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Dear Sir:

At the request of the Ship Structure Committee, Mr.
T. 5. Robertson of the British Admiralty's Naval Construction
Research Establishment, Dunfermline, Scotland, recently spent
about four weeks in this country. The purpose of this visit
was to permit Mr. Robertson to review American activity on the
study of Brittle Fracture Mechanics and to acquaint workers
here with the research in this field now underway in Great
Britain.

In the course of his discussions with various research
investigators, Mr. Robertson reported on some recently com=-
pleted and as~yet unpublished investigations performed in his
lahoratory. The attached report, entitled "The Mechanism of
Brittle Fracture" was prepared by Mr., Robertson to summarize
his remarks on this work. This report is being distributed
by the Ship Structure Committee for the information of those
interested in the study of the mechanics of fracture, and for
the particular attention of the persons who were privileged to
meet with Mr. Robertson.

"'The author has indicated that he would be happy to
receive comments on his views as expressed in the report,
Corments addressed to Mr. Robertson in the care of the
Secretary, Ship Structure Committee, will be forwarded.

Very truly yours,

A Cocvme A~

K. XK. COWART
Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee
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THE MECHANISM OF BRITTLE FRACTURE

1. A method of determining the stress-temperature rela-
tionship for catastrophlec crack propagation is described in
the Journal of the Iron & Steel Institute, Vol. 175 of Decem-
ber 1953. A series of tests on plates establishes the general
form of graph shown in Fig. 1. There is a constant tempera-
ture zone which covers a considerable increase in stress, with
a rise in temperature for higher stress values. The other
zone shows a critical relationship between quite low stress
values and the temperature for arrest of the crack. These
two distinet limbs to the curve suggest that two mechanisms
of fracture are possible. On the suggestion of Dr. Hume-
Rothery, series of tests were carried out on two mild steels
of different chemical compositions to determine the effect of
change of grain size on brittleness. Two plates 1 1/2-in.
thick were chosen, one an ordinary mild steel C = 0,16, Mn =
0.60; and the other, a fine grain aluminum killed mild steel
C =0.16, Mn = 1.07. The plates were machined down to 1 in.

thick to remove the decarburized surface.

2. The ordinary mild steel was tested as received; as
annealed for two hours at 2350°F; and as normalized after an-
nealing from 1650°F{ Graphs of Charpy impact and crack ar~
rest tests are reproduced in Fig. 2. It will be noted that
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the "as received" material gives a higher Charpy transition
temperature but that annealing, while it increases the energy,
does not improve the Charpy behavior. Normalizing from 1650¢F
certainly improves the performance slightly. The upper arrest
temperatures follow the iIndications of the Charpy tests, but
the critical stress values show great differences in the three

geries of tests.

3. The graln sizes of the three samples were measured
and were found to be 21, 4%, and 160 grains in 107 sq. in.
for the annealed, as received and as normallized samples. The
critical strengths proved to follow the order of grain size,
i.e., the larger sized material exhibits greater strength than

the small grained.

., Fig. 3 shows impact and crack arrest results for the
grain controlled steel as received; as annealed for two hours
at 2350°F; and as double normalized from 1830° and 1650°F after
two hours at 2350°F. Again the upper arrest temperatures fol-
low the indications of the impact tests, but the as received
material shows up better in the erack tests than in the Charpy.
The grain size of these series are shown in Fig. 4, and these
are, respectively, 49, 1¥2, and 225 grains in 107 sq. in. for
annealed, as received and double normalized plate. It will be

seen that the upper arrest temperature in this case increases
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with grain size, while for the two series in which there was
enough material to complete the tests the critical strength,
as in the ordinary mild steel, falls with decrease of grain

gize.

5« This apparent anomaly shown by the critical strength
is contrary to the findings of Petch, but Mott, in his report
on the 1945 Cambridge Conference on Brittle Fracture, published

in Engineering of 2nd January 1948, develops some ideas which

seem to offer a reasonable explanation. He indicates that,

for a Griffith crack held open by a nominal stress f, the
stress Jjust beyond the apex of the crack will be given by

f, =B %, where a 1s of the ordetr of the atomic distance

and r is the distance inside the so0lid metal in the plane of
the erack. Further, for a cerystal size b he considers that the
crack will propagate from crystal to cerystal when B %, the
mean stress in'the crystal caused by a crack in an adjacent
crystal, is greater than fo, the cleavage strength of the
erystal, l1.e.y E \/fg 7 f£,- If the applied nominal stress for
fracture arrest at a given temperature is indicated by fc and -
it 1s postulated that this stress is increased by a stress
concentration factor n, determined by the geometry of a Griffith

type crack, to the value fO required for rupture of the crystal,

then we have
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thus n will vary as b
L
and fcb"a = Kf _y or using the usual notation for

grain size

Now fo will vary with temperature, so in the mild steel the
values of critical stress have been chosen at ~10°C: These
are tabulated in Fig. 2. Values of £_% are also tabulated,
and the product fczh% proves indeed to be a constant. Thus
by introducing a concept of stress concentration due to grain
size, 1t appears that a physical law relating grain size with
critical stress can be postulated. In Fig. 4 the results for
the annealed and as recelved grain controlled materiai alsc
give the same values for the product fcti%. The value for the
small grain (double normalized) material has been calculated
from this constant, and a hypothetical graph for critical

stress has been drawn. The value of the constant has risen

from 12.3 (for the mild steel) to 14.5 in this tougher steel.

6. In the case of the ordinary mild steel, the mateérial
as received was not normalized, whereas it was known to be

nermalized in the fine grained steel. This may possibly



-9~

explain why the upper arrest temperatures do not, as in the
fine grain steel, follow the grain size. In view of the na-
ture of the relationship just established, it 1s now possible
to put forward a mechanism for brittle fracture which explains
the form of curve obtained in crack arresting tests. It is
suggested that the material ahead of the crack remains elastic
during all fractures which arrest in the critical stress por-
tion of the graph and therefore obey the simple stress concen-
tration graiﬁ size relationship throughout. The brittle
strength of the material within the crystal varies only
slightly with temperature, increasing as the temperature rises.
Bventually. when the upper arrest temperature is reached, the
material ahead of the crack ylelds. When this occurs, the
stress in the material fed into the crack remains at the yield
stress valus, rising no higher than this value even though the
nominal stress in the plate 1s raised. Thus the temperature
of upper arrest remains constant for quite an appreciable in-
crease in transverse stress. The diagram in Fig. 5 shows the
kind of action which is envisaged. Curve A represents a pos-
sible state of stress ahead of the crack for a transverse
stress and temperature at A on the arrest curve of Fig. 1.
Curve B corresponds to a point B in Fig. 1 just at the knee

of tha arrest curve. Curve C represents a still higher trans-
verse stress which would normally raise all ordinates by the

same proporticn, but since yield supervenes, the top of the
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curve is flattened and does not exceed the yield stress fy
for the material. But this local yielding holds down the ex-
pected rise in the stress which would produce brittle cracking
to the value produced by fB, so that the crack stops at the
same temperature as for fé. Thus, for a considerable increase
in nominal stress, the temperature of arrest remains ceonstant.

This explains WHY A TRANSITION TEMPERATURE, a question which

is often asked.

7. When the transverse stress is raised still further,
say to fy in Figs. 1 and 5, the material fed into the crack
mist have suffered considerable yleld before it reaches the
crack front. This will result in cold working of the matsrial
with consequent rise of its yield point to fy, and an increase
in the cracking stress available. It is then to be expscted
that this material will break with a brittle fracture at an
increased temperature. This temperature will be fournd at 4,
verticalily belew D, in Fig. 1 where the critical arrest graph
hasz been extrapolated to give the increase in cracking stress
corresponding to the amount of cold work. The arrest tempera-
ture will continue thereafter to rise ag the stress ig in-
creased. Many of the curves reproduced in the Iron & Sieel
Institute paper show this tendency, and some later work shows
that as nominal yield stress is approached this rise is quite
marked, some steels showing a much steeper tamperature rize

than others.
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8. There are two distinct knees in others of the curves.
This can be attributed to two dominant grain sizes, the smaller
giving low critical stress and a knee at the correspondingly
lew upper arrests then the larger grains take over at a higher
eritical stress and continue until the upper arrest temperature
is reached. These observed characteristics of the curves give
considerable experimental reinfeorcement to what is now advanced

as a possible mechanism for catastrophic hrittle failure.

9. It is possible, by using the diagram of Fig. %, to use
some further ildeas suggested iIn Mott's paper. He states that
Sir William Bragg indicates that forha small volume of metal
of linear dimension A the shear yield stress cannot be less
than E%. Applying the idea of stress concentration to yield
In shear, this would mean that effective shear stress concen-
tration would be of the order % where A is the grain size,
i.e., shear stress concentration would be propertiocnal to &"1.
Now, if the critical stress value at the junction with the
upper arrest limb of the graph is multiplied by 2L for these
three graphs, we get values of fc£'1 of 42, 47, and 52.5, re-
spectively, for the anncaled, as received and double normal-
ized material at the temperatures corresponding to the three
knees in the graphs. Plotting these results as ordinates, we

see that the curve--dotted in Fig. L--shows an increase in

yield resistance with decrease in grain size at the arrest
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temperatures. The significance of thils curve lies in the
possibility that there 1s a mechanism such as that just in-
vestigated which will explain how a smaller grain size may
result in a lower transition temperature and yet give a lower
critical strength. The last plotted points represent %o some
scale the resistance to yielding of known grain zizes when
tested at critical temperatures below which brittle Ffracture
would not be arrested. If the shape of such eurves can be de-
termined, it should be possible to forecast how the material
will respond to changes in grain size. It is reasonabls %o
expect that these properties will be allied to the high speed
yield resistance of the material. Some tests will be carriled
out at Cambridge, England, on the two plates under investiga-~
tion to determine the high speed yield characteristics at dif-
ferent temperatures for different grain sizes. A possibple
curve of this sort 1is shown plotted in Fig. 6. Yield strength
has been assumed to rise linearly with falling temperature and
to fall inversely as grain size. Assuming that material of
one grain size has heen tested and that the stress arrest tem-
perature graph 1is as drawn in Fig. 7, an ordinate proportional
to Fca"l would be drawn to FBz"l at the upper arrest tempera-
ture, and from this a scale factor would be worked out to sim-
plify conversion to actual experimental high speed vield val-

ues. A new line giving calculated values of fcl for a different
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grain size would be constructed on the graph. From this line,
by multiplying its ordinates by &1'1 and by the scale factor
found earlier, a line would be constructed on the plane rep-
resenting the appropriate grain size in Fig. 6. This line.
marked Kfclal"l, would cut the surface of the figure at the
new upper arrest temperature. From an examination of the sur-
face of Fig. 6, it wlll be seen that if, at the particular
grain size in question, the surface glopes greatly relative to
the base plane. a small fall in upper arrest temperature will
result from change in graln size and the converse, if the
slope of the surface is small. It would therefore be expected

that, for the ordinary mild steel, the surface would slope

steeply aﬁ the temperature of upper arrest and for the fine
grained steel the slope would be small. If the foregoing

mechanism is valid, this should be shown up by the high speéd
tests on the two steels and will afford a first check on what
at present must only be described as a tentative practical

mechanism for brittle fracture.



