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Fracture stress-reflecting spot relations in
hot-pressed alumina

Earlier observations have shown that the areas of
the regions of intense reflecting spots, observed at
fracture origins in alumina ceramics by optical
microscopy, vary with fracture stress [1-5]. In
weak specimens the areas are relatively large and
in strong specimens they are relatively small.

The reflecting spots are caused by areas of
transgranular fracture [2,6]. The fraction of
transgranular fracture diminishes gradually with
distance from the fracture origin [6,7] but the
eye discerns a fairly definite boundary of reflec-
ting spots. In members, uniformly stressed in
tension, the stress intensity factor (Ky), at various
points on the boundary of a semi-elliptical surface
crack perpendicular to the stress (o) is [8]
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in which @ and ¢ are the semi-axes of the crack as
indicated in Fig. 1a and b, 8 is the angle between
the c-axis and a line joining the centre of the
ellipse with the point on the boundary for which
Ky is calculated, ¢ is the elliptic integral having

2\
K; (—) (@ cos?0 + c?sin20)14
c

the form
Py 2 1/2
¢, = j [1—(1—7)@129 df,a<c
o c
g (T o2 12 @)
b, =~j [1—(1 ——;)Sin20J d8,c<a
¢ Jo a

3)
so that ¢, = (e/c)p, for a given eccentricity of
the ellipse and Y is a geometrical factor that
accounts for the location of the crack, surface
or internal, and the size of the crack relative to
the stressed member. The maxima in Ky occur at
the intersections of the minor axes with the
elliptical boundaries. The minima in Kj occur at
the intersections of the major axes with the ellip-
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Figure 1 Semi-elliptical surface flaws.
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tical boundaries. We are mainly interested in the
maximum values of Ky which occur at the points
labelled x in Fig. 1a and b. Hence, we can compute
these maximum values using
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Kimax = Z—G\/c fora>c. (5)
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The sizes of critical flaws are related to the
fracture stress (0g) by expressions that are similar
in form to Equations 4 and 5 above in which
K1 max is equal to the critical stress intensity factor
(Kic) which Kjc is a material property. In ad-
dition, other fracture characteristics such as the
locations of the mirror-mist and crack-branching
boundaries in glass are known to occur at par-
ticular values of stress intensity factor [9,10].
These, together with the qualitative observations
of variations in reflecting spots referred to above
raised the question whether or not the location
of the reflecting spot boundary is related to o; by
similar equations. Therefore, 2 and ¢ of the reflec-
ting spot area were measured from photographs
of a number of hot-pressed (HP) alumina speci-
mens, 3.3 mm diameter, fractured in flexure from
surface fracture origins in regular strength tests
and by delayed fracture. The detailed procedures
were described previously [3,4]. Although the
applied stress field was non-uniform, the variation
in stress across the reflecting spot region was
negligible (less than about 10%).

If the flaw severity is defined as the square root
of the length of the minor semi-axis divided by
¢y, it is a measure of the greatest stress intensi-
fication at a crack. Rearranging Equation 5 and
taking the logarithm of the terms yields

(6)

Therefore, if we assume that there is a particular
maximum value of the stress intensity factor, say
Kpg, at which the reflecting spot boundary forms
along the minor axis, a plot of the fracture stress
(o¢) versus the flaw severity squared should have
a slope of —1. Such a plot for HP alumina speci-
mens fractured in flexure is given in Fig. 2. Values
of ¢, were taken from mathematical tables. A
dashed line with a slope of —3% has been drawn

1319

K; 1 C
= 4+ = —.
log v logo > log pe



JOURNAL OF MATERIALS SCIENCE 15 (1980)*LETTERS

| “~<—Slope = -1/2
gool TP
= '\x°
S 800 85_s
a
= ¥
° I8~
@ 400 %
® i ~
= | -~
w
14 e O<KC
2 200 e go>c
3 xa=c
I
100 1 S S T N N N B R |

| 10
Flaw Severity Squared —m x (0%

Figure 2 Fracture stress versus flaw severity squared for
reflecting spot boundaries in HP alumina fractured in
flexure at room temperature.

through the data. Clearly, the slope indicated by
the data is close to —3. Ky was estimated at a
value of C/¢? of 4.5 x 1075 m, using Y = 2.0 for
surface cracks yielding Kg = 6.6 MPam'2. The
critical stress intensity factor (Kjc) of a similar
alumina body was measured by Bansal and
Duckworth [11] and found to be 4.2 MPam'/2.
Therefore, Ky is substantially greater than Ko
showing that the reflecting spot boundary is not
the subcritical crack growth boundary.

The average value of the stress intensity factor

at the intersection of the major axis with the:

boundary of the reflecting spots (Kymin) was
calculated yielding 5.5 MPam?. This value is
also greater than Kjc. The variation in K along
the reflecting spot boundary is substantial and is
clearly different from the constant values of Kj
observed along crack-branching boundaries [9, 10] .
This observation points out a contradiction in-
volved in characterizing the area of reflecting spots
as the “inner mirror” [5]; that is, as analogous to
the region inside the mirror-mist boundary in glass.
If the area of reflecting spots were associated with
crack branching as implied by this characteriza-
tion, K should be constant around the boundary
[10].

Bansal [8] has shown that the areas of critical
flaws (A) are related to the fracture stress by
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By analogy, one might expect a similar relation to
hold for the areas of ellipses formed by reflecting
spot boundaries. The area of an ellipse is mac so
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Figure 3 Fracture stress versus area of ellipse X 2/n
formed by reflecting spot boundaries in HP alumina
fractured in flexure at room temperature.

that for a semi-ellipse (2/m)A = ac. The log of oy is
plotted versus log (2/m)4 in Fig. 3. The slope is
—1, as expected.

The results for delayed fracture specimens were
analysed similarly. The average Ky calculated at
the minor axis intersections was 6.6 MPam!/?,
confirming the above result and showing that the
observed increase in the area of the reflecting spots
in delayed fracture specimens is a result of the
lower fracture stresses caused by subcritical crack
growth rather than being a direct result of loading
rate. The c-axes of the ellipses formed in delayed
fracture specimens appear to be greater on the
average relative to the g-axes, compared with
specimens fractured using linear loading rates. This
difference may have occurred as a result of stress
corrosion enhanced crack growth along the
surface.

In earlier work it was shown that the fracture
mode, represented in this case by the percent
intergranular fracture (PIF) varied with stress
intensity factor along radii from fracture origins
as indicated in an earlier paper [7]. Lower values
of PIF indicate the presence of proportionately
greater amounts of transgranular fracture (clea-
vage). At Ky = 6.6 MPam'/? | the PIF is about 50%.
Therefore, it appears that at magnifications of
x 60, the eye preceives the reflecting spot
boundary to be at about 50% transgranular
fracture.

In conclusion, it has been shown that the
location of the reflecting spot boundary is related
to ¢ by equations similar to those normally used
to calculate the stress intensity factors at the
boundaries of elliptical cracks. The maximum
stress intensity factor at the reflecting spot bound-
ary is a material property with a value of about
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6.6 MPam'’?. However, the fact that the stress
intensity factor is not constant along these bound-
aries may indicate that the reflecting spot regions
are not analogous to the mirrors observed in glass
fracture surfaces which are bounded by crack
branching.
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The Vickers micro-hardness of non-
stoichiometric niobfum carbide and
vanadium carbide single crystals up to
1500° C

This communication describes the micro-hardness
of VC and NbC single crystals up to 1500° C and
the temperature dependency of the relaxation
behaviour of indentation. These results are com-
pared with a previous study of TiC single crystals
[1]. There has been some controversy [1-8] as to
whether the activation energy for high-temperature
deformation in transition metal monocarbides is
coincident with that for the lattice diffusion of
carbon, which is also clarified by the present study.

Single crystals were prepared by an r.f. floating
zone process, in an Ar atmosphere of 3atm, as
for TiC [9, 10]. The composition of these crystals
corresponds to VCq gg and NbCgy g determined
by chemical analysis. The single crystals have
high dislocation densities (10° to 107 cm™2),
which cause the generation of subgrain boundaries.
The crushed samples of NbCyq g9 crystals contain
a little precipitated Nb,C confirmed by X-ray
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powder diffraction methods. The electrical resis-
tivities of VCp g and NbCy g are 69 and
135uQ2cm, respectively. The arrangement of
vacancies in VCgy gg corresponds to an ordered
state judging from the behaviour of the electrical
resistivity of VC, at various vacancy concen-
trations, including its arrangement studied by
Williams [11].

The single crystals of VC are large enough to
enable the hardness on three planes to be measured,
while NbC is limited to only the (1 00) plane
because of difficulty in preparing crystals as long
as VC. The experiment at room temperature was
carried out using a Vickers micro-hardness tester,
Akashi Seisakusho Ltd. High-temperature inden-
tation was performed using a Nikon high-
temperature micro-hardness tester Model QM[1].

Fig. 1 shows the anisotropy hardness of VC and
NbC single crystals at room temperature. The
hardness anisotropy is less pronounced than in
TiC [1], which would be due firstly to the non-
stoichiometry of the crystals and secondly to the
possibility of formation of ordering of vacancies
[12, 13]. The anisotropy in the (1 00) planes
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