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Abstract
The temperature interval in which steel may show a fairly
abrupt change from ductile to brittle behavior has been quantitatively
specified in terms of the (Hall-Petch) stress-grain size parameters
already reported in the literature from tests at various temperatures
and strain rates. The transition in behavior depends in an important
way on each one of all the stress components normally combined in a

single yield stress or fracture stress measurement.
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Stress-Grain Size Analysis of the Brittle Fracture Transition of Steel

1., Introduction

For steel,‘it has been shown experimentally that the brittle

fracture stress, s and the ductile yield stress, cy, obey the following

(Hall-Petch) stress-grain size relationshipsl‘s,
o =0 +k2L/? (1a)
c o c
c
o = o + B exp(-8lT) + k 27Y/2 (1b)
y °y y

where 9 is the stress intercept for brittle fracture at an extrapolated
infinitecgrain size, kc is the effective internal stress concentration
associated with brittle fracture (the slope of . plotted versus inverse
square root of grain size), % is the average grain diameter, o: is the
temperature independent contribution to the yield stress intecmpt, Bl is
the exponential temperature coefficient of the temperature-sensitive part
of the yield stress, Bl is the stress intercept of this yield component at
OOK, T is the absolute temperature and ky is the stress concentration re-
quired at the tip of a slip band for initiating further plastic flow.

A previous analysis6 also showed that a hypothetical ductile-
brittle transition temperature, Tc’ might be directly specified by equating
Uy and o to obtain, from equations (la) and (1b), the following expression:

1 1/2

T_ = %-l[ln BY - anllk - k) + (o, - oo 321723 an 27129, (2)

c y
The experimental situation has been extensively investigated by
Hahn et al.7 and is indicated in Figure 1, Here, the tensile yield stress

is represented at high temperature by the solid curve which rises over a




.

substantial range of temperature as it decreases, until, at Tc, the yield
stress intersects a fracture stress curve which is essentially independent
of temperature. A complicating feature shown in Figure 1, and which will
be discussed subsequently, is that, for large grain size specimens, at
least, the ductile fracture stress curve, shown as the solid curve above
the yield stress, may intersect this curve at a higher temperature, Tpc'
Between Tc and Tpc’ the yield stress and the tensile fracture stress are
very nearly coincident. For small grain sizes, the ductile fracture stress
is represented by the dashed curve originating at Tc and extending to
higher temperatures. Below Tc’ the yield stress continues to increase as
the temperature decreases (the extrapolated dashed curve), as may be veri-

fied by testing in compression .

L ]
The analysis leading to equation (2) has a similar basis to that

10 for the same phenomenon, Some differences

proposed by Cottrellg and Petch
do exist. The stress-grain size analysis gives a form of Tc which is com-
pletely determined without recourse to introducing the quantity specified
by Cottrell and Petch as the effective surface energy of a cleavage crack.
This is not to say that theory plays an unimportant role in the develop-
ment and understanding of the equation given for Tc' Rather, the main
theoretical considerations underlying this ductile-brittle transition
temperature are only those which provide a basis for understanding the
terms comprising the stress-grain size equations., For example, Strohll
has calculated the value of kc from dislocation theory and the result
for several metals, particularly, iron, is in agreement with experiment.
The purpose of the present investigation is to further elaborate

on the features of specifying the ductile-brittle transition, principally,

on the basis of equation (2).
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2. The Yield Stress and the Fracture Stress

&

o , B, gl and ky

Table 1 contains some values of O kc, 5

c %
which apply for the several mild steel specimens listed as A, B, and A .

The value of oo has been taken as a mean value determined from the data
c
given by Petch? and by Low3. The value for kc is taken from Petch2 and

the values of Bl, gl and ky are due to Heslop and Petch”. The lower value

oo

of o; has been estimated by Petchl2 as a typical value for well-annealed
mater{al, whereas the larger value corresponds to a stress level that
might be produced by neutron irradiation damagela. Values of oz less than
this larger value could be produced by thermal quenchinglu. 7

The values of Tc corresponding to A, B, and A* have been computed
as shown in Figure 2. The results may be compared with those shown schem-
atically in Figure 1., In Figure 2, the yield stress in compression equals
the fracture stress in tension only for a small range in temperature cen-
tered on Tc’ although this temperature range increases as TC increases. As
indicated in Table I, A and B are the same steel except for the difference
in grain size, In this case, the transition is lower for the smaller grain
size because of the inequality, kc > ky. A comparison of A and A* shows
the influence on Tc of Uz +» The increase in Tc produced for A* by an in-

2

crease in 9 results because the brittle fracture parameters, o, and kc’

. y c
appear to be unchanged by variations in the distribution and amounts of

solutes or precipitates? In general, L is taken to be relatively insensi-
tive to composition, temperature, strain rate, and strain. This lack of
influence is assumed to apply for neutron irradiation damage.

The strain rate, é, should influence Tc. Petch12 pointed out

that this consideration enters equation (2) through the parameter, gl,
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defined in (1b). An explicit dependence of B! on ¢ has only recently
been obtainedl5 as a result of comparing the temperature dependent

part of (lb) and the constitutive rate equation based on the thermally-
activated motion of dislocations. In the aforementioned analysis the

parameters Bl and B! have the form

Bt = 2 Uo/vo (3a)
and
Bl"’Bé‘!‘l—J- .Q.n-:—-, (3b)
o €

where Uo is an activation energy for dislocation movement in the

absence of external stress, R is Boltzmann's constant, v is the

. . o o .
activation volume at 0 K, and Bé and €, are experimental constants.

2.
«

Theory and experiment reveal that € >¢ and, therefore, (3b) shows

o

that B! decreases as € increases. The increase in Tc produced by an

increase in € may be calculated from (3b) and (2)., Using the values;
- - - ot -

Bé = 6,5x10 3 °x 1, Uo = 8,8x10 13 ergs, and € = 5xlO8 sec l, the

results shown in Figure 3 are obtained. It may be seen that, for

mild steel,

dinT, 1 . <015 ()
d &n € Bé Uo é.g
R + n -—
€

As will be described in the following discussion, the influence of e
on T, is an important factor to be taken into account for a proper
evaluation of the transition temperatures measured by the standard

procedure of Charpy v-notch impact testing,
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3. The Variation of Tc with Grain Size and Type of Test

Strengthening a steel by refining its grain size is doubly
important because, in addition to raising the values of Gy and S the

value of Tc is lowered.

Figure 4 shows the variation of Tc with 2—1/2 for the steels

listed in Table I. Curve (a) applies to the steel condition charac-
terized in I by A and B, Curve (b) applies for steel in the condition

1/2

typified by A“. The explicit dependence of Tc on &~ is obtained

from equation (2) as

d—.T% -0 L (5)
da e B 2-1/2 + oC e}
k -k
c y

According to the relative values of the various parameters in (5), the

value of d Tc/ d 2-1/2 falls between the limits:
1 d Tc 1 kc -k
gl 2 d g gl o -0
o o
c y

For tensile testing of material in varying conditions, d Tc/

4 2-1/2 /2

is shown as function of Z-l as the solid curves of Figure 5.
Curve (a) represents the lower limit of (6) using only the value of gl
given in Table I, Heslop and Petch16 initially proposed that this

type of dependence fitted the results they measured in Charpy tests,
although a smaller value of B! was reasoned to be operative because of
the large effective strain rate occuring for impact testing. Curve (b)

1/2

is the value of d T_/d L corresponding to (5) for steels of type

A, B, Curve (c) is drawn to indicate the upper limit for (6) where

-2 oK—l

the value of 8! is taken as 10 and the factor in brackets is



B

taken as l.25xlo-2 cml/z. These latter values might apply for several

of the body-centered-cubic refractory metais.

The ductile-brittle transition temperature measured in a
Charpy notch impact test differs from that measured in a tensile test
for, at least, two reasons: (1), the effective strain rate is large
compared to that encountered in conventional tensile testing, as men-
tioned earlierj and, (2), the inhomogeneous stress system requires
consideration of a '"plastic constraint factor"17 to account for an
increase in yield stress due to the localized deformation which is
forced to occur at the specimen notch. The strain rate and the plastic
constraint both contribute to an increased yield stress. Cottrell9 has
discussed this second consideration and he accounted for it in esti-
mating TC by raising ay by a constant factor. For the Charpy test,
then, in the simplest approximation, o, may be equated to aoy’ so that

T_ = L [gn(eB) - In{(k -k,) + (o -aoz 21/2)y ey 271/29 (4

gl c y
and
f:;;b - éﬁf ‘ %%‘:Eb* ] (8)
da L BY p-1/2 o "o
k- 0k

¢ y

where the value of B! is appropriate to the effective strain rate.

The value of a which is chosen is very important; Hill17

predicted 1 < a < 2,6 whereas Cottrell took @ = 3, For the present
analysis, a value of @ = 2 was chosen to give reascnable agreement

between equations (7) and (8) and the respective experimental measure-

ments. Thus, Meakin and Petch18 determined d Tc/d 2-1/2 = . 3,1 %

emt’/? and, for 272 = 17,4 em”1/2?, T_ = 290°K, Taking B = 8.uux107> Ok
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/2 1/2

for ¢ = lO3 sec-l from (3b) and o = 2, (8) gives d Tc/dz'l » -2°K em

/2 1/

and, for M2 2174 em” 2, (7) gives T = 260°K. Curve (c) in Figure

4 and the dotted curve in Figure 5 répresent the values of (7) and (8)
calculated as a function of grain size.
A comparison of all the curves in these Figures indicates

1/2

that d Tc/dz- is a less sensitive measure of the accuracy of such

an analysis than the value of Tc itself,

(2

4, The Dependence of Tc on OZ 3
y

)
w

Strengthening a steel at room temperature by increasing o,
‘ y
and, hence, oy could be dangerous because of the unfavorable influence

Y.

% %
that 9y has on (increasing) Tc. This influence is shown for steel A
in Figure 2 and is observed again in the higher values of TC associated

with curve (b) over curve (a) in Figure u,

The dependence of Tc on o; is greater as the grain size
y
increases but this dependence is complex as may be shown by differen-

W

tiating equation (7) with respect to oy i.e,

y
d k
14+ 2-1/2 ___%é

d o
d Tc r oy (9)
—_—
d g Bl b3 _ -1/2

o (%ca%3)+(kcd%)l

For this situation, a term is included for a possible dependence of ky

2
i

on ¢g_ because neutron irradiation experiments have indicated, at least,
y o .

Ey

for large values of 0; that ky may decrease as G increaseslg.
y y
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For steels of type A and B, subjected to Charpy tests, with

2-1/2 = 17.4 cm_l/2 and d ky/doz =0, d Tc/dcz = E5.2x10"8 °k cm2/dyne.

- y
This compares with values of 2,9x10 8 (2°k/1000 psi) °k cm2/dyne given

by Petch and 3.5x10-8 °k cm2/dyne given by Cottrell, However, the

value of (9) is sensitive to the particular values of 2-1/2, o; , and

] y
d ky/doo which are employed, as indicated in Figures 6 and 7. Curve

(a) in Figure 6 applies for the calculation given above. Curve (b)

applies for a value of o; = 1.6x10° dynes/ch. Curve (c) applies
%Y Ly -? 1/2
for this same value of 9 and for d ky/doo = = 4,55x10 " em™’ ", In
y y &
Figure 7, the value of (9) has been computed as a function of o, for
, y

several values of 1-1/2 and d ky/doz . The value of oz in the denom-
y
inator of the term in brackets in (9) is taken as the initial value

3

and so the real value of d Tc/dc; is Lnderestimated. Curve (a) applies

- - Y o«
for 2 1/2 _ 17.% en™ 22 and a ky/doo = 0 while (c¢) corresponds to the
same value of £72/2 but with d k,/d o = - 4.551077 en'/?. curve (b)
-1/2 “1/2 ., Y £ .
corresponds to £ = 30 cm with 4 ky/d o, = 0 while (d) corres-

% _ _¥ 1/2
ponds to (b) except that d ky/dos = - 4,55%107° em™’ “,

The level of 9, determines a practical limit to the amount

) L,

that 0; may be increased., The very strong increase in d Tc/d0; shown
y % £ y
at certain values of ¢ for curves (a)-(d) occurs when o, approaches

y
the limiting value of O.» However, it appears to be difficult to in-

1,

crease o by a large amount by conventional procedures. For example,

y P
Cracknell and Petchlu managed to raise o, toa level of ~ lO9 dynes/cm2

y
by resorting to quenching (EN2) mild steel from 650°C and ageing for

ot

one hour at 150°C, g; may be increased to larger values by neutron
y £
irradiation. Hull and Mogford measured an increase in o, of ~ l.leO9

y
dynes/cm2 for an irradiation exposure of ~ 1020 neutrons/cm”,
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e

The increase in Tc caused by an increase in o, may be ob-

y
tained from (7), by difference, as

1 o]
AT = - = I:zn il - y }:I (10)
¢ gl (o -1/2

—00 ) 4+ (k -0k ) %
o o c 'y
c y

(10) has been used in conjunction with the results of Hull and Mogfordla,
for Ao: as a function of neutron irradiation flux, ¢, to calculate the
dependence of ATC on ¢, as given for the points and dotted curve in
Figure 8, For reason of simplicity, all other parameters in (10) were

/2 17.4 cm-l/2 was

taken from Table I and an average value of &~
assumed. The results may be compared with the band for data presented
by Pellini, Steele and Hawthorne for a variety of steels, as described

1/2

by Wechslerzo. A decrease in %~ would shift the calculated points
and dotted curve to the left. The agreement between the calculated
points and the data seems reasonable enough to suggest that a part of
the substantial variation in the data could be explained in terms of
(10) if all of the appropriate parameters were known. Also, the value
of A(gnATc)/A(2n¢) for the first two calculated points in Figure 8 is
.48 and Wechsler has pointed out that Cottrell previously estimated

that ATC should be proportiohal to ¢l/3.

5. Ductile Cleavage

As shown schematically in Figure 1, essentially brittle
fracture may occur for large grain size specimens in a temperature
interval between Tc and a higher temperature, designated TDc' At Toc
the ductile fracture stress equals the yield stress and, in the inter-
val, TDC-TC, the fracture stress follows the temperature dependence of

the yield stress.
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A part of the reason for the observation that tensile frac-
ture occurs at temperatures above Tc is undoubtedly due to the inherent
experimental scatter and lack of predictability associated with the
brittle fracture process., This is indicated in Table I and Figure 2

by the variation in stress level for O Hahn et al7 have observed

1/2

that (TDC-TC) increases as g decreases and this is in agreement

with the trend shown in Figure 2,

An additional possibility exists that the experimental

1/2

variation of (TDC-TC) with 2~ may be explained in terms of the

dependence on grain size of the ductile fracture stress, Ope Petch?t

has shown experimentally that

g ~1/2 (11)

Of = % * kf

and it is interesting to inquire about the'relative values of o, and
f

kf that would be needed to explain the trend measured by Hahn et al.

For the present consideration, (11) is assumed to apply for the true
ductile fracture stress values taken at the varying strains occuring
in specimens having different grain sizes., The influence of an in-

creasing strain to fracture with decreasing grain size on the results

of Petch is to suggest that the inequalities should hold: o, <o,
f c

and k_ > kc' Further, it may be seen by comparing Ogs O and oy versus

f
1-1/2 that these inequalities must obtain for (TDC-TC) to increase with

. -1/2 : s s scs .
decrease in § / + Both inequalities are significant., The first one,

0, < 0, s May be taken to imply that ductile cleavage requires a
f c

propagation stress for an existing cleavage crack because, in the

limiting case, O should be nearly zero. A reasonable interpretation
f

of the second inequality is that for ductile cleavapge, crack propagation




under conditions involving appreciable plastic work at the crack tip
is the important fracture process to consider,

This interpretation of TDC is consistent with the idea that
T. applies to the limiting situation where the initiation of one crack
leads to brittle fracture while Toc corresponds to the situation of
numerous cracks being present but a stress is required for the pro-
pagation of any one of them., This reasoning is in agreement with the
metallographic observations of Hahn et al7 on the number of cracks
observed in various specimens as a function of temperature and grain
size., In addition, the results of Low3 may be taken to indicate that
near to Tc’ kf > kc. These several factors indicate that a change in
/2

fracture process as a function of z-l and temperature should be in-

volved, also, in a complete understanding of the experimental results.,

6. Summary

A previous analysis showed that a hypothetical ductile-
brittle transition temperature might be directly specified in terms
of the (Hall-Petch) stress-grain size relationships, o = o, kz—l/Q,
expérimentally observed for both the ductile yielding and brittle frac-
ture of steel. This temperature and its variation with grain size,
strain rate and temperature-independent friction stress have now
been numerically computed by utilizihg the Petch parameters, 9 and k,
which are reported in the literature. The transition for tensile tests
and also Charpy notch impact tests is considered.

The calculations indicate that the grain size dependence of

the transition temperature is less sensitive to the material properties
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and the type of test than is the transition temperature itself. The
calculations bear out very well the idea that for a material suscep-
tible to brittle fracture a large grain size is to be avoided. 1In
this connection, the following points are emphasized: (1) the
transition temperature increases at an increasing rate with increase

in 0 3 and, (2) the increase in transition temperature produced by

y b
adding to % is larger the larger the grain size of the material.

y
These two points seem especially important because the principal in-
fluence of neutron irradiation damage for b.c.c. metals appears to be

)

reflected in an increase of 00 . Limiting values also seem to result

y 13
from the analysis for the maximum increase in 9, that may be accom-

plished by neutron irradiation. 7

The analysis involves some theorgtical interpretation of the
components measured in the stress-grain size relationship as well as
involving an extension of the development towards understanding the
nature of ductile cleavage., The analysis gives support to the view
that Tc corresponds to the stress required for nucleation of a single
unstable crack. For material with a large grain diameter, at least,

propagation of one of a number of cracks may cause brittle fracture

at higher temperatures than Tc'
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Table and Figures

Table I: Stress-grain size parameters for mild steel,

Figure l: Schematic temperature variation of yield stress, brittle
fracture stress and ductile fracture stress,

Figure 2: Calculated yield and fracture stresses for mild steel as
a function of temperature.

Figure 3: The variation of d log Tc/d log € with €.

-1,z

Figure 4: The dependence of TC on % for two steel conditions

and two types of test.

/2

Figure 5: The dependence of d Tc/dz“l on 2°1/2

for several steel

conditions and two types of test.

1/2

Figure 6: The dependence of d Tc/d0; on £ for several steel

y
conditions by Charpy notch impact tests.
Figure 7: The dependence of d Tc/dc; on c; for several grain sizes

y
and steel conditions by Charpy notch impact tests,

Figure 8: The dependence of Tc on neutron flux, ¢.
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