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BRITTLE FRACTURE QOF MILD STEEL IN TENSION AT -196 C

ABSTRACT

The tensile fracture behavior of a mild steel at -196 C has been studied
in some detail. With the aid of long thin strip specimens loaded at controlied
crosshead speeds between 8.9 X 10_4 and 1.6 x 10—]' in./min, the strain pat-
tern and microscopic changes preceding fracture were observed, and the mag-
nitude local strain was measured. Specimens heat-treated to alter the tend-
ency toward brittle behavior, but maintaining ferrite-pearlite structures, were
also examined,

Under these conditions, all the Lider's bands display microcracks in some
ferrite grains. However, the as-received and normalized specimens do not
fracture at low vield stresses (slow loading speeds) during the spread of the
Luder's bands. By raising the loading speed, a critical stress is reached when
fracture occurs after a delay time. The formation of microcracks and fracture is
always preceded by gross yielding. On further increasing the loading rate, the
fracture stress rises along with the vield stress.

Deductions from the dislocation pile—-up theory of fracture in polycrystal-
line metals are not compatible with the experimental data. It is concluded that
the microcrack model suggested by Low is more appropriate.

Some observations on the creep occurring in Luder's bands during their

propagation at -196 C are included.
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INTRODUCTION
(1--7)

Most recent discussions of britile fracture in polyerystalline metals

(1,2 . (3, 4)
have uiilized a model elaborated by Stroh*’ ) and applied by Petch( ' ), in

which it ig assumed that the local stresgs concentration necessary to cleave a

crystal is produced by an extensive defect in the form of dislocations piled up

h

. ) TN , , e
against a grain boundarv. 1t has been implied’ tha: this is. in effect, a

X crrsar ! O ' :
restatement of the Griffith concept of fracture in terms o' diclocation theory.

{9, 10

However, Low maintains that, at ieast in mild steel. real cracks of sub-
critical size are actualiy formed before the main fracture cocurs and, thus, a

f : : s , e s 111y
more direct application of the Griffith model {as modified by Orowan "% is ap-
propriare

The experimental evidence supporting these theories is not extensive.
Stroh and Petch reiy principally upon two related experimental observations:
that the fracrure siress r:"o-F‘_; at ~196 C is linearly related 1o the reciprocal of
the square root of the mean grain diameter {dl, and that the proportionality

(2; {9)

corstant so determined is of the expected magnitude . However, Low

demonstrated the existence »f subcritical cracks in iron Jdeformed by slow

1/

I

bending at - 196 C; he aiso found a linear g vs. d 77 relationship by tension
tests and deduced a value of the proportionality constant which is compatible
with the Griffith~-Qrowan theory. Clearly, comparisons over a wider range of

experimentai data are required to assess the applicability of these theories
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to the low-temperature fracture of mild steel. In the present work, the search
for subcritical microcracks 1s extended to specimens tested in tension, and
the predictions of the two theotries are compared with the experimental frac-
ture stress and strain as a function of the loading rate.

As the stress is increased slowly in a simple tensile test at =196 C, four
stages of nonelastic strain are identifiable. Firsi, there is a preyield micro-
strain which is less than about 50 x 10_6. This is followed by a microcreep
strain, occupying an appreciable time interval before it is replaced by a third

().2)

stage—-the generation of Llider's bands The =196 C microcreep strain may
be as large as 10-3, and is accompanied by the appearance of fine slip mark-
ings. During the propagation of the Lider's bands, the stresgs is reasonably

constant, but it increases again in the fourth stage (strain hardening) after o
bands have covered the whole specimen. Subsequent fracture is still predomi-

103

nantly by cleavage, and it was in this range that Low( , using a slow~bend

technique, observed microcracks which did not propagate until the stress was

further increased. Petch(4)

also obtained much experimental data in this
range. Considering that such specimens exhibit appreciable ductility before
final rupture, it would seem more appropriate to examine the theories of brit-
tle fracture in relation to data for which the plasiic strain preceding fracture is
a minimum.

Mild steel specimens that fracture at =196 C with very small overall duc-~

tility are readily obtained by suitable heat treatment, bul relatively few accurate



measurements of the nonelastic strain have been reported. During the spread
of a Luder's band, the deformation is heterogeneous on a macroscale as well
as on a microscale, and observatiors over a 1- or 2-in. gage length give no
indication of the strain in the vicinity of the fracture. TFurthermore, the re-
corded strain 18 dependent upon the geomeiry of the specimen. In the pres-
ent experiments, a technique was employed by which the local strain pattern
couid be observed both in the viciniiy of the fraciure and in lecations of simi-

lar geometry where no fracture occlrred.

EXPERIMENTAL METHCDS

The mild steel® investigated here was of the rimmed type and was re-
ceived in the form of a hot-rolied 3/4-in. plate. The effects of a wide variety
of heat treatments on this material have been studied in detail using Charpy

. . a3y

V-notch and low-temperature standard tensile rests’™ . 1f has beern focund
that the -196 C properties can be varied from extreme briitleness (950 C
furrace cooled) to exceilent ductil:ity (950 C air coc.ed), ail with normal
equiaxed ferrile pius pear)ite microstructures, Specimens ireated in this

way and some 1n the as-teceived condition were used in the preset series

sAnalysis.

C0.22, Mn 0.36, P0.016, S 0.03%, S10.002, Cu0.17, Ni0.13,
Sr 0,08, VO.005, Mo 0.025, &1 0.009, Sn 0,012, As 0.001,

D 0.006,
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of tests, The standard-test data are shown in Table I.

The heat treatments were carried out in a helium atmosphere on full-
plate-thickness blanks. The specimens, flat strips 0.035--0,040 in. thick
with a parallel-sided gage section 5 in. long and 0.25 in. wide, were
machined from the center. The last 0.010 in. were removed by slow grinding
with a well lubricated porous wheel. Deep etching revealed no evidence of
overheating. The specimen and plate surfaces were mutually parallel, so
that the specimen axis coincided with the rolling direction. One surface of
each specimen had a grcund finish with all the scratches (corresponding to
about 0 emery paper) running longitudinally. The other was taken down to
000 paper before being polished with diamond paste. An accurate scribing
machine was used 0 mark a scale with 1-mm intervals on the ground side
along the whole length of the specimen, the short transverse scratches be~
ing hardly deeper than the leongitudinal grindiag marks.

The tests were conducted with a modified Hounsfield tensile machine.
The ioad was applied through an electrically driven screw and gear train
and measured by the deflection of a stiff spring. The overall rate of strain
was the independent variable. The range of crosshead speeds lay between
8§.9x lO%L and 1.6 x 10-1 in./min. The resulting vield stress was indicated
on a semi-automatic load-extension recorder.

If the specimen did not break, the test was discontinued when the
Ltder's bands covered almost the whole gage section (yvielding time 40--60

min). After each run the specimen was remcved from the liquid nitrogen bath,



TABLE I
Standard Test Data for Mild Steel*

Charpy V-notch Yield stress Fracture stress Reduction in
Transition temp. at -196°C at -196°C area at -196°C Ferrite
Round-bar " Round-bar Round-bar grain size
Heat treatment °C Tensile test, 10 psi Tensile test, 10 psi Tensile test, % A.S.T.M. No.
950° C, Furnace 22.4 119 122 0.3 7.3
Cooled

As-received 15.7 117 122 2.6 7.2
950° C, Air Cooled -23.1 140 186 30.0 8.9

*See footnote at beginning of Section 2 for composition of steel.
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warmed to room temperature in cold water, and dried with alcohol and a warm
air blast. The strain pattern was easily observed on the prepolished surface
and was examined subsequently by optical microscopy. The plastic strain
along the length of the specimen was determined by measuring the inscribed

millimeter scale under a low-power microscope with a Hurlbut counter.

EXPERIMENTAL RESULTS

The stress-strain conditions. The preyield nonelastic phenomena and

the initiation of Llider's strain at ~196 C in these specimens have been de-

(12}

scribed elsewhere Typical load-extension curves are shown in Fig. 1.
As anticipated(zn, the yield stress was found proportional to the logarithm

of the crosshead speed (vc) (Fig., 2). The maximum drop in load during yie_ld—
ing in any specimen corresponded to a decrease of only 3500 psi, based on
the original cross section. Contrary to the classical model of Liider's-band
propagation, the average strain over the length of the bands increased with
the time of loading (Fig. 3). In addition, the local strain within a well-
developed Luder's band was not uniform (Fig. 4), it being a little greater
near the point of initiation at the shoulder of the specimen. An average "true"
stress was calculated from the measured load, and the corresponding average
Lider's strain at selected times., Although the load decreased somewhat as

the Lider's strain increased during the time-dependent yielding, the stress

remained constant to within about 500 psi, which is an appreciably smaller

——
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FIGURE 1. Typical load-extension curves at -196° C with different
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Average Luders Strain %
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FIGURE 3, Average Luder's strain as a function of time of yielding.

Steel tested at -196° C with a crosshead speed of
3.6 X 1072 in/min.



Strain in 3 mm %
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FIGURE 4, Example of distribution of strainin a Liider's band when
measured over 3-mm gauge lengths, Steel air cooled
from 950° C. Tested at -196° C with a crosshead speed

of 3.6 X 10”> iny/min,



riation tkan the experimenial reproducibility of the vield swess (about
2000 psi?
’ ; {14 . : | . . ,
Figsher and RBocars nave demonstrated the axistence of creep at ~78 C

in mitd-steel wires after the whnle specimen is covered by Ltder's bands.
The time~dependent Lider' g airvawn 8t ~ 195 C ofse.ved in the preseni experi~

ments apresrs to te a rorgted eiiect. Acooiding ro Fisl and Fogera' ",

1

the Lbder's sirain dependg upon the applied siress 8nd 1s not dlrect'v affectad

by the testing temperature, Unfourtunatelv, the Litder w gtrain ig algo irfluenced

15)

by the stiffness of 1he testing machine and the geomeiry of vne specimen' ™™, so

that I is not feasible 1o compare data obtalned by different technigues. After

La

normadzing at 950 C, there was a giriking increase both In the oreep rare and
in the maximum strain [Fig. 3). Ai the same lcading rata, the nmormalized speci-
men had a vield stress 6000 p=i greater than the as-received specimen., but it

seems imprekbabie thaw vriz 5, 1% ncrease in siress 15 suific 2rx 4o account for
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L%der's bands swarted at hoth ends and movea glowly towards each other,
Beiween the bands, inz sieel was sttessed anore the slasgiic Jimit and contained

a small nonelasiic microstrsin (stage 1) which then increased slowly with time

'y
j \ -

{stage Z) AL verv slow crosshesd spaeds, the maximum load could he ap-

plied for several hours belore the Lbder's bands traversad the whole spaciman.

During this time, fire slip linesz could ke obhserved between the bands., Howover,

w



-i2-

ne new Lbder's bands were initiated although it seems probable that this
would occur with longer specimens or still slower loading rates.

Influence of loading rate on cleavage fracture. At constant stress,

the time to fracture or, if no break occurred, to the termination of the test
wag measured from the onset of gross yielding as indicated by the load-
extension curve. There was always a time delay before fracture which, as
an example, is plotted in Fig. 5 as a function of the crosshead speed for
the air cooled specimens. In this case, there was a well defined crosshead
speed (8.5 x 10_3 in./min) above which the specimens fractured quickly
and belew which they were ductile. All the specimens furnace cooled from
950 C broke in a short time but showed a decrease in time-to-fracture with
increase in crosshead speed. A similar situation is represented by the right-
hand branch of the curve in Fig. 5. The slowesgt loading rate for brittle frac-
ture of the as-received specimens lay between those for the cther two series.
At crosshead speeds greater than 3.6 x 10_3 in./min, all the as-received
specimens broke after some delay. However, in seven tests at this border-
line speed, three specimens broke quickly while the remaining four did not
fracture in long-time tests.

The overall elongation (in 5 in.) was governed by the extent of Llder's
strain and the distance covered by the bands during the time of the test. The

measured elongation is shown as a function of the crosshead speed in Fig. 6.
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FIGURE 5. Time of yielding before fracture as a function of the
crosshead speed (vc). Steel air cooled from 950° C

and tested at -196° C,

X - specimen broke
O = no fracture
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FIGURE 6. Elongation in 5-in. gauge length as a function of
crosshead speed (VC) . Temperature -196° C.

x ~ specimen broke
0 - no fracture
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W’hen the overall elongation is plotted against the average "“true®
stress in the Llider's bands at the end of each test, the curves shown in
Fig. 7 are obtained. These curves suggest that in esch series there is
a stress above which the steel is brittle. In the normalized series the
demarcation was well defined, but in the furnsce cocied spaoimens a
sufficiently low stress to permit duciiie tehavior wag not attained. The
lowest stress achieved experimentally for the as~received specimens
was very close to the transition stress, and the scaiter in the ductility
data probably resulted from small differences ki gpecimen dimensions
or heterogeneity in the steel.

As the crosshead speed wasg increased in the brittle range, the
vield and frecture siresses incressed (Figs, 2 and 7) apd the time to
fracture decreased (Fiu. 5). Howewver, no fracture occurred without
pricr gress deformation. The average Lider's straiv. “n fracturad speci-
mens was between 2. 1% and 5.2%, while rhe maximum straing in 2 mm
were between 3.2% and £%. Larger average straing were found in many
of the ductile specimens. For exawmpie, average stuains greater than 7%
(with a maximum in % mm of 10, 1%) were obaerved in normalized speci-
mens tested at slow speeds such that ro fracture occurred during the

rur {Fig. 3}.

Metallographic 2bgservations. By visua: examination of ihe polished

a

surface, it was noted that each fracture was located witin a Litder's band.
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X - specimen broke
O - no fracture



This was true cven at the {asiest crosshead speeds where the Litder's bands
spread only about 1 mm beinre fracture. Although the fracture was often
fairly clese 1o the leading edye of a bana, it never coincided with the inter-
face and in some instances was more than 1/4 in. behind the front.

Microcracks were obaserved 15 e LUder's bands of all the specimens,
even ithose which behaved in a ductile manner. Usually the cracks traversed
ordy one v two Tervite grains (Tig. 8) although {ners were ingtances when sev-
eral microcracks were connected by very severe local deformatizn to form an
agsembly that extended across five or more graing {Fig. 9). The longes! strings
of cracks were found in specimens subiected in tne slowest loading rate and
lowest stress, 11 appears thar some gingie~Irain micrnciscks spread slowiv by
inducing cleavage in nelgabaring grains, AL Jow siresses inis process is able
to continue for some time before toial fracture resulis.

A few twins wer2 sean in the Llder's bade, bul these were essily dis-
tinguished from the microcracks hoth by their general app=arance in rotaied

oblique illumination and by repalishing snd re~exsmiring e vreiched surface

when the cracks, urlike rthe rwins, persisted. The twing ware rol associated
with microoracks, Lo the ares hetween tae Llder's bards no miorccracks wera

neted in any of the speoimens.
The ganesis of the microcracks proved 2lvsive. No microcracks smaller
than a jgrain diameter were found, and all produced a: their ends secondary de-

formation that itended to obliverate the urigingl ship traces. [n addiuon o the



FIGURE 8. Examples of microcracks formed at -196° C in ductile

specimens.

-]18-
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FIGURE 9. Assembly of microcracks in s
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pecimen without a complete fracture,

{(a) and (b} the same area. (a) X150. (b) X1¢00.
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microcracks, numerous markings were observed that indicated slip at vari~
ance with the predominant slip orientation and with exceptional step heights
(Fig. 10). However, no direct evidence connecting these with the subsequent

formation of microcracks was obtained.

DISCUSSION

(1, 2)

Comparison of the Stroh and Low thecries. Stroh has postulated

that a cleavage crack can form when n dislocations, piled up under the action
of a shear stress, v satisfy the conditfion

nbscrs =127 (1)
where b is the Burger's vector and ) the surface energy of the cleaved faces
of a single crystal. Assuming the blockage is provided by a grain boundary,
the piled-up dislocations are pictured to cccupy a length equal to half the

grain diameter d. The fracture stress op is then

/2 .
g2 (2)

-

o

5.—[
i

1

)
‘Y‘Y \ i
1) |
where G is the shear modulus and =/ is Poisson's ratio. At a given tempera-
ture,

~1/

o, = kd (3)
which has been verified experimentally for polycrystalline zinc by Greenwood

and Quarrell(s) . To fit the experimental data for iron and steel at -196 C,

3,4 , .
Petch( > 4) found it necessary to introduce a second constant o the vield



FIGURE 10.

-21-

e —y

Unusual slip markings observed after deformation at
-196° C. (a) and (b) are the same area with different
positions of the oblique illumination. X1000,.
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stress of a single crystal at the testing temperature, so that

~1/2
op =o_ +kd / (4)

(10)

Low also observed a linear relationship between Op and d-l/2 for

low=-carbon iron at -196 C but explained the result in terms of the Griffith—

Orowan concept:

5-"4Ep[ /2 d-l/z

I m——
o }
i

F | (5)
where E is Young's modulus and p is an energy term which includes the
surface energy and the plastic work done during fracture.

(2)

According to Stroh' ™', the proportionalitv constant k in Eq. (3)

(which does not include a plastic-work term} agrees with experimental

(3, 4)

values deduced from the Petch and the Greenwood-Quarreil data(5) .
On the other hand, Low( 10) maintains that the plastic-work term far out-
weighs the surface-energy term since the experimental value found for P
in Eq. (5) is at least two orders of magnitude greater than the known sur-
face energies of metals.

An important stimulus to the development of the dislocation theory
has been the belief that subcritical Griffith cracks do not exist in a real
metal prior to brittle fracture. The present work has shown clearly that
this belief is unfounded in the case of mild steel since microcracks are
formed before fracture.

The dislocation pile-up theory does not account for either the

location of the fracture or the effects of icading rate cbserved in the

.
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(2)

present experiments. In this view' ', fracture and yielding are taken to
be competitive processes, cleavage resulting from the normal stresses
and yielding from the shear stresses around a queue of dislocations. The
shear stress required to activate a dislocation source in a neighboring
crystal increases as the temperature is decreased in such a way that at
some temperature the necessary normal stress for cleavage is achieved
before the shear stress to induce further slip is reached. The present
experiments were carried out well below Streh's estimated temperatureﬁz)
of transition from slip to cleavage behavior, and also below the measured
tensile transition temperature(lé). Consequently, the sirain preceding
fracture should have been only that resulting from the pile~up of disloca-
tions, in magnitude about the same as that of the first-stage microstrain.
In other words, brittle fracture should have occurred either before gross
vielding in the vicinity of the stress concentration near the specimen ends
or, subsequently, at the front of the Lider's bands. In none cf the experi-
ments did fracture occur in either of these situations,

The time required to buil(;i up a dislocation queue at a constant ap-
plied stress should be that necessary tc establish the microstrain (stage 1).
These times for mild steel, at different stresses and temperatures, have
been measured by Clark and Wood(”—-lg) . At the static yield stress they

are very small compared with the delay time for yielding. Thus, since

there is no term in Eq. (2) suggesting a built-in time dependence for cleavage,
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the Stroh theory predicts that the fracture stress should be less sensitive
than the yield stress to an increase in the loading rate and that the proba-
bility of fracture without prior gross yvielding should be greater when the
crosshead speed is increased. In the present experiments fracture was
always preceded by gross yielding and the fracture stress increased with
the vield stress.

The Low concept of brittle fracture in iron at -196 C rests on two
propositions:

1. Fracture is preceded by yvielding and by the formation of

microcracks of a size related to the grain diameter.

2. The fracture stress is that stress which causes the micro-

cracks to propagate to complete failure, the critical con-
ditions being defined by Eq. (5).

The relation between yielding and fracture was demonstrated ex-
perimentally by showing that in coarse-grained iron the fracture stress
in tension coincides with the yield stress in compression when both
tests are conducted at -196 C and at the same strain rate. A separate
slow-bend test was used to demonstrate the presence of subcritical
microcracks. These microcracks were caused to propagate to complete
failure by increasing the applied stress. Thus, the conditions were
comparable with those in the fourth stage of the nonelastic strain in a

tension test; that is, after the Llider's bands have covered the specimen.
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The present experimental data, which show this behavior even in the
situation of minimum ductility in tension at -196 C, provide substan-
tial support for Low's viewpoint over a range of testing speeds. At
all stresses which produced gross vielding at -196 C, microcracks
were found in the Llder’s bands, In the air cooled and as-received
specimens, these did not propagate to failure within the time of test-
ing (about 40 min} unless the stress was greater than a certain mini-
mum {Fig. 7D). It is reasonable to assume that in the more brittie
furnace cooled specimens the yield stress was always greater than the
minimum stress required to cause the microcracks to spread rapidly.

General discussion. To form a microcrack it is necessary to

cause appreciable plastic defofmation and to reach a sufficiently high
stress. The minimum stress necessary at =196 C could not be ascer-
tained since microcracks were produced at the lowest yield stress
attainable. Nor was it possible to obtain anv direct information about
the mechanism by which the microcracks are generated. 8ingle-crystal
techniques appear to be more appropriate for studying this problem.

At a constant applied stress, there is a time delay before cleav-
age fracture (Fig. 5;. This has three components: the delay time for
the initiation of Lltder's bands, the time for formation of microcracks,
and the interval between microcrack formation and propagation to com-

plete fracture, The first component is not significant in the present
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data since the times were measured from the start of gross yielding.
In the slow~speed tests on air cooled specimens, microcracks were
found within 30 seconds after the initiation of Lider's strain, although
the bands continued to spread for an additional 40 minutes without
fracture. Evidently, the propagation of the cracks is the major time-
deciding factor.

The delay in propagation cannot be understcod in terms of Eq.
(5) which does not contain any time-dependent factors. The average
plastic strain (although time-dependent) is not a criterion for fracture
since the slowly loaded specimens that did not break contained a
much larger Lliider's strain than the specimens that fractured at higher
stresses. As explained earlier, the avérage stress on a Llider's band
did not fluctuate more than about 0.4%. While it is possible that
this fluctuation could account for the delay in fracture, it seems more
probable that the important changes occur on a much smaller scéle.

The delayed fracture is thought to be a consequance of the time
dependence of the Llder's strain at low temperatures (Fig. 3}. As
measured on the millimeter grid, the strain along a band is not uniform
(Fig. 4), and frequently fractures are not located near the maximum
strain even on this scale. Microscopically the deformation is very
heterogeneous. The stress—strain pattern in the vicinity of any one grain

is not accurately refiected by the average measurements, and it changes
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continuously as creep progresses. Under these conditions the develop-
ment of microcracks is complex. The material surrounding a crack is
not isotropic, as assumed by Eq. (5). Further, the relative grain orien-
iations must be a factor in determining the probability that one of the
original microcracks will induce cleavage in a neighboring grain. When
cracks have formed in several connected grains, d in Eg. (5) should be
replaced by the length of the crack assembly, and the same applied
siress can now drive the fracture through more unfavorable environments.
There 1s some criticai size such that fracture can progress through any
surroundings it encounters, and then catastrophic failure ensues.

A sequence of cracks extending through a number of grains, N,
{Fig. 9) was observed in several of the specimens that had yvielded ex-
tensively at stresses below the minimum stress for fracture. Similar,
but less extensive, arrays of cracks were chserved in some of the
fractured specimens in logations remote from the main fracture. It is
evident that, at siresses close to and below the minimum fracture stress,
the critical size for final failure is appreciably greater than that for the
first~formed microcrack. If Eq. (5) is used to compute the minimum frac-
ture stress, d must be replaced by N*d, N#* being the number of singie-

grain microcracks in the assembly of critical size. Then,

1/2

o, = Const. (Fﬁ*&,) (6)
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The present experimental conditions approximate the situation where
the applied stress ¢ is held constant while N increases with time.

Fracture occurs if the total crack length (Nd) reaches a critical
value in the time available. It may be that the growth rate of a sub-
critical crack is affected by the grain size and heat treatment, but no
information on this point is available. However, it is clear that the
critical crack length is determined by the value of p. Grain size is
an important factor in fracture behavior and, thus p must be a function
of d. This is readily understood if the contributions to the plastic
work term are considered. The two major sources of energy absorp-
tion are the deformation which occurs at cieavage steps within the

(9, 20)

grains (p

step) and the shear deformation reguired to join adjacent

cleavages (ptear) . The latter affects a large volume of metal (Figs. 8
and 9) and certainly appears to be the major contribution. Since the
number of discontinuities that occur during cleavege, and therefore the
number of sheared volumes, must increase with a decrease in grain size,
it seems likely that the grain size effect operates by viture of its in-
fluence on Pipar’ and thus on p.

~1/2 (3,4, 9, 10)

It has been suggested that o is proportional tc d ,

F
but the minimum fracture stress as revealed by the present experiments

conforms only very approximately to this relation {Table 2). The range

of d investigated was small, but appreciable effects were produced by
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TABLE II

Variation of Tp dl/ 2 with Heat Treatment

)

min
t 2
Heat treatmen o d1/ (Ib/in. 5/2
min
950 C, furnace cooled <3.97
As-received 4,18

950 C, air cooled 3.22
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changes in heat treatment. For example, at 125 x 103 psi the furnace
cooled and as-received specimens fractured in a short time, while the
air cooled specimen was ductile (Fig. 7D). This behavior reinforces a

(13)

previous conclusion from work on these steels that changing the
cooling rate produces greater effects than car be accounted for on the
basis of grain size alone.

(10) and Petch(4)

Low emploved short tensile bars of circular

cross section and probably loading ratesi approaching the most rapid
used in the present experiments. Under their conditions, the creep
and delayed fracture phenomena are not significant because the speci-
men is at the constant lower vyield for only a short time. As stated by
Low(lo), in coarse-grained steel microcracks form and propagate to
failure at the yield stress, but in fine-grained steel the microcracks

do not propagate until the continuously increasing applied stress
reaches some higher value. In the former case, o, closely corresponds

r
/2

with o, _ and both are the same linear function of d The second

YS
situation, when the specimens show some ductility, is complex. Then
the first-formed microcrack (about one grain diameter) is smaller than
the critical size (N*d) and, consequently, it is expected that the size

of the crack assembly (Nd) grows as the stress (g) is increased. It is ex~

pected that p also will increase with o since further plastic deformation

tTheir loading rates are not given.
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occurs. Low found experimentally that the additional stress required to

1/2

cause crack propagation to failure was proportional to d although the
data indicated appreciable scatter, and subsequent investigations have
shown that grain size is not the only heat~treatment-sensitive variable

13,22
in this situation( ).

CONCLUSIONS

The following refers only to mild steel, long-sirip specimens,
tested in tensicn at =19¢ C with testing speeds between 8.9 x 10‘4 and
1.6 x 10_.l in./min.

1. Fracture is always preceded by gross yielding; thus, when
the testing speed is increased, the fracture siress increases with the
vield stress. Microcracks and complete fractures are located only in
the Ltider's bands, usvally some distance behind the moving front.

Z. Although microcracks are formed at all ioacding rates within
the stated range, there is a minimum stress required for complete frac-
ture. This minimum stress is materially affected by heat treatment.

3. The magnitude of the Lluder's strain is time dependent and
sensitive to changes in heat rreatment.

4. TFracture occurs in stages: first microcracks, about one grain
diameter, are formed. By inducing cleavage in neighboring grains, these

microcracks spread subsequently across a number of grains, so that the
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individual cleavages are connected by regions of very severe deforma-—
tion. Finally, the assembly of cracks reaches a critical size and
propagates rapidly to failure,

5. At a constant stress during yielding, there is a time delay to
fracture. This appears to be a result of the creep which occurs in the
Luder's strain.

In general terms, these observations are compatible with Low's
application of the Griffith-Orowan concepts rather than with the disloca-
tion pile-up theory. Thus the latter does not appear applicable to the

brittle fracture of mild steel.
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