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ABSTRACT
-.

The influence of substructure on the cleavage transi-

tion temperature in iron single crystals has been investigated.

Substructure was introduced by prestraining up to 10 per cent

and annealing, with the dislocation density increasing corre-

10
sporidingly from an initial value of about 107 to about 10

-2
cm . The yield properties of the crystals with substructure

were somewhat higher while the brittle transition temperature

was raised about 40 C. Twinning preceded cleavage in these

tests, and ail the cleavage microcracks observed were associ-

ated with twins. The microcracks were located either along

the twin/matrix interfaces or within the twins, but not in the

matrix itself nor at intersecting twins. Cleavage appears to

be initiated by the action of twinning, rather than by the role

of twins as barriers to slip.
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INTRODUCTION

Allen et all have indicated that the brittle-ductile transition temp-

erature in iron single crystals i,s a function of the orientation of the ten-

sile axis and that the transition temperature is raised as the tensile axis

approaches the cube poie. Biggs and Pratt2 have shown that decarburiza -

tion lowers the transition temperature of iron single crystals; they have

also demonstrated that prestrai,ning at room temperature lowers the transi-

tion temperature, apparently by inhibiting mechanical twinning. Twin inter-

faces have been considered as barriers for dislocation pile -ups3J 4 and

consequently t.wi.nni,ng has been postulated as an important prerequisite for

the cleavage transition in iron crystals. Metallographic evidence for cracks

associated with intersecting twins in bcc si,ngle crystals has been found by

Cahn5 in molybdenum and by HullG in iron -3 per cent

hand, LOW7 has shown that microcracks in iron -3 per

originate at the twin. /matrix interface.

Substructure is known to have an effect on the

silicon. On the other

cent silicon may

transition tempera-

ture in polycrystai 58 ‘ 9 but there has been little corresponding work on single

crystals. This research was undertaken to investigate the role of substructure

in the cleavage behavior of iron crystals. It is shown that substructure does

influence the cleavage transition temperature, but it is also evident, that me-

chanical twinning plays an important part in the cleavage of iron single crys-

tals at low temperatures.

EXPERIMENTAL PROCEDURE

Iron single-crystal tensile specimens were prepared by ~ strain,

gradient-anneal method. One-half inch diameter bars of vacuum melted

iron (0,024 C, 00004 N, 0.0023 0, 0.001/0.005 Mn, 0.008 Si, 0.001/

0.003A1, 0.006 Ni, 0.001/0.004 Mo, 0.003 /o. 006 Co, 0.001/0.003 Cu,

0.006 Sn) were rolled to l/16-in. strips. These strips were then annealed
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at 800—870 C for 1 hour in hydrogen and slowly cooled to room tempera-

ture. The critical strain for subsequent crystal growth was achieved by

passing a Ltiders band along the entire length of the strip, from which

flat tensile specimens with a gage section about li4-in. wide were

machined. Surface defects were removed by electropolishing~ 0 in 5

cent by volume of perchloric acid (70–72 per cent) in glacial acetic

at 15—20 C. The specimens were then drawn through a temperature

client (peak temperature -.850 C) at 1/2 cm/hour in an atmosphere of

then

per

acid

gra-

tank

hydrogen. The carbon

this gradient anneal.

Johnson~ ~ has

content dropped to about O. OC12per cent during

shown that discontinuous yielding enhances crys -

“tal growth in iron, but that the magnitude of the strain is relatively un-

important. He found that the boundary movement at the temperature of

crystal growth may be limited by regions of austenite which are dispersed

through the ferrite and which must be removed by decarburization before

growth can proceed. This growth inhibition may suppress extraneous re-

crystallization and thus provide some advantage for using ferrite saturated

with carbon in order to attain single-crystal growth. The critical strains

varied from 2.5 to 5 per cent

was about 790 C.

The substructure was

per cent, and then annealing

and the temperature at the growth interface

introduced by deforming crystals 3 and 10

them (together with the unstrained ones) for

1 hour at 200 c and 3 hours at 650 C, followed by furnace coolin9~ TWO

methods were employed to detect the substructure. Specimens were

electropolished in the aforementioned perchloric acid-acetic acid electro-

lyte at a current density of about 1 amp/crn2 and 40 volts, 10 and were

then etched by lowering the voltage to about l\4 volt. Some samples

were etched by immersion for 1 minute in 1 per cent nital. These etch-

ing techniques developed etch pits on faces close to the ( 100) or (1 10)

orientation; the pits were counted to give etch-pit densities. Polygonized

structures defined by networks of dislocations were not generally observed,
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Fig. 1. Double crystal rocking
curves of iron single crystals
with varying pre strain followed
by annealing.

and so the substructure was expressed in terms of dislocation density.

Double-crystal rocking curves were also obtained using FeI<a radiation

and two crystals oriented so that their ( 100) faces were parallel. A relatively

perfect crystal with a rocking-curve width at half-maximum of less than 1 minute

of arc was selected as the first crystal, and the second crystal was the speci-

men whose substructure was to he investigated. The presence of dislocations

broadens the half-widths of the rocking curve. The dislocation densities were

determined in a manner similar to that of Gay, Hirsch and Kelley. 12 This method

was refinedl 3 to take into account the line-broadening effects of lattice bending,

10cd strain and particle size, as well as of misorientations, but the results

were essentially the same.

The x-ray and etch-pit methods indicated dislocation densities of the

same order of magnitude. Typical rocking curves are plotted in Fig. 1 and the

corresponding etch–pit densities are listed. The rocking curve for the unde-

formed crystal shows a well resolved small-angle boundary with a tilt of about

1.5 minutes, but other regions in the same crystal did not necessarily contain

such boundaries. The rocking curves of the prestrained and annealed crystals

disclosed more indications of small-angle boundaries but generally these could

not be resolved. For purposes of comparison, the dislocation densities of the
7

unstrained crystals were about 10 , for crystals prestrained 3 per cent (and an-
10

nealed) about 10 and for crystals prestrained 10 per cent (and annealed) about

3xlo’0 (see Fig. 1).

The specimens were tested in a motorized vertical Hounsfield tensometer

at a rate of O. 0035 in. /min. Strains were measured by the cross-head movement

and also by means of electrical-resistance strain gages mounted on the specimen.
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Fig. 2. Tensile curves for iron
single crystals. Prestrained
crystals were subsequently an-
nealed (see text). Arrows indi-
cate proportional limits deter-

Tests were conducted between -140 and 170 C

in a cryostat which was arranged with an

outer chamber containing liquid nitrogen and

an inner chamber containing heating elements

to provide temperature control over a small

range. A temperature controller was used to

regulate the liquid nitrogen flow. Thermo-

couples were attached to each end of the

gage section, and tests were not made un-

til the temperature had been constant for

20 minutes.

RESULTS

mined by strain gages.
Typical engineering stress- strain

curves for a number of crystal orientations

and test temperatures are shown in Fig. 2. The tensile axis in most of the

crystals tested was close to the [ 110] direction, and the specimen-face normals

tended to cluster near the [ 100] direction or %etween the [112] and [1111 di-

rections. Thus, there was little opportunity to explore systematically the ef -

fects of tensile direction.

Proportional limits, as determined by electrical-resistance strain gages

to a sensitivity of 10
-5

, are shown by horizontal arrows on the curves. In

some instances, slip initiated outside the strain-gage area, and hence the ap-

parent absence of plastic flow prior to fracture in these curves does not mean

that it did not occur elsewhere. The discontinuous breaks in the stress-strain

curves are the re suit of mechanical twinning. Twins were observed in all crys-

tals which failed by cleavage,

The ductility-transition behavior is shown in Fig. 3. It is evident that

the transition in these crystals is rather well defined, occurring at about -190 C

in the virgin crystals and at about -150 C in the prestrained and annealed crys -

tuls . The transition temperature for the pre strained and annealed state was
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more sharply defined than for the unstrained state. This difference

probably resulted from the likelihood that any inadvertent darnage in

handling would have a greater effect on the virgin crystals than on the

prestrained and annealed ones. No systematic trend with respect to

crystal orientation was found in these studies.

Three slip systems with equivalent critical resolved shear

stresses] were assumed to operate in iron. The proportional limit,

and upper and lower yield stresses were resolved along the shear di-

rection on the pertinent plane and the resulting values are presented

in Figs. 4—6. The introduction of substructure raises the proportional

iimit and yield strength somewhat, although there is considerable scat-

ter. Gross yielding often started with twin formation, as indicated in

these figures, The lower yield strengths of these crystals lie consid-

erably below the values observed for polycrystalline specimens of the

same material (Fig. 6) .

Fracture stresses were found to be too erratic to warrant report-

ing; there were large uncertainties in the breaking load and final cross

section.

DISCUSSION

Since a wide range of tensile-axis orientations was not availa-

ble here, the effect of crystai orientation on the transition temperature

could not be studied in detail. Allen et al~ showed that the brittle-

ductile behavior of iron crystals depends on orientation at -196 C, but

the interdependence of orientation and temperature was not obtained.

In the present work, the tensile axis varied within approximately 15

degrees about the cube pole for crystals with each type of substructure,

arid yet there was no apparent effect on the transition temperature. Also,

the ratio of the normal (with respect to the cleavage plane) to the applied

stress was calculated for specimens that underwent reduction in area be-

fore cleavage, and it was found that the reduction in area did not vary
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in any regular manner with this ratio. This would seem to suggest that the

transition was not primarily dependent on the normal stress (or orientation)

within the present limited te sting range.

It is interesting to note that the transition temperatures shown by

Biggs and Pratt2 for crystals with the same carbon content are very close

(-183 C) to those observed here. They found that carbon raises the transi-

tion temperature and manganese lowers it; however, this effect of composi-

tion appears to be smaller than the effect of substructure found in the pres -

ent work.

Biggs and Pratt2 observed a decrease in the transition temperature

of specimens which had been prestrairwd (but not annealed) prior to test-

ing. The present investigation shows that annealing following such a pre -

strain raises the transition compared to the original state. This difference

undoubtedly arises from the influence of prestrain on twinning; prestrain

tends to suppress mechanical twinning whereas subsequent annealing tends

to restore the abiiity of the crystal to undergo twinning.

Biggs and Pratt2 obtained evidence that a critical stress is neces-

sary for cleavage in iron in that the fracture stress was constant when re-

solved on the plane of maximum shear. It was concluded that yielding is

a prerequisite of fracture. Consequently, the increase in transition tem-

perature caused by substructure found in the present investigation may

arise from the increase in flow stress. Certain inconsistencies appear,

however: ( 1 ) the lower yield is significantly higher for crystals pre -

strained 10 per cent than for crystals prestrained 3 per cent, but the

transition temperature is not correspondingly affected, and (2) the scat-

ter in flow stress is not reflected in the transition-temperature data,

In addition, no correlation was found with respect to the crystal

dimensions+ if the latter were assumed to correspond to an effective slip

::’The crystal dimension in the direction of slip could vary through
wide limits from specimen to specimen, even in cases where the tensile-
axis orientations were similar, because of the rectangular cross section
of the crystals.
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Fig. 7. Microcracks in deformation twin of iron crystal. Tensile axis
is horizontal. The long almost-vertical crack is along a direction par-
allel to a ( 100) trace of the matrix. The zig-zag extension consists of
(11 2) -type facets corresponding to a jagged twin/matrix interface. The
specimen-surface orientation is near the ( 11 2) plane. As deformed, 500X.

length;’4 evidently, dislocation barriers other than the surface must be active

in initiating cleavage. On the other hand, twin formation was observed in all

crystals which failed by cleavage. Primary twins, wit’h few exceptions, propa-

gated acress the entire crystal. The se were generally bounded by a coherent

interface on one side of the twin and by a jagged interface on the other. Zig-

zag rriicrocracks were often detected along the jagged twin/matrix interfaces

and in some instances these microcracks were connected with larger cracks

within the twins. Figure

cleavage facet within the

of the matrix. Evidently,

7 shows such a crack. It is significant that the main

twin was found to lie along a ( 100) or cleavage plane

such cracks were formed during the twin formation

and were probably associated with the high local strains re suiting from the twin

generation. Cracks at twin intersections were not obssrved in these specimens

even after many twins had formed. Cleavage cracks were not found outside of

twins or twin/matrix interfaces unless the cracks were secondary to the final
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Flow and Twinning— —

Despite the scatter of results,

ductile crack had started. In these

well away from the ductile crack and

without any apparent interference .

there is a small increase in the

proportional limit and the upper and lower yield strengths with increasing

dislocation density when the latter is increased by orders of magnitude.

The scatter in these properties could not be correlated with variations in

orientation or carbon content,

If the Cottrell-Bilby model for twinning in bcc metalsl 5 is taken

be operative, and if it is assumed that the critical step in the twinning

process is the dissociation of an ~ [ 111 ] dislocation into partials, the

to

stress should be

the data gave no

already present,

L

resolved onto the dissociation plane. Such analysis of

support that this is the critical step. If the partials were

the critical step should be the activation of the rotating

partial in the twinning plane. However, by re solving the twinning stresses

onto the twinning plane in the direction of shear, the scatter was not re-

duced,

Because no evidence for a critical-stress law7 was found in these

measurements, it was suspected that (in view of the rectangular cross sec-

tion of the specimen) there might be a geometric effect caused by the crys-

tal dimension in the direction of the slip or twinning. This dimension

could vary markedly from specimen-to-specimen, even within the limited

range of orientations encountered here. Such an effect might be analogous

to the grain-size dependence of the stress for slip or twinning in polycrys-

talline ferrite, 9 However, no correction could be invoked that wouid elimi-

nate the scatter or point toward a critical-stress law. Conceivably, the

geometry of rectangular specimens leads to complications that obscure the

expected orientation dependence.
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Cleavage Mechanisms

No metallographic evidence was obtained to establish the mechan-

ism whereby cleavage cracks nucleated. Microcracks were not found in

untwinned regions of the crystals, unless they were connected with the

final failure, thus sugge sting that initiation is the critical step for cleav-

age in these single crystals. This is even more strongly indicated by the

cases in which cleavage cracks propagated through necked regions where

the energy for crack propagation should be relatively high.

The cleavage-fracture stresses, where they could be measured,

fell within the scatter band for the initiation of slip, as would be expected

from current t,heories. The Cottrell model of intersecting slip4 was applied

to crystal No. 162, in which only slight deformation preceded fracture at

-196 C. Taking the crystal dimension in the direction of the operating shear

as a measure of the slip distance, the surface energy associated with crack

initiation was calculated to be 13—20, 000 ergs/cm2 , which is about the

value determined for the initiation of rnicrocracks in polycrystalline iron, 9

The fact that the transition temperature increases with the fineness

of the substructure (i. e. increasing dislocation density) but decreases with

grain refinernentg points up the different ways in which substructure and

reguiar grain boundaries infiuence cieavage fracture. Both substructure and

grain boundaries increase the fiow stress, but they behave dissimilarly rela-

tive to cleavage propagation. Whereas grain boundaries act as barriers to

crack propagation, causing an increase in the effective surface energy to

-105 ergs/cm2 the substructure introduced by prestraiming and annealing ap-

‘ pears to offer comparatively little resistance to the propagation of cleavage

cracks. g This explains why no microcracks were found to stop within the

matrix of the single crystals, initiation being the critical. step for complete

cleavage.

The microcracks observed in the single cry=tals are invariably as-

sociated with twins, and lie either at the twin[rrmtrix interface or inside

the twin along { 100] traces of the matrix. The latter indicates that the

—
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twins and cracks may grow simultaneously. Possibly, such microcrack~

act to relieve the twinning stress. No evidence was found to show that

cleavage is caused by twins as barriers to slip. Under the conditions

studied here, a cleavage crack that enters the untwi.nned matrix can

propagate through the crystal to ultimate fracture before t,he stresses are

removed.

Barriers to slip in the usual sense seem to be missing in single

Crys”talso The surface cannot be expected t.o withstand the dislocation

pile-ups as grain boundaries do. This is confirmed. by the insensitivity

of flow stress to the crystal dimension in the sb.ear direction, and sug-

gests that the “ burst” of dislocations postulated by CottreU4 may be

supplied by the high transient stresses associated with twi.rmin.g.

The decrease in transition temperature with prestraini.ng (but

without subsequent annealing) found by Biggs and Pratt2 can be, as

they proposed, an effect of twin inhibition. If their specimens had

been annealed after the prestraining, the ability to undergo Twinning

would have been restored and, because of the increased flow stress at–

tributed to substructure, the transition ternperatu.re would probably have

been raised, as found here.

CONCLUSIONS

1. Substructure raises the brittle-ductile transition temperature

in iron crystals by about 40 C for an increase in dislocation density
10 -2

from 107to 10 cm .

2. Cleavage in iron crystals studied. here appears to be initi-

ated by the high local stresses accompanying twinning, rather than by

the role of twins as barriers to slip.

3. Substructure raises the flow stress of iron crystals, but does

not seem to increase the resistance to cleavage-crack propagation.

4. Orientation, at least in the limited range investigated, has

no appreciable effect on the brittle-ductile transition temperature in iron.
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5. Critical stress laws for slip, twinning, cr cleavage were not

found in these experiments, perhaps owing to the rectangular section of

the strip specimens.

ACKNOWLEDGMENTS

The authors wish to acknowledge the able assistance of Mr. Ed,mond

D. Howell and Miss Miriam Yoffa in the experimental phases of the investi-

gation, Fruitful discussions were held with George Hahn and Walter Owen.

The authors would also like to acknowledge the financial support of the

Ship Structure Committee and the advisory guidance of the project advisory

committee under the Committee on Ship Steel of the National Academy of

Sciences-National Research Council.

REFERENCES

1.

20

3.

4.

5.

6.

7.

8.

Allen, N. P., Hopkins, B E., and McLennan, J. E., proc. Royal
Society (London), vol, A234, P. 221 (1956).

Biggs, W. D., and Pratt.. P. L.,, Acts Met. volt 6, p. 694 (1958).

Stroh, A. N., “A Theory of the Fracture of Metals, “ Adv. in Physics,
vol. 6, pP. 418-465 (1957).

— —

Cottrell, A. H. , “ Theory of Brittle Fracture in Sieel and Similar Metals, “
Trans. Met. Sot. AIME, vol. 212, pp. 192-203 (1958).

Cahn, R. W., @r. Inst. Met. VO1, 83, p. 493 (1955),

HuH, D., Phil. ~, vol. 3, Ser. 8, p. 1468 (1958).

Low, J. R., Jr. , “Discussion, “ p. 114 Fracture, Averbach, B. L.,
Felbeck, D. K., Hahn, G. T., and Thomas, D. A,, eds. New york City:
John Wiley & Sons, Inc, 1959.

Danko, J. C. , and Stout, R. D. , “ The Effect of Subboundaries and
Carbide Distribution on the Notch Toughness of an Ingot Iron, “ Trans,
ASM, VO1. 49, pp. 189-200 (1957).



.-

9.

10.

11.

12.

13.

14.

15.

-15-

H~nn, G. T., Averbach, B. L., Owen, W. S., and Cohen, Morris,
“Initiation of Cleavage Microcracks in Polycrystalline Iron and
Steel, ” p. 91. Fracture, Averbach, B. L., Felbeck, D. K. , Hahn,
G. To, and Thomas, D. A., eds. New York City: John Wiley &
Sons, Inc. 1959.

Tegart, W. J. , The Electrolytic am Chemical Polishing Q Metals
in Research and Industry. London: Pergamon Press, 19560—

Johnson, W. R. , S, B. Thesis submitted to Department of Metal-
lurgy, M. I. T., 1958.

Gay, P., Hirsch, P. B., and Kelley, A., Acts Met. vol. 1, P. 315
(1953).

Flanagan, W. F. , Sc. D. Thesis submitted to Department of Metal-
lurgy, M. I. T., 1959.

Cottrell, A. H., Dislocations ax Plastic F1OW in Crystals, P. 104.
Oxford, England: Clarendon Press, 1953.

Cottrell, A. H., and Bilby, B. A., Phil. ~. vol. 42, Ser. 7,
p. 573(1951).



COMMITTEE ON SHIP STEEL

Chairman:

Professor John Chipman
Head, Department of Metallurgy
Massachusetts Institute of Technology

Vice Chairman:

Mr. M. W. Lightner
vice President, Research and Technology Division
United States Steel Corporation—

Members:

Professor C. S. Barrett

Institute for the Study of
University of Chicago

Professor D. K. Felbeck

Metals

Department of Mechanical Engineering
University of Michigan

Mr. Paul Ffield
Assistant Manager of Research
Bethlehem Steel Company

Professor Maxwell Gensamer
Professor of Metallurgy
School of Mines
Columbia University

Dr. J. R. Low, Jr.
Metallurgy Research Unit
Research Laboratory, General Electric Company

Mr. T. S. Washburn
Manager, Quality Control Department
Inland Steel Company

Mr. T. T. Watson
Director of Research
Lukens Steel Company

..

.J

...


