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Abstract 

Subsurface damage is easily induced in machining of hard and brittle materials because of their particular mechani-

cal and physical properties. It is detrimental to the strength, performance and lifetime of a machined part. To manu-

facture a high quality part, it is necessary to detect and remove the machining induced subsurface damage by the 

subsequent processes. However, subsurface damage is often covered with a smearing layer generated in a machining 

process, it is rather difficult to directly observe and detect by optical microscopy. An efficient detection of subsur-

face damage directly leads to quality improvement and time saving for machining of hard and brittle materials. This 

paper presents a review of the methods for detection of subsurface damage, both destructive and non-destructive. 

Although more reliable, destructive methods are typically time-consuming and confined to local damage infor-

mation. Non-destructive methods usually suffer from uncertainty factors, but may provide global information on 

subsurface damage distribution. These methods are promising because they can provide a capacity of rapid scan and 

detection of subsurface damage in spatial distribution.
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1 Introduction

Hard and brittle materials are widely used because of 

their excellent physical and mechanical properties, such 

as high hardness and strength at elevated temperatures, 

wear and corrosion resistances, etc. Among hard and 

brittle materials, single crystalline silicon is the predomi-

nant substrate material for integrated circuits (IC) [1–5]; 

optical glasses are for optical windows and lens [6–11] as 

well as high-power laser components [12]; ceramic mate-

rials are commonly used for bearings, cutting tools and 

machine parts [13–16]. However, these materials are also 

difficult to machine due to their hard and brittle nature. 

Surface and subsurface damage (SSD) is often induced in 

a machined part made of such a material.

Due to the ever-increasing requirement for better sur-

face integrity of mechanical and optical parts, the toler-

ance for surface and subsurface damage is getting tighter 

and tighter. It becomes necessary to detect and remove 

surface and subsurface damage in a machining process. 

Damage detection is thus important to manufacturing of 

hard and brittle materials. It does not only provide infor-

mation on size, type, location and spatial distribution of 

surface and subsurface damage, but also gives a guideline 

for the subsequent machining processes to remove dam-

age so as to improve efficiency and quality, and reduce 

cost for the manufacturing processes.

While surface damage is relatively easy to detect 

because many existing techniques, such as optical scan-

ning, are available to use, subsurface damage is rather 

hard to detect since such a damage is often hidden in the 

subsurface at a certain depth. �ere are many types of 

subsurface damage, such as cracks, residual stress, poros-

ities, phase transformation, amorphization, among which 

cracks are most detrimental and directly determine per-

formance and lifetime of a part. Both destructive and 

non-destructive methods have also been developed for 

subsurface damage detections. Destructive methods 

include taper-polishing, cross-sectional microscopy, and 

etching, whereas non-destructive methods are X-ray 

scanning, laser scattering, and ultrasonic probing, etc. 

In comparison with the non-destructive methods, the 
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destructive methods have better reliability and accuracy. 

However, the destructive methods need to destroy the 

part, do not provide global damage information of the 

part, and are time-consuming in sample preparation. On 

the other hand, non-destructive methods can realize in-

process detection without the above drawbacks, and may 

greatly reduce cost, and improve efficiency and quality 

for machining. �e major problem associated with the 

non-destructive methods is the detection accuracy and 

efficiency which need to be improved.

�is paper provides a review of the methods for detec-

tion of subsurface damage. It discusses mechanisms of 

subsurface damage formation, and methods for subsur-

face damage detection. �e paper also outlines the recent 

developments in subsurface damage detection. �e paper 

compares the methods and techniques for the improve-

ment of detection accuracy and efficiency, and further 

points out limitations and drawbacks of the methods and 

techniques.

2  Mechanisms of Subsurface Damage Formation

Zhang et  al. [14, 17, 18] assessed subsurface dam-

age induced by single diamond scratching of different 

ceramics and observed that subsurface damage included 

median (radial) and lateral cracks, as well as pulveriza-

tion zone, as shown in Figure  1. During the scratching 

process, the pulverized material is squeezed to the two 

sides of the groove to form material pile-up. Under the 

influence of the loading stress, the region underneath the 

abrasive grain was turned into a pulverization zone as a 

consequence of pulverization and collapse of the internal 

pores in the material. �e pulverization zone was sur-

rounded by a zone of elastic-plastic deformation. Dur-

ing scratching, a median crack could be initiated at the 

point where the stress level exceeded the tensile strength 

of the material. When the abrasive grain moves away, 

the median crack is closed due to the elastic springback. 

Meanwhile, the elastic-plastic deformation zone begins 

to restore, lateral cracks are formed and tends to propa-

gate to the surface. Friction between the abrasive grain 

and surface of the workpiece elevates the temperature 

in the machining area. Because the material grains in 

the pulverization zone are fine enough, they can be re-

sintered so as to form a smearing layer that covers the 

scratching pass. Some lateral cracks may propagate and 

intersect each other and result in material removal. �e 

residual cracks form subsurface damage.

Subsurface damage is detrimental to the strength, life-

time and performance of a part, and is necessary to be 

removed in subsequent processes. To detect SSD is criti-

cal to the correct adoption of the subsequent processes. 

Methods for detecting SSD in a part made of a hard 

and brittle material are classified into two categories: 

destructive and non-destructive. Destructive methods 

include tapper polishing, SEM microscopy, TEM micros-

copy, cross-sectional microscopy and chemical etching. 

On the other hand, non-destructive methods are mainly 

optical coherent tomography and laser scattering, etc. 

�ese methods are compared and discussed in detail in 

the following three sections.

3  Destructive Methods

In the application of destructive methods for SSD detec-

tion, a machined part has to be destroyed in order to 

expose and detect SSD. Destructive methods are rela-

tively mature with acceptable detection accuracies. �ey 

are widely used in academia and industry.

3.1  Polishing Techniques

3.1.1  Traditional Taper Polishing

�e traditional taper polishing is one of the widely used 

methods for subsurface damage detection and observa-

tions [1, 2, 19–26]. Figure 2 shows the schematics of the 

taper polishing method. A machined sample is cut at an 

angle β to the machined surface and then the cut sur-

face of the sample is polished to remove possible damage 

induced by the cutting process. �e polished sample is 

etched to remove the smearing layer of the polished sur-

face and thus SSD is exposed in the sample. �e SSD is 

then observed with a microscope and measured for dam-

age dimensions. �e depth H of SSD is calculated as in 

Eq. (1): 

Similar to the other traditional methods, the taper pol-

ishing method is direct, accurate, inexpensive, and easy 

to operate with satisfactory measurement results. How-

ever, it is a destructive method, and thus cutting and 

(1)H = L · sin β ,
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Figure 1 Schematics of subsurface damage induced in a scratching 

process [18]
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polishing the sample may introduce new damage to the 

sample, which adds errors to the measurement results. 

In addition, applying etching to a polished sample 

inevitably releases the strain energy at a crack tip, and 

extends the crack length. In this regard, the taper polish-

ing method typically measures a crack with an extended 

length [27].

3.1.2  Dimpling

A novel method, named “ball dimpling”, has been used to 

detect subsurface damage in machining of optical parts. 

�e method was developed by the Optical Manufactur-

ing Center of the University of Rochester [28, 29]. Similar 

to the traditional taper polishing method, the ball dim-

pling method polishes a sample part with a steel ball to 

make a dimple in order to expose the subsurface damage 

of the part. �e depth of the dimple is large enough so as 

to cross the damage layer to the matrix. �e depth of SSD 

is calculated by measuring the characteristic dimensions 

of the dimple. �ere are also some other forms of dim-

pling [30]. �e ball dimpling method is simple in opera-

tion and low in cost. However, the scratches in a dimpling 

process may remain on the part surface, which can result 

in measurement errors. Additionally, the ball dimpling 

method is time consuming in SSD measurements for the 

parts made of hard materials due to a low dimpling effi-

ciency [31].

3.1.3  MRF Polishing

With the development of precision machining technol-

ogy, the magnetorheological finishing (MRF) polish-

ing is used in the SSD measurements [11, 19, 31–35]. It 

has been reported that the shear effect plays an essential 

role in material removal with the MRF polishing, which 

ensures no extra damage introduced into the workpiece 

[28, 36–38]. �e MRF polishing technology is to create 

a spot or a wedge on the surface of a part. �e spot or 

the wedge crosses the damage layer to the damage-free 

matrix. �e depth of SSD can be inferred by measuring 

the width of the spot or the wedge. �e depth of SSD is 

usually tens of microns but the width of the spot is in the 

order of millimeters. �e depth of damage is magnified 

hundreds of times in this way, which improves the accu-

racy of the measurement.

Only the local SSD information is detected with either 

the taper polishing or the MRF polishing method, the 

global information and spatial distribution of SSD are not 

provided. A sample has to be etched before observation 

with a microscope. �e size and the distribution of SSD 

cannot be correctly assessed if a polished sample is over 

etched. Since sample etching is highly depended on the 

type and concentration of an etchant, the temperature 

and the etching time, it is rather difficult to precisely con-

trol an etching process. In addition, a subsurface damage 

may be overly measured because an etching process can 

release the energy at the crack tip so as to extend crack 

length.

3.2  Bonded-Interface Technique

�e bonded-interface technique (BIT) was first pro-

posed by Mulhearn et al. [39] to investigate the material 

deformation of metals in an indentation test. Figure  3 

shows the schematics of BIT that is divided into multi-

ple steps. Firstly polish the surfaces which need to be 

bonded together; secondly bond the polished surfaces, 

and machine the work surface; then remove the bond-

ing glue, and observe SSD on the two polished interfaces 

with a microscope. BIT has a limited application to meas-

uring subsurface damage in the parts made of ceramics, 

optical glasses and other hard and brittle materials by 
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Figure 2 Schematics of the traditional taper polishing method [1]
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researchers [40–44] due to its false representation in the 

resulted stress-strain fields [45].

One critical problem with this technique is that the 

sample has a bond layer, which changes the stress-strain 

fields nearby the interface when the sample is subjected 

to indentation at the interface. �e Hertzian theory can 

no longer be applied to analyzing the stress-strain field 

in this case. Helbawi et al. [45] found that the maximum 

stress position shifted away from the bonded-interfaces 

in both finite element simulation and indentation experi-

ments. In consequence, the maximum subsurface dam-

age depth was away from the bonded-interfaces and was 

larger than the measured damage depth. However, the 

damage zone observed with BIT was with a higher dam-

age density than that induced in the practical machining 

processes. �e findings from Helbawi et al. [45] verified 

the limitation in BIT. �erefore, BIT cannot provide pre-

cise information on subsurface damage induced in the 

practical machining processes, and should not thus be 

recommended for quantitative detection of SSD in hard 

and brittle materials.

3.3  Cross-sectional Microscopy

Due to the amorphous layer induced in a machin-

ing process, it is not convincing to observe SSD from a 

machined surface. An additional cross-sectional inspec-

tion gives more precise information on SSD. Carr et  al. 

[46] observed SSD of optical glasses from the cross sec-

tion of a fracture part with a scanning electron micro-

scope. Zhang et  al. [14] presented a method to prepare 

a fractured cross section and procedures to observe SSD. 

However, in their method, a sample has to be split up. 

In addition, only the SSD in the fractured surface can be 

observed and measured, but their overall distribution 

and three-dimensional configurations remain unknown.

3.4  Transmission Electron Microscopy

�e transmission electron microscopy (TEM) has been 

used to observe micro damage in a sample at a high res-

olution [47–49]. Subsurface microcracks, dislocation, 

amorphous and polycrystalline layers and other micro 

and nano defects can precisely be observed with TEM. 

�e sample is often observed from both the horizontal 

and cross-sectional views to give a more comprehensive 

estimation on SSD. Although it provides more precise 

information, TEM requires the sample to be thin enough 

due to the high scattering on and poor penetration into 

the surface of the sample by electrons. Generally, a sam-

ple is first thinned to 20‒50 μm, and then further to less 

than 1 μm by ion milling [2, 21, 49]. �erefore, the prepa-

ration procedure is complicated and time-consuming.

3.5  Chemical Etching

Chemical etching is to use a suitable etchant to remove 

the damage layer of a machined sample. �e surface mor-

phology and roughness after etching, as well as etching 

rate are used to evaluate subsurface damage. �ere are 

different inspection methods for estimating SSD using 

chemical etching.

One method is based on the surface roughness of an 

etched sample [12, 35]. Wong et  al. [50] measured the 

peak-to-valley (PV) value and root-mean-square devia-

tion Rq of the surface profile with a detection probe at 

each etching stage. At the initial etching stages, a crack 

is exposed, which allows the tip of the probe to reach the 

inside of the crack, thus resulting in a high measurement 

value of surface roughness. With an increase in etching 

time, more and more cracks are exposed and intersect 

with each other to result in material removal. �e num-

ber of subsurface cracks decreases after each etching 

stage, which leads to a decrease in surface roughness. �e 

removal of the damage layer stabilizes surface roughness, 

which facilitates an accurate calculation of SSD depth.

�ere are constant- and differential-rate inspection 

methods based on etching rate. �e constant-rate etching 

method controls the influence factors as constants, such 

as temperature, etchant concentration, and time. A sam-

ple is etched step by step, and etching rates are recorded 

at every step. Since damage introduces more contact 

surfaces with the etchant, the contact area between the 

etchant and the surface layer decreases as the damage 

layer is removed step by step. �erefore, etching rate is 

decreased correspondingly, shown in Figure 4. After the 

damage layer is removed, etching rate is stabilized, and 

SSD depth can thus be calculated according to the etch-

ing rate graph in Figure 4.

�e constant-rate etching method has been widely used 

to measure SSD in optical glasses, ceramics, and semi-

conductor materials [2, 22, 50–52]. �e method records 

Polished surface Work surface Bonding layer

b Step twoa Step one

Subsurface damageGround surface

c Step three

Figure 3 Schematics of bonded-interface technique [40]
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the absolute etching rate. However, the etching process 

is affected by many factors, such as etching time, etchant 

concentration, and temperature. It is difficult to simulta-

neously control all the influence factors.

In order to eliminate the influence of these factors 

and improve the measurement accuracy, Wang and Li 

et  al. [19, 53, 54] proposed the differential-rate etch-

ing method. �e method was to etch the machined and 

damage-free samples in the same environment simulta-

neously, and then to compute the differential-rate. SSD 

depth can be calculated based on the differential-rate.

As argued before, chemical etching promotes crack 

propagation, which results in larger measurement values 

of SSD compared to the actual ones. It has low repeat-

ability and measurement efficiency. In addition, most 

etchant is poisonous, which is highly detrimental to 

human health and environmental protection.

�e destructive methods for SSD are relatively reli-

able. However, there are still many disadvantages to be 

overcome in the future. A comparison of the destructive 

methods is presented in Table 1.

4  Non-destructive Methods

�e destructive methods are time-consuming, which 

reduces production efficiency and increases cost. Non-

destructive methods preserve the samples and detect 

SSD based on the knowledge of optics and acoustics, etc. 

In this section, four non-destructive methods are pre-

sented and discussed.

4.1  Predictive Methods

�e predictive methods are mainly to predict SSD depth. 

�ere are two types of prediction based on process 

parameters and surface roughness (SR) of a machined 

part.

SSD depth can be empirically predicted with the size 

of abrasive grains during grinding or lapping, for which 

several researchers arrived at different results [40, 

55–58]. Lambropoulos et  al. [59] proposed a relation-

ship between the damage depth and the size of abrasive 

grains, expressed as Eq. (2),

where d is abrasive grain size and δ is SSD depth.

Zhang et  al. [17] built a predictive model based on 

material properties and grinding parameters to predict 

the depth of subsurface damage δ of ceramics induced in 

grinding, expressed as Eq. (3),

where ag is the maximum cutting depth of abrasive 

grains, taking the form shown in Eq. (4); λ is constant, 

and λ=10−2m1/2; m is the working condition coefficient, 

(2)0.3d
0.68

< δ < 2d
0.85

,

(3)δ = (200ag )
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Figure 4 Etching rate vs. etching time for the silicon wafers ground 

by #2,000 diamond wheel [2]

Table 1 Comparison of the destructive methods for SSD detection

Methods Advantages Disadvantages

Polishing techniques Simple, mature, and easy to operate 1. Etching after polishing leading to crack propagation and thus measure-
ment errors

2. Acquiring local SSD only; inability to detect the global distribution and 
three-dimensional configuration of SSD

Cross-sectional microscopy Simple and observable with high precision Acquiring local SSD only; inability to detect the global distribution and 
three-dimensional configuration of SSD

TEM microscopy High resolution for micro/nano damage 
detection

1. Sophisticated procedures for sample preparation
2. Inability to detect SSD larger than tens of microns

Chemical etching Easy to operate with low cost 1. Etching leading to crack propagation and thus measurement errors
2. Chemicals detrimental to human health and environmental protection



Page 6 of 14Yin et al. Chin. J. Mech. Eng.  (2018) 31:41 

and 1/2<m<2/3; H and Kc are the hardness and the 

toughness of a workpiece material, respectively.

where vw is the feed of a workpiece, vs is the peripheral 

speed of a grinding wheel, r is the ratio of the width to 

the thickness of the non-deformed chips, ap is the cutting 

depth of abrasive grains, ds is the diameter of the wheel, 

and C is the grain density on the wheel surface.

�e other predictive method uses the surface roughness 

information of a machined part for SSD depth predic-

tion. �e method is derived from fracture mechanics that 

is used to study cracking behavior. In studying lapping of 

glasses and ceramics with SiC abrasives, Aleinikov et  al. 

[60] reported that the ratio of surface roughness and SSD 

depth was 3.9 ± 0.2. However, the ratio was different due 

to different workpiece materials, machining processes and 

SSD measurement methods [31–33, 40, 58, 61, 62].

Based on the indentation fracture mechanics, Lambro-

poulos et  al. [61] considered that the formation of SSD 

was due to the brittle fracture of a workpiece material, 

and proposed an explicit equation to predict SSD depth, 

as shown in Eq. (5),

where E, H, and Kc are the elastic modulus, the hardness, 

and the toughness of the workpiece material, respec-

tively. ψ is the semi-angle of the sharp cone of an abra-

sive grain; P is the force acting on the grain. αK and m are 

numerical factors in ranges of 0.03–0.04 and 0.33–0.50, 

respectively. Force P determines the ratio, yet in practical 

machining, it varies with process parameters, which ren-

ders the model inconvenient to use.

Li et al. [11, 19] improved the model in Eq. (5), stated 

that the relationship between SSD and Ra should be non-

linear, as expressed in Eq. (6). Damage depth is directly 

related to surface roughness by eliminating grain force P,

Lv et al. [9] built a model to predict damage in a BK7 

glass sample machined by the rotation-ultrasonic 

machining and grinding. In their study, damage depth 

was found to be proportional to the second order func-

tion of surface roughness, namely, δ = χSR2
+ l, where 

constant l is related to the geometric shape of abrasives 

(4)ag =

√

4vw

vsrC

√

ap

ds
,

(5)

δ

SR
= 2.326α

2/3
K

(

E

H

)(2−5m)/3
(cotψ)1/9

(sinψ)1/2

(

P

K 4
c /H3

)1/6

,

(6)δ = 3.08α
2/3
K

1

(sinψ)2/3

H
2m

E2m−2/3K
2/3
c

SR
4/3

,

and to material properties. �e constants in the model 

were derived from the experimental data fitting.

It is necessary to point out that these models reveal 

the relationship between SSD depth and surface rough-

ness in terms of indentation fracture mechanics. Indenta-

tion is a quasi-static interaction between the tool and the 

workpiece. �ey ignored the effect of cutting speed on 

machining-induced damage. Li et al. [6] studied the effect 

of grinding wheel speed and workpiece feed rate on SSD 

of the BK7 glass, shown in Eq. (7),

where λ is related to the material properties of the work-

piece and the geometric shape of the grains; vw is the 

workpiece velocity; L is the spacing between the succes-

sive cutting edges; vs, a, and are the speed, the depth of 

cut, and the diameter of the wheel. However, this model 

assumed a constant grit protrusion height, which does 

not conform to the practical grinding process.

Chen et al. [8] studied the influence of the wheel vibra-

tions on SSD depth. �ey built a model that was fitted 

with a quadratic polynomial, i.e., δ = p1SR
2
+ p2SR + p3 . 

�eir study demonstrated that fitting accuracy was high 

with relatively high surface roughness, but deteriorated 

with surface roughness lower than 6 μm. In addition, the 

constants in the model were determined by the process 

parameters, especially grinding speed and the vibra-

tion frequency of the grinding wheel. Consequently, the 

model should be calibrated for different process param-

eters, which obstructs its practical applications.

Wang et al. [7] correlated SSD depth with cutting force 

in the rotary ultrasonic face milling of a K9 glass. �ey 

found that SSD depth was proportional to the exponent 

of cutting force, i.e., δ=γ F
χ
c . Due to the simplifications in 

deriving the model, the model may not be applicable to 

other materials and processes.

Although it is simple and easy to predict SSD depth by 

the predictive methods, the largest SSD depth, which is 

the most detrimental to the performance and the lifetime 

of a part, cannot precisely be predicted. Besides, because 

the prediction results mainly rely on surface roughness, 

subsurface cracks may propagate to a large depth beneath 

a relatively smooth surface [63]. Lakhdari et al. [30] found 

that SSD depth induced in ultrasonically assisted grind-

ing was 35% less than the conventional grinding, even the 

surface quality is worse.

It should also be noted that many prediction mod-

els revealing the relationship between SSD and surface 

(7)

δ = �

(

vw · L
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)
4
3
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roughness were based on the quasi-static indentation 

fracture model proposed by Lawn et  al. [64]. However, 

the situation in the practical processes is different from 

the indentation. High cutting speeds are often used 

in the practical machining processes, which leads to a 

high strain rate and may also cause high temperature in 

a machining area. �e effects of temperature and strain 

rate on the material responses in machining should be 

considered in the predictive modeling of SSD.

4.2  Optical Coherent Tomography

�e optical coherent tomography (OCT) is a new imag-

ing detection technology. It was first applied to biology 

and medical diagnosis [65, 66]. �e principle of OCT is 

based on the Michelson interferometry, as described in 

Figure 5. A light beam is emitted from a light source, then 

split into two beams by a beam splitter, one to the detec-

tion arm and the other to the reference arm. �e light 

beam to the reference arm is reflected by a mirror, while 

the light beam to the detection arm irradiates the sam-

ple and is then reflected back. By moving the reference 

mirror, the two reflected light beams interfere with each 

other with the interference signal acquired by a detector. 

�e signal is demodulated to receive the envelope func-

tion of the signal. �e maximum of the interference func-

tion corresponds to the position of the mirror, which is 

used to infer the information on the sample.

�e resolution of OCT depends on the coherent length 

of light Lc, given in Eq. (8),

where c and λ0 are the propagation speed and the wave-

length of the light, respectively; Δλ is the full-width of 

the coherence function at half-maximum measured 

in wavelength units; and ∆f is the spectral width of the 

source in the optical frequency domain. Because of the 

short coherence of the light, the interference between 

the detection and reference light beams takes place in the 

aplanatism condition at a longitude resolution of 10 μm.

(8)Lc =

2c · ln 2

π

·

1

�f
≈ 0.44

�
2
0

��
,

Bashkansky et  al. [67–72] used OCT to detect SSD 

depth up to 140 μm in ceramics and obtained the three-

dimensional characteristics of SSD. However, the images 

were blur because of the strong surface scattering, weak 

subsurface scattering and big tomography interval. Ser-

geeva et  al. [57] used the short coherent interferometry 

to measure the artificial SSD in a glass, and reported that 

the depth and lateral resolution were 10  μm and 4  μm, 

respectively. While in a practical situation, cracks show 

more complex configurations, such as “chevron”, “branch” 

and “fork” [73]. Some cracks are parallel to the surface, 

while others initiate at the middle of the existing cracks, 

with their propagation directions changing all the time.

Applicable to the materials that have strong light scat-

tering property, OCT is usually used in the biology and 

medical diagnosis fields. For the semiconductor and opti-

cal materials, light scattered from SSD is too weak to 

have interference [74]. In addition, noises induced from 

surface scattering and reflection obstruct the processing 

of the targeted signals.

4.3  Laser Scattering

Various technologies have been proposed to detect SSD 

with laser scattering. Temple et al. [75, 76] used the total 

internal reflection microscopy (TIRM) to detect surface/

subsurface damage of the transparent samples, and sev-

eral other researchers applied TIRM to optical materi-

als later [77–81]. Shown in Figure 6, a sample is put on 

a prism, with a layer of the matching fluid in between. 

Linearly polarized light passes through the prism and the 

matching fluid, and irradiates the sample. If the sample is 

damage-free, the total reflection takes place on the inter-

face between the sample and air. Otherwise, the incident 

light is scattered by the damage within the sample. A por-

tion of the scattered light passes through the sample to 

Light source 

Detector  

Sample  

Demodulation 
amplifier 

Beam splitter 

Detection arm 

Reference arm 

Reflection mirror 

Lenses  
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Figure 5 Schematic diagram of optical coherent tomography [57]
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Figure 6 Schematic diagram of total internal reflection microscopy 

[75]
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facilitate observations of the damage with a microscope. 

TIRM requires the sample with a low surface roughness 

and transparency to the incident light [40]. Additionally, 

TIRM is not suitable for quantitative measurements since 

it only provides qualitative results of SSD in a sample.

Confocal microscopy is also used recently for SSD 

detection. A schematic arrangement of the confocal 

microscopy is shown in Figure  7, in which light goes 

through an illumination pinhole, is reflected by a beam 

splitter, and is then focused by an objective lens on the 

sample. Light scattered from the sample is received by a 

light detector behind a detection pinhole (aperture) at 

the focal point of lens 2. �e light offset from the focus 

is shut off by the detection pinhole plate. �erefore, only 

the light reflected from the focal point in the sample goes 

through the detection pinhole and is then received. �e 

confocal microscopy provides higher resolution detec-

tion compared to the traditional microscopy, and has 

been applied to detecting SSD in ceramics [15, 82], opti-

cal parts [83] and semiconductor materials [5].

Winn et  al. [82] used the confocal laser scanning 

microscopy (CLSM) to measure SSD in alumina. How-

ever, the maximum depth of measurement was limited 

within 20 μm in their study. Fine et al. [65] detected SSD 

in the polished and fine ground optical glass samples by 

CLSM with the resolution of 150 nm. Bertussi et al. [83] 

observed SSD in the fused silica optical components with 

the resolutions of 1 μm in depth and 0.26 μm in the scan-

ning plane also by CLSM. Wang et  al. [84] studied SSD 

by CLSM using a lens of a large numerical aperture and 

obtained the horizontal resolution of approximately 0.13 

μm. However, CLSM requires that the samples under 

detection be with low surface roughness. Generally, 

CLSM is used for detection of a smooth surface as the 

light scattered from a rough surface interferes with the 

measurement.

�e Argonne National Laboratory and the Kansas State 

University jointly developed the cross-polarization con-

focal microscopy (CPCM) to measure SSD in the ground 

ceramics and silicon wafers [5, 15, 85–92]. As shown in 

Figure  8, an incident light is linearly polarized and hits 

the surface of a sample. A portion of the light is reflected 

and scattered on the surface of the sample, while the 

other portion of the light penetrates into the sample. �e 

surface scattering or reflecting light has the same polari-

zation direction as the incident light, but the polarization 

direction of the transmission light is changed after being 

scattered by SSD, such as cracks and pores. �e sub-

surface scattering light then refracts back to the air and 

combines with the surface scattering light, and is then fil-

tered from the mixed lights with a polarized optical lens. 

�e filtered light reflecting SSD is collected by a confocal 

microscopy system.

�e measurement system developed by Sun et al. [87] 

provides resolution higher than 1 μm in depth and ena-

bles to estimate the depth and extent of SSD in the sam-

ple of a rough surface. However, the system is limited in 

the lateral resolution. In a confocal microscopy, the sys-

tem resolution is mainly depended on the diameter of the 

detection pinhole. �e diameter of the pinhole is difficult 

to determine since it should match the wavelength of the 

incident light. In addition, the aberrations of the optical 

components and the errors in the adjustment of the light 

path should be also considered [74]. On the other hand, 

the refraction coefficient of the damage layer may be dif-

ferent from that of the damage-free matrix in a sample, 

and may vary along the depth because of the variation 
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Figure 7 Schematic arrangement of confocal microscopy [83]
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Figure 8 Schematic diagram of reflection, scattering and transmis-

sion of light on the surface of a sample [89]
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of SSD density. �e effects of the variation of the refrac-

tion coefficient on the direction of light propagation are 

neglected in the previous studies [88, 90, 92]. In addi-

tion, the mechanism of the light scattering from SSD 

remains unknown. �ere are two light scattering mecha-

nisms when an incident light encounters a scatter or non-

homogeneity, i.e., Rayleigh scattering and Mie scattering. 

Rayleigh scattering predominates the scattering from 

a scatter which is much smaller than the wavelength. 

For the scatter similar to or larger than the wavelength, 

Mie scattering predominates. Both the two scattering 

mechanisms are applicable to the scattering from a gen-

eral spherical scatter [93], whereas subsurface cracks 

are generally with the length of tens of microns and the 

width smaller than one micron in complex shapes. To our 

knowledge, the mechanism of the scattering from SSD is 

not fully interpreted. �erefore, further study and devel-

opment are necessary.

4.4  Scanning Acoustic Microscopy

�e scanning acoustic microscopy (SAM), as one of the 

ultrasonic detection methods, is a widely-used non-

destructive technique for interior defect detection. A 

schematic of SAM is shown in Figure 9, in which an elec-

trical radio frequency (RF) signal is sent to a piezoelec-

tric transducer to transform into ultrasonic waves on the 

top surface of a sapphire delay rod. �e waves propagate 

along the rod and are then focused into a sample through 

a coupling liquid with the concave end of the rod. While 

some waves reflect on the surface, the remaining waves 

penetrate into the sample and are scattered by the dam-

age in the sample. �e surface waves together with the 

subsurface scattering waves and noises are simultane-

ously received by a detector. �e useful signals can be 

extracted from the received wave signals.

SAM has many advantages for the SSD detection. Both 

surface and subsurface defects can be detected at a high 

efficiency. However, SAM provides lateral resolution in 

the order of tens of microns [94–98], which is not appli-

cable to the ultra-precision manufacturing. Generally, the 

signal acquired by SAM is combined with strong spuri-

ous signals which come from the surface waves and elas-

tic waves in acoustic elements [96], making it difficult to 

distinguish the SSD information. In addition, SAM is nor-

mally applied to detecting the sample of a smooth surface. 

It may be difficult to apply to a sample with a rough sur-

face due to the influence of the surface scattering waves.

�e non-destructive methods preserve samples and 

save sample preparing time, which is in favor of improv-

ing overall manufacturing efficiency and reducing cost. 

However, there are still some limitations to overcome 

in the future. �e methods are listed and compared in 

Table 2.

5  Other Methods

Neauport et al. [35] added a little amount of barium into 

slurry during grinding, tracked the barium at different 

etching depths with the inductively coupled plasma-

atomic emission spectrometry (ICP-AES), and inferred 

the depth of subsurface cracks. Similarly, “quantum dots” 

were used during lapping to detect the subsurface cracks 

[99, 100]. �e quantum dots were fluorescent particles of 

the nanometer-size. �e method was to reveal the depth 

of subsurface cracks by detecting the intensity of the 

fluorescence emitted from the quantum dots trapped in 

the subsurface cracks. However, since the width of a sub-

surface crack is normally less than one micron, the slurry 

is prevented from wetting the tip of the crack because of 

the surface tension of the slurry. �erefore, the measure-

ment result of SSD is typically smaller than the real depth 

of the subsurface crack, which is also a problem with the 

dye penetration method [13, 101].

Podymova et  al. [102, 103] measured the thickness of 

damage layer in the mono-crystalline silicon wafer with 

the laser optoacoustic method. �e method was based on 

different mechanisms of laser-excited ultrasonic in the 

damaged layer and damage-free matrix, i.e., concentra-

tion-deformation mechanism in the matrix and thermal 

elastic deformation in the damaged layer. �e thick-

ness of the damaged layer could be inferred through the 

received ultrasonic signal with the method. However, the 

method is limited in detection depth to less than 10 μm 

and inapplicable to detecting the spatial distribution of 

SSD.

�e X-ray diffraction (XRD) method is used to meas-

ure the machining-induced stress in the semiconductor 

materials [23, 85]. Generally, the diffraction spectrum 

is narrow and sharp if a sample does not have residual 

stresses; otherwise, the spectrum is broadened with dif-

fraction peaks shifted. Residual stresses are determined 

based on a comparison between the measured and the 
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Figure 9 Schematic arrangement of scanning acoustic microscopy 
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standard diffraction spectra. However, since the X-ray 

penetration depth is limited in the most-used materials, 

XRD is only applicable to detecting the surface residual 

stresses.

�e X-ray computed tomography (CT) is a power-

ful technique in revealing the three-dimensional micro-

structures of SSD. �is technique is to take a number 

of 2D radiographic projections and then to reconstruct 

a 3D model without destroying a sample. �e labora-

tory micro-focus computed tomography (micro CT), the 

synchrotron radiation computed tomography (SRCT), 

and the synchrotron radiation computed laminography 

(SRCL) are also utilized to detect micro defects with a 

high resolution of a few microns or higher [104–106]. 

�e major drawback of CT is the radiation of X-ray 

which may hazard operator health.

�e micro-Raman spectroscopy is usually used to 

measure residual stresses and phase transformation 

[107–109]. In this technique, light radiates a sample 

surface and is then scattered by the surface. Most of the 

incident light is elastically scattered, which means the 

scattered light has the same frequency as the incident 

light. However, the remaining of the incident light is non-

elastically scattered, which means the scattered light has 

a different frequency than the incident light. �is phe-

nomenon is the inherent property of a material. Based 

on a Raman spectrum, residual strain, impurities, lattice 

distortion, and phase transformation of a sample can 

thus be estimated. Frequency shifts of a Raman spectrum 

indicates the information of the residual stresses and the 

phase transformation in the sample. �is technique is 

simple and precise, but cannot detect subsurface cracks. 

Additionally, the technique is usually to detect a sample 

point-by-point rather than to scan the surface of the sam-

ple, which is time-consuming and less efficient.

Eddy current detection (ECD) is an efficient non-

destructive method for detection of surface and sub-

surface defects in conductive materials. Eddy currents 

are loops of electrical current induced by an alternat-

ing magnetic field in a conductor due to Faraday’s law of 

induction. In ECD, an ECD probe applies an excitation 

magnetic field to a part being detected to induce eddy 

currents in the part. �e eddy currents create a magnetic 

field that reacts back on the excitation field, which results 

in a change in the impedance of the probe. �us, a surface 

or subsurface defect can be detected based on the change 

in the impedance. ECD is widely applied to detecting 

subsurface defects [110] and residual stresses [111]. HE 

et al. proposed the induction thermography [112] and the 

eddy current pulse phase thermography [113] to detect 

SSD in steels and carbon fiber reinforced plastics. Practi-

cally, ECD has a limited application to the conductive and 

non-ferromagnetic materials, such as titanium alloys, alu-

minum alloys and carbon fiber reinforced composites.

For conductive ferromagnetic materials, such as marag-

ing steels, the magnetic Barkhausen noise (MBN) detec-

tion technique can be used to evaluate residual stresses 

[114], impurities [115] and phase transformation [116] in 

the surface or subsurface of a part. An MBN signal repre-

sents discontinuous changes in the magnetization within 

a ferromagnetic material resulting from the change in an 

external magnetic field. �e ECD and MBN techniques 

can only be applied to conductive and ferromagnetic 

materials, respectively. However, they are not suitable 

for non- or semi-conductive materials, such as ceramics, 

glass or silicon wafers.

Table 2 Comparison among the non-destructive methods for SSD detection

Methods Advantages Disadvantages

Predictive methods Simple, rapid and low cost 1. Applicable to predicting the statistic SSD depth rather than the maxi-
mum depth

2. Unable to predict the three-dimensional configuration and the distri-
bution of SSD

3. Bad universality

OCT Global scanning and applicable to three-dimensional 
configuration and spatial distribution of SSD

1. Inapplicable to detecting low light-scattering materials
2. Difficult to process images
3. Interfered by surface scattering

TIRM Global scanning and in-process detection 1. Hard to measure SSD depth quantitatively
2. High requirement on surface condition, suitable for polished samples

CLSM 1. Global scanning and applicable to three-dimen-
sional configuration and spatial distribution of SSD

2. High resolution

1. High requirement on surface condition, suitable for polished samples
2. Interfered by surface scattering

CPCM 1. Rapid global scanning
2. High resolution in depth direction
3. Low requirement on surface roughness

Low lateral resolution

SAM 1. High detection efficiency
2. High resolution in depth direction

1. Low lateral resolution
2. High requirement on surface condition
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6  Discussion

Different hard and brittle materials have different prop-

erties that can result in different responses to a machin-

ing process. If the response of a material is known, it 

becomes possible to control the process so as to obtain 

the desirable surface integrity of the part made of the 

material. �e response could be indicated by the spatial 

run and the distribution of the cracks in the machined 

part. In the process, the spatial run and the distribution 

of the induced subsurface cracks are influenced by many 

factors, including direction, magnitude and rate of the 

acting force and the anisotropy of the workpiece material. 

For example, in a monocrystalline silicon wafer, cracks 

initiate more easily in the {111} planes than other planes 

in the process since the {111} planes are the cleavage 

planes. �e planes in which the cracks initiate are gener-

ally incline to the machined surface [2]. �e crack behav-

ior is complex and a propagating crack may branch into 

multiple cracks [117–120]. Consequently, SSD presents 

complex configurations in the machined workpiece [73].

In a destructive method, only the SSD in the prepared 

section can be measured. �e way to access the spatial 

run and the distribution is to prepare a set of sections, 

obtain the SSD in each section, and then reconstruct the 

spatial configurations. �e predictive methods ignore the 

effect of the crystallographic orientation of a crystal on 

crack propagation in machining and consider that SSD 

and surface roughness are determined by median cracks 

and lateral cracks, respectively.

Tool wear is common in machining hard and brittle 

materials and significantly influences the SSD in a part 

[121–123]. In grinding, the SSD induced in machining 

generally increases with tool wear. It is unreasonable to 

choose the same parameters for subsequent processes 

due to the increased SSD from the previous process. 

Consequently, in-process detection provides real-time 

SSD information and helps optimize the subsequent pro-

cesses. �e destructive methods are difficult to integrate 

into a production line, while the non-destructive meth-

ods could achieve the in-process monitoring [40].

7  Summaries and Outlook

Hard and brittle materials are hard to machine since SSD 

is easily induced in a machining process. Detecting SSD 

is a key link in an overall manufacturing chain, while the 

aforementioned methods applied to detecting SSD have 

associated limitations with respect to system resolution, 

detection depth and efficiency, as well as material type.

In this paper, the methods for detection of SSD in hard 

and brittle materials are reviewed. �e destructive meth-

ods can provide observable, reliable, and quantitative 

information but are inapplicable to estimating the global 

information of SSD in a sample. Besides, the sample has 

to be destroyed, which is costly and time-consuming. 

�e detection cost is acceptable in the mass production 

and non-flexible manufacturing processes. Otherwise, 

the non-destructive methods are more applicable and 

efficient. In the future, customized parts become more 

popular, which demands non-destructive methods for 

rapid estimation of the SSD induced in a part. In addi-

tion, the non-destructive methods are easier to integrate 

into a production line. It is anticipated that nondestruc-

tive methods are developed to meet the ever increasing 

demand on high quality manufacturing of the industrial 

parts made of hard and brittle materials.
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