Fracture 1977,

Volume 4

60

Fracture 1977, Volume 4, ICF4, Waterloo, Canada, June 19 ~ 24, 1977

GRAIN STZE: THE FABRIC OF (BRITTLE) FRACTURE
OF POLYCRYSTALS

R. W. Armstrong!

MICROSTRUCTURE AND FRACTURE

More than two hundred and fifty years ago, Réaumur [1] reported that the
quality of a steel material was established by the fineness of its micro-
structure. In recording this observation, Réaumur noted that the distri-
bution of grains within the material was able to be revealed by fracturing
a piece of it and examining the surfaces of separation. There is an im-
portant connection between these statements. No doubt, the correlation of
the quality of a material with the smallness of the scale of its micro-
structure secemed reasonably correct, as far as concerned the ambient mech-
anical properties of steel materials, at least, because the fracture strength
of steel is itself found to he greater as the average size of the grains is
smaller. This is particularly true for the (brittle) cleavage fracture
strength of iron and steel materials as reported nearly twenty-five years
ago in the careful experiments of Petch [2]. A recent assessment of re-
sults for the brittle fracture strength dependence on average grain diameter
for a number of iron and steel materials has been made by Madhava [3]. The
data are shown in Figure 1 according to the Petch analysis which predicts
that

Tg = Oup * kfd"‘/z i [€8)
The references for these data are given in Table 1 including the reference
to the original results of Petch.

The total data in Figure 1 do show that the fracture strength increases as
the grain size is refined even though there are considerable differences
between the results obtained in the various studies. The lowest fracture
stresses in Figure 1 are reported for the intercrystalline fracture of three
iron materials. Nevertheless, these low values of fracture stress are shown
to be larger than the stress values calculated from the Sack equation [4]
describing the Griffith fracture condition for a circular crack of size
equal to the average grain diameter (see Table 1). The reason for all of
the measured fracture stresses in Figure 1 being larger than is predicted

by the Griffith fracture condition is normally taken to be the requirement
for crystalline materials that plastic flow must necessarily accompany the
most brittle fracture process. This plastic flow, which may occur to a
vanishingly small degree for extremely brittle failures, affects the
fracture process in two ways. For a crack-free material, an amount of
deformation must occur initially to produce an internal concentration of
stress of sufficient intensity to cause a micro-cleavage crack to form;
hence, the presence of dy¢ in equation (1) for the movement of dislocations
and the influence of different values of Ouf ON the measurements in Figure 1.
The growth of the cleavage crack, certainly past one grain diameter, may
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require an additional amount of plastic flgw at thg crack tlp; heﬁgegethc
internal concentration of stress measure@ in equatlgn'(l) pyb\fkwaz T g
greater even than is specified by the GTlftth concl).tlon,~ 1:c.> fc{}e;;ai
(1 - vz)JNZ from equation (1) and Tab%ell. The 1ar;§sevfragﬁ?re s ée&éah
in Figure 1 are reported for the condition whereby f(agtgre m%s prgd ded
by plastic yielding. These results areiconslstent with th? pTésuw?is
fluence of plastic flow on raising the fracture strength of materials.

The striking appearance of brittle c%egvage:fractu?e suffa?%syﬁhiizciz
caused by the varying orientations of 1nd1quua} ml?for%.ezxiiz 1rqin;
within the polycrystal grains and by the dlfterlngvdleafio 'gl; &i;i}qr
covered by these micro-cracks is rgvealed by the tvo ﬁ§?5?ni éximnle;
scanning electron micrographs of Flgure Zatb. These %rfiLUIﬁAb‘:uﬁté.

are taken from separate steel materials which have Eal}%( 2?&(r stgiﬁed
different circumstances. Figure 2a shows tbe fractur§ 5gr,aca(3;qva "
for crack-free (plain carbon) 1010 %teel which was tes?ed byf‘gf;&egiFér

in tension at 4.2°K. Figure 2b is from the ressarc§ study.oi 'fnl~}fp_
[5] involving A533 B steel material teﬁted at 77°K %n‘ﬁﬁe toim'$£02 gf"the
cracked compact specimen designed for tYacture mgc?anltsleva}g%,iqtref the
toughness of the material in plane strain deformaﬁlon.'f T t£15. L[é] qnd‘ s
the fracture stress is characterized by the equation, after lrwin [O] 4
Orowan [7]:

e B mma TR (2)
Op = Kpp(mad ™ -

i in size i in Figure 2b
Stonesifer found that the prior austenite grain ?cht Whlcb~L2§2tggrg o
is only slightly larger than the ferrite grain size for thlbﬂ,\ia : ;gture
ﬁen had a :ipnificant infleunce on determining the nature of the r% o
Yo ; 1 ] % 5 3G e
Sur%acc morphology and, correspondingly, on the fracture toughness o
material.

The similar appearances of the fracture surfaces wﬁi?h ???,shoznrgg g;izle
2 for these two engineering materials are rogghly_ludlcdﬁﬁxéio q{cieved'
degree of brittleness in them even though t§1§ brltt}?ﬂeib'wfs :\~trpqg
by means of different external testing conditions. wfhc)'{rtnc;ui;.‘z.i;~
for the 1010 specimen at 4.2°¥ wis TﬁasurTi 22 2;02920?Iih12 As%%;B'&aterial
reater than the 164 MPa which shou apply at 7 or tile ASES 3 o
iubject to the condition of ig Cﬁntiégén% a igi{iieatr;ghKn?iriyciicinigzp
The = .002 ield stress of the AS53 materis / in & crack-fre
igid%iion st)qund to be 1020 MPa and th%s compurei,thﬁ 848 vii;ioirzziure
yielding of the 1010 specimen in compression at‘4.2 ki 1h¢ ;%; < i
Stress measurement for the 1010 steel matgrlalﬂls plot%e% {nf }L?;ye e
according to its ferrite grain diameter o# 0.03 mm. %i th‘ ??C§15ttéd 5
determined for the A533 B material acco?djng E%Zcquutloq ﬁuia{; [qu 4 _
in Figure 1 by substituting the appropriate dg vnln? fél]’ 7T:12;} t;un
0.28 mm~ 2, then, the value of Ky, is required to'be~%l?dﬁ“}\¥=;;nt§ o
any kg value measured for the tracture strcss»graxn.sx;glexFiréxiue.éf
value of Kyeo = 33 MPa.m“? for this steel as comp§red:w1t1 the &l f'the
kg = 3.3 MPg'ml which is determined for the‘gYALn size dépe?QgTL?(?ue e
fracture stress of 1010 steel in Figu?e_l. Thks~typ1?a1{y11;1gcaz?on .
Kie is attributed to the controlling 1nfluenco‘0f Pl?ét}t {flor?%e_moqt
determining the unstable growth of a macroscopic craﬁk in even 3
brittle circumstance of any fracture mechanics experiment.

Another view of the relationship between‘thg m@crostrucﬁur?:ot‘i ?utiiéil
and the nature of cleavage cracking wi§h3n it is ShOanln Efgg1eqkéria13

time from a study by Prasad (8] involving polggrysEuIlJne ;}nc m;&cgq e
which has been deformed in compression at 4.2°K. The cleavage cracks
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revealed as white bands in this micrograph which has been produced with
polarized light from a surface film put on to the specimen in a post-
deformation anodization treatment. The technique has been found to be

useful for revealing the relationship between the pattern of grains and

the orientation or extent of cleavage cracking within hexagonal close packed
metals. [xtensive deformation twinning is observed within the microstructure
of this zinc material, and, as for the cleavage cracks, the twin bands are
related to the crystallographic orientations of the grains.

Figure 3 is important for one reason because the formation of these clea-
vage cracks in an externally applied compressive stress field gives empha-
sis to the local tensile character of the internal concentrations of stress
within the slip bands which have produced the cracks. More significantly,
perhaps, the figure is useful for describing the importance of information
which, sometimes, either is totally absent or, at least, is not able to be
observed easily in studies of cracking processes within the microstructures
of materials. The deformation by slip which has produced the cracking and
twinning events of Figure 3 is not able to be observed with this metallo-
graphic technique. The absence of critical information about the role of
slip deformation - the primary agent - in effecting cleavage is true, also,
for most studies of fracture surfaces such as are shown in Figures 2a, b.

A close examination of Figure 2a is required to detect evidence of the
extensive deformation by twinning which has occurred in this steel material.
Thus, the connection between the microstructure of materials and their
fracture properties, which has been described in historical times by
Réaunur, has not been carried forward today as far as scientists and
engineers desire hecause of this problem of less than complete information
being obtainable with current observational techniques. Modern theoretical
models for understanding fracture processes are normally described on the
level of atomic dimensions via the dislocation events which are operative.

THE BRITTLENESS OF CRACK-FREE POLYCRYSTALS

The dislocation theory for the ductile-brittle transition behavior of
steel and related materials, such as the refractory metals, has been de-
veloped by Cottrell [9] and by Petch [10]. Their analyses represent the
starting point for our current understanding of the brittle fracture pro-
cess within essentially crack-free polycrystalline materials. Both analyses
are based on the result computed by Stroh [11] for the stability of a crack
formed from an idealized (slip band) dislocation pile-up, as follows:

agn'b] = c'\{% 5 (3)
where ¢ is the applied stress, n' is the number of dislocations, and c'

is a numerical constant. Cottrell evaluated n'b and 0 in terms of several
cquations:

o ) e on

n'b (Oy Ooy)d/_u (4a)
o = cto (4b)
0O =0o o+ kd W (4¢)
Y oy y

where Oy is the yield stress of the material and Joy 1s the grain size in-
dependent friction stress component of the yield stress. Beyond equations
(4a)-(4c), Cottrell proposed that the onset of brittle fracture was con-
trolled by the break-out of cleavage past one grain diameter so that vy,
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should be replaced by a surface energy term inclgding thi plastic wor?he
associated with the unstable growth of the c]andge crack, ?gyfth;ecifica,
combination of terms in equatiogs.(S).and (4 g1v§s the 1mP 1?1 féimv
tion of a ductile-brittle transition 1in the well-known Cottre :

<, =¢C (5)
4wz + ky] = Luyp .
: i i ‘ i arly useful for indicating the effect on the'po—
%qgiziinbéiit;anggtgiu; mazerial of those factors de?ermining the y}eld
sires; according to the Hall {12] - Petch [2] grain §1ze iepgn?igcemzzguriﬂg
équation (4c). Brittleness is Promoted: (a) bY a ldrge‘‘y’\i/;ea.ldir,‘l qc}OSS 5
the slip band stress concentration for propagating plastic yfrictiintstresq
rain boundaries; (b) by a large Joy value, for the average - ‘rain éiie.
%o move the dislocations within slip pands; and (c¢) by a_larog gtrqu may,
the length over which an appreciable 1n§erpa1 co§centrat10p glvsdue~£o ;he
he generated. At low temperature, Ogy 15 1ncreaseq ?pp?ec1ih Y due to B

duced availability of thermal fluctuat1ogs for assisting 'e‘ T

ri large number of dislocations involved in the genmeral plastic yielding
gfea material, hence, its brittleness is enhanced.

ky [0y

pPetch obtained in his analysis {10] an explicit value of the~duc?1le~ )

bfittle transition temperature which is measured f@r the fragturl?g enelgy

ab'O%bed in Charpy impact tests. This was accomplished by expressing the
S L > s > )

temperature dependence of Opy in one way as

= Be BT & (6)

)

T

fof
oy

where B and B are experimental constants [13]; and, al§o, by assumlng.far
ghiq ductility transition temperature that the value of ky was 1ncre4;en
to F‘* the slope of the true ductile fracture stress dePendgnce on the
r;ciérécal square root of the grain size [14]. By substlt?tlon for ooy

= ) s “ . o s 3 = T T=T
and ky in equation (5), for the transition condition at D>

- 1] =q/2 7
T.. = B~ '[%nB-2n (cwpkf* Yo ke) - oan dTHR (7)

D

petch [15] showed that the predicted grain size d??SHdSnZT of

T. was in agreement with experimental re%ults mea;urgd forlrriui Zcioﬁnted
terial and, also, they showed thqt an increase in Tp cou L_J? ou

?a if the vield stress of a material were raised by tﬁe addition of a

tZ;perature’independent c(_mtributiqnZ say, AOoy*: as mlgitasz;uieigioio

s0lid solution strengthening, precipitation hardening, or e

irradiation of the material.

Heslop and

The Cottrell and Petch analyses for the ductile-brittle trans%tion behavior
o; materials have been related by Armstrong‘[}él to the.exPerlmgnt?} L?n—-
dition of this transition being specified since the beginning of t};s cen
tirv by the yield stress of the material hecoming equal to the tensile
briitlé fracture stress, i.e.

(8)
Because both stresses show a Hall-Petch stress-grain sizg depepdence,}
these‘dependences can be substituted directly into equation (8) and the

parameters rearranged in the form of equation (5) developed by Cottrell as

:, vz 9
k[ Tagt ™ * e =k g™ 4 kel . (9
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Thus, on this basis, the value of Cuyp in equation (5) is obtained as

: = Q12 4 . 10
(uyp ky{oofc kel (10)
This experimental condition which applies at the ductile-brittle transition
requires, then, that the value of y_ is not an independent parameter; it is
larger itself either as the value o% ky is increased, as the grain size is

increased, or as the fracture stress parameters, Tof and kf, are increased.

The dislocation theory leads to the expected inequality k¢ > k, for se-
parate model calculations of hypothetical brittle cracking versus plastic
yielding processes. Therefore, the balance reflected in equations (8) and
(9) is achieved for a given grain size by increasing the value of Ogy OVer
that of op¢ to account, when multiplied by d‘m, for the difference between

kg and ky,. The condition that Oy f<Ogy means that the increase in p with in-

crease in grain size is smaller than applies for the collection of terms on the

left side of equation (5) - and for the idealized case of Ogf = 0, which
should apply for a pre-existing crack, the value of Yp is independent of the
grain size. )

An advantage of describing the ductile-brittle transition in terms of equal
values of the vield stress and the tensile fracture stress, as given by
equation (8), is that these stresses are reasonably well-defined experi-
mentally, despite the apparent scatter in Figure 1, and the theoretical
considerations for understanding the transition behavior are mainly those
involved in understanding the controlling factors for these individual
stresses. The yield and tensile fracture stresses are related to those
stresses which are operative in the Charpy impact testing procedure by
accounting for the effect of the strain rate on the yield stress through
reducing the parameter B in equation (6) and by accounting for the effect
of the notch on raising the yield stress through a multiplying factor o in
equation (8). In this manner the Charpy impact transition temperature, Tp,
is evaluated in an analogous way to that given by Petch as

Tp = B [&n(aB)-tn {(kp-ok ) ¢ (0 c~aho, *)d*}-gnd™R] . (11)

Equation (11) has been applied by Armstrong [17] to evaluating the Tp de-
pendence on ferrite grain size for mild steel. Figure 4 shows a comparison
of this calculated result with separate experimental measurements which

have been reported for the ferrite grain size dependence of a number of iron
and steel materials [18-21] and for the prior austenite grain size dependence
of Tp measured for A533 B steel [S5] and for an iron-nickel alloy material
[22]. The agreement of results for the ferrite grain size dependence appears
to be satisfactory. The indication for the different average values of the
Tp results for the A533 B steel and the iron-nickel alloy - but otherwise

an austenite grain size dependence which is similar to the ferrite result -
is mainly attributed by Armstrong and Stonesifer [23] to a large value of
AOgy* for A533 B steel and to an effective small (martensitic) ferrite

grain size for the iron-nickel alloy.

The stress-grain size analysis for the ductile-brittle transition be-

havior of iron and steel materials, as described for equation (8), has

been carried over by Armstrong [24] to describe the onset of brittleness

in hexagonal close-packed (hcp) metals. The situation is shown schematically
in Figure 5. The brittle fracture stress of these materials, too, is

found experimentally not to change in any significant way with the tempera-
ture or the strain rate. However, for decreasing temperature or increasing
strain rate, the yield stress of an hcp metal such as zinc, say, as measured
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in compression, is increased due to increases in both the o, and k, para-
meters of equation (4c¢). Thus, the temperature enters into equation (8)
in two ways also. The ky temperature dependence is important generally
and the dislocation theory for it has been described by Armstrong as

— 11y .12 )
ky = et m[m*ubxc] 5 (12)
for which m is the Taylor orientation factor for the distribution of slip
systems required to maintain continuity of the material during straining,
m* is a less-restrictive Sachs orientation factor, and T, is the concentrated
stress required for propagation of deformation across the grain boundary
during general yielding of the material.

prasad, Madhava and Armstrong [25] have shown for the polycrystall-
ine zinc material revealed in Figure 3 that the temperature dependence of
k. followed the prediction from previous metallographic observations of T¢
being controlled by slip on the {1123} <1122> systems. The friction‘stress
Ogy for this material followed the temperature dependence correspond}ng to
siip on {0001} {1120> systems, as expected. The extensive twinning in
Figure 3 does not enter, therefore, into either the ooy or ky values which
are measured over a range of temperatures in this case. For zinc, as was
previously indicated for beryllium and magnesium materials, qhe temperature
dependence of ky was found to be very much larger than that r9r Ooy and 50
the 04y temperature might be neglected in obtaining an approximate relation-
ship for Tp from equation (8). The study verified the result that a re-
latively small grain sizes the value to Tp should follow the predicted
dependence:

T = E’“
<

b %n[c*mzm*ubBCkf'Z] + [2(00y+A0h_qof)B

~3 g g 1l2
« kf 1a

(13)
where (. and B, apply for T, according to equation (6) and Aoy is a work
hardening contribution addeﬁ to o, so as to specify the value of Ty for the
flow stress at some small value of strain becoming equal to the tensile
fracture stress. In a separate study of other polycrystalline zinc mater-
jals, Pszonka [26] has shown that the grain size dependence of equation
(13) applies very well for the brittle fracture transition observed in
tension.

THE BRITTLE FRACTURE OF PRE-CRACKED MATERIALS

The Ky characterization of brittleness brought on by the presence of a
macroscopic crack within a material, as prescribed by equation (2), naturally
oxcludes any direct consideration of grain size on fracture toughness.
Nevertheless the Kye parameter is able to be related to the preceding des-
cription of the onset of brittleness in crack-free materials via the Dggdale
[27] or Bilby-Cottrell-Swinden [28] models of continuum crack growth with

an associated plastic zone at the crack tip. Keer and Mura [29] have com-
pared the theoretical bases for calculations of this type when described

in terms of continuous distributions of dislocations or in terms of dis-
crete dislocations. Yokobori [30] has considered the energetics of

fracture involving such models. Most recently, Bilby [31] has reviewed

the connection between cracks and dislocations for this fracture description
in terms of the equations

i a = Ge Y~ 1l4a
(ds a)/a Jec(ﬂ0€/20y) 1 ( )
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¢ la = (40y/ﬁM)£n(aS/a) (14b)

where aqE(a+s); the critical displacement parameter ®a=(2y)/0y); and, the
modulus” factor M=u/2(1-v) or u(l+vj/2 for plane strain versus plane stress
deformation. Armstrong [32] has pointed out that equation (l4a) is able
to be usefully expanded by series approximation so as to change it into

a form that is directly comparable with equation (2). The result has been
obtained by Stonesifer [5] that

op = (8120, /m) [s/a 1% . (15)

A comparison of equations (2) and (15) shows for ag¥ac“a, a linear de-

- iz X . .
pendence of of on a”'? requires a constant plastic zone size to chavacter-
ize the fracture toughness. The comparison gives the result

Kio = (Ss/ﬁ)lhuy . (16)

The same result is obtained from equation (14b) by using the condition
that KLC' = 4Myp.

A direct utility of equation (15) is to demonstrate the effect of the
plastic zone size s on modifying the linear a2 dependence of og as
(0g/0y) increases, even to the extent of approaching 1.0. This considera-
tion has been demonstrated in one way for results to be expected for PMMA
(polymethylmethacrylate) material by Armstrong [{32]. The same considera-
tion is shown in Figure 6 for the dependence of og on a” Y which is com-
puted from very accurate measurements of Ky, at different a values for
tempered 10 steel as determined by Jones and Brown [33]. Also shown in
Figure 6 is the o dependence on a * which was obtained for PMMA material
in the study of Williams and Ewing 4], The greater toughness of steel
material relative to PMMA is established in the figure by the increased
slope ot the steel result which corresponds to a larger value of the
plastic zone size

The influence of the polycrystal grain size on the fracture toughness of

a material as expressed in Ky, should follow a Hall-Petch dependence be-
cause of the vield stress factor in equation (16). This dependence has
been verified by Stonesifer and Armstrong [35] for the ferrite grain size
dependence of a number of steel results [36,37] and for prior austenite
grain size dependence of A533 B steel material. Figure 7 indicates this
[all-Petch dependence may apply for the fracture toughness of several
aluminum alloys in sheet form as reported by Hahn and Rosenfield [38]

from a study of Thompson, Zinkham and Price [39]. A Hall-Petch dependence
has been established for the yvield strength of recrystallized 7075 alum-
inum alloy by Waldman, Sulinski and Markus [40]. TIn this latter study,
the grain diameter was measured perpendicular to the rolling direction in
a longitudinal direction. The ky value for the material of 0.16 MPa«m
compares favorably with the range of values 0. 12<ky=<0.19 MPaem? reported
in an analysis of previous studies by Armstrong [41]. Thompson and Zinkham
{42] have indicated for the vesults in Figure 7, plus others, that the
microstructures for these alloys ranged from being coarse equiaxed grains
to being highly elongated and almost completely unrecrystallized grains -
though the grain size through the thickness of the sheet was able to be
correlated with the fracture toughness of the alloys. A quantitative
evaluation of the fracture toughness dependence on grain s in Figure
does indicate that the plastic zone size should have to increase as the
average grain size is reduced for these materials. A similar result is
indicated for the high temperature fracture toughness measurements for

&
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A533 B steel material which have been obtained by Stonesifer {5]1. One
consideration for this result is that the post-yield fracture mechanics
description proposed by Hleald, Spink and Worthington [43] might apply ?n
these cases so that the value of og should be enployed in place of oy in
equation (16) and, correspondingly, the grain size dependence of Ky. should
be greater, as measured, for example, by kf or ke*.

A special application of equations (15) and (16) may be to describing‘the
fracture toughness dependence on grain size for polycrystalline ceramic
materials. This occurs because these materials fracture brittlely due to
the presence of cleavage cracks within the microstructure even at stress
levels near to those required for general plastic yielding. Armstrong [41]
has suggested that the curvature due to the dual effect of the plastic
-one size in equation (15) may be responsible for the bimodal fracture
stress dependence on grain size frequently reported for these mater%als.
Bradt, Dulberg and Tressler [44] have interpreted the effect of surface
finishing on the strength - grain size dependence of Mg0 material to bhe
cxplicabie in terms of an equation similar to equation (15). The measure-
ment of an increased fracture energy as the grain size is reduced has been
reported for AL,05 by Simpson [45]. An increased fracture energy has been
measured by Ahlquist [46] as the yield strength is increased for alkali
halide materials.

Finally, it should be noted that despite the differences which have been
described for the models of fracture on the macroscale versus the micro-
scale there is one more connection to be made between the various equations
describing the operative mechanics of the cracKing processes. n’Thls is

best illustrated, perhaps, by combining equation (16) with Ky." = AMYP to
give

ols = (n/2My, . (17)

This result for the fracturing energy involved in the failure of a brittle
material is to be compared with equation (5) from Cottrell for the fracture
transition as rewritten in the form

2 P e i I
oyd - (Ooy/oy)] = Cu (p . (18)
putting aside comparative questions about the strain rate and triaxiality

of the stress state, the equations are nicely matched by considering for

the onset of brittleness in a crack-free material that the slip length was
entered into equation (3) as a measure of the dislocation displacement in-
volved in forming a cleavage ¢rack. The presence of Ooy is due to the
finite friction resistance which is attributed to the average shear strength
of individual crystals. For the limiting case of brittleness to be obtained
for a crack containing material, then, it might be imagined according to
equation (17) that the value of s could be reduced to a dimcnS}on of the
order of the polycrystal grain diameter as described for equation (}8).

The decrease in Ky for steel as the temperature decreases j§ well—known.
The explanation for it is produced by the dramatic decrease in s which must
occur to override the appreciable increase in Oy accompanying the decrease
in temperature. A Jower limiting size for the micro-cleavage events
signally the onset of brittle fracture at the crack tip of pre—cracked.
spécimens has been estimated by Ritchie, Knott and Rice [47] as occurring

at a distance of two average grain diameters ahead of the crack tip.
Stonesifer and Cullen [48] have obtained striking confirmation of this
estimate for the fracture toughness testing of A533 B steel at 77°K - hence
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the connection of equations (17) and (18) seems reasonable on the basis

of microstructural observations, also. The implication that the most
brittie of cleavage fractures are controlled by events occurring locally
within the microstructure of the material, on the scale of several grains
at most, must contribute something to the observed scatter of experimental
results in Figure 1.
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Figure 1 - Hall-Petch dependence for the brittle fracture stress
of iron and steel materials, after Madhava (1975).

(a) (b)

Figure 2 - Scanning electron micrographs of polycrystal cleavage surfaces
for two steel materials:
(a) tensile fracture at 4.2°K, after Madhava (1975); and
(b) fracture mechanics test at 77°K, after Stonesifer (1975).
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Figure 3 - Cleavage cracks within polycrystalline zinc compressed at

4.2°K,

after Prasad (1974).
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Figure 5 - The tensile ductile-brittle transition behavior of hcp

materials according to a Hall-Petch analysis, after
Armstrong (1968).
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size for Charpy impact testing of steel materials, after
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Figure 7 - The fracture toughness dependence on polycrystal grain size
for variously treated aluminum materials; results of Thompson,
Zinkham and Price (1974). &
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