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A variant of the scanning acoustic microscopy technique, scanning electron acoustic
microscopy (SEAM), uses a pulsed electron beam in a conventional scanning electron
microscope (SEM) to generate elastic waves near the surface of the sample. Conveniently
for studies of surface damage, the contrast-generating processes are at a depth
commensurate with the thickness of many thin hard ceramic coatings and the typical
depths of fatigue-induced cracks in both gears and rolling element bearing systems.

Using examples from our studies of contact damage induced in thin hard coated systems
and gears, this paper will demonstrate the applicability of SEAM techniques to the study of
near-surface damage in coated systems (coating fracture and debonding) and gears
(fatigue damage). We show that clear contrast can arise from cracks oriented both parallel
to and, sometimes, perpendicular to the surfaces of many samples, and show that useful
information can be provided regarding the debonding of coatings. It has also been found
possible to delineate sub-surface contact and contact fatigue cracks allowing some
information regarding crack orientation and extent to be deduced without the need for
either serial or vertical sectioning of the sample. C© 2004 Kluwer Academic Publishers

1. Introduction
In non-transparent solids, it can be difficult to detect
either the presence of internal cracks or the sub-surface
extent of surface-breaking cracks by conventional tech-
niques, but sometimes these critical defects can be suc-
cessfully imaged using acoustic techniques of varying
resolutions (e.g., standard, bulk, ultrasonic, crack detec-
tion methods (non-destructive evaluation (NDE) tech-
niques), scanning acoustic microscopy (SAM) [e.g., 1–
3]). A less common variant of the acoustic technique,
scanning electron acoustic microscopy (SEAM), uses a
pulsed electron beam in a conventional scanning elec-
tron microscope (SEM) to generate elastic waves near
the surface of the sample. The depth below the surface
at which acoustic waves are generated, and from which
the majority of image contrast arises, depends on both
the electron beam energy and the properties of the sam-
ple, but is typically in the range 0 → 5 µm for beam
energies of 0 → 30 kV–a figure attractively commen-
surate with the thickness of many thin hard coatings
and the typical depths of fatigue-induced cracks in both
gears and rolling element bearing systems.

While SEAM has been available for nearly two
decades, and a number of useful applications demon-
strated, it appears that the technique has found little ap-
plicability in one of the branches of the research com-
munity to whom it may be most useful. The purpose

of this paper is therefore to demonstrate the potential
applicability of the SEAM technique in the areas of
contact damage and surface engineering and to encour-
age others to explore this powerful and promising tech-
nique.

As a host for this technique, scanning electron mi-
croscopy (SEM) offers a powerful means of charac-
terising materials by utilising the wide range of sig-
nals resulting from the interaction of solid samples
with a scanning beam of energetic electrons. In this
way, a wide range of topographic (e.g., detailed frac-
ture surface shapes), functional (e.g., the dimensions
of magnetic domains), microstructural (e.g., the size
and shape distributions of phases) and microchemi-
cal (e.g., segregation profiles) information can be re-
trieved, often with sub-micron spatial resolutions [e.g.,
4]. An obvious attraction of SEM techniques is the
ability to form readily-accessible visual images from
the various signals emanating from the sample—for
example, surface topography and shape (secondary
electron imaging), the mapping of atomic number (z)
(backscattered electron imaging), the determination of
local crystallographic orientation using either selected
area channelling patterns or backscattered electron pat-
terns (backscattered electron imaging), and the de-
termination of local chemical composition (including
the detection of light elements down to carbon) using
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energy dispersive X-ray analysis (EDX) techniques
[e.g., 4–6]. Thus, a further attraction of SEAM is that
acoustic imaging can be performed in parallel with
other SEM imaging and microanalysis modes, thus en-
abling the origins of contrast in the acoustic signal to
be further identified and characterised [e.g., 5, 7, 8].

However, while any residual electronic charge on the
sample (resulting from the scanning electron beam-
sample-signal interactions during imaging) is usually
conducted away to earth, less readily obvious is the
fate of the considerable energy densities being contin-
uously deposited by the beam. Thus, perhaps the least
widely known signal is that arising from the elastic
(‘acoustic’) waves which propagate through the sam-
ple having originated from the local thermal expansions
and contractions necessarily accompanying the depo-
sition and dissipation by ‘thermo-elastic conversion’
of much of the electron beam energy in the near sur-
face regions of the sample [e.g., 9, 10]. This acoustic
signal can also be used to form images and offers a
scanning electron acoustic microscopy (SEAM) addi-
tion to the usual array of SEM signals. In this way, the
microscope can be used in an analogous manner to a
scanning acoustic microscope (SAM) to map defects,
albeit in a different frequency range (and therefore with
some notable differences (see [9, 10] and later)), but
with a spatial resolution of a few micrometers. While
early SEAM studies focussed on accessing thermal and
elastic information in a variety of materials [e.g., 9–
12], SAM had some early success in delineating the
sub-surface cracks controlling the debonding of met-
allisation in VLSI systems [e.g., 3, 13] and thus there
appeared to be a clear potential for SEAM to reveal
similar features, e.g., sub-surface contact-induced de-
fects in coated systems and components damaged by
contact fatigue (e.g., bearings and gears). While a few

Figure 1 A schematic representation of the elements of the Scanning Electron Acoustic Microscopy (SEAM) adaptation of a SEM (after [9]). The
SEM column is modified to accommodate an electron beam modulation system (usually mounted just below the gun and consisting of a compact
parallel-plate condenser assembly through which the beam passes and can be deflected with a rise time of ∼a few ns) and a special sample holder
in which the sample is in intimate contact with a piezzo-electric detector (usually a PZT crystal). The output from the transducer is fed through a
local pre-amplifier to a phase-lock amplifier (referenced to the beam modulation system) and then to the main video display system where it can be
recorded in parallel with conventional secondary and back-scattered images, X-ray maps etc.

reports of observations of near-surface cracks in a va-
riety of materials have appeared from various authors
[e.g., 9, 10, 14, 15], we can now confirm that SEAM has
significant applicability in studies of near-surface dam-
age and surface-engineered systems, and is especially
apposite since the depth-sensitivity of the technique is
of a spatial scale commensurate with that necessary for
such studies (see later).

The essential layout of a SEAM-SEM is shown in
Fig. 1. The SEM sample is mounted in intimate con-
tact with an acoustic transducer (usually a thin slice of
lead zirconium titanate (PZT)) which is used to gener-
ate an oscillating electrical signal from the vibrations
of the sample itself. The beam is then not only scanned
across the sample in the usual way but also modulated
by a beam-blanking system in the electron column (of-
ten immediately below the electron gun). This system
needs to possess a fast rise-time (∼1–2 ns) so that it can
modulate or ‘chop’ the beam at frequencies correspond-
ing to the resonant frequencies of the sample/holder
system for elastic waves travelling through the sam-
ple and across the sample surface (Love and Rayleigh
waves). These frequencies depend on the sample/holder
size etc. but are typically of the order of 100 MHz−2
GHz [e.g., 9, 10]. The resulting acoustic signals are
isolated by a phase-locked amplifier (running syn-
chronously with the beam modulation) which is neces-
sary to enhance the sensitivity of the detection system
for the low signal strengths involved. The output of the
phase-lock amplifier is then fed into the video chain in
the normal way for the purpose of creating images.

Some of the earliest images to demonstrate the pos-
sibilities of SEAM imaging for materials characterisa-
tion were those by Cargill [16] and Rosencwaig [17]
who, for example, were able to reveal the immediate
sub-surface grain structure in an abraded stainless steel
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sample whose surface microstructure was totally ob-
scured by scratches, while Rosencwaig and White [18]
and Thomas, Farrow and Joy [19] were able to demon-
strate that the SEAM signal could be used to detect
changes in the thermal conductivity of thin (∼1 µm)
ion-implanted near-surface layers in silicon as a func-
tion of radiation damage. Subsequently, both Davies
[9] and Balk and co-workers [e.g., 10] have established
the technique further and showed how signals can best
be detected and processed under a wide variety of con-
ditions to extract a wide range of materials informa-
tion from the sample [e.g., 9, 10, 15]. Thus it has been
clearly established that SEAM contrast can arise from
differences in density and elastic moduli, differences in
thermal expansion coefficient, differences in thermal
conductivity, stress concentrations (including the lo-
calised stresses associated both with dislocation arrays
and with magnetic domains though magnetostriction)
[e.g., 9–15].

While the detailed principles of SEAM have been
well-described previously in the literature [e.g., 9, 10],
widespread application of the technique has probably
been hindered both by the need to add further hard-
ware to the SEM system (including a potentially ex-
pensive beam blanking insert in the column) and the
complexity of quantitatively modelling the thermo-
elastic conversion process in order to fully establish
a working contrast theory to fully explain the var-
ious types of sample information revealed by this
imaging method. Thus contrast theories remain largely
qualitative and empirical. Despite these problems, it
is surprising that the technique has not found more
widespread use in studies of surface damage and surface
engineering.

Figure 2 A schematic representation of the generation of contrast in SEAM (after [10]). (a) At low modulation frequencies, and hence wave-lengths
which are long compared to the sample thickness (as in SEAM), contrast is dominated by sample features occurring in the thermo-elastic conversion
volume. (b) As the modulation frequency is raised towards that conventionally used for SAM (∼few GHz), the resultant acoustic wavelength becomes
small compared to the sample thickness and further contrast can arise from specimen features interfering with the wave propagation through the entire
sample volume after the thermoelastic conversion. SEAM is closer to (a) than (b) and thus has an intrinsic enhanced sensitivity to defects located at,
or about, the electron beam range in the solid (typically 1–5 µm and varying with Eo and ρ etc.). This is demonstrated in (c) where little signal is
transmitted beyond the region of coating debond.

2. Depth-sensitivity of SEAM: The scale of
information retrieval

Two effects are critical in determining contrast in the
SEAM imaging mode—the first is the generation of
acoustic waves by the energy deposited by the elec-
tron beam in the sample (the thermoelastic conver-
sion), while the other is the propagation of these elastic
waves through the remainder of the sample to the de-
tector (which is usually mounted on the lower surface
of the specimen as shown in Fig. 1). Fig. 2 demon-
strates schematically that when the acoustic wavelength
is large (e.g., a few mm) compared to the sample thick-
ness, contrast is dominated by the generation of the
acoustic wave (as in SEAM); under these conditions
the majority of the sample depth beyond the genera-
tion depth, tc, adds little else to the contrast, and the
acoustic waves simply act to carry information from
the generation volume to the detector. However, as the
wavelength becomes shorter, it is the propagation of the
acoustic signal which is critical (as in SAM) and under
these conditions further contrast can arise from features
throughout the sample thickness. The beam chopping
frequencies typically used in SEAM (100 s kHz) create
wavelengths between these extremes, that is closer to
the long wavelength condition. Thus SEAM has an in-
trinsic sensitivity to near-surface features, which is cru-
cial to our surface contact damage and thin film coating
studies.

The value of tc (the ‘thermo-elastic conversion
depth’) is determined by the sample properties, the
beam energy (both of which jointly control the electron
range (β) in the sample) and the beam chopping fre-
quency [9, 10]. Thus, tc acts as the near-surface cut-off
distance for the efficient detection of any sub-surface
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defects and is usually slightly less than the electron
range (i.e., tc ≤ β). In principle, all defects lying be-
tween tc and the detector can produce contrast but, as
shown in Fig. 2, in SEAM this effect is small com-
pared to the dominant contrast produced by features
in the signal generation region. Thus defects lying at
∼tc below the surface are expected to produce most
contrast, with defects lying closer to the surface than
tc only producing weak contrast depending on the effi-
cacy of the thermo-elastic conversion near the surface
while those further into the sample cause little pertur-
bation to the long-wavelength elastic waves travelling
to the detector. Since β decreases with incident beam
energy, a low accelerating voltage is beneficial in re-
solving defects very close to the scanned surface, but
in practice a large accelerating voltage is usually re-
quired to give sufficient gun brightness to generate the
∼0.4×10−6 A probe current necessary to generate suf-
ficient signal levels to be detected above the noise in the
system thus allowing imaging in reasonable acquisition
times (i.e., <several minutes).

Practically, the magnitude of tc can be approxi-
mated to the electron range (β) [9] which itself can
be estimated simply by the formula due to Bethe

Figure 3 A sample of a thin (∼5 µm) TiN coating on tool steel examined after a contact damage experiment with a loaded WC ball indenter. The
circular indentation site is above the upper edge of each figure with the circumferential array of cracks within the contact site being clearly visible
in the upper portion of each figure. Some circumferential (through-thickness) cracking, together with debonding of the coating, is visible in the area
shown which has been selected from around the periphery of each indentation. The three micrographs are taken using different signals from the same
area [5, 8]. (a) a secondary electron (SE) topographic image showing the surface topography and coating spallation around the damage site; (b) a
back-scattered electron (BSE) image in which atomic number contrast reveals the TiN as grey with the steel substrate (revealed by coating spallation)
imaging lighter; (c) a SEAM image (203.2 MHz, 25 kV, β ∼3 µm) now revealing the full extent of interfacial debonding (dark contrast at areas
corresponding to B in Fig. b) and loose (dark) TiN particles on the exposed steel surface. TiN fragments either well-bonded to the steel surface or too
thin to create significant thermoelastic conversion contrast (i.e., thickness �β) exhibit no contrast—compare the number of particles visible on the
exposed steel surface at D in Fig. b and c, where many do not show contrast. Some through-thickness cracking (e.g., C in Fig. b) (circumferential to
the contact site) is also apparent in both the BSE SEAM images.

[e.g., 4, 20] i.e.,

β ≈ 33 × 10−2(Eo)2

ρ
µm (1)

where Eo is in kV and ρ is the sample density in
Mgm−3. Thus β ∼ 1 µm for Fe at Eo = 30 kV or
SiC at 10 kV, but ∼9 µm for SiC at 30 kV (see Table I).

Alternatively, PC-based Monte Carlo calculations
can be used to estimate β as a function of the beam
accelerating voltage (Eo) [20] and these yield similar
values of β of 0–10 µm for many solids for electrons in
the 0–40 kV beam energy range. Since, in most cases, β
varies approximately with E2

o , atomic number (z) and
density, an additional attraction of the PC method is
that it is simple to calculate β as a function of Eo, z
and ρ and thus select an appropriate value of Eo for the
depths and materials involved. Alternatively a value of
Eo can be determined experimentally at which maxi-
mum contrast occurs from, say, coating debonding.

Experimental observations support the view that
the maximum sensitivity to many microstructural
defects–including cracks–occurs near tc and the elastic
waves begin their passage through the solid. Thus for
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T ABL E I Typical output of PC-based Monte Carlo programs for modelling the spatial distribution of electron-solid interactions in samples being
examined by SEM [20, 23]. In this case, the electron range is shown as a function of accelerating voltage, Eo, for two materials of different atomic
number and density—one a typical substrate, one a thin hard coating

Range (µm) for a given operating
voltage (Eo = 1, 5 . . . 40 kV)

Atomic no Density

Material Z (Mgm−3) 1 5 10 15 20 25 30 40

Steel (Fe) 26 7.8 0.02 0.18 0.6 1.1 1.8 2.7 3.7 6.2
SiC 10 3.2 0.02 0.3 1.0 2.1 3.5 5.2 7.2 12.0

coatings in the thickness range 1–5 µm, this distance is
easily estimated from simple Monte Carlo calculations
and a suitable beam voltage can be chosen.

Readers requiring a more detailed account of the
physics of the thermoelastic conversion process, to-
gether with contrast models which indicate the sensi-
tivity of the process to a number of contrast-producing
parameters, are guided to the excellent summaries by
Davies [9] and Balk [10]. However the following addi-
tional comments may be useful for intending users of
the technique.

As predicted by theory and confirmed experimen-
tally [e.g., 9, 10, 21], there is considerable enhancement
in resolution by increasing the chopping frequency

Figure 4 Further SEAM images of the damage area are shown in Fig. 3c but using SEAM signals at different beam-modulation frequencies. Five
images have been chosen at which strong SEAM signals occurred, these being (a) 101.2 kHz (∼half the modulation frequency of Fig. 3c); (b) ∼84 kHz
and (d) ∼90 kHz and their first multiples; (c) ∼166 kHz and (e) 186 kHz [24]. It is interesting to note that the image contrast varies considerably
between these five images, not only in the extent of the debonded area revealed beneath the coating (almost invisible in (a)) but also in the way in
which the amount of loose debris is revealed (or not) and also with the delineation of surface-breaking through-thickness cracks—both these latter
effects involving contrast being generated very close to the surface (i.e., at depths �tc). In all cases, the higher frequency image of each pair tends to
reveal the clearer contrast from features nearer the surface (see text). Of the six SEAM images shown of this area in Figs. 3 and 4, Fig. 3c was chosen
as having the highest information content regarding coating debonding, through-thickness cracking and the delineation of loose debris.

into the megahertz range, at least for medium or good
thermal conductors. Generally, the resolution varies as
(frequency)−1/2. Thus in order to improve the resolu-
tion to 1 µm or less, either the frequency must be raised
(though this is largely dictated by the sample geome-
try) or β decreased by lowering the accelerating volt-
age, though (as noted earlier) limits on gun brightness
usually impose an experimental lower limit on this of
15–20 kV.

Contrast from one point on the specimen to another
is generally due to both amplitude and phase differ-
ences (differential signal delays) which can result in
phase shifts of any value in the range 0 → 2π [9, 10].
These are observable with the phase-sensitive amplifier
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used, and thus absolute phase measurements are not
practicable as such unpredictable phase variations can
be induced over a lateral scale of a few millimetres.
However, images having phase contrast can show sur-
prising changes in appearance with frequency varia-
tions of less than 1%. As Davies has commented [9],
what is important is that contrast occurs, not its absolute
sign.

Both Davies and Balk [9, 10] have shown how fur-
ther useful contrast effects can be generated by setting
the detection phase-lock frequency to both multiples
and odd harmonics of the modulation frequency. How-
ever, in this paper we will be only concerned with ob-
servations made at given drive frequencies and simple
multiples (harmonics) thereof.

3. Experimental
3.1. The instrument
The SEM used in this study has been described in de-
tail elsewhere [5, 7] and was set up for the specific
study of ceramic (and other low atomic number (z))
materials. The instrument comprises a Camscan S4-
80DV pumped to ∼1.10−6 torr at the specimen and
equipped with a specimen airlock (to minimise contam-
ination during the introduction of carefully prepared
and cleaned samples). LaB6 or CeB6 high brightness
sources were used in a gun ion-pumped to ∼2 × 10−7

torr to produce images in the range of accelerating volt-
ages 500 V–40 kV. An integrating framestore was em-

Figure 5 SEAM images of debonding phenomena in two different coated systems subjected to scratch tests: (a) and (b) BSE and SEAM images of a
2000 gf scratch track (∼250 µm ruby spherical slider) made in a 200 nm soft a:C-H coating deposited on (100) silicon by r.f. plasma-assisted CVD
(25 kV, ∼230 kHz, β ∼4 µm); (c) and (d) similar images from a 5 µm thick 3-layer TiN/Ti/TiN coating on a tool steel (30 kV, ∼225 kHz, β ∼2 µm)
clearly showing the progressive chipping and debonding at each interface. In both cases, the maximum amount of debonding is revealed at the edges
of the scratch track [25–27].

ployed to capture images via a number of detection
systems (high sensitivity, silicon back-scattered elec-
tron detectors (KE Developments), an Oxford CL sys-
tem with monochromator, a LINK LZ4/eXL EDX (and
image analysis) system and a Cambridge Technology
scanning electron acoustic microscopy (SEAM) sys-
tem). Image storage from the framestore was onto a PC.
With this instrument, we have previously demonstrated
the satisfactory acquisition of high resolution secondary
electron and back-scattered electron images (includ-
ing electron channelling patterns) at voltages as low as
500 V when image integration is performed through
a framestore [5]. Thus, such LaB6-sourced instruments
go some way to decoupling the issues of obtaining good
lateral resolution without excessive beam penetration
and thus offer the microscopist some of the attractions
of field emission sourced systems (FEGSEMs) [22]. In
this case, the LaB6 source is critical in allowing the
high probe current necessary for SEAM (∼1 µA) to
be delivered into a ∼1 µm spot size (approximately
by a factor of 10 better than with a conventional W-
source and with a total current probably unattainable
on most FEGSEMs). Even so, values of Eo ≥ 20
kV are usually required to generate sufficient gun
brightness.

3.2. SEAM adaptation & operation
The essential additional components required for
SEAM experimentation are a rapid-response beam
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blanking system (to modulate the electron beam close to
its source in the column), a suitable sample holder incor-
porating a PZT detector from which an output signal is
carefully extracted through a double-earthed electrical
feed-through to the chamber, a small signal pre-
amplifier (as close to the sample as possible) and a com-
bined frequency generator (to drive the beam blanking
system) with a phase-lock amplifier to detect those sig-
nals synchronously arising from the beam modulation.
Careful earthing and screening arrangements are nec-
essary to ensure that the signal detection chain only
sees the output from the PZT rather than any residual
beam current (the ‘specimen current’) flowing to earth
from the sample. Finally, an additional video ampli-
fier is usually required to match the resultant signals
with the image display system. While a number of ded-
icated systems have been purpose built in various lab-
oratories, we have used a commercial system supplied
by Cambridge Technology (Cambridge, UK) capable
of operating at frequencies in the 10 MHz–10 GHz
range and originally based on that described by Davies
[9].

Immediate potential problems relate to the detection
of the very low contrast signal and its very low band-
width inherent from the large capacitance of the PZT
transducer. The signal output from the PZT (typically

Figure 6 Example of the load-dependent indentation-induced fracture behaviour of a 200 nm hard carbon coating on (100) silicon [28]: (a), (b) a
secondary electron-SEAM pair of an array of 50, 100 and 200 gf Vickers microindentations clearly showing the large extent of sub-surface coating
debonding around the 100 gf and 200 gf—but not the 50 gf indentations (dark contrast in SEAM under the image conditions used). Thus SEAM
readily allows the critical indentation load for coating debonding to be determined without through-thickness sectioning of the surfaces; (c), (d) similar
images for a single 200 gf indentation (∼260 kHz; 20 kV) [28], in which the interfacial debonding of the coating clearly revealed in (d) is not apparent
in standard secondary electron image in (c).

a disc of PZT5 (Morgan Co., UK)) is both at a low
level and noisy but, after suitable pre-amplification, is
usually sufficient to modulate the wave form monitor
of the SEM at slow scan-line speeds (e.g., 40–100 ms.
which requires slow scan imaging) with frame times of
40–240 s.

Having obtained and recorded standard secondary
electron (or backscattered electron) images of the re-
gion of interest (e.g., a cracked area of coating, an in-
dentation or a scratch/wear track), the beam-blanking
system is activated and can be checked by the Moiré
pattern created in a standard TV image (e.g., Fig. 8c
when examined at typical SEM screen size). Then us-
ing very slow line scan waveforms in SEAM mode,
the frequency range in which resonance of the partic-
ular sample holder is known to occur is swept through
looking for contrast which occurs as very obvious max-
imum signals at well-defined, discrete operating fre-
quencies and their harmonics and it is not unusual for
there to be at least 6–8 such frequencies found for a
10 mm sample/PZT diameter in the frequency range
100–250 MHz. These frequencies are noted and images
formed with each in turn having carefully adjusted the
phase-lock amplifier for maximum detail and amplitude
by both trimming the modulation frequency and sweep-
ing the phase lag through 180◦. A simple check that true
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SEAM contrast is occurring (rather than any anoma-
lous charges (or specimen current) leaking to the PZT
transducer) is to check that the image contrast does
indeed completely reverse (on the wave form) with a
phase shift of π and that there are other regions, π /2
away (from each and thus also 2π apart in phase) at
which no signal is detected. Imaging conditions are
then set for maximum contrast, integrated through the
framestore for periods ranging from 10–30 frames and
recorded for later processing and comparison with stan-
dard secondary electron or backscattered images. The
final choice of display of contrast (e.g., black-on-white
or vv) is in the hands of the operator. As was observed
earlier [9], what is important is that contrast arises, not
its sign which may change rapidly from one area on the
sample to another.

Typical probe currents to obtain good contrast are
of the order of 4 × 10−7A—which for most SEM in-
struments is large—and this restricts the lateral resolu-
tion (as determined by the electron beam spot size) to
∼1 µm. However, this is only of the order of the reso-
lution limited by the beam spreading in the sample as
the thermo-elastic conversion occurs.

3.3. Monte-Carlo modelling
A suite of Monte-Carlo modelling programs [23] was
incorporated into the computer controlling the optical

Figure 7 Backscattered electron images (BEI) and SEAM images of 2 kN indentations (made using a 2 mm diameter tungsten carbide ball) in 40 µm
thick CrN coated stainless-steel samples with two different interlayers (a plasma nitrided layer in (a) and (b); an electroles nickel-coated layer in (c)
and (d)). In each case, BEI in atomic number contrast mode shows surface cracking of the CrN, while SEAM shows subsurface decohesion of either
the ceramic, or the interlayer, or both. (a) BEI reveals a small region where the CrN has spalled within the indentation crater; (b) SEAM of the same
sample (25 kV; 147.1 kHz), showing that some of the coating has delaminated within the indentation, but that there is no delamination around the
contact area; (c) BEI of Ni-interlayer sample; (d) SEAM of the same indentation (25 kV; 196.6 kHz), showing extensive delamination around the
indentation, with a central region of adherent, plastically deformed coating. In both cases, there is some evidence of reduced SEAM contrast in the
center after indentation suggesting that some campaction and densification of the porous coatings may have occurred. (The slight ‘doubling’ of the
SEAM image is due to an electronic fault in the electrical connections to the sample) [29].

archive. Simple estimates of the electron range as a
function of kV can thus be made, on-line, while imag-
ing, which allows the operating voltage to be tailored to
the microstructural scale, chemical identity and coating
thickness of the sample. A typical abbreviated output
is shown in Table I.

3.4. Samples
A wide range of gear steels and samples surface-
engineered with thin hard coatings have been used in
the present study ranging from small wafers of coated
materials used for indentation and nanoindentation
tests, through thin samples of material cut from larger
coated samples, to materials cut from gear teeth. In
all cases, the typical sample size was approximately
10 × 10 mm in area with thicknesses of 0.1–5 mm
and the lower surfaces were lightly polished to remove
course roughness such that the sample could be simply
pushed against the upper face of a PZT detector in a
spring-loaded sample holder and make good mechan-
ical contact. The upper retaining plate of the sample
holder (against which the imaged surface rests) also
had good contact with the sample and was carefully
grounded (to conduct the residual beam electrons
(the specimen current) to earth). The output from the
PZT disk was taken through separately screened leads
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to a pre-amplifier on the outer wall of the sample
chamber and thence to the phase-lock amplifier (see
Fig. 1).

4. Results
The results which follow have been chosen to demon-
strate the power of the SEAM technique for the study
of the debonding and failure of thin coated systems to-
gether with the imaging of the extent of sub-surface
fatigue cracks in gears.

4.1. The fracture behaviour
of thin hard coatings

With regard to the study of coated systems, Fig. 3 shows
three images from the same area of a sample of hard
(M2) tool steel coated with ∼5 µmTiN which has been
subjected to a macro-indentation test with a WC ball
indenter resulting in both through-thickness cracking
and some obvious coating spallation around the periph-
ery of the contact site. (The contact centre was above
the upper edge of each figure). Fig. 3a (the secondary
electron image) clearly shows the surface topography
around the contact site, while Fig. 3b (the backscattered
image in z-contrast mode) clearly reveals the TiN coat-
ing (mid-grey), the underlying steel substrate revealed
where the coating has completely spalled (light grey), a

Figure 8 Secondary electron (SE) and scanning electron acoustic microscopy (SEAM) images of indentations made in a multilayered 4 µm-
TiN/ZrN/coating on 304 L stainless-steel sample. (a) SE image of a 100 N macro-Vickers indentation with (b) a SEAM image of the same indentation
showing dark contrast from the regions of coating-substrate debonding; (c) an SE image of a 500 mN nanoindentation (taken under different conditions
of probe current and resolution) clearly suggesting that some coating decohesion may have occurred in this case, but not allowing the extent of any
subsurface debonded region to be estimated with any precision; (d) SEAM image of the same area as in (c) clearly showing evidence of two areas
of debonding each of a few square microns in extent. (The misshapen centre of the macro-vickers indentation is due to a badly chipped indenter tip)
(25 kV, ∼200 kHz for both (b) and (d)) [29].

number of through-thickness cracks in the coating and
a number of small patches of the grey-imaging material
(presumed residual, TiN fragments adherent to exposed
carbides) on the steel surface in the debond area. Fig. 3c
shows the SEAM image of this same area recorded at
203.2 kHz and clearly revealing areas of debond (pre-
sumed running along or close to the coating-substrate
interface).Eo was chosen to be 20 kV, giving β ∼2–
3 µm in both Fe and TiN, such that the thermoelas-
tic conversion would occur in the coating somewhere
above the coating substrate interface: thus the dark ar-
eas in the Figure are presumed to be debond cracks.
Interestingly, some of the residual TiN on the exposed
steel surface shows dark contrast (and is thus assumed
to be loose) while the remainder of the TiN particles
shown in Fig. 3b are invisible [5, 8] and are assumed
to still be strongly bonded to the substrate (i.e., provid-
ing no acoustic impedance). However, some may be too
thin (i.e., thickness �tc) to be providing contrast even if
poorly bonded. Of further interest is the unexpected ob-
servation of a number of through-thickness cracks in the
coating clearly revealed in the SEAM mode (and pre-
sumed to arise from these cracks providing additional
nodes in the surface standing wave system) together
with some mottled contrast across the whole surface
(which it is tempting to believe is due to regions of
good and bad adhesion of the coating overall—though
we have yet to devise an experiment to independently
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confirm this). The setting of the phasing to show dark
contrast for debond cracks parallel to, but below, the
surface, is purely a subjective one and, given the na-
ture of this microstructure, the most likely features to
be providing strong contrast are cracks in the interfa-
cial region. However, we know of no other technique
which will so clearly delineate the extent of interfacial
debonding at these scales of ∼10 µm or so.

In the early description of SEAM, we described
that several resonances can be detected for any sam-
ple/holder combination. This is demonstrated in Fig. 4
which shows five SEAM images of the area shown in
Fig. 3 but taken with different modulation frequencies
to show how contrast, image content and image reso-
lution vary widely (and somewhat unpredictably) with
beam chopping rate. With Fig. 3c, these six images form
three pairs of increasing frequency each with a further
higher-frequency image taken at approximately double
the modulation rate. Generally, the images recorded
at higher frequency show the better lateral resolution.
Also, both the number of dark imaging and ‘invisible’
debris particles on the exposed steel surface vary with
frequency, suggesting that the depth-resolution is vary-
ing markedly, being generally greater at higher value of
the chopping frequency. Further, the through-thickness
cracks are more readily visible in some of these images

Figure 9 (a) Damaged gear tooth surface, imaged using secondary electron emission (SE) and showing copious surface-breaking pits and cracks; (b)
Same area imaged using SEAM and showing that sub-surface cracks run into the sample in the direction of rolling (arrowed). As in Fig. 3c, the edges
of the cracks at the surface show (unexpected) strong contrast in the SEAM image.

than others as is the extent of the debonded area. Of ten
images recorded at different frequencies for this sam-
ple, Fig. 3c was chosen as containing the best combina-
tion of image details of interest (debond areas, through-
thickness cracks, loose debris etc.). Unfortunately, the
contrast theory for this imaging mode is not sufficiently
developed to offer explanations as to the detailed rea-
sons for why the information content of these images
differ: thus we would encourage other users to exper-
imentally investigate all resonances occurring in the
system and to find which contain the best information
content.

With regard to contact damage around wear tracks
and scratches in coated systems, Fig. 5 shows SEAM
images of scratch tracks made on a 200 nm coating
of a:C-H on (100) Si by r.f. plasma-assisted CVD
[26] and a ∼5 µm thick 3-layer TiN/Ti coating on a
hard steel [26]. In both cases SEAM clearly shows the
extent of the debonding of all the interfaces involved.
For the 1 µm a:C-H coating (heat treated to be in a soft
condition [25, 27]), clear debonding contrast is seen in
Fig. 5b while for the multilayer coating, areas of grey
contrast (of approximately 20 µm width) can be seen
emanating from all the interfaces involved. The very
light contrast at the track bottom is probably simply
due to the increased efficiency of the thermo-elastic
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conversion in the steel substrate rather than the layered
coating.

Since SEAM readily reveals the extent of sub-surface
cracks (e.g., associated with the debonding of the
coating-substrate interface) it can be invaluable in de-
tecting critical indentation and scratch loads at which
such debonding first occurs. For example, Fig. 6 shows
secondary electron and SEAM images from 50, 100 and
250 gf microindentations in a harder version of the car-
bon coating on silicon shown in Fig. 5 [28]. The extent
of subsurface cracks (presumed to run along the inter-
face and acting as the precursor of total debonding of a
significant area of the coating) is clearly visible. In (b) it
is obvious that the 50 gf indentations show no debond-
ing while the 100 and 200 gf ones do. Thus a critical
debonding load/stress can be found experimentally—

Figure 10 (a) Higher magnification view of the defect shown at A in Fig. 9 imaged using SE mode; (b) The same area imaged using SEAM. Note
that the extent of the crack below the surface is not seen with SE contrast. Using SEAM, dark contrast can be seen adjacent to the surface cracks,
clearly revealing the extent of the sub-surface crack beneath the surface and in the direction of rolling.

and without sectioning of the sample—even though
none of the debond cracks have yet broken out to the sur-
face. Without SEAM, such critical loads are measured
to be somewhat higher if the onset of visible spalling
on the surface is taken as the necessary criteria. Also,
the debond contrast shows a minimum in (c) along the
traces of the surface-breaking median cracks. This is a
further example of free surfaces affecting SEAM con-
trast presumably by introducing constraints into the
local wave pattern. Besides allowing us to refine our
criteria for critical loads for debonding, such images,
combined with indentation fracture mechanics models,
have potential for allowing interfacial fracture tough-
ness values to be evaluated [e.g., 25–27, 29].

SEAM is equally applicable to thicker (∼100 µm)
coatings where the thermo-elastic conversion occurs
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within the coating thickness even at higher operating
voltages. Under these conditions, it seems that the pres-
ence of interfacial debonding and cracks within the
coating (i.e., somewhat beyond the thermoeleastic con-
version depth) still show clear contrast. Thus, Fig. 7
shows secondary electron and SEAM images of two
ball indentations (2 kgf on a 400 µm sapphire ball)
made into two different thermal-barrier-type ZrO2 coat-
ings on a nickel-base alloy. The image contrast here is
complex, but essentially not only shows differences in
the extent of debonding cracking of the coating but also
a reduction in SEAM contrast due to those areas where
the porous coating has compacted. That the two systems
behave differently is clearly apparent and this is of crit-

Figure 11 (a) Same area as in Fig. 10b after rotation of the specimen through 90◦ relative to the raster scan. Note that the contrast is unaffected by
the rotation. (b) Metallographic section through plane XX′. Note the close correspondence between the horizontal extent of the microcrack and the
size of the SEAM dark contrast.

ical importance in developing interfacial treatments to
aid coating adhesion [30].

In order to test the ultimate special resolution of our
SEAM system under real operating conditions, Fig. 8
demonstrates an attempt to obtain micron-level res-
olution from our SEAM system [29]. Fig. 8a and b
shows secondary electron and SEAM images from a
Vickers macroindentation in a TiN-coated steel system
clearly showing debond areas within the indentation
outline. Fig. 8c and d are a similar pair of images from
around a 500 mN nanoindentation where, in order, to
perform fracture mechanics calculations, the extent of
any debonding beneath the indentation was a critical
parameter. Even at this spatial scale (less than 1 µm)
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which is close to the theoretical limit for the imaging
system at 30 kV, some contrast is still clearly visible
and establishes first that debonding has taken place on
either side of the indentation and, second, that its extent
is approximately 5 µm.

4.2. Contact fatigue in gears
Conventional macro-pitting damage was generated on
the flanks of a carburised, steel gear by running a back-
to-back gear test for 104 cycles are relatively high con-
tact loads (∼2.5 GPa mean Hertzian contact pressure).
A representative tooth was then removed from the gear
and sectioned through the central plane to produce a cut
surface beneath the pitting damage where a PZT crys-
tal, for acoustic detection, could be cemented giving a
sample that could then be mounted in the usual way [7]
for SEAM examination.

A region of the specimen surface imaged in conven-
tional topographic (secondary electron) mode is shown
in Fig. 9a. The surface shows a high density of micro-
cracks, typical of the damage in gears run at a high
load where lubrication may have broken down. Pits
where material has flaked away are apparent in some
areas. Fig. 9b shows the same area imaged using the
SEAM technique. The microcracks visible with sec-
ondary electron imaging are also visible with SEAM,
but, in addition, large elliptical areas of dark contrast are
also visible. These areas were thought to indicate the
presence of sub-surface microcracks lying on planes
with a large component parallel to the surface of the
specimen. While our images have been set to make
dark contrast coincide with the presence of a crack, it
is perfectly possible to reverse this and make the crack
light and the surroundings dark.

A closer view of the defect labelled A in Fig. 9b is
shown in Fig. 10. The extent of sub-surface cracking is
clearly visible by the dark contrast in the SEAM image
in Fig. 10b. However, to check that the contrast was not
an artefact of either the SEM or SEAM technique, the
specimen was rotated through 90◦ relative to the raster
scan of the electron beam. The contrast was unaffected
by the rotation, supporting the view that the contrast
was produced by a real defect.

The contrast in Fig. 10b indicates that the size of the
defect is about 150 µm in the direction of gear mo-
tion. A check on this was made by sectioning the spec-
imen along the plane XX′ (Fig. 11a). This was done by
mounting the specimen and grinding away material us-
ing silicon carbide paper initially, and 6 µm diamond
slurry on a hard lap in the final stages. The accurate
removal of metal was monitored by periodic exami-
nation of Vickers pyramidal diamond indents which
were made on the specimen surface for use as depth
gauges. A section through the defect A is shown in
Fig. 11b. The sub-surface defect is in fact a continua-
tion of the surface microcrack, which has grown down
into the material and then turned to lie at an angle of
about 30◦ to the surface plane. Comparison of Fig. 11a
and b shows a good correlation between the horizontal
component of the length of the defect: 150 µm from
the SEAM contrast and 140 µm for the metallographic
section.

Having proved the SEAM technique on surface-
breaking cracks generated by conventional contact
fatigue on gear teeth, SEAM has since been used to im-
prove the understanding of the phenomenon of ‘micro-
pitting’ which is now a common contact fatigue failure
mode in high performance gearing where the progres-
sive removal of material through small pit formation
ultimately results in high vibrations and eventual tooth
failure. This mode of failure is not well understood
and there has been much debate over whether crack
initiation has a surface or sub-surface origin. SEAM
has shown that sub-surface crack growth is only found
where cracks are surface breaking hence giving cred-
ibility to the assumption that surface initiation is the
important controlling failure mechanism. These ob-
servations have helped to direct current research into
the prevention of micropitting towards investigations
into surface property modifications (e.g., surface fin-
ish, coatings and lubrication chemistry).

5. Discussion and conclusions
The results reported above confirm that the SEAM tech-
nique can be used to both detect and delineate the ex-
tent of sub-surface flaws generated by contact damage
to coatings and by fatigue in gear wear. Since many of
these cracks are virtually impossible to detect by other
techniques, it is difficult to undertake exhaustive or crit-
ical confirmatory experiments to prove that the extent
of the cracks and debonds etc. are as they appear in the
SEAM image. However, our sectioning of gear teeth
has demonstrated that the SEAM technique appears to
be reliable in both detecting cracks and mapping their
sub-surface extents. The only exception to this might
be for cracks held tightly shut by residual compressive
stresses where, by comparison with the signal enhance-
ments experienced with the compacted coatings shown
in Fig. 7, SEAM contrast might be either decreased
or non-existent if little impedance is provided by the
closed crack to the propagation of elastic waves.

The observation that only surface-breaking cracks
were observed by SEAM in the micropitting stud-
ies raises the question as to whether or not cracks
wholly contained beneath the surface—and perhaps
held closed by local compressive stresses—could be de-
tected. However, we note that conventional NDE tech-
niques can detect wholly sub-surface cracks and, in
the absence of better models for either SEAM image
contrast or SEAM image simulations, we assume that
SEAM would behave similarly. This view is supported
by our indentation-based studies when images such as
Fig. 6c and d confirm that wholly sub-surface cracks
can indeed be detected.

With regard to resolution, our experiences show that
resolutions typically compatible with that of a high-
quality light microscope (i.e., ∼1 µm) are obtainable
with care and if the best image is chosen from a care-
fully recorded sequence of different frequencies. As
the theory predicts, the lateral resolutions we have ob-
served certainly degrade with increasing the diameter
of the incident electron beam and improve as images are
recorded at higher chopping frequencies. However, on
this latter point, this increase in lateral resolution with
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frequency has to be seen as a general trend since the de-
tailed content of a series of images recorded as different
chopping frequencies on the same sample (e.g., Fig. 4)
do show quite marked differences in image content be-
tween them even though the ‘best resolution’—at least
as judged by image acuity and detail—certainly appear
at the higher chopping frequencies.

With regard to the depth sampled by the technique,
the observations of the adherent debris on the exposed
steel sections shown in Figs 3 and 4 certainly suggest
that, as with lateral resolution, there is an increase in
sensitivity to features lying closer to the surface as the
chopping frequency is increased—that is more of the
loose debris appears to be imaged at the higher fre-
quencies. Since we have had to operate our SEM at Eo
values of 20–25 kV (and above) in order to obtain suf-
ficient gun brightnesses to generate SEAM images, we
have not been able to explore in any detail the varia-
tion of information retrieval depth with Eo (i.e., with
changing β, the electron range). However, the overall
picture of SEAM sensitivity to a range of operating
parameters is at least constant with the prediction of
the background theory. We have not experienced the
difficulties alluded to by Davies [9] in examining sim-
ilar, but slightly thicker (∼10 µm), TiN coatings to
those used here and, since we have been able to image
debonding cracks under much thicker coatings (e.g.,
Fig. 7), we have to conclude that Davies’ difficulty was
not wholly with thickness.

There seems to be an unexpected bonus with regard
to trying to image surface-breaking cracks (e.g., the
through-thickness crack shown in Figs 3 and 4, and the
surface-breaking fatigue crack shown in Fig. 9) in that,
as far as we can tell, we have been successful in imag-
ing the cracks right up to the surface. This appears to be
contrary to our expectation that such cracks would not
provide image contrast when they lie at distances closer
to surface than tc–as certainly seems to be true with the
loosely adherent debris discussed in the last paragraph.
However, it does seem that surface-breaking cracks are
delineated by strong contrast and this may be because
they provide unexpected nodes in the surface vibra-
tional wave pattern which other structural features (e.g.,
the loose debris in Figs 3 and 4) do not. The lessening
of contrast displayed by the debond cracks in Fig. 6b
and d as they approach the surface-breaking median
cracks is interesting but we cannot determine whether
this is caused by the debond actually failing to inter-
sect the median or whether it is caused by a localised
signal phase change again caused by the median cracks
introducing local nodes into the acoustic wave pattern
(as with the through-thickness cracks in Figs 3 and 4).

Sample sizes can currently be restrictive and all the
samples here had to be extracted, destructively, from
large samples in order to ‘fit’ the SEAM detector (even
though the Camscan stage itself will easily accommo-
date a 200 mm gearwheel). However, Balk [21] has
clearly demonstrated that SEAM transducers can be
adapted to suit a variety of sample sizes and experimen-
tal environments (including temperature-variant imag-
ing). Thus, this situation may change but, essentially,
sample size and resonant frequencies scale with each

other, and thus it may be impossible to form SEAM
images with very large samples.

The observation (Figs 10 and 11) that SEAM contrast
is independent of the orientation of the scanned raster
on the sample, clearly demonstrates that the contrasts
in all the images here arises from features within the
sample and is not an artefact of interactions due to the
scanning process itself.

There is obviously still an urgent need to further de-
velop the physics of the contrast processes and thus
place image analysis on a far more rigorous, quantita-
tive and firm footing.

With regard to the lack of widespread application of
the SEAM technique, we have to conclude that this is
partly because of the lack of awareness of the research
community of its possibilities in the contact-damage
coatings areas. However, the fact that the contrast the-
ory is both complex and poorly developed, together
with the relatively high capital cost of the additional
equipment (∼$100 k) may be a significant dissuation
to many researchers though, following the results pre-
sented above, we believe that it is worth the investment
to turn a routine SEM into having many of the capa-
bilities of a scanning acoustic microscope for surface
damage work. The images shown in Figs 3–7 clearly
establish the benefits of SEAM images when recorded
in parallel with images from other signals such that sur-
face topography and atomic number distribution (i.e.,
chemical identity) can also be mapped.

We conclude that the SEAM technique seems capa-
ble of delivering contrast from information lying in a
slice close to the sample surface with the sample depth
straddling the electron range. The technique seems to
work well for both metal and ceramics of a wide range
of atomic number. Though thermoelastic conversion
theory suggests that it would be increasingly difficult
to retrieve information from progressively closer to the
sample surface than this depth, we have been able to
observe the traces of surface-breaking cracks and thus
the technique is capable of providing information from
a near-surface slice (which in some cases can extend
right to the surface) without interference from features
in the rest of the sample depth. This is in direct con-
trast to the SAM technique which samples the whole
of the through-thickness of the sample. Obviously
for surface-engineered systems (e.g., coatings and the
study of surface damage) this is an ideal situation and
one worthy of further exploitation. Indeed, SEAM has
been critical in helping develop our understanding of
micropitting.

As a result of our studies we would suggest that the
following types of coatings and surfaces information
now also be included in the list accessible by SEAM
techniques as long as it can be experimentally arranged
for the features of interest to be within ∼tc (or β) of the
surface.

• revealing sub-surface debonding and decohesion
of thin coatings

• delineating through-thickness coating cracks
• distinguishing loose debris
• detecting surface-breaking cracks
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• identifying crack extents & inclinations to surfaces
• mapping the compaction of porous coatings.
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