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SUMMARY

MISCELLANEOUS TARGETS

_JAPANESE METALIURGY - ARTICLE 3
ATOMIC STRUGTURE RELATIVE TO DYNAMIC PROPERTIES

This report deals with Japanese research on the mechanism whereby
the crystal lattice performs the functions which are measured as strength,
ductility, and brittleness. The usual method is to observe a certain phenom-
enon in a crystal structure, make observations, and attempt to explain them in
terms of structure of the orystal lattice. Once the measurements have been
mede, all such work 1s theoretical and subject to considerable disagreement

. among sclentists.

NTJ. L-X-13-3
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INTRODUCTION

v The following report covers Japanese research in the field of atome-
ic or crystesl structure in relation to dynamic pronerties such as strength
and ductility. There have been very few researchers working in this theoreti
cal field during the war years since most of the capable men were assigned
projects of more practical and immediate value to the Army and Navy.

The Metals Research Instltute of TOHOKU Imperiasl University at SEN-
DAI was the only research sctivity in JAPAN, accordlng to the best informat-
ion obtainable, which was engaged in this fipld during the war. The work
there was }uite‘intensive end may possibly add to the theory of a highly
controversial subject - the mechanism of the erystal lattice,

This report deals with the research at TOHOKU Imperial University.
All the ideas presented were advanced by researchers there, principally Dr.
T. SUTOKI.
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THE REPORT

Part I. Scope of Experimental Work

1, To study the dynamic properties of strength and ductility in metails,
tensile tests and sharpy impact tests were carried out with Flodin iron,0.3

and 0,7 percent cerbon ateels, zinc and aluminum, at temperatures ranging from
that of ligquid nitrogen to 2000C, From the experiments it was shown thet the
temperature at which there was a sudden drop in ductility without a corrsspond-
ing loss in strength, (the cold brittleness transition temperature) was stroag-
ly influenced by experimental conditions and cennot, as commonly accepted, be
regarded as an inherent characteristic aqf a metal, :

2e The phenomenon is explained as follows--the time required for the
crystal. lattice to 3lip one atomic distance under an external force is esti-
mated as a function of the temperature. When a spscimen is broken within this
critical time at a given temperature a so-called brittle failure will result.
If the specimen is broken over a period of time longer than the calculated
ceriticel value, a desireable ductile failure will result. From observation of
this phenomenon, suggestions for the maintenance of ductility at low temper-
atures or the prsvention of c¢old brittleness can be made,

Part II. Background

1. The loss of ductility without loss of strength or brittleness of a
metal is usually measured by impact testing; that is, when the absorded energy
of & notched test specimen decreases mors or less abruptly at a narrow range of
temperature, the material is sald to be brittle below that temperature. When
the phenomenor occurs below room temperature it is known as cold or low temp-
erature brittleness, as distinguished from a relatively slow and moderate
transition observable et higher temperatures up to 600°C,

2, Many experiments on cold brittleness, especlally with iron and steel,
have been carried out, and, although the results have been more or less influ-
enced by testing conditions such as the capacity of the Testing machine or the
dimension of the specimen, ths transition temperature has usually been regard-
ed as a characteristic of the metal and considered for all practicel purposes
as a mechanical constant of the metal. There are few theories for this loss
of ductility which results in cold brittleness. The representative theories
are briefly describved in the following paragraphs.

3. MAUER and MAILANDER (note 1) have interpreted the phenomenon as fol-
lows: the ratio of the strength of a cleavage plane to the resistance of a
slip plane decreases with the decrease in temperature untll at a certain tem-
perature brittle failure along the cleavage plane occurs more easily than
failure due to slip. In the vicinity of this critical temperature, there will
be a range at whiech the ductility of a metal rapidly diminishes. The width of
this temperature range is dependefit on the rate at which the cohesion and slip
resistance change with temperature. For example, in alloy steels the impart
value slowly decreases over a wide range of temperature and this shows that
the change of the above mentioned ratio with time is small.

Note 1 - MAUER and R. MAILANDER, STAHL and BISEN 45(1925), 409.

-
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e But this interpretation is no more than an expression of the phenom-
enon in different words. It 1s certainly the observed fact that the slip re-
sistance is more dependent on temperature than the cohesion (note 2) but un-
less it is indicated beforehand how each quantity varies with temperature, the
above explanation will not suffice as a basic theory. :

5 Based on the MAUER-MAILANDER conception, HEINDLOFER (note 3) has ex-
- plained the difference of the transition temperature for cold brittleness on
the besis of tensile, torsionsl and impact tests as follows: the ratio of the
meximum normal stress to the maximum shearing stress is respectively 2:1 and
1:1 in the first two cases but far greater than 2:1 in the third case. Thus,
in a tensile test a decrease in ductility will také place at the tempereture
at which the ratio of the cohesion to the slip resistance falls to 2:1. For
exemple in iron this occurs at about - 1559C. 1In a torsional test brittle
fallure will occur at the temperaturg at which -the ratio falls to 1:1. 1In
iron this temperature is below - 185°C. In the case of an impact test, where
the ratio is greater than 2:1, the transition will begin at a higher tempsra-
ture than in the other two cases, end in iron the brittle failure is actually
observable at - 209C in the notched bar impact test,

6. Though this sxplanation has endowed the MAUER-MATLANDER theory with
some quantitative basis, the transition temperatures mentioned above are mere-
ly experimental results, Moreover from this point of view, loss of ductility
or cold brittleness is dependent only on the type of loading, and is not af-
fected by other test conditions such as the speed of loading., Therefore, this
theory cannot satisfactorily explain the test results.

7o Generally the mechanical properties of a solid are not coherent but
are structure-sensitive. That is, they are greatly influenced by the testing
conditions such as the history of the material, type of specimen, velocity of
testing, and the methocd of loading; the reason for this is that various struc-
tural defects are inherent in the preparation of the materiel. Taking into
account the actusl circumstences of the solid state, the mechanism of defor-
mation end the fallure of a crystelline substance are best explained not by
mere classical elastic theory but atomisically or erystallographically. al-
though loss of duetility or cold brittlemess, especially in ferrous alloys,
has been widely investigated and the transition temperature -is regarded as
practically inherent in a material, no satisfactory explanation has yet been
given to the actual mechanism. So it is desireable to examine extensively
these phenomena under various conditions end investigate their mechanism in
reletion to the atomistic theory of deformation.

- Part IIIX., Results of Experiments

1. Tensile tests and charpy impact tests were made with Flodin ironm,
0.3 and 0.7 percent carbon steel, zinc and aluminum at temperatures ranging
from that of liquid nitrogen up to 200°C. The materiels were annealed in
vacua. The form of the tensile test - plece was of standard type, 5 mm diam-
eter, €0 mm gauga length. The six different types of charpy impact speclimens
are shown on Enclosure-A, all having the same minimum section of 7 x 10 rm,
the sharpness of the notch being varied.

2e As a typiecal example the results of impact testing for the 0.3 per-

cent carbon steel are shown on Enclosure (B). In technical usuage the energy

absorbed is related to the sectional &area of the notched portion of the speeci-
men. But this procedure has no physical significance, and since the prinecipal
object of the present investigation is to examine the nature of the phenomenon
rather than to give quantitative measurements, the full energy abscrbed for

- n s e e wn e e VY= o 8 o OB 3 om omgn - - D G D . - e G T B G 6 O = S e

Note 2 - F. SAUERWALD, B. SCHMID, and G. KRAMER, Z. Phys. 67(1931),179.
Note 3 - K. BEINDLOFER Metals Tech. 1(1934) Oct. T.P. 581,
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the bresking of the test-plece was considered the significent figure. PFor
comparison the results of tensile tests are slso plotted in the figure.
Curves (1), (2), and (3) take into consideration all the work done up to the
break~down point in stretching at loading speeds of 0.05, 9.0, and 29,0
min/min respectively.

3. From the figure it will be seen at once that the transition temver-
ature for cold brittleness is considerably influenced by the shape of the
noteh., As the sharpness of the notch increases brittle fallure occurs at a
higher temperature and the transition occcurs more slowly, ranging over a wider
temperature range. In the tensile tests, the phénomenon has taken place at
lower temperatures than in the impact tests where the specimen is rectangular
and unnotched, and the transition temperature falls as the loading speed
decreases. '

4. The result for the 0,7 percent C steel are similar. As shown in
Enclosure {(C), in the type A test piece with:.the sharpest notch the transition
has taken place slowly at temperatures ranging from 900C to 170°C, whereas in
the case of type F, unnotched, it occurs at about - 409C, In the other spec-
imens the phenomenon is observable between the two temperature ranges above,
in regular order dependent on the sharpness of the notch. In comparison with
the results for 0.3 percent carbon steel 1% will be seen that the transiitions
are shifted to higher temperatures. The results of the tensile tests are sim-
ilar to those in Enclosure (C), that is, while the 0.3 percent C material ravp-
idly becomes brittle at about the temperature of liquid nitrogen. The same
occurs in the case of the 0.7 percent C steel, at a somewhat higher temmner-
ature, -160°C. '

5. In Enclosure (D) the results for zinc are shown. Only the results
for specimen type A, having the sharpest notch, and specimen type F, un-
notched, are. shown,  To avoid confusion the results for the other test pieces
which would be situated in regular order sasccording to the sharpness:of the
notch -are not plotted, In the zinc specimens the depth of notch was two mill-
imeters in order to obtain a large impact value.

6. Since a soft and duetile metal can deform with great ranidity the
difference in absorbed energy due to the desree of sharpness of the notech will
be inconspicuous. In fact, with Flodin iron, the test piece with the sharp-
est notch could not be completely brcken even at - 200C, and since the ab-
sorbed energy was very small, it was difficult to determine the transition
temperature exactly in every case., But on the whole, no qualitative differ-
ence vas observed between Flodin iron and the other metals., For aluminum no
brittle failure could be obtained within the limits of the present testing
equipment. :

Part IV, Discussion of Results

1. From the experiments cited above it will be rscognized that the
transition temperature for cold brittleness is not a characteristic of the
metal but varies widely with the tdgting conditions, rising as the sharwvness
of the notch increases. In general; under a glven testing rate, the stress
concentration increases and the volume decreases as the sharpness of the notch
increases, Hence the initial velocity of deformation will increase with the
sharpness of the notch and this velocity is one of the most Important factors
in the theoretical consideration of the deformation of a metal. In reality,
the notching of a test-piece for impact testing is merely a device to raise
the initisl rate of deformation above that of the machine. Hence the results
obtained in the present investigation may be seen as the effect of the initisl
velocity of deformation on the failure of a metal, irrespectlive of the form
of the test-plece, or the results may be considered as the effect of ths test-
ing velocity on the rupture of test-pieces of the same form and dimensions.
Therefore, the present results may be stated as follows: as the velocity of

»
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deformation decreases, the transition temperature of ductiiity to brittleness
313 lowered and with the fall of the temperature the transition takes place
more abruptly. The same deduction ig valid for the tensile test with respect
to stretching rate.

2. If a slip deformation is caused by the movement of a dislocation as
suggested by TAYLOR (note A4), POLANYI (note 5) and others, it will not happen
instantanéously but necessarily requires a certain time, According to the
dislocstion theory, the slip for one atomic distance in the slip direction
can result when the dislocation travels to some misfit in the regular arrange-
ment of atoms as moseics or grain boundaries, where the motion is temporarily
arrested. Hence, although an external stress may activate the dislocated
atom and facilitate its motlon somewhat, the slip will not be an instantaneous
phenomenon. We may now roughly estimate the time required for the motioa of
a dislocaticn to casuse an elementary slip. Let "a" be the atomic distance in
the slip direction of a crystal, "L" be the mean free path of a dislocation,
"Z" the frequency of the thermal oscillation of an atom, "A" the potential
barrier at the dislocation, "T" the absolute temperaturs, "K" BOLYZMANN'S-
constant. Then the required time "t" will be found by the following equation:

_L 1 A
t=3% Z ® z7

3. The critical time for a siip deformation may be designated by "t".
Now "L" may be taken as the linear dimension of a mosiac block whose magnitude
js of the wider 10(-4)cm in most metals {notes 5 and 6). "A" is estimated to
be leV for the normal state and about 0.3eV to O.4eV for the dislocated point,
still decreasing under the action of an external force. ILet Z = 10(13)/sec
and "a" — 10(-8) em then "t" equals 0.005 sec for room temperature. If we
assume A — O.3eV under the action of an external force t=— 10{ -4 )sec. At the
temperature of liquid nitrogen "t" —= 200 hours, however, "L" seems to decrease
with temperature, being, at this low temperature, about 1/3 of the value at _
room temperature, and the activation due to an external force will be increas-
ed as the temperature falls. Hence, considering the above, the critical time

at that low temperature may possibly be smaller than the estimated value by
one order.

Le If an external force is applied very rapidly, there will be insuff-
icient time for the propagation of a dislocation’ and consequently no slip will
take place. That is, if we rupture the test plece at room temperature in less
than 10(-4) seconds the propagation of a dislocation 1s impossible. To cause
any slip at the temperature of liquid nitrogen a very long time, 10 to 100
hours may be necessary. Therefore, where the action of an external force is
sufficiently rapid the atom at the most unfavorable position will be forced to
escape from the sphere of action of the neighboring atoms by a concentrated
stress alone, without the aid of thermal fluctuation--there will be a crack
generated but no slip. In other words, a brittle feilure will be regarded as
due to the escape of atoms situated at a defect in the crystailine structure
from the Pield of sction of their neighbors, gaining sufficlent momentum mech-
anically from the external force. Conversely, a slip or a ductile failure is
caused by a thermal fluctuation of the atom at a dislocation, the role of the
external force being merely to regulate the slip direction and the sase with
which the motion of dislocation takes place. Accordingly, the resistance to
slip may depend greatly on the temperature, whereas cohesion may be nearly in-

Note 4 - G.I. TAYLOR, Pro¢. Roy Soc. (Loqdon) AlLS (1934), 362.

Note 5 - M. POLANYI Z. Phys. 89(1939), 660. "

Note 6 = W.G. BURGERS and J.M. BURGERS, First Report on Viscosity
and Plasticity ( AMSTERDAM (1935), 173.

M. KIMUEA and R. HASTIGUTI, Nippon Kinzoku Gakki-Si 7(1943),
386, l
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‘dependent of temperature. These relations have been confirmed by every pre-
vious experiment.

5. In previous experiments on the stress-strain relationship in impact
tests (note 7) a test piece of 0.5 percent carbon steel with an Izod notch was
ruptured at room temperature with an energy absorption of 1.8 Kem and the time
required for the breakdown was estimated at 6 to 9 x 10(-4) seconds. As the
experiments were carried out at high temperatures and only brittle materials
were tested, no time was observed less than that above, But the time for ruv-
ture should decrease with the decresse of absorbed energy. Hence in the case
e g of the fallure with an energy ebsorption of 0.5 Kgm, as in the present exper-
N iments, the time duration may actually be 10 (-4L) seconds or less. Thus it
S may be inferred that the criticel time for slip, at least at room temverature,
P 1s consistent with the experimental evidence,

6. As the sharpness of the notch increases the work done by an exter-
nal force comes to completion rapidly and the chance in momentum of an atom
I _ will teke place in a short time. Consequently the contribution of the ther-
o ‘ mal fluctuation for slip must be increased. That is, the transition temper-
e ature rises with the sharpness of the notch in the testpiece. As the temper-
RO ature rises, some slip:will occur and with it the slope of the energy-temper-
_— ature curve becomes smaller. Conversely, as the notch bscomes less sharp or
as the action of the external force becomes slower, the contribution of the
thermal motion of a dislocated atom becomes insufficient to cause deformation
and the transition temperaturée falls, causing the abrupt brittle failure
shown on the Enclosures.

7. Metals with face-centered cubic lattices generally have low elastic
limits and can deform considerably even at low temperatures (note 8). The
low elastic 1limits may be regarded as an indication of a lower potentisl barre
ler between atoms. Therefore, it is expected that the motion of a dislocated
atom will take place easily. For example in Aluminum, let "A" equal "0.1 evy
then "t" equal 10 (-5) sec, at the temperature of liquid nitrogzen. According
to the estimates of MILLER and DUMOND (note 9) from X-Ray analysis, the lin-
ear dimension of the mosaic in aluminum at room temperature is 2 x 10 (-5)
ecm., On considering also thet "L" decreases with a fall in temnerature, it
will be perceived that no brittle failure is possible in aluminum, irrespect-
ive of the notch of the test-piece in the ordinaryv Charpy machine. The pend-

%lg? traverses eight millimeter at the bottom position in about 1.56 x 10
- sec.

8. The transition temperature for 0.7 percent carbon steel is higher
P than that for the 0.3 percent type. The reason for this is the following:
R . In general, brittleness of carbon steel increases with the increase of carbon

i content. As the percentage of pearlite increases, the distribution of an
applied force become less homogenous, and the share of the stress borne bv
the. soft surrounding ferrite decreases., In other words, the activation of en
atom in the ferrite ground, caused by an external force, graduslly decreases
with the 1lncrease of pearlite structure. Under the actlion of an external
force, the relative value of the potential barrier in ferrite will be seen to
be raised as the carbon content increases. This is probably a principal
cause for the rise of the slastic limit of carbon steel with the increase of
carbon content. As the slip should start in the weak structure of the ferr-
ite ground, the criticel time in a high carbon steel may be long, and thus it
becomes brittle.

Note 7 - T. SUTOKI, Seci. Rep. 19(1930)1.

Note 8 - W.J. de HAAS and R. HADFIELD, Phil. Trans. Royal Soc. 233
(1933), T. SUTOKI, Sci. Rep. 29 (1941), 673.

Note 9 - P.H. MILLER and J.W.M. du MOND, Phys. Rev., 57(1940) 198.
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9. . . According to the above conception the most effective procedure for
the prevention of brittle failure, the increase of ductility, is to cause the
motion ‘of dislocation to occur as quickly as possible, that is, if the height
of the potential barrier between atoms 1s lowered and the transition temper-
ature caused to be lowered sufficiently, a brittle failure will not occur
within the limits of practical usuage. On the other hand, however, a low
potential barrier may result in a low elastic 1imit, which in turn is unde-
in some cases. In order to obtain a high ductility with a given tensile
strength and elastic limit it may be necessary to meke the total amount of
deformation as large as possible, In the theory of dislocation the mean
shear, "S", is given as follows: ‘

! S = alN

nN* .equals the density of dislocation. The mean free path "L" may very some-
whet with the heat treatment of the material but the value for the normal
state is usually sufficiently accurate. Hence "S" is primarily a funetion of
nyt, However, if "N" 1s too great, there will be & mutual action between dis-
locations and their movement will become difficult, resulting in over-harding.
The important procedures for increasing "N are as follows:

a. Refining the crystal grains.

b. Straining the solvent lattice through the addition of other
elements.

¢. Unstabilizing the structure through heat treatment.

1G. To summarize, the temperature at which sudden loss of ductility
occurs, or the transition temperature, is not an inherent characteristic of a
metal but is greatly influenced by test conditions. Cold brittleness is
interpreted as the phenomenou which occurs when rupture takes place in a time
less than the critical time required for a slip of one atomic distance, caused
by the movement of a dislocation at various temperatures, Brittleness may be
decreased by refining grain size, adding other elements, or heat-treatment.
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ENCLOSURE (A)

CHARPY SPECIMENS - FIG. |
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ENCLOSURE (D)
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