s(5) calculations,
values of J, the extent of the zone directly in front of the slit, are comparable to
those for slits in the tensile loaded plates. As a result, the ratio#H 0.2 (for
~ = 0.6-0.7 G.) is about twice as large in the DCB specimens.
q

K
Figure 2 compares the outline of the zone shown in Figure 8b, — = 0.8 ~.

‘Y
with calculated enclaves involving nearly the same stress level and bracketing
g - ratios. The agreement is reasonably good considering the many imponderable:
w
the effects of plastic straining within the zone, strain hardening, and possible

departures from plane strain conditions, etc. Note that the etched zone does lean
back slightly, but not as much as might be expected from a linear interpolation
between the two calculated zones. Comparisons among Figures 6b, 7b, 8b, and 9
support Wilson’s result, namely that the zones lean further back as the stress level
Ls increased and as the beam height is reduced. Tt is also apparent from Figure 9b,
that the zone finally arches over completely, thereby forming the plastic zone
characteristic of a partially yielded cantilever beam.

The process of tilting back and arching over can be regarded as a tran-
sition from a crack to a beam zone, and this is likely to invalida~e calculated K-
vaIues. The two zones reproduced in Figures 8b and 9a both show a small amount of

* a is the crack length, H the beam height, W the beam length, K the stress in-
tensity and CTy the yield stress.
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backward tilt, and are in a comparable, early stage of the transition. The results
for these two specimens suggest a correlation between the onset of tilting (and
attending deviations from calculated K-values) and ‘thezone size to beam height ratio

P_% 0.09:
H

TABLE 2. ONSET OF THE CRACK-TO-BEAM-ZONE TRANSITION

Specimen H, in. :$P. P $

A-4 0.5 0.5 0.042 0.085

31?-23 1.25 0.8 0.108 0.088

This ratio can be transla&ed into a minimum specimen beam height requirement by way
of Equa~ion (1), where A = 0.13:

(3)

It would appear from this and the earlier discussion that the DCB specimen beam height
and thickness requirements for plane strain may be - e similar. This view fS con.

.f5’~or ~-~ype specimens, i.e.,sistent with the proportions recommended by Wessel(
H = 1.25t. However, it does raise a question about X-type specimens (H = 0.5

I/” :U,d
[)

this case, departures in the plane strain toughness observed with increasing ~

arise from an inadequate beam height before the”limiting thickness is exceeded.y In
addition, the difference between plastic zone size and shape in double-cantilever-beam
vs straight tension specimens is puzzling since measured Kc— values on both specimens are
consistent. This suggests that the extent to which the plasttc zone reaches out may not
be a sensitive indic;~or of events at the crack tip. Th&e is a need to
point as well as for more expertients involving systematic variations of
beam height to establish minimum specimen size requirements.

examine this
thickness and

Iv. CONCLUSIONS

1. At low stress intensity levels , plastic zones in DCB specimens have the same general
appearance as the zones in tensile loaded plates. The furthe~t ex’cen~of the DCB
zones on the plate midsection is about half the values reportel for tensile loaded
plates about 25% larger than on the surface.

2. The DCB zones begin to til~ back and undergo a transition from a crack zone to”the
zone of a partially yielded cantilever beam at high stress levels when the zone
size to beam height ratio~> 0.09. This transition probably invalidates calculated

K-values and places a low! ~imit on the specimen beam height which is tentatively
estimated as H> 1.5

()

Ki!io
q
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Section 2

OBSERVATIONS OF YIELDING ACCOMPANYING CRACK GROWTH

by

G. T. Hahn, A.R. Rosenfield, and M. Sarrate

ABSTRACT

This paper deals with direct observations of the effects of stable

growth and unstable brittle crack propagation on the plastic zone of a
crack. The experiments involved Mode I and plane strain conditions and
utilized l?e-3Si Steel as the model material. Stable growth was simulated
by spark cutting s~its under load. Cleavage crack propagation and arrest
were obtained at O C by wedge–loading the specimen. Plastic zones on the

surface and in the interior were revealed by etching. The experiments show
no striking differences between the monotonic and stable growth zones. Un-

like slow growth, the propagating cleavage crack generates virtually no de-

formation at its tip. Instead, the deformation is associated almost ex–
elusively with unbroken sections or ligaments left behind by the main crack
front.
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OBSERVATIONS OF YIELDING ACCOMPANYING CRACK GROWTH

1, INTRODUCTION

A quantitative description of the plastic zones at the ti
is essential for under~tanding fracture.

crack (stationary, vi!~~~ crack

Progress ~s be~ng madet~- j, but a com-
plete analysis of the zone of the “classical” and mono-
tonically loaded) is still not in hand, In the meantime, approximate solutions
have been derived from simplified models,
and Bilby and coworkerscT~8).

such as those of McClintockt5J, Dugdale(b)
These are frequently inspired by experimental obser-

vations and have proven extremely useful. Real fractures tend to have more compli-
cated histories ~han the “classical” crack. They can involve stable growth during
loading, cyclic loads and fatigue growth, or uns~able propagation accompanied by
extraordinary strain rates and dynamic effects. These problems are even more likely
to benefit from analytical shortcuts based on experiments.

With this in mind, we have made direct observations of the zones attending
cracks in steel foil (plane stress) . It was found that the zones produced by a
stationary and slowly growin crack under monotonic loading are similar(9), but differ

from the cyclic growth zone(Ye) and the zone attending anuns’cable shear crack.(g,~l)
The effect of crack growth was also studied in Fe-3Si Steel, where zones were revealed
byetchirig(12). There, crack growth was simulated in a controlled way by spark-
cutting slits in~o specimens under load (at constant stress intensity) , Under con-

ditions approaching plane stress, the zone was wider than the zone produced by con-
ventional loading and unloading without crack :rowth. Experiments were not ruccessfu~
under plane strain because cleavage cracks were initiated at room temperature during
the spark-cutting operation.

Accordingly, the i?e-3Siexperiments have now been successfully repeated
at a slightly elevated temperature (1OO”C) which avoids cleavage. The work was also
extended to cyclic loading, and to unstable cleavage crack propagation and arrest
at O“C. This paper presents direct observations of the plastic zones attending the
various kinds of crack growth, both on the surface and in the interior of the metal
and compares the results with the stationary, monotonic zones reported in Section 1.

11. EXPERIMENTAL PROCEDURES

Plastic zones were observed on the surfaces and on the midsections of
l/2-in.-thick l?e-3Si9<Steel plates. Descriptions of the material, the etching pro-
cedure and the plastic zones produced by virgin cracks and sharp slits in tensile
loaded plates are given in Reference 13, The present studies also employed

the DCJ5 (double cantilever beam) spectien as described in Section 1. The
experiments were conducted at 100°C (OY = 54,000 psi:=t)in order to avoid the in-
trusion of cleavage, and in one case at O°C (q = 68,000 psi) to produce a history

* Nominal composition: Si-3 .4%, C-O.02%, remainder Fe.

w< ,=

Y
is the yield stress.
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of cleavage initiation, unstable propagation and arrest. Tensile properties of the
steel at these two temperatures are shown in Figure 1. Since the l/2-in. thickness
of the DCB specimens exceeded the plastic zone size (the dimension P in Figure 2 by
more than a factor of six, the tests approximate plane strain conditions.

The following procedures were devised LO simulate different types of
cracks under conditions that are comparable. The DCB specimens were mounted in a
small, horizontal testing machine, immersed in kerosene and positioned directly be-
low the cutting head of a standard spark-machining unit. The spark unit was set up
to cut slits* into the test specimens with 0.005 in.-dia. copper wire at the rate
z 0.004 in. per minute. This arrangement permitted slits to be cut-in with the
specimen under load Ln kerosene+<~”with the temperature maintained at 100DC. DCB
specimens with a pre-cut slit were loaded to some of the K-levels used in Section 1.
The slit was then cut-in an additional- 0.1 in. by spark machining under load,
with the load programmed to maintain the K-level constant, and then ‘theload was
slowly removed. This experiment simulstes the slow, stable growth of a crack at a
constant stress intensity level.

The possibility that the results of these experiments were affected by
strain aging at 100”C was examined. A Fe-3Si tensile bar was strained 1.5% at IOO”C,
unloaded, and then aged 10 minutes at 100”C before continuing the test at 100”C.
Since this strain aging treatment only increased the flow strength about 477,signi-
ficant complications from strain aging are discounted. Two other problems are
recognized . First, the interpretation of the monotonic and stable growth zones are
to some extent, complicated by the superposition of the deformations attending the
loading and unloading portions of the cycle. Secondly, the spark-cu~ting operation
does remove some material (on either side of the slit center line) that is ordinari-
ly present’during actual crack growth. Although these effects are not likely to be
overriding here, they could be minimized, in the first case, by aging the specimens
under load (making the etch transparent to the deformation generated by unloading)
and in the second case, by carrying out the cutting-in experiments in larger speci-
mens and aE a higher stress intensity level (making the slit volume a smaller
fraction of the zone).

Unstable cleavage crack propagation and arrest were obtained in a DCB
specimen with a pre-cut slit of length, a = 1 in. In this case the specimen was
loaded at O“C by forcing a wedge between two pins on either side of the slit. This
was accomplished with the compression fixture of an ordinary testing machine as
show-nin Figure 3. The wedge was driven in slowly until an unstable cleavage
fracture initiated. Propagation for a distance of 1.5 in. and arrest followed
immediately, and probably so quickly, that these events occurred with little further
wedge motion. Under these conditions, the crack propagates into a diminishing stress
field. (See Section 3for a fuller description of the variation of stress intensity,
K, with crack length.)

The cut slit was 0.010 in. wide with- 0.005 in.-root radius. Since spark
machining does not produce plastic flow on this scale, the tip of the slit was
essentially strain-free.

Since cleavage cracks are also initiated at room temperature when the spark cutting
is performed in C C14, we conclude that the earlier difficulties with cleavage were
probably not related to hydrogen embrittlement, but simply to the high transition

temperature of l?e-3Si.
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(a)

(b)

Fig,2. SCHEMATIC DRAWINGS OF THE PLASTIC
ZONE PRODUCED BY: (a) STATIONARY
CRACK AND (b) GROWING CRACK

,——

Fig.3. ARRANGEMENT USED IN WEDGE
LOADING OF A DOUBLE-
CANTILEVER-BEAM (DCB)
SPECIMEN



-18-

111. RESULTS

Plastic zones produced by the monotonic loading procedure* were shown in
Figures 6 and 7 of Section 1. These are to be compared with the zones produced by
cutting-in under load, the procedure simulating stable crack growth as shown in
Figures 4 and 5. Here the etched sections reveal both the deformation left behind
by the growing slit and the new deformation generated at the tip (as shown schemati-
cally in Figure 2) . Comparisons with the zones in Section 1, Figures 6 and 7, which
involve the same peak stress intensity levels, do not reveal any significant differ-
ences between the monotonic and the stable growth zone: both the sizes of the zones

(see Table 1) and the near tip strain distribution (c~pare Figure 5C with Section 1,
Figure 7c) are virtually the same. The correspondence of both zone size and strafn
distribution is in accord with simplified elastic-plastic analyses which predict a
direct relation between zone size and the COD which, in turn, is closely related
to the strain distribution.>’<+<

A common feature of all these zones is the difference in the appearance
of the zones on the plate surface and plate midsection. The forward extent of the
zones (the Dimension 4 in Figure 2] was greater on the surface, while the furthest
extent (the Dimension~ roughly normal to the crack plane in Figure 2) was about 25%
greater in the interior. These relations apply to both the front and back plate
surface and are not connected with eccentricities in loading.

The plastic zones attending cleavage initiation, propagation and arrest
are shown in Figures 6 and 7. The large plastic zone existing near the original slit
tip (Figure 6a) is consistent with load required to initiate cleavage fracture at
this temperature. Figures 6b, 6c, and 7 show clearly that the zone attending initi-

ation is left behind by the propagating crack. Unlike the slow stable growth, un-

stable cleavage propagation proceeds with virtu~lly no evidence of a continuous strip
of plastic deformation on either side of the crack. Deformation is observed and this

is associated almost exclusively with unbroken sections or ligaments left behind by
the main crack front.>’’$’~’More deformation is evident at the point of arrest (see
Figure 6c). The unusual distribution on the surface is, in this case, related to

the fact that the crack extended farther in the center of the plate (tunneled). All
or part of the deformation attending arrest may have been produced by the elastic
energy stored in the testing system and released after the crack had already stopped,
and may be unrelated to the

Iv. DISCUSSION

While the present
stable growth zone for Mode

factors causing arrest.

work shows no differences between the monotonic and the
I and plane strain, a question remains because the

observations involved unloading. Similar experiments have revealed that the zones

Note that this represents one cycle of loading and unloading.

H

8 ‘YCOD= –— p, wherep is the zone size, E is the elastic modulus and uy is the

yield s’!r~ss(8). !!liisrelation is valid at relatively low nominal stress levels
u: D < 0.7 a .

Y

Metallographic studies involving repeated sectioning of the sample reveal that
all the cracked segments are connected.



TABLE 1. SUMMARY OF F,ESULTS
.——.V

&i

LOAD SLIT LENGTH ~t r PLASTIC ZONE SIZE, D (tn~
SPECIMEN (lbs) (in) (Ksifi) (&) surface midsection

Simulation of Monotonic Loading (slit at 100°C~

3P-16 2300

3P-19 2720

1.80 32 0,6

1.80 38 0.7

Simulation of Stable Growth (sli~ at 100*C)

0.040

0.058

0.043

0.075

3P-17 2300-2220 1.80-1.90 32.2 0,6 0,035 0.048

3P-18 2720-2640 1.80-1.88 38.0 0.7 0.055 0.074

3Q-16

Cleavage Initiation, Propagation and Arres~ at O°C

~ ~(a)-2+5(b) ~o(a)-ll (b]
. 0.73(a)-0.25(b) 0.080(a)/0.008(E)

[ 11/2 a- sli~ length (a) Corresponding with

~K=P 3(a + a.)z + hz a_ - (0.6h) = 0.75 in cleavage initiation

1
u

3b(l ~ h“-
- V2) I

b-

t$ UY(lOO c, Series P) = 54 Ksi v-

uy(OO C, Series Q = 68 Ksi
P-
I-

(height of arm) = 1.25 in (b) Corresponding with

(Ehickness) = 0.5 in cleavage arrest

(Poissons ratio) = 1/3
(load)
(moment of inertia) = bh3

T



(b) midsection
Fig.4. PLASTIC ZONE FOR SPECIMEN 3P-17 FOR SLIT CUT IN UNDER LOAD

CORRESPONDING To: K = 0.6 ~.: (a) specimen surfaCe and—
(b) Midsection.

‘Y



Surface (b) Midsection (c) Midsection, Close-Up of Slit Tip

I
IQ
u

Fig.5. PLASTIC ZONE OF SPECIMEN 3P-18 FOR SLIT CUT IN UNDER LOAD CORRESPONDING TO ~= 0.7 m.
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(a) initiation

Fig.6.

(a)

(b)

(c)

PLASTIC DEFORMATION ASSOCIATED WITH
CLEAVAGE FRACTURE ON THE SURFACE OF
Fe-3Si SPECIMEN 3Q-16. The photo-
graphs of the specimen surface show
portions of a cleavage crack that was
produced by wedge-loading the specimen
at OoC:

near the slit tip where the crack
initiated:

propagation region ~ 1.1 in. from slit:

point of arrest w 1.5 in. from slit

(b) propagation

(c) arrest
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of fatigue cracks are larger than expected(lO~ , possibly because thd yield stress is
lower after a stress reversal (Bauschinger effect). With a reduced yield stress,
more plastic deformation is produced during unloading and this may make it difficult
to see the differences that existed before the load was removed. The ‘problemcould
be overcome by aging the test specimens under load and cooling prior to unloading,
a procedure that makes the unloading deformation transparent to the etchant.

The present results are in accord with observations of steel foil under
load(g-ll~, showing that crack growth proceeds with no major changes in the plastic
zone, provided the crack speed is reasonably slow. However, Che zone size and pre.
sumably the crack-tip displacement do depend on the fracture mechanism, the most
striking example being the marked difference between the zone artending cleavage
cracking and those attending other fracture modes.

These results are in conflict with a proposal of McClintock (14,15) that

the plastic zone in front of a slowly growing crack differs noticeably from that in
front of a static crack. McClintock’s proposal was offered as an explanation for
stable crack growth and without this !Vhistoryeffectrfanother explanation is necessary.
Previous experimen’csin this laboratory have shown that stable crack growth in
sheets (--0.1in. thick) generally consists of crack advance at the midsection
(tunneling) accompanied by plastic flow transverse to the sheet surface. In other

such as hot-worked aluminum alloys, delamination occur parallel to the
~u~~~~~~~~~ offering another possible mechanism. In either case, stable crack growth
can often be explained by the release of triaxial stresses and can be thought of as
a transition from plane strain fracture towards plane stress fracture.
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The extremely limited amounts of plasticity left behind by the rapidly
moving cleavage crack arise from a number of sources none of which are operative in
the other specimens. In the first place the nature of the cleavage process plays a
role . As suggested most recently by Dvorak, the progress of the crack tront
will be highly irregular; it will extend readily through grains favorably oriented
for cleavage leaving behind unbroken grains which are less favorably oriented.
These unbroken grains will serve as links or Iigamenrs, tending to hold the metal
together, until they eventually fail by tearing apart. This observation is remi-
niscent of a model suggested by Krafft.(lg) Ligament mechanism can be idealized
with a modified Dugdale model consisting of a crack under load which is restrained
at its tip by a discrete array of evenly spaced pinching forces. We find that the
ligaments can account approximately for a factor of two reduction in the stress
intensity factor, K. Another factor of two reduction in K can arise from the nature

of the DCB specimen, since the stress intensity falls as the crack extends under
wedge loading conditions. There is also a decrease due to dynamic effects. Measured
crack speeds in steel 2 are on the order of 1/3 C (C = sonic veloci~y).ylates(20-2 )
Broberg’s calculation 3, suggests that cracks moving at this speed are accompanied
by a stress intensity diminution which is again on the order of 1/2.

Taken together, these three effects decrease the stress intensfty factor
of a rapidly moving cleavage crack in a DCB specimen by almost an order of magnitude,
compared to a stationary crack. Since the plastic zone size depends on (K/Y)2, it
could be thus reduced by a factor of 50-100. In fact, close examination at high
magnification away from the links of Figures 6 and 7 show that the zone extent is
less than 1/200 of the static value. The remaining zone shrinkage can easily be
accounted for by the high strain rates at the crack tip, and the corresponding yield
stress elevation. Eftis and Krafft(24) estimate a crack tip strain ra~e of 107sec-1

Unfortunately, reliable yield stress data exist only UP to 105se~1, for which strain

rate the yield ‘stressof silicon iron is about 2-1/2 times its static value. (9) ln

any event, yield stress elevation can contribute at least as much to zone shrinkage as
any of the effects which decrease K. Furthermore, it is quite likely that the
stress at the tip of a running cleavage crack is on the order of the theoretical
strength of the lattice.

Cleavage fracture also appears to be unique in that the zone associated
with crack initiation is much larger than the zone associated with crack propagation.
The reasons for this may arise from effects discussed by Griffiths and Oates .(25)
They have suggested that the large energy ?or crack initiation represents the diffi-
cul~y in raising local values of the stress and strain to sufficient levels to
initiate cleavage in individual ferrite grains (these $deas are discussed further fn
Section 4) . Based on this reasoning, one would conclude that crack extension by

cleavage is a relatively inefficient process and that considerable amounts of energy
are wasted in initiating cracking on the microscopic scale. Once microcracking
begins, however, the energy requirements are substantially reduced and this makes
it difficult to arrest a cleavage fracture.
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Section 3

MECHANISMS OF FAST FRACTURE AND ARREST IN STEELS

by

R. G. Hoagland, A. R. Rosenfield, and G. T. Hahn

ABS!ITMCT

The initiation and arrest of cracks in four steels having widely
different yield strengths was studied as a means of characterizing the en-
ergy absorption rate during rapid propagation. The fracture tests were
conducted on DCB specimens which were loaded by wedging, an arrangement
which proved useful because of its inherent stiffness and because side
grooves were unnecessary. Stable crack propagation in which the initia -
tion stress intensity, K , and the arrest stress intensity, Ka, were near–
ly equal, was observed t$ occur in each steel.

‘Q
was systematically

varied by changing the root radius of the starter s OL. Generally small
increases in K

E/
above the stable propagation level were found to produce

relatively abr pt decreases in K to K /KQ ~0.4. This behavior could be
explained by appealing to a simp?e ene?gy balance which provided a rela–
tion between K and K in terms of R ,

8
a velocity insensitive

sorption rate.a An a equate fit to *he I)CBtest results for ‘;;;’Y f%
steels could be obtained on the basis that R = 2/3 G Detailed meL-

%:allographic and fractographic examinations w~re made w ~ch established

that, at least during cleavage, the crack advances in a nonplanar fashion

generating grain size unbroken regions or ligaments which remain unbroken
for relatively large distances behind the crack front. From observation
of deformation attending propagation in Fe–3Si, it was found that these
ligaments deform and rupture during propagation, a process which can

account for the overall energy of propagation. Deformation associated
with the crack-tip during propagation could not be resolved. These re-
sults together with an analytic model of a crack subject to tractions,
suggest that the formation of unbroken regions is the principal source of
crack propagation resistance in steel.
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MECHANISMS OF FAST FRACTURE AND ARREST IN STEULS

1, INTRODUCTION

Crack propagation and arrest assume importance when a s~ructure contains
isolated regions of low toughness. While such regions are likely sources of un-
s~able cracks, they need not pose a threat to the structure. An unstable crack
emerging from a “bad” region can still be arrested in the surroundin~ “good” (standard
quality) material provided the “good” material has a sufficiently large resistance to

propagation for the stress applied. The Charpy and drop weight impact tests offer a
measure of crack propagation resistance. Their usefulness as inputs to design are
derived from intercomparison of test results or comparison against an empirically de-
rived scale. The Robertson~lj, ESSO{2J, and double tension test described by Yoshiki,
et al(3j provides a combined measure of applied stress, crack length,.and Temperature
for which arres~ is possible. From this data, the stress intensity at arrest can be
calculated and Yoshiki, et al show that for equivalent specimen geometries, good agree-
ment in conditions for arrest is obtained between propagation into a temperature
gradient and propagation through a uniform temperature distribution. The latter test
is a “go or no-go” measurement as the tes’cdetermines whether or not propagation is
possible for a given set of stress and temperature conditions. A review of these
techniques and che influence of the energy absorption rate of a running crack on the
conditions for propagation and arrest has been written by Eluhm~4j .

In several instances, crack propaga~ion test results have been interpreted
to show that the energy absorption rate> R, for a rapidly running crack is less than

GIC , the crack resistance at the onset of propagation. For example, Itagaki, et al(5)
obtained qualitative agreement between the ESSO and double tension test results and a
prediction of energy absorption rates based on a dislocation model. For constant
s~ress and temperature, their model predicts that plastic work expended at the crack
tip decreases with increasing crack speed. This result was also inferred by Hoagland(6~
based on a comparison of initiation and arrest toughness values obtained for several
steels and also for an aluminum and zirconium alloy. In these tests, a double-
cantilever-beam specimen was used in which initiation and arrest of crack propagation
could be accomplished several times in the same specimen. The stress intensity at
arrest in these materials was always lower than the initiation value and in the case
of steels, arrest occurred as low as one-half the initiation level.

Confusion concerning even the qualitative aspects of crack propagation
resistance still exists as opposing interpretations have been proposed for similar
steels. One of the first direct measurements of the energy expended during rapid
crack propagation was made by Wells(7) in which he recorded the heat input to the
crack plane. His results indicate that R for a crack which is moving rapidly is
greater than at the onset of propagation, although there is some uncertainty in the
Gc data because of widespread yielding of his notched specimens prior to fracture.
Using ver$ thin specimens and applying the same basic technique as Wells, Weichert and
Schonert( ) found the opposite behavior for steel. It is possible, however, that the
differences between these two sets of results could be attributed, in part, to differ-
ences in thickness of the test specimens. Decreasing thickness will favor a transition
in fracture mode from flat fracture to through.the.thfckness shear and the dynamic R
for these two fracture modes may respond differently to crack velocity.
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TABLE 1. COMPOSITION AND YIELD STRENGTH PROPERTIES

TABLF1. COMPOSITIONANDYIELDSTRENGTHPROPERTIES

Yield
Temperature Strength

Ma~erial c M P s Si Ni Cr Mo (Oc) (ksi)

4340 0.40 0.70 0.04 0. OLF 0.27 0.95 0.20 i22 240
-196 310

A-517 0.15 0.80 0.008 0.013 0.26 0.86 0.48 0.42 22 109
-135 160
-196 178

N o

Fe-3Si 0,018 0.001 65 pm 3.5 100 55
22 62
0 65

-75 95
-196 130

MildSteel 0.22 0.36 0,016 0.031 22 40
-112 50
-196 95

L
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Approxknate Specimen Dimensions

—Spark machined
slit. Length-H

Specimen

thickness ❑a

Material I L ] H I B
1

4340 I 8.5 11.501.5001

12’A-517 q-~5 1.50 .375

Fig.1. THE DCB TEST SPECIMEN. THE SPARK MACHINED SLIT FACILITATES STARTING
THE CRACK, THE SLIT WIDTH IS A VARIABLE IN THE STUDY, IN THE
CASE OF THE A-517 TWO SPECIMEN LENGTHS WERE EMPLOYED.



In a series of fracture toughness measurements of a mild steel in which both
temperature anclloading rate were var<ed, Eftls and Kra,fft(g) :Eoundthat the initi-

ation tOUghneSS, ~<lcof a mild Steel, decreased with increasing loadin~ rate to a

minimum value determined by test temperature and then increased at still higher loading
rates. From Ehese resulCs, they suggest that the energy absorption rate would follow
the same trend as the crack velocity increased. They substantiate thefr results by

estimating the stress intensity-crack velocity relation from wide plate test results
obtained by Hall~lO) and coworkers. These estimates TnclfcaEea rapid increase in
stress intensity with crack speeds in the range of 3000 fps to 5000 fps. There is,
however, an element of uncertainty in these estimates as they were not corrected for
dynamic effects, effects which Eroberg (11) S~loWSto be important in this speed range.

In addition, Dvorak(~2) suggests that propagation is discontinuous due to the formation
and rupture of unbroken links left behind as the crack grows. He further suggests that
plastic deformation of these links is the principal energy absorbing process during
propagation. On this basis, the processes of crack initiation and propagation could
be different.

It is apparent that existing results are inconsistent and contradictory and
that the actual dependence of R on crack spe~d remains poorly understood. A comparison
of the initiation and arrest toughness seems to offer a useful method of studying the
differences in the static and dynamic values of R. In fact,,Crosley and Rip~ing have

suggested(131 that the arrest tpu~hness corresponds to the minimum R, and that a stress
intensity less than this ‘minimum would be incapable of sustaining propagation.

In thfs paper we present the results of crack propagation tests which com-
pare initiation and arresk toughness for four steels having widely different strength
levels. A DCB specimen and a relatively stiff loading arrangement were used in an
attempt to minimize interactions between the loading system and specimen during propa-
gation. Skress levels during propagation were altered systematically by varying the
bluntness of the startfng crack. This technique made it possible to relate the arrest,
toughness to an average energy absorption rate and the stress level at initiation. The
presence of energy absorbing ligaments is demonstrated and a quanti~ative analysis of
their role in propagation is developed.

11. EXPERIMENTAL PROCED~E

Materials. Compositions and mechanical properties of the four steels used
in this study are given in Table 1. The mild steel also known as project steel E was
received as hot-rolled plate 1/2 in. thick. Several earlier studies of ‘thetensile
fracture and microcrack fo~ation behavior have been conducted on identical
material(14-15) . The ASTM specification A-517 is a constructional steel given the
U. S. Steel designation T-1. It was supplied as quenched and tempered plate 3/8 in.
thick. TWO heats of silicon steel made from Armco Iron and from electrolytic iron
were prepared at Battelle. The processing conditions of the silicon steel have been

reported in detail in Reference 16. Ffnally, the 4340 steel was tested as water-
quenched from 1550°F.

Wedge-Loaded DCB Tests. The double-cantilever-beam specimen configuration
which was employed here is shown in Figure 1. Conventionally, this type of specimen
is loaded in tension by a pin and yoke arrangement. Unless the crack plane corre-
sponds LO a plane of very low tou hness,

Y
fairly deep side grooves must be machined

down the length of the specimen(b to guide the crack since the large bending stress
in the arms cause the crack to veer to the side of the specimen. The use of side
grooves suppresses the formation of shear lips and , although several studies have
shown little or no effect of side grooves on the initiation toughness, there remains
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Fig.2. LOADING ARRANGEMENT. The wedge
is forced between the hardened
steel pins extending through
the pin holes. The clip gage
mounted on the specimen between
the two legs of the wedge moni-
tors displacement of the pins

a degree of uncertainty as to Lhe effect of side grooves on the propagation betlav~or.

To circumvent the need for side grooves in this study, the specimens were tested by
forcing a wedge between the loading pins. This loading arrangement is shown in Figure
2* The force applied to the wedge by the tes’cingmachine produces a compressive stress
in the specimen which reduces the tensile bending stress. As long as this longitudinal
compressive stress produced by the applied force acts parallel to the crack plan , it
does not affect the crack-tip singularity and therefore does not affect the applied
stress intensity. For a given crack opening displacement, the stress intensity is
independent of applied load. If P is the opening force on the specimen, then the load
applied to the wedge, Fa, is

Fa = 2P COSQ (~ cosO + sinO) (1)

where 2~ is the wedge angle and # is the coefficient of friction between the pins and
the wedge. Suppressionof the bending stress is controlled primarily by varying the
wedge angle. Initially, an 11 degree wedge angle was used. For the approximate speci-
men dimension given in Figure 1, this wedge angle was adequate for maintairiing straight-
forward propagation of cracks less than about 2 to 3 inches in length al~!noughlonger
cracks turned to the side of the specimen. A 30 degree wedge angle was used later in

this study and was found to maintain the desired crack plane for cracks longer than 5
to 6 inches. It should be pointed out that even though ~his loading method may en-
courage straightforward advance of the crack at the initiation stage, several theore-
tical investigations have shown that the crack-tip stress field undergoes reorientation
with increasing velocity to the extent that branching or at least curvature of the
crack path is favored. This effect can also be suppressed by increasing the wedge
angle but tht required wed.qeangle would depend on the maximum crack speed.
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llnimportant Eacet of this study involves the determination of the vari-
ation in the stress intens-ityat crack arrest with the stress intensity at ini~i-
ation . In order to increase the initiation stress intensity above the minimum
sharp crack value, l~lc,the specimans were provided with spark rnacl~inedslots of
VariOLISroot diameters, These starter slots were cut to depths of not less than H,
the beam height.

If the coefficient of frictfon is precfsely known, P can be cleterminsd
from Fa via Equation (1). The applied stress intensity is given by Gross and
Srawley(13) as

(2)

In practice, very little confidence can be given to a measurement of ~ since it is
likely that ~ varies from test to !cestand also with applied load (clueto a slight
peenin~ of the ~wedgc at the point of contact with the pins). Alternatively, K may
be calculated from the pin displacement, y, and che crack length. If @ is the speci-
men< compliance y/P, then the strain energy release rate is

Since G = 1C2/.E,combining Equations (2) and (3) gives a first order differential
equation for compliance as

-4p5_~BH (:+0.7)2

which, for fixed y, integrates ‘co

@ =% (:+o.7)3+@o

(3)

(4)

{5)

Approximate measurements of $., accurate co within a factor of two, show that @o is
at least two orders of magnitude less than @ for a/H = 1 and can, therefore, be
neglected with little error for crack lengths lunger than this. The expression for
K ~hen becomes

(6)

The actual dependence of K on crack length departs from Equation (6) for very short
crack lengths and as the crack approaches the end of che specimen. Estimates(6~17)
of the range of applicability of Equation

:<;

(6) give

<1-:
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0,4

0.3:\

H= 1.5 inches
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ig.3. A PLOT OF EQUATION (6) ILLUS-
TRATING THE DEPENDENCE OF K ON
CRACK LENGTH FOR FIXED DISPLACE-
MENT, y

a/H

4 plot of Equation (6) is shown in Figure 3. Clearly, for a constant pin
displacement, y, the applied K decreases rapidly with increasing crack length, a

condition which favors crack arrest. However, truly fixed pin displacement as the

crack extends could be achieved only for an Infinitely stiff testing system. Relax-
ation of the loading system as the crack grows will produce an additional increase
in y. lf we let b represent the total displacement of the system required to produce
a pin displacement of y then for de/da < 0, the specimen-load train system is in-
herently unstable since the stress intensity increases as the crack extends. In a
detailed analysis of crack sta”biliryin varfous fracture mechanics specimens,
Clausin~(18) includes the effect of the compliance of the loadfng system on the con-
dition for
be deduced

crack instability. From Equations
that for a DCB specimen db]da must

@L<2

(18) and (19) in Reference 18, it can
be positive for

@ (7)

where
fied,

used .
5.4x

$~ is the compliance of rhe loading system. As long as Equation (7) is satis-
c~ack growth is mechanically stable.

In this study, an lnstron testing machine with a 10,000 lb. load cell was
For this loading system, the compliance (including the wedge) was found to be
IO-6 in./lbf and, therefore, crack extension can be shown to be mechanically

stable for a/H> 1 on the basis of Equation (7). The UIOS’tmechanically compliant
member of the load train is the load cell, the wedge contributing only 8% to the
rotal compliance. The inherent stiffness of the wedge-loading technique is an ad-

\ vantage since increased stiffness decreases the interaction between the testing
machine and the test specimen during rapid crack propagation.
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Room kcmperature ‘testswere conducted with the specimc;-,loaded vertically
as shown in Fi&ure 2 while the pin displacement was rEcorded continuously by memls
of the Lli]3~age. The gage used is similar to that described by Brown and Srawley,L19)

Ilowcver, the sage is attached to the specimen by conical-pivot seats mounted on both
sides of the slot on the end-face of the specimen. This seaEing arrangement enabled
a positive ccjntactbetw~en the ~age and the gage blocks thereby mi.ntii.zingthe effect
of the shock associatcilwith a rapiclpropagation evcnc. OEher arrangements proved
unsatisfactory a.sLhe ~a~c position relative to the speci~en chang’ed,or che ga~e
was completely clislo~edduring propagation. The gage calibration was repeatable to
i 0.0002 in. and was checked at frequent intervals during this study. While the load
was not used to determine K, the load-displacement record provided a convenient means
for riotingthe initiation and arrest conditions since a drop in the applied load
signifies a propagation event. At test temperatures other than room temperature, the
specimen-displacement gage ass<inblywas either placed in a bath or, for intermediate
subzero temperatures, was surrounded by a helical tube which sprayed,at controlled
rates,cold N2 gas supplied by a licluidiX2container. After one or two propagation
evenEs, the specimen is removed from the test fixture and th~ crack length measured
on the surface to an accuracy OF t 0.002 in. Some measurements of crack length were
made on both sides of Lhe specimen but generally this was unnecessary as the crack
Erace on both surfaces were very nearly equal.

111. RESULTS

DCB Test Results. A summary of the average initiation and arrest results
for the Iour s~eels are compiled in Table 2. Both plane s~raiu and non-plane strain
data are referred to here as initiation toughness or I<Q. The thickness criteria in
terms of th~ parameter E/(CQ/Y)2which establishes the lower limit of the plane strain
regime is somewhat uncertain, but is approximately in the range 1.5 to 2.5. ‘loughriess
values for which ~/(’kQ/~)2 is grea~er than abouz 2.0 should, therefore, correspond Co .K~c,

The extent of propagation for each test condition is reflected in the
difference between the i~itiation and arrest stress intensity Ka. It is importanr
to note that the arrest stress in~ensity is determined immediately after arrest and,
therefore, after the testing system and specimen have regained static equilibrium.
The greater this difference, the more unstable the propagation and the farther the
crack propagates before arresting. In some Eests, the crack ran to the side or to
the cnd of thp spccirnenand, therefore, the arrest stress intensity could not be
detcrminecl. In these cases, an upper limit of Ka was compu~ed from the maximum crack
length for which T?qua!cion(6) is applicable. Since propagation continued beyond this
point, the actual arres~ stress intensity must be less than this estimate. Examples
or these propagation behaviors are shown in Figure 4. In most tnstances in which
propagation extended from a previously arrested crack, the propagation was very
nesrly stable as evidenced by L-hefact that the initiation and arrest stress intensi-
ties are very nearly equal. In fac~, for each material and test temperature, there
exists a minimum stress intensity at which both initiation and propagation occur.
The crack either extended slowly or in more rapid but very small increments;’;typically
of the order of 0.020 to 0.100 in.

In the 4340, propagation was quite stable at room temperature for crack
extension from both a 0.006 in..wide slot and an arrested crack. Increasing the slot
width to 0.026 in. resulted in a more than fivefold tncrease in the initiation
threshold and loss of plane strafn. In this case, the crack extended rapidly for
some distance down the length of the specimen and then turned to the side of the
specimen typical of a very unstable propagation in which Ka is considerably less than
KQ . The resulting crack path in this specimen is shown in Figure 4. At -196”C, the
initiation threshold was elevated by a 0.006 in.-wide slot, although in this case,

_the co>~~i+ionof h. ~1nt- +<p-p~~s.<x.
+ Metallographic examination often revealed that crack extension was somewhat

nonuniform along the crack front when propagation occurred in small increments.
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TABLE 2. SUMMARY OF DCB TEST RESULTS

-—...... ... ~ . . ...

Test
K ksid%.

Temperature
Eslot Root

Material (~c) Diameter (in.) Initiation Arrest (KQIY2)

4340 22 sharp(a)
AS quenched 0.006

0.026

35
33
82

23.7
26.0

< % 0.9

-196 sharp
0.006

55
81

15.7
< 29 7.4

5.9A-517 -135 sharp

-196 sharp
0.007
0.009
0.O25
0.061

32
42
43
69

>117

31 11.9
18 6.9
12 6.3
16 2.5

< 0.9

Shoemaker and
Rolfe notch
bend(z~) -196 sharp 35

(static)

- 63
-60

0.4

0.4

Fe-3Si 100 sharp
0.026

65
63

22 sharp
sharp
0.007
0.042

28
34(C)
28
75

26
-8

27
< 25

2.5
1.6
2.5
0.4

0 0.010 50 12 0.9

34
40

33
22

3.5
2.5

-75 sharp
0.017

Project
Steel E -112 sharp 22 18 2.7

-196 sharp 25 25 7’.2
0.007 19 23 13.1
0,O46 41 < 10 2.6

‘a) Arrested crack tip.
(b)

Arrest values Iabelled with “4’ are computed assuming the crack arrested at
the limits of applicability of Equation (6). The crack turned tO the side
or ran to the end of the specimen and, therefore, the actual K at arrest is
less than this.

(c)
An anomalously high initiation toughness believed to be caused by unbroken
regions at the crack tip.



F’ig.4. COMPARISON OF CRACK PROPAGATION BEHAVIOR: (a) A-517 steel
in which crack extension was stable, (b) mild steel speci-
men in which the crack propagated in an unstable fashion
from the slot tip to the end of the specimen, and (c) un-

stable crack in quenched 4340 which propagated from the
slot tip to the side of the specimen

In the series of experiments on A-517, KQ was progressively increased by
increasing the slot width. For initiation from a sharp arrested crack, the propa-
gation was essentially stable and the KQ(KIC) and Ka are very nearly equal. For
higher initiation thresholds, Ka decreases to approximately 1/2 the s~able propa-
gation value. For comparative purpose,static and dynamic (fallinS weight) toughness
data for identical material obtained by Shoemaker and Rolfe(20~ are included. Here
the increased loading rate results in a 20% decrease fn roughness.

In the Fe-3Si and mild steel, slot widths great~r than 0.007 in. were
required to elevate the initiation toughness and produce unstable propagation. How-
ever, even for a sharp crack, an anomalous increase in KQ as, for example, occurred

in Fe-3Si at 22°C results in unstable propagation and a low arrest toughness. In this
particular example, the increase in the toughness from 28 ksifi. to 34 ksi ~. is
the result of extensfve divisfon of the arrested crack tip as described in the follow-
ing section. It is also interesting to note that sharp elevation of F@ by increasing
the temperature from 22°C to 100°C did not promote unstable propagation but resulted
in very slow crack extension.
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g.5. A COMPILATION OF
NESS DATA FOR THE

HE TOUGH-
FOUR STEELS

SHOWING THE DEPENDENCE OF THE
ARREST STRESS INTEN51TY, Ka,
ON THE INITIATION LEVEL, KO.
Test temperatures in ‘C
are indicated. Dashed lines
are theoretical predictions
based on Equation (13)

DenoCing the m-inimum initiation threshold at which the propagation is essen-

tially stable by KIC, then the ratio? KQ/KIc, represents the amount of averstressing

achieved by blunting the starter sIo~. For KQ/K1c above unity,Ka for each of the

steels falls abruptly. This behavior is summarized in Figure 5 for the four steels

a~ each of the test temperatures where I(TCwas established. In this figure, the

stable propagation data for these materials nearly coincides to the coordina~es
KajKq = 1, Ka/KIc = 1, and so have not been plotted. Also shown in Figure 5 are pre-

dictions based on the condition that the energy absorption rate during propagation,
~, is constant and related to KIC. This point is discussed in more detail below.

Crack Propa~ation Eehavior. In order to characterize the path of the

propagation, selected specimens of each steel containing an arrested crack were
sectioned and examined. The purpose of these examina~ions is to identify the micro-
structural features which may be influencing the propagation or perhaps promotins

crack arrest. Scanning electron microscopy was also used to examine the fracture

surfaces .

In both the Fe-3Si and mild steel, the fracture mode was found to be pre-
dominantly cleavage for Che unstable as well as stable types of propagation. Typical
examples of Che fracture surface of the mild steel tested at -196°c are shown in
Figure 6. i30thareas in Figure 6 correspond to regions where crack extension occurred
in small increments. Each of the nearly planar fac~ts represents cleavage through an
individual grafn. At each boundary the crack plane and direction changes as the crack
advances into the next grain. As a result of the random grain orientation, Ehe crack
becomes a su-rf.eceextending in three dimension on a microstructural scale in contrast
to the often idealized two-dimensional plane. This highly irregular crack plane seems
to exert considerable influence on the propagation behavior, as discussed more fully
below. A few small isolated areas which show evidence of dimples typical of ductile
fracture can also be observed.

In Figure 7, the crack profile at the midthickness position of a mild steel
specimen containing an arrested crack also shows tha~ the cleavage crack path is
quite discontinuous. Numerous unbroken regions or ligaments are left behind as the
crack extends. In contrast Co the ver

Y
small size of the tensile ligaments embodied

in a fracture model posed by Krafft(21 , the unbroken regions here have grain size
dimensions and can be found relatively large distances (~ 0.5 in.) behind the
arres~ed crack front. These unbroken ligaments are more numerous near the crack tip
which indicates that conttnued opening of the crack must involve rupture of the
ligaments by either cleavage or a duc~ile tearing mechanism. It is likely that
ductile rupture of the intervening ligaments is che source of the isolated dimpled

regions observed on the fracture surface.
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(a)

(c)

Fig.6. FRACTURE SURFACE OF
STABLE PROPAGATION.
(d) is the enlarged

(d)

PROJECT STEEL E FRACTURED AT -196°C. REGION OF
(b) is the enlarged center portion of (a).

center portion of (c)



,.”m
. .

.:
!.,

,,, !’
‘m

~.

.,’ ‘., , ...

%.
,... *

w 0.1 in. from final arrest

final arrest

Fig.7. CLEAVAGE FRACTURE PROFILES IN THE MILD STEEL. PHOTOGRAPHS OF THE MID-
THICKNESS POSITION OF A SPECIMEN TESTED AT -196°C. CRACK EXTENSION
OCCURRED BY VERY SMALL JUMPS
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Fig.8. CRACK PROFILES IN Fe-3Si SPECIMEN TESTED AT O°C. THE AREAS MARKED A
AND B ARE EXAMINED IN FIG.9
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(a) 0.030 from crack tip

FIG.11. CRACK PROFILE OF A-517

(b) crack tip

TESTED AT -196°C

FIG.12. ARRESTED CRACK TIP IN QUENCHED 4340 AFTER UNSTABLE PROPAGATION AT -196°C
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In Figure 7, it appears that several micro cracks are isola~ed and that the
~igaments perhaps form a single multiply connected network. Sections revealing the
crack profile in the Fe-3Si also have the same appearance as shown in Figure S. Here
again, apparen~ly isolaEed microcracks are common but become more numerous near Che

crack tip. J3yprogressively sectioning in increments of about 0.002 in. (a total of
twelve sections were m~de) it was possible to obtain a three-dimensional concept of
the crack shape and better judge the degree to which the microcracks were inter-
connected. From the sectioning, it was found that in no instance was a microcrack
observed to be completely isolated. Two examples in which apparently isolated micro-
CraCICSwere observed to connecc Eo the main crack are ,sho~ in Figure 90 These re-
sults sugg~st at least for the Fe-sSi that the ligaments correspond to islands of
unbroken material. The crack itcself forms a continuous surface and truly isolated
microcracks are rare. Because of Lhe close similarity in the fracture topography
with the Fe-3Si, this result should also apply co the mild sEeel although this
material was not progressively sectioned.

In the A-517, which has a quenched and tempered microstructure, the crack
propagation mode was also primarily cleavage at -lg6°C. However, in contrast ‘cothe
mild steel and Fe-3Si, the cleavage facets shown in Figure 10 are smaller, more
irreeqlar, and generally not as well d~fined. Areas of ductile tearing were also
evident. In profile, Figure 11, the crack was found to exhibit occasional discon-
tirmities over most of its length. The crack shown in ~igure 11 propagated in a
relatively stable manner by very small but rapid increases in length. The final
propagation before the specimen was sectioned extended the crack approximately 0.10
fnches . Near ‘&e crack tip, the crack path becomes quite discontinuous. Progressive
sectioning in very small increments ( - 0.0004 in.) revealed Lhat the crack surface
in the A-517, like the Fe-3Si, is continuous and surrounds the unbroken ligaments.
It would appear that in the case of A-517, these ligaments rupture at relatively
small crack opening displacements since they are confined primarily ‘cothe crack-tip
region. Exactly the same behavior is evident in the Lk3ii0aS can be seen in Figure
12. Here the crack propagated in a very unstable manner (at -lg6°C) for approxi-
mately 2 in. before arresting with a microcrack array at the tip.

Plastic Deformation During Propagation. EY giving the Fe-3Si spectmens a
low temperature (1509C) anneal, dislocations are decorated With carbon and nitrogen.
During subsequent etching, Lhe decorated dislocations are preferentially attacked
which Ehereby permits observation of deformation zones. A detailed discussion of
the specimen preparation, aging, and etching procedures for displaying deformation
in Fe-3Si can be found in Reference 16. Here it is pointed out that this technique

is sufficiently sensitive to reveal individual dislocations when the plastic strains
are small. As the plastic strain increases, the dislocations become so numerous chat
the area appears black. With further increases in plastic strain beyond 5 tO 10%,
the material no longer etches due to insufficient carbon to adequately decorate the
dislocations . Therefore, crack-tip plastic zones are delineated by two boundaries:
an otlterone of essentially zero strain and an inner boundary within which the
plastic strain exceeds 5 to 10%.

In Figure 13, are shown a series of macrographs which illustrates the in-
crease with temperature of the extent of deformation on the surface of specimens
tested at -75°C, O“C, and 100”C. The plastic zones extending on either side of the
crack are similar in size for both the O“C and -75°C test temperatures. At I009C,

the plastic zone sfze is considerably larger cons<s~ent with the increased 1~/Y.
Accompanying this transition to a more ductile fracture mode is the development of
shear lips and the tunneling of the crack along the miclthickness.
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(a) -75°C ,,
,,

(b) 00C
,,,!!,,

(c) 1000C

Fig.13. DEVELOPMENT OF SURFACE DEFORMATION WITH INCREASING TEST TEMPERATURE
IN Fe-3Si

c’!’$ ,.

(b) Midthickness

Fig.14. COMPARISON OF THE DEFORMATION AT THE SURFACE AND MIDTHICKNESS OF A
SPECIMEN TESTED AT 22 C. THE INITIATION-ARREST LOCATIONS ARE IN-
DICATED IN THE MIDTHICKNESS VIEW BY THE KAT WHICH PROPAGATION
OCCURRED



(a) 0.6 in. from crack tip 0.25 in. from crack tip

(c) arrested crack tip (d) crack tip
(d) Enlargement of the tip region
of Fig.15(c) showing arrest at a
grain boundary and subsequent de-
formation within the two adjacent
grains

Fig.15. REGION OF UNSTABLE CRACK PROPAGATION IN SPECIMEN SHOWN IN Fig.14
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Figure 14 shows a comparison of the surface deformatio]lwith the defor-
mation at the rnidthicknezs position in a DCB specimen tested at 22°C. In this
specimen, the crack propagated in short increments starting at 19 ksi fi. from the
0.007 in.-wide SIOE and continued to propagate at a K I.evelin the range of 27 to
32 ksi~n. Each of the loca’cionswhere arrest and reinitiation occurred is identi-
fiable in the midthickness view by a plastic zone. Finally, at a K of 34 ksifi.
at the crack length indicated in Figure 14, the propagation became very unstable and
the crack ran the remaining distance. In Figure 14, there is evidence of considerable
crack division resulting in fairly extensive unbroken regions just prior to the point
at which initiation occurred at the K of 34 ksifi. As unbroken ligaments may inter-
fere with propagation, a point discussed in more detail later, their presence at the
crack Lip increases the initiation threshold. This is an effect equivalent to inc-
reasing the root radius of the starter slot.

On the surface where plane s~ress conditions predominate and stiallshear
lips are tending to form, the relatively uniform deformation along the first portion
of the path suggests that crack extension here is continuous. In the unstable portion,
the plastic zone is much smaller and in some areas has completely disappeared. Near
the tip, unbroken regions within which relatively intense plastic strains have oc-
curred are indicated by the areas which have etched white. At the midthickness
position, in Figures 15a, b, and C, plastic deformation is apparently confined to L“tie
arrest-initiation locations and within and surrounding unbroken ligaments which occur
at fairly random locations along the crack path. An excellent example of the crack tip
deformation which occurred after arrest, and which results from the residual load on
the specimen applied by the wedge, is shown in the magnified view in Figure 15d. These
observations are identical to those made on other Fe-BSi specimens tested at room
temperature and below and addi~ional examples can be found in Figures 6 and 7 in
Section 2 of this report.

These results sugges~ that virtually no plastic deformation occurs at the
crack tip while it is moving. However, there is a small uncertainty in the extent of

plastic deformation introduced by the small amount of material removed from the

corners of the crack during etching. AS the etching should remove no more than 0.001

in. from the crack, we may take this dimension as an upper limit to the plastic zone
size in the fast crack regions. In Section I, it was found that the plastic zone size

varied as

H~=o.13:2

in the DCB specimen. Therefore, during rapid propagation K/Y < 0.09 ~. at the
crack t~p. Near the arrested crack tip where the uncertainty in the extent of defor-
mation due to etching is small, K/y < 0.04 ~. The plastic zone at the arrested tip

in Figure 15d provides the measure of the arrest stress intensity as 7.7 ksifi.
taking the static yield strength to be 62.4 ksi. However, the unbroken regions span-

ning the crack interface may support a portion of the applied load and, therefore,
the applied stress intensity couldbe larger than this.+

—. --
+ The arrested crack length in this specimen is outside the range of applicability

of Equation (6).
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The ratio Ka/K~ div%des the DCB test results into two regimes. Thr property

of stable crack propagation has been attached to those results in which &/KQ is very

nearly unftyo In all other tesCs, Ka/KQ was about 0.4 or less and here the term un-

stable propagation was applied. Crack propagation behavior yieldiw lta/KQ values in

the range between these two extr~mes was not observed. From a macroscopic standpoint,

crack propagation inscabili~y appears to develop very rapidly as ‘<Qincreases” A
simple energy balance offers a means of rationalizing these results and also provides
a way of estimating the energy absorption rate frm a comparison of l{awith KQ.

During propagation, the energy release from the elastic strain field in the

specimen is expended as kinetic energy and irreversible processes, the principal one
being plastic deformation. The resulting energy balance is a modified Griffith-
Orowan relation

(8)

where T is ~he kinetic energy and u is the strain energy in the specimen. The ~ett
side of Equation (8) represents the rate of work done on the specimen during propa-
gation. The crosshead travel is negligible during the short time period of propa-
gation and as the elastic relaxation of the loading pins, wedge, and testing machine
is also small, we can , as a first approximation, set dW/da = O. For consistency we
have used the symbol R to represent energy dissipated during cracking but in fact,
R and G can be used interchangeably in keeping with formal definftions(23~. In the
instant prior to the onset of propagation, while the kinetic energy is still zero,
the familiar condition for fracture rez.ul~s,i.eO,dU/da = - RL Gc. Also, note that
dU/da and R have upposite signs and fQr the magnitude of dU/da greater than the

magnitude of R the kinetic energy must increase with increasing crack length. The
interdependence between the three energy terms is shown schematically in Figure 16
where the dependence of R on crack length has been assumed. Actually, R is related
to crack length only indirectly since

R = R(v)

and (9)

v = v(a)

where v is the crack velocity. An important point made in Figure 16 is that the
kinetic energy in the system is not an energy sink term, i.e., kinetic energy may
also be expended indirectly as deformation. Therefore, at the second point where
g agatn equals R, Lhe kinetic energy is maximum and for a further increase in crack
da
length R>~, $<O. The kinetic energy supplies the energy deficit to continue

the expansion of the crack. The condition of arrest corresponds to T = O which from
Equation (8) yields

a

J
f aff
dU=L~Rda

a ~
o 0

(lo)
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Fjg.16. SCHEMATIC REPRESENTATION OF THE ENERGY
CHANGES ACCOMPANYING PROPAGATION AND
ARREST IN A DCB SPECIMEN. The L#

curve corresponds to crack growth under

fixed-displacement. conditions, The R-
curve is hypothetical

L.Jherea. and af are the initial and “fillaIcrack ~cngths, respectively. In arri.vinS

at Equatian (10), it is assumed that the system (the specimen and loadin~ mechanism)

is conservative (isolated) except only for heat lost through the crack plane during
propagation. This assumption essentially requires that all kinetic energy is dis-

sipated along the crack plane. To proceed further requires knowledge of the de-
pendence of R upon crack velocity. When viewed on a macroscopic scale, the etching

results show that the deformation is fairly uniform along the crack path. The defor-

mation accompanying crack propagation appears to show a dependence on crack velocity

only at the specimen surface when shear lips begin to form at the higher test temper-
atures . Therefore, as ~ reasonable first approximation, we can set

[

=G
‘Q Q ‘= o

R=

1‘d

where R
d

is constant. Equation (10) becomes

V>o

1
af

‘d=—
!

dU
af-ao a

o

(11)

Substituting Equation {5) and recalling that G = KL/E, integration of 12 gives

.1 r 1/2 + ~ 1/4 ~ 1/4 + c 1./21[ 11/4 c 1/4
‘d 3 .GQ Qa a ‘Q a

or (13)

It can be recognized from EquaEion (1.2) that Rd falls between G and Ga. values of
QRd calculated from Equation (13) and expressed in stress intenszty units for A-517

steel.are given in the following table.
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TABLE 3. ‘ABuLATION ‘F ‘Q’ ‘a’ ‘ND ‘d ‘ALUES

FOR A-517 AT -196DC

*VL ...—.———
Diameter (in.) KQ (ksi~n.) Ka (kSi&) ~“ERd (ksiy~n)

Sharp 32 (KIC) 31 31

0.007 42 18 28

0.009 43 12 24

0.0.25 69 16 36

Compared to the range of Kq and I<arepresented in this table, Rd is reasonably
constanr and approximately equal to GTC . The data also suggest Che Rd may increase
for very large KQ which raises the question that Ed may be somewhat dependent on
crack veloci~y. Nigh speeds may attend large overstressing in turn causing an in-
crease in P.din the manner suggested by Eftis and Krafft(7). 1-Iowever,this trend
requires verification.

On the basis that Rd - GIC, we~ictions of the dependence of Ka on KQ for

all four steels can be made from Equation (13). Two conditions: Rd = G1c(ERd = K1C2),

and Rd = 2/3 G1c(ERd = 2/3 KI~2) have been assumed and the resulting variation of Ka

with Kq are compared with the data in Figure 5 . These pred~ctions provide a fafr

representation of the data for all the steels, although the condition that Rd = GIc

appears to overestimate Rd. Additional data are needed to resolve the dependence of

the ratio Rd/G1c on composition, microstructure, and temperature.

The data of Shoemaker and Rolfe for A-517 steel at -196°C give
K1c(dynamic)/K1c(static) - 0.S, a value which is nearly equal to the ratio @id/KIc

for Rd = 2/3 GIC. This suggests that,within the assumptions employed in arriving at
Equations (11) and (13), the sharp crack dynamic toughness corresponds to the stress
intensity reqnired to sustain propagation. This does not mean, however, that for a
given flaw size, a stress level which provides a K ~@Rd !s incapable of causing
unstable catastrophic propagation in a structure. T-n;~articular if t’n~structure

is stressed such tha~ K increases with increasing crack len~tfi,tnsn a flaw originating
in a small brittle region may enter the tougher surroundings and continue to grow even
though its stress intensity at the instant it enters the matrix is < flRd . For ex-
ample, consider the case of a large plate dead-weight-loaded in ten~ion with a brittle
region at the center. If a small crack initiates within and grows rapidly through the
brittle zone, then at the instant the crack enters the surrounding “good” material,
iEs size and the applied stress level define a K. For the crackoto arrest, it is
easily shown that Rd for the good material must satisfy ~R~ > ,21{4,If this inequality
is not satisfied,continued propagation is energetically fa;ored.

At high magnifications, the etching results also show that Rd << Ka2/E
except around the ligaments. Therefore, it appears that the major portion of the
energy of propagation is expended within the unbroken ligaments behind the crack tip.
If plastic deformation during propagation is confined primarily to unbroken regions
behind the tip, then these ligaments must also support a significant portion of the
applied load. Hence, the stress intensity at the crack tip will be less than the
applied stress intensity. A solution which affords a useful estimate of this effect
is obtained in Appendix A for the case of an infinite center-cracked plate loaded
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along the cr~ck plane by a fini~e number of point forces. l?romthis analysis, the
crack-tip stress intensity is given by

where I(A is the applied stress intensity, 1?is the average force exerted by each
ligament, m is the number of unbroken ligaments and d is Che fraction of the crack
length (2a) over which Lhe ligaments remain unbroken (cf. Figure A: 1). The function
G(m,d) is plotted in Figure A-2 for a range of values of m and d.

Measurements of the ligament spacing and diameters along unstable cracks
in the Fe-3Si in sections near the midthickness, indicate Chat the spacing ranges
from about 0.005 in. to about 0.060 in. with an average of 0.022 in. and that the
diameters vary in Che range 0.002 to 0.020 in. averaging 0.007 in. Since the grain
diameter in this steel is approximately 0.003 in. the ligaments involve roughly one
to ten grains, Furthermore, taking the ligaments to be roughly circular and equi-
distant, the areal fraction of unbroken IigamenCs is about 0.1. The distance back
from the crack tip where unbroken ligaments could be found (a-~) averages 0.44 in.
As the ligamen~ model is strictly two dimensional, it is necessary to rearrange the
ligament array on the surface into an equivalent pattern of unbroken strips extending
across the specimen thickness. On this basis, the strip spacing would be me-half

the observed ligament spacing and the area of each unbroken strip is, for a specimen
thickness of 0.5 in., 5.5 x 10-4 in.~ . The ligaments are subject to considerable

restraint and high strain rates and,therefore,a reasonable estimate of the flow
stress prior to rupture is 150 ksi. For a crack length of about 2 in., we find

1?= 82.5 lbf

d=O.22

m=40

G(m,d) ~ 160

and

2F G(m,d) ~ 10 ksifi.
z. -

As a “ballpark” estimate, this result is very significant as it implies that the
ligaments could successfully unload the crack tip. Furthermore, since this calcu-
lation is based upon measurements along the midthickness profile, it should under-
estimate the actual reduction in crack-tip stress intensity since the ligaments near
the surfaces are apparently larger and more closely spaced.

The results of the above model serve to emphasize the importance of the un-
broken ligaments on propagation behavior. If the ligaments act to produce a signifi-
cant difference between the applied K and the crack-tip K, then also the ligaments
must provide an important sink for energy dissipation during propagation. Therefore,
a major part of Rd can now be attributed to deformation and rupture of unbroken areas

as the crack extends, clirectevidence for which was available only in the case of tht
Fe-3Si etching results.

In summary, the etching results coupled with the energy
model analyses provide evidence that the source of the resistance
gation is not in the crack-tip reg?on but rather unbroken regions
as the crack-grows . This conclusion seemsapplicable at least to
-.

balance and ligament
to rapid crack propa-
which are bypassed
the steels and
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testing conditions employed in this study. The source of the ligaments is not yet
clear although two possibilities exist: anomalously tough regions which are scattered

randomly throughout the steel, or a region of one or more grains whose cleavage planes
are poorly orien~eclwhile the surrounding grains are well oriented for propagation.

The weclSe-loadedDC13test used in this study provides a very use.Iulmeans
of studying crack propagation as the entire spectrum of propagation stsbility can be
examined. Indeed, tl~~ability to achieve stable propagation is attribLltable to the

inherent stiffness of the loading system. Furthermore, these tests indicated thst

on the basis of the arrest toughness, the apparent resistance to crack propagation is
dependent upon the initiation conditions. Therefore, K:lis not, by its~lf, ~1test

independent fndicator of crack propagation resistance.

Finally, there s.remany asp~cts of rapid crsck propagation which have not
been considered here. In particular, elas~ic wave effects such as rtf~eCtiOIIS from

free surfaces back to the crack tip may play an important r~le in propa~ati,on. blhile
quasi-static analyses of crack propagation have been dev?lopcd, a fLl~~ydynamic treat-
ment of crack propagation would be enormously difficult. The evaluation uf such
effects is more realistically attacked from the experimental standpui,nt.

v. CONCLUSIONS

1.

2.

3.

4.

5.

The inherent stiffness of the wedge-loaded DC13test affords a means of propa~ating
s crack in a relatively stable manner such that the stress intensity Jt initiation
(KQ) and arrest (Ka} are very nearly equal. By increasing K throl-ghincreasing
the root radius of the st:lrL~rslut, Ka undergoes an abrupt fecre.;e to Ka/Kq <0.4
for steels with a wide range of yield stren~ths from 62 ksi to 310 ksi.

During cleavage propagation, the crack advances in a nonpl.anar fashion generating
unbroken regions or ligamtnts randomly. These ligaments may rcm~in unbroken for
considerable distances behind the crack front. Thfs observation is essentially
Che same whether the crack is propagating in a stable or unstable fashion.
Furthermore, completely isolated microcracks are rare.

On the average, nr gross discontinuities in thp deformation during propagation
were ~vident on a macroscopic scale frotnthe etching studies. Thereforej as a
first approximation, the dynamic energy absorption rate, Rc~,was taken LO be
independent of velocity. An energy balance of propagation indicates that the
average Rd is approximately 2/3 GIC or’@Rd : (),,8KIC for the steels and t~sting
conditions in this study. The ratiowRd/[{1~ is also very nearly equal to

Itlc(dynamic)/K1c(static) ubtained by Shoemaker and Rolfe for similar materials.

Deformation associated with the crack tip during cleavage propagation could not

be resolved. Thereforej propagation by cleavage> at least in the Fe-3Si steel,

is nearly ideally brittle with Rd(tip)/~-rc j 0.01. The deformation is confined

to the unbroken ligaments as the crack extends and the overall energ]- of propa-

gation is primarily absorbed in their deformation and rqpture.

An snalysis of point forces disEribLltedalong a crack SLlrfaCc~ms used to model

the ligaments joinins the crack interfaces and thereby Eain an ~stima~r of Llle
effect of these ligaments on the crack-tip stress intensity. Based on measure-
ments of ligament size and spacing, this estimate indicates th~t tlhcactual
crack-tip stress intensity can be appreciably less than the applie~lstress in-
‘censicydue to the load borne by the Llnbroken regions behind the crflcktip. T])is
analysis offers an independent check of the concl[lsionthat the lig,amenLsufford
the principal energy absorbing sink during propagation.
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APPF,NDIX A

THE EFFECT OF CRACK-LINE TRACTIONS
ON THE CRACK-TIP STRESS INTENSITY

IF, as a crack grows, ft encircles and leaves behind islands of unbroken

material or ligaments, the stress intensity describing the stresses in the crack-tip
region will become increasingly smaller than the applied stress intensity~ as the un-
broken ligaments become more numerous. The effect of these ligaments may be ade-
quately treated by appealing to a simple two-dimensional analogue consisting of a
large, center-cracked plate loaded along the crack plane by a series of point forces
which simulate the ligaments-(Figure A-1). Following the complex variable method of
Muskhelishvili(~~, we define a function, @, in the complex z-plane such that

o Xx+o = 2[$5’(2)-F@’(z)]
YY

We may consider the stress function @ as arising solely from the point force tractions
along the crack plane. Then, if the plate is loaded in some fashion along its boundary
to produce an applied stress intensity, KA, the net stress intensity is

K=KA~ ~im [@’(Z) +@’(z)]

x~a

y=o

x>a

(A-1)

The conformal mapping

trafisformsthe unit circle in the ~-plane into a slit of length 2a in the z-plane.
In the ~-plane, Muskhelishviliprovides a solution for a distributed force over an
arc of the circle. By allowing the arc length to decrease to zero such that the
resultingpoint force, F, is finite, Muskhelishvili’s solution reduces to

o(g) = -&An(o--g)

where o is the point along the hole
a distribution of n point forces on

boundary at which the force? F, is applied. For
the crack plane except at the crack tips, x = ~ a,

~~ The stress intensity based on the applied stress and crack length neglecting
tractions along the crack surface.
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Fig.A-l. (a)

(b)
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(b)
CENTER-CRACKED SHEET LOADED BY POINT FORCES DISTRIBUTED RANDOMLY OVER THE
SLIT BOUNDARY. THERE ARE N FORCES NUMBERED IN A CLOCKWISE FASHION.

SAME AS (a) EXCEPT THAT THE FORCES ARE EQUAL AND UNIFORMLY SPACED
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A-3

Equation (D-1) becomes

where ej is defined by Xj = cos@; and Xj is the

crack plane. Let us now examine the particular

sir@.
3

l-cose .
(A-2)

J

location of the jth force on the

case in Figure A.lb of equal magnitude

forces equally spaced a distance 6. The first force is positioned at xi = 4 and,
making the subs~itution d = (a-A)/a, Equation (A-2) becomes

or more compactly

~m’-[m(l-d)+ (j-l)d]’

K =KA-—
$

G(m,d) (A-3)

where m = n/4. The function G(m,d) is plotted in Figure A-2. As m+ ‘, the force
distribution becomes continuous and & G(m,d) approaches cos-l(l-d). Therefore, the

Rterm due to the ligaments on the rig t side of Equation (A-3) becomes, for large m

(large number of ligaments)

w~ich is precisely the result obtained by Dugdale(2~ for a continuousstress Y = F/6
superposed along the crack surface near the crack tip.
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