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ABSTRACT

The results of tensile tests carried out at low temperatures are presented
here for two steels and a vacuum-melted ferrite in several conditions of
grain size. Plastic deformation and twinning associated with the micro-
cracks have been studied in considerable detail. These findings, corre-
lated with observations of microcracks, define the role of crack initiation
in the over-all fracture process. Quantitative data are reported on the
incidence and morphology of microcrack formation as a function of
grain size, temperature, strain, and strain rate. These results are com-
pared with the predictions of current theories.

Introduction

Several current theories dealing with the atomic mechanism of cleavage
fracture in b.c.c. materials postulate that a crack is initiated by the pile-up
of dislocations against an obstacle. The theories are usually tested
through their predictions on the relation of fracture stress to grain size and
temperature. However, the resulting agreements may be more apparent
than real because of the large scatter in fracture data; moreover, it is
often impossible to distinguish among the various theories on the basis of
the restricted information available. On the other hand, the dislocation
theories usually consider in some detail the sequence of events leading to
the initiation of cleavage, and in certain instances it appears that the
basic concepts may be critically tested by observations of the processes

* Now at the University of Liverpool, Liverpool, England.
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that rery e indicati
. attend the very early indications of cleavage. Such observations
S _ b S ;
. tnm'/v been made for a variation of materials, grain size, temperature
an S ¥ ) . - . . . . i : ) &
rain rate. The findings are examined in the light of current theory

Dislocation Models for Cleavage

Lf:ner ! suggested that cleavage is preceded by slip; that is, a pile-u

of (%lslocations against an obstacle, such as a grain bou;dary c;a,n I-I‘O(;i '
guﬂ'lciem stress concentration to initiate a crack. The ’Zenef molcllcecl
mdlcat.es that the crack will form in a plane approximafely no;rﬁal to thé
o;?erat1ve slip plane. However, Bullough 2 has proposed that the pile-u

will generate a crack within the plane of slip. Cottrell # r(*considerped th[z‘
problem.s as§ociated with a simple dislocation pile-up and ijost.ulated that
two active .mtersecting (110) slip planes in b.c.c. materials generate a
cleavage microcrack on the common (100) plane. Finally DOrowan"
has suggested that a crack may be procuced in the plane (;l' slip by <

polygonized array of dislocations. AR

TABLE 1. Theoretical Expressions* for the Stress to Initiate
Cleavage Fracture, Based on Different Dislocation Models

Equation
Number
Zener model according to Stroh:? o, = i (1
i nb )
‘ottrell model: ? Tn = 257
.= @
Bullough model according to Gilman:7? on = A 3)
nb )
Orowan model according to Stroh: © On = &y (4)
= n T g
nb
o, = applied shear stress in excess of stress required to move dislocations
o, = normal stress
n = num islocati hile ai z i
- ber of dfslocatl'ons piled up against a grain boundary
» = number of dislocations that enter crack

b = Burgers vector

v = effective surface energy term

L = length of the vertical array of dislocations
[ = length of the dislocation pile-up

G = shear modulus

Constants g & k
S 1IlVOlV1]l U alld Poisso ratio (4 for iron a d stee hav ‘)(‘(‘1
SOn’' s (; l) € 1
> al ex Y . N = 1.2% L It is dSblllIlt‘d
The actu b PlC‘SSlOn dex ved b Str()h 18 n 1.5 ;
1 [N (J, .
that L = i and that o yl = Gbnb
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These models have been {reated quantitatively by Stroh,*® Cottrell,?
and Gilman.” Expressions for the stress to initiate cleavage are summa-
rizedin Table 1. Itis generally assumed that a crack, successfully initiated
within a grain, will continue to grow and cause fracture. The effective
surface energy term v, which appears in each of the expressions (Table 1),
may be regarded as a disposable parameter. For this reason, experimental
fracture-stress values cannot be used to test the theory. Furthermore,
inasmuch as the expressions derived for the different dislocation models
have very similar forms, the relationships do not provide a good means
for distinguishing among the various models.

A number of difficulties with the pile-up models of crack initiation
remain to be reconciled. One is associated with the cleavage microcracks,
a grain diameter in length or larger, that have been reported by Low 4
and by Owen, Averbach, and Cohen.' The Stroh? treatment assumes
that the first cleavage crack to grow beyond atomic dimensions continues
to propagate and cause fracture. Since there is no provision for stopping
cracks, the Stroh theory implies that no microcracks should be observed.
Alternatively, in the Cottrell theory, the length of the largest stable micro-
crack is given by the following equation (this relationship is implied in
the Cottrell derivation):

2Gy (5)

where G is the shear modulus (8 X 10% dynes/cm?), v is the effective
surface energy, ¥ is Poisson’s ratio (§), and 0x is the normal stress. Calcu-
lations of the critical crack size are summarized in Table 2 for fracture-
stress values reported by Cottrell # and Low * and for a surface energy
term 7y = 18,000 ergs/cm® consistent with the Cottrell theory.? These
results illustrate that the sizes of microcracks predicted by the Cottrell
model are an order of magnitude smaller than the microcracks actually
observed (1 to 2 grain diameters in length). Thus, it appears that neither
the Stroh nor Cottrell theory accounts satisfactorily for the microcrack

observations.

TABLE 2. Critical Microcrack Size According to Cottrell Theory ?

Fracture “orresponding Calculated Critical
Stress Grain Diameter Microcrack Length
(dynes/cm? (mm) (mm)

7.2 X 100 (Ref. 3) 0.025 0.0026
5.3 X 10° (Ref. 9) 0.11 0.0049
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Another difficulty is that high stresses generated by the pile-up can
also nucleate slip in adjoining regions. Such deformation will relieve the
stress concentration at the pile-up and inhibit crack formation. Clon-
St?quently, Some means of restraining plastic How in the vicinity of the
p‘lle-up must be provided. Stroh suggests that interstitial locking of
dlSlo'Cations furnishes the necessary restraints during the inital stagez of
plastic (‘.leformation. Hence, the occurrence of cleavage fracture should
be restricted to the early stages of plastic deformation. Alternatively
C(?ttr.ell ¥ proposes that the intersecting slip mechanism provides a moré
effective stress concentration than the Zener-Stroh model and concludes
‘that cleavage can occur during yielding, or after discontinuous vielding
1s Com‘plete, or even as a consequence of preyield microstrain. Th(is arqu‘?
Hmentis open to question, however, because the stresses required to initi;te
cleavage by the Cottrel] * and Zener-Stroh » mechanisms are essentially
the same if comparable assumptions are made in the derivations of th;?
relevant equations, (Compare Eqs. 10 and 13 of Cottrell 3 with Egs. Bl
and B6 of Stroh.5) N

Some Recent Experimental Work

Ten‘sile data on two steels and 2 vacuum-melted ferrite (obtained on
0.252:-1{1. ‘diame(er tensile bars tested at a constant applied strain rate of
002 min) have been obtained !! 12 for various grain sizes at temperatures
f‘an;grmg from the ambient down to =250°CI. These data are summarized
in Figs. 1 to 5. The composition of the materials and the treatments used
are listed in Table 3. “

The fracture phenomena exhibited by mild steel, for example in Fig. 1
may be divided into several temperature regions. In region 4, the speci:
men undergoes necking and breaks with a characteristic cub-and-cone
fracture; cleavage is not observed. [n region B, necking still occurs, but
the fracture starts in the necked region with a fibrous crack at the center
.of the specimen and converts to cleavage in an annular rim before rupture
Is complete. The fracture appearance, which is expressed in terms of
tﬁhe percentage of fibrous area, thus indicates the size of the initiating
fibrous erack prior to cleavage. [t is seen (from Fig. 1, for instancc:)
that the critical size of fibrous crack to initiate the cleavage fracture
decre.a‘ses as the temperature is lowered in this region. The fracture
tl:anSltxon T is analogous to the 509%, fibrous :Jpp(—:a;ance convention in
Charpy specimens, At the boundary between regions B and (, the

fx“a(.:ture stress and the reduction in area fall abruptly. This behavior
defines the ductility transition temperature 7.
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TABLE 3. Compositions, Heat-Treatments,
and Grain-Size Data

Wt %
Material B Mn Other
E 0.22 0.36 P 0.016 S 0.031 Si o 0.002
Cu 017 Ni  0.13 Cr 0.08
Vo 0.005 Mo 0.025 Al 0.009
Sn 0.012 As  0.001 O  0.006
M 0.16 1.30 P 0.10 S 0.024 Si 0.024
F2 0.039 Si0.01 Cu  0.005 Cr 0.01
Vo 0.003 Mo 0.01 Al 0.003
Sn - 0.005 O 0.0011 N  0.002
Material Heat-Treatment N Ferrite Grain Size
ASTM d (mm)
E (coarse) 1250°C, 24 hr, AC 4 0.106
1250°C, 1 hr, FC
E (fine) 1250°C, 24 hr, AC 7 0.041
900°C, 1 br, FC
M As Received 7 0.034
F2 (very coarse) 1250°C, 4 hr, FQ 0 0.409
F2 (coarse) 920°C, 30 min, FC 4 0.113

AC = air-cooled
FC = furnace-cooled

Microcracks are observed at the lower end of region B and in region C.
The frequency of microcrack occurrence is designated as the percentage
of ferrite grains containing microcracks. These data are obtained from
observations on the cylindrical surfaces of tensile bars. The gage sections
of the bars are electropolished prior to testing; the bars are strained and
then systematically examined under the microscope.  Most of the micro-
cracks observed are about the length of a ferrite grain, and typical ex-
amples are shown in Figs. 6 and 7. These microcracks are not confined
to the surface of the test specimens; machining away successive layers of
the gage section and electropolishing reveals microcracks in the interior
as well.

Below 77 the fracture is completely cleavage and is initiated by cleavage
microcracks. The frequency of microcracks rises with decreasing tem-
perature in region €, and in the case of coarse-grained ferrite (Fig. 4)
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as many as 29 of the grains may be cracked. Nevertheless, the samples
are not entirely brittle in this range. Immediately below the transition
temperature 77, for example, the elongation before fracture is from 109,
to 20%, and there is a considerable difference between the yield stress

(@) 1004 ®) " Toos
Microcracks in specimens prior to fracture. (a) Ferrite F2, coarse grain,

Fig. o.
(b) Steel E, coarse grain, —152°C, strained 3.5,

—140°C, strained 8%.

(@) l—l'm—'i
Fig. 7. Microcracks prior to fracture in coarse-grained Steel B strained 4% at — 152°C
(a) Cleavage steps. (b) Microcrack and twins.

and unloaded.

and the fracture stress. The Ludwik-Davidenkov concept that frac-
ture precedes yielding below the transition temperature is inconsistent
with these findings.

The crack frequency in region B and in portions of region C'is shown after
109 total clongation, that is, prior to necking and prior to fracture.
At lower temperatures, microcrack data were obtained on fractured
specimens, but the observations were confined to locations well removed

from the main break.
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In region D, the yield and fracture stresses are almost identical, but
yielding is always observed prior to fracture. The fracture occurs at the
lower yield stress. Microcracks are found in this temperature region,
but only in areas of discontinuous strain, the latter being easily distin-
guished on the electropolished surface. The number of microcracks
observed decreases as the temperature is lowered.

| | T
120 i
Fracture stress
80— e
i s (F)
g Twinning
during
8 [ initial Lower yield stress
= yielding
w
8
H .
General  leyote————r c')\‘l?sztam(si )
twinning
40— before | \ i
fracture N_Twins observed at
some microcracks
Twins at
paices e
cleavage facets
0 | | b L
-273 -200 ~100 0 RT 100

Temperature (°C)

Fig. 8. Obsecrvations of twin formation in coarse-grained

Steel E. (4 = 0.106 mm.)

In region E, cleavage [racture occurs abruptly; the drop-in-load char-
acteristic of yielding is not observed. Fracture stress values scatter about
the extrapolated upper yield stress curve. It appears that the behavior
in region E is an extension of D, and that cleavage fracture takes place in
the very first location to undergo discontinuous yielding. Microcracks
are not found in region E, presumably because the first one propagates
to failure. The borderline between regions D and E is defined as the
microcrack transition temperature 7. This is the temperature at which
propagation to failure occurs at the onset of gross yielding, and it cor-

A
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responds to the criterion of brittleness defined by Cottrell.? Below T,
fracture occurs at the upper yield stress cather than at the lower yield
stress, because the tensile machine cannot unload rapidly enough.

In region F (Figs. 2 to 5), samples break abruptly, with the fracture
stress values falling below extrapolations of the upper and lower yield
stress curves. This region has often been identified with completely brittle

| | v
120 2l
0.027 offset
yield stress
(twinning)
\D\D
Fracture stress
a
80— =
2 (F)
§ _T\év‘:r:ln':gg Lower yield stress
1 initial
@ yielding
7]
40— ]
General
___ twinning ___ Notwins _ :
I~ before observed il
fracture
Twins observed at
_ Twinsat some microcracks
cleavage facets
0 | ! J...4
-273 -200 -100 0 RT 100

Temperature (°C)
Fig. 9. Observations of twin formation in coarse-grained
Ferrite F2. (d = 0.113 mm.)

fracture, that is, cleavage fracture without prior plastic deformation.
However, the results of this study show that cleavage fracture in this range
is associated with mechanical twinning. Twins actually begin to form in
these materials at considerably higher temperatures after prior yielding;
the extent of twinning and its influence on mechanical behavior increase
as the test temperature is lowered.

The highest temperature at which twins are observed is in the general
vicinity of 7 (Figs. 8 to 10). Here twins occur at the fracture as recti-
linear markings on cleavage facets or at isolated microcracks. (These
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markings have been described in some detail by Berry.1) However, as
shown in Figs. 8 to 10, the onset of twinning does not, as a rule, coincide
with 77 or with the appearance of microcracks. The indications are that
twinning in the regions B and ('is caused by the high stresses near cleavage
cracks and that twinning here is not responsible for cleavage fracture. At
somewhat lower temperatures, twins are no longer confined to the frac-

120
I I [
80 {— 0,92% offset Prachura .
yield stress stress —
i (twinning)
Q
o
S
bt n]
g
»
Lower yield
05~ (F) Twinning stress -
~——  during ==
initial yielding
'« General twinning o
before fracture )
___ Twins at cleavage s No twins
™ facets TS observed e
0 ! | [ 1
-273 ~200 -~100 0 RT 100

Temperature (°C)

Fig. 10. Observations of twin formation in very coarse-
grained Ferrite F2. (4 = 0.409 mm.)

ture but form throughout the sample before the rupture is complete,
At temperatures close to region £, samples of Steel M and Ferrite F2
begin to twin before the upper yield point is reached. Twinning, ac-
companied by audible clicks, produces a serrated stress-strain curve, and
the abrupt upper vield point is gradually suppressed as the testing tem-
perature is decreased. In region £, the stress for the onset of deformation
(vielding by twinning) exhibits an entirely different temperature de-
pendence from that of the vield stress at higher temperatures.  Essentially
the same behavior has been described by Erickson and Low. 1

In region 7, twin formation becomes a dominant factor in the cleavage

SRR
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fracture.  The role of twin formation is probably best shown in coarse-
grained ferrite samples (Fig. 4) where there is sufficient twinning to allow
the measurement of a 0.029, offset stress prior to failure. It should be
noted that the fracture stress in region F exhibits the same temperature
dependence as the stress for twinning. At the lowest temperatures,
stress-strain curves obtained for the very coarse-grained ferrite samples

10 T T T

80— =
§ Fracture stress
g
= o
@ Elastic limit
2 (twinning) Upper yield
@ stress

40 — —

Elastic limit
0 | ! L]
~273 -~200 -100 0 RT 100

Temperature (°C)
Fig. 11.  Elastic limit, yield and fracture characteristics of
very coarse-grained Ferrite F2. (d = 0.409 mm. )

do not give evidence of deformation prior to fracture. However, the

results of sensitive elastic limit measurements * presented in Fig. 11
demonstrate that cleavage fracture is preceded by discrete hursts of
v 4
7

deformation of about 0.005% to 0.05% strain. The deformation is ac-

companied by audible clicks, and is identified as twinning. Here again,
the fracture stress exhibits the same temperature dependence as the
stress for the onset of twinning.

* Elastic limit measurements were carried out by unloading from successively
higher stresses and observing the first plastic strain (2 X 107%) discernible by means
of an electrical resistance strain gage mounted on the specimen gage section. The stress
required to produce a permanent set of 2 X 1076 is defined as the elastic limit.
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Stress (1000 psi)
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(very coarse
grain)

40}

(Solid lines) fracture stress
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yield stress (twinning)
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Wessel,'® and Erickson and Low.1¢

100

Summary of twinning and fracture data of present
revious studies by Eldin and Collins,'®
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Some of the results of this study and previous work are summarized in
Fig. 12. Similarities in the cleavage fracture behavior in region I are
evident. In each case, the fracture stress parallels the stress for twinning.
These findings indicate that twins initiate cleavage in region F, thereby
performing the function attributed to slip in regions C, D, and E. Simi-
lar conclusions have recently been reached by Biggs and Pratt 7 from
studies of iron single crystals at low temperatures.

100 : j
L Tensile axis l‘
80 \‘a
Microcrack \
2. \
S !
5 60 —r
(=} b @
S
E s
S ¥
E 40 |— Tensile specimen
€
3
3 .
20 t—
0

51° 57° 63° 69° 75° 81° 87° 93° 99° 105° 111° 117° 123°
Angle

Fig. 13. Orientation of microcracks on the surface of coarse-grained
Ferrite F2, strained 8%, at — 140°C, and unloaded.

Figures 1 and 2 show the several temperature regions in a coarse-
grained and a fine-grained steel of the same composition. Corresponding
data for the manganese steel are given in Fig. 3. The trend in fracture
behavior is shifted to lower temperatures for the latter steel, twin-induced
cleavages in region F occurring before the region E is observed. Twinning
assumes an even more important role in the behavior of the coarse and
very coarse-grained ferrite (Figs. 4 and 5). In these instances, twinning
intervenes at even higher temperatures, and the phenomena associated
with regions D and E are suppressed.

Measurements of the orientation of microcrack traces on the surface of
a ferrite sample are presented in Fig. 13. Although orientations 40°
on either side of the normal to the tensile axis are observed, 859, of the
traces are oriented within 15° of a plane perpendicular to the tensile axis.
It may be concluded that microcracks tend to form in a plane normal to
the tensile axis.
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The relation of microcrack formation to strain rate is shown in Fig. 14.
These data, together with results obtained at different temperatures and
constant strain rate, are plotted in Fig. 15 as a function of the lower
yield stress measured in these tests. It appears that changes in the lower
vield stress (used here as a measure of the level of stress) that are achieved
by varying the strain rate have about the same effect on the number of
microcracks as the changes produced by varying the test temperature.

120

o]
o

Microcracks per in2

40

ol i

0.001 0.01 0.1
Strain rate (per min)

Fig. 14, Influence of strain rate on the number of microcracks observed on the sur-~
face of fine-grained Project Steel E samples strained 6% at —160°C. (d = 0.041 mm.)

[ z I ] l
200 }-- o ]
<1, © Strained 109 at different
= temperatures and unloaded
2. (Strain rate = 0.02/min)
o 150 -
S A Strained 6% at different
g- strain rates and unloaded
5 (Test temperature = ~ 100° C)
£ 100 |-~ -~
k)
=
E 50 :
=
0 l I i |
50 60 70 80 90 100

Lower yield stress (1000 psi)

Fig. 15. Influence of stress level on the number of microcracks observed on the sur-
face of fine-grained Project Steel E, (d = 0.041 mm.)
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Undoubtedly, the effect of strain rate on microcrack formation comes
through its influence on fAow stress.

The strain required to produce microcracks was studied by deforming
a series of tensile bars to different amounts at one temperature and
subsequently examining these for microcracks. In some cases, additional
strain was applied at room temperature in order to open up any cracks
that might have closed at the lower temperature on unloading. Results
obtained for coarse- and fine-grained Steel E and for coarse-grained

I [ ] J
- to
1600 Ferrite F2, coarse grain
- Mq‘C (d=0.113 mm)
1200 |- ;
|
800 |- !
1
g 400 |- : &
g | | , I
L2 88 | ] i !
2 S | = ; Project Steel E, coarse grain
S5 | ~140°C (d = 0.106 mm)
Saw 60f-—| -
g 5 |
g @ 401 0=
8o !
= !
33 20f-| . 1
s 2 |
o> | | ; i {
3 0 T [ i i
£ 80 [~ [ ' ]
S Project Steel E, fine grain
= O =160°C (d = 0.041 mm)
60 | | o =
|
40 b i Q0 —
o} e}
C { o}
20— o =
| . , ,
0 | | | i
0 4 8 12 16 20

Elongation (g3)

Fig. 16. Influence of strain on the number of microcracks
observed in yielded regions on the surface of Project Steel E
and Ferrite F2 tensile hars. Strain rate: 0.02/min.  Solid
data points represent samples that were strained an additional
5% at room temperature to expose microcracks.  Broken
lines show the extent of Liiders strain,

ferrite are shown in Fig. 16. During initial yielding, microcracks are
observed in the fine-grained Steel E samples only in deformed regions
behind the Liiders front, confirming previous observations on long, thin,
flat specimens.® The microcrack densities quoted in Fig. 16 refer only
to the yielded regions. Thus, the results for fine-grained samples indicate
that the microcrack density behind the Liiders front continues to increase
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while the discontinuous yielding propagates through the rest of the speci-
men. Therefore, the formation of microcracks, at least in this case, is
not attributable to the initial yielding at the Liiders front; other processes
occurring after the front has passed must be involved. In the coarse-
grained samples, microcracks form only after the discontinuous yielding
is complete. This is also suggested by the results obtained from the
ferrite. Accordingly, the three sets of data in Fig. 16 are in agreement on
the point that microcrack formation in the vielded regions or Liders
bands is not associated with the Liiders front.

Initiation and Propagation of Cleavage Fracture

Both Stroh 5 and Cottrell ® have defined two stages in the process of
cleavage fracture. The formation of a crack nucleus of atomic dimensions
is regarded as initiation; the extension of this crack to critical dimensions
(that is, ~1% the grain diameter or smaller ®) is termed growth. It is
assumed that the crack, after attaining the critical size, will continue to
grow, causing catastrophic cleavage fracture. The results of the present
study demonstrate that large numbers of tiny cleavages are initiated
subsequent to yielding in regions B, C, and D; these cleavages propagate
to form microcracks, but do not result in fracture. Hence, the assump-
tion that crack growth (as defined above) necessarily causes ultimate frac-
ture does not appear valid. For the purposes of this discussion, the con-
ditions for crack initiation are those which satisfy the requirements for both
the initiation and the growth stages already described, that is, the condi-
tions that lead to the formation of a crack which is critical with respect to
the host grain. On the other hand, the conditions for crack propagation
are those that satisfy the requirements for catastrophic cleavage fracture.
On the basis of this and previous studies, it must be concluded that a cleav-
age crack that attains a size critical with respect to the host grain is not,
at the same time, critical with respect to the over-all aggregate. In other
words, the conditions for crack initiation do not necessarily satisfy the
requirements for crack propagation. This implies that initiation and
propagation are separate processes.

Models for cleavage initiation have been reviewed in the second section.
Hypothetically, propagation may occur by one of the following processes.
A growing microcrack may penetrate an adjoining grain and continue to
propagate. The conditions for this type of propagation are prescribed
by the Griffith-Orowan equation:

) ©
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where @, is the normal stress, E is Young’s modulus, v the effective
surface energy, and C the crack length. If the microcrack fails to pene-
trate further and stops at the grain boundary, propagation may then take
place by the subsequent initiation of cracks in neighboring grains as a
consequence of the stress concentration produced by the first unsuccessful
cleavage. Since the applied stress alone satisfies the requirements for
initiation in the first grain, the additional stress existing after the first
crack is formed should produce additional cleavages in rapid succession
until the Griffith-Orowan conditions for propagation are satisfied. Ulti-
mate fracture should then occur shortly after the initiation of the first
crack and before many other microcracks are formed. Because large
numbers of microcracks are stable despite the action of the applied stress,
it must be concluded that propagation by means of such reinitiation is
difficult and that certain requirements for crack initiation apart from stress
are not satisfied in the great majority of the grains. This requirement
does not appear to be controlled by grain orientation, since there is con-
siderable latitude in the orientations displayed by the microcracks (Fig.
13).

Another mechanism of propagation involves the possible connecting-up
of random microcracks. Such cracks, if sufficiently numerous, could
eventually be linked by ductile fracture of the bridging material. This
could produce a large effective crack capable of propagating according
to the Griffith-Orowan criterion. In the present investigation, micro-
cracks are observed in no more than 29, of the grains, and therefore this
mechanism seems unlikely.

In the temperature ranges B, C, and D, microcracks are initiated only
in parts of the sample that have undergone yielding. In the ferrite speci-
mens, microcracks may also be observed in region F after the onset of
twinning (region E is absent). Although no microcracks are found in
Steel E in regions E and F, the evidence cited in the previous section
suggests that deformation (either slip or twinning) also precedes cleavage
initiation in this temperature range. Plastic deformation appears to be
a basic requirement for cleavage initiation in the materials studied.

The following processes are therefore prerequisites for cleavage fracture:

1. Plastic deformation.

2. Crack initiation.

3. Crack propagation.

In regions B, C, and D (and in parts of region F for the ferrite), micro-
cracks are initiated after the onset of deformation but do not propagate.
Consequently, propagation must be more difficult than initiation, the
requirements for fracture being prescribed by the conditions for propa-
gation. In regions E and F of Steel E, both initiation and propagation
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follow immediately after slip or twinning. In this case, the conditions
for yielding determine the occurrence of fracture.

Interpretation of Microcrack Studies

ividence cited in the third section that cleavage is preceded by plastic
deformation, whether slip or twinning, supports the view that dislo-
cation arrays not present in annealed materials are important in crack
initiation. The exact role of twinning is not clear. Stresses associated
with twins may initiate cleavage directly. Twins may also act indirectly
by nucleating slip ¢ or by providing barriers to slip.”” Since microcracks
and cleavage fracture can occur entirely in the absence of twinning
(Figs. 8,9, and 10), twinning cannot be regarded as the exclusive mecha-
nism for cleavage.

These studies have shown that microcracks are initiated after discon-
tinuous yielding is locally complete and are not a direct consequence of
the Liiders strain itself. Since dislocations are manifestly unpinned after
initial yielding, dislocation locking is not an essential feature of cleavage
fracture. Thus, the view advanced by Stroh ® that the restraining of
potential slip sources is accomplished by interstitial locking of dislocations
does not seem realistic. The formation of microcracks appears to involve
creep deformation behind the Liiders front  or subsequent deformation
in the strain-hardening range. Moreover, the results presented in Fig. 16
indicate that microcracks do not form at the Liiders front despite a wide
variation in the extent of the discontinuous deformation. This would
suggest that the failure of cracks to form here is not related to a minimum
strain requirement but must be attributed to some special characteristic
within the Liiders strain.

One difference between the dislocation models is the postulated orien-
tation of the initiated cleavage cracks. The Zener-Stroh, Bullough-
Gilman, and Orowan-Stroh treatments predict that microcracks should
tend to form at an angle of 55° to 60° to the tensile axis. On the other
hand, the Cottrell mechanism tends to initiate cracks in a plane normal
to the tensile axis. In view of the orientations plotted in Fig. 13, it appears
that only the Cottrell model is consistent with orientations observed.

The stresses associated with the formation of microcracks furnish a
means of testing the theory of cleavage initiation. Values of y calculated
for the Cottrell model (Eq. 2, Table 1) from data on Steel E and Ferrite
F2 are listed in Table 4. It is assumed that cleavage is initiated at the
vield stress and at the highest temperatures at which microcracks are
observed. Under these conditions, the requirements for cleavage initia-
tion are just satisfied. The value of 7 is calculated from the expression
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TABLE 4. Effective Surface-Energy Values Calculated for Fine- and
Coarse-Grained Steel E, and Coarse- and Very Coarse-Grained Ferrite F2,
According to the Cottrell 3 Theory for Crack Initiation

i Steel E Ferrite F2
Grain Diameter (mm) 0.04 0.10 0.11 0.41
Normal Stress for Crack ) 4.8 X 10° 3.0 X 10° 3.3 X 109 1.6 X 109

Initiation (dynes/cm?)

J (=140°C)  (=120°C) (—100°C)  (—20°C)
Effective Surfucc-Encrgy 1( 1.5 3 104 2.0 X 104 18 % 108 1.6 X 104
J

Term vy (ergs/cm?)

derived by Eshelby, Frank, and Nabarro,® assuming that o, is half the
maximum shear stress, which in turn is half the normal stress. (This
assumption is introduced to correct for the friction stress.) Since cleav-
age is initiated in the interior of the grain, the value of 7y should be inde-
pendent of grain size. The calculations show that 7 is relatively constant
over the wide range of grain sizes considered, a result that is in good
agreement with the Cottrell theory. Inasmuch as the forms of the ex-
pressions developed for the other models are similar, this agreement
extends to other treatments as well.

Values of the effective surface energy term 7y consistent with the
propagation of microcracks to ultimate cleavage (according to the Griffith-
Orowan Eq. 6) are summarized in Table 5. The calculations are based
on cleavage fracture-stress values immediately below the ductility transi-
tion temperature 7. A crack size equal to the grain diameter is assumed.
The values obtained are of the order of 10 ergs/cm?, which is an order of
magnitude larger than the effective surface energy for microcrack initia-
tion. Since the term 7 is a direct measure of the resistance to cleavage,
this result expresses in quantitative terms the conclusion drawn in an
earlier section that cleavage propagation is more difficult than initiation

TABLE 5. Effective Surface-Energy Values Calculated for Fine- and
Coarse-Grained Steel E, and Coarse- and Very Coarse-Grained Ferrite F2,
According to the Griffith-Orowan Theory for Crack Propagation

Steel E ) Ferrite F2

Grain Diameter (mm) 0.04 0.10 0.11 0.41
Normal Stress for (Ara('k]ll 7.8 % 109 6.6 X 109 57X 100 3.6 X 100

Propagation, i.e., Frac- | 5 - o 5 o
j ; —160°C: —1: i - ) —
ture Stress (dynes/cm?) j (—160°C)  (-t30 2 (=140°C)  (—60 C)

Effective  Surface-Energy
Term =y (ergs/cm?)

} 0.9 X 105 1.5 X 10 1.3 X 108 1.9 X 10
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and that the resistance to cleavage increases when the microcrack reaches
a length commensurate with the grain size. This change in resistance
may be associated with accommodations that attend the growth of the
crack across grain boundaries, and grain boundaries may be regarded
as barriers to cleavage.

At a temperature just above 7 microcracks are also present prior
to fracture, and the fracture is virtually all cleavage. Yet the fracture
stress is significantly higher than at a temperature immediately below
T,. This abrupt alteration in fracture stress may be related to the change
in extent of plastic deformation prior to fracture, that is, 45 to 65% vs.
10 to 20%, reduction in area. Apparently, the large deformation that
sets in above 77 enhances the resistance to crack propagation by further
increasing the effective surface energy. 5

General Summary

The classical Griffith-Orowan treatment of brittle fracture describes
the conditions for the propagation of cleavage fracture from pre-existing
cracks. These cracks are drawn from the reservoir of flaws thought to
be present in materials; no mechanism for initiation of the pre-existing
cracks is provided. One difficulty with this approach is that the crack
size consistent with the known strengths of some materials is unrealistic."
The dislocation models described in an earlier section overcome this
difficulty but impose another requirement that some deformation precede
fracture. Consequently, observations that cleavage fracture occurs prior
to yielding at stresses below the level of the lower yield stress (as found
in region [) have, in the past, been interpreted as evidence that pre-
existing flaws are responsible for cleavage fracture. The results of this
study show that quasi-brittle fracture below the lower yield stress merely
reflects a change in the dominant mechanism of deformation from slip
to twinning. Hence, these findings support current dislocation concepts
of cleavage initiation. Calculations based on the stresses to produce micro-
cracks in the materials studied here indicate that the available theoretical
expressions satisfactorily describe the grain-size dependence of crack ini-
tiation. However, only the Cottrell model furnishes an explanation for
the observed orientations of microcracks. On the other hand, the fact
that many microcracks larger than the critical size predicted by the dis-
location models are formed without inducing fracture demonstrates that
the present treatments do not describe the conditions for cleavage propa-
gation to fracture. The difficulty seems to arise from the circumstance
that grain boundaries act as effective barriers to impede microcrack
growth from one grain to the next.
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Inasmuch as the formation of microcracks is restricted to a very small

fraction of the grains despite substantial increases in stress (that is, in
the vicinity of microcracks), the local stress .cz'u‘u.lot be the only iact‘o.r
playing an important part in the process of initiation. An‘other .factox is
considered to be the blocking of slip that would otherwise re.heve ic
stress at dislocation pile-ups. Stroh 5 originally proposed that. dlSlOCat%()n
locking by interstitial atoms provides the necessary reslramt? Ad.un‘ng
initial yielding. However, the present results show that crack initiation

Tfm

.

Fig. 17. Dislocation pile-up forming a microcrack in a
region of heterogeneous deformation.

occurs, in fact, after discominuou:c, yielding, when dislocations are lo:t(t’lr;
sibly unlocked. Dislocation locking, tberefo‘re, does. not seem (0 )fr ed.
answer. Since cleavage fracture is initiated in a region that has‘su efl.

Liiders strain or twinning, then local heterogencous deform:?.tlloni st 13
bands, or twins may provide some measure of constraint. l?sl}l‘lustl ZOZ :
in Fig. 17, the stress concentration may occur by blocka.ge of dis ocation:
: heterogeneously deformed that dislocation motion

in regions that are so ‘ :
et at the dislocation

in them is extremely difficult. In general, it appears th
theories in this respect are still incomplete.
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DISCUSSION

J. R. Low, JR., General Electric Research Laboratory. The authors, in
discussing yielding and fracture of iron at 78°K and below, make the
suggestion that twinning may initiate microcracks and, by implication,
total fracture in thejr materials. 1 would like to report the results of
some metallographic work that shows that microcracks can in fact be
initiated by twinning.

Two materials were examined, a low-carhon fine-grained iron and single
crystals of 39, Si-Fe. Polished specimens of these materials were strained
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to produce twinning without complete fracture; the low-carbon iron
was strained at 20°K and the silicon iron at 78°K. .

The polished surface of the fine-grained .iron was‘then replxcated‘ by
pressing a thin film of cellulose acetate, moistened with acetone, against
the surface and dry stripping after the solvent had evaporated. C.arbon
was evaporated onto this negative plastic replica, and the plastxc.was
then dissolved to obtain a carbon replica that could 'be examined
in the electron microscope. Figures D.1 and D.2 are typical examples

1p

Fig. D.1. Microcracks at the twin-matrix interface.

of the types of microcracks observed. The dark protrusions‘represent
cracks at the twin-matrix interface that have been filled by 'the impressed
plastic. These cracks appear to form at the twin-matrix mtftrface only
where this interface becomes irregular during growth of the twin. C:racks
are not observed on the smooth side of the twin, even though both inter-
faces move during growth. Cracks such as these have been observedofor
twins formed at all temperatures between 20° and 125°K. Above 125 K,
twins are not observed in tension testing of this material. '
Twin-interface cracks may also be revealed by lightly clectropohs?-
ing the surface of a specimen after deformation. This efvfef:t, s‘hown in
Fig. D.3, also shows a matrix cleavage crack apparently originating from
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A twin-interface crack, suggesting that total fracture may be nucleated
by this mechanism. Figure D.3 was obtained from the surface of a single
crystal of 3% Si-Fe deformed by bending at 78°F. Since the crystal
orientation was known, it was possible to index the apparent cleavage
crack using the trace of the twin as a (112) trace. The straight crack
at an angle to the twin in Fig. D.3 is at the correct angle to be a cleavage
crack on a (100) plane.

'htl

Fig. D.2. Microcracks at the twin-matrix interface.

l10;1.l

Fig. D.3. Matrix cleavage crack apparently originating from a twin-interface crack.
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