Stochastic Modeling of the Independent Roles of Particle
Size and Grain Size in Transgranular Cleavage Fracture

TSANN LIN, A. G. EVANS, and R. O. RITCHIE

The independent roles of grain size and particle size on sharp crack and rounded notch toughness are
investigated over a range of temperatures from the lower shelf into the early ductile/brittle transition
region. The results are interpreted in terms of a weakest link statistical model wherein the onset of
failure coincides with the critical propagation of a particle microcrack into the matrix. It is shown that,
for a fixed particle size distribution, both sharp-crack and rounded-notch toughness decrease with
increasing grain size. However, at fixed grain size, the sharp-crack toughness increases, while the
rounded-notch toughness decreases with increasing particle size. Such effects result primarily from the
difference in the number of activated particles in the plastic zone.

I. INTRODUCTION

CLEAVAGE fracture in most metals occurs by the nu-
cleation of a microcrack, assisted by the local plastic de-
formation of the surrounding material, and its continued
propagation when the local, concentrated, tensile stress
exceeds some critical fracture stress. In mild steels, such
microcracks were originally considered to nucleate at grain
boundaries, which act as barriers to slip-bands."** Con-
sequently, since the grain size determines the dislocation
pile-up length, as well as the distance to the first crack
extension barrier (i.e., the next grain boundary), early mod-
els of cleavage fracture identified the grain size as the sole,
dominant microstructural feature."?* Later studies*”’ asso-
ciated the microcracks with the fracture of grain boundary
carbide particles. Thus, particle size emerged as an addi-
tional key microstructural feature.

The relative importance of particle size and grain size is
also, in part, dependent on the critical step in the cleavage
process. When the critical event involves the continued
propagation of the particle microcrack into the matrix, the
particle size is clearly the salient dimension (aside from the
indirect effect of grain size on yield strength), consistent
with the majority of microstructural observations on failure
at very low temperatures on the lower toughness shelf. At
somewhat higher temperatures, approaching the ductile/
brittle transition region, observations of grain size micro-
cracks suggest that the critical step involves consideration of
dynamic propagation and arrest at the next grain boundary,
a mechanism favoring grain size as the salient dimension.

Most heat treatments change both microstructural dimen-
sions. Consequently, there have been few attempts® to in-
vestigate the separate roles of particle size and grain size.
The objective of the present work is to examine this issue.
For this purpose, a recently developed statistical model for
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cleavage fracture at low temperatures™'® will be used in
conjunction with experiments on simple ferrite/grain bound-
ary carbide microstructures, for which the particle and grain
sizes have been varied independently.

II. MECHANISMS OF CLEAVAGE FRACTURE

The process of cleavage fracture in steels seemingly in-
volves three critical steps: crack nucleation at carbide par-
ticles, crack propagation across the carbide/ferrite interface,
and crack propagation across the first ferrite/ferrite grain
boundary.>*" The conditions that dominate each of these
processes typically vary with microstructure and with tem-
perature. However, none of these processes is sufficiently
well-quantified that the prediction of trends can be made
a priori. Nevertheless, a general discussion of the processes
involved provides a framework suitable for the interpre-
tation of cleavage fracture observations and measurements.

A. Crack Nucleation

Substantial experimental evidence suggests that the
nucleation of cracks occurs in carbide particles and requires
some plastic deformation of the ferrite.>? Indeed, cracked
carbides have only been identified quite close to the crack,
well within the plastic zone,”*!! indicating that significant
plastic strain is needed to achieve nucleation. Thus, while
dislocation pile-up arguments for crack nucleation are con-
ceptually attractive, a continuum plasticity analysis may
often be more pertinent.* Such analysis indicates that the

*Continuum results become appropriate when the slip band spacing is
significantly smaller than the particle size.

maximum principal tensile stress in the particle is given by:
oy =0, + AT (1]

where o, is the mean stress and o is the equivalent stress
in the matrix and A is a coefficient of order 2.?' For a power
hardening solid, the constitutive law, given in terms of the
work hardening exponent n and yield stress and strain, o,
and o, respectively, is (€ = &,):

T = Ty (—8—/80)”’l [2]

Hence, under small-scale yielding, the stress distribution, as
a function of distance r ahead of the crack tip, is given by
the Hutchinson-Rice-Rosengren (HRR) nonlinear elastic
singular field:*?
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where J is the path-independent integral. Crack nucleation
can thus be predicted to occur within a zone bounded by:
(r > 28)

J ) ntl 1
rt = D),
ov&ol,/ \o./ (o, + Ao)"'!
(4]

where o, is the critical stress needed to crack the particle, and
1, and o, are dimensionless functions in the HRR solu-
tion (tabulated in Reference 24). Typically, o, would be
expected to have appreciable statistical variability, giving
rise to a corresponding range in 3.

The preceding considerations do not explicitly involve
either the particle size or the grain size. However, these
dimensions have indirect involvement by virtue of statistical
size effects on the critical cracking stress, o, and the effects
of grain size on the flow stress. Observations of stable,
cracked carbides in the plastic zone suggest that crack
nucleation is not normally the critical step. However, situa-
tions wherein nucleation is the dominant step cannot be
precluded, as discussed below.

B. Particle Cracks

Dynamic crack propagation within the carbide, subject to
Eq. [3], is unlikely to activate significant plastic defor-
mation in the ferrite, because the predominant shear field is
within the particle (Figure 1). The cleavage crack may thus
extend dynamically across the interface, provided that the
stress g, exceeds the effective particle strength S, given in
terms of the particle size d,, by:’

S = [7EG4/2(1 — v)d,]"? (penny-shaped crack)

(5]

where E is Young’s modulus, v is Poisson’s ratio, and G
is the critical strain energy release rate for dynamic propa-
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Fig. 1—Illustration of possible critical steps in nucleation- and
propagation-controlled cleavage fracture, involving, respectively, micro-
crack formation in a grain boundary carbide and its propagation into the
surrounding matrix.
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gation of a crack into the ferrite matrix (which, it is recalled,
has previously experienced significant plastic strain).

Should S be larger than o, (by virtue of a small particle
size), the crack would arrest at the interface. Results
described below, and elsewhere,” suggest that, when the
crack arrests, crack blunting ensues and subsequent propa-
gation of the particle crack is essentially excluded. Indeed,
observations of quasi-static crack extension from a brittle
solid (Al,O;) into a bcc metal (Nb) reveal that the crack
blunts and arrests at the interface (Figure 2), whereas rapidly
moving cracks extend unstably with little attendant plas-
ticity.”® Furthermore, calculations of dynamic crack propa-
gation in body-centered cubic (bcc) metals indicate that
the plastic zone shrinks as the crack velocity increases,”
causing a substantial reduction in G, with increase in crack
velocity. This duality, indicated schematically in Figure 2,
supports the notion that cleavage crack extension from the
carbide into the ferrite is necessarily a dynamic process.
Moreover, the experimental evidence, that G is in the
range 30 to 50 Jm™? (e.g., Reference 28), constitutes a
reasonable estimate for the expected dynamic fracture
resistance of the ferrite. Consequently, the first carbide par-
ticle that satisfies both the nucleation requirement and the
above propagation requirement becomes the fracture crit-
ical entity. Particles that nucleate cracks, but are too small
to satisfy the propagation criterion, would contain stable
cracks that may act as subsequent nuclei for void growth
when ductile fracture intervenes.

The preceding description of cleavage fracture satisfies,
in statistical terms, the weakest link requirements. How-
ever, the population being sampled may be a function of
plastic strain, and hence distance from the crack tip, within
the plastic zone. With this restriction, weakest link concepts
can give the failure criterion,>'**° with the particle strength
S, given by Eq. [5], being the pertinent “strength” distri-
bution.”'s"" However, it is further noted that, since the crack
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Fig. 2— Schematic representation of the variation in the dynamic strain
energy release rate (effective fracture energy) with crack velocity a for the
propagation of a cleavage crack originating from the critical extension of
either a microcrack in the particle interface or a grain-size microcrack.
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emanating from the particle is not likely to activate much
plasticity in the matrix, the magnitude of the dynamic G,
and hence, of S, is likely to be relatively insensitive to
temperature, as indicated in Figure 3.

C. FerritelFerrite Cracking

Crack extension into the ferrite is undoubtedly accom-
panied by a plastic zone (Figure 4). The dynamic critical
strain energy release rate, Gy, at the first ferrite/ferrite
interface is thus expected to exceed appreciably that of the
carbide/ferrite interface (Figure 2). Furthermore, effects of
rate (Figure 2) and of temperature on G4 are expected to
be greater.

Continued dynamic extension of the crack across the
ferrite/ferrite boundary occurs when the stress exceeds
the “ferrite grain strength”, given in terms of the grain
diameter d, by:

3 = [7EGy/(1 — v)d,]" [6]
Comparison with Eq. [5] indicates that:
3/S = (d,Gy/d, G5)'"? [71

When 3, < §, the microcrack would not normally arrest at
the ferrite grain boundary, and unstable cleavage fracture
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Fig. 3— Schematic representation of the variation with temperature of the
cleavage fracture “strength”, resulting from either particle microcracks
or grain-size microcracks, indicating the regions of nucleation- and
propagation-control.
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Fig. 4— Illustration of an alternative critical step in propagation-controlled
cleavage fracture, involving the propagation of a grain-size microcrack
through the next grain boundary.
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would ensue from particle cracking. However, the condition
3, > § allows crack arrest, resulting in the appearance of
stable, grain-sized microcracks.*

*Equations [5] and [6] are small scale yielding solutions for dynamic
cleavage crack extension across the carbide/ferrite interface and the ferrite
grain boundary, respectively. Small scale yielding results are deemed
appropriate, despite the prior quasi-static plastic deformation of the grains,
because the cleavage cracks that continue across the barrier and cause
fracture are dynamic, whereupon the associated dynamic plastic zone that
dictates G.; and G is expected to satisfy small scale yielding requirements
(see Figures 1 and 4) and thereby, be in accordance with the predictions of
Hutchinson and Freund.”

With the premise that Gy has a stronger temperature
dependence than G (because of the stronger influence of
plasticity (Figures 1 and 4)), a transition could be expected.
Specifically, since d, < d,, S is likely to exceed 3 at low
temperature. However, at higher temperatures, because of
the anticipated rapid increase in Gy, a transition to >S5
would occur. This behavior is summarized on Figure 3,
indicating the region in which stable grain-size microcracks
would be expected.

D. Fracture Trends

The effects of temperature on fracture behavior can be
conveniently summarized in a stress/temperature diagram
(Figure 3), containing the expected temperature depen-
dence of the yield strength, o, the peak stress in the plastic
zone, 0, as well as the particle “strength” S and matrix
grain “strength” 3. Such a diagram identifies the regions
of ductile and cleavage fracture, as well as regions of
nucleation and propagation control in the cleavage domain,
plus particle/matrix interface and matrix/matrix interface
limited behavior in the propagation dominated domain.

The various regions of behavior are dictated by the
respective stress levels. At the lowest temperature, both S
and 3 are below the yield strength* and hence, cleavage

*Note that strain-rate sensitivity in the cleavage fracture and transition
processes arise because of the strain rate sensitivity of oo.

fracture occurs once nucleation condition is satisfied, in
accordance with Eq. [4]. Nucleation dominated behavior
would then pertain. At higher temperatures, S exceeds both
the yield strength and 2, but is less than the peak stress, a.
The particles would thus crack, without causing failure.
Particles which satisfy the dynamic criterion for propagation
across the particle/matrix interface (o > §, Eq. [5]),
would then become the source of cleavage fracture. At still
higher temperatures, both S and %, exceed the yield strength,
but 3, > S. Hence, particles may crack and the crack can
extend to the first ferrite grain boundary without causing
failure. Stable grain size cracks would then become pos-
sible. In this temperature range, cleavage fracture would
occur when a crack can extend dynamically across the ferrite
grain boundary, in accordance with the condition that the
average stress on the grain o > 2. Finally, at the highest
temperature, the peak stress in the plastic zone, o, becomes
less than both S and 3. Cleavage fracture is then impossible
and the transition to ductile fracture occurs.*

*However, particle cracking can still occur above the transition tem-
perature. These blunted cracks are stable, but may act as nuclei for the
voids which ultimately cause ductile fracture.
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III. WEAKEST LINK MODELS

When the critical cleavage fracture step is the propagation
of the particle microcracks into the matrix grains (Figure 3),
fracture can be analyzed using weakest link statistics. *'%16-%
For this purpose, the plastic zone is divided into constant
tensile stress elemental volumes, dV, all of which must
“survive” to avoid cleavage fracture. Using the weakest-link
assumption, the total survival probability of the entire struc-
ture can be stated as the product of the survival probabilities
of all elements:?®

d=1- exp{—J;V[ f:g(S)dS]} [8]

where V is the plastic zone volume, and g(S)dS is the
number of cracked particles, per unit volume, having
strengths between S and S + dS. A convenient and versatile
expression for g(§)dS is the three-parameter Weibull
expression:*

[ sras = |72 m, 19
0 SO

where m is a shape factor, S, is a scale parameter, S, is a
lower bound strength (of the largest feasible particle), N, is
the number of particles per unit volume, and f represents the
fraction of “eligible” particles that participate in the fracture
process. Eligibility is determined by the requirements that
both the crack nucleation and crack propagation require-
ments be satisfied, as discussed in Section II. Given the
stress field within the plastic zone (considered in the present
model in terms of the maximum principal stress), the tough-
ness can be estimated in terms of the volume of material
needed to assure the presence of an “eligible” particle.
Furthermore, the scatter in toughness values can be related
to the particle size distribution.

Since the probability of finding an “eligible” particle is
promoted with increasing volume, i.e., with increasing dis-
tance from the tip, the site of the critical fracture event
depends primarily upon whether the local stress gradient
(over the relevant microstructural size-scale) is negative, as
in the case of a sharp crack, or positive, as in the case of a
rounded notch. ™

For fracture ahead of a sharp crack, there is a competition
between behavior away from the tip, where the population
of eligible particles is large, but stresses are low, and behav-
ior close to the tip, where stresses are higher but the number
of eligible particles is small. Consequently, the critical frac-
ture event is located at some intermediate distance within
the plastic zone, where the elemental failure probability ex-
hibits a maximum.®'° At low temperatures (where S = o),
fracture is dominated by the region close to the elastic/
plastic interface, resulting in the site of maximum fracture

probability:
(5 —mp (Ku)Z
F=——\—], 10
7T 50w \s, [102]

where r} is the so-called characteristic distance (generally
of the order of a few grain diameters'). At higher tem-
peratures, where fracture is dominated by the nonlinear
HRR stress field,”* the analogous result is:
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. ~,.+1<1 - v2> (2n +3- m)"“(ao)”“<K,c>2
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In 2n + 3 Su To
[10b}

where K| is the fracture toughness.’ The magnitude of K.,
evaluated at the median level (& = 0.5), is then given by:’

ln 2 1/4 (SO) mi4
= ("2 ) (2 11
K (135anQb) s) S [1la]

at low temperature, and:

l 2 1/4 S mi4
&=Q#NJ<9 S a2 (11b)
0 u

at higher temperature,* where b is a characteristic di-

*Strain-rate sensitivity of K. in this temperature region is associated with
the strain-rate dependence of o.

mension describing the distance between initial nucleation
events along the crack front,” and ¢ and 7 are functions of
I,, n, S, S,, and &, evaluated in Reference 9. The low
temperature solution (Eq. [11a]) provides a temperature-
independent K,. asymptote (lower shelf), whereas the
nonlinear solution (Eq. [11b]) becomes asymptotic to a
transition temperature.’

For cleavage ahead of a rounded notch, the corresponding
stress fields have a shallower (positive) gradient.*'**> Con-
sequently, the local stress and the probability of finding
an “eligible” particle both increase with increasing dis-
tance from the notch, within the plastic zone. Statistically,
there is now less competition between the location of the
eligible crack nuclei and the highest stresses, with the result
that the critical event occurs far from the notch root, close
to the elastic-plastic interface.” For a non-hardening solid,
the characteristic distance from the notch root where the
initial cracking event is most probable is given by:"

rf=p exp{%[(w -4 —2) = 2(m + lv)

+Vw—4g—W+4m+wY+&4}

[12]
where p is the notch root radius, ¢ describes the boundary
of the slip-line field, and s is givenby [1 — (\/5/ 2)(S./o0)].
Similar expressions can be developed for power hardening

solids,' but are too unwieldy to be presented here. The total
failure probability, however, can be expressed as:'

Y (aoD,D;, — S,\"
db=1- exp[—fNobf (E"__l__"‘___>
P So

X(w—4{—2mL>w1
p
[13]

where D, is a function of n, o/E, and the strain at the notch
root, and D, is a function of n and r/p. Both functions are
evaluated in Reference 10. Analogous to the predictions of
K, for a sharp crack (Eq. [{1]), the above equations can
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be used to predict the fracture load for failure ahead of a
rounded notch."

IV. EXPERIMENTAL PROCEDURES

The material used for the present study was an AISI 1008
mild steel, of composition shown in Table I.

The steel was heat treated to give ferritic microstruc-
tures with predominately grain-boundary carbides. To vary
the carbide and ferrite grain size independently, specimens
were austenitized at either 920 °C or 1200 °C, air cooled,
and then spheroidized at 700 °C for either 3 or 7 days.
Grain size was varied by austenitization treatment. A fine-
grained structure (termed L), with a 25 um average ferritic
grain size, was obtained following 1 hour at 920 °C, and
a coarser-grained structure (termed H), with average size
45 pm, by austenitizing for 1 hour at 1200 °C. Conversely,
carbide size was varied by spheroidization, following 3 and
7 day tempering treatments (termed 3 and 7, respectively).
Reference tests were performed on a 920 °C austenitized
structure, spheroidized for 30 days in order to generate an
extremely coarse distribution of carbides (termed L30).

Particle size distributions (Figure 5) were determined
by counting carbides according to their areas, using a
quantitative image analyzer. Mechanical properties were
assessed from uniaxial tensile tests conducted at an initial
strain rate of 3 X 107*s™' over the temperature range
—196 °C to 20 °C. Plane strain fracture toughness, K., was
evaluated on fatigue precracked single-edge-notched (SEN)
specimens, tested in four-point bending over the tempera-
ture range, —196 °C to —70 °C (in accordance, primarily,
with ASTM Standard E-399). At the higher temperatures,
where excessive plasticity invalidated direct linear elastic
measurements of toughness, values of K;. were computed
from nonlinear elastic J;. measurements, using the experi-
mental procedures of Sumpter and Turner.*

Corresponding notched bend fracture tests were per-
formed over a similar temperature range on 19 mm thick,
25 mm wide, four-point bend test pieces with a 45 deg
notch, having root radius 0.25 mm. The dimensions of the
sample conform to those used in the numerical stress analy-
sis of Griffiths and Owen.*

To gain insight into the microstructural conditions just
prior to failure, double-edge-notched (DEN) four-point
bend specimens (with and without fatigue precracks) were
tested. The bending moment in such specimens is con-
stant between the two inner loading points. Consequently,
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Fig. 5— Particle size distributions for carbides in the four microstructures
in AISI 1008 steel following spheroidizing at 700 °C for either 3 or 7 days.
L refers to austenitization at 920 °C (d, = 25 um), H to austenitization at
1200 °C (d, = 45 um).

when one notch initiates fracture, conditions at the other
(unbroken) notch are representative of those immediately
preceding fracture.

V. EXPERIMENTAL RESULTS
A. Mechanical Properties

Statistical parameters for the cumulative particle “strength”
distributions for the four microstructures (computed from
the size distributions using Eq. [5], with G, = 46 Jm™* %)
are listed in Table II, together with measured values of the
grain size, d,, and number of cracked particles per unit
volume, Nj.

The variation in tensile yield strength, o, with tempera-
ture for the four structures is shown in Figure 6. Other
relevant properties are listed in Table III. It is apparent that
strength levels are independent of carbide size, but diminish

Table I. Composition in Wt Pct of AISI 1008 Steel in the coarser-grained microstructures.
C Mn P S Si Fo Fracture loads and general yielfl loads (computed from the
Von Mises criterion) are shown in Figure 7 for the notched
0.08 0.26 0.01 0.01 0.01 balance bend tests. At fixed particle size, the fine-grained L3 and L7
Table II. Statistical Parameters, Particle Density, and Grain Diameters
S. (MPa) So (MPa) m No (carbides/um?) d, (um)

L3 1480 2440 2.23 1.52 x 1073 25

L7 1300 2840 1.65 3.71 x 107* 25

H3 1480 2440 2.23 1.52 x 107° 45

H7 1300 2840 1.65 3.71 x 107* 45
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Fig. 6 —Experimental measurements of the temperature dependence of the
uniaxial tensile yield stress, o, in the four microstructures.

Table III. Room Temperature
Mechanical Properties of AISI 1008 Steel

Yield Stress U.T.S. Pct Elong.
Structure (MPa) (MPa) (on 32 mm) n
L3 200 320 37 5
H3 167 316 36 5
L7 191 317 37 5
H7 166 316 36 5
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Fig. 7—Experimentally measured variation of the temperature depen-
dence of the load to cause catastrophic cleavage fracture ahead of a rounded
notch (p = 0.25 mm) in the four microstructures. Also plotted is the
general yield stress, computed from uniaxial data using the von Mises
criterion. Note how fine grain sizes and fine particle size distributions give
the highest toughness.

structures have the highest fracture strength. At fixed grain
size, structures with a narrower distribution of finer particles
(larger m) have the higher strengths.

Corresponding sharp crack fracture toughness results are
plotted in Figure 8. Again, at fixed particle size, the fine-
grained microstructures show the highest toughness. How-
ever, in contrast to the rounded notch tests, at fixed grain
size, structures with a wider distribution of coarser particles
have the higher toughness. Thus, microstructures containing
coarse particles are tougher in sharp crack tests, whereas
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Fig. 8 —Experimentally measured variation of the temperature depen-
dence of the (sharp crack) fracture toughness K, for cleavage fracture
on the lower shelf for the four microstructures. Note how fine grain sizes
and coarse particle size distributions give the highest toughness.

structures containing fine particles are tougher in rounded
notch tests.

B. Fractography

Cracked carbides could not be detected in the vicinity of
the unbroken crack or notch tip in DEN specimens at tem-
peratures below — 140 °C. However, at —120 °C, numerous
carbide microcracks, mostly oriented perpendicular to the
applied tensile stress, were observed ahead of the crack tip
(Figure 9(a)). No grain-size microcracks were present.
Above —100 °C, blunting of the carbide microcracks be-
came prominant (Figure 9(b)). At —90 °C, both microvoids
and grain-size microcracks were evident ahead of the crack
tip (Figures 10 and 11).

Scanning electron micrography of a typical cleavage frac-
ture surface, obtained from a sharp crack (Figure 12), re-
veals the origin and direction of river markings on the
cleavage facets. It is apparent that fracture initiated several
grains ahead of the tip, most probably at the cavity marked
with the arrow. This cavity presumably was the site of the
initiating grain-boundary particle, which subsequently
become dislodged during the catastrophic fracture process.
Additional grain-boundary cavity sites in surrounding grains
appear to represent the origin of sets of river markings.

VI. DISCUSSION

Preliminary comparison between theory and experiment
is conducted by assuming that the propagation of the cleav-
age crack across the carbide/ferrite interface is the dominant
cleavage mechanism, throughout. The trends in toughness
and strength can then be predicted from Egs. [8] through

METALLURGICAL TRANSACTIONS A



Fig. 9— Scanning electron micrographs of particle microcracks in the L7
microstructure at lower shelf temperatures. Microcracks are formed in
grain-boundary carbides several grains ahead of the unbroken fatigue pre-
crack (in a DEN specimen), just prior to the onset of catastrophic cleavage
fracture at (a) ~120 °C and (b) —100 °C. Note how several carbide micro-
cracks have become blunted at the higher temperature.

Fig. 11 —Enlargement of Figure 10 showing (a) the existence of micro-
voids formed in the immediate vicinity of the tip of the pre-crack and
(b) grain-size microcracks arrested at ferritic grain boundaries, several
grains ahead of the tip. Both phenomena are characteristic of cleavage
fracture at temperatures in the early ductile/brittle transition range.

general direction of gromth

Lip ot
pre-crack

Fig. 10— Scanning electron micrograph of the discontinuous nature of transgranular cleavage cracking at temperatures approaching the early ductile/brittle
transition range in H7 microstructure. Metallographic section taken from the center of a fatigue pre-cracked SEN specimen, tested at —90 °C (etched in
2 pet nital).

METALLURGICAL TRANSACTIONS A VOLUME I8A, APRIL 1987 — 647




Fig. 12— Scanning electron micrograph of a cleavage fracture surface in
a sharp-crack K. test at —120 °C in L7 microstructure, showing possible
initiation site at a triple-point grain-boundary carbide ahead of the crack tip.
Note how river markings on surrounding cleavage facets point both in the
directiolr(: of the crack propagation (indicated by arrow) and back toward
the tip.

[13] by assigning consistent values to the particle eligibility
parameter, f, and to the fracture resistance, G,. Using
f =10.05 and G, = 46 Jm™2, as suggested by previous
studies,”'” the predicted variation in K. pertinent to
the sharp crack tests (Figure 13) and fracture loads for the
rounded notch tests (Figure 14) agree quite well with the
measured values over the full temperature range.* Based on

*Appreciable crack nucleation controlled or ferrite grain-controlled re-
gimes of cleavage fracture are thus deemed unlikely at lower shelf tem-
peratures in the class of steels used for the present study.

the notion that cleavage fracture is dominated by the carbide
particle size distribution, the opposing trends in sharp-crack
and rounded-notch toughness with particle size can be ration-
alized. The probability of failure, and hence the toughness,
is related to the number of ‘activated’ particles having a
‘strength’ less than the peak stress within the plastic zone,
as determined by the product, No[(o — S.)/Sol". When the
particle distribution is coarsened, the particle density
is decreased but the fraction of activated particles is
increased. The resultant effect on toughness emerges from
the competition between particle spacing, as dictated by
particle density, and the particle size, that determines the
fraction of activated particles. The relative dominance of
these quantities is a function of the magnitude of the local
stress. Differing behavior is thus expected for the sharp-
crack and rounded-notch (Figure 15). In the case of the
rounded-notch, the maximum stress is small (of the order of
2.6 oy), and the number of activated particles is larger for
the coarser carbide L7 microstructure.* Thus, the rounded-

*The accumulated number of activated particles is given by the area
under the curve in Figure 15 for strengths less than the appropriate maxi-
mum principal stress.

notch toughness is predicted to decrease upon particle
coarsening, consistent with the measurements (Figure 14).
Conversely, for the sharp notch, the principal stress is much
higher (approaching 5 o), and the number of activated
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Fig. 13— Comparison of the experimental and predicted (Eq. [11]) varia-
tion of the temperature dependence of the plane strain fracture toughness,
K., for catastrophic cleavage fracture. Predictions for lowest temperatures
are based on the linear elastic solution (Eq. [11a]), whereas at higher
temperatures the nonlinear elastic solution (Eq. [11b]) is used. Results
indicate that increased (sharp-crack) toughness is achieved with fine grain
size and coarse particle distributions.

carbides is now larger for the finer carbide L3 micro-
structure (Figure 15(a)). The sharp-crack toughness at the
lower temperatures (< —100 °C) is thus predicted to in-
crease upon particle coarsening, again consistent with the
K. results (Figure 13). With further coarsening of the par-
ticle distribution (the L30 structure, Figure 16), both the
sharp-crack and rounded-notch toughness decrease. Simi-
larly, as temperature is increased, the decrease in stress due
to the lower yield strength causes the particle coarsening to
have the same effect on the sharp-crack toughness as on the
rounded-notch toughness (Figure 17), resulting in the cross-
over in predicted K. at higher temperatures, above —100 °C
(Figure 13).

Increasing the grain size results in a decrease in the yield
strength o, which increases toughness. Consequently, by
incorporating the Hall-Petch relationship,** an optimum
grain size for maximum toughness can be predicted,

— 2
d* = [—ky(" 2)] [14]

g;

where o; is the lattice friction stress and k, is the slope of
the o, vs d;"* Hall-Petch plot. For temperatures on the
lower toughness shelf, calculated values of d; values are
~2 to 14 pum, much finer than the grain sizes employed in
the present study. The model thus predicts a decreasing
toughness with increasing grain size (at fixed particle size
and volume fraction), for both sharp-cracks and rounded-
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notches, consistent with the experimental results (Figures 13
and 14).

VII. CONCLUDING REMARKS

By varying independently the grain and particle size in a
low carbon steel having a ferritic/grain-boundary carbide
microstructure, it is shown that whereas the notch toughness
is increased, the sharp-crack toughness is decreased by re-
fining the carbide particle size, at fixed grain size. However,
grain size refinement at fixed carbide particle size increases
both the notch and sharp-crack toughness. The effects of
carbide particle size and grain size on the low temperature
notch and sharp-crack toughness are predicted correctly
by a statistical model, wherein crack extension across the
carbide/ferrite interface is the critical step in cleavage frac-
ture. Physically, the effect is related to the significantly
higher stresses generated ahead of a sharp crack, and the
resultant influence on the number of particles activated
within the plastic zone.

The present study has emphasized cleavage fracture at
temperatures wherein the critical step involves the propaga-
tion of a particle microcrack into the surrounding grains.
However, at higher temperatures, following the transition to
ferrite grain controlled microcracking (Figure 3), the de-
pendence of toughness on grain size would differ from that
described in the present article. Moreover, the grain-size
microcracks probably interact and alternative stochastic
models (e.g., Reference 36) would be needed to predict the
trends in toughness. Additionally, crack bridging by un-
broken ligaments is likely to be important at the higher
temperatures, in the transition region.”
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Fig. 15— Total number of carbide particles in the plastic zone, as a function of particle diameter and strength, for the fine and coarse particle distributions
(L3 and L7 structures). The number of activated carbides, which is inversely proportional to toughness, is given by the accumulated number of particles with
strengths less than the maximum principal stress o ahead of (@) a sharp crack and {b) a rounded notch at —196 °C. Note that for sharp-crack tough-
ness, the coarse particle distribution yields the smaller number of activated carbides and hence the larger toughness, whereas the reverse is true for the

rounded notch.

METALLURGICAL TRANSACTIONS A

VOLUME I8A, APRIL 1987 —649



100

AIS| 1008 STEEL
Microstructures

=13
s =130

80

Number of Particles

//: 5o el
ERRIKK 0.0,\
RIS RN N
B N \\\
CRRKRXRX T \ &
ISttt tere ety eletetedetitize o SN AR

[ [
Particle Diameter (..m)

T T T T 1
oo 4000 3000 200 1500 1206

0
Particle Strength (MPa)

100

(b)

AISI 1008 STEEL
Microstructures
=13
s =130

40

Number of Particles

20 o (Rounded Notch)

A’A
/A/A/A
a
[ T
[ 2 4 [ [} 10
Particle Diameter (um)
r T T T T t
% 4000 3000 2000 1500 1296

Particle Strength (MPa)

Fig. 16— Total number of carbides within the plastic zone for fine (L3) and
very coarse (L30) particle size distributions, showing how the number of
activated carbides is increased, and the toughness is decreased, for both
(@) sharp cracks and (b) rounded notches at —196 °C, with excessive
coarsening of the particle distribution.

VIII. SUMMARY AND CONCLUSIONS

A weakest link statistical model for transgranular cleav-
age fracture has been applied to the problem of the indepen-
dent roles of grain size and particle size in influencing brittle
fracture in single phase microstructures containing a known
distribution of noninteracting particles acting as potential
crack nuclei. The model, which is based on the extension of
a particle microcrack into the matrix, is shown to predict
accurately the cleavage fracture load ahead of a rounded
notch and the sharp-crack fracture toughness, K., as a func-
tion of temperature on the lower toughness shelf.

By varying independently the grain and particle size in
a low carbon steel, with ferritic/grain-boundary carbide
microstructure, it is shown experimentally that whereas the
rounded-notch toughness is increased, the sharp-crack
toughness is decreased by refining the particle size distri-
bution (at fixed grain size). Corresponding refinement in
grain size (at fixed particle size), conversely, increases both
the rounded-notch and sharp-crack toughness. This con-
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Fig. 17— Total number of carbides within the plastic zone for fine (L.3) and
coarse (L7) particle distributions, showing that at higher temperatures
(above ~ —80 °C), the reduction in peak local tensile stress ahead of a
sharp crack results in behavior similar to that of the rounded notch, i.e., to
a larger number of activated carbides and hence a lower toughness with
increasing particle size distribution.

flicting effect of particle and grain size on the low tem-
perature toughness is shown to be predicted correctly by the
model, and is physically related to the higher stresses and
differing number of activated particles generated ahead of a
sharp crack.

NOMENCLATURE

crack, or notch, length
crack velocity
characteristic dimension along crack front
terminal velocity of sound wave in the solid
average grain diameter
optimum grain size for maximum toughness
diameter of cracked particle
D,,D, functions of £,/g, and r/p, respectively, in
Eq. [13]
E Young’s modulus
“eligibility” factor in Eq. [9]
g(8)dS elemental strength distribution of particles
G+, Gy dynamic strain energy release rates for crack
growth through particle/matrix and matrix/matrix
interfaces, respectively

%0 400

QA A0 a8

A

I, dimensionless parameter in HRR singular solution

J path-independent integral; amplitude of HRR
singular field

Jic crack initiation fracture toughness (= K%/E)

k, slope of the Hall-Petch o vs d; " plot

K; stress intensity factor (Mode I)

K. plane strain fracture toughness

m shape factor in Weibull formulation

n work hardening exponent (1 < n < %)

Ny number of particles per unit volume (particle
density)

r,0 polar coordinates, centered at crack tip or notch
root

ry most probable site for crack initiation
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ry plastic zone size

rf characteristic distance from tip (at K; = K|,)

K function of S, and o in Eq. [12]

S fracture “strength” of particle

So scale parameter in Weibull formulation

S, fracture “strength” of largest observable particle

6V,V  elemental and total active zone volume,
respectively

) crack tip opening displacement

€r equivalent strain at notch root

{ factor describing boundary of slip-line field

n function of m, S, and S, in Eq. [11]

A coefficient in Eq. [2], of order 2

v Poisson’s ratio

3 function of n, &, v, and I, in Eq. [11]

p root radius of notch

o local stress within plastic zone

(i peak stress within plastic zone

o, ¢ equivalent stress and strain, respectively

o, critical stress to nucleate crack in particle

of cleavage fracture stress .

a; lattice friction stress in Hall-Petch relationship

a; function in HRR crack tip field singular solution

O mean (or hydrostatic) stress

09, €0 flow (or yield) stress and strain, respectively

on tensile stress
fracture “strength” of matrix grain

8¢, P elemental and total failure probabilities
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