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I. INTRODUCTION

At low and moderate temperatures, fractures in ceramics originate at

preexisting flaws. Many types of flaws have been observed at fracture

origins including pores, cracks, large grains, poorly bonded regions and

so forth. In a general sense, any stress concentrator can be regarded as

a flaw. Therefore, flaws are not always characterized by absence of

material as at pores and cracks, but may also involve regions of low

elastic modulus relative to the average for the ceramic body or regions of

high elastic anisotropy.

Each polycrystalline ceramic specimen contains large numbers of flaws

of widely varying characteristics. When uniform tensile stresses are

applied to such a specimen a crack will tend to initiate at the most severe

or vulnerable flaw. The severity or vulnerability of such a flaw depends

not only on the stress concentrating characteristics of the flaw itself but

also on external factors such as local variations in the resistance to

crack growth, localized residual stresses and the effect of environment.

After a crack has initiated at a flaw, the crack growth or propagation

is governed by factors that can be described in fracture mechanics terms

and that include the dependence on the load history and environment

(temperature, chemistry, etc.). When a crack is present, it is possible

to define a stress intensity factor (KI) which for a uniform tensile stress

(a) perpendicular to a crack of length (c) is
y

KI = oc ()
I Z

where Y is a dimensionless term that depends on the crack depth and the

test geometry and Z is another dimensionless quantity that depends on the

crack shape. In reactive environments subcritical crack growth will begin
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when KI > K where K is the threshold stress intensity factor for subcriti-0 0

cal crack growth. The crack growth rate or crack velocity V) varies with

stress intensity factor according to

V = A Ij~ (2)

where K is a normalizing factor with units of stress intensity factor and An

and n are constants for a particular material and set of environmental con-

ditions.

As c increases, KI also increases. At high crack growth rates, diffu-iI

sion of the environment may not be able to keep up with the crack front. In

that case, the dependence of V on KI changes from that in equation (2) and

the values of V are lower than otherwise expected. Eventually, KI increases

to a critical value (K c) where catastrophic fracture occurs. At the critical

condition

K -Y (3)
IC Z f c

where af is the fracture stress and c is the critical crack size.

There are substantial localized variations in the appearance of fracture

surfaces as the observations proceed outward along radii from fracture origins.

Many of these variations seem to occur systematically, suggesting that the

I micromechanisms of fracture are influenced by factors such as the stress

intensity factor at the crack front and the crack velocity as well as the

localized variations in material properties. Therefore, a principal objective

of the present program has been to relate these localized variations in frac-

ture features to major variables such as KIV and environment on the one hand

and to reasonable micromechanisms of fracture on the other.

It should be noted that it is still not uncommon to see published photo-

graphs illustrating the mode of fracture of particular ceramics that do not
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specify the location of the photograph in relation to the fracture origin

and that are used to discuss the mechanisms controlling failure of the

material. It is clear that if fracture features vary along radii from

the fracture origin to the subcritical to critical crack growth boundary,

only features in this region are meaningful in terms of micromechanisms

controlling failure. Features observed at greater radii may be interest-

ing in their own right but they do not control failure.

The first observations in our laboratory that revealed variations in

the fracture mode along radii from fracture origins were observations of

(1)reflecting spots surrounding fracture origins in polycrystalline alumina

Subsequently, these reflecting spots were shown to represent areas of what

we have called wavy transgranular fracture (2) Evans and Tappin (3 ) used a

fracture mechanics method to relate the sizes and shapes of flaws observed

at fracture origins to the effective surface energy (yi) necessary for

crack initiation. Their equation is similar to equation (3) except that we

have substituted KIC for (2E). They used critical flaw size calculations

based on this equation to support the reasonableness of their suggested flaw

boundaries.

Physically, one would expect the micromechanisms of fracture at each

point on the fracture surface to be the mechanism requiring the minimum

energy, considering the time available for the local fracture to occur. It

should be noted that the energy required may depend on the mechanism of

fracture of the immediately preceeding fracture element which influences the

orientation of the crack, the local crack velocity and other important

characteristics. Two important micromechanisms of fracture are intergranular

and transgranular fracture. The fracture energies for transgranular fracture
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of a particular crystal can vary substantially depending on the particular

lattice plane. For example, in sapphire the fracture energy varies from 6

to > 40 Jm 2 depending on the orientation of the lattice plane 4 . Little is

known about the fracture energies for intergranular fracture but it seems

reasonable to expect large variations in grain boundary fracture energies

depending on the composition and thickness of the grain boundary phases and

the orientations of the adjoining crystal surfaces. Also, intergranular frac-

ture energies in alumina ceramics must be close to those for transgranular

fracture because both intergranular and transgranular fracture occur in close

proximity.

This report describes the results of research on the most recent of three

related contracts. The first of these contracts emphasized locating and

characterizing flaws at fracture origins and correlating the flaw character-

istics with material properties such as strength (5- 7 ). Four materials, 96%

alumina, hot pressed (H.P.) alumina, H.P. silicon nitride, and H.P. silicon

carbide were fractured at various temperatures and loading rates. This inves-

tigation revealed the wide variety of flaw types at fracture origins and pro-

vided a substantial number of fracture surfaces for further investigation.

In the second contract, fracture surfaces from the earlier investigation

were characterized along radii from the fracture origins(2 '8-1 1 ). Scanning

electron micrographs were prepared of each element of area along the radii and

fitted together to form composite photographs. Grids with openings of about

one grain size at the particular magnification were placed over the composite

photographs. The area in each grid space was rated as either intergranular or

transgranular fracture. These ratings were averaged over paths that were ten

grid spaces wide and correlated with the KI acting at each increment of radius.

.,I
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In each case (96% alumina, H.I. alurjina, H.P. silicon nitride) the percent

intergranular fracture (PIF) increased when K > KIC* In the alumina

ceramics, the intervening maxima and minima in PIF occurred at KI values

that seemed to correlate with the KIC values for fracture on the various

lattice planes in sapphire. Based on these observations it was concluded

that when KI at the crack tip became high enough to allow fracture on an

additional lattice plane, transgranular fracture increased and PIF decreased

to a new minimum. Then, as the crack velocity increased, PIF increased

again. Criteria were developed for locating subcritical crack growth

boundaries in H.P. A1203, 96% A1203 and H.P. Si3N4.

The research on the present contract is based on the earlier research

and involves development of new methods of analysis of fracture surfaces

and application of available methods to analysis of fracture surfaces in

several materials. The principal investigation emphasized study of three

alumina ceramics of various grain sizes and the report is limited to these

materials. As mentioned previously, the principal objective of the present

research is to relate localized variations in fracture features to major

variables such as KI,V, and environment on the one hand and to reasonable

micromechanisms of fracture on the other. In the following sections the

effects of KIV and environment on the fracture features in three different

alumina ceramics are described.

-. ~I
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II. HOT PRESSED ALUMINA

This hot pressed alumina is a dense, fine-grained material prepared at

Ceramic Finishing Company in the form of cylindrical rods about 3.3mm

diameter. The densities ranged from 99.5 to 99.7% of theoretical and the

average grain size ranged from 1 to 3 pm. The specimens were fractured in

flexure.

A. Relationship of KI to Fracture Mode

Specimens were chosen for characterization of fracture features along

radii from the fracture origins mainly based on the radial symmetry of the

fracture features, especially the reflecting spots and the fracture mirror

(crack branching) boundary. These criteria evolved in response to diffi-

culties encountered in attempting to characterize fracture surfaces with

unsymmetrical features where we assume that the crack front was irregular

in shape. It was also advantageous to use specimens that fractured after a

relatively large amount of subcritical crack growth, for example, by delayed

fracture testing. This crack growth spreads the significant fracture features

over larger areas so that the systematic variations are more likely to emerge

from the background of random variations caused by variations in crystal

orientation, grain size, and grain boundary characteristics.

The fracture origins were located mainly by means of the reflecting

spots which were observed by optical microscopy. The correctness of the

choice of fracture origin was confirmed in each case by locating the inter-

section of extensions of the hackle and other radially oriented fracture

markings and by locating the intersection of the fracture mirror radii. The

flaws at the fracture origins were characterized by scanning electron micro-

scopy. Composite scanning electron micrographs (1000-2000X) were prepared
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showing the fracture origin and the fracture surface along radii from

the fracture origin.

The percentages of intergranular and transgranular fracture were

determined along radii from the fracture origins. As in the previous

contract, a transparent grid with spaces approximately equal to one grain

size in the photographs, and 10-20 spaces wide, was placed on the composite

photograph. The area in each grid space was rated as to whether it was

predominantly intergranular or transgranular. These results were averaged

across a path ten or twenty grid spaces wide. This process was repeated

for adjoining rows of the grid. The percentages of intergranular and trans-

granular fracture vary considerably from one row to the next so averages

were calculated for each row which included the results from the preceding

and following rows to form three row running averages.

The stress intensity factors were calculated for each row using

equation (1) with the Y value taken as 2.0 for surface flaws and 1.8 for

internal flaws and Z = 1.57, the value for semicircular cracks. The

assumption of semicircular or circular cracks was based on the radial sym-

metry of the reflecting spots originally used to select the specimens.

Using these data, curves of KI vs. PIF were plotted.

Strictly speaking, equation (1) applies only when K I = KIC' However,

the variations in fracture mode continue into the range KI > KIC so that we

needed an energy or stress intensity related quantity to use for comparisons

in this range. Therefore, we have defined an apparent stress intensity

factor (KI *) that can be calculated using equation (1) to be used when

KI > KIC* In effect, the calculation assumes that the inertial or kinetic

energy effects at the crack tip are negligible at high crack velocities.

(12,13)
This assumption has considerable precedent
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A fracture surface of a specimen (R-45, loaded at a linear loading rate

at room temperature) with an internal fracture origin is shown in Figures

1 and 2. Figure 1 shows the specimen at low magnification. The fracture

origin is located near the top of the fracture surface. It is surrounded

by a rather smooth region which is called the mirror region and by radiating

ridges and valleys that are called hackle. These features are relatively

well defined because of the high fracture stress which was 660 MPa.

Figure 2 shows the fracture origin, indicated by an arrow, located about

20 Um below the specimen surface. The flaw at the fracture origin appears to

be a small poorly bonded region. The fracture origin is surrounded by a

small area of intergranular fracture out to radii of 10-15 pm. Surrounding

this area is a ring of transgranular fracture that extends to radii of 20-

35 pm. Then, there is an incomplete ring of increased intergranular fracture

and another ring of primarily transgranular fracture extending to about 50 Pm.

At still greater radii, the fracture origin is surrounded by elongated areas

of transgranular fracture that are oriented so that they radiate from the

fracture origin like spokes in a wheel.

The critical flaw size for Specimen R-45 was calculated assuming a

circular flaw subjected to uniform tensile stresses perpendicular to the

plane of the crack. KIC for this hot pressed alumina was taken to be 4.2

MPa m1 which is the value measured for a similar material by Bansal and

(14)Duckworth . The critical flaw radius was about 30 pm. In evaluating

this result it is well to bear in mind that intergranular cracks act as

though they are somewhat blunt because of the irregularities at the crack

front. Therefore, as the flaw extends to form the transgranularly fractured

ring, the crack front becomes less irregular, more closely approximating

the sharp crack assumed in the analysis.

A-
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The K vs. PIF curve for specimen R-45 is given in Figure 3. The PIF

values for KI < 2 or 3 MPa m should be considered to be characteristics of

the flaw at the fracture origin which is mainly intergranular, rather than

characteristics of the subsequent crack propagation. At higher KI values

the PIF decreases and passes through a series of two or three minima at about

3.9, 4.8 and 5.8 MPa m . These minima are located in the rings of trans-

granular fracture described above.

At higher KI values PIF increases gradually. However, the actual PIF

values may vary substantially depending on the relationship of the grid to

the spoke-like regions of transgranular fracture. There is no definite

explanation of these spoke-like features. Tentatively, we think of them as

regions in which the fracture proceeded in advance of the average crack front.

In other words, the radiating transgranular regions may represent "tongues"

of fracture ahead of the average crack front where the fracture occurred at

relatively low KI values. This suggestion leads to the further suggestion

that the intergranular regions represent resistant regions that did not frac-

ture until later, after KI increased to a much higher value.

The transgranularly fractured radial regions are considered to form first

because we associate transgranular fracture with fracture at low KI and V

values. Intergranular fracture is associated with microcracking that is con-

sidered to occur at higher KI values. Because the regions between the trans-

granularly fractured spokes would be subjected to very high Ki, it is not

surprizing that these regions fracture intergranularly.

Another reason for thinking that the spoke-like regions represent regions

that fractured transgranularly at low KI values is the resemblance of these

regions to areas formed by flaw linking. Flaw linking is discussed in more

detail in the next section.
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Figure 3. Stress intensity factor vs. PIP of H.P. alumina specimen
subsurface fracture origin (Specimen R-45, nF660 MPa).
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Another example of the variations in intergranular and transgranular

fracture, in this case a delayed fracture specimen that fractured at a

surface flaw, is given in Figure 4. This specimen (D-13) failed at 458 MPa

after 426 seconds under load. The fracture origin appears to be a machining

flaw about 20-30 Pm deep. Therefore, the lower part of the curve where K <

2 or 3 MPa m 2 represents mainly a preexisting flaw which was formed by

mechanisms involving compressive and shear stresses so that the fracture

mode in this KI range is not directly related to the subsequent crack propa-

gation during delayed fracture testing. The photographs of the fracture

surface show two fairly well defined bands of transgranular fracture sur-

rounding the fracture origin. These bands are represented in the figure

by the regions of low PIF at K I 4.5 and 5.7 MPa m . Assuming a semicir-

cular surface flaw, the critical flaw radius is about 52 pm at KIC = 4.2

MPa m . Beyond the second band of transgranular fracture there are elongated

regions of transgranular fracture that are oriented radially like spokes in a

wheel as was the case in specimen R-45.

The results presented in this section are based on reexamination of the

photographs of fractures analysed during the previous contract and provide

additional confirmation of the variations In fracture mode with KI reported

earlier (8 ) as well as new fractographic observations.

B. Flaw Linking

Evans and Tappin (3) invoked flaw linking as a mechanism to explain the

presence of surface cracks large enough to cause failure of alumina ceramics

at the measured fracture stresses. Flaw linking is a mechanism of subcritical

crack growth in which the stress concentrations at neighboring flaws increase

the crack growth rates in the ligament between the flaws leading to failure
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of the ligament to create a single larger flaw. Evans and Tappin do not

discuss the fractographic, as distinguished from fracture mechanics criteria

that they used to determine the existence of flaw linking. The present

investigation has provided further evidence that subcritical crack growth

occurs primarily by transgranular fracture in these alumina ceramics.

Many cases of apparent linking of surface flaws have been observed. In

these cases the space between the surface flaws is primarily wavy transgran-

ular fracture with a very low area density of so-called linear features showing

that the stress intensity factor acting during linking was low. However, in

many of these cases it is difficult to explain the existence of the linking

because the calculated stress intensity factor is so low that any subcritical

Qrack growth including linking seems unlikely. In other words, if the extent

of subcritical crack growth is as great as is indicated by the appearance of

the fracture surface, how can the KI at the flaw have been great enough to

start the process? Of course, in the case of machining flaws localized

residual stresses can increase KI substantially and in coarse grained bodies

localized stresses due to thermal expansion or elastic anisotropy might con-

tribute, but in the present fine grained hot pressed alumina and the 96%

alumina to be described later there is little evidence in most cases to suggest

that these explanations apply so the dilemma remains unsolved.

In cases of linkage of subsurface flaws with the surface, one can

frequently be more confident that linkage has occurred. In this investigation

a few cases were found in which relatively large subsurface flaws linked to

the surface. An example involving a 50 pm flaw, consisting of coarse grains,

that linked to the surface is illustrated in Figure 5. The specimen was

loaded at a constant loading rate and fractured at 651 MPa. In this case
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Figure 5. Linking of a subsurface flaw with the
surface (H.P. alumina specimen R-42,
F = 651 MPa, 500X).

the linkage involves 40 m crack growth which is reasonable in terms of

range of KI values in which significant subcritical crack growth can occur.

The large areas of wavy transgranular fracture show clearly that the sub-

critical crack growth occurred by that mechanism.

C. Objective Methods of Fracture Surface Analysis

It is highly desirable to develop more objective methods of fracture

surface analysis. One approach is to correlate the features of interest

with an objectively measurable variable such as surface roughness, then

measure the variable and interpret the results in terms of the features

of interest. This approach has been investigated using two methods

V *
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(1) direct comparison of SEM brightness profiles with photographs of fracture

surfaces and (2) computerized analysis of surface profiles and comparison

with KI vs. PIF curves.

Comparison of SEM brightness profiles with photographs of fracture surfaces

Brightness profiles are compared with features on glass fracture sur-

faces in Figure 6 to illustrate the method used. Each photograph of the

glass surface is paired with an SEM brightness trace. The brightness trace

can be understood by comparing the trace (B) with the fracture surface (A).

Starting on the left side, the trace is relatively high because of the bright

background. The path of the trace on the fracture surface is indicated by

the arrows. When the trace crosses the edge of the specimen into the mirror

region, the trace goes to a lower level because of the darker surface, but

the trace is smooth because the surface is smooth. At the mirror-mist

boundary the trace indicates very small variations in brightness that occur

because of small scale surface roughness. At the mist-hackle boundary the

amplitude of these variations increases substantially. Large scale branching

occurs at this boundary. After branching the surface becomes much smoother

again. The mist and mist-hackle boundary are shown in more detail in C and D.

Also, note that the mirror-mist and mist-hackle boundaries recur at about

twice the original radii.

Examples of similar traces in a hot pressed alumina specimen are given

in Figure 7. The specimen (D-12) was fractured by delayed fracture in 362

seconds at 467 MPa. A and B show the trace at low magnification. The edge

of the specimen is indicated by an increase in brightness. After the trace

crosses the edge of the specimen, the scale of the roughness is small. The

crack branching (mirror) boundary is not very evident in A. Therefore, the

A
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radius to the boundary was calculated using the mirror constant and the

fracture stress yielding 449 pm or 486 lim depending on the mirror constant

(15)
value used . At 43X, the crack branching boundary is expected at 1.9-

2.1 cm. to the right of the edge of the specimen. This location corresponds

to the second major peak in the trace showing that the brightness variations

can be used to detect the crack branching in H.P. alumina. At greater

distances from the fracture origin the surface is somewhat rougher but the

features are not very distinctive.

At higher magnification in C and D the trace shows a series of sharp

peaks interspersed with flatter valleys. The KI values represented by the

locations of these brightness peaks on the fracture surface were calculated.

Although in some cases the brightness peaks correspond to regions of high PIF,

the results were not completely consistent. It appears that using one trace,

as was done in this case, a single intergranularly fractured grain can cause

a substantial peak. Therefore, we conclude that this method is too sensitive

to these localized variations to be useful for analysis of the mode of frac-

ture unless the average of several parallel traces is used.

Com2puterized analysis of fracture surface profiles

It is possible to record the signals reaching the detectors in the SEM

on magnetic tape and then to operate on the data to investigate other methods

of analysis. LeMont Scientific Company, based on research by E. W. White,

J. Lebiedzik and their associates at Penn State University, has developed

(16)
several methods of computerized analysis of SEM images . One of these

methods involves the measurement of surface profiles. In an earlier contract,

a preliminary attempt was made to use the existing computer program to analyse

(17)fracture surfaces in ceramics The computer plotted the surface profile,

. . .. h A._ , .. ...
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determined the average elevation of the entire trace, calculated the RMS

deviation from the average for intervals along the trace and plotted the

results as a bar chart. In its original form, the method was insensitive

as a method of analysis of the fracture mode because the large scale waviness

of the fracture surface had a larger effect on the measured surface roughness

than the localized variations caused by intergranular and transgranular

fracture.

In the present program the computer program was revised to provide for

determining the slopes of small intervals of the trace. Then the surface

roughness of the interval was determined by the deviations of the surface

from that slope. The surface roughness of each interval was calculated as

a percentage of the greatest roughness observed for the trace and the

results were plotted as a bar chart. The program was tested by traversing a

path perpendicular to the surface of H.P. alumina specimen D-13, a delayed

fracture specimen fractured at 458 MPa. The path did not begin exactly at

the fracture origin so that it is not exactly a radius from the fracture

origin. The results are given in Figure 8 in which the RMS surface roughness

as a fraction of the maximum roughness is shown by the bars for various

distances from the surface, increasing from the i n of the figure. As

indicated in the heading, the interval over which the roughness was averaged

was 4.97 pm which is a few (3-5) grains. The height was measured at points

0.24 .m apart within each of the intervals so that results for 21 such points

were used to calculate the roughness for each interval. The roughnesses

varied from 9 x 10- 2 pm RMS to 1.8 Pm PIS indicating a high degree of sensi-

tivity to local conditions. This sensitivity seems to be improved compared

with the trials in the earlier contract before the new computer program was

available.
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SAMPLE ID: C.F. ALUMINA D-13 DATE: 22JAN.80
LINE 1 MODE = VERTICAL POINTS/GROUP = 21
INTERVAL =4.96557 UM POINT SPACING =0.23646 UM

LOCAL RMS ROUGHNESS VERSUS LENGTH-- ---------------------

RMS RMS
9.05E-02 1.77E 00

MIN 1 MAX
LENGTH RMS 0 1 2 3 4 5 6 7 8 9 0
(UM) (UN) 0 ---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0

4.97E 00 2.13E-01(**
9.93E 00 8.31E-01 ***********

1.49E 01 1.66E-01(*
1. 99E 01 1.65SE 00 (***********************

2.48E 01 2.48E-01 (**

2.98E 01 2.90E-01(***
3.48E 01 2.98E-01 ***

3.97E 01 9.05E-02C
4.47E 01 1.94E-01 (*

4.97E 01 3.17E-01 (***

5.46E 01 8.14E-01 (************* - K = 4.3 MPa l
5.96E 01 6.50E-01 (********

6.*46E 01 1.*1 7E 00 (***~****~***

6.95E 01 1.02E-01(
7.45E 01 7.20E-01 (*********

7. 94E 01 8. 36E -01(***********
8.44E 01 2.14E-01(**
8.94E 01 1.17E-01 (
9.43E 01 1.78E-01 (**. -K 5.6 MPa ml
9.93E 01 1.06E-01
1.04E 02 2.26E-01(**
1 .09E 02 1. 77E 00(*************************
1.14E 02 3.42E-01 (***

1.19E 02 5.68E-01(*******
1.24E 02 1.09E-01 (

Figure 8. RMS surface roughness as a fraction of maximum roughness
for various distances from. the surface.
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Figure 8 shows several regions of low roughness at various distances

from the surface. The variation of PIF with K was previously determined
I

for this specimen (D-13) by the manual method, along a slightly different

path with the results shown in Figure 4. The K vs. PIF curve shows minima

in PIF (maxima in transgranular fracture) at about 4.5 and 5.7 MPa m, close

I-
to the values of 4.3 and > 5.6 MPa m2 determined for fracture on the {1126}

and (0001) lattice planes. The crack lengths at which these KI values are

expected to act at the crack front are indicated by arrows on the bar chart

(Figure 8) where the minima in PIF are close to minima in surface roughness

indicating that the computerized method of analysis may be yielding useful

information.

Based on the early indications that the computerized method of analysis

could be used to characterize the fracture mode in H.P. A1203, extensive

trials were done in an effort to develop the technique. The objectives

included identifying the best combination of interval for averaging,

magnification of the trace, number of points per group and the point spacing.

Other objectives involved averaging of parallel traces to improve the relia-

bility and analysis of several traces radiating at various angles from a flaw

to determine the consistency of the roughness variations from one trace to

another and the symmetry of the fracture features.

This program yielded an overwhelming amount of data and only part of

the data has been evaluated so far.

Some of the most meaningful data obtained thus far were obtained for

Specimen R-45, the specimen with an internal fracture origin that was

described previously. Roughness traces were made perpendicular, parallel

and at 450 to the surface of the specimen at two magnifications and at
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The surface roughness values for an averaging interval of 3.0 Pm,

about two or three grains, are plotted vs. KI together with the "manually"

determined PIF values in Figure 10. The variability of both the surface

roughness and PIF values has been reduced by using three row running

averages in which, at a particular KI, the local value is averaged together

with the preceeding and following values. The roughness scale was selected

so that the maximum roughness values were approximately equal to the

maximum PIF values. It is apparent that, in this case, there is a strong

correlation between the surface roughness and the PIF.

The symmetry of the surface roughness variations was investigated by

comparing the surface roughness variations for traces parallel to the surface

and at a 450 angle to the surface with the trace perpendicular to the surface.

In one case there was reasonable agreement between a horizontal trace and a

perpendicular trace as shown in Figure 11. Except near KI = 4.2 MPa m
1 the

two curves are quite similar. It is interesting that the small peak in

roughness at KI = 4.2 MPa m
1 in the perpendicular trace is absent from the

45 trace. Therefore, of the curves analysed, the 450 trace is closest to

the expected result.

The observed correlation between the surface roughness and PIF gives

reason to hope that the computerized method of analysis of surface roughness

can provide an indirect but more objective method of determining variations

of fracture mode with KI in ceramics. The present program has shown that, to

make available the full potential of the method, it will be necessary to

extend the computer program so that the data can be analysed automatically

and displayed in useful form. Among the desired improvements are:

1. Averaging of the roughnesses of several parallel traces.

i
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Figure 10. Stress intensity factor vs. PIE and fracture surface roughness
along a radius from the fracture origin (H.P. alumina Specimen
R-45, 0F 660 MPa, vertical scan, 816X, three row averages).
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2. Plotting of surface roughness vs. KI for several traces for

purposes of comparison of one specimen with another or

comparison of several tracer radiating from one origin.

3. Correlation of surface roughness and PIF.

Improvements in the technique are needed. It has been more difficult

than expected to locate the fracture origin in the SEM at LeMont and to run

the trace directly through the fracture origin. These problems will no

doubt be more serious when the method is applied to unknown specimens instead

of the carefully selected and thoroughly studied specimens used so far.

Application of this method has been limited to the region from the

fracture origin to radii equal to four times the critical crack size. At

greater distances from the fracture origin the fracture surfaces of strong,

fine grained ceramics become very disturbed, the individual grains become

apparent and a wide variety of other fracture features are observed. No

doubt the relation between surface roughness and PIF is different in this

region and depends on the roughness introduced by these other features.

D. Summary of Fractographic Observations in H.P. Alumina

Fractures in H.P. A1203 originate at several types of preexisting flaws

including large surface and internal crystals, surface and internal pores,

machining flaws and poorly bonded regions 5 . The most distinctive fracture

feature near the fracture origins is the region of transgranular fracture.

In reflected light this region appears as a region of reflecting spots extend-

ing to radii where the apparent KI values are about 6.6 MPa m (ii). In

composite scanning electron micrographs of specimens with symmetrical crack

propagation and substantial subcritical crack growth, this region may appear
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as two concentric bands of transgranular fracture separated by an irregular

region with a higher fraction of intergranular fracture. Depending on the

fracture origin flaw type and the extent of subcritical crack growth, there

may be a narrow band of varying PIF between the flaw and the bands of trans-

granular fracture.

The two bands of transgranular fracture are near KI = K = 4.2 MPa 7
KI*IC

and = 5.6 MPa m . In our earlier work we attributed the increased

transgranular fracture in these regions to the fact that KI exceeded the KIC

value for fracture on (1126) planes at 4.3 MPa m and exceeded the KI value

for fracture on {012} surfaces and conchoidal fractures roughly parallel to

{0114} planes observed to fracture in preference to fracture on the basal

(0001) plane at %5.6 MPa m (4). Based on this evidence, the first of these

bands is considered to be the boundary at which the transition from the

subcritical to critical crack growth occurs.

A few cases of linking of flaws have been observed in H.P. alumina.

In most cases these involve linking of a sub-surface pore or inclusion with

the surface. The region between the flaw and the surface typically fractures

by transgranular fracture yielding a relatively dark, smooth appearing

region in the scanning electron micrographs. Observation of wavy trans-

granular fracture as a mechanism of flaw linking confirms that this trans-

granular fracture is a significant subcritical crack growth mechanism.

At K I* > 5.6 MPa in, the PIF increases gradually to moderate values

(%50%). The highest PIF values are not as high as those reported in our

earlier work. At that time some transgranular fractures of individual grains

were mistakenly classified as intergranular because of the very regular,

well-defined appearance of the grains. Partly as a result of improved

photographs, this problem was identified and remedied.
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Surface roughness analysis has been used to supplement the usual

optical and scanning electron microscopic observations. The direct bright-

ness curves are useful for locating major features such as the crack

branching boundary. The results of computerized SEM microtopography

observations were correlated in some cases with the percent intergranular

fracture. With further development, these methods may provide more

objective means of analysis of fracture surfaces.

III. 96% ALUMINA

The 96% alumina is a commercial body* containing a (Ca,Mg,Al) silicate

intergranular phase. The grain size of the alumina averages 4-6 pm. Most

of the specimens tested during the present contract were extruded rods, 3 mm

diameter, with ground surfaces. Before strength testing the specimens were

annealed at 15000C for one hour to relieve the residual stresses at the

grinding flaws. The specimens tested during the previous contracts, some

of which were studied during the present contract, were received with

as-fired surfaces so that annealing was not required. Based on the results

of Bansal and Duckworth (14) using the double torsion method the KIC of the

96% A1203 was taken to be 3.8 MPa m. The present investigation included

single edge notched beam and work of fracture (WOF) measurements intended

to verify the reasonableness of this value. These measurements are

presented and discussed in the next section.

Compared with the H.P. A1203, results for which are given in the

previous section, the 96% A1203 body is less pure, weaker, coarser grained

and has a lower KIC. These differences caused differences in the observed

fractographic features.

* ALSIMAG 614, 3M Company, Chattanooga, Tenn.
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A. Work of Fracture and Critical Stress Intensity Factor of 96% Alumina

Freiman, McKinney and Smith (19 ) determined KI vs. crack velocity for

Region I (the region of the log KI vs. log V curve in which V depends on

environment) for nominally similar 96% alumina, apparently at 40% rh. A log

KI vs. log V curve is shown schematically in Figure 12. They determined KIc

as the value of KI necessary to drive the crack at 10
- 4 ms - obtaining 3.2

MPa m 2 and used this value together with their measured values of Young's

modulus (303 GPa) to calculate the critical fracture energy which was 17 Jm
2

As mentioned previously, Bansal and Duckworth (14 ) measured K C of the same

material obtaining 3.8 MPa m . This value was used to estimate the location

of the subcritical to critical crack growth boundary in the fractographic

studies of this material reported here because this higher value was more

in line with the accepted values for other alumina ceramics. Since this

decision was made, other measurements have become available. Notable among

(20)
these are data of Manz, Bubsey and Shannon who obtained 3.4 MPa m for

single edge notch beams with narrow notches, 3.5 MPa i 2 for chevron notched

beams and 3.7 to 4.7 MPa mi for short bar chevron notch specimens of varying

size and chevron notch geometry.

In addition to the above results, WOF and single edge notch beam measure-

ments were done in our laboratory. The single edge notch beam tests yielded

two values that averaged 3.71 MPa m (21) This is equivalent to a critical

fracture energy of 23 Jm-2 .

The WOF tests were done using chevron notched beam specimens as sketched

in Figure 13A. The tests were performed by loading the specimens as indi-

cated, using a known crosshead speed, and recording the load as a function

of time. Using the known crosshead speed, the strip chart record was

L A.-
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converted to a load vs. distance curve which, when integrated, yields the

work done during fracture. Then, the projected cross sectional area of the

fracture surface was measured and the work necessary to form a unit area

of fracture surface, the work of fracture, was calculated.

Obtaining stable crack propagation was a substantial problem. In many

cases the fracture was unstable yielding load vs. time curves similar to

the one on the left side of Figure 13B. Several methods were used to improve

stability including reduction of the cross sectional area remaining to be

fractured, increasing the hardness of the loading system by using a higher

capacity load cell, superficial etching of the material in the notch,

reducing the crosshead speed, and so forth. Results for unstable cracks

were rejected. A load vs. time curve for a stable crack is sketched on

the right side of Figure 13B.

The work of fracture data are given in Table I. In these tests the
-5- -6 -1

crack velocities were 10 -10 m-s . Freiman and coworkers (19 ) data

indicate that a stress intensity factor of about 3.0 MPa m2 should be

necessary to achieve this crack velocity. The KWOF values estimated from
1 I

the WOF values average 3.4 MPa m', appreciably higher than 3.0 MPa ml. The

present KWOF values were calculated using E = 324 GPa, a value obtained

from both the manufacturers literature and verified by resonance measure-

ments made in our laboratory on a dry pressed plate. This value was used

rather than the value E = 303 GPa measured by Freiman and coworkers based

on the weight of the available evidence. The relationship of the WOF to

critical fracture energy in ceramics is not completely understood. However,

if the WOF is equal to the fracture energy at the crack velocity of the WOF

tests, as seems reasonable, the critical fracture energy and KIC should be



33

Applied Remaining Cross
Load Section

Specimen

Support

Ro I j-
A. Specimen configuration (Scale 2X) and

loading arrangement

0 0o 0

Time Time

B. Load vs. time curves for unstable (left) and
stable (right) fractures.

Figure 13. Work of fracture test, chevron notched beam (CNB) method.
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TABLE I

Work of Fracture of 96% A1203 in the Laboratory Atmosphere

("40% rh)

Specimen Specimen Fracture Surface WOF 'WOF

Type No. Area 2 a
mm2 m MPa m

Dry Pressed
Rectangular Bars 70-12 2.5 21.1 3.7
(6 x 6 x 50 mm) 70-13 3.0 14.9 3.1

70-14 4.2 18.9 3.5

Average 3.2 18.3+ 3.1 3.4

Extruded
Cylindrical Rods (r-4) 2.2 15.0 3.1
3 mm diameter 6 1.3 13.9 3.0

7 1.2 20.4 3.6

Average 1.6 16.4 +3.5 3.3

Extruded
Cylindrical Rods 70 1.6 19.8 3.6
3 mm diameter Ell* 1.6 19.8 3.6

64 1.5 19.6 3.6

81 1.1 14.8 3.1

Average 1.5 18.5+2.5 3.5

t Calculated assuming KWOF = (2E'WOF)2

* Etched 30 min. in IHF

l lf



apprecilably hiighevr than the estimates based oil the 'U tcsts as was

observed in these experiments.

A further advantage of Woi: tests is that they\ \-ie1 d fracturu -sUrfaces

that are formed at approximately constant K and V'. heire fore, Iy charac-

terizing these surfaces and then looking for similar features onl othecr types,.,

of fracture surfaces one can obtain an indication of the2 K acting at theLse

locations on the other fracture surfaces. As one might expect, 1based onl the

stable conditions, unde r which they are f ormeud, theSe f racture su~rfae nave

quite a uniform appearance compared with f racture Sulfl aces of speilen!Js

from strength tests. In 96.' Al. 0. the fracture is primarilIv transcranular

as shown in Figure 14. In addition, in this part icular case, the grain

boundaries are more apparent than is usna I IV the. Case.
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Figure 14. Fracture suirface of 96" Al (0 x ork of
fracture specimen f raetired in air, 40. ri
(Specimen -"6, 500N).
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The results presented above support the use of KIC - 3.8 MPa mi for

calculating the locations of critical crack boundaries. This is indicated

especially by the fact that our single edge notch bteam value is only slightly

lower than the 3.8 MPa m value originally measured by Bansal and Duckworth (1 4 ).
-6-i

Also, if our WOF values at 10 m-s are used to estimate the KI necessary

to drive the crack at the critical velocity, 10 or 10 m.s , using the

(19)slope of the log V vs. KI curve from Freiman and coworkers
1 , a similar

value is obtained.

There has been some uncertainty of the relationship of WOF values to the

fracture energies determined from other fracture mechanics tests. The results

in Table I suggest that the WOF values are simply the fracture energies for
-6 -i

10-6 m*s in the laboratory atmosphere. This result can be explained with

the aid of Figure 12 which is a schematic diagram of the variation of crack

velocity with KI for inert and reactive environments. It shows that one

should expect the critical fracture energy values calculated from KIC values

(Point A) to be higher than fracture energy values for lower crack velocities

determined by WOF tests (Point B). In our case these values are 23 Jm- 2 and

about 18 Jm - 2 , respectively.

Effect of environment on WOF

In this part of the investigation WOF tests were done on 96% specimens

in laboratory air, water and CCI4 . The WOF values and differences in fracture

mode were compared. There have been earlier attempts to determine the effect

(23)
of environment on fracture energy of alumina. Davidge and Tappin , using

edge notched beam tests, found that the fracture energy of a 95% alumina body

(HYALUMINA) decreased from 50 Jm- 2 in silicone oil at 20 C, after degassing,

to 43 Jm- 2 in air and to 22 Jm- 2 in boiling water. Although the fracture
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energy in silicone oil seems very high, the KIC value based on this

fracture energy, 5.3 MPa m is consistent with later observations of

Evans (2 4 ) who determined log V vs. log KI curves by the double torsion

beam method in air (50% rh) and toluene. Therefore, it appears that 50 Jm
- 2

is the critical fracture energy for this 95% alumina and the 43 Jm-2 and

22 Jm-2 values are not critical fracture energies despite the fact that the

single edge notched beam method is expected to yield such values. More

recently Dailly, Hastings and Lach (25 ) compared the log V vs. log K curves

for several aluminas in air, water and saline solution. If these results

were interpreted in terms of the energy required to drive a crack at a

particular velocity, the energies would decrease in the order in which the

environments are listed. Thus, there is some evidence of an effect of

environment on this fracture energy.

Some of the specimens used for WOF tests were chevron notched and then

etched in 52% HF for 30 minutes after which the remaining acid was removed

by washing for 30 minutes. The etching penetrated about 30 pm. This pene-

tration is considered to be sufficient to relieve residual stresses at the

notch and to provide an adequate starter crack but the fraction of the

material that was etched was so small that it was not expected to affect

the WOF data.

Other specimens were chevron notched and etched for 20 hours in 52% HF.

(26)This etching removed the siliceous intergranular phase , leaving the

alumina-alumina contacts intact so that the WOF necessary to fracture these

contacts could be measured. These specimens were also washed.

Still another batch of specimens was chevron notched but not etched.

All of the specimens, etched and unetched, were heated to 250 C and held at

this temperature to remove a fraction of the residual water adhering to the

alumina.
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As described previously, considerable difficulty was encountered in

obtaining stable fractures. Load vs. time curves for two specimens are

compared in Figure 15. The tendency toward stable fractures seemed to vary with

environment. Stable fractures were eventually obtained in all these media but

it was more difficult to obtain stable fractures in CC14 than in water, and

more difficult in H20 than in air. This problem was eventually solved by

several remedies, mainly those mentioned previously. In addition, relatively

large numbers of specimens were tested and results from tests with unstable

load vs. time curves were rejected. In some cases, results from tests with

semi-stable load vs. time curves were retained, if the values were no higher

than those from tests with stable fractures.

Specimen 71 Specimen Ell
H20 Air - 40% rh

00
o

4 ,

Time Time

Figure 15. Load vs. time curves for unstable (left) and stable (right)
fractures from WOF tests.
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The results in Table II show small variations in WOF with environment.

If we are correct in assuming that the WOF simply reflects the KI value

necessary to cause the crack to grow with the crack velocity of the WOF

test, observation of the highest average WOF (23.0 Jm- 2) in the CC14

(essentially water free) environment is reasonable. The environments con-

taining water (water, air at 40% rh) yielded slightly lower WOF values.

The fracture surfaces of specimens fractured in the three environments

are illustrated in Figures 16-18. It is immediately apparent that the

surfaces differ in important respects. The specimen fractured in air

fractured to a very great extent by transgranular fracture. In both air

and water, large areas of transgranular fracture were formed. In CC14

there is an increased amount of intergranular fracture and the areas of

transgranular fracture are smaller than in water and air (40% rh). To pro-

vide a quantitative comparison, a grid was placed over each of these photo-

graphs and the mode of fracture in each grid space was determined and

averaged.

The results in Table III show that environments containing water favor

transgranular fracture and a relatively inert dry environment, CC14 , tends

to have more intergranular fracture. However, it should be remembered that,

based on the results in Table II, the fracture in CC14 may have formed at

slightly higher KI which might account for the observed difference. These

results can also be compared with the KI vs. PIF curves presented in later

sections which show the PIF for the likely range of KI values at which the

fracture surfaces of the specimens in Table II were formed.

The results of the WOF tests of the specimens etched for 20 hours are

given in Table IV. They show that there was a substantial increase in the

WOF as a result of etching.
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TABLE II

WOF of 96% A1203 Fractured in Water, Air and CC1 4

Unetched and Lightly Etched Specimens

Environment Specimen Cross Sectional WOF KIt #

No. Ae2 Jm- 2  MPa M-

Water E12* 1.6 18.0 3.4
El0 1.6 19.7 3.6

50 2.8 28.4 4.3

E25 1.2 19.9 3.6

E28 1.1 22.8 3.9

Average 21.8+4.1 3.8

Air (,-40% rh) 70 1.6 19.8 3.6

Eli 1.6 19.8 3.6

64 1.5 19.6 3.6

81 1.1 14.8 3.1

Average 18.5+2.5 3.5

CC14 61 1.0 22.3 3.8

E21 0.9 23.2 3.9

E22 0.9 23.5 3.9

Average 23.0+0.6 3.9

* Specimens designated by E were etched 30 min.

# K t was calculated assuming KI# = (2E.WOF) .1 1
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TABLE III

Fracture Mode for WOF Specimens Fractured in Three Environments

Specimen Environment Percent Intergranular
No. Fracture

64 air (40% rh) 20

50 water 26.9

61 CC1 4  29.3

TABLE IV

WOF of 96% A1203 Fractured in Water, Air and CC1 4

Specimens Etched 20 Hours#

Cross Sectional WOF
Environment Specimen Area WO2No. 2jm-

Water EE14* 3.1 36.8

EE18 2.7 32.9

Average 34.9 +2.8

Air (75% rh) EE15 1.7 55.3+

EE17 2.8 41.8

EE2 3.7 40.7

Average 45.9 +8.1

CC14 EEl 3.7 39.7

EE16 3.5 28.2

EE19 1.4 24.8

Average 30.9 +7.8

* Specimens designated by EE were etched for 20 hours.

#1 K t was not calculated because the Young's modulus E of the
elched material has not yet been measured.

+ EEl5 was more completely etched leading to the higher WOF.



FigUrC 10. Yrar Lure SUrflace o f WolF specimen tested in
air, -* ri, (specime, ::64, i oonx)
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water (Spec imen :!50, 1000X).
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Figure 18. Fracture surface of WOF specimen tested in

CCM, (Specimen ':61, 1000X).
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The fracture surfaces of specimens fractured in the three environments

are illustrated in Figures 19-21. There is a substantial shift to inter-

granular fracture in the etched specimens compared with the unetched speci-

mens. Of course, this observation should be expected because etching

weakens the grain boundaries. These figures also show other important

features. For example, all of the photographs show large numbers of micro-

cracks. This observation suggests that the increased WOF in the etched

material occurs as a result of enlargement of the process (microcracked)

zone at the crack front in the etched material.

Comparing the photographs for the three environments shows that the

apparent grain size for the CC14 environment is smaller than those for the

other environments containing water. The apparent grain sizes were evalu-

ated by the linear intercept method with the results given in Table V.

This surprizing result indicates that the grain boundaries near the crack

front are fracturing more easily in CCI 4 than they are in water containing

environments. This explanation is also consistent with the observation of

higher PIF for unetched specimens fractured in water contain'ng environments.

This procedure was repeated for additional specimens and, although the

differences in apparent grain size were not as large, the averages varied

as expected based on the first observations. Also included in Table V are

apparent grain size measurements for unetched specimens fractured in the

three environments. In this case the specimen fractured in CC14 also showed

the smallest apparent grain size.

In addition to revealing interesting aspects of the effect of environ-

ment on fracture mechanisms, these results show that there are potential

pitfal±, involved in the common practice of measuring grain sizes by

analysis of fracture surfaces.
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TABLE V

Variation of Apparent Grain Size with Environment

in Etched UJDF Specimens

Treatment Specimen Environment Apparent Grain Size
No. Pm

Etched EE16 CC14 3.9

EE19 5.0

EEl 5.1

Average 4.7 +0.7

EEl5 Air(75% rh) 5.4

EE17 4.2

EE2 6.4

Average 5.3 +1.1

EE18 H20 5.7

EE14 6.1

Average 5.9+ 0.3

Not Etched 61 CC1 4  6.2

64 Air(40% rh) 8.5

50 H20 8.1

I'
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Figure 21. Fracture surface of WOF specimen, etched
20 hours, tested in CC14 (Specimen EE16,
100OX).
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The mechanism responsible for the increased grain boundary fracture for

etched specimens fractured in CC14 remains in doubt. In water containing

environments the water or water vapor in the connected pores may induce

intergranular fractures over a more extensive process zone. This suggestion

is consistent with the higher WOF values measured for air ("75% rh) and

water environments. If, because of the absence of water, a less extensive

process zone is formed in CC14 this may lead to higher stress concentrations

acting along the main crack leading to a larger fraction of localized inter-

granular cracks on the fracture surface. In any case, it is interesting

that weakening the grain boundaries by etching increased the work of frac-

ture with greater increases occurring for environments containing water and

the smallest increase occurring for CCI 4 . Also, the reversal of the role of

water from decreasing WOF in the dense bodies to increasing WOF in the etched

bodies may help to explain some of the differences observed in earlier WOF

measurements.

B. Relationship of KI and Fracture Mode

The 96% A120 3 specimens were fractured in several different environ-

ments including laboratory air at about 40% rh, silicone oil (DOW 200, 5

centistokes), water and CCI4. The silicone oil is considered to be a rela-

tively inert environment. Therefore, the data showing the relationship of

KI to the fracture mode will be presented first for a specimen fractured

in silicone oil. Following that the results for specimens fractured in

more or less reactive environments will be compared. Composite scanning

electron micrographs of the fracture origin and the surrounding fracture

surface, approximately 400 x 300 pm at I00X, were prepared and analyzed.

,I.
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likely to lea~e little evidence of its presence. As is typical for this

material, the fracture origin is surrounded by a region of primarily trans-

granular fracture. In reflected light such a region appears as a group of

(2)reflecting spots 2 . At greater radii from the fracture origin the percent-

age of intergranular fracture increases. Also, an increasing percentage of

the transgranularly fractured grains contain what we have called linear

features. Many of the linear features are river marks (18) but they also

include ordinary cleavage steps, striations, cracks, and a variety of

unidentified features.

As in the case of H.P. A1203, a grid was placed over the composite

photograph and the fracture mode was evaluated for each grid space. The

grid spaces were 2.5 m on a side at O00OX so that the grains average about

two times the grid size. It is immediately apparent that the large areas of

transgranular fracture are many grains in size but reveal little evidence

of grain boundaries. Therefort, it is clear that the wavy transgranular

fracture propagates from grain to grain with little disturbance at the grain

boundaries. The fracture surface was evaluated in a path 50 vim wide and

about 250 pm long extending perpendicular to the surface from the fracture

origin. Each space was evaluated to determine whether it was intergranular

or transgranular and, if transgranular, whether or not linear features were

present. The results were averaged for each row and presented in Figures

24 and 25.

(2)As we observed previously 2 , the 96% A1203 body usually shows a greater

proportion of transgranular fracture near fracture origins than the H.P.

A1203. This differeance is attributed to the increased grain size of the 96%

A1203 which increases the energy required for intergranular fracture because



Figure 23. Compohite scanning electron micrograph of fracture
surface of a 96% alumina specimen fractured in
silicone oil (Specimen #150, a F -500 IlPa, lOOOX).



0 0

3.8-.35.6

4.50 50

EE
aI

00

E
0

*7.80 150

- C
9.0-20



Fracture Origin

Vo4

4 p 4 . ' 4 ~ too

Aft.



xA

mo-

40

"4 40%," 1



,- "4"

(Ir)

9.00-- 200

10.06 250

Figure 23. Composite
in silicone

AWN".



.- 0.r -4~

site scanning electron micrograph of fracture surface of a
one oil ( Specimen #150, o-F = 500 MPa, I00X).

____ __________________ Ai



VA

on

urface of a 96% alumina specimen fractured

JX).



52

8-

7-0 00
0

0
CUN

E 0 1__ /2
0 6-t 4 KK>>5.6 MPa m (00 01)

a. 0 0
2~ 00

00 0
5- 0 0

0

000

0 K1 4.3 MPa m'/(0126)
4- 0Oo1/

>% 0- K!C 3.8 MPa m"
0

0
C 0o

0
0 1/2

U) 0 00*- K1  2.4 MPa m (IOTO)
ci)

0

0 20 40 60 80 100
Percent Intergronulor Fracture

Figure 24. Stress intensity factor vs. PIF, 3-row running averages (96% alumina
Specimen #150 fractured in silicone oil, o F - 500 M4Pa).
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of the increased surface area formed, the increased departure of the crack

from the average plane and the increased irregularity (bluntness) of the

crack front for intergranular fracture compared with transgranular fracture.

In overall terms PIF varies with KI as expected based on earlier obser-
1.

vations. Figure 24 shows minima near KI = 2.4 MPa m
r 2 which is the estimated

KIC for fracture on {i010} planes in sapphire, 3.8 MPa m which is the KIC

of the polycrystalline body, 4.3 MPa m2 which is the estimated KIC for frac-

ture on {1126} planes in sapphire and 5.6 MPa m2 which is the KI at which

Wiederhorn (4 ) was unable to induce transgranular fracture on the (0001)

plane in sapphire. Instead he observed fracture alternating between {1012}

rhombohedral surfaces and conchoidal surfaces roughly parallel to the (0114)

plane. It is interesting that most of the KI vs. PIF curves show a double

minimum in this KI range so that one can speculate that the polycrystalline

body is responding in a manner similar to the sapphire.

Figure 25 shows that the percent of the fracture surface with linear

features (PLF) increases strongly with KI. Only the transgranularly frac-

tured grains show these features. These data show no linear features at

KI *- 4 MPa m but small areas with linear features usually are observed at

1-2
KI < 4 MPa m in other specimens so that the onset of these phenomena is

not usually as abrupt as is indicated by the figure.

Between KI 
= 4 and K, = 10 MPa m2 there are several maxima and minima

in PLF. These maxima and minima occur in response to variations in PIF.

When PIF is high PLF must be low because only transgranularly fractured

grains have linear features. The percentages of intergranular and trans-

granular fracture for one or two rows at each of the maxima and minima are

indicated in brackets on the figure. These results show among other things,
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that the percentage of the area of transgranularly fractured grains showing

linear features increases strongly with K . Taking the values at the three

maxima we find that:

First maximum KI i 4.6 MPa m 32% have linear features

Second maximum K " 7.6 45% it of

Third maximum K 1 1 9.9 69% " it

It is clear that this increase in the areas of transgranularly fractured

grains showing linear features can be a valuable tool during failure

analysis for estimating the stress intensity factor or apparent stress

intensity factor acting at various locations on the fracture surface.

Effect of environment on fracture mechanisms

As implied by the dependence of crack velocity on KI and environment,

the strengths of many ceramics are time dependent in chemically active

environments. This characteristic can be demonstrated by so-called delayed

fracture tests in which specimens are subjected to dead weight loads and

the time to failure is measured. The environments investigated in this

program included laboratory air, water and CC14". Originally, the choice

of environments was based on the work of Cuthrell and coworkers(22 ) who

found that fractures during drilling tests in hydrogen poor environments

were less "brittle" than fractures in hydrogen rich environments. Some

uncertainty is introduced by the fact that, in drilling, the failure

probably occurs by mixed mode stresses because of the compressive component

of loading, whereas in the present tests failure occurs in tension (Mode I).

In any case, as indicated in the WOF tests, there is substantial reason to

expect variations in fracture mechanisms as a result of exposure to various

environments.

* Baker analytical grade dried over CaS0 4.
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The flexural strengths of thermally annealed 96% alumina ceramic rods

tested by four point loading on a one inch span are higher when measured in

"water-free" environments than they are when measured in water or in air at

various humidities. In the .*resent case, the flexural strengths averaged

466 MPa in CCL, and 434 MPa in water. These strengths are higher and the

strength difference is smaller than we would have expected based on our

earlier measurements for environments with various water contents (2 7'2 g )

The results of the delayed fracture tests are given in Figure 26. Again

the strengths are higher and the strength differences for the two environments

are smaller than we would have expected based on our earlier results. Never-

theless the differences are substantial.

Effect of environment on fracture features for fractures propagating from

inherent flaws

In the section on WOF tests, fracture features were characterized for

fractures propagating at almost constant KI values from large artificially

induced flaws. In the present section, the characteristics of fracture

surfaces formed by cracks propagating from small inherent flaws in various

environments and under strongly increasing KI are described. The principal

comparisons were made for specimens fractured in water and CC14. It is

impractical to present all of the photographs and other data on which these

comparisons are based. Therefore, detailed photographs will be presented

for one specimen fractured in each environment together with tabulated data

for a few other specimens. This information will be used to compare the

fracture features of specimens fractured in the two environments. To compen-

sate for differences in subcritical crack growth and fracture stress the

comparisons are made at approximately equal KT values.

- ~.-~-.-l
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Fracture in CC14, Specimen #8

Specimen #8 was fractured by loading in flexure at a linear loading rate.

The loading rate was low so that the specimen fractured in about one minute.

The composite photograph of the fracture surface of Specimen #8 is given in

Figure 27. The darker round spots on the left and right sides of the composite

photograph are artifacts caused by aging of the conducting coating used to

prevent charging of the alumina surface. This specimen fractured at a rela-

tively high stress, 509 MPa, from a surface pore %18 pm deep. Assuming a

sharp crack at the pore boundary, KI is less than 2.7 MPa m" at the pore

boundary. River marks and other linear features point back to the pore

indicating that it is the fracture origin. The fracture origin is surrounded

by a region of wavy transgranular fracture. As explained previously, part of

this region near the fracture origin is a region of subcritical crack growth.

The critical crack is approximately 44 pm deep. As observed previously, the

critical crack boundary is marked by a series of pullouts and projecting

grains. At greater radii from the fracture origin the so-called linear

features are observed with increasing frequency.

The shape of the area of wavy transgranular fracture, the subcritical

crack growth boundary and the shapes of contours defined by equal frequency

of linear features all indicate that the crack propagated at lower KI values

to the right than to the left. These observations suggest that the crack

propagating from the surface pore linked up with another flaw to the right.

There is a small pore located 35 pm to the right of the fracture origin and

10 pm below the surface. The river marks below this pore shnw that the crack

propagated down from the pore. It may be that, when this crack grew to the

point that it could overcome the resistance of the projecting grain to the

, 6 ,-



Figure 27; Composite scanning electron micrograph of the fracture
surface of a 96Z alumina specimen fractured in CCl14
(Specimen #8, ai 509 1qa, lOOOX).
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left of the pore, the two cracks linked up. The calculated KI value at

this critical flaw boundary is 4.3 MPa m , assuming a semi-circular crack.

The KI vs. PIF was determined for this specimen by the method

described previously with the results shown in Figure 28. The curve shows

minima in PIF at KI values of 4.0, 5.6 and 6.0 MPa m , values close to the

values observed in other cases. There are no very substantial differences

in fracture mode that would indicate an effect of environment on the frac-

ture mode.

The relationship of the percentage of the surface area consisting of

transgranularly fractured grains with linear features (PLF) to the KI acting

at the crack front was determined by a similar method. The PLF increases

strongly with KI as shown in Figure 29. The PLF increases from close to

zero at KI = 3 MPa m
1 to about 60% at KI = 6 MPa mi. Subjectively, the

boundary of the region containing linear features is at about this KI value.

It is interesting that this subjectively observed boundary is close to the

maximum concentration of these grains.

The characteristics of the linear features in this specimen were studied

extensively by stereo scanning electron microscopy mainly because the

features were so varied in appearance and so well defined. The areas at

which photographs were taken are labeled with letters on the composite

photograph and the photographs are presented in Figures 30-35.

The photograph of area A which fractured at KI = 3-4 MPa in
1 shows

mainly transgranular fracture with only a few linear features which appear

to be river marks. The areas of transgranular fracture are much larger

than the grain size.

Area B was subjected to much higher KI, perhaps up to 6.5 MPa m and

the fracture features show the response to this increase, especially the
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increased area density of linear features. The fracture remains trans-

granular and the areas are large so the individual grains are not well

defined. The photograph shows regularly spaced horizontal lines on some

of the lighter surfaces and jagged edges. These features are believed to

be artifacts of vibrations of the SEM. Most of the linear features are

river marks and ordinary cleavage steps.

Area C, which was subjected to KI = 8 MPa m , represents an area in

which there was more intergranular fracture. Perhaps for this reason there

are a number of smaller areas of transgranular fracture and in these areas

the individual grains are more well defined. Most of the linear features

appear to be river marks but there are also ordinary cleavage steps and

microcracks.

Area D, which was subjected to KI values in the range 8-9 MPa M
1 is

characterized by a high proportion of transgranular fracture with the

individual grains in the transgranularly fractured areas being relatively

well defined. In some cases the individual grains are evident because of

microcracks in the grain boundaries. In other cases, the crack changed

direction at the grain boundary so that the grain boundary is especially

well defined under the stereo viewer. This observation suggests that at

high crack velocities there is a greater tendency for the crack to change

direction to take advantage of a lower fracture energy plane than at low

crack velocities. Many linear features were observed as one might expect

at high KI. These linear features include a high fraction of river marks.

In addition, the large,angular, five-sided grain has very regular parallel

striations in the surface that appear to be oriented parallel to lattice

planes. This grain is shown at higher magnification in Figure 34. Slip

MJ
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Figure 30. Area A fractured at K1  3-4 MPa ml showing

mainly transgranular fracture (96% alumina
Specimen #8,,F 509 HPa, 4000X).

Figure 31. Area B fractured at KL1 6.5 1.11a showing
cleCavage steps (96/7 al1timi na Spcc imr) ;18

509 M11a, 4000X).
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Figure 32. Area C fractured at K1  8 MPa m" showing
smaller areas of transgranular fracture
with numerous linear features including

river marks (96% alumina Specimen #8.

F 509 MPa, 400OX).

Figure Y3. Area 1) fractured1 at K1  8-9 11)a m' !-Ihwing
a t rnn ,ranin rv f ractutredI area inI WhI ClI
the( iiidividuIil -iiin re eltjv well-
de I i ned (96,' 11 I ITn i IM~ SIeCC It 1)n 8, F 509J

-Ia "400 )
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and twinning were considered as possible mechanisms responsible for these

linear features. The striations bear some resemblance to facets formed on

annealing twins in brass (29a). Heuer(2 9b) indicates that only rhombohedral

deformation twinning occurs in alumina at room temperature or below in the

absence of hydrostatic pressure. However, the possibility that slip or

twinning occurred during earlier high temperature processing must be con-

sidered and the possibility that high temperatures existed momentarily at

the crack front during fracture cannot presently be excluded. Therefore,

the mechanism responsible for these features remains uncertain.

This series of pictures of A-D provides strong evidence of the increas-

ing disruption of the fracture surface with increasing radius from the

fracture origin (increasing KI and V). Figure 35 shows Area E which contains

a rectangular grain with numerous cleavage steps. The irregular spacings

of the steps resemble those observed by Hillier(29c) in U02. Area E was

subjected to K_ 7 MPa m . Most of the surface is covered with linear

features including cleavage steps.

Fracture in H20, Specimen #119

Specimen #119 was also loaded at a linear loading rate and fractured in

about one minute. It was chosen as an example of fracture in water because

of the large number of phenomena illustrated by the available photographs.

The general appearance of the fracture surface is indicated by Figure 36 in

which the fracture origin is indicated by A. A section of branched crack

that did not separate from the fracture surface is indicated by B. The

reflecting spots are shown in the optical micrograph in Figure 37. The

reflecting spots surround the fracture origin. Careful comparison of the

photographs reveals that the reflecting spots correspond in detail to the

..............................-...---~-
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Figure 34. Five-sided grain in Area D showing striations
parallel to grain edges and a microcrack at
the grain boundary (96Z alumina Specimen #8,

(JF 50 MPa, 10,OOOX).

Figure 15. Area E fratured i K1  7 MP' i" sh1owing
I mnear feLrrt ', 1 1 (1IW, CIU;V1M tavac't
(967 lii n Spec- i mn t8, -I. MI'a

4 OOOX),
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A

Figure 36. Fracture surface of 96% alumina Specimen
tt119 fractured in water, A is the fracture
origin and B is a large scale crack branch-
ing boundary (OF =390 MPa, 70X).

Figure 37. Optical phiotomicrograph of fracture surface
of 967 alumina Specimen fill' fractured in
water showing reflecting spots surrounding
thev fracture origin F=390 'Mla , 60X).



69

areas of transgranular fracture. This is especially apparent in the case

of the two streaks of reflecting spots that radiate from the fracture origin.

Many of these details are described in the following paragraphs.

The composite photograph of the fracture surface of Specimen #119 is

given in Figure 38. Because of the increased subcritical crack growth in

environments containing water, this specimen fractured at a much lower

fracture stress, 390 MPa, than Specimen #8. The fracture originated at a

surface pore about 12 pm deep. Assuming a sharp crack at the pore boundary,

KI is less than 1.7 MPa at this boundary. Despite this low stress

intensity factor the crack apparently grew from the pore and the growth was

almost entirely by transgranular fracture.

The rather extensive region of transgranular fracture is typical of

specimens that fracture at low stresses as a result of subcritical crack

growth. In an attempt to evaluate the effect of environment independent of

the effect on subcritical crack growth and fracture stress the PIF and PLF

data have been plotted vs. KI in Figures 39 and 40. The PIF vs. KI data

show minima in PIF at approximately the same KI values as observed

previously. As is sometimes observed in 96% alumina specimens fractured

under conditions where there is considerable opportunity for subL Ltical

crack growth, little or no intergranular fracture was observed near the

fracture origin. The PLF vs. KI data show an increase in PLF with KI

especially at KI values over 6 MPa m1. Comparison of these results with

similar data in Figures 28 and 29 for Specimen #8 fractured in CC14 revealed

some differences. In water there appears to be less intergranular fracture

in the KI range 5-6 MPa m and fewer linear features in the KI range 4-6.5

MPa m . It is uncertain at this point whether these results are meaningful

tI
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because the results depend to some extent on the quality of the photographs

and the objectivity of the observer. Nevertheless, observation of more

transgranular fracture and fewer linear features in H20 compared with CC14

seems consistent with the fact that H20 aids crack propagation.

The discussion in the previous paragraph raises the question whether

or not the environment can diffuse to the crack front of fast moving cracks

in these specimens. In fracture mechanics tests involving large cracks,

Region II of the Log V vs. Log KI curve (Figure 14) is a region in which

the crack velocity is less than otherwise expected because the crack tends

to outrun the environment. In double torsion beam tests on an aluminum

oxide body Evans (24 ) observed Region II at V 2' 10- 3 m-s- for air at 50% rh.

In these tests the diffusion distance is about 2mm whereas in our case with

inherent flaws the diffusion distance in KI range of interest is about 100 pm,

a factor of 20 less. On the other hand the crack velocities increase sub-
-3 -I -l

stantially above 10- 3 m's to about 103 m's at the terminal velocity. Thus

it seems that the effect of environment will persist to significantly higher

crack velocities in specimens fractured from irherent flaws but the crack

should eventually be expected to outrun the environment as the crack length

and crack velocity continue to increase.

The characteristics of the linear features formed at various radii from

the fracture origin were studied using photographs taken at higher magnifi-

cations. These photographs show that this fracture surface has a much less

disturbed appearance than that of Specimen #8 which was fractured at a higher

fracture stress in CCI 4. Also, a larger fraction of the linear features are

ordinary river marks.

- -- -



Figure 38. Coposite scanning electron micrograph of the fracture
surface of a 96% alumina specimen fractured in water
(Specimen 1119, cr - 390 N.Pa, 1000X).
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An attempt was made to determine whether or not the regions of

increased intergranular fracture represented regions that resisted crack

growth by tracing the river marks in these areas. Presumably, if these

are resistant regions the crack will tend to extend around these regions

by transgranular fracture. Then, when the stress intensity factor at the

boundaries of the resistant area increases to the value necessary to cause

fracture there, the fracture may extend into the resistant region from

several directions that may also be indicated by the river marks. The

directions of crack propagation based on the river marks are indicated by

the arrows in Figure 38. These arrows point in a variety of directions

showing clearly that local fracture does not always propagate parallel to

radii from the fracture origin.

Area L was subjected to more intensive observation. This area repre-

sents an area of increased intergranular fracture and it is shown at higher

magnification in Figure 41. River marks are clearly visible adjacent to

numbers 1-5 on the photo. Based on the fact that the direction of crack

propagation is the same as the direction of water flow if the branches were

tributaries of a river, it is apparent again that the direction of crack

propagation varied at various points in the fracture surface. So far,

examination of the river marks has not provided conclusive evidence that

the regions of increased intergranular fracture are resistant to crack

propagation. Nevertheless, based on the increase in PIF with Ki, it remains

our opinion that this is the case.

Area L also shows a number of other interesting features. Some of the

grains, especially the one at 6 show striations similar to those observed in

Specimen #8. This grain is located where KI1 6 MPa m . This KI value is



Figure 41. Area L of Figure 38 showring river marks and striations at
higher magnification (961 alumina Specimen #119 fractured
In water, alp - 390 HPa, 10O0X).'
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substantially lower than the K value at which these features were observed

in Specimen #8. To the right of 1 is a cross hatched region. Another

similar region can be seen above Area L in Figure 38. In some cases these

cross hatched regions appear to occur as a result of intersections of

Wallner lines in individual grains.

Other interesting features observed in this fracture surface are

cleavage steps and microcracks. Cleavage steps from Area D of Figure 38, are

shown in Figure 42. The microcracks have several different appearances. In

some cases they occur at tilt-twist boundaries where river marks originate as

shown in Figure 43. In other cases the microcracks are lined with globules

of material that may be the siliceous intergranular phase. The appearance of

this material suggests the possibility that it may have been melted during

the passage of the crack.

Crack branching in Specimen #119

The region in which crack branching occurred is shown at higher magnifi-

cation in Figure 44. This region is at a radius of about 500 Um from the

fracture origin. The apparent stress intensity factor at crack branching

(K.B) is 11.1 MPa m;1. This value is very close to the average values deter-

mined previously which were 10.6 and 11.3 MPa m after correction for

the larger value of Y used in the present investigation.

In Figure 44 the line along which the crack branching originally occur-

red is indicated by the inclined lines at the edges of the photographs. This

line is slightly above the bright line of grains that mark the edge under

which the crack has propagated. The reason for the difference between these

lines is that the sharp edge of the wedge formed by crack branching appears

to have chipped away leaving the present blunt edge.
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Figure 42. Cl1eavage steps at Area D in Figure 38
(967 alumina Specimen 1l9 fractured in.
water, F 390 MPa, 4000X).

~~F

Figure 43. Microcrack at Area E in Figure 18

(96% alumina Specimen #11.9 fractured in

water, o F 390 MPa, lO,OOOX).
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The fracture surfaces before and after crack branching were expected

to show substantial differences due to the fact that, because of the extra

energy necessary to form four surfaces rather than two, less energy is

available after branching to disturb the fracture surface. For example,

in glass the mirror-like surface observed near the fracture surface

reappears after branching (Figure 6). In the present case the areas of

transgranular fracture seem to increase in size after branching. Otherwise,

the degree of disturbance of the surfaces, for example the area density of

linear features, doesn't seem to change appreciably.

These observations bear on the question whether there is an equivalent

of mist (incipient crack branching) in these polycrystalline ceramics. If

there is, it should appear above the crack branching boundary in Figure 44

and be absent below this boundary. It is not clear that such an equivalent

of mist is present in this case.

Effect of environment on fracture features of other 96% alumina specimens

Composite photographs of fracture surfaces of other 96% alumina

specimens fractured in water and CC1 4 were prepared and evaluated as indi-

cated in the previous sections. In this section these fracture surfaces are

systematically described and compared.

The characteristics of five specimens fractured in water are given in

Table VI. Two of these specimens were loaded in flexure using a linear

loading rate and three were fractured by delayed fracture. The fracture

stresses were calculated taking the location of the fracture origin on the

cylindrical surface into account. The specimens include high and low

strength specimens fractured by linear loading and specimens that fractured

over a wide range of times in delayed fracture. In addition, all of the
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specimens were selected on the basis of relatively symmetrical crack propa-

gation. This characteristic was judged mainly on the basis of symmetrical

reflecting spots. The main purpose of this selection was to improve our

estimates of the stress intensity factors acting at various stages of

crack growth.

The following observations seem especially significant:

1. The fractures originated at surface pores or machining flaws.

2. The flaws at the fracture origins are much smaller than the

critical flaws.

3. The estimated KI values at the original flaw boundaries range

from 1.26 - 2.04 MPa m, showing that subcritical crack growth
must occur at low KI values.

4. Flaw linking has an important role in subcritical crack growth.

5. Subcritical crack growth occurs by wavy transgranular fracture

in which the direction of crack propagation changes only slightly

relative to the average fracture plane in going from one grain

to another.

6. In 96% A1203 the subcritical crack growth boundary is marked

by an irregular row of pullouts and projecting grains.

7. The estimated KI values at the subcritical crack growth boundary

determined using the previously developed criteria range from

3.55 - 4.31 MPa mk. These values can be compared with K =

3.8 MPa m measured using fracture mechanics tests on large

cracks.

8. Transgranular fracture is the principal mode of fracture over

the entire portion of the fracture surface that was examined

(150 x 300 Pm).

9. The frequency of occurrence of linear features increases with

increasing distance from the fracture origin.
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The characteristics of fracture surfaces of specimens fractured in

"water free" media are tabulated in Table VII. As in the case of the

specimens tested in water these specimens were loaded by two methods, either

at a constant loading rate or by dead weight loading in delayed fracture

tests.

The specimens in CC14 fractured at stresses ranging from 510 MPa for

the strongest linearly loaded specimen down to 370 MPa for a delayed

fracture specimen that fractured in 3600 s. The fractures originated at

several different types of preexisting surface flaws. The stress intensi-

ty factors (KI) at these flaw boundaries were calculated in several cases

where the fl&w were relatively well defined. The flaws were assumed to

be semi-circular surface flaws. The KI values ranged from 1.29 to 2.84 t

MPa m . The critical stress intensity factor (KIc) of the 96% A1203 is

about 3.8 MPa m1. Therefore, it is apparent that a substantial amount of

subcritical crack growth must have occurred in these specimens despite the

relative absence of water in the environment.

The subcritical crack growth region consisted mainly of wavy trans-

granular fracture interspersed with small areas of intergranular fracture.

In one case (#178) the wavy transgranular fracture region (and the reflect-

ing spots) was elongated into the specimen, perhaps indicating less resist-

ance to crack propagation perpendicular to the surface than parallel to it.

In another case (#210) the transgranular fracture region consisted of

radiating ridges rather than wavy areas. There is no obvious explanation

for this difference in the fracture mode.

- ~ "
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As in the cases of specimens fractured in water and in air, the sub-

critical to critical crack growth boundary was often marked by a discontinuous

line of pullouts and projecting grains. The region of wavy transgranular

fracture extends beyond this boundary, usually leading to another minimum

in the percent intergranular fracture. However, the surface has an in-

creasingly disturbed appearance and the regions of transgranular fracture

frequently were broken into segments radiating from the fracture origin.

At KI values ranging from 4.7 to 7.4 MPa m , a diffuse boundary was observed

at which the fraction of grains with linear features increased substantially

and the boundaries of the individual grains in the regions of transgranular

fracture became much more evident.

Preliminary attempts were made to compare the fracture features of the

specimens fractured in "water fred'media with those observed in specimens

fractured in water. Among the specimens with characterized fracture sur-

faces, the fracture stresses of the specimens fractured in water ranged

only from 368 to 442 MPa while those fractured in "water free" media ranged

from 370 to 510 MPa. Therefore, it was necessary to compare the fracture

features in some way that accounts for the differences in fracture stress,

for example, at equal values of stress intensity factor acting at the crack

tip at each stage of crack growth. The flaws at the fracture origins of

the specimens fractured in CC14 were larger and more well defined than those

of specimens fractured in water. This observation is reasonable, especially

in view of the fact that the higher loads applied to some of the specimens

loaded in CC14 allowed larger areas of the cylindrical surfaces to be

stressed at high stresses so that the fracture would tend to seek out larger

flaws. The ranges of K, calculated at the boundary of pullouts and projecting

grains were approximately the same for both water and CC14 environments.
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Direct comparisons were made for two pairs of specimens fractured

at approximately equal fracture stresses. One member of each pair was

fractured in each environment. These results are presented in Table VIII.

Based on Cuthrell's work(2 2a)and our earlier delayed fracture tests

we expected to observe greater effects of environment on the micromechanisms

of fracture than have, in fact, been observed in this study. However, in

some cases Cuthrells results using CC14 were intermediate between the

(22b)
results in ultrahigh vacuum and those in water . He tentatively

attributed these intermediate results to moisture trapped in the near-

surface regions in the solids. Also, the present lot of material may be

less susceptible to environmental effects. In general, our data on several

lots of the material received over an interval of ten to fifteen years

support this argument to some extent. However, it should be remembered

that when the present lot was tested in the as-received condition with

ground surfaces, the average flexural strengths were only 347 MPa in CC14

and 260 MPa in water. These results can be compared with results for an

earlier lot with as-fired surfaces which yielded 288 MPa when tested in

water and 348 MPa when tested in air. When the present material was

refired at 15000C for one hour, the average flexural strength increased

to 388 MPa when tested in laboratory air. Comparing this result with those

obtained for the present annealed specimens tested under water indicates

that the strength of the present lot may be stronger than the earlier lot

by somewhat more than 46 MPa.

The fact that the present material is of better quality still does

not explain why it is so little weakened by exposure to water. Therefore

it may be helpful to speculate on possible ways that the material could

be protected from the stress corrosion by water. One such mechanism might
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involve the relative absence of residual stresses as a result of annealing.

We have not yet been able to review our own work completely or search the

literature for other cases in which delayed fracture tests on A1203 have been

done immediately after annealing but this may be the first time it has been

done. Marshall and Lawn (30 ) have shown recently that for glass tested in

water the percentage strength reduction due to residual stresses is greater

for specimens tested at low loading rates where more subcritical crack

growth can occur than it is at high loading rates. In polycrystalline

ceramics where a greater variety of micromechanisms are available, it seems

possible that the presence of the residual stresses might enhance the

mechanism most susceptible to stress corrosion, thus enhancing the observed

differences in fracture mode.

The frequency of occurrence of various types of flaws at fracture

origins is strongly dependent on the basic material and processes such as

grinding or annealing that are applied to the fired material. The material

is usually strongest in the as-fired condition. When it is ground, machin-

ing flaws and localized residual stresses may be introduced t"at ma1 viken

the material. Subsequent annealing may relieve residual stresses at the

machining flaws or partially heal them, leading to substantial increases in

strength. It should be remembered that when earlier specimens were tested

in the ground condition, they were weaker than expected and the lack of

well-defined features on the surfaces made it difficult to locate the

fracture origins. Therefore, specimens were annealed to improve the strength.

Probably, annealing reduced the fraction of the specimens failing at machin-

ing flaws and increased the fraction failing at surface pores and other types

of flaws. The types of flaws causing failure can be influenced by the

environment and the loading rate. Corrosive environments like water and low
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loading rates favor surface flaw failure. Therefore, observation of a

particular ratio of pores or machining flaws at the fracture origins reflects

to a considerable extent the treatments applied to the specimens and the con-

ditions under which they were fractured.

The present observations are consistent with our earlier opinion that,

in 96% A1203, machining flaws are usually intergranular. Because the sub-

critical crack growth occurs by wavy transgranular fracture, the boundaries

between the machining flaws and the subcritical crack growth are well

defined. This comment applies also to the boundaries of pores and other

fracture origins.

Because the flaws are so much smaller than the critical flaws, sub-

stantial subcritical crack growth must occur. It is surprizing that sub-

critical crack growth can occur at the low KI values calculated at the

origin flaws, assuming that they were semicircular cracks subjected to

the maximum loading stresses. Crack velocity measurements of Freiman,

McKinney and Smith.1 9 ) f r the 96% alumina tested at about 40% relative
- -1 m in-l

humidity extrapolate to 10-8m.s at 2.7 MPa m, in other words 0.01 m-s ,

which should not cause failure in the times that the flaws were exposed to

the stresses.

There are several possible explanations of the extent of subcritical

crack growth including:

1. The stress intensity factors may be underestimated because of

the presence of localized residual tensile stresses.

2. The stress intensity factor may be underestimated because of

interactions with nearby flaws.

3. The localized resistance to crack growth may be lower than that

determined on large cracks in standard fracture mechanics tests.
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It is probable that all of the above mechanisms influence the slow crack

growth in these specimens. Even though the specimens were annealed,

small residual stresses may remain at the machining flaws. Furthermore,

localized residual stresses arise during cooling due to thermal expansion

anisotropy of the individual grains. In regions where several grains near

a flaw are oriented so that the tensile stresses due to crystal anisotropy

are parallel to the applied stresses, the crack growth will be enhanced,

assuming that these lattice planes are planes with relatively low fracture

energies. As it happens, in u-AlO3 the c-axis is the high expansion

direction (22a)so that the highest tensile stresses are induced on the basal

plane which has the highest fracture energy. Therefore, the most vulner-

able planes may be the pyramidal planes which are subjected to

(4)
slightly lower stresses but have much lower fracture energies

Flaw linking in alumina ceramics was first described by Evans and

(3)Tappin . It has a critical role in subcritical crack growth when it

occurs. Linking occurs because the stress concentrations at the flaws

overlap, increasing the probability of fracture of the intervening material.

Under conditions in which little subcritical crack growth occurs, flaw

linking may be recognizable as paths of transgranular fracture joining

neighboring flaws. In the present case, where subcritical crack growth

and wavy transgranular fracture are widespread, it is more difficult to

recognize flaw linking. River marks pointing from one flaw to another

may be a useful indication. Another is tile existence of an elliptical

region of subcritical crack growth that does not conform to the ellip-

ticity of the flaw at the fracture origin. This situation is frequently

observed at surfaces where flaw linking results in elliptical regions of

subcriticil crack growth with their major axes extending along the sur-

face. Tn some cases it seems best to assume that linking has occurred
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because it seems necessary to permit subcritical crack growth and it

could reasonably have occurred in the circumstances.

It is probable that the resistance to fracture (fracture energy) at

fracture origins is lower than that of large cracks used for fracture

energy or fracture toughness measurements simply because the fracture will

seek out the less resistant regions. These regions may contain unbonded

or weakly bonded grains, pores, or crystals oriented with their less re-

sistant lattice planes oriented in the plane of the crack. This last

mechanism may be more important than one might think. Weiderhorn( 4 ) has

shown that subcritical crack growth can occur on (1012) planes in sapphire

at K I x .0 MPa m1/2 when the relative humidity is 50%. This means that

favorably oriented grains at the origin flaw boundaries can crack at the

KI values estimated for the present fracture origins. Therefore, it is

reasonable to think that subcritical crack growth begins by fracture of

these favorably oriented grains followed by flaw linking and ordinary sub-

critical crack growth.

Returning now to discussion of the original observations in Tables VI-VIII

it has been noted that the subcritical crack growth boundary is marked

by an irregular row of pullouts and projecting grains. Similar obser-

(2)
vations were made previously . It is reasonable to assume that these

grains are oriented in directions resistant to fracture so that, instead,

intergranular fracture occurs. However, it seems that the situation is

more complex than that and also involves the crack velocity. We believe

that for the wavy transgranular fracture to occur the crack must be mov-

ing slowly so that when it encounters a resistant grain it can gradually

change to a less resistant transgranular path or go around the grain to

increase the KI value acting on it. When the crack velocity increases

..... " L m s '
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substantially as it does at KIC, this may no longer be possible and the

percentage of intergranular fracture increases.

The estimated KI values at the subcritical crack growth boundary range

from 3.55 - 4.31 MPa mI/2 . Based on the separate KIC measurements, we

would not have expected values over 3.8. Examination of the data shows

that the high values occur in the cases in which there is substantial

flaw linking along the surface to form a semi-elliptical region of sub-

critical crack growth . Careful examination of the fracture surfaces has

not yet provided an explanation for this discrepancy.

The region beyond the subcritical crack growth boundaries contains

large areas of wavy transgranular fracture. These areas contain relatively

few of the linear features. If we are correct in assuming that wavy trans-

granular fracture occurs in regions in which crack growth is slow, and

occurs at low values of KI, it means that these regions must form ahead of

the main crack front. It seems possible that close examination of the

river marks that indicate the direction of crack propagation in regions

of transgranular fracture might provide evidence of the sequence in which

cracking occurs. The same is true of the adjoining regions of inter-

granular fracture and transgranular fracture with linear features. Pre-

sumably, these regions resist fracture until KI builds up to the point

that fracture occurs at high velocities resulting in intergranular frac-

ture and linear features in the transgranularly fractured grains.

* Note that these estimates of KI took the ellipticity into account.
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Transmission electron microscopy (TEM)

Perhaps the most powerful and versatile means for investigation of the

micromechanisms of fracture of ceramics is TEM. Using this method Becher (31 )

has shown that, at elevated temperatures, plastic deformation in alumina

is a result of mechanisms involving dislocations, mechanical twinning and/or

grain boundary shear. Wiederhorn and coworkers (3 2 ) used TEM to study the

tips of arrested tensile cracks in alumina single crystals at room temper-

ature and failed to observe evidence of dislocation activity, indicating

that the tensile fractures were perfectly brittle. However, plastic defor-

mation does occur under compressive loading (3 3 ) and by explosive compac-

tion (34 ) at room temperature. Explosive compaction yields dislocation

generation and basal twinning as active deformation modes. Because the

energy available to cause plastic deformation is much greater at overloaded

cracks than at arrested cracks, it still seems possible that plastic

deformation has occurred during the present fractures.

Slices that included the fracture surface as one surface were cut from

some of the 96% A1203 specimens. These specimens were ion thinned. At first,

ion thinning from the side opposite the fracture surface was attempted. For

some reason, this method tended to make the material very friable so that the

grains at the edges of holes tended to break off rather than become thinner.

Therefore, the method was changed so that the slices were thinned from both

sides but with the greatest ion bombardment on the side opposite the fracture

surface. This change represents an undesirable compromise because the ion

bombardment of the fracture surface will tend to remove the material that it

was hoped to study. Nevertheless, using this method it was possible to obtain

some thinned edges that were transparent enough to be studied.

iU
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Difficulties were also encountered in attempting to determine the

locations of the thinned regions in relation to the fracture origins. This

problem was overcome by taking pictures at various stages of thinning so that

the changes in the outlines of the holes could be followed through the series.

The thinned specimens were examined by TEM using instruments located at

Penn State University and at the National Bureau of Standards. The observa-

tions were made at locations far removed from the fracture origin in regions

where the fracture surfaces had a disturbed appearance and excess energy was

available to cause plastic deformation. The estimated K value was 12 MPa m

Numerous dislocations were observed in the photographs. The best photographs

were taken by Dr. B. J. Hockey at NBS. Only limited attempts were made to

characterize the observed dislocations. However, it was Dr. Hockey's judge-

ment based on these observations that it was not necessary to invoke plastic

deformation mechanisms during fracture to account for the presence of the

observed dislocations. Some of these dislocations are shown in Figures 45

and 46. These figures show the change in appearance of the dislocation

array as the tilt angle of the specimen is increased.

IV. COARSE GRAINED 99+% ALUMINA (LUCALOX)

LUCALOX is a large grained, relatively pore free, alumina ceramic. A

small number of cylindrical rods were fractured in flexure at room tempera-

ture. The fracture surface of one of these specimens was characterized with

the results shown in Figure 47.

The photographs show the region surrounding the fracture origin on both

halves of the specimen. The correspondence of features on both halves of

thc specimen is evident. The fracture origin is at the surface near the
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center of the photograph (horizontally). In the upper photograph, the

fracture origin may be located at the indentation in the surface that seems

to contain a small number of loose fragments.

The fracture origin is surrounded by a region of primarily trans-

granular fracture. This region is bounded by a row of projecting grains

located in a semi-elliptical line with a minor axis of about 80 Pm

extending from the flaw to the boundary. On the matching photograph below,

the positions of the pullouts match those of the projecting grains above.

Beyond this boundary the fracture surface has a more disturbed appearance.

In 96% alumina, projecting grains and pullouts were one criterion

previously used for locating critical crack growth boundaries(2,8)

Observation of projecting grains and pullouts in LUCALOX raised the question

whether or not these features mark the critical crack growth boundary in

this case, also. Therefore, the critical stress intensity factor (K Ic) at

the boundary formed by the projecting grains was calculated using equation (1)

with aF = 345 MPa. The K IC values were calculated assuming either

semi-circular or elliptical flaws. Depending on the exact value of the

radius selected, the KI values obtained assuming semi-circular flaws

ranged upward from 3.9 MPa m. Similarly, the KI values obtained assuming

elliptical flaws ranged downward from 4.5 MPam . The KIC of LUCALOX is

11(19)4.1 MPa mi 9 . Therefore, the present evidence indicates that the pro-

jecting grains and pullouts mark the subcritical crack growth boundary in

II
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this specimen. Additional evidence supporting this conclusiun is available

in a photograph of a fracture surface to be published by Lankford (35 ).

Selected area electron channeling (SAEC)

To obtain definitive evidence of the micromechanisms by which fracture

occurs, it is important to be able to determine the orientations of the

individual grains in the fracture surface and the degree of plastic defor-

mation of these grains. For example, it would be significant to be able to

determine whether or not the projecting grains in Figure 47 are oriented so

that the lattice planes in the fracture surface are resistant to fracture.

Similarly, it would be significant to be able to determine the variation in

the degree of plastic deformation of transgranularly fractured grains with

variations in KI and V along radii from the fracture origin.

Lankford and Davidson (36 ) have used SAEC to investigate the degree of

plastic deformation in ceramic single crystals. In this cited reference

they determined the depth of the plastic zone induced by grinding and

polishing as a function of hardness for several ceramics including A1203.

Based on these results we decided to try to obtain channeling patterns from

polycrystalline alumina specimens. This work was done by Lankford and

Davidson at Southwest Research Institute. Initially, they attempted to

obtain channeling patterns from some of our 96% alumina specimens. When

this was unsuccessful, they switched to LUCALOX specimens from CFC and

SWRI. These materials were found to have significantly different grain

sizes; the specimens from CFC having grains ranging from 15-20 pm and the

specimens from SWRI having grain sizes ranging from 24-40 Pm.

The attempts to obtain channeling patterns from the finer grained

specimens from CFC were unsuccessful but good patterns were obtained from

- 1 i
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the coarser grained specimens. In one specimen, 12 grains were investigated

(35)yielding patterns of varying quality . The quality of the patterns did

not vary consistently with the appearance of the grains or with distance

from the fracture origin. Also, it has not yet been possible to index the

patterns to determine the orientations of the grains. Nevertheless, now

that the conditions necessary to obtain patterns from fracture surfaces of

this material are known, the prospects for determining crystal orientations

and the degree of plastic deformation of individual grains seem promising.

V. CONCLUSIONS

1. In the three types ,f olumina ceramics investilated, the sizes of

the flaws observed at the fracture origins are Iucn smaller than the cracks

necessary for KI 
= K C at the fracture stress. Therefore, subcritical crack

growth must occur as part of the fracture process. In 96% alumina this

statement applie. for water and air (',0O rh), environments that enhance

subcritical crack growth, and for CCI,,, an environment that does not enhance

subcritical crick growth.

2. The subcritical crack growth occurs mainly by wavy transgranular

fracture.

3. In addition to ordinary subcritical crack growth, the cracks grow

by flaw linking. Flaw linking also occurs mainly by wavy transgranular

fracture. In this investigation, most of the flaws involved in flaw linking

were smaller and more widely separated than those described by Evans and

Tappin ( 3 ) . Becaus. the fracture stresses are similar, this raises the

question of how the KI value at the flaw can have been high enough to cause
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linking. Evidence is lacking but the presence of regions that are less

resistant to crack growth or the presence of localized residual stresses

due to thermal expansion or elastic anisotropy are reasonable explanations.

4. In 96% alumina fractured at approximately constant KI and crack-II

velocities in the range 10 -10- 6 m.s in WOF tests, fracture occurred

mainly by transgranular fracture. The average WOF values were slightly

higher in CC1 4 than in environments containing water suggesting that the

presence of water lowers the WOF and modifies the mechanism of fracture in

the subcritical crack growth region.

5. In 96% alumina etched 20 hours to remove tile siliceous inter-

granular phase the WOF values were increased substantially. It seems

likely that weakening the grain boundaries by etching enhances microcracking

ahead of the crack, increasing the size of the so-called process zone and

leading to the higher WOF values. In the etched material the average WOF

values of the environments containing water are higher than the value for

CCI 4 . A possible explanation of this observation is that, in the water con-

taining environments,the water enhances the microcracking to yield a larger

process zone than that in CCl . The large changes in the effect of environ-

ment on WOF obtained by etching, and the reversal of the relative magnitudes

of the WOF values, may help to explain earlier cases in which contradictory

results have been reported.

6. The boundary between the subcritical and critical crack growth

regions in H.P. and 96% alumina is characterized by a minimum in percent

intergranular fracture. This minimum also coincides approximately with the

IK
KIC vlue (Kic 4.3 MPa rn'2) necessary for fracture on 111261 planes in
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single crystals suggesting a possible mechanism controlling the transition

to critical crack growth. In 96% alumina and LUCALOX, the coarser grained

materials, the subcritical to critical crack growth boundary is also fre-

quently characterized by a row of pullouts and projecting grains suggesting

a second possible mechanism in these materials.

7. The fraction of transgranularly fractured surface containing

linear features increases strongly with apparent stress intensity factor.

The linear features include river marks, ordinary cleavage steps, striations,

cracks and other types of features.

8. The areas of transgranular fracture just before large scale crack

branching are smaller than those just after crack branching. In most other

respects the fracture surfaces, before and after, seem very similar.

Incipient branching similar to mist in glass was not observed.
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