e

"AVIR 0 (SESSION II)

'he polycrystal ductile-brittle transition

Y W, ARMSTRONG
"wiversity of Maryland, Maryland, U.S.A.

“Hnmary

!ie tensile stress-strain curves of a number of polycrystalline body-centred cubic

<.) and hexagonal-close packed (h.c.p.) materials show a transition from duc-
@ to brittle behavior when they are compared at varying temperatures or strain
ttes. This transition may be directly specified in terms of the different stress-

fain size parameters, T and k¢, which apply for the stress, ¢, dependence on
t#in diameter, I, at constant values of strain, €, in the relation

biog

- ~iy3
T =05, *+ kel /

'he experimental dependence of o,, and ke on strain, temperature, strain rate,
‘purities and solutes is reasonably well-documented. For the b.c.c. case, the

rincipal temperature dependence is in the lower yield stress intercept, o,
vhereas,
fe

for the h.c.p. case, k¢ at the onset of yielding is strongly tempe!ature
pendent. From a theoretical description which has been given for the stress-
fain size relation, %9¢ and k¢ may be correlated with critical resolved shear
fress measurements for single crystals. Lower limiting values of k¢ may be
slculated for the brittle fracture stress from dislocation theory.

I"or b.c.c. materials, an expression for the tensile ductile-brittle transition
‘mperature, T,, obtains which may be usefully compared with previous theories.
'n this case, it appears that the tensile stress-strain behavior may be satisfac-

rily correlated with Charpy v-notch test results by consideration of the effective

‘rain rate and the nature of the tri-axial stress-state. For h.c.p. materials, T,

#y be written in an approximate form for small grain size as
1
T. X A + BI'?

vhere the constants A and B depend on the material.

Ductility versus brittleness

fron and zinc are representative metals in the class of those crystalline
waterials which will break in a brittle glass-like manner when subjected
o mechanical forces under certain conditions in a neutral environment.
“admium and copper are examples of materials which are fully ductile

wver a similar range of conditions. On the other hand, iron and zinc be-
hiave in a ductile plastic manner in many other instances. Of course, iron
and zinc crystals exhibit cleavage on certain planes whereas cadmium and
© opper, thus far, have not. Otherwise, all of these metals usually respond

to mechanical loading by exhibiting plastic deformation by slip and twinning
jprrocesses.
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The polycrystal ductile-brittle transition

Only limited ideas have been proposed [1-3] to explain the fundamental
reasons why under any circumstances some crystals may be made to cleave
and others possibly may not. In fact, the variation in the overall strength
properties of crystalline materials is sensitively dependent on the chemical
composition, processing history and microstructure of each material and the
temperature, strain rate and stress-state which apply for the mechanical sys-
tem. The general understanding which does exist for this sort of range in
material behavior involves the following considerations: (a), the atomic
modes of the slip, twinning and fracture processes which a material may
potentially exhibit; (b), the nature of internal (and external) stress concen-
trators; and, (c), the constitutive relations for crystal plasticity.

The fracture stress

The limiting tensile fracture strength, o,, which a volume of perfect crys-
talline material might just not sustain has been estimated some time ago
and is given by

op = {Ey/al'? 1)

where E is Young’s modulus, y is the specific surface energy of the crack
faces and a is the crystal lattice spacing. Fracture stresses near to the
theoretical limit have been measured for certain specially produced mate-
rials. Estimates have been made of y for various cleavage systems in dif-
ferent crystals [4].

The calculated value of 0p is larger than that measured for most mate-
rials because real materials contain cracks and/or dislocations. For the
case of a crack-containing material, the limiting fracture stress, o, , be-
comes, in the absence of plastic flow, that stress which is required to
catastrophically propagate the crack according to an energy criterion [5],
and thence, for plane strain:

0. =~{Ey/al'’* (c/ayi )

In this case, the value of 0p, Biven by equation 1, is reduced by the factor,
(c/ay™?, to give o, . The reciprocal of this factor is often taken as a
measure of the stress concentrating multiplier for the applied stress at the
tip of the crack. It is normally assumed that if plastic flow occurs during
the fracture process, then g, should be increased simply by adding a posi-
tive term to y for the plastic work associated with forming new crack sur-
faces.

Many polycrystalline materials contain dislocations which move in slip
bands [6] or twin bands [7] to form cracks when the material is in a brittle
condition. For this case, anyone of a number of models of the stress
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oncentrating character of a slip or twin band gives the following relation for
‘he tensile fracture stress, op:
3)

+ kp (I/B)?

ag = O
F %

vhere o, - is a measure of the average stress required to move the disloca-
t1ons which produce the crack, kp is a measure of the stress concentration
't the tip of the slip or twin band, and b is the individual dislocation Bur-
rers vector (b = a). For slip in a grain of the most favorable orientation, a
lower limiting value of k, has been estimated [8] as:
kp = {6nGy/(1—v)b}"? )
where G is the shear modulus and v is Poisson’s ratio. The value of kp
corresponds to a stress concentration of the same order as that required to
bring two dislocations to within a Burgers vector distance of each other.
I'his value of ky is theoretically demonstrated to be sufficiently large to
llow the crack to propagate as a brittle cleavage crack if the influence
ot the change in grain orientation on crack propagation is neglected and
no plastic flow is associated with the propagating crack [9].

The picture which emerges from the development of equations 1 to 4 is
wne in which the potential fracture process for a crystalline material be-
comes gradually more complex. The fracture stress is well determined
tor a totally perfect material or one imperfect in the sense that it con-
tains a clearly specified crack of a given size, so long as neither material
undergoes any plastic deformation in the fracture process. It is important
that the two fracture stresses, op and ¢, , are related to each other in a
specific way. The manner in which plastic deformation is accounted for
by changing y in equation 2 appears somewhat arbitrary and this is par-
ttcularly worrisome because large values of y are often reported for ex-
periments where insufficient evidence is given to show that equation 2
nctually applies. The presence of a crack serves to give a low value of
v, relative to o, but the influence of plastic work is suggested to increase
7. again. The dislocation process of forming a crack that is unstable in
the absence of additional plastic flow gives a fracture stress that is large
for two reasons: 0o, 1is greater than zero because a finite component of
stress is needed to drive the stress concentrators which produce the crack
and, even so, kg is large because it is relatively difficult to nucleate a
crack by a dislocation mechanism. The value of O, has not been theoret‘i-
cally evaluated. Experiments have shown that it may represent an appreci-
able part of the brittle fracture strength for materials having a conventional
prain size. The experimental values of ky for several b.c.c. and h.c.p. met-
ils compare favorably with the theoretical estimate in equation 4 [8].
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Equations 1 and 2 give in terms of the known temperature dependence
of E, y and a rather temperature insensitive fracture stresses. The value
of k,,as determined from equation 4, behaves in a similar way. Experi-
mental studies of the composition [6,10], temperature [11, 12], strain rate
[12], and strain [13] dependence of Op, as expressed in equation 3, have
indicated that Op is reasonably insensitive to these variables when the
material fails in an essentially brittle mode,

The temperature insensitivity of or and k, means that o,  is relatively
constant also. This presents a still-unanswered problem for the dislocation
theory because O, 1s purported to control the motion of the stress concen-
trating dislocations and their movement in the slip process is in many cases
Strongly temperature dependent, especially, for the b.c.c. metals undergoing
a ductile-brittle transition. Against this is weighed the agreement between
the experimental results for kp and the calculated values which follow from
the dislocation pile-up model. An alternative possibility which may apply
for certain of the b.c.c. metals (or the h.c.p. ones) is that g, and kp are
actually determined by the twinning-fracture stress [7]. The stress-concen-
trating character of a twin is not easily assessed because of the variable
shape of twins. The value of kp can be estimated from a dislocation model
for a penny-shaped configuration [14]. This configuration gives a maximum
concentration of the tensile stress at the twin tip. The following value of
kp_p applies if the nucleation stress for this shape twin is presumed to
cause fracture

kpp = mi54Q2 — v)Gal In(I/20h) — 3/2)/n(1 — v)pi"? )

where m is a product of direction cosines which relates the applied stress
to the resolved shear stress, in this case, for twinning, @ is the incoherent
surface energy of the twin, n is the number of twinning dislocations sepa-
rated by the planar height, 4, and the radius of the penny-shaped twin is
taken equal to half the grain diameter. For silicon-iron, the value of kp_p
given by equation 5, utilizing previous estimates for the various parameters
involved in it [14], is in reasonable agreement with the value of kp deter-
mined from equation 4 and that determined experimentally. For zinc, the
estimate of k;, . is less than the values which obtain for kg . These pre-
liminary calculations indicate that for a b.c.c. metal such as silicon-iron

a twin may generate a sufficient internal concentration of stress to produce
a crack and it should be preferred over that necessary to accomplish the
Same event by the slip process if the 0, value for it is lower than that for
slip. The main advantage in this explanation, however, is that the twinning
stress appears to be largely athermal and, therefore, the temperature and
Strain rate insensitivity of 0p may thus be rationalized.
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the vield stress

he plastic yield stress of a polycrystalline aggregate may be changed more
#sily than the brittle fracture stress, except for the influence on these stres-
“% ol ultering the material grain size. Internal concentrations of stress do
‘lay a large part in determining the level of the yield stress and its depen-
‘once on a specific metallurgical structure. It has been proposed [15] that

e polycrystal yield stress, oy, should be written in the following way,

o, = m{rCR'SS + kg (I/b)_'/zf (6)

v“here m is an average orientation factor to achieve the critical resolved
‘hear stress, 7gpqq, required to cause slip to occur in the absence of any

cesastance at the grain boundary and kg is a measure of the average resis-

‘ince to the propagation of plastic flow across the grain boundaries. The
malysis underlying equation 6 has been shown to explain the grain size
dependence of the yield stress of a number of the b.c.c., h.c.p. and face-
entred-cubic (f.c.c.) metals and their alloys. The grain size independent
ferm in equation 6, commonly denoted as 0,,, has been correlated with
cigle crystal measurements of Tcrsg for iron [16], magnesium [17], a-brass
aid aluminum [19]. The value of k¢ in equation 6 is dependent on the ori-
utation relationship of the accommodating deformation systems operating in
the grain boundary regions, the particular 7¢pgg values which apply for them,
nd on the segregation of impurities there. kg has been evaluated according
to one method for determining the stress concentration at the tip of a dislo-
cation pile-up and the result obtained [17] is

kg ~c'{m*Gr, /(1 — )}? (7)

where m* is an orientation factor related to the average misorientation of
"leformation systems in adjacent grains and r, is a critical shear stress

for initiating plastic flow on them. The total coefficient of /b)~"% in
quation 6 is denoted as k,. For magnesium, its value has been correlated
through 7, with the single crystal Tcrss Mmeasurement for the most difficult
lip system, {10i0}<11§0>, proposed to control the accommodation of gene-
ral plastic flow at the polycrystal grain boundaries, i.e. r, « TCRSS -

A review has recently been given [20] of a large number of the investi-
pations which have been conducted to determine the values of the stress-
nrain size parameters, 0o, and k,, for various crystalline materials. Their
dependence on temperature, strain rate, impurities and solutes is known in
many cases. The same stress-grain size relation applies for the flow stress
At a constant value of strain, g. In this case, the parameters are written
45 go¢ and k. to denote their values at various strain levels past the yield
point or for even smaller strains when the material does not exhibit a well-
defined yield point. In a way, the ductile yield stress and the final fracture
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stress give limiting forms of the stress-grain size relation. From numerous
studies on several b.c.c. metals, the experimental evidence is that the prin-
cipal temperature and Strain rate dependence of plastic yielding is in the
lower yield stress intercept, 0, From a few studies of polycrystalline
h.c.p. metals, the observation is just the opposite in that ke at the onset
of general yielding is strongly temperature dependent. The general obser-
Yation for b.c.c., h.c.p. and f.c.c. materials is that the influence of strain
1s mainly reflected in a change in 9, through hardening of the grain vol-
uries while k. changes very little. For mild steel showing a distinct yield
point, k, is greater than ke but k¢ remains essentially constant for strain
values immediately following the Liiders strain and larger, until the onset
of necking whence ke increases to approximately the same value for the
true ductile fracture stress as applies for the brittle fracture stress.

The constitutive relations for the temperature and strain rate dependence
of the yield stress of metals has been an active field of research for some

the analysis of dislocation motion in terms of the thermal activation-strain
rate analysis seems to have the widest range of applicability for the various
materials studied thus far. Unfortunately, a large number of theoretical or
experimental parameters are involved in this analysis and due to their in-
terdependence, it is generally difficult to obtain even the temperature de-
pendence of the Tcrss at a fixed strain rate. On the other hand, a simpler

relation has been proposed [22] to describe rather directly the temperature
and strain rate dependence of Tcrss, as follows,

Tcrss = Tg + Texpl — [B, + B, In(€,/OIT} ®)

where 7, is an athermal contribution which determines the value of 7¢pq4q
at high temperatures, T, 7o is the value of the thermal component of stress at
T =0, ¢,is the strain rate and 3, , B,, and ¢, are experimental constants
which may be related in an approximate manner to the parameters utilized
.in the thermal activation-strain rate analysis. For example, the constant,
€, is related to the number of dislocations participating in the slip pro-

cess, the area they sweep out in a thermal fluctuation, and their vibrational
frequency; €& > ¢,

The transition

As the temperature decreases or the strain rate increases, the yield stress
of a material increases in a minor or major way according to the material
parameters involved in equations 6 to 8. For b.c.c. and h.c.p. metals, these
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‘ependences are usually greater than those observed for a typical f.c.c.

«tul. Yield stress levels comparable to and, then, even exceeding those
vhch apply for the brittle fracture stress of the same material according to
cquations 2 to 4 should be obtained. At the lowest temperatures (or highest

tunin rates) a material will fail brittlely in tension before a condition of
veneral plastic yielding occurs, whereas in compression testing, brittle frac-
ture may be avoided and the yield stress continues to increase with decrease
' temperature. This result has been clearly observed for tension and com-
pression testing of polycrystalline molybdenum [11].

I'he preceding description of a ductile-brittle transition (d.-b.t.), as ob-
served in tensile testing, should be regarded as an extension of the classi-
val explanation of the d.-b.t. in terms of equal but separate ductile yield
‘resses and brittle fracture stresses [23]. In the classical theory, these
'wo stresses were assumed to exist independently of each other. The frac-
ture stress was fixed at an arbitrary but relatively constant stress level and
tracture was presumed to occur without any prior plastic flow. The actual
lependence of these stresses on any material or test condition were rela-
tively unknown. It was demonstrated in one case, however, that the fracture
stress could be altered in direct relationship to the yield stress. There was
no understanding or explanation of the atomic mechanisms which were in-
volved in determining the level of these stresses.

Recent analyses of the d.-b.t. have incorporated dislocation mechanisms
for the crack initiation process and have dealt directly with material beha-
vior in the transition region [24, 25]. Also, these analyses have been con-
cerned with other ways of specifying a d.-b.t. in material behavior. An
abrupt transition in the stress-strain behavior of a material may be charac-
terized in terms of the temperature dependence of the uniform elongation or
in the reduction in area of a specimen preceding its fracturing, or by observ-
ing other test quantities, such as the energy absorbed in an impact test, or
the physical appearance of the fracture surface [24-26]. The approach to
specifying a d.-b.t. by focusing primary attention directly on the transition
itself is different from the classical one. The approach which naturally
follows from the classical theory is to accurately specify the brittle frac-
ture stress of a material under conditions whereby the material is complete-
ly brittle and to determine the yield properties of a material when it is fully
ductile and, then, to extrapolate these results into the transition region
where both behaviors should be equally predictable. This is the approach
used in the following description of the d.-b.t. observed for b.c.c. and
h.c.p. metals.

I'he b.c.c. case

In view of the major temperature dependence of the yield stress being in
Toy, for most b.c.c. metals, the other minor dependences may be neglected
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and the tensile d.-b.t. temperature, T, may be quantitatively determined
utilizing equations 3, 6 and 8, at equal values for op and g, as

T, :—.{1/[/8.,+B, In (¢,/)1}1n 0 ,—1n [(kF -k,)
+(9op =0g)(I/B)V?] —1n (1/ b)) (9

where o, = mr, and Oq = mrg . It follows from equation 9 that T, is greater,
the greater is the strain rate and, provided kp > k,, the smaller is the grain
size, The inequality, kg > k,, should normally apply to most materials be-
cause of the expectation that a greater local concentration of stress is re-

improves its ductility, too. An increase in yield strength by increasing the
Strain rate contributes to increasing T,. The transition temperature is raised by
through increasing 0o, by increasing %o, m, 7, and decreasing Bo, B, and
€ contributes to increasing T;. The transition temperature is raised by
decreasing Oo, and kg.

The relation for T, given above involves rather well-defined quantities.
Though a complete experimental evaluation of them has not been undertaken
in any one laboratory,, all of them have been determined for reasonably simi-
lar grades of mild steel in one or another studies of their deformation and
fracture properties. These measurements have been applied to numerically

s
In one investigation of the embrittlement of a structural steel caused b

neutron irradiation, changes in T, were directly correlated with changes
estimated for %, and k, [28]. The grain size dependence of T, which fol-
lows from equation 9 agrees with that obtained from the preceding disloca-
tion theories of the d.-b.t. only in the limit that O, is zero. Equation 9
shows that a large grain-size is to be avoided for low temperature strength
applications for two reasons: T, is already a high temperature for a
material with a large grain size and T, is increased more strongly by an
increase in 0, than applies for smaller grain sizes.

A notable application of the previous d.-b.t. theories has been towards
analyzing the value of T, determined by Charpy v-notch impact testing
[24, 25]. The value of T, measured in this test differs from that measured
in a tensile test for, at least, two reasons: (a), the effective strain rate is
large compared to that encountered in conventional tensile testing, on the
order of 103 sec™; and, (b), the inhomogeneous stress system requires con-
Sideration of a plastic constraint factor to account for an increase in yield
stress due to the localized deformation which is forced to occur at a speci-
men notch. The strain rate and the plastic constraint both contribute to an
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mcreased yield stress and increased value of T;. The former consideration
' accounted for through a decreased value of B, whereas the influence of
the second consideration on increasing T, has been estimated by raising
1, by a constant factor, approximately equal to 2-0. The value of T, is
sensitively dependent on this factor and this value gave consistent results
for T, and the influence on it of grain size and neutron irradiation [27].
'he value of this factor is in reasonable agreement with theoretical esti-
mates and independent experiments [29].

The analysis for T; which has been given does rely on the brittle frac-
ture stress being controlled by the nucleation of an unstable crack of size
equal to the grain diameter. This certainly appears to be an accurate picture
of the fracture process for a polycrystalline aggregate at temperatures below
I,. At temperatures just above T, however, it appears for large grain
sizes that the temperature dependence of the ductile fracture stress, o¥, is
such that it may be extrapolated to equal the yield stress at a higher tem-
perature, T;,, — the ductile cleavage temperature [26]. In the interval, T,
to Tpe, the fracture stress appears to follow the temperature dependence
of the lower yield stress. A part of the reason for the observation that es-
sentially brittle fracture occurs at temperature above T, is undoubtedly due
to the inherent experimental Scatter and statistical nature of the brittle frac-
ture process. It has been observed that (T, — T,) increases as [ increases
and this is in agreement with the prediction which follows from a fixed un-
certainty in the fracture stress because T, and (daoy/dT)TC also increase
as [ increases.

An additional possibility exists that the experimental variation of
(Tpe — T, ) with I may be explained in terms of the 0, and k¥ parameters
obtained in the stress-grain size equation for the ductile fracture stress,
[30]. Since the true strain at the ductile fracture stress increases as | de-
creases, the following inequalities should hold near to T 00; 5_00” and
k¥ > k,. By comparing the ductile fracture stress versus I''2" with o, and
Op , it may be seen further that two other inequalities must obtain for
(Tpe = Ty) to increase with a decrease in 17V2: ao; < 0o, and k% > kp-
Both of these inequalities appear to be significant. The first one, oo¥ < Oop »
implies that near to T, ductile fracture requires a propagation stress for
existing cleavage cracks because, in the limiting case, 0,* may be zero.
The parallel interpretation for the second inequality is that for ductile
cleavage, crack propagation under conditions involving appreciable plastic
work at the crack tip is the important fracture mechanism to consider.

The h.c.p. case

Charpy impact tests on polycrystalline zinc show a transition curve similar
to that which is observed for stee] [31]. Zinc [32], magnesium [12] and beryl-
lium [33] also show a transition from low to high ductility when deformed
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in tension at progressively lower temperatures; however, the ductility tran-
sition is not as abrupt as that which is characteristic of a b.c.c. metal such
as steel. The transition which occurs in the stress-strain behavior at low
temperatures has been depicted in terms of the uniform elongation versus
the logarithm of the number of grains per unit area or in terms of the reduc-
tion in area versus temperature for different grain sizes [34, 35]. Either
way, the transition in behavior is sensitively dependent on the grain size
of these materials. Now, although the flow stress at any value of strain
does depend on the grain size and the influence of strain is mainly reflec-
ted in an increase in Oo¢, @ yield point is not often observed for these met-
als and, as mentioned earlier, equation 6 is usually shown to apply for the
earliest proof stress which is measured. Values of k, nearly as large as
those for steel are obtaij ned because large values of m, m* and 7, (c.f.
€quation 7) are required to achieve with the limited deformation systems
which operate in these Structures the compatibility of strains at the grain
boundaries.

The relatively gradual nature of the ductility transition for these metals,
their less-pronounced yield point behavior and the reasons that internal
concentrations of stress are generated at their grain boundaries at all are
inter-related. In contrast to the b.c.c. case where the segregation of im-
purities to all the grain boundaries makes each boundary about as effective
an obstacle to the penetration of slip as any other boundary, the obstacle
nature of each boundary in the h.c.p. case depends critically on the orien-
tation relations particular to its adjacent grains and their deformation sys-
tems. Plastic flow is easily transmitted across some boundaries but is
only accomplished with such difficulty for others that individual grains
might elastically support the surrounding plastic deformation and work
hardening of their neighboring grains. Because of the varying constraints
due to the relative orientations of grains, an easily measurable plastic
Strain occurs even at the lowest temperatures for these metals in their most
brittle condition.

As previously mentioned, the temperature dependence of ¢, for reason-
ably small grain sizes is largely contained in ke and, for magnesium, ke
has been correlated with the Tcrss Lor the most difficult slip system
needed to operate at the grain boundaries in order to maintain continuity
of material. If it is presumed that the major temperature dependence is
only in k. and is due to 7. , taken proportional to Torss then, an approxi-
mate expression for T, may be obtained by equating op to o, at a value
of strain where the transition in ductility occurs. Thus, the following ex-
pression obtains for T, specified from elongation measurements versus
temperature for different grain sizes:

Tc = (1/,8){ In [szm*Gro/(l = V)] —21n [kF == (Uot - UoF)(l/b)l/Q]}! (10)
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vhere ¢ s a numerical constant, B =B + B, In(&/¢) and Tq in equation 8
lan been neglected. For very small grain sizes (g, — Top Ykp(I/b)™? K1
wd I, may be expanded in simpler form as

o (/B Hnlem’m*Gro/(1 - WIGN + 12000, - 00p)/ Bl /B~ (11)

I"quations 10 and 11 show that Ty decreases at a decreasing rate with de-
crease in ['* until a linear dependence on it is obtained. The equations
tor I, show that it may be altered in a predicted manner by changing vari-
ous parameters: (a), the preferred orientation through m, m* and TORSS:;
(h), the fracture characteristics of the material through Ooj and kg ; (c), the
lip processes within the grains through o, ; and, (d), the accommodating
plastic flow mechanisms operative at the grain boundaries through 7, and B.
Until the present time, very limited data are available to test the analy-
15, The predicted grain size dependence has been shown to be in agree-
ment with experiments on beryllium [17]. A similar result appears to apply
tor experiments on magnesium [34]. The limiting reduction of T, that may
be achieved by refining the grain size is determined by the first term in
cquation 11, of which only m and m* should be able to be adjusted very
much at &1l through following different metallurgical procedures.

\cknowledgements

l'his research has been supported at the University of Maryland through the
Center of Materials Research by the Advanced Projects Agency of the U.S.
Government; and, at Brown University by the Wright-Patterson Air Force
Base under Contract AF33(615)5201.

References

l. KITAJIMA, K. ‘On the mechanism of cleavage of crystals’, International Con-
ference on Fracture, Sendai, 1965.

2. ARMSTRONG, R. W. ‘Cleavage crack propagation within crystals by the
Criffith mechanism versus a dislocation mechanism’, Materials Sci. & Engineer-
ing, vol. 1, p. 251, 1966.

5. KELLY, A., TYSON, W. R. and COTTRELL, A. H. ‘Ductile and brittle crystals’,
Phil. Mag., vol. 15, p. 567, 1967.

t. GILMAN, J. J. ‘Cleavage, ductility and tenacity in crystals’, Fracture, Tech-
nology Press of MIT, N.Y., 1959, p. 193.

5. GRIFFITH, A. A. ‘The phenomena of rupture and flow in solids’, Phil. Trans.
Roy. Soc. London, vol. A221, p. 163, 1920-1.

0. PETCH, N. J. ‘The cleavage strength of crystals» J. Iron & Steel Inst., vol.
174, p. 25, 1953,

7. HULL, D. ‘Effect of grain size and temperature on slip, twinning and fracture
in 3% silicon iron’, Acta Met., vol. 9, p. 191, 1961.

8. STROH, A. N. ‘A theory of the fracture of metals’, Advanc. in Phys., vol. 6,

p. 418, 1957.

26/11



The polycrystal ductile-pri ttle transg tion

9. SMITH, E. ‘The formation of a cleavage C€rack jn g Crystalline solid — B,
Met., vo. 14, p. 985, 1966; ‘The formation of a Cleavage Crack in g Crystalline
solid — I, Ibid., pP. 991,

8, p. 589, 1956.
» E. M. ‘Correlation of temperature and grain Size effects in the

processes’, De-

‘Theory of the tensile ductile-brittle behavior of polycrys-
.p. materials, with application to beryllium’, Acta Met., vol. 16, p.

18. MEAKIN, J. D. and PETCH, N. J., unpublisheq results; jINDAL, P. C. ang
ARMSTRONG. R. W. “The dependence of the hardness of cartridge brass on
grain sjze’, Trans, TMS-AIME, vol. 239 p. 1856, 1967

19. CHIN, G. ¥ HOSFORD, W. F.,
of aluminum', Trans. TMS-AIME, vol. 230, b. 437, 1964,

20. ARMSTRONG, R. W. ‘The ;

influence of Polycrysta) grain size op mechanica)

Properties’, ¢, be Published jp Advances in Materjajs Research, Wiley, N Y
1969,

21 HAHN, G, T, I. and ROSENFIELD, A. R. ed Drslocat:on Dy,

e

-

,_.
©
a

©

°
-
A
S

o~ b

Mag.

. and COHEN, M, ‘Initiation of

cleavage microcrackg in polycrystalline iron ang steel’, Fracture, Technology

Press of MIT, N.Y.,

27. ARMSTRONG, R. w. ‘Op determim’ng the ductile-brittle transition temperature’,

Pnjy. Mag. o1, 9,

ture transition of Steel’,

28. WESSEL, E. T

Steels’,

the plastjc deformation of Charpy Speci- !
P- 7, 1966.

26/12

|

i

The polycrystal ductile-brittle transition

J J. T e talline x-iron il. Mag., vol.
i i A Pnil
he ductile fracture of polycrystalline «
PETCH, N ycry

L i etals’, J
. be 186 (1956). K, M. E. ‘Fracture modes in high purity m
J. and SHANK, M. E.

VGNOR, T. 3

Yppl. Phys., vol. 21, p. 939, I;ISQOE.:LL A. G. “The cleavage fracture of pu
A0 W. and QUA , AL

CGREENWOOD, G.

1953-4.
., vol. 82, p. 551, o -
; inc in tension’, J. Inst. Met., v effect of grain size, tex

polyerystalline zin d EVANS, R. E. ‘A study of the berylitus ifger

s # AN e . t bery !
HUNCE, J. E. { antreatment on the properties of W"’“g}';gﬁs be 246
A aling don, T ine-
|1 and anne f Beryllium, Chapman 8 Hall, Lon ature ductility of fine
I Metallurgy o y ILSON, D. V. ‘The room-temper

dw =

CHAPMAN, J. A. an

m . 39, 1962-3. Ny
ium’ t. Met., vol. 91, p s - ' i,
L I’;:s A. ‘The ductile-brittle transition in beryllium’, 7
\ ) OORE, A.
ALLEN, B. and M

3.
don, 1963, p. 19
Metallurgy of Beryllium, Chapman & Hall, Lon

26/13





