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Aestract—An ultrasonic technique using normal-incident compressional waves was used to evaluate
the surface and subsurface damage in ceramics produced by Hertzian indentation. Damage was pro-
duced by a blunt indenter (tungsten carbide ball) in glass-ceramic, green glass and silicon nitride.
The damage was classified into two types; (1) Hertzian cone crack, in green glass and fine grain sil-
icon nitride, and (2) distributed subsurface micro fractures, without surface damage, produced in
glass ceramic. The ultrasonic technique was successful in detecting cone craks. The measurement
results with the Hertzian cone cracks indicated that cracks perpendicular to the surface could be de-
tected by the normal-incident compressional waws. Also shown is the capability of normal-incident
compressional waves in detection distributed micro-sized cracks size of subsurface microfractures.
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1. Introduction

Surface of ceramic components in service are
commonly subjected to concentrated loads. The con-
tact stresses can introduce localized structural dam-
age, which in turn can degrade the strength (Lawn
and Marshall, 1978). Localized damage can also be
ceramics. Surface and subsurface damage induced
by machining are yet to be avoidable and these play
a vital role on the mechanical performane of these
materials (Jahanmir, 1993). The damage that occurs
in the ceramics under Hertzian loading varies from
Hertzian cone cracks to subsurface microfractures de-
pending on the microstructural scale. In the present
study, we use the spherical indenter configuration of
Fig. 1; the indentation is said to be blunt. In its in-
itial stages of loading the stress field is purely e-
lastic, i.e. the classical Hertzian stress field applies.
Beyond a critical load the material undergoes ir-
revesile deformation and/or fracture. In highly brittle
materials such as glasses, single crystals, and ultra-
fine-grain polycrystals a ring crack initiates in the
weakly tensile region just outside the circle of con-
tact within the indenting sphere, propagates down-
ward and outward into the material as a surface-trun-
cated cone; ie. a well-defined cone-shaped crack,
the Hertzian fracture (Lawn, 1968; Lawn and
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Marshall, 1978). Recently, examination of Hertzian
indentations in a coarse-grain polycrystalline alu-
mina (Guiberteau et al, 1994), coarse-grain silicon
nitride (Xu et al.,, 1995) and glass-ceramics (Cai et
al., 1994) have revealed a radical departure from the
classical fracture pattern: the cone crack is suppress-
ed in favor of distributed damage in a zone of high
compression-shear below the contact circle. The sub-
surface damage takes the form of deformation/mi-
crofracture by precursor intragrain twin/slip and sub-
sequent grain-localized intergranular micrfracture. It
was shown that the transition from cone crack to ac-
cumulated microfracture zone occurs above a thres-
hold grain size, indicating a microstructural scaling
effect (Guiberteau et al., 1994).

The purpose of this paper is to evaluate the ul-
trasonic method for the detection of surface and sub-
surface damage in ceramics induced by Hertzian
contact.Although substantial effort has been devoted
to the development and evaluation of NDE (Non-
destructive evaluation) techniques for advanced
ceramics, it was not until the early 80's that several
NDE techniques such as ultrasonic detection, ther-
mal wave imaging and micro-radiography became
accessible to the detection of micro-sized suburface
damage (Rocenswaing et al., 1985; Edwards, 1988;
Friedman et al., 1988). In particular, ultrasound re-
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lated techniques have been proved to be highly ef-
fective for assessing surface and near-surface dam-
age in ceramics and are promising in view of their
superiority other techniques for practical use as an
in-process monitoring. Several publications have ad-
dressed the application of leaky surface wave(i.e.,
wave propagation parallel to the surface) for the de-
tection of subsurface damage through acoustic mi-
croscopy (Yamanaka and Enomoto, 1982; Ya-
manaka et al., 1985; Lawrence et al, 1990; Ahn and
Achenbach, 1991). The acoustic microscopy offers
an ability to image the subsurface features in ma-
terials which are opaque to other types of radiation.
With high frequency transducers, detection of small
surface and subsurface flaws undetectable by con-
ventional ultrasonic methods is possible by acoustic
microscopy.

In contrast with the leaky surface waves, the nor-
mal-incident compressional wave is advantageous
over the acoustic microscopy for in-line application
at manufacturing sites as it is less costly. An evalu-
ation of the normal-incident compressional wave
made recently for the detection of surface and sub-
surface damage in ceramics produced by a sharp in-
denter (Ahn et al., 1994). The normal incident com-
pressional wave technique in the study was suc-
cessfully applied to detect lateral cracks while dif-
ficulty is experienced to discern the vertical cracks.
Focusing of the transducer into the material
(defocusing) provided information on the subsurface
damage of materials. Furthermore the normal in-
cident ultrasound techniques have demonstrated the
accessibility to subsurface damage.

In this paper, well-defined Hertzian cone crack
and accumulated subsurface microfractures gen-
erated by WC spherical indenter in green, glass-
ceramic and silicon nitride are evaluated by the ul-
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Fig. 1. Hertzian loading geometry for bonded-in-
terface specimen.

trasonic method wusing normal-incident com-
pressional waves. The crack system produced by in-
dentation in these materials probably represents a
severe form of damage that may be present in ma-
chined surfaces. Therefore, analysis of these cracks
provides a measure for the sensitivity of the ul-
trasonic method using mormal-incident com-
pressional waves.

2. Specimen Preparation
Three types of materials, silicon nitride, mica-con-

taining glass-ceramic and green glass, were selected
for this study. A hot-isostatically pressed silicon ni-

‘tride (NBD200) with a grain size less than 1 um was

selected to represent a high strength ceramic while a
mica-containing  glass-ceramic was selected to
represent a machinable ceramic. Silicon nitrides are
attractive due to their high strength at elevated tem-
peratures, resistance to chemical degradation, wear
resistance and low density. Glass-ceramics are
known for their easy machinability, an attractive qual-
ity for forming operations used in dental restorations
(Chyung, 1974). The green glass was used as a ref-
erence material from which the mica-containing glass-
ceramic is derived. As the damage type relies on the
grain size, cone cracks were produced in a fine grain
silicon nitride and a glass while subsurface mi-
crofractures were produced in a mica-containing
glass-ceramic. The specimens were polished to
reduce the influence of surface roughness on the
measurements. The mica-containing glass-ceramic
specimen was supplied by Cai et al. that was used in
their analysis of fracture behavior (Cai et al, 1994).
For detailed microscopic investigation of the sub-
surface damage, they employed a special bonded-in-
terface specimen, as shown in Fig. 1, which was fist
used by Mulhearn (Mulhearn, 1959). All the in-
dentaions except green glass were made using a
tungsten carbide sphere of radius r=3.18 mm. The in-
dentation in glass was made using a tungsten carbide
sphere of radius r=4.76 mm. The indentation loads
applied were 500 N, 1000 N and 1500 N for the mi-
ca-containing glass-ceramic, 400 N for green glass,
and 4750 N for fine grain silicon nitride. Fig. 2
shows the optical microraphs of the indent in green
glass. The bottom micrograph showing the cross-sec-
tion view of the indent was obtained from a bonded-
interface specimen (Cai et al., 1994). The cone-shap-
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Fig. 2. Optical micrographs of indented green glass,
showing surface (top) and section (bottom) views of
Hertzian cone crack.

Fig. 3. Optical micrograph of indented silicon ni-
tride, showing ring-shape crack just outside of the
contact circle.

ed crack geometry is well developed. The contact ra-
dius lies within the ring, confirming that the cone
crack forms in the region of weak tension outside the
subsurface compression-shear zone Fig. 3 is the opt-
ical micrograph of the indent in fine silicon nitride.
There is a conspicuous opening of the ring crack in
lower region but in the rest the crack is closed.
Micrographs of analogous half-surface and side
view of the mica-containing glass-ceramic were
shown in Fig. 4 that are supplied from Cai et al. It
is shown that cone crack outside the contact area is
inactive. In Fig. 4(a), an accumulated microfractures
damage starts subsurface and in Fig. 4(b), the dam-
age is more developed, progressing toward the sur-
face under a higher load, and in Fig. 4(c), even-
tually reaches the surface at the highest load, form-

Journal of the KSTLE

Fig. 4. Optical micrographs of indented glass-ceramic,
showing half-surface (top) and section (bottom) views
of subsurface microfracture damage in bonded-in-
terface specimens, at indentation load (a) 500 N, (b)
1000 N and (c) 1500 N. (By the permission of Cai et al.)
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ing a full plastic zone. It must be noted that there is
an appearance of an intact near-surface region im-
mediately below the surface, even under the highest
load impression.

3. Ultrasonic Measurements

In ultrasonic measurement, normal-incident com-
peressional pulsed waves generated by noncontact
transducers are applied to determine surface and
near-surface material characteristics, and to dis-
tinguish them from surface topographical features
based on the measure of intensity of the echo sig-
nals from the examined specimen. At least two
mechanisms pertain wheren the echo amplitude of
this wave type may be affected by surface and sub-
surface damage: (i) an increased material com-
pliance especially due to shallow horizontal sub-
surface cracks, and (ii) phase interference between
surface reflections and subsurface reflections from
within the material penetration depth.

3-1. Measurement System

The ultrasonic system, schematically illustrated in
Fig. 5, consists of a broadband pulser/receiver, a
gate detector, an oscilloscope, a digital voltmeter, a
personal computer, and a computer-controlled 4-axis
scanning stage (X, Y, Z, and ¢) for line and raster
scan, The specimens were immersed in a water bath

Recording System

]I Signal Processor I

Personal Computer
Pulser/Receiver
and Gate
Monitor
Motion Control System Digital Volt Meter
4-axis Scanning Stage Osdlloscope
Transducer

Water Bath

Fig. 5. Schematic diagram of the ultrasonic meas-
urement system.

coupling medium through which the pulsed wave
travelled to and back from the specimen. The trans-
ducer was attached to a 4-axis scanning stage and
used to tansmit and receive ultrasonic signals in con-
junction with a pulser/receiver unit The meas-
urements were carried out using a sharp-focused S50
MHz transducer with a spherical lens (focal length
of 59 mm and fnumber of 0.8) to generate short
wave pulses less than 0.1 ps in duration. This trans-
ducer produced a measured half-amplitude beam
width (known as the effective beam width ) of 30 to
35 pm in water at laboratory temperature. The ac-
tual operating frequency of this transducer was
measured to be 35 MHz. At this operating fre-
quency, the ultrasonic wave length in water is 43
um. The gated peak detector acquires peak am-
plitude values in voltage from the reflected ul-
trasonic signals when selected area of specimen is
scanned. The peak amplitude data were then read
and recorded by the personal computer through an a-
nalog to digital converter board. The step size of the
raster scan was 5 um in both x and y direction.

3-2. Detection of Hertzian Contact Damage

The result of ultrasound raster scan for the indent
in glass, using normal-incident waves, is shown in
Fig. 6(a) as an echo-amplitude 3-D map. The an-
nular echo amplitude peak, which is resulted by a
high reflection characteristics of sharp crack edges,
defines the immediate inner region of the ring crack.
in Fig. 6(b), a line scan along the center of the in-
dent shows the precise location of ring crack,
presented as the region of minimum echo-amplitude
indicated by arrows. The distance between the two
minimum is around 740 pm which is in good agree-
ment with the diameter of the ring crack in the mi-
crograph in Fig. 2

The result for ultrasonic examination of the indent
in fine grain silicon nitride is shown in Fig. 7 By
contrast to the result for the indent in green glass,
there appears no echo-amplitude peak. In the region
of open crack, more conspicnous reduction in the
echo-amplitude is observed. Note that the normal in-
cident compressional waves used in this study is un-
able to pinpoint the closed crack as it responds like
an undamaged material.

Figure. 8 shows the result of the ultrasonic meas-
urement on the indents in glass-ceramic. The 3-D
echo-amplitude map in Fig. 8(a), and the contour
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Fig. 6. 3-D echo-amplitude map of the indent in
green glass, (a) and line scan over the center of the

indent, (b).

map in Fig. 8(b), for the large indent show a reduc-
tion in the echo-amplitude corresponding to the peri-
phery of the indent. This is resulted by the indent
geometry. On the other hand, there is an increase in
echo-amplitude inside the indent cirle. Careful ex-
amination of the indented surface revealed that the
surface became smoother after indentation and there-
by the reflectivity at surface was increased which in
turn caused the higher amplitude of the returning
echo. It can be noted that as the subsurface mi-
crofractures are sufficiently deep the ultrasonic meas-
urement by focusing on the surface is unable to fea-
ture the subsurface damage. In an attempt to in-
crease the sensitivity of ultrasonic pulses to sub-
surface microfractures, the transducer was focused
below the surface. This is often referred to as de-
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Fig. 7. 3-D echo-amplitude map of the indent in fine
grain silicon nitride,

tection of lateral cracks located below surface pro-
duced by Vickers indentation (Ahn et al., 1994).

Fig. 8(b) shows the 3-D echo-amplitude map ob-
tained at a focusing depth of 100 pm below surface.
It is shown that the distributed microfractures below
the surface is detected by defocusing the transducer,
resulting in the substancial drop in the echo-am-
plitude. Therefore the detection capability of sub-
surface damage by normal-incident compressional
waves is clearly demonstrated. This is further con-
firmed in the followings.

Fig. 9(b) shows the line scans at various depths
of focus, z, which are passing over the indent center,
as shown in figure (a). When the transducer is focus-
ed at the surface, the topographical influence of the
indent is again observed regardless of the size of the
indent, as the decrease and increase in the echo-am-
plitude in the periphery of the indent and inside in-
dent circle, respectively. The line scan results at vari-
ous depths of defocusing, show conspicuous drop in
the echo-amplitude at the region below the indent
surface. It must be noted that when the defocusing
depth increases the influence of damage zone on the
intensity of reflected ultrasonic pulses increases as
the ultrasonic waves travel more into and back from
the damage zone.

4. Discussion

In the present study, we utilized an normal-in-
cident compressional ultrasonic waves to analyze
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Fig. 8. (a) 3-D echo-amplitude map of the indent in glass-
ceramic, (b) contour plot at surface focus, and (¢) 3-D
echo-amplitude map of the indent at 100 um defocus.
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Fig. 9. (a) A schematic of three indents in glass-
ceramic, and (b) line scans over the center of in-
dents at various depths of focus.

the Hertzian indentation damage. The type of dam-
age is classified as cone crack and subsurface mi-
crofractures In the former case, emminent damage,
appearing as ring-shape cracks on the surface and
thus relatively large cracks, is formed while in the
latter case, produced is only indentation marks on
the surface and distributed micro-sized cracks are
hidden below the indent surface. Previous work
done by authors showed that the normal-incident
compressional ultrasonic waves were not sensitive
enough to discern the normal cracks. However, con-
sidering that the near-surface part of the cone crack
is normal to the surface, we demonstrated in this
work that normal cracks can be detected if the
cracks are relatively open comparing with the ef-
fective beam width of the ultrasonic waves. In this
regard, we expect that the sensitivity of detecting
normal cracks will be strongly influenced by the
operating frequency of the transducer employed.
The transducer used in this work has an operating
frequency of 35 MH having the effective beam
width of around 35 um which is in fact much larger
than the width of the opened normal cracks. By us-
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ing a transducer with higher operating frequency
that provides a waves having smaller beam width,
measurement of normal cracks will be improved.
Further evaluation is needed in this direction.

5. Conclusions

(1) The normal-incident ultrasonic compressional
wave technique can be successfully applied to detect
both cone cracks and subsurface micro-fractures pro-
duced by Hertzian indentation.

(2) The normal-incident ultrasonic compressional
wave technique can detect normal cracks but it
strongly depends on the width of their opening.

(3) Focusing of the transducer into the material
(defocusing) provides information on the size of the
subsurface micro-fracture damage of materials.

(4) The normal-incident ultrasound technique used
in this work has demonstrated its accessibility to
subsurface damage and, taking into account that ma-
chining processes generate subsurface damage, this
technique may be applied to evaluate near-surface
damage of materials after machining.
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