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Abstract

High angle grain boundaries in steel offer an important resistance to the propagation of cleavage cracks that affects
the fracture toughness and can modulate the ductile-to-brittle transition temperature of fracture downward. This be-
havior has been studied now in bicrystals of Fe-3%Si alloy in detail. It was noted that the twist misorientation across a
high angle boundary has a more profound effect on cleavage fracture resistance than the tilt misorientation. Specific
measurements of such resistance over a random selection of high angle grain boundaries in bicrystals and associated
fractographic studies have led to quantitative models of the resistance that high angle grain boundaries offer to cleavage
cracks. The study has also revealed a transition from pure cleavage to mixed cleavage around 0 °C for this alloy above
which the observed definite increment of fracture work could be associated with the sigmoidal plastic bending and

rupture of ligaments left between separate cleavage strips in the adjoining grain.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The subject of high angle grain boundaries and
their role in affecting the plastic resistance and
fracture behavior of polycrystals has been of
continued interest. In either case, grain boundaries
compartmentalize processes in individual grains
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and break up both slip operations and limit the
propagation of cleavage cracks from grain to
grain. Their roles in affecting the plastic resistance
of polycrystals, starting from considerations of
initial yielding behavior (Hall, 1951; Petch, 1953)
to introducing intercrystalline constraints that in-
fluence compatibility of deformation between
grains have been actively explored over the years,
but are not of interest to us here. In many respects
the role of grain boundaries in fracture is far wider
in terms of phenomena than their role in mod-
ulating plastic deformation. Among the many
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effects of grain boundaries on fracture, including
initiation of microcracks by arrest of slip bands
(Zener, 1949; Stroh, 1954, 1955) or deformation
twins (Hull, 1960), and triggering of cleavage
fracture through the cracking of grain boundary
carbides (McMahon and Cohen, 1965; Knott and
Cottrell, 1963; Ritchie et al., 1973; Knott, 1997),
here we are interested primarily in the role of grain
boundaries in modulating cleavage cracking across
grain boundaries.

In an early fundamental experimental study of
the processes that lead to transitions of fracture
from ductile-to-brittle forms in polycrystalline
steel Hahn et al. (1959) noted that with decreasing
temperature and rapidly increasing plastic resis-
tance, prior to the onset of full brittleness, slip
induced dormant grain sized microcracks appear.
This demonstrated clearly that in the initiation of
brittle response while microcrack nucleation by
obstructed slip or twining processes is an impor-
tant precursor, such microcracks have to break-
through grain boundaries to initiate global brittle
behavior, indicating that grain boundaries offer an
important resistance to propagation of cleavage
cracking among grains in the nature of acting as
“fire breaks”. It is this particular role of high angle
grain boundaries in affecting cleavage cracking
resistance which retards brittleness that is of pri-
mary interest here. While this behavior has been
well appreciated, definitive studies of the effect to
ascertain the nature of this fracture resistance in
intrinsically brittle materials is rare. The few de-
finitive studies have been limited to the assessment
of such resistance by individual grain boundaries
with known lattice misorientation, in hydrogen
charged Fe-3%Si alloy by Gell and Smith (1967)
and to some models considering such resistance by
Anderson et al. (1994), Crocker et al. (1996) and
McClintock (1997).

In the present study we have explored in
considerable detail the particular forms of
processes that affect the break-through of cleavage
cracks across specific grain boundaries with
known misorientation of tilt and twist across them
and how this governs the specific levels of re-
sistance to cleavage crack propagation across
grain boundaries in both its topological features
and its kinetics, leading to specific models of such

resistance. In a companion study we have broad-
ened the observations and the models to the re-
sistance of cleavage cracking through a field of
grain boundaries in both homogeneous Fe-2%Si
alloy as well as homogeneous (free of pearlite) low
carbon steel (Qiao and Argon, 2003).

2. Experimental details
2.1. Material

The principal thrust in the present research was
the elucidation of the effect of high angle grain
boundaries on the resistance to cleavage crack
growth in iron and steel. This was pursued by a
detailed study of the effect in a substantial set of
bicrystals with a wide range of lattice misorienta-
tion. The pursuit became possible through the
donation of a large ingot of Fe-3%Si alloy by the
Allegheny Ludlum Steel Co. In the slowly cooled
ingot of about 12 cm thickness the size of grains
ranged from roughly 5 mm diameter on the surface
to about 50-80 mm in the interior. The chemical
composition by weight of the material as given in
Table 1 indicates a substantial carbon content.

Metallographic examination of the microstruc-
ture of the as-received ingot revealed a high con-
centration of very large size elongated carbides,
ranging in size from 10 um to fractions of a
millimeter, and with the carbide size increasing
with increasing grain size. In addition a high
concentration of ubiquitous narrow deformation
twins were also found in most of the possible
variants. Preliminary cleavage studies of grains
indicated quite significant perturbations to the
growth of cleavage cracks by the narrow defor-
mation twins and to a much lesser extent by the
carbides. Nevertheless, the carbides were removed
by a special two step schedule of decarburization
of the material to be described below. Predictably,
the deformation twins proved quite resistant to
removal by any meaningful heat treatment.

Table 1
Chemical compositions of the Fe-3%Si ingots as-received
Elements C Si S P

Content in weight (%) 0.63 34 <0.01 <0.01
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2.2. Material preparation

2.2.1. Harvesting of bicrystals from the ingot

The entire set of bicrystals used in this investi-
gation were harvested from a special block of a Fe—
3%Si alloy ingot. The block of roughly 12 cm
thickness had lateral dimensions of 30 x 40 cm.
Out of this block 2 slices of ~6 mm thickness were
cut across the thickness direction of the block. The
slices were surface ground to a fine finish. By virtue
of the large grain sizes in the ingot many grains in
the slices were of a through-thickness nature. The
surface-ground slices were etched in 3% nital for
~24 h to reveal the low energy (100) facets in the
large collection of grains contained in the slice.
Most grains, being randomly oriented in relation to
the ground surface of the slice, produced pyramidal
etching facets representing corners of cubes of
{100} type planes. There were, however, also
grains which exhibited only sets of two etching
facets indicating that such grains contained one of
their (100) directions lying in the ground surface.
Finally, there were several quite large grains of 25—
30 mm diameter which contained no etching facets
but only a set of shallow etch pits with flat bottoms,
signifying that these grains had one of their {100}
planes lying parallel the surface of the slice and
containing two mutually perpendicular {100}
planes perpendicular to the surface of the slice as
depicted in the sketch of Fig. 1. These grains with
their adjoining family of attached smaller grains
were candidates for extraction of bicrystals. X-ray
Laue back-reflection analysis confirmed the accu-

racy of this method of determination of grain ori-
entation by etching. Upon identification of the
desired central grain, it and its surrounding grains
were removed from the large slice by electrical
discharge machining (EDM). The large properly
oriented central grain was identified as A. Further
EDM sectioning parallel to one or the other of the
(100) type directions of grain A across its bound-
ary into the surrounding grains then furnished a set
of bicrystal pairs A and B. Since two adjacent slices
of the ingot contained further extensions of grains
A and most of the surrounding B grains, a number
of identical prismatic bicrystal pairs could also be
harvested which were utilized in repeating some
experiments or to explore the temperature depen-
dent response of identical bicrystal pairs. The ori-
entations of the surrounding B grains were all
obtained by X-ray Laue back-reflection analysis.

2.2.2. Characterization of lattice misorientations of
surrounding grains

As will become clear from our experimental
results to be presented in Section 3, the form of
interaction of a cleavage plane with a grain
boundary and its penetration into the adjacent
grain B is governed primarily by the tilt and twist
misorientations of the adjoining grain across the
grain boundary, (see also Gell and Smith, 1967).
The angles of tilt i, and twist ¢ of grain B across
the grain boundary plane, relative to grain A can
be given as (Fig. 2),

Y= g — acos(oz sin ff + a3, cos ff) (1a)

bicrystal pieces with
the same crystal
orientation of both
grains A and B

| — bicrystal pieces
with different crystal
orientations of grain B

Fig. 1. Sketch demonstrating the method of harvesting bicrystals from an Fe-3%Si alloy ingot containing large grains.
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Fig. 2. Determination of lattice tilt and twist misorientations
across a grain boundary in a bicrystal.

@ :E—acos(om cos f§ + a3 sin fB) (1b)

2

in Egs. (1a) and (1b) o3, and a3, are the direction
cosines locating the unit normal vector n of the
principal cleavage plane of grain B relative to the
axes i and j of grain A, parallel to the [100] and
[010] directions respectively of that grain; and
where f is the angle between a vector d, parallel to
the line of intersection of the grain boundary with
the principal cleavage plane (00 1) of grain A and
its [100] direction as shown in Fig. 2 (Appendix
A). Ideally, the angle f should have been zero, but
could not be controlled in the experiments. As the
fractographs show it was often in the range of 20—
30°, without any significant effect on the mecha-
nisms discussed in Section 3. While the inclination
of the plane of the grain boundary also requires an
angle o giving the rotation of the plane of the
boundary about the vector d in the boundary, this
degree of freedom is considered inessential since
the interaction of the cleavage crack in grain A
with the grain boundary in its traverse into grain B
is primarily governed with respect to a virtual
boundary perpendicular to the cleavage plane (ny).
Through the form of preparation of the bicrystals
it was possible to obtain 17 different bicrystal pairs
with relatively random distribution of tilt and twist
angles yy and ¢ of grain B relative to the boundary
planes with grain A. The different tilt and twist
angles of these 17 different bicrystals are given in
Table 2.

Table 2

Characteristics of the 17 bicrystal samples: measured values of Kjcgp/Kica and normalized experimental and computed toughness compared

Sample

11 12 13 14 15 16 17

10

0.157 0.140 0.122 0.140 0.594 0.229 0.402 0.052 0.385

0.210 0.367 0.490 0.524 0.280

0.175 0.210 0.331

W
@

0.559 0.052 0.245 0.367 0.332 0.734 0.069 0.210 0455 0.699 0.052 0.297 0.227 0.455 0.245 0.069 0.542

1.461

1.226 1.192 1575 1.042 1.233 1283 1.602 1.036 1.225 1.141 1.404 1.204 1.121 1425
1.046 1.030 0.923 1.000 1.073

1.168

1.049

Kicas/Kica

1.078 0.969 0.921

1.002  0.995

1.132 0942 0.977 0.967 1.096 0.964 0.984

(AKicos)g/(AKicos) e
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2.2.3. Decarburization of bicrystals

To eliminate the complicating and undesirable
interactions of cleavage cracks with the large car-
bides all bicrystals were decarburized according to
a stringent schedule (Birks, 1969; Thelning, 1984).
The schedule consisted of first breaking-down the
carbides by a prolonged period (60 h) of soaking
of the bicrystals at 1400 °C in a nitrogen envi-
ronment which successfully dissolved all carbides.
This treatment was followed without interruption
by a holding time of 2.5 h at 1200 °C in a hydrogen
environment to extract the dissolved carbon. The
schedule ended with a slow furnace cooling to
prevent entrapment of hydrogen and embrittle-
ment. The remaining carbon in the decarburized
bicrystals was less than 0.1% by weight and en-
tirely in solution. A final picral etch detected no
carbides in the grains. There was no measurable
change in the Si content as a result of the decar-
burization treatment. As expected, the prolonged
decarburization treatment had no effect on the
population of the narrow deformation twins.

2.2.4. Welding of bicrystals into double cantilever
beam “‘carrier” samples

The average size of the harvested and decar-
burized bicrystal slabs was 40 x 10 x 4 mm. These
were electron-beam welded into fine grained 1020
steel carriers according to a special welding pro-
cedure to minimize residual stresses in the con-
struction of the double cantilever beam (DCB)
specimens. The procedure is depicted in Fig. 3
showing the five separate welding paths to attach
the bicrystal slabs to the three 1020 steel blocks

Bicrystal piece of Fe-3.4%Si alloy

1 1
E—

ks
LAl B |
I 3 T>

5 I

v »

1020 Steel carrier

Fig. 3. Schedule of assembly by EB welding of bicrystal slabs
into 1020 steel carrier blocks to form DCB specimens.

(always individually produced for each bicrystal)
with minimal distortion. The unwelded space be-
tween blocks I and II becomes the main part of the
initial crack. After welding, the DCB specimens
were stress relieved at 400 °C for 2 h, and subse-
quently surface ground to a final thickness of
somewhat under 4.0 mm. To reduce the risk of
cleavage cracks turning out of the desired median
plane, shallow side grooves of 60° angle were
machined by a special cutter with a contoured tip.
The combined depth of the side grooves reduced
the central ligaments of the DCB samples to b,
roughly 3.0 mm. At the tip of the crack, grain A,
was provided with a 45° chevron by EDM milling.
In this manner 17 DCB samples were prepared for
the first phase of the investigations at —20 °C.

2.3. Single crystal tension tests

Single crystal tension specimens were cut out
from a single large grain to carry out stress—strain
experiments to determine the temperature depen-
dence of the plastic resistance of the material of
interest for reference. These specimens had not
been decarburized since the remaining carbon in
the material outside the carbides was at the solu-
bility limit and that the relatively small volume
fraction of the large carbides would affect the
plastic resistance only to a minor extent. The
Schmid factor for the principal {110}(111) type
slip system was 0.44 while that for the alternative
{112}(111) system was 0.37. Because of the low
temperatures in the test and the higher Schmid
factor, the (1 10)[11 1] system was taken to be the
active one in the evaluation of the plastic glide
resistance.

2.4. The wedge-loading test configuration

To achieve the best conditions of propagating
the cleavage cracks to probe the grain boundaries
in the bicrystals, a stiff loading arrangement having
a minimal compliance C, was devised which is
shown schematically in Fig. 4. The DCB specimen
containing the specific embedded bicrystal was
pried apart by means of a hardened steel wedge



318 Y. Qiao, A.S. Argon | Mechanics of Materials 35 (2003) 313-331

@ Cross-head of Instron machine @

L’ﬁ_‘—a—ll Load Cell

constant cross-head

speed
2 7 72— Grip Rod
Al/
é/ Wedge
Environmental 2
Ch:
amber \ 4 Wedge Angle
__/2 & = 10°
!
Grain A 7
‘k__/" 1020 Steel Duublc-cann-
4\ lever Beam Carrier
Stably Propagating ™~ f—J?—Precrack Surface {100}
Crack “‘“51‘_ I L
- Rf‘E-bcam Welding Zone
/v'—\ (BD;der of the Bicrystal
Crack arpested/é/ Pair)
atG.B.
1 ’
Grain B / Grain Boundary

Fig. 4. Arrangement to perform wedge-loaded crack propaga-
tion experiments in DCB samples.

with a wedge angle of 10°. To reduce friction be-
tween the DCB specimen slab and the wedge, both
contacting surfaces were covered with a graphite
spray. The wedge was driven-in by the cross-head
of a type 5508 Instron machine. The wedge inser-
tion load was measured by a type LWO0-300 flat
compression load cell, having a compliance,
Cie = 1.86 x 107" m/N given by the manufacturer,
Transducer Techniques Inc. The loading rod,
made out of solid stainless steel was kept as short
as possible. The measured overall compliance Cy,
of the loading system was 9.0 x 10~® m/N which
was roughly 1% of the opening compliance of a
typical DCB specimen.

The environmental chamber made up of alu-
minum sheet metal with an external layer of Sty-
rofoam insulation, contained a Plexiglas window
to view the specimens. The temperature in the
chamber was maintained directly by a stream of
cold nitrogen gas, fed into the chamber, and was
controlled at a desired set-point by an Omega
JK12 controller through a cryogenically rated so-
lenoid valve in the liquid nitrogen piping system.
Temperature uniformity in the specimen, in equi-
librium with its surroundings, was reached typi-
cally within 15 min.

JPr@)
1 £Z3=(al + AaA + AaB)
A
F
Pylay)
i 1
: l |
P BN |
1 s :
a;=(a, + Nay) !
//)' ’// E \\\':'\
/0 ,I(/ ! ! \\\\\
e 1 ! S~
/’:/ : : ! GIA
P :
O /’// 1 1 1
0 o 9, 95

Fig. 5. Idealized opening load, P, vs. opening displacement, 9,
response characteristic of the DCB specimen in a “reversible”
manner.

2.5. The ideal wedge-loading experiment

Fig. 5 represents the idealized response of the
DCB specimen to the propagation of a cleavage
crack across a single grain boundary in a bicrystal.
While the actual behavior always differed from
the idealized one, the latter serves to give a well
defined framework to evaluate the response in a
quantitative manner.

In the ideal response the crack in grain A begins
to grow when the load reaches Py at the opening
displacement 6, where the elastic energy release
rate from the DCB specimen equals the specific
work of fracture Gicp of grain A (or its critical
energy release rate) following a characteristic de-
scent curve P vs. J, given by:

3/4
P—poics 2)

where D = (ER®)"/*(b/8)(16/3)*'* is a constant of
the DCB specimen, where b is the DCB specimen
thickness, and 4 is the height of its arm.
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The crack grows by Aa, until it encounters the
grain boundary at a load P, and opening dis-
placement J,. The area (OF,P,) of the P vs. ¢ di-
agram represents the work of crack extension by
Aaya, giving an estimate for Gyca:

Area(ORP,)

3
bnAaA ( )

Gica =

where b, is the thickness of the DCB specimen
across the roots of the side grooves. At this point
the cleavage crack probes the grain boundary and
begins to penetrate into grain B in which by virtue
of its misorientation, and for reasons to become
clear by the fractographic evidence described in
Section 3, the specific work of fracture in grain B,
Gicp, (in terms of crack growth in the median
plane of the DCB specimen) is larger than Gica.
Thus, to initiate a further extension of the crack
from a length of (ay + Aaa) requires a load in-
crease along line OP, to past point Pj, to point
(Ps, 93) where the peak grain boundary penetration
resistance is reached and the crack advances under
an excess driving force into grain B by an amount
Aag in a sudden jump, accompanied by a charac-
teristic load drop AP = P; — P,. During this crack
jump a certain work Wgp of breaking-through the
GB is coupled with an increment of work of
fracture of grain B over the crack growth incre-
ment of Aag. In Fig. 5 the former is represented by
the area (PyP;P,;) while the latter with area (OP;Py).
In the experimental evaluation of the resistance of
grain boundaries the above separation of the effect
into work of boundary break-through and cleav-
age crack propagation in grain B was not made
and the entire effect was evaluated simply by de-
fining the stress intensity increment AKjcgpg based
on AP’ = P; — P, of Fig. 5 representing the col-
lective actions of the resistance of the GB to break-
through.

In the actual wedge-loading experiment the
initial penetration of the cleavage crack into grain
A is not quasi-static but always requires an excess
of “driving force” indicated by the dotted rise of
load to P, due to a variety of imperfections at the
initial crack tip. The crack then jumps through
grain A under decreasing load (P, — P,) until it is
stopped at the grain boundary.

3. Experimental results
3.1. Single crystal experiments

The temperature dependence of the tensile yield
stress and the critical resolved shear stress on the
primary {110}(111) system and the alternative
{112}(111) system is given in Fig. 6. The plastic
glide resistance (the CRSS) rises from a plateau of
around 150 °C from a level of 80 MPa with in-
creasing slope to a substantial level of 240 MPa
around —50 °C. The higher temperature plastic
resistance at 150 °C is most likely governed by the
solid solution strengthening of the 3% Si. The rise
below 50 °C is attributed to a combination of
lattice resistance and solid solution resistance. The
low temperature plateau below —50 °C and the
quite erratic behavior there is attributed to an
onset of deformation twinning. Fig. 6 also shows a
corresponding rise in the fracture stress which
below —50 °C is far less affected by twinning. For
our modeling discussed in Section 4 below, we are
interested in CRSS on the {1 10}(111) system.

3.2. Bicrystal fracture experiments at =20 °C

Fig. 7a shows the dependence of the DCB
opening force P on the associated crack opening

0.8
Twining Stress

0.6 Fracture Strength
Stress |, A
(GPa) °

0.4 o

020222120,

;.\ . _-{CRSS on {110}<111>
CRSSon T eee-eLLL -
0.0 {112}<111>
-100 -50 0 50 100 150

Temperature (°C)

Fig. 6. Temperature dependence of the tensile yield strength,
tensile fracture strength, and critical resolved shear stresses on
the {110}(111) and {112}(111)slip systems on single crystal
tensile tests of the Fe-3%Si alloy. The dotted horizontal line
through the region of scatter reflects an approximate level of
twining-controlled yielding.
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Fig. 7. (a) An actual P(d) curve for a wedge-loading experiment of a DCB sample depicted in (b).

displacement ¢ at the contact point of the wedge in
a typical experiment. Because the crack tip was
imperfect as produced, the crack propagation was
not of a quasi-static nature as outlined in Section
2.5. In the figure the solid contour represents the
recorded experimental data while the dashed
curves are the fitted ideal response characteristics
that resemble those discussed in Section 2.5.
During the load rise from 0 to 1 the crack, of
length a; in Fig. 7b elastically flexes, exerting an
increasing stress intensity. At a point past 5 of the
initial DCB flexure line the crack begins to grow
across the chevron, indicated by the slight decrease
of the loading slope. Because of crack tip imper-
fections the crack becomes overstressed to reach a
K7 level exceeding somewhat the Kjc for quasi-
static growth. At point 1, K7 for initiation of crack
growth is reached, the overstressed crack jumps in
an unrestrained manner across grain A and comes
to rest at the grain boundary. At this stage the
crack probes the grain boundary and, in a way
that will become clear from the SEM observations,
it begins to penetrate partially into grain B, but a
full penetration requires an increase in the crack
“driving force” K along a new loading line with
smaller slope due to the increased compliance.
When point 3 is reached, under the increment AKj,
the crack breaks-through the grain boundary and
penetrates into grain B by a further unstable jump.
The crack comes to rest on the opposite border of
grain B with the polycrystalline background, i.e.,
at point 4. The subsequent serrated loading be-
havior past point 4 conveys no relevant informa-
tion.

The curve of Fig. 7a shows that frictional effects
are still present between the wedge and the con-
tacting faces in the DCB specimen, demonstrated
by the fact that the loading does not start from
zero but from a finite resistance. This artifact is
formally rectified by shifting the origin of the
loading curves to zero.

From basic beam theory the stress intensity
probing the crack tip in grain A at the start can be
stated as

Ky =TPa 4)
where
po 2 5

(1 = V)b

in which P is the applied DCB opening load with
an initial crack length of a; and the other quanti-
ties are as defined in Section 2.5. Thus, the initial
crack growth resistance Kjca for grain A, then is:

KICA = FP1a1 (6)

where a; is the initial crack length and P; the
critical load to initiate its extension at point (1) in
Fig. 7a. The unstable jump of the crack is arrested
at point (2), when the crack runs into the grain
boundary.

Finally, the stress intensity K3 to break-
through the grain boundary can be taken similarly
to be

K|3 = FP3£12 (7)

where a, is the total crack length abutting on the
grain boundary. Then, the incremental fracture
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toughness AKjcgg attributable to the grain
boundary fracture resistance can be taken as
AKicg = F'ay(Ps — Py) (8)
In this manner altogether 17 bicrystal samples of
different lattice misorientations between grains B
and A were probed. The resulting measurements
of the AKjcgg normalized with the overall average
Kica for these 17 bicrystal experiments are given in
Table 2 as a function of the individual tilt and
twist angles y and ¢. The overall average of the
measured Kjcp was 14.1 £0.6 MPa /m. This va-
lue is of substantial magnitude and requires an
explanation which we will provide in Section 4.1.
Examination of the reported values of Kjcgs/Kica
in Table 2 shows a clearly discernable increase
with the twist angle ¢.

The above development is based on simple
beam theory. Somewhat more exact developments
are possible, such as that given by Kanninen
(1973), but differ in results from the simple theory
by less than 5%.

3.3. Fracture transition experiments in bicrystals

To explore how the grain boundary modulates
the cleavage cracking across it with changing
temperature two sets of additional bicrystal sam-
ples were prepared for use in wedge cracking ex-
periments in a temperature range between —20 and
21 °C. In the first set which we label as set “C” it
was possible to use six other available bicrystal
samples of type “6” in Table 2, i.e., with tilt and
twist angles of y = 7° and ¢ = 42°. For the second
set nine bicrystals of a rather different misorien-
tation consisting of y = 8° and ¢ = 12° were ex-
tracted from the remaining large slice of the same
ingot. This set is labeled as “D”. The measured
Kicge values normalized with Kjcs are listed in
Table 3 and are also shown in Fig. 8 as

22
o Bicrystal Set “C”
¢ Bicrystal Set “D”
o
1.8 | o
KicaB | 0
Kica ° .
14} . '
o © ° *
0025 15 -5 5 15 25

Temperature (°C)

Fig. 8. The temperature dependence of the normalized grain
boundary break-through toughness for two special orientations
“C” (O) and “D” (@) showing a cleavage to mixed-cleavage
transition at about 0 °C.

AKicgp/Kica over the temperature range, where
Kica 1s considered temperature independent. The
figure shows that there is a readily recognizable
transition in the grain boundary cracking resis-
tance between —2 and 0 °C in these two sets. The
increment in cracking resistance is distinctly higher
in set “C” with the larger twist misorientation
angle. The nature of this transition will be clarified
with the SEM fractography observations pre-
sented in Section 3.4. Since the fracture appear-
ance in the entire temperature range remains to be
substantially of a cleavage nature the transition
has been labeled as a cleavage to mixed-cleavage
transition.

3.4. Fractographic observation

3.4.1. Fracture surfaces in grain A
Fig. 9a and b show portions of the cleavage
fracture surfaces of grain A at —20 °C for a case

Table 3
Measured normalized Kicgp/Kica for the two specimen sets of bicrystal experiments carried out in the temperature range of —20 to
21 °C.

T (°C) -20 -10 -6 -3 2.5 5 10 21

Set “C™* 1.587 1.312 1.319 1.631 1.936 - - - 1.814

Set “D’’P - 1.114 1.106 1.199 1.340; 1.262 1426 1.348 1.440 1.503

#Bicrystal set “C” had = 7° and ¢ = 42°.
®Bicrystal set “D” had y = 8° and ¢ = 12°.
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Fig. 9. SEM micrograph of fracture surface of grain A before
decarburization showing repeated arrest and re-initiation of the
cleavage crack by deformation twins (b) same observations
after decarburization.

without decarburization, and one with decarburi-
zation respectively. Fig. 9a shows that the crack
has been intercepted by the occasional large car-
bides. However, there are no significant emana-
tions of cleavage river markings from these
encounters, indicating that they have not played a
significant role in the basic cleavage fracture. A
much more significant interaction of the cleavage
crack occurs with the deformation twins. There are
many examples in both figures of repeated arrest
of the cleavage crack by the narrow twins followed
by points of break-through marked by river
markings emanating form these points. Stereo-
scopic observations of the encounters of the crack
with twins indicated that these repeated arrest and

Gpém

Pousdary

] Crack Pmp atlon J
Direction /

Fig. 10. SEM micrograph showing a “regular mode” of entry
of a cleavage crack across a grain boundary into grain B along a
series of twisted tiered cleavage strips in a specific case of bi-
crystal 14.

reinitiation events of the cleavage crack by twins,
fragments the crack plane into separate strips ad-
vancing at different levels. Since the fracture
toughness in cleavage-like fractures correlates well
with the fracture surface roughness, this roughness
was measured with a Zygo Interferometer ' on
several fracture surfaces of grain A in the low
temperature range and was found to be of a rms
roughness amplitude of 2.7 pm.

3.4.2. Fracture across grain boundaries at —=20 °C

Detailed fractographic examination of the
penetration of the cleavage crack from grain A
across the boundary into grain B exhibited two
limiting modes. Fig. 10 is a micrograph showing
the dominant limiting mode identified as “‘regu-
lar”, of entry of the cleavage crack from grain A
into grain B in bicrystal 14 (y = 21°; ¢ = 26°).
After initial arrest, and within the characteristic
increment of crack tip driving force, as depicted in
Fig. 5, the arrested cleavage crack front penetrates
into grain B at a number of relatively evenly
spaced points a characteristic distance w apart.
The fully penetrated cleavage crack in grain B

! An instrument that uses scanning white light interferom-
etry to image and measure the micro structure and topography
of surfaces in three dimensions (New View System 5000,
produced by Zygo Corp. of Middle-field, Connecticut).
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Grain A

Secondary Cleavage
(ridges)

Fig. 11. Break-through of a cleavage crack across a grain boundary.

forms a series of “‘stair-case-like” tiers with flat
surfaces of width w/ cos ¢, with the twist inclina-
tion ¢ of the planes relative to the cleavage crack
plane in grain A. In a transition region the indi-
vidual cleavage facets bow into the designated
strips from their entry points as depicted in Fig.
11, forming the tiered primary cleavage facets of
grain B and in the process producing secondary
cleavage-like fracture facets connecting up cleav-
age strips in grain B. At the critical condition the
remaining grain boundary facets also give way by
a combination of shear fracture or plastic shearing
off, to complete the stair case type propagation of
cleavage into grain B.

Since the distances w between the break-
through points along a grain boundary on the
cleavage plane of grain A, were judged to be an
important dimension in assessing the penetration
resistance of a grain boundary to cleavage cracks,
the number distribution of the distances w was
measured for three separate grain boundaries.

These boundaries identified as 13, 14 and 10
had systematically increasing angles of twist mis-
orientations. Fig. 12a—c show these distributions
of w spacings between break-through points along
the cleavage crack. All three distributions show
rather similar shapes which fitted reasonably well
to a log—normal distribution function p(x) given as

1 (Inx — p)*
p(x) = m exp( - T) 9)

for x > 0, where x = w/wj represents a normalized
length parameter, and the parameters ¢ and pu
govern the shape of the distribution function, with
wo=1.0x107® m. The mean value ¥ and the
standard deviation s of the distributions are given
by

x = exp[{(2u + o?)] (10)

s = [exp(2u + 0)*(expo® — 1)]'7 (11)

Specific evaluations of the distributions in samples
13 and 10 gave a peak value of the distribution in
the range of roughly 2.5-3.0 um for both sample
13 (w=3.47 um; s = 2.76 um) and for sample 10
(w=5.18 pm; s = 4.12 um). The detailed exam-
ination of the ordering of these distances of break-
through along the three individual boundaries,
showed no important spatial clustering. There
were no clear correlations between the distances w
and the lattice twist misorientation angle, contrary
to what might have been suspected. From these
observations we conclude that the selection of the
points of break-through by a cleavage crack along
a grain boundary into the adjacent grain appears
to be a random process, with the spacing w pos-
sibly depending only on a grain boundary struc-
tural feature.

Fig. 13 shows an example of an ‘‘irregular”
penetration mode of the cleavage crack across the
grain boundary in the bicrystal sample 13. In this
case the cleavage crack has encountered the grain
boundary first in a restricted region, and has
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S80UN
GrainA

Grain B

Fig. 13. SEM micrograph showing a case of an “irregular”
mode of more localized break-through across a grain boundary.

penetrated across the boundary in a less regular
form of entry points. As indicated by the river

markings in grain B, the cleavage crack has then
swung around and returned from grain B back to
grain A, as depicted in the schematic of Fig. 14.

Break-through Zone

Grain B

Grain A

™3

Crack in Grain A

Grain Boundary

Fig. 14. Schematic showing an occasionally encountered case
of local break-through of a grain boundary into grain B fol-
lowed by return of the cleavage crack from grain B back into
grain A.
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3.4.3. Fractures across grain boundaries above the
cleavage to mixed-cleavage transition
Fractographic observations of cleavage transi-
tion from grain A to grain B indicated very similar
features with, however, a significant difference in
the appearance of the cleavage fracture surface of
grain B, shown in Fig. 15. The cleavage facets in
grain B are produced in a very similar manner as
depicted in the sketch of Fig. 11. There is, how-
ever, considerable undercutting at the overlap re-
gions of the primary cleavage strips. Instead of the
formation of secondary cleavage- like fracture
facets, bridging the primary strips, the ligaments
between strips have undergone considerable
sigmoidal plastic bending as depicted in the sketch
of Fig. 16 where the cleavage strips are viewed
from grain B toward grain A. This suggests that a
significant portion of the additional fracture work
in the mixed-cleavage plateau does not occur at
penetration of the grain boundary, but immedi-
ately subsequent to it, affecting the fracture work
of grain B all along its length, but requiring a
substantial initial increase in the rate of produc-
tion of fracture work at the critical stage of break-
through. These various fracture surface features
encountered in the bicrystal penetration experi-
ment have been found in abundance in the transit
of cleavage cracks across grain boundaries in

Grain A

Fig. 15. SEM micrograph showing ‘“‘undercutting” between
adjacent cleavage strips, followed by sigmoidal plastic bending
of connecting ligaments in grain B accounting for the increase
in the break-through fracture work above the cleavage-to-
mixed-cleavage transition.

I<ICMCO) Z77~ 05277 Cleavage terraces
//,/';////A in Grai%el'ite
a
e W
(©)

{

Fig. 16. Schematic depicting the connecting secondary cleav-
ages between parallel cleavage strips in grain B below the
cleavage-to-mixed-cleavage transition, and (b) and (c) above the
c-to-mc transition with the sigmoidal plastic bending and rup-
ture of connecting ligaments, as viewed from grain B toward
grain A.

coarse-grained polycrystalline samples of Fe-2%Si
alloy (Qiao and Argon, 2003).

4. Models
4.1. Work of cleavage in a grain

As discussed above, the fracture toughness Kjca
of individual grains A of the bicrystal pairs, at —20
°C was found to be quite reproducible at an av-
erage level of 14.1 MPa/m which converts to a
very substantial work of fracture of Gjca = 850 J/
m? that requires explanation. Examination of the
fracture surfaces in Fig. 9a and b shows only
characteristic cleavage markings, but also much
evidence of strong interactions of cleavage cracks
with deformation twin bands resulting in periodic
arrests and reinitiations of the cleavage cracking,
and in the fragmentation of the cleavage plane into
separate strips advancing at different levels as al-
ready pointed out above. There was considerable
additional evidence, as shown e.g. in area “0” of
Fig. 9b, of repeated weaker crack arrest, and re-
initiation events resulting in the production of sets
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of smaller cleavage strips, indicating a very jerky
nature of crack advance, modulated by the twins
and possibly by other dislocation microstructure.
The net effect of these crack plane shunting pro-
cesses has resulted in a tiered fracture surface with
an rms roughness of 2.7 um as reported above. We
view this fragmentation of the crack plane as the
source of the substantial critical crack opening
displacement J. associated with the crack advance.

In conventional interpretations of linear elastic
fracture mechanics, in a small scale yielding set-
ting, these measurements would be interpreted as
having resulted from a quasi-statically advancing
crack tip possessing a plastic zone of a radius
rp &~ (1/m)(Kica/Y)” ahead of it, and a critical
crack opening displacement o6, = r,(¥Y/E) where ¥
would be the quasi-static tensile yield strength and
E the Young’s modulus. In the present case where
the prevailing values are Y =0.25 GPa, and
Kica = 14.1 MPa/m, these expressions would
give r, = 1.0 mm and J. = 1.15 um respectively.
While these estimates are not too unreasonable,
the critical plastic zone size is somewhat too large
and the opening displacement too small in com-
parison with expectations based on the funda-
mentally cleavage nature of the fracture surface
features. Moreover, the development suggests a
very conventional response of a plastic dissipation
process preceeding the cleavage cracking as is
typical in “upper shelf” cracking response, where
the final cleavage separation in the previously
plastically deformed zone is assumed to make only
a negligible contribution to the overall fracture
work.

In the present case where the temperature at
—20 °C is roughly 270 °C below the conventional
brittle-to-ductile transition temperature (Qiao and
Argon, 2003), and the fracture surface features
give much evidence of a jerky advance of a
fragmented cleavage crack, far removed from a
quasi-static response, we view the events of crack
advance in a different order. We start by noting
that the Fe-3%Si alloy is an intrinsically brittle
solid, embrittled further by the high concentration
of Si which is a potent-solid solution strengthening
agent in Fe. When a “‘steady state” form of crack
advance is established, with all its jerky features, as
evidenced from the fracture surface markings of

Fig. 9a and b, the average crack plane becomes
fragmented, as discussed above, into a set of sep-
arate parallel cleavage strips. As depicted in Fig.
17, the separate cleavage strips of average width,
wy, are considered to penetrate into undeformed
material at the tip of a process zone, (PZT), of
extent 4., without any accompanying plastic dis-
sipation. This is in conformity with expectations
from an intrinsically brittle solid well below its
transition temperature where conditions of crack
tip cleavage are reached well before conditions of
plastic flow. As the cleavage strips of the PZT
advance on planes randomly separated over a
range o, the edges of the strips that are left behind
are subsequently bridged by processes of second-
ary cleavage-like fracture with plastic rubbing and
some fragmentation. The major element of dissi-
pative work is then done in the process zone of
extent 4. until the two flanks of the rough cleavage
crack are separated by the distance J. and all
contact is terminated at point (CT), the crack tip.
Such a process in which the inelastic dissipation is
subsequent to the advancement of the cracking
front resembles those frequently encountered in

+ Kr

CT %A
" 7¢ CCOD = éc

Crack

*K[

Fig. 17. Schematic depicting the mode of advance of a frag-
mented cleavage crack resulting from the repeated arrest and re-
initiation phenomena of the crack by deformation twins. The
fragmented cleavage cracks advance without accompanying
plastic dissipation, while all plastic dissipation associated with
the propagation is accomplished through the plastic shearing
and rubbing of secondary cleavage surfaces within a critical
process zone of extent 4., subsequent to the critical cleavage
penetration.
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brittle composites reinforced with discrete fibers of
a given length (6.) (Argon, 2000). The mechanics
of the advance of such a process zone in which a
characteristic traction separation (TS) process, il-
lustrated in Fig. 18 is present and “processes”
unbroken solid into fully separated crack flanks
has been considered in detail by Andersson and
Bergkvist (1970) (AB). We adapt our findings to
their model. In that model which approximates the
descending portion of the TS process law by a
straight line over the separation distance
CCOD = 4., the critical process zone size 4. is
given by
E
0B

where the constant i, = 0.43 is obtained from a
numerical solution, op is the average cohesive
strength required to advance the cleavage front
forward, and the CCOD is taken as the rms
roughness range . = 2.7 x 107® m as measured
here. With the prevailing parameters as given
above, and taken o as 1.0 GPa, the process zone
size is estimated to be 2.5 x 10~* m. Moreover, the
AB model gives the essential work of fracture
consisting of the inelastic dissipative processes
along the process zone as

og(CCOD
Gren = 20D (13)
o ‘r
OB
Y Ideal curve
'
. \\ Actual curve
AN
Uo S, - u

Fig. 18. An idealized traction separation TS profile demon-
strating dissipative action in the process zone as proposed in the
Andersson—Bergkvist model.

For the above chosen parameters Gica becomes
1350 J/m?, or somewhat larger than the measured
value of 850 J/m?, with the discrepancy being
readily accountable by a most probable drooping
shape of the TS law, as depicted in Fig. 18. Finally,
from these developments the cleavage strip width
wy can be calculated, as

_ Y(CCOD)?
" 2V3Giea

for a tensile flow stress of ¥ =0.25 GPa and a
Gica = 850 J/m?, as measured experimentally.
Where it is assumed that the inelastic dissipation
occurs as plastic shearing.

While we prefer this interpretation of plastic
dissipation subsequent to the initial cleavage pen-
etration over the more conventional approach of
cleavage following plastic dissipation, the actual
behavior might be a combination of these two
limiting responses.

~0.62x 10° m (14)

4.2. Cleavage resistance model of grain boundaries

Referring to Fig. 10 representing the regular
mode of penetration into the adjoining grain
across the grain boundary and the schematic of
Fig. 11, we view the sequence of processes of
penetration of the cleavage crack up to the point
of peak resistance as follows:

By a quasi-regular sampling process, the nature
of which is not fully clear, the cleavage crack from
grain A penetrates into grain B at points, on the
average a distance w apart and spreads out on
cleavage strips in grain B separated by distances
wtan ¢, much like the early forms of penetration
of brittle cracks between tough heterogeneities in a
crack trapping model (Bower and Ortiz, 1991;
Mower and Argon, 1995) with the as-yet-to-be
sheared triangular grain boundary segments acting
momentarily as the heterogeneities. Upon the
penetration of the fragmented, terraced cleavage
strips into grain B by increasing distances Ax, the
opening displacements of the cleavage terraces
begin to “force apart” the remaining triangular
grain boundary islands to give way by a combi-
nation of plastic shear and shear cracking of the
grain boundary over a relative shear displacement
Oop across the grain boundary faces that must
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depend on the distance of penetration Ax of the
crack into grain B, i.e., 65 = fAx. The remaining
grain boundary islands finally give way completely
when Jp reaches a total displacement dg., at which
time reaches Ax the critical level Ax, where the
maximum penetration resistance is reached.

The increase in the expanded energy AU re-
quired for overcoming the boundary resistance is,
thus, made up of two components: (1) an increase
in exposed cleavage surfaces along the terraces of
width w/cos¢ and the bridging cleavage-like
processes that connect the terraces, and; (2) the
grain boundary shear work expanded when a rel-
ative displacement Jp. takes place across the grain
boundary plane. This gives

AU = GicaA4d + AW, (15)
w )
A4 = Ax————— [sin ¢ + cos @] (16)
(cos )

is the increment of cleavage surface with increasing
average penetration distance Ax of the crack into
grain B and where the tilt angle {y and twist angle
¢ account for the geometrical projection effects of
the actual cleavage surface area on the mean crack
advance plane at the extension of the cleavage
plane of grain A. We assume that the actual spe-
cific work of separation across this cleavage area
remains to be Gjca as in grain A. The increment of
work of separation of the grain boundary islands
sheared by the penetrating crack in grain B can be
stated as

Bw?Ax sin ¢ cos ¢

AW, =k
P 4 cos Y

(17)

At the point of maximum resistance of the
boundary when Ax reaches Ax. and Jp reaches
Opc = PAx. the increment of expanded energy be-
comes

1
AU = GieawAx, ———— (sin ¢ + cos @)
(cosy)
Bw?Ax, sin ¢ cos @

k
* 4 cos Y

(18)

and the overall grain boundary break-through re-
sistance becomes

AU .
Gicgp = WA~ Gica 7(008 e (sin ¢ + cos @)
k[ivsinqocosgo (19)
4 cos Yy

giving the peak stress intensity to break-through of
a grain boundary by pure cleavage

EGicgs
(1—v?)

Kicg = (20)
Finally, the differential cracking resistance of a
grain boundary AKjcgs, normalized with Kjca
gives a relatively simple expression as

AKicap 1 . singpcos
= sing+cosp)+C————1
Kica \/(cosw)z( ¢ ¢) cosy
(21)
where the constant C
Pkw
C= 22
4Gica (22)

is a material constant collecting together both
some well known and some ill defined factors such
as the coefficient . The rest of Eq. (21) is of a
purely geometrical nature. We note that when
both  and ¢ go to zero Eq. (21) goes to zero, as it
should.

We consider the parameter C as adjustable to
obtain the best fit between the model and the ex-
perimental measurements for the 17 different bi-
crystal experiments by using experiment 13 with a
contribution of substantial tilt and twist to fix C at
0.25. With this single fitting constant we have
calculated the predictions of Eq. (21) for all 17
cases and compared the model predictions with the
experimental measurements. The results given as a
ratio (AKicgs)p/(AKicge)c of the experimental
measurements to the computed values are pre-
sented in Table 2. While there is some scatter with
the largest departure from unity being about 13%,
the overall average ratio was found to be

(AKicon)g/(AKicge)c = 1.00 £0.05 (23)

which we consider to be quite good.
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Using the most probable value of 2.5 x 107° m
for wand k = Y/v/3 = 0.144 GPa, and Gica = 850
J/m?, we estimate B to be 2.0 and, quite acceptable.

Pursuing the model further, we consider Eq.
(21) also as a framework to calculate the boundary
penetration resistance above the change to mixed-
cleavage transition where considerable additional
dissipative work is being done in the sigmoidal
plastic bending of the ligaments connecting the
individual cleavage strips in grain B. We consider
this work formally associated with the grain
boundary shear work, AW, of Eqs. (15) and (17).
This is possible by a reinterpretation of the non-
dimensional constant C in Egs. (21) and (22). A
new choice of C at a level of 1.70 also successfully
takes account of the considerably larger break-
through toughness for the two orientations “C”
and “D” represented in Table 3.

Clearly, these fitting exercises demonstrate only
a proper framework for considering the relative
ordering of the measured parameters and does not
constitute a fully definitive model.

5. Discussion

In the present bicrystal experiments we have
demonstrated that the break-through of cleavage
cracks across high angle grain boundaries is a to-
pologically relatively simple process in the range
well below the usual ductile-to-brittle fracture
transition. In Fe-2%Si the latter transition in
polycrystalline samples occurs for the usual com-
pact experiment geometry at a temperature around
250 °C (Qiao and Argon, 2003). Thus, at —20 °C
where most of our bicrystal experiments were
performed the alloy under consideration is very
brittle and the specific role of grain boundaries
becomes relatively easily understandable. In our
experiments we have found that the work of
fracture (critical energy release rate) Gica of the
well aligned starter grain A was in the range of 850
J/m? which is quite substantial. This high value of
dissipated fracture work was explained by the
presence of a longer range traction/separation re-
lation arising from the fragmentation of the
cleavage crack plane into parallel strips at different
levels advancing separately but require bridging by

additional plastic flow inside a process zone ad-
vancing with the crack.

How these considerations apply to the ac-
counting of the cleavage resistance in polycrystals
in the lower-shelf region is the subject for a sepa-
rate communication (Qiao and Argon, 2003).
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Appendix A. Definition of relevant misorientation
angles

The crystallographic reference axes should be
those of grain A as shown in Fig. 2. By design of
the experiment, axis k is parallel to the DCB load
axis P and axis j is parallel to the wedge insertions
axis, x. For the purpose of assessing the grain
boundary resistance we consider a grain boundary
that is nearly normal to the x axis, but actually its
line of intersection with the cleavage plane of grain
A makes an angle f# with respect to the axis i. The
boundary may also make an angle « relative to the
axis k. For the purpose of the cleavage crack tra-
versing from grain A to grain B the angle « is of
much less importance. The crack growth resistance
across the real boundary, making angles o and f
should be almost indistinguishable from a refer-
ence plane perpendicular to the (001) plane that
makes an angle f relative to axes i or j, i.e., a ro-
tation about axis k. The tilt and twist angles {y and
¢ of grain B should then be defined in relation to
this virtual reference plane perpendicular to the
(001) plane.
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Grain B is misoriented relative to grain A. Its
crystallographic axes i, j, and k' are defined by a
set of direction cosines relative to the i, j, k axes of
grain A. We make no distinction regarding the
crack growth resistance in a cleavage plan, and
treat the principal cleavage plane of grain B simply
by its unit normal vector ng. We define the prin-
cipal cleavage plane of grain B to be the one for
which the unit normal vector ng makes the small-
est angle relative to the axis k of grain A. There-
fore, ng is parallel to axis k' of grain B. Thus,

nNg = n31i+l’132j —|—n33k (Al)

referred to the principal axis of grain A. However,
since ng is parallel to k'

npp = %3;
Npy = 0U3p (A2)
np3 = 33

where o3, o3, and a3z are the direction cosines of
axis k' relative to the axis of grain A.

Consider now the virtual grain boundary plane,
the line of intersection of which makes an angle f
relative to axis i. The plane is defined by a unit
normal vector b which is given vectorially as

where
by =cosf, by =sinf (A4)

in reality if the inclination is also considered, then
by = coso where o is the angle of rotation about
the line of intersection of the virtual plane with the
(001) plane, in the direction of axis k'. We ignore
this inclination for defining the principal tilt and
twist angles of grain B relative to the plane of the
virtual boundary.

Then, the principal tilt angles y and twist angle
¢ are redefined as follows.

VU= g — acos(ngb) (A.5)
Q= g — acos(ngd) (A.6)

where d is the vector in the cleavage plane of grain
A making an angle f§ with the i axis.
Then finally,

Y= g — acos(az sin f + a3, cos ff) (A7)
o= g — acos(az; cos f — oz, sin ) (A-8)

if the boundary were perpendicular to axis j i.e.,

ﬁ:O’

Y= g — acos(u3) (A.7a)
i

p=5-a cos(a31) (A.8a)
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