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 A B S T R A C T

Recent Tool Condition Monitoring (TCM) approaches aim to optimise tool replacement by reducing unutilised 
Remaining Useful Life (RUL) and preventing unexpected failures of Diamond-Coated Burrs (DCBs). Acoustic 
Emission (AE) has been established as an indirect monitoring method for DCB wear through precision tool 
measurements. This study assesses the impact of changing initial runout on both wear progression and AE-based 
monitoring. Twelve wear tests were conducted using an adjustable tool-holder to vary initial runout between 
1–78 μm, with AE and frequent on-machine surface measurements collected throughout. Results show that 
increased initial runout negatively affects total tool life and introduces greater variability in wear behaviour 
under identical conditions. Using a Renishaw NC4+ Blue (NC4) system, a high frequency of measurements 
enabled tracking of each DCB’s progression through the three wear phases. Surface crater formation and 
circumferential wear band expansion were consistently observed in the final wear phase of all DCBs. AE proved 
effective in monitoring both runout severity and the wear progression of the tool’s high spot. AE features also 
identified key wear points throughout the tool’s life, regardless of initial runout. These findings highlight 
the critical influence of runout on small-diameter DCB performance and support AE as a reliable, indirect, 
on-machine sensing method for tool wear monitoring, capable of identifying varying initial tool conditions.
1. Introduction

Advanced ceramic materials are becoming indispensable within 
modern industry, a result of their favourable properties for a host of 
applications [1]. Electronic applications can take advantage of their 
high operating temperatures, electrical insulation and dielectric prop-
erties [2,3], whilst biomedical applications utilise ceramic materials 
for their high wear and chemical resistance, biocompatibility, and 
aesthetics [4,5]. In order to obtain the desired dimensional tolerances 
of complex ceramic components, abrasive machining is required, after 
sintering [6]. Diamond grinding wheels are employed to combat the 
high hardness of sintered ceramics, and even then significant machin-
ing time is needed, leading the finishing process to incur between 
60–95% of the overall manufacturing costs [7]. Additionally, as the 
final step in the production chain, component damage occurring in 
this phase is costly [8,9]. As a result, the development of a reliable 
and accurate TCM approach has been a high priority because of the 
increased demand for ceramic components and the importance of the 
abrasive machining phase. With the aim of a developed TCM approach 
to reduce both the wastage from underutilised tools and damage to 
ceramic workpieces from unexpected tool failures [10,11].
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DCBs are mono-layer, nickel diamond (Ni-diamond) mill-grinding 
tools capable of manufacturing components from difficult to machine 
materials. The nature of metal bond grinding tools and the cost-
effective electroplating process presents them as the ideal choice within 
modern mass manufacturing [12]. These tools consist of a single layer 
of superabrasive grains (diamonds) mechanically held onto a steel 
shank by an electroplated bond layer (nickel) [1], which enables their 
use for the precise machining of hard ceramics even at small scales. 
Fig.  1 shows a radial slice from a micro-CT scan of an unused DCB, in 
which the layered composition can be identified. A by-product of both 
their use at small scales, commonly employing DCBs with a diameter 
of <5mm, and mono-layer composition is the relatively low number of 
grains present on a DCB’s surface, resulting in inconsistent wear rates 
and difficult to predict failure points [13].

In the interest of preserving the single abrasive layer, electroplated 
wheels are not commonly dressed [14], which gives rise to both ad-
vantages and disadvantages. The removed requirement of dressing 
dramatically increases the usability of DCBs, enabling them to be used 
in non-grinding specific machine tools and dramatically reducing the 
associated costs and downtime required for the dressing of traditional 
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Fig. 1. Radial cross-section of a new ⌀1.3mm #1000 DCB from a micro-CT 
scan.

grinding wheels [1,12]. A consequence of this, however, is the inability 
to correct the grinding tool’s form, minimise runout or condition the 
surface to remove excess bond material and workpiece build-up [14]. 
A tool’s runout describes the error between its geometric centre and 
its rotational centre. Formed of two terms, axial offset and tilt, runout 
is the summation of multiple sources of deviation between the tool, 
tool-holder and machine spindle. Common causes of runout include 
the clamping of the tool within its tool-holder, inaccuracy during 
tooling manufacture and poor mating of the tapered contacts [15,16]. 
Additionally, electroplated tools experience another source of runout 
stemming from the plating process, whereby there is a potential for 
non-uniform distribution of the abrasive layer around the tool’s cir-
cumference [17]. The runout of grinding wheels as with all tooling 
should be minimised, when unmanaged runout can lead to uneven 
wear around a tool’s circumference, poor surface quality as a result 
of chatter and in extreme cases complete wheel failure due to uneven 
stress distributions [18,19]. These adverse effects are more prevalent as 
the size of the tool decreases, especially as the runout can be larger than 
the programmed radial depth of cut for a given grinding pass [18,20].

A key aspect of this work is the variation and measurement of 
runout for small diameter grinding wheels. Diez et al. [16] used an 
adjustable boring head to vary the runout of a ⌀12mm fluted end mill, 
allowing the tool’s runout to be varied from 0–40 μm. A dial indicator 
was utilised to measure the true runout level of the tool between its 
cutting edges prior to grinding. Badger et al. [19] added runout back to 
a dressed large diameter vitrified-bond grinding wheel by remounting 
the wheel on the machine spindle. Through dial indicator measure-
ments around the tool’s circumference, an increase in runout from 
0 μm to 81 μm was introduced. This method allowed for runout to be 
investigated via a realistic scenario without any additional equipment, 
however it limited the author’s ability to set a specific value of runout. 
Similarly to the measurement of micro-milling tools, the runout should 
not be measured from the tool’s shank as there is a machined taper 
down to the working diameter which can be an additional source of 
runout [21]. Therefore, measurement of runout for DCBs should be 
conducted over the grinding surface, to avoid errors from the runout 
introduced through the taper and electroplating process.
2 
Recently, the development of advanced indirect TCM approaches 
has been investigated thoroughly. A multitude of sensing methods have 
been employed to indirectly determine a grinding tool’s wear pro-
gression and grinding effectiveness, including grinding force [22–24], 
spindle power [25–27], vibration [28,29], audible acoustics [30] and 
AE [11,31,32]. Of all the indirect methods AE has shown the most 
promise to enable a viable on-machine TCM solution [33].

Huang et al. [34] demonstrated the ability of AE to determine a 
DCB’s tool state when grinding a zirconia ceramic workpiece. An ultra-
depth-of-field microscope was used to obtain direct measurements of 
the tool’s state, alongside an optical profilometer and electron mi-
croscope to analyse the workpiece surface. Transitions between wear 
phases were identified via abrasive grain fracture and eventually pull-
out, with clear differences in grinding mechanisms seen through the 
workpiece morphology. Both AE amplitude and the wavelet packet en-
ergy correlated well with the tool’s increasing wear, with power levels 
varying across the frequency spectrum as different wear mechanisms 
become more prevalent. Liu et al. [35] showed similar results through 
both time and frequency AE features, when using a DCB to grind a 
C/SiC composite. Strong correlation between AE time domain features, 
such as standard deviation, were identified. However, AERMS was used 
as a wear metric in-place of direct tool wear measurements, and a 
limited number of passes, 90 in total, were completed. Nonetheless, 
a classification model was trained to predict the tool’s wear state, 
leading to an accuracy of 96% across the small dataset. In a previous 
publication by the authors [36], the development of an AE based TCM 
approach was developed through the application of a LSTM regression 
model. With an increased frequency of on-machine 2D tool wear mea-
surements, a regression model was trained to predict the DCB’s radius 
from AE input features, leading to a mean squared error of 0.550 μm
when predicting on unseen data. However, a limitation of all the 
presented previous works is the lack of consideration of changing initial 
conditions or validation through a statistically significant number of 
wear tests. As a result, it is unknown whether these methods could be 
utilised in real-life manufacturing.

This work details the impact of a DCB’s runout on both its total 
useable life as well as the mechanisms of wear, through conducting 
a series of wear tests with DCBs at levels of increasing runout. Using 
a novel methodology, frequent on-machine 3D surface scans of the 
DCB were collected during each wear test using a NC4 laser tool 
setter, in contrast to previous works utilising only 2D surface scans. 
Through these measurements, the progression of wear was investigated 
and key mechanisms identified. Additionally, AE an indirect and non-
destructive sensing technique was utilised to acquire data throughout 
each wear test, leading to the validation of a passive and time efficient 
method of monitoring a DCB’s runout and wear progression.

2. Methods

Wear tests were conducted with the aim of taking a new DCB to 
failure to investigate the effect of initial runout on its overall life. Each 
tool’s runout was initially set by using a NIKKEN BT30-SZF10-90 zero-
fit tool holder [37] and then subject to a series of repetitive grinding 
operations, accelerating the normal wear process. During each wear 
test, both measures of the grinding process (AE) and the tool’s wear 
state, were taken frequently. Each cycle of the wear test comprised 
of two phases: a grinding phase and an inspection phase. The wear 
test continues through cycles until reaching the tool’s failure point, as 
shown in the flowchart in Fig.  2. Failure of the tested DCBs was defined 
as a reduction in the tool’s length by ≥0.5mm. This definition allowed 
the automatic stopping of a test due to complete failure of a DCB, 
preventing machine tool crashes, whilst ensuring the final grinding 
passes of a DCB’s life were captured.
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Fig. 2. Flowchart of the wear test procedure.
2.1. Tool setup

In order to observe the effect of runout on a DCB’s wear progression, 
a specialised tool holder was utilised to adjust the DCB’s runout into the 
desired range prior to conducting each wear test. NIKKEN zero-fit tool 
holders are commonly employed to reduce a given tool’s runout. An 
inbuilt cam allows for a variable force to be applied to a given region 
of a tool’s circumference, which, when aligned with the tool’s radial 
high spot, reduces the overall runout. To carry out this reduction on a 
typical machining tool, i.e a fluted end mill, a dial indicator is used on 
the tool’s shank to identify the severity of runout and also determine 
the radial high spot location. In this application, however, the effect 
of both reduced and increased levels of runout were of interest and as 
such the runout was increased by applying the cam’s adjustment to the 
radial low spot of the tool’s circumference.

To obtain an accurate value for a DCB’s runout measurement, a 
dial indicator was not applicable, due to the small tool diameter and 
concern for damaging the indicator tip. As such, the NC4 was used 
to measure 2D surface measurements at multiple locations along the 
DCB’s length, from which the runout was extracted. The process of 
measuring 2D scans with the NC4 is detailed in Section 2.3.1. Before 
each wear test was conducted, the tool’s initial runout was adjusted 
to a pre-determined amount. Three ‘‘levels’’ of runout were chosen to 
represent the full range of feasible runout values [16,19,38,39]. The 
first of which adjusted a DCB’s initial runout to <15 μm. This range was 
considered to be a ‘‘low’’ level of runout for a DCB of this specification. 
The second level of runout, labelled as ‘‘medium’’, set the initial runout 
to between 25–35 μm. Finally, a ‘‘high’’ level of runout was selected as 
DCBs set to between 75–80 μm, whereby 80 μm was the maximum value 
capable of being reached using the NIKKEN zero-fit tool holder.

2.2. Grinding phase

Each wear test utilised a Genentech ⌀1.3mm #1000 DCB in order 
to grind a Silicon Carbide (SiC) workpiece. To wear the DCBs a side-
milling operation was utilised with consistent grinding parameters for 
all tests. The grinding phase followed the same methodology as [36], 
enabling the expansion of an existing dataset. Table  1 shows the 
grinding phase specification for all conducted wear tests. A schematic 
of the side-milling operation with the grinding parameters from Table 
1 labelled can be seen in Fig.  3.

The grinding phase consisted of a single side-milling pass across 
the 20mm width of the workpiece, 𝐿, during which AE was recorded 
continuously. Fig.  4 shows the operation chain during the grinding 
phase. Prior to each wear test, the SiC workpiece was first re-surfaced 
flat and parallel to the machine axes. A MISTRAS Wideband Differential
(WD) sensor was bonded with Loctite SI 595 silicone sealant to the 
workpiece’s top face, acting as both an acoustic couplant and environ-
mental protection. Alongside a MISTRAS 2/4/6 pre-amplifier, with a 
gain of 20 dB and an internal bandpass filter of 0–1200 kHz enabled the 
3 
Fig. 3. Schematic of the DCB side-milling operation, with labelled parameters.

collection of AE from within the machine tool. Due to the continuous 
nature of AE produced by any grinding process, a National Instruments
(NI) PXI oscilloscope sampling at 2MHz was used for acquisition of the 
AE.

2.3. Inspection phase

To relate the acquired AE during the grinding to the resultant 
tool wear, an on-machine inspection cycle was conducted after every 
grinding pass using the NC4. The inspection phase comprised of two 
measurements, a 2D circumferential surface scan at a fixed position and 
a new to this work, 3D surface scan of the entire tool’s length. The 2D 
circumferential surface scan was conducted after every grinding pass, 
at a fixed axial position up the tool. Full 3D spiral scan measurements 
were conducted less frequently, after every fifth grinding pass. How-
ever, the 3D NC4 scans were crucial to account for any large changes 
that occur outside the 2D surface measurement window, gaining a more 
complete understanding of the tool’s wear state. Fig.  5 shows the order 
of operations during the inspection phase.

2.3.1. NC4 - DCB measurements
A NC4 [40] was used to obtain on-machine tool radius measure-

ments. The NC4 is a non-contact tool setting system that determines 
the radius of a tool by using it to obscure a laser beam. It consists 
of a transmitter tower and a receiver tower, housing a sensor used 
to measure the incident laser power across its face [41]. In a normal 
radius measurement macro, the NC4 operates through a trigger mode, 
in which a rotating tool is moved perpendicularly into the laser beam. 
When the tool blocks the beam sufficiently to reduce the incident power 
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Fig. 4. Flowchart of the grinding phase subprocess.
Fig. 5. Flowchart of the inspection phase subprocess.
Table 1
Grinding specification.
 Grinding parameters
 Grinding machine Jingdaio VT600 A12S  
 Machining operation Side milling  
 Spindle speed, 𝑛 24 000 rpm  
 Cutting speed, 𝑉𝑠 98m∕min  
 Feedrate, 𝑉𝑓 60mm∕min  
 Depth of cut - Axial, 𝑎𝑝 5mm  
 Depth of cut - Radial, 𝑎𝑒 0.03mm  
 Grinding length, 𝐿 20mm  
 DCB specification
 Tool geometry Cylindrical  
 Type Electroplated mono-layer 
 Tool diameter ⌀1.3mm  
 Mesh size #1000  
 Abrasive grain size 15 μm  
 Workpiece specification
 Material Green Silicon Carbide  
 Bond type Vitrified  
 Dimensions 100 × 20 × 10mm  
 Grain size 240  
 Knoop hardness 2840 kgf mm−2  
 Relative toughness 1.6  
 Coolant specification
 Coolant Supergrind ultra  
 Supplier Morris lubricants  
 Type Synthetic water-based  
 Concentration 2.5–3.0%  
 Operating temperature 18 °C  
 Flow rate 4Lmin−1  

by a preset threshold, typically 50%, a trigger is sent to the machine 
controller to stop movement. The tool’s radius is then calculated from 
the difference in machine and beam co-ordinates, outputting a single 
value for the tool radius. Fig.  6 shows a schematic of the NC4 with a 
representative rotating tool positioned at the 50% radial laser obscura-
tion position. This technique provides a quick but precise average value 
of the tool’s radius, however this is limited for use in TCM approaches 
by only providing a simplified representation of the tool’s wear.
2D surface scan. To provide more information relating to the tool’s 
wear, the NC4 system can be used in an alternative strategy. This 
approach takes advantage of the concept that the radius of a rotating 
tool can be measured through the changing incident laser power levels. 
4 
If a tool is moved so that its edge is within the beam and then rotated 
but not translating, any change in the measured power level is the 
result of the beam becoming more or less obstructed, from which the 
radius of a tool required to block the beam by an equivalent amount 
can be determined. The transmitter produces a beam which at its centre 
point, the midpoint between the two towers, is approximately 40 μm in 
diameter [42], over which the sensor will detect a drop in power if 
obscured. Through the calibration process of an NC4 a linear function 
is derived to convert the output sensor voltage into a radius that results 
in the equivalent beam obstruction. Using an external oscilloscope, 
the NC4 receiver’s voltage can be polled whilst the tool is rotating, 
to obtain a 2D measurement of the tool’s circumferential radius. The 
same NI PXI oscilloscope used for the capture of AE was used to 
record the NC4 output voltage at a sample rate of 50 kHz. A spindle of 
speed of 60 rpm was used to rotate the tool within the beam, resulting 
in measuring 7958 samples rad−1 about the tool’s circumference. Fig.  7 
shows an example of the converted 2D surface scan.

In every wear test, the 2D surface scans were conducted halfway up 
the axial depth of cut, 𝑎𝑝 (2.5mm from the end of the tool). By mea-
suring at the same position, this measurement enables the progression 
of wear to be observed around the tool’s circumference. Additionally, 
from these 2D scans more information other than just mean radius can 
be extracted, such as maximum radius, runout and form error, all of 
which provide useful insights to the tool’s state and ability to grind 
effectively.

3D spiral scan. A major downside of the 2D NC4 scans are that cir-
cumferential measurements only occur at one axial position up the 
tool’s length. As a result, there is still the possibility of missing large 
parts of the tool’s overall wear, which will still impact both the ground 
workpiece surface and the produced AE during grinding. Therefore, to 
obtain a comprehensive view of the wear process, a pseudo 3D scan was 
implemented. To generate this 3D plot, the tool was both rotated and 
translated in the 𝑍-axis simultaneously, making the measurement point 
follow a spiral path up the tool’s surface. Through varying the spindle 
speed and 𝑍-axis feedrate, higher resolution scans can be produced 
with the penalty of scan time increasing. Fig.  8(a) shows an example 
of this type of 3D measurement taken of a new ⌀1.3mm DCB, in which 
the tool has been measured from its tip to 7mm up its length. Each NC4 
spiral scan measures from below the tip of the tool (at Z = 0.2mm) to 
beyond the axial depth of cut asked of the DCB, showing a clear contrast 
between the wear of a worn and un-worn section of each DCB. The large 
protrusion at the tip of the tool above 0.68mm, highlighted in red in 
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Fig. 6. Schematic of an NC4 with a tool obscuring the laser beam.
Fig. 7. A processed NC4 - 2D surface scan of a new ⌀1.3mm #1000 DCB.
Fig.  8(a), is a narrow band of coolant and therefore can be ignored. For 
comparison, a scan of the same tool after 75 grinding passes is shown 
in Fig.  8(b), in which the tool’s wear can clearly be identified across 
the grinding region. The area of contact between workpiece and tool is 
shown by the labelled red box in Fig.  8(b), with regions of significant 
localised wear forming surface craters also highlighted.

3. Results

Twelve full wear tests were completed in total, in order to observe 
the effect of differing runout levels on tool wear and overall life. Fig.  9 
shows the runout of each DCB prior to each wear test, the colouring of 
each bar representing the runout level. Six tests were conducted with 
‘‘low’’ levels of runout, with three tests being conducted with DCBs in 
both the ‘‘medium’’ and ‘‘high’’ ranges, previously set out in Section 2.1.

3.1. Runout’s effect on tool wear

Throughout the entire wear test series, the only variable was the 
initial DCB runout, leading variations in total tool life to be the di-
rect result of changing runout levels. The total number of completed 
grinding passes by each DCB can be seen against the initial runout 
level in Fig.  10, the figure follows the same colour configuration as 
in Fig.  9. This scatter plot displays a key insight to the operation of 
these tools, the variability of a DCB’s overall life (i.e. the total number 
of passes a tool can complete prior to failure) dramatically increases 
as the level of runout increases. As with all grinding wheels, there will 
always be some inherent variation in grinding life due to the random 
nature of grain distribution during manufacture, which can be seen 
within the wear tests conducted at the ‘‘low’’ runout range exhibiting 
a range of 16 passes. Whereby, the three wear tests conducted within 
the ‘‘high’’ runout range resulted in a range of 99 passes. This increase 
in unpredictability of a grinding wheel’s life is a major concern when 
considering that these tools are normally used within machines without 
5 
in-process tool measurements at the mass-manufacturing scale. Without 
the evaluation and consideration of a DCB’s runout level, it is very 
difficult to implement any basic tool replacement strategy. However, 
by comparison, a DCB that has had its runout adjusted to <15 μm leads 
to a much reduced range in tool life, enabling a simple confidence 
interval method to be employed as a DCB replacement strategy without 
excessive wastage. Additionally, taking a DCB from the ‘‘medium’’ 
to ‘‘low’’ region of runout, a decrease in runout of 20 μm, results in 
an increase to the total number of passes a DCB completes by 39%. 
Knowledge of the DCB’s runout level is crucial, even when the runout 
cannot be removed in-situ, as it allows the controller to make a more 
informed prediction on the DCB’s useable life.

Both the increased variability and decrease in overall life of DCBs 
resulting from increasing levels of runout can be explained by looking 
at the mechanism of wear progression. Figs.  11 and 12 show three 
NC4 spiral scans of the DCB used during tests 4 and 10 respectively, 
each having been measured 20 grinding passes apart from one another. 
The DCB used in test 4 exhibited the second lowest initial runout 
of all the conducted wear tests (2.71 μm), whilst in test 10 the DCB 
had a measured initial runout of 76.05 μm. The two figures show stark 
differences in overall wear and contact regions.

Fig.  11(a) shows the DCB’s wear after completing 80 grinding 
passes, (58% through its total life). Its overall wear is significant, 
having been reduced on average by 14 μm, through a comparison of the 
worn and unworn sections of the DCB’s length in the figure. As a result 
of the DCB’s low runout the tool is capable of sharing the grinding load 
across the entire surface of abrasive grains. Leading to the progression 
of wear to be consistent around the tool’s circumference. After another 
20 passes, the wear has progressed and small isolated areas of the 
DCB’s surface have worn beyond the mean surface, forming surface 
craters seen by the dark blue areas on Fig.  11(b), indicating a loss 
of abrasive grains within those regions. Surface craters are the result 
of individual regions of the tool wearing faster than the surrounding 
surface, the location and severity of which stem from the random distri-
bution of grains on a DCB’s surface. Once formed, a surface crater will 
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Fig. 8. 3D NC4 spiral scans of a ⌀1.3mm #1000 DCB after (a) zero and (b) 75 grinding passes. With red labels and text showing prominent features. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. The initial DCB runout set prior to each wear test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
expand radially, a result of the grinding load no longer being equally 
distributed around the DCB’s circumference, leading to bands along the 
tool’s length that are entirely void of abrasive grains. This mechanism 
can be seen in Fig.  11(c) whereby bands of wear have formed from the 
existing crater locations, in which the entire Ni-diamond layer has been 
removed around the tool’s circumference. Once a band has formed, 
it quickly increases in width along the DCB’s length, leading to tool 
failure. The formation of craters and later bands is present in all wear 
tests conducted at lower runout levels.

In contrast, Fig.  12(a) shows that the DCB during test 10 has a large 
high spot, a consequence of the ‘‘high’’ runout, encompassing roughly 
a third of the DCB’s circumference. Due to the runout and changing 
level of grain penetration, there is a large variation in grinding load 
for any given abrasive grain on the tool’s surface. This difference in 
contact impacts the progression of wear around the tool’s circumfer-
ence. Consequently, the wear during test 10 occurs solely across the 
6 
current high spot, at an increased rate due to the reduced contact 
area and higher grinding loads. This can be seen in Fig.  12(b) by the 
wear having first been removed across the high spot and leaving a 
crater along the tool’s length, which in Fig.  12(c) continues to wear 
and expand around the tool’s circumference as the new high spots are 
worn away. The same mechanism of crater and banding formation is 
present for DCB’s operating at high runout levels, however the random 
grain distribution plays a much larger role in determining the tool’s 
overall life. The density of abrasive grains across the DCB’s surface and 
adhesive strength between the Ni and diamond grains varies as a result 
of the electroplating process. This leads to regions of the DCB’s surface 
being more or less resistant to the formation of surface craters. With 
increasing DCB runout this variation in wear resistance becomes more 
critical, as it relies on a smaller region of the abrasive layer distribut-
ing an increased grinding load. Therefore, DCBs operating at higher 
runout levels have an increased variance in overall tool life, a result 
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Fig. 10. Total number of grinding passes completed by each wear test against each DCB’s initial runout. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
Fig. 11. NC4 spiral scans of the DCB from test 4 after (a) 80 passes, (b) 100 passes and (c) 120 passes. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
of their initial high spot’s resistance to crater formation. Conversely, a 
DCB operating at a lower runout level, is capable of distributing the 
grinding load across a larger contact area, and therefore more abrasive 
grains. Allowing even weaker regions of the DCB’s surface to resist the 
formation of wear bands until the majority of the abrasive layer has 
been worn.

Fig.  13 shows the 2D NC4 circumferential scans and extracted wear 
metrics, throughout test 4. Fig.  13(a) shows each NC4 2D scan after 
alignment, through which the wear of high spots and formation of 
craters on the DCB’s surface can be seen. From this data, the mean 
and peak radius were extracted, shown below in Fig.  13(b). The three 
phases of tool wear (initial wear-in, steady-state and wear-out) can be 
identified through the observation of the gradients of both metrics in 
Fig.  13(b).

The initial wear-in phase is characterised by a short period of high 
wear rate, usually lasting <10 passes, during which weakly adhered 
grains and any superfluous Ni bond material covering the abrasive layer 
are quickly removed. This can be identified in Fig.  13 by the rapid 
initial wear rate across the first six grinding passes, whereby all high 
spots above 0.67mm radius are removed.
7 
The wear rate will start to slow as an increasing number of grains 
are exposed, reducing the overall grinding stress asked of each abra-
sive grain. Thereby leading into a period of steady-state wear, during 
which the single layer of abrasive grains are slowly worn away. When 
grinding with adequate and reasonable parameters, this phase covers 
the majority of the DCB’s life, seen in Fig.  13(b) by the relatively 
constant gradient across grinding passes 6–121. During this phase, 
abrasive grains are worn or pulled out of the bond material, slowly 
reducing the grinding capability of the DCB. The wear rate is slowed by 
grains re-sharpening through micro-fracture or their load further shared 
by other newly exposed grains, however once exhausted the DCB will 
wear rapidly into the bond material. This effect can be seen in Fig. 
13(a) whereby small craters around the tool’s circumference are worn 
below the mean height of the surface around grinding pass 40, without 
any impact on the DCB’s ability to grind. However, after 80 cuts further 
craters develop below the abrasive layer, 0.64mm radius, at which point 
the Ni bond material and steel core are exposed.

After forming craters through the abrasive layers, the grains held 
on either side are required to remove a greater proportion of the 
programmed radial depth of cut, 𝑎 , on any given rotation, leading to 
𝑒



T. Jessel et al. Wear 584–585 (2026) 206420 
Fig. 12. NC4 spiral scans of the DCB from test 10 after (a) 60 passes, (b) 80 passes and (c) 100 passes.
Fig. 13. DCB wear measurements during test 4: (a) NC4 2D circumferential scans, (b) Extracted DCB radius measurements.
the expansion of the formed channels around the DCB’s circumference. 
At a certain point, the number of abrasive grains present on the tool 
is insufficient to remove the 𝑎𝑒 from the workpiece, at which point 
the workpiece starts grinding the tool instead. This leads to a dramatic 
increase in wear rate, due to the hardness of the SiC workpiece being 
much greater than the remaining Ni and steel core, eventually resulting 
in total DCB failure. The start of this period, called wear-out, can be 
observed in Fig.  13(a) by the formation of deep craters below 0.64mm
covering the majority of the DCB’s surface after pass 122. After the wear 
of the final region of abrasive grains, centred at 3.14 rad, the wear rate 
rapidly increases, seen in Fig.  13(b) after grinding pass 135.
8 
The same measurements for the DCB used during test 10 can be 
seen in Fig.  14. Similarly to Fig.  12, Fig.  14(a) shows a large high spot 
encompassing a third of the DCB’s circumference. After 60 grinding 
passes have been completed, the high spot starts wearing through its 
peak, leading to a large crater developing in its place. As the crater 
develops, two distinct surface peaks become exposed, seen in Fig.  14(a) 
by the forked shape, which then wear and expand to encompass the 
whole DCB’s circumference. Due to the high runout of the tool, Fig. 
14(b) shows a trend unlike a traditional tool wear curve. As the DCB’s 
runout, 76.05 μm, is significantly larger than the 𝑎𝑒, 30 μm, the DCB 
only makes contact with the workpiece across its highest points. This 
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Fig. 14. DCB wear measurements during test 10: (a) NC4 2D circumferential scans, (b) Extracted DCB radius measurements.
reduced contact region results in the rest of the DCB’s circumference 
experiencing a delayed wear-in phase. Therefore, the traditional wear-
in phase occurs over less grinding passes, and has no noticeable effect 
on the mean radius of the tool, as can be seen in Fig.  14(b). The 
same effect, of only a fraction of the tool being in contact, also leads 
to a drawn out wear-out phase. As the highest spots are starting to 
experience wear-out, other sections of the tool are being brought into 
contact and therefore experiencing wear-in, explaining the gradient of 
wear between passes 80–120 in Fig.  14(b).

The same pattern of wear and results can be seen to a lesser extent 
in Fig.  15, which shows the wear measurements during test 8. Due to 
the reduced level of runout in test 8 compared with test 10, Fig.  15(b) 
shows a more typical wear curve with clear wear phase transitions. 
However, the impact of runout can still be seen as the once the DCB’s 
high spot wears, it forms two distinct surface peaks that slowly wear 
around the tool’s circumference.

Both the 2D and 3D NC4 scans show how the DCB wear mechanism 
changes with increasing runout. The reduced contact regions between 
the DCB and the SiC workpiece, when running at a ‘‘high’’ level of 
runout, lead to the tool’s overall life being harder to predict without 
direct or in-direct tool measurement techniques. The NC4 is a capable 
direct technique that not only can measure the DCB’s runout, but also 
monitor its overall wear progression. Identification of crater formation 
and wear band expansion, the main indicators of large scale wear, can 
both be clearly seen through the use of a NC4 system. However, the 
collection of these measurements are costly, the time taken to collect 
a 3D, 2D and 1D NC4 measurements are roughly 4min, 1min and 30 s
respectively. Leading to a significant amount of downtime, compared 
to the grinding pass that lasts 20 s. As such, an indirect method capable 
of inferring the same information without the associated downtime is 
an ideal solution.

3.2. Acoustic emission

Continuous AE was acquired during each grinding pass, leading to 
1443 AE signals being collected, each of which lasting over 20 s. Fig. 
16(a) shows the full time-domain AE signal from the 25th grinding 
9 
pass of test 5. In which the contact period, when the DCB is in 
contact with the workpiece, can be seen through the large increase 
in amplitude between 0.8–20.5 s. From Fig.  16(a) the grinding seems 
to be a continuous high-amplitude AE signal throughout the entire 
contact period. Fig.  16(b) shows a zoomed in section of the same signal, 
between 5.00–5.025 s which presents a different view. Whilst the signal 
is still continuous in nature, indicated by the grinding never allowing 
the signal to return to the noise floor, the amplitude is clearly pulsing 
at a consistent frequency. The observed oscillation has a frequency of 
400Hz, with its peak occurring every 2.5ms, inline with the rotational 
speed of the DCB, 24 000 rpm. Due to the random distribution of grains 
on a tool’s surface, a tool with zero runout and a perfect circular form 
should produce a consistent level of AE, therefore the observed pulsing 
pattern is a consequence of the tool reducing in contact as it rotates.

Validation of this can be seen in Fig.  17, in which a 10ms section 
of AE has been extracted from the 10th pass of tests (a) 6, (b) 9 and 
(c) 12. The associated DCB’s runout level after each respective pass 
were 7.15 μm, 24.97 μm and 75.25 μm. The effect of increasing runout, 
and as a result decreasing the proportion of tool-workpiece contact per 
revolution, can be seen in Fig.  17. In tests 9 and 12, as the DCB breaks 
contact with the workpiece during a revolution, it allows the AE to 
ringdown to the noise floor. Both the time the AE remains above the 
noise floor and the rate at which the AE decays, indicating the severity 
of the DCB’s runout.

Figs.  18–20 show the aligned AE power envelopes from a single 
DCB revolution during each grinding pass of tests 4, 8 and 10 re-
spectively [43]. From which the AE source location can be placed 
around the DCB’s circumference. Fig.  18 shows a consistent level of AE 
power both throughout the DCB’s life and around its circumference, 
indicating the grinding process is also constant in its aggressiveness. 
This results from the DCB in test 4 having a ‘‘low’’ level of runout, 
initially 2.71 μm, in which the entire tool’s surface will make contact 
throughout a revolution. Additionally, in the figure, the wear-in phase 
can be identified through increasing power levels and contact area 
within the first six passes.

Figs.  19 and 20 show a different pattern of AE power as a result of 
the high spot present on each DCB’s surface. In each, a clear portion 
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Fig. 15. DCB wear measurements during test 8: (a) NC4 2D circumferential scans, (b) Extracted DCB radius measurements.
Fig. 16. Time domain AE signal acquired during the 25th pass of test 5 showing the (a) full signal and a (b) zoomed in section.
of the DCB’s circumference is generating a large amount of AE power, 
indicative of the tool only making contact with the workpiece over 
these portions. Outside this region of high AE power and tool-workpiece 
contact, the following drop in power results in a lower baseline during 
test 10 shown in Fig.  20, falling below 50 dB, additionally the contact 
region occurs over a smaller proportion of the DCB’s circumference, 
both of which indicate a higher level of runout when compared to test 
8. The creation and expansion of wear craters can be seen in both Figs. 
19 and 20. At grinding pass 65 and 70 respectively, the regions of high 
AE power split into two individual peaks, aligning with when the high 
spot initially wears away on the DCB, observed in Figs.  14 and 15. The 
peaks slowly increase in separation around the tool’s circumference, at 
which point they rejoin prior to the failure point. This aligns with the 
wear measurements seen during both test 8 and 10, in Figs.  14 and 15, 
10 
whereby a crater formed at the high spot slowly expands to encompass 
the entire circumference.

3.2.1. Extracted AE features
The raw time-domain AE signals are capable of identifying the 

contact period between the DCB and the SiC workpiece, indicating the 
level of runout a tool has and capable of visualising the progression 
of wear around a tool’s circumference. However, due to the scale of 
the acquired data and required computing power to process it, AE 
is typically abstracted into simplified features that represent the raw 
time-domain signals. Both the AEkurt and AERMS are useful metrics for 
determining the grinding condition and aggressiveness indirectly [43]. 
Figs.  21 and 22 show the respective AE features throughout tests 4, 8 
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Fig. 17. An example AE signal from three separate tests with increasing DCB runout; (a) Test 6, (b) Test 9 and (c) Test 12.
Fig. 18. AE power envelope from a single tool revolution of every grinding pass during test 4.
and 10, with the other wear tests in each runout range not presented 
but following similar trends.

AEkurt represents the ‘‘tailedness’’ of an AE signal’s distribution, 
which when applied to continuous AE indicates the proportion of the 
signal occurring at its maximum absolute voltage. The idealised DCB 
producing a consistent level of continuous AE throughout its life will 
result in a normal distribution of AE, and therefore a low AEkurt of 
three. However, as seen in Fig.  17(a) even low levels of runout leads to 
variation in the generation of AE as a DCB rotates, due to the reduction 
11 
in contact with the workpiece. Explaining why the AEkurt of test 4 
is slightly above three throughout its steady state phase in Fig.  22. 
Furthermore, the increasing level of runout used in tests 8 and 10 
results in clear increases in the level of AEkurt, a consequence of the 
decreasing level of tool-workpiece contact.

During the wear-in phase of each test, the AEkurt starts off high and 
drops to a baseline level. After reaching this baseline level, the AEkurt 
slowly reduces as the tool wear progresses. This negative gradient 
indicates the DCB is wearing into a more circular form, leading to more 
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Fig. 19. AE power envelope from a single tool revolution of every grinding pass during test 8.
Fig. 20. AE power envelope from a single tool revolution of every grinding pass during test 10.
consistent workpiece contact and AE generation. Whilst this is more ap-
parent for DCBs with higher runout, in tests 8 and 10, it is still observed 
for DCBs with low runout, such as in test 4. The minimum AEkurt occurs 
during grinding pass 109, 67 and 52 for tests 4, 8 and 10 respectively, 
after which the AEkurt suddenly increases and becomes more erratic in 
nature. These transition points align with the formation of craters and 
wear of the initial high spot on each DCB’s surface. The following rise in 
AEkurt increases in scale with the level of runout. Increases in AEkurt are 
compounded when the DCB has a high level of runout, as it both forms 
peaks that are more prominent and cover a smaller proportion of the 
DCB’s circumference, leading to the generation of higher amplitude AE 
over much smaller time periods. Both of which increase the ‘‘tailedness’’ 
of the AE distribution, in turn increasing the AEkurt. As a result, after 
surface craters have been formed, the effect of a DCB’s runout on the 
AEkurt is overshadowed by the dramatic increase in AE power over 
short time periods, dramatically increasing the amplitude of the AE 
12 
distributions outliers. As such, AEkurt can be seen as a very useful AE 
feature for predicting a DCB’s runout level up until large scale wear 
on the tool’s surface. However, potentially of greater use AEkurt can be 
seen as an indicator of the formation of surface craters and large scale 
wear across the entire DCB’s length.

The AERMS represents the energy present within a continuous AE 
signal, making it a good indicator for the level of grinding contact 
between a wheel and workpiece. As such, AERMS has been used exten-
sively for detecting the contact period and measuring wheel wear [31,
44,45]. Similarly to the AEkurt in Fig.  22, the wear-in phase of each 
tool can be identified through the initial variation in AERMS prior to 
settling at a steady baseline shown in Fig.  21. Fig.  21 shows that once 
through the wear-in phase DCBs with low runout, such as in test 4, 
produce a consistent but high level of AERMS, until reaching the wear-
out phase. In contrast, the DCBs from test 8 and 10 produce a lower 
level of AE  throughout their steady-state phases. In order for the 
RMS
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Fig. 21. AERMS throughout tests 4, 8 and 10.
Fig. 22. AEkurt throughout tests 4, 8 and 10.
AERMS to increase, either the maximum AE amplitude or the duration 
held at that level must increase. Resulting in the more consistent level 
of grinding produced by ‘‘low’’ runout tools, yielding higher levels of 
AERMS. With the reduction in tool-workpiece contact present during 
tests 8 and 10 explains the lowered level of AERMS in comparison to 
test 4. Once the high spot of the DCBs seen in tests 8 and 10 have worn 
through, the AERMS increases to a peak, the level of which indicating 
the scale/severity of the wear. The AERMS plots seen in Fig.  21 allow 
for an understanding of the DCB’s wear progression, similar to the 
aligned AE power envelopes in Figs.  18–20. Fig.  21 verifies that AERMS 
is a capable indicator for the intensity of grinding over the entire 
13 
workpiece’s length. But without prior knowledge, it can be difficult to 
determine a given DCB’s wear state.

Overall, AE can identify a given DCB’s runout level through the 
changing contact between workpiece and tool. Through the sectioning 
and alignment of the time domain AE signals based on the rotational 
speed of the DCB, the severity of the high spot can be established, 
and its wear monitored, as seen in Fig.  20. Additionally, the use of 
averaging features such as AEkurt and AERMS allows the tracking of each 
DCBs current state. Both features show the transition from the initial to 
steady-state wear phases, with AEkurt being more sensitive to the tool’s 
level of runout. Furthermore, AE is clearly effected by a DCB’s runout 
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impacting both the amplitude and overall signal characteristics. When 
utilising a TCM approach based on AE the signal changes stemming 
from runout could lead to premature tool replacement, without the con-
sideration of this effect, further increasing the existing tool-life wastage. 
However, these changes as a result of a tool’s runout also potentially 
allow for an on-machine, indirect and passive sensing methodology of 
determining a DCB’s runout and monitoring its wear simultaneously.

4. Conclusion

This paper has presented the effect runout plays on a DCB’s overall 
life and wear mechanisms. As well as demonstrating the impact runout 
has on acquired AE signals throughout the grinding process, from which 
the runout level and wear state can be inferred. Twelve wear tests were 
conducted with constant grinding procedure and parameters, whereby 
a ⌀ 1.3mm #1000 DCB was used to grind a SiC workpiece. Using an 
adjustable tool-holder, three different runout ranges were investigated, 
during which frequent on-machine tool wear measurements and con-
tinuous AE were acquired. A decrease in total useable life of a DCB 
and an increased variability were established as a result of increasing 
initial runout levels. Each DCB followed the traditional three-phase 
wear cycle, which was monitored through in situ 2D tool wear mea-
surements. A novel use of a NC4 laser tool setter allowed full-field tool 
surface measurements to be taken within the machine tool, showing the 
difference in overall wear mechanisms between DCBs with ‘‘high’’ and 
‘‘low’’ levels of runout. AE time-domain signals, acquired during the 
grinding period, clearly showed the effect of increasing runout through 
the fluctuating AE power levels over a single DCB rotation. Through the 
alignment of AE power envelopes, the wear of a DCB’s high spot can be 
observed and tracked around its circumference. Additionally, simpler 
AE features extracted during the grinding period were investigated 
as wear indicators. Both AEkurt and AERMS showed promise as wear 
indicators, being able to identify the transition from initial to steady-
state wear phases across all investigated runout ranges. Additionally, 
the magnitude of AEkurt generated by a given DCB once worn-in, 
indicated the severity of its runout level. AEkurt slowly decreased during 
a tool’s steady-state region suggesting the DCB is wearing into true 
form, furthermore abrupt increases in AEkurt were seen to align with 
the formation of a large surface crater on the DCB’s surface, across 
which the entire abrasive layer has been removed. This work adds 
further information into both the wear of DCBs in more representative 
scenarios whereby runout is considered, and the effect this has on AE 
as a promising TCM sensing method. As well as presenting the benefit 
of using an indirect method to detect the presence of excessive runout 
allowing a reduction in cost and wastage from the imperfect currently 
deployed TCM approaches.
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