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. HURKAU OF SHIPS, D=PY. OF HAW SmCRZTARY

Ml LITARY 61A TRAN~PORTATION SZEVICE, Dc?Y. OF NAW SHIP SIRUCTURX COMMIWEE
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March 25, 1%~

Dear Sir:

At the requestof the Ship StructureCommittee,Mr.
T. S. Robertsonof the BritishAdmiraltylsNavalConstruction
ResearchEstablishment,Dunfermline,Scotland,recentlyspent
aboutfour weeks in this country. The purooseof thisvisit
was to permitMr. Robertsonto reviewAmericanactivityon the
studyof BrittleFractureMechanicsand to acquaintworkers
herewith the researchin this fieldnow underwayin Great
Britain.

In the courseof his discussionswith variousresearch
investigators,Mr. Robertsonreportedon some recentlycom-
pletedand as-yetunpublishedinvestigationsperformedin his
laboratory.The attachedreport,entitledllTheMechanismof
BrittleFracturellwas preparedby Mr. Robertsonto summarize
his remarkson thiswork. Thisreportis beingdistricted
by the Ship StructureCommitteefor the informationof those
titerestedin the studyof the mechanicsof fracture,and for
the particularattentionof the personswho were privilegedto
meetwith ~Mr.Robertson.

The authorhas indicatedthat he wouldbe happyto
receive commentson his viewsas expressedin the report.
Comnentsaddressedto Mr. Robertsonin the care of the
Secreta~, Ship StructureCommittee,will be forwarded.

Very trulyyours,

‘ K. K. CO~S;ART
Rear AdMir~, U. S. Coast Guard

Chairman,ShipStructureCommittee
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THE MECHANISM OF BRITTLE FRACTURE—

●

1. A method of determining the stress-temperature rela-

tionship for catastrophic crack propagation is described in

the Journal of the Iron & Steel Institute, Vol. 175of llecem-

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 distinct 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 l\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 23~O*F; and as normalized after an-

nealing from 1650QF. Graphs of Charpy impact and crack ar-

rest tests are reproduced in Fig. 2. It will be noted that



-2-

+
‘-–--–––––– ‘-’

=3

.



-3-

00*

{1
n

I



-k-

the ~?asreceived~’material gives a higher Charpy transition

temperature but that annealing, while it increases the energy,

does not improve the Charpy behavior. Normalizing from 16~OQF

certainly improves the performance slightly. The upper arrest

temperatures follow the indications of the Charpy tests, but

the critical stress values show great differences in the three

series of tests.

3. The grain

and were found to

for the annealed,

sizes of the three

be 21, ~, and 160

as received and as

samples were measured

grains in 10-4 sq. in.

normalized samples. The

critical strengths proved to follow the order of grain size9

i.e., the larger sized material exhibits greater strength than

the small grained.

4. Fig. 3 shows impact and crack arrest results for the

grain controlled steel as received; as annealed for two hours

at 23500F; and as double normalized from 18300 and 1650GF after

two hours at 23~OQF. Again the upper arrest temperatures fol-

low the indications of the impact tests, but the as received

material shows up better in the crack tests than in the Charpy.

The grain size of these series are shown in Fig. 4, and these

-4are, respectively? 4991%>,and 225 grains in 10 sq. in. for

annealed3 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 sizet while for the two series in which there was

enough material to complete the tests the critical strengthl

as in the ordinary mild steell falls with decrease of grain

size.

~. This apparent anomaly shownby the critical strength

is contrary to the findings of Petch, but Mott, in his report

on the 1945Cambridge Conference on Brittle Fracture, published

in En~ineering of 2nd January 19+8, develops some ideas which

seem to offer a reasonable explanation. He indicates that,

for a Griffith crack held open

stress just beyond the apex of

fo=E J
~, where a is of the

by a nominal stress f, the

the crack will be given by

order of the atomic distance

and r is the distance inside the solid metal

the crack. Further, for a crystal size b he

crack will propagate from crystal to crystal

mean stress in the crystal caused by a crack

in the plane of

considers that the

when E
/

~, the

in an adjacent

crystal, is greater than ffifthe cleavage strength of the “
w

crystal, i.e.9 E
J

g >fo. If the applied nominal

fracture arrest at a given temperature is indicated

it is postulated that this stress is increased by a

stress for

by fc and-

stress

concentration factor n, determined by the geometry of a Griffith

type crack, to the value f. required for rupture of the crystal,

then we have



and since E and a do not alter
1 ~ ....-

nfc = Cb-%

thus n will vary as b-+

L
and fcb-2 = ~o$ or using the usual notation for

grain size /

fc&”+‘= Cons%.

NOW f. will vary with temperature so in the mild steel the

values of critical stress have been chosen at -lO@C: These

are tabulated in Fig. 2. Values of %-+ are also tabulated,
.

and the product fcl.-aproves indeed to be a constant. Thus

by introducing a concept of stress concentration due to grain

size, it appears that a physical law relating

critical stress can be postulated. In Fig. 4

the annealed and as received grain controlled

give the same values for the product fc$-+.

small grain (double normalized) material has

from this constant$ and

stress has been drawn.

from 12.3 (for the mild

a hypothetical graph

grain size with

the results for

material alsc

The value for the

been calculated

for critica~

The value of the constant has risen

steel) to 14.5 in this tougher steel.

6. In the case of the ordinary mild stee13 the mat4rial

as received was not normalized, whereas it was known to be

normalized in the fine grained steel. This may possibly
#



explain why the upper arrest

Tine grain steel~ follow the

-9-

temperatures do not, as in the

grain size. In view of the na-

ture of the relationship just established, it is now possible

tc put fo~ward 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

tration grain size relationship

strength of the material within

obey the simple stress concen-

throughout. The brittle

the crystal varies only

slightly with temperature increasing as the temperature rises.

Eventuallyz when the upper arrest temperature is reachedt the

material ahead of the crack yields. When this occurs, the

stress in the material fed into the crack remains at the yield

stress value, rising no higher than this value even though the

nominal stress in the plate is raised. Thus the temperature

of upper arrest remains constant for quite an appreciable in-

crease in transverse str’ess. 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 the arrest curve. Curve C represents a still higher trans-

verse str.ssswhich would normally raise all ordinates by the

same proportim, but since yield supervenes, the top of the
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curve is flattened and does not exceed the yield stress f’~

for the material. But this local yielding holds down the ex-

pected rise in the stress which would produce brittle cracking

to the valus produced by fB, so that the crack stops at the
.

same temperature as for f~. Thus, for a ~~i~~id.~r~bleli~~:~~~~~

1~ ncmlnal stressa the temperature of arrest remains constant.

This explains WHY A TRANSITION TEMPERATURE a que-stionwhich”

is often asked.

~. When the transverse stress is raised

say to fn in Figs. 1 and 53 the

must have suffered considerable

material fed

yield before

crack fr~nt.This will result in cold working of the matsrial

with consequent rise of its yield point to f a,ndan increase
Y’

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 ‘befound at d9

vertically bekw D, in Fig. 1 where the criiica.1arr~st gTa@

has been extrapolated to give the increase in cracking stress

corresponding to the amount of cold work. Tne arrest tempera-

ture will continue thereafter to rise ak the stress is in.

creased. Many of the curves reproduced in the Iron & Steel

Institute paper show this tendency, and some later work shws

that as nominal yield stress is approached

marked~ some steels showing a much steeper

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

giviriglow critical stress and a knee at the correspondingly

lcw ripperarrest; then ths J.argergrains take over at a htgher

critical stress and continue until the upper amc+st temperature

is reached. These observed characteristics of Hhe curves give

considerable experimental reinforcement to h’hatiS now advanced

as a possible mechanism for catastrophic brittle failure.

9. 1-5 is possible5 by using the diagram of Fig. )+9to use

some further ideas suggested in Mottls paper. He states that

Sir William Bragg indicates that for a smail 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-

1tration would be of the order ~ where J is the grain SiZ~5

-1,i.e.p shear stress concentration would be proportional to t .

Now: if the critical stress value at the junction with the

upper arrest limb of the graph is multiplied by L-l fGr ~heS@

three graphsq we get values of fc2-1 of 429 475azldy205Jre-

spectively, for the annealed, as received and double normal-

ized material at the temperatures corresponding to the three

knees in the graphs. Plotting these results as ordinates9

se~ that the curve--dotted in Fig. ~--shows an increase in

yield resistance with decrease in grain size at the arrest

we

,

J
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temperatures. The significance of this curve lies in the

possibility that there is 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 rep~esent to some

scale the resistance to yielding of known grain sizes when

tested at critical temperatures below which brittle fracture

would not be arrested. If the shape of such curves can be de-

termined, it should be possible to forecast how the material

will respond to changes in grain size. It is reasonahls tfi

expect that these properties will be allied to the high speed

yield resistance of the material. Some tests Wili be carrisd

out at Cambridge, England, on the two plates under investiga-

tion to determine the high speed yield characteristics at tlif-

f.erenttemperatures for different grain sizes. A possible

curve of this sort is 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

perature graph

to Fc$-l would

ture$ and from

has been tested and that the stress arrest tem-

is as drawn in Fig. 7, an ordinate proportional

be drawn to FB4-1 at the upper arrest tempera-

this a scale factor would be worked out to sim-

plify conversion to actual experimental high speed yield val-

ues. A new line giving calculated values of fcl for a dtffer~nt
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grain size would be constructed on the graph. From this Iiney

by multiplying its ordinates by $1-1 and by the scale factor

found earlier, a ltne would be constructed on the plane rep-

resenting the appropriate grain size in Fig. 6. This line:

-1
marked Hcl%l ~ would cut the surface of the figure at the

new upper arrest temperature. From an examination of the su_r-

face of Fig. 6, itwill be seen that if, at the particular

grain size in question, the surface slopes great~y relative to

the base plane: a small fall in upper arrest tempe~ature will

result from change in grain size and the converse, if the

slope of the surface is small. It would therefore be expected

that9 for the ordinary mild steel, the surfac!ewould slope

steeply at 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 speid

tests on the two steels and will afford a first check an w’hat

at present must only be described as a tentative practical.

mechanism for brittle fracture.


