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In Situ Measurements of Bridged Crack Interfaces in the

Scanning Electron Microscope

Jurgen Rodel,* James F. Kelly,* and Brian R. Lawn*

Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

A device for in situ SEM examination of crack propagation
during loading of compact tension specimens is described,
with a specific demonstration on an alumina ceramic. The
device facilitates direct qualitative observations of the incep-
tion and subsequent frictional pullout of grain-localized
bridges at the crack interface. Quantitative data on the
bridging mechanism are obtained from measurements of
the crack-opening displacements behind the crack tip. The
crack profile is found to be closer to linear than parabolic at
the bridged interface. Deconvolution of these crack-opening
data allow for an evaluation of the closure tractions opera-
tive at the crack walls within the bridging zone, and thence
the R-curve. [Key words: scanning electron microscopy,
cracks, bridging, pullout, toughness.]

1. Introduction

HE achievement of respectable fracture toughness in brit-

tle ceramics necessitates the incorporation of crack-tip
shielding agents like frontal-zone phase transformations' or
microcracking,” crack-interface fiber pullout,’ or interlocking
grain sliding.*® A proper understanding of the constitutive
micromechanics of such processes can be gained only by di-
rect observation of the crack shielding zone at the microstruc-
tural level during loading (and unloading, where applicable).
In aluminas, for instance, in situ optical microscopy has been
used to identify crack-interface grain bridging as the primary
cause of R-curve toughening,*® a mechanism that had passed
unnoticed in previous, conventional post-mortem surface
fractography. But while those studies have led to working
microstructural constitutive relations for R-curve modeling of
crack-interface bridging in simple monophase ceramics,>’
finer elements of the restraining mechanisms remain obscure.
Optical microscopy is severely limited in its capacity to dis-
cern critical details of grain pullout and detachment. It
is even more restrictive as a quantitative tool: in typical
microstructures the crack—wall separations at the bridged
interface are on the order of 1 um or less.

Accordingly, we have custom-designed a device for in situ
crack observations in the scanning electron microscope (SEM).
Previous SEM straining fixtures for tensile specimens or bend
bars®*'” have demonstrated the feasibility of the approach. Our
device allows one to follow the progress of crack propagation
at relatively high magnification in compact tension specimens
with externally controlled loading, and thence to gain quanti-
tative insight into the underlying R-curve processes.
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In this paper we briefly describe the fixture and illustrate
its potential by tests on a polycrystalline alumina with
demonstrated R-curve characteristics. Micrographs depicting
the evolution of interlocking grain sites are presented as illus-
trations of the capacity to resolve essential microstructural
detail at the bridged crack interface. Crack-opening displace-
ment (COD) measurements are made along the bridging zone
during the crack evolution. Corresponding bridging stresses in
the crack wake are deconvoluted from these measurements,
as functions of both COD and crack-plane coordinate. From
these functions, we determine the R-curve characteristics for
our particular material/geometry system.

II. SEM Crack Propagation Studies

(1) SEM Device

Essential details of the SEM crack propagation device are
shown in the schematic of Fig. 1. The device allows remote
electronic application and monitoring of the applied load. Ex-
tension of a piezoelectric translator T delivers an opening
force to the specimen S via pivot arms P and loading arms L.
The P arms are connected to the L arms by ball-bearing
joints and to the base of the device by pin joints for maximum
flexibility. A load cell C mounted in one of the L. arms meas-
ures the transmitted force. The piezoelectric translator is acti-
vated by a high-voltage amplifier which, in conjunction with a
function generator, allows application of any prescribed load-
time function (including, potentially, cyclic). The device op-
erates effectively as a “soft” machine: that is, crack extension
occurs under nearly constant load.

The entire fixture is housed within the chamber of an SEM."
Crack-interface events during externally controlled loading

fAmray 1830, Amray, Inc., Bedford, MA.

———— 100 mm ——

Fig. 1. Schematic of device for in situ SEM observations of frac-
ture specimen under load: (T) piezoelectric translator, (C) load
cell, (P) pivot arms, (L) loading arms, (S) specimen. Solid circles
indicate joints between pivot arms and loading arms and between
pivot arms and base.
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can be viewed in real time and are routinely taped on a video
recording unit for closer study.

A more detailed description of the unit will be given else-
where."

(2) Crack Propagation Specimens

Alumina disks 4 mm thick and 100 mm in diameter were
prepared by hot-pressing fine powder (nominal particle size
0.5 wm),* without additives, at 1650°C for 3 h at 35 MPa
under vacuum. The pressed material was nonporous (>99.9%
density), and the microstructure was equiaxed with a grain
size of 11 um. The disks were ground to 1-mm thickness and
the prospective viewing surface polished with diamond paste
to 1-um finish.

Notches were sawed and loading holes drilled in the disks
to form compact-tension specimens. The distance from the
load points to the crack plane was 7 mm and from the line of
the loading arms to the initial notch tip 15 mm. The notch
root radius was 150 um. To enhance stability in the initial
crack extension the notch was cut at an angle 28° to the sur-
face in quasi-chevron geometry, i.e., so that the tip extended
some 2 mm farther on the unpolished side. A Vickers inden-
tation starter crack of diameter =240 um (load 50 N) was then
placed in the polished surface with its center 200 um in front
of the notch, in alignment with the notch plane. This starter
crack was made to pop in some 300 um beyond the indenta-
tion center in a preliminary load cycle. The notch was then
resawed through the indentation, leaving a precrack =100 um
long. After the first crack propagation run through =2 mm
(i.e., through to the end of the chevron) the specimen was
removed and resawed, for second and third runs.

Some soda-lime glass specimens were also prepared to simi-
lar dimensions, as non-R-curve controls. After the notch was
sawed, these specimens were annealed for 1 h at 550°C to
remove residual stresses.

Specimens were gold coated before testing in the SEM. The
evolution of bridging grains at selected sites in the crack wake
was followed as the crack tip advanced. Video recordings
were made along the interfaces at each of the fully propa-
gated cracks for profile measurements. The COD measure-
ments themselves were made only in well-behaved regions,
e.g., at grain facets oriented normal to the load axis and lo-
cated away from any secondary cracking around bridging
sites. The cracks were rendered highly visible in the sec-
ondary electron mode by edge charging. This charging lim-
ited the absolute resolution of surface—surface separations to
about 70 nm, although relative measurements could be made
to better than 30 nm.

III. Results

(1) Qualitative Observations of Bridging Sites

General observations in our alumina confirm the basic
conclusions from earlier studies with optical microscopy.**
Crack extension occurred in a discontinuous fashion, at load
increments from 5 to 15 N, but remained essentially stable
during the entire loading, to a maximum level of =300 N.
The fracture mode was predominantly intergranular. Active
grain bridges were observed along the entire crack trace and
over the entire propagation distance. No indication of a
microcrack-cloud zone was observed, even though secondary
cracking of grain facet dimensions adjoining the primary
crack interface was readily discernible (see below).

Specific examples of SEM observations in the alumina are
shown in Figs. 2 and 3. Figure 2 shows a bridging site in the
crack wake some 1300 pum behind the tip. That associated
wake closure forces must be operative is immediately appar-

*Sumitomo AKP-HP grade (99.995% pure, 0.5 um crystallites), Sumitomo
Chemical America, New York, NY.
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Fig. 2. SEM micrograph showing grain-bridging element at crack
interface 1260 um behind the crack tip. Note resolution of crack-
opening displacement.

ent from the severe disruption of individual grains at and
around the bridge sites. The capacity to resolve and measurc
COD:s is also clear from this micrograph.

Figure 3 depicts successive views of a second region, at two
stages in the applied loading. The distances of this region be-
hind the crack tip at these two stages are 660 um in Fig. 3(a)

Fig.3. SEM micrographs showing another grain-bridging element
at crack interface at two stages in the loading, (a) 660 and
(b) 1190 um behind the crack tip. P and S denote frictional contact
points.
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and 1190 pm in Fig. 3(b). Two persistent contact points, at P
and S, are indicated. At some load between (a) and (b) fric-
tional tractions at P have opened up a network of secondary
microfractures adjoining both sides of the primary crack in-
terface. At S a single secondary microfracture has developed
in the large grain at right prior to (a). Note that this latter
microfracture has closed significantly between (a) and (b), in-
dicating a falloff of the frictional tractions. The grain at S
may conveniently be viewed as a fixed-end cantilever beam
whose deflection reflects the magnitude of the internally ap-
plied friction force.

By contrast, the cracks in the soda-lime glass propagated
relatively smoothly, but at a steady rate (typically, =1 pm-s™)
at fixed load, indicating the presence of slow crack growth
even under vacuum.'? Reducing the applied load on the speci-
men by about 5% was sufficient to bring the crack system to
equilibrium.

(2) Quantitative Measurements of Crack-Opening
Displacements

CODs, 2u(x), were measured for our specimens, with x the
distance behind the crack tip as indicated in the schematic of
Fig. 4. Figures 5 and 6 show results from repeated crack propa-
gation runs on the glass controls and the alumina, respectively.

The near-tip profiles for stress-free crack surfaces are usu-
ally represented by the Irwin K-field plane-strain displace-
ment relation®

u(x) = (8x/m)'""K4/E’ Y

where E' = E/(1 — v?) in plane strain, E is Young’s modulus
(400 GPa for alumina and 70 GPa for glass), v is Poisson’s
ratio (taken as 0.25 for both materials), and K, is the applied
stress-intensity factor. Equation (1) may be expected to remain
a reasonable approximation for nonbridged cracks extending
from sufficiently long notches (Ac < ¢, Fig. 4). A 4parabolic
data fit may therefore be used to determine K4.'"* For the
glass in Fig. 5 a profile corresponding to K, = 0.56 MPa - m"?
(i.e., a little below the reported value 0.7 MPa - m'? for crack
propagation at velocity 1 um-s™' under vacuum'?) passes
through the data.

For alumina in Fig. 6, on the other hand, no such fit is
possible with a single value of K4. Bridging tractions in this
material appear to have a strong modifying influence on the
crack profile. The solid curve through the data is a theoreti-
cal fit allowing for this influence, to be described in
Section ITI(3). We see that the profile in this material is closer
to linear than parabolic. Included as the dashed curves in

Fig. 4. Schematic of compact-tension specimen. Notch length ¢,
crack extension Ac. Crack profile measured by COD 2u at distance
x behind crack tip, 2uy at crack mouth. Bridging tractions p(x’) act
to restrain crack.
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Fig. 5. Measured COD at crack interface in soda-lime glass, for
compact-tension specimen (Ac = 1.9 mm). Different symbols des-
ignate separate crack runs. Error bars represent systematic uncer-
tainty in COD measurement. Curve is Irwin parabola from Eq. (1)
at K4 = 0.56 MPa-m"”.

Fig. 6 are asymptotic parabolas according to Eq. (1) with
K4 = 4.6 MPa- m'? at the crack mouth (notch tip) (evaluated
from the externally measured load using a stress-intensity fac-
tor solution for compact tension specimens at Ac = 1.0 mm®)
and 2.0 MPa-m"? at the crack tip (corresponding to the
grain-boundary toughness, T, for alumina®).

We reiterate that the COD data in Figs. 5 and 6 correspond
to measurements along the crack plane at stationary crack
length (Ac = 1.9 mm). Alternatively, one may monitor the
COD at the stationary notch tip as a function of variable
crack extension Ac. Results of such measurements for the alu-
mina are presented in Fig. 7.

(3 Numerical Calculation of Closure Stresses in the
Crack Wake

We indicated above that the crack profile in alumina devi-
ates from the standard parabolic profile because of bridging
tractions effective at the crack walls. The profile may thereby
be used to compute the magnitude of these bridging tractions
via an integral equation for continuum slit cracks.'* In the
limit of small bridging zones (Ac = 1.9 mm < ¢ = 22 mm)

§Usm% the formula for standard circular specrmens S but with a correction
factor allowing for nonstandard load-point positions from a general solution
for rectangular specimens."
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Fig. 6. Measured COD at crack interface in alumina, compact-
tension specimen (Ac = 1.9 mm). Fitted profile (SOlld curve)
from Eq. (2), Irwm parabolas for K4 = 4.6 MPa-m'? and
To = 2 MPa- m"* (dashed curves) from Eq. (1).
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Fig. 7. COD at crack mouth as a function of crack extension for
alumina compact-tension specimen.

the profile may be approximated by the Barenblatt relation'’
for cracks under applied stress

u(x) = (8x/m)\?K,J/E' — (2/=E")
Ac
X p(xl) In [(xr1/2 + xl/Z)/(xrl/Z - xl/2)] dx’
0

@

with x a field point at which the displacement is to be evalu-
ated and x’ a source point for the stresses p(x’).

The problem now consists of finding a solution for a stress
function p(x’) consistent with the measured profile in Fig. 6.
Generally, Eq. (2) is analytically untractable, so numerical
analysis is required. To facilitate such an analysis, the stress
function was taken to have the empirical “tail-like” form>’

px’) = pu(1 — x'/Acs)" 3)

with py the peak stress, Ac. the bridging zone size at steady
rate, and »n an exponent. Note that this function has limiting
values p = pyatx' =0 (u =0) and p = 0 at x' = Ac.
(u = uy), and that n will generally be expected to vary with
Ac. Starting with initial estimates from Ref. 7 for py and Ac.
at n = 1 for an alumina with our grain size, iterative para-
metric adjustments were made to the stress function in Eq. (3)
until the calculated crack profile u(x) in Eq. (2) deviated from
the (smoothed-out) data set in Fig. 6 by less than a prescribed
amount (30 nm) at any position x. This procedure yielded
final values py = 70 MPa, Ac. = 2.5 mm, and n = 2.5 for
the half-chevron crack at Ac = 1.9 mm. The ensuing u(x)
function is represented as the smooth curve in Fig. 6.

Figure 8(a) plots the appropriately calibrated stress function
p(x’) in Eq. (3). The closure stresses decay from =70 MPa at
the crack tip to =2 MPa at the crack mouth (notch tip). The
corresponding stress-separation function p(x) in Fig. 8(b) is
obtained in conjunction with Eq. (2). The crack-opening dis-
placement at the notch tip corresponding to Ac = 1.9 mm is
2uy = 1300 nm.

4) Calculations of the Crack-Tip Shielding Toughness and
the R-Curve

Given the calibrated stress functions p(x') and p(u), we
may calculate the shielding contribution to the toughness.

Let us do this first for the crack of fixed size Ac = 1.9 mm
(2uo = 1300 nm) in Fig. 6. We may do this in two ways:

(A) Stress-Intensity Factor: The material toughness con-
sists of superposable contributions from the intrinsic (grain
boundary) cohesive forces, T, and the extrinsic microstruc-
tural shielding, T,. At equilibrium, the net toughness bal-
ances the applied K-field:"

Ki=T=To+T, 4
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Fig. 8. Bridging stress functions: (a) p(x') for compact-tension
crack and (b) corresponding p(u), for alumina. Note cutoff in plots
at Ac = 1.9 mm, 2uo = 1.3 pm, indicating limits of crack size
over which COD data were obtained in our experiments. Dashed
line in (b) is evaluation from indentation-strength data on other
aluminas.?

The shielding term may be determined from the Green’s
function relation®

Ac
T, = @ pt) ax 0

Numerical integration gives T, = 2.6 MPa-m'? for Ac =
1.9 mm. This result compares with the value 7, = K, — T, =
4.6 — 2.0 = 2.6 MPa-m"? from the asymptotic curves in
Fig. 6.

(B) Mechanical-Energy Release Rate: The equilibrium
relation Eq. (4) may be alternatively expressed as a balance
between the applied mechanical-energy-release rate, G4, and
the net crack-resistance energy, R:

G4s=R=Ro+ R, (©6)

The shielding term is readily found from'?

R, = ZL 0p(u) du (7

2

Numerical integration gives R, = 41.8 J-m™". The values

"Note that application of Eq. (5) to compute T, at any other Ac would
strictly require reevaluation of Eq. (3), specifically n, at that specific Ac.
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thus obtained can be checked for self-consistency through the
equivalence relations?

G, = K3/E' (8a)
Ro = T3/E' (8b)

Eliminating G4 and K, using Egs. (4) and (6), and inserting
the above value of R, obtained from Eq. (7) along with the
previously cited E’' and T, for our alumina, we obtain T, =
(T¢ + E'R,)"? — Ty = 2.7 MPa-m"? which compares with
the value 2.6 from Eq. (4).

Now let us consider how we may determine the R-curve
from the above analysis. From Eq. (7), R,, hence R, may be
evaluated directly as the area under the p(u) curve in
Fig. 8(b). Numerical integration yields the function R(u) in
Fig. 9(a). This result may be converted to the more familiar
R-curve function R(Ac) using the data points from Fig. 7.
That function is plotted in Fig. 9(b). Note that since p(x) is an
intrinsic material function, R(x) is a unique quantity for our
alumina; but R(Ac), insofar as it may be dependent on the
crack-profile relation u(Ac), is specific to our crack geometry.

IV. Discussion

We have sought to demonstrate that useful qualitative and
quantitative information concerning the micromechanics of
crack-tip shielding by grain bridging in monophase ceramics
can be gained from in situ observations in the SEM. The most
immediate outcome from our crack-interface observations on
alumina is the confirmed existence of such bridging, shown
pictorially in Figs. 2 and 3 and graphically in Fig. 9. Such
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Fig. 9. Crack-resistance curves: (a) R(u) and (b) R(Ac) for com-
pact-tension crack (Ac = 1.9 mm) for alumina.
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observations usefully reinforce earlier inferences as to the ef-
ficacy of bridging as a toughening mechanism from the classic
wake sawcut experiments of Knehans and Steinbrech.”? They
also allow us to make useful inferences concerning the
micromechanics of grain pullout; recall our description of
secondary fractures (fortuitous “internal load cells”) in Fig. 3,
indicative of a falloff in frictional force with increasing crack-
wall separation.

Our results in Fig. 6 also show that (within experimental
scatter) the crack profile at the bridged interface is closer to
linear than parabolic. This is in keeping with studies on
bridged cracks in fiber-reinforced cementitious composites.”
An empirical linear COD relation is therefore probably most
appropriate for incorporation into fracture mechanics models
of bridging zones for R-curve (T-curve) analysis.>**

It will be noted that evaluation of the equilibrium crack
profile in Eq. (2) requires specification of K, for the half-
chevron crack. K, determines the scale of the shielding zone
displacement field, thereby avoiding the necessity of making
COD measurements in the notch region. Alternatively, one
could eliminate K, altogether from Eq. (2) by substitution of
Egs. (4) and (5):

Ac
u(x) = (8x/m)"*Ty/E’ + (4/1TE’)J plx) {(x/x)?
0

_ %11’1 [(xll/Z + xl/Z) /(xll/2 _ x1/2)]} dx’ (9)

so that, given only the intrinsic toughness term Tg, one may
compute the profile without having to evaluate the applied
stress-intensity factor. This is a special advantage in those
cases where the macroscopic crack geometry is ill-defined. It
must be reiterated that the validity of Eq. (9) is contingent on
satisfaction of the small-scale bridging zone approximation,
Ac < ¢, and therefore contains no specific information on the
profile in the far field.

These considerations open the way to evaluation of T, from
the COD data. In cases (like ours) where intergranular fracture
dominates, this quantity relates to the basic surface and grain-
boundary energies, ys and yes, via Ty = [(2y, — yes) E]*;2
the relative values of ygg and ys (among other things) deter-
mine whether a crack will or will not remain along an inter-
granular path (and hence preserve the most favorable
conditions for bridge formation’). Access to Ty is restricted in
conventional precrack test procedures because pop-in gener-
ally starts the system well up the R-curve. In principle, T
should be determinable from the lower bound of the data in
Fig. 6, which reflects COD measurements taken within two
or three grains behind the crack tip (i.e., within a typical
bridge spacing). Thus in Fig. 6 we are able to estimate
Ty =~ 2.0 MPa-m'? for our alumina. In our case experimental
scatter limits the accuracy of this approach, but optimization
of the SEM resolution may provide useful estimates in ma-
terials with stronger R-curves.

Perhaps the most consequential result from the COD data
in Figs. 6 and 7 is the evaluation of the bridging stress func-
tions p(u) and p(x'). Notwithstanding the fact that our para-
metric fitting procedure is constrained by the empirical
relation in Eq. (3), the data confirm the existence of a “tail-
dominated” constitutive relation, Fig. 8; i.e., maximum re-
straint at the crack tip, with near-linear falloff along the
crack-wake interface. Our p(u) function may be compared
with an independent, indirect determination from indentation-
strength data on other aluminas, shown as the dashed line in
Fig. 8.2 The present evaluation indicates a substantially
greater toughening due to bridging; the discrepancy may re-
flect material-to-material variations and/or uncertainties in

. deconvoluting the indentation data.”® Once p(u) is estab-

lished, the R-curve can be determined from Egs. (6) and (7).
The ensuing R(x) and R(Ac) functions in Figs. 9(a) and (b)
show an initial sharp rise from =10 J-m™? at small crack
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openings (or extensions), to an asymptotic plateau =50 J - m™>

at large openings (extensions). (The true plateau value could
not be obtained in this study, because the crack size range
covered in Figs. 6 and 7 did not extend beyond the range of
the bridging zone.)

It is important to acknowledge possible sources of system-
atic error in the stress-function and R-curve evaluations in
Figs. 8 and 9. In using Eq. (2) we have ignored the influence
of finite notch length and outer specimen dimensions in our
quasi-chevron configuration. Detailed analyses show that
boundary effects can be significant in determining displace-
ment profiles in the compact-tension geometry, especially
with short notches.?® Also, we have not addressed the possible
influence of path deflections (with their connotation of shear
modes) on the normal crack displacements.

The present study has focused on a monophase ceramic
with moderate grain size. Our device would appear to be po-
tentially even more useful for ceramics with coarser micro-
structures and multiphase composites, where the toughening
events are more dramatic and the R-curves more pronounced.
Also, attention has been given only to monotonic loading.
Observations in cyclic loading could provide useful clues as to
fatigue mechanisms, which remain obscure in ceramic ma-
terials. Fatigue might be especially important in materials
with strong R-curve behavior, due to cumulative damage to
bridges on repeated unloading. COD measurements at the
crack mouth (or some other stationary point of interest at the
crack interface) could provide a quantitative measure of any
such degradation with number of cycles.

V. Conclusions

(i) A device for in situ investigation of crack interfaces in
the SEM has been described. .

(ii) Micrographic evidence for evolution of bridging grains
in alumina has been presented.

(iii) COD measurements as a function of both the distance
from the crack tip and crack extension have been analyzed for
alumina. The data provide a measure of the crack-tip shield-
ing from bridging.

(iv) The bridging stress functions p(u) and p(x') have
been computed self-consistently from the crack profile
measurements.

(v) Crack-resistance functions R(x) and R(Ac) have been
evaluated from the stress functions.
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