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Grinding of nanostructural ceramic coatings: damage evaluation 
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Department of Mechanical Engineering. University of Connecticut, Starrs. CT 06269, USA 
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Abstract 

This paper investigates the damage, mainly surface and subsurface cracks, in ground n-M,0,n3TiO, and ,.-WC/12Co coatings. 
Surface cracks are formed under some special conditions. The presence and formation of the starface cracks are studied. 

Subsurface damage, especially cracks, of the ground components greatly influences their performance and life in service. The 
effects of the grinding conditions such as material removal rate, wheel grit size and bond matenals on the subsurface danriage, 
especially subsurface cracks, are investigated. The difference of material properties of these two coatings also mfluences the subsur- 
face cracks Different from bulk samples, large quantities of defects inherited from the thermal spray process play a significant role 
in the initiation and development of the cracks, present the crack configurations more complex than the typically reported system 
of median and lateral cracks observed in ground bulk ceramics. This complexity is analyzed. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Grinding; Nanostructured ceramic coating; Subsurface damage 

1, Introduction 

Although being enhanced, the fracture toughness for 
nanostructured ceramics is still low compared with met- 
als. The relatively low fracture toughness makes nanos- 
tructured ceramics sensitive to damage, especially crack- 
ing, when subjected to grinding. According to their 
presence, the cracks in a ground sample can be classified 
into two categories: surface and subsurface cracks. Gen- 
erally, both the grinding conditions and material proper- 
ties are the deterministic factors for the formation, pres- 
ence and magnitude of damage. During thermal spray 
process, large quantities of defects, such as voids, 
microcracks and unmolten particles as well as residual 
stresses [1] are formed in the coatings. The defects and 
residual stresses also greatly influence the formation and 
depth of damage. 

Nondestructive and destructive approaches have been 
utilized to assess damage in ground ceramic samples. In 
nondestructive methods, the ultrasonic technique has 
been used to detect subsurface lateral cracks in ground 
silicon nitride by Ahn et al. [2]. Photothermics is another 

• Corresponding author. 
E-mail address: xianbing@engr.uconn.edu (X. Liu). 

technique for detecting the near-surface properties 
including damage induced by different manufacturing 
processes [3]. X-ray diffraction and Raman spectroscopy 
are also used in measuring subsurface damage of 
machined components [4]. Although these nondestruc- 
tive methods have great advantages, e.g., capability of 
being integrated in a production line, and preservation of 
inspected samples, they have limitations such as indirect 
observation of subsurface properties and limited obser- 
vation depth. On the other hand, these methods cannot 
provide any information on crack configurations, which 
are important for evaluating and predicting the perform- 
ance of ground components in service. 

Destructive methods provide direct observation of 
subsurface damage. The slicing, etching, fracture and 
taper polishing techniques have been employed to assess 
damage induced by single grit diamond by Yoshikawa 
et al. [5] and Zhang and Howes [6,7] and by Maksoud 
et al. [8] for ceramics ground with diamond wheels. Xu 
and Jahanmir [9] used the bonded interface technique 
to study subsurface damage in which two halves of a 
workpiece were bonded into one. After machining, the 
two halves were separated to observe for damage. 

This study uses the taper lapping and polishing tech- 
nique and SEM to directly ob.serve subsurface damage 
of ground coatings. A full spectrum of subsurface crack 

0890-6955/03/$ - see front matter ( 
PlI: 50890-6955(02)00157-8 

I 2002 Elsevier Science Ltd. All rights reserved. 
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configurations is obtained. The observation of a surface 
crack is relatively simple and can be directly observed 
with SEM, helped by an etching technique in some 
cases. More important, damage is correlated with grind- 
ing conditions, material properties and internal defects 
inherited from the thermal spray process. The formation 
mechanism of the cracks is discussed. 

2. Experimental procedures 

For subsurface damage evaluation, each sample was 
prepared by taper lapping along the sample length 
(perpendicular to the grinding direction) at an angle of 
45° relative to the ground surface as shown in Fig. 1. 
The lapping process was performed on a Struers pol- 
ishing system and consisted of five stages with progress- 
ively smaller diamond abrasives. The mean abrasive grit 
sizes for each stage were 40, 20, 9, 3 and 1 nm, respect- 
ively. The abrasive grits of 40. and 20 urn were fixed on 
polishing discs and other abrasive grits were free. The 
whole lapping process was lubricated. A specially made 
fixture was used to hold the samples in order that the 
samples were lapped at an angle of 45° relative to the 
ground surface. Lapping the samples in this way minim- 
ized the damage introduced by this process and gener- 
ated a smooth transition between the ground surface and 
lapped surface. 

Fig. 1 schematically illustrates the lapped sample and 
how the subsurface was observed with SEM. A magni- 
fication of lOOOx was used to provide a frame of about 
110 iim in width. Traversing the whole length of the 
sample along the transition interface frame by frame, the 
maximum damage depth in each frame was recorded 
with a scale on the SEM screen. These maximum dam- 
age depths were averaged over the whole length of the 
sample to obtain the mean damage depth for the sample. 
In the meantime, the configurations of subsurface crack 
systems are identified. 

During the damage depth measurement, it is important 

SEM Observation Window 

to determine the interface between the ground surface 
and lapped surface. Under high magnification, the inter- 
face appeared ambiguous. Three characteristics on the 
sample were used in helping the identification of the 
interface. The interface itself was clear under low magni- 
fication and useful in roughly deciding the position of 
the interface. Due to the different angles of the ground 
surface and lapped surface relative to the incident elec- 
tron beam, there was a contrast between the two sur- 
faces. Finally, the ends of the ground surface character- 
istics, such as grinding marks, were helpful in 
determining the interface. 

Similar to the surface observations, another issue in 
SEM observations of damage was to differentiate grind- 
ing damage from the internal defects of the coatings. It 
was found that the defects such as voids and cracks 
inherited from the thermal spray process normally 
appeared with smooth edges. The cracks or microcracks 
in the as-sprayed coatings were connected to each other 
without obvious directionality. With the as-sprayed coat- 
ings as a reference, the grinding damage was identified. 

3. Results and discussions 

3.1. Surface cracks 

Surface cracks have been observed on the surfaces of 
both /i-AljOj/BTiOz and «-WC/12Co coatings ground 
with one 10 kC wheel under certain conditions. The 10 
kC wheel is cast iron fiber boned (CIFB), and has a mean 
grit size of 1.5 [xm and a concentration of 100. Fig. 2 
shows surface cracks on n-AljOj/BTiOz coatings 
ground by the lOkC wheel at depths of cut of 2 and 5 
|im, respectively. Basically the surface cracks are per- 
pendicular to the grinding direction. However, some 
cracks, parallel to the grinding direction or in other 
directions, are also observed on n-Al203/13Ti02 coat- 
ings. These cracks intersect with each other to form a 

Fig. I.    Schematic of lapped workpiece and SEM observation area. 

Fig. 2.    Surface cracks on the /i-AlrOVlSTiO, surface ground by 10 
kC wheel. 
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Fig. 3.   Surface cracks on the n-WC/12Co surface ground by 10 kC 

wheel. 

web Structure on the ground surface. Some parts of the 
surface are separated into independent segmentations by 
the interconnected cracks. 

The typical surface cracks (Fig. 3) are observed on 
the surfaces of «-WC/12Co coatings ground with 10 kC 
wheel at depths of cut equal to or larger than 2.5 |im. 
From Fig. 3, one can find that the long surface cracks 
are almost parallel to each other and perpendicular to 
the grinding direction. Unlike ground n-AljOj/BTiOz 
coatings, there are no cracks in the other directions 
observed on the surfaces of «-WC/12Co coatings. 

The surface cracks on the surfaces of both ground 
coatings have been caused by the mechanical interaction 
between the grinding wheel surface and workpiece 
material. For the 10 kC wheel with a mean grit size of 
1.5 ^im, the cast iron fiber bond would rub against the 
coating surface when the wheel depth of cut was large 
enough. As observed in Figs. 2 and 3, the rubbing action 
created a very smooth ground surface. On the other hand, 
the rubbing resulted in a large friction force, which was 
reflected in tangential component of grinding force in 
the grinding direction. Fig. 4 shows the two components 
of grinding force in grinding n-WC/12Co, from which 
one can see that the tangential component in grinding 

0     5     10    IS    20 
Time, second 

direction is close to the normal component. This large 
tangential component of grinding force would induce a 
large tensile stress during grinding and split the surface 
starting from the weak parts on the coating surfaces. 

3.2. Subsurface crack configurations 

Median and lateral cracks have been reported as major 
subsurface crack types [10-12] in machining brittle 
materials. As discussed above, there exist a number of 
defects in the as-sprayed coatings. These defects play 
a significant role in the subsurface crack initiation and 
propagation. Different configurations of subsurface 
cracks are observed in ground coatings. 

3.2.1. Ground n-AliO/lSTiOi coatings 
Fig. 5 shows the configuration of cracks observed in 

the subsurface of ground n-AlzOj/BTiOz coatings. The 
subsurface cracks are mainly the microcracks in grains. 
Both median and lateral cracks are observable. These 
cracks open to the ground surface, which partially con- 
tributes to the rougher surface of ground n-AljOa/BTiOz 
coatings when compared with the surface of ground n- 
WC/12CO coatings. The surface profile [13] measured 

Surf.<=> Subsurf. 

Fig. 4.   Comparison of tangential (a) and normal (b) components of 
grinding force when grinding with the 10 kC wheel. 

Fig. 5.   Observation of subsurface cracks in ground w-Alj-Oj/HTiOz 
coatings. 
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by atomic force microscope (AFM) and SEM obser- 
vation [14] of ground n-AlzOj/lSTiOj coating surfaces 
show the opened subsurface crack. 

3.2.2. Ground n-WC/I2Co coatings 
Fig. 6 shows different configurations of subsurface 

cracks observed in ground n-WC/12Co coatings. Both 
median and lateral cracks are observed. However, due 
to the influence of the defects from the thermal spray 

(a) Subsurf. 4^ Surf. (b) Subsurf. <=> Surf 

Subsurf. «* Surf,   (d) 

mi 
Subsurf. ^ Surf. 

Fig. 6.    Configuration.s   of  subsurface   cracks   in   the   ground   n- 

WC/I2C0 coatings. 

process, amorphous configurations can also be observed. 
Fig. 6(a) shows a typical median crack without any 
accompanying lateral crack. Fig. 6(b), (c) and (d) are 
similar to each other: the median crack starts from the 
ground surface while the lateral crack parallel to the 
ground surface develops at the end of the median crack. 
The difference among these configurations is that the 
lengths of the median and lateral cracks vary. Fig. 6(e) 
shows a crack that starts from the ground surface, 
develops with a sharp angle relative to the ground sur- 
face, and ends at the depth of subsurface layer. Another 
special configuration of a 'U' shape-like crack is shown 
in Fig. 6(f), which starts from the ground surface, 
develops to the depth of the subsurface, layer and then 
to the ground surface at some point, and then ends at 
the ground surface. 

Fig. 6 also shows the effects of the defect in the coat- 
ings on the formation of subsurface cracks. On one hand, 
the area that contains the defects is the most possible 
area to initiate crack. In addition, cracks tend to expand 
along grain boundaries, microcracks and microvoids, 
which are considered as the main reason for the forma- 
tion of the cracks in Fig. 6(e) and (f). On the other hand, 
when the tip of a developing crack meets some defect 
such as a void, this defect can function as energy reliever 
and prevent the crack from further developing, which is 
typically shown in Fig. 6(b). It should be pointed out 
that the cracks can develop through voids as observed 
in Fig. 6(d), (e) and (f). 

3.3. Effects of grinding conditions on the depth of 
subsurface damage 

Full factorial experiments were conducted to study the 
effects of grinding parameters on the depth of subsurface 
damage. The investigated grinding conditions are wheel 
depth of cut, table feedrate, wheel bond type and grit 
size. 

3.3.1. Ground n-AliO3/13TiO2 coatings 
Unlike the ground n-WC/12Co coatings, the charac- 

teristics of subsurface cracks for the ground n- 
AljOj/HTiOj coatings are not very obvious, which 
made the measurement of the depth of damage difficult. 
Figs. 7 and 8 show the effects of the wheel depth of cut 
and the table feedrate on the mean and maximum depths 
of damage in the coatings ground with a 600 V wheel. 
The mean depth of damage grows with the increase of 
wheel depth of cut or feedrate. However, due to the 
influence of the defects in the coatings or other random 
factors, the maximum depth of damage does not com- 
pletely follow this trend. 

Figs. 9 and 10 show the effect of wheel bond type and 
grit size on the mean and maximum depth of subsurface 
damage in ground n-AljOj/lSTiOz coatings. Harder 
wheel bond and larger grit size result in deeper damage. 
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Wheel speed: 33 m/sec 
Feedrate: 4 mm/sec 
Wheel: 600V 
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Fig. 7.    Effects of depth of cut on depth of damage in ground n-Alj- 
OVISTiOj coatings. 
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Fig. 8.    Effects of feedrate on depth of damage of ground n-Alj- 

Oj/BTiOj coatings. 

However, the effects of wheel bond type and wheel grit 
size on the maximum or mean depth of damage are 
insignificant when compared with those from wheel 
depth of cut and table feedrate. 

3.3.2. Ground n-WC/12Co coatings 
Figs. 11 and 12 show that both mean and maximum 

depths of damage increases with the increase of wheel 
depth of cut or table feedrate. At small material removal 
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Fig. 9.    Effects of wheel bond type on depth of damage in ground n- 

Alj-Oj/lSTiOz coatings. 

30 
B 

CO 
f 20 
c a 

S. 10 
u 
o 

Max. 

M^   Mean 

Wheel speed: 33 m/sec 
Depth of cut: 15 ^m 
Feedrate: 4 mm/sec 

m I 
600V 120V 

Fig. 10.    Effects of wheel grit size on depth of damage in ground n- 
Al,-0,/13Ti02 coatings. 

rate (depth of cut under 15 ^m and feedrate less than 4 
mm/sec), the depth of damage grows slowly with the 
increase of depth of cut or feedrate. With the further 
increase of depth of cut or feedrate, the depth of damage 
increases dramatically. The maximum depth of damage 
reaches nearly 50 ^m at wheel depth of cut of 30 ^im 
or table feedrate of 8 mm/sec. SEM observations show 
that some large scale cracks have developed. 

As shown in Fig. 13, the mean and maximum depths 
of damage are larger in the coatings ground with the 
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Fig. 11.    Effects of depth of cut on depth of damage in ground n- 
WC/12C0 coatings. 
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Fig. 13.    Effects of wheel bond type on depth of damage in ground 
n-Wai2Co coatings. 
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Fig. 12.    Effects  of feedrate  on  depth of damage  in  ground  n- 
WC/12C0 coatings. 

metal bond wheel than in those ground with the vitrified 
and resin bond wheels. There is no great difference 
among those coatings ground with the 600 V and 1000 
B wheels. The large wheel grit size (120 V wheel) 
increases both mean and maximum depths of damage 
(Fig. 14). When other conditions remain the same, a 
larger wheel grit size results in larger actual grit depth 
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Fig. 14.    Effects of wheel grit size on depth of damage in ground n- 
WC/I2C0 coatings. 

of cut, and therefore higher normal grinding force per 
grit and deeper damage. 

3.4. Effect of material properties on the depth of 
subsurface damage 

It is generally believed that the depth of damage in 
grinding brittle materials is closely related with the 
properties of ground materials, especially material 
brittleness that is defined as the ratio of hardness to 
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toughness. Researches have shown that higher brittleness 
results in smaller depth of damage. Zhang and Howes 
[7] proposed a model to describe the relationship 
between the depth of damage and brittleness, 

5 = (200rf^„)""'«''<''"^'c)) (1) 

where d,^ is the maximum grit depth of cut and is a 
constant. Eq. (1) shows that the depth of damage 
decreases with an increase of material brittleness. How- 
ever, it should be noted that this relation is not pro- 
portional. 

For the current two materials, the brittleness of n- 
AlzOj/lSTiOa is higher than that of n-WC/12Co. Com- 
paring Figs. 7 and 11, one can find that at small depth 
of ciit, that is, less than 15 \im, the depths of damage 
for both coatings are close to each other. With the 
increase of depth of cut, the depth of damage for n- 
WC/12CO increases dramatically. A similar trend exists 
when changing the feedrate. The experiment indicates 
that a large number of microcracks distribute in the near 
surface layer of ground n-AUOs/ISTiOz coatings while 
individual scattered major cracks can be found in the 
ground n-WC/12Co coatings. This phenomenon can be 
explained by the different mechanisms of energy dissi- 
pation in the materials with different brittleness during 
grinding. Loading during grinding can easily initiate new 
cracks in a material with a high brittleness value. Most 
grinding energy is consumed by the formation of new 
cracks rather than by the development of existing cracks. 

4. Conclusions 

Different configurations of subsurface cracks are 
observed in ground /i-WC/12Co coatings. Due to the 
influence of the defects in the coatings inherited from 
the thermal spray process, amorphous configurations 
have been observed. A large quantity of microcracks is 
observed in the subsurface of ground n-AljOj/BTiOa 
coatings. Different from the cracks in the ground n- 
WC/12C0 coatings, these microcracks are difficult to 
be classified. 

For both n-AlzOj/BTiOj and «-WC/12Co coatings, 
the mean depth of damage follows the trend that larger 
material removal rate, larger wheel grit size and higher 
wheel bond hardness result in larger mean depth of dam- 
age. However, due to the random factors in the coatings, 
the maximum depth of damage does not strictly follow 
this trend in some cases, especially for ground n- 
AlzOj/BTiOj coatings. The effects from wheel bond 

and grit size are insignificant when compared with 
material removal rate. 

The higher brittleness value of the n-AlzOj/lSTiOj 
coatings explains the lower depth of damage. The differ- 
ent energy dissipation mechanisms are behind the differ- 
ence of crack configurations and depths of damage. 
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Abstract 

Surface grinding of thermally sprayed nanostructured Wai2Co and AiPa/BTiO, (n-Wai2Co and «-Al,03/13TiO,) coatings 
haf b^rundenakfn with diamond-wheels and under various grinding conditions. This paper --tigates the effects of *e gnnd.ng 
parameters such as depth of cut. feedrate, wheel grit size and bond materials on gnndtng forces surface fimsh ^^ surface topogm 
phy Different from their consolidated counterparts, the coatings have large quanttt.es of defects mhertted from tjerma^ Pray 
Sess which greatly influence the grinding process and ground coatings. The competing phenomenon between the effects on 
Sace finish from both the thermal spray process and the grinding process is studied. Different surface topographtes are observed 
Jnd heir r ations^ip with grinding conditions and material properties is investigated. Furthermore, the matenal removal mechan.sms 
" gSng 1 expLed. L effLs of grinding parameters, material properties and the defects from thermal spray process on 

material removal mechanisms are discussed. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Grinding; Nanostructured ceramic coatings; Material removal mechanisms  ^^^ 

1. Introduction 

Thermal spray coating, one of the modem coating 
techniques, can help utilize the superior mechanical and 
chemical properties of advanced ceramics, such as high 
hardness, high resistance to abrasion, and chemical inert- 
ness, on other base materials. The technique includes 
plasma and flame sprays. As the mechanical properties 
and structures of the coatings formed by the plasma and 
flame sprays depend on a number of factors, such as the 
powder grain properties, the substrate material properties 
and the thermal spray conditions, they are the topics of 
many researches (e.g. [1, 2]). One of the methods to 
improve thermal spray quality is to decrease the powder 
grain size. Materials with fine-scale microstructures have 
been recognized to exhibit technologically attractive 
properties. When the grain size of a material decreases 
to nanoscale (tens of nanometers), one obtains a novel 
class of materials, called  'nanostructured  materials'. 

• Corresponding author. 
E-mail address: xianbing@engr.uconn.edu (X. Liu). 

which possesses properties, such as higher adhesion 
strength, wear resistance, hardness and toughness, differ- 
ent from those conventional materials [3,4]. 

In the past decade, most of the research in the field 
of nanostructured materials has been focused on the syn- 
thesis and processing of powders and bulk materials as 
well as their applications to coatings. Unfortunately, few 
components may be fabricated to their final shape and 
dimension by sintering or thermal spray method. In 
many applications, good surface finish and precise 
dimensions are needed for coated components. Machin- 
ing is often unavoidable. Grinding is a widely used 
method in machining hard and brittle materials. In this 
experimental study, superabrasive grinding was 
employed to machine thermally sprayed M-WC/12CO and 
n-AljOj/BTiOz coatings. 

In grinding of brittle materials, material removal 
mechanisms are classified as brittle fracture (brittle mode 
grinding) [5-7] and/or plastic flow (ductile mode 
grinding) [8]. The ground samples are often charac- 
terized in terms of surface integrity, which can greatly 
influence the performance of a ground workpiece in ser- 
vice [9]. The surface integrity usually includes surface 

0890-6955/02A - see front matter. © 2002 Elsevier Science Lid. All rights reserved. 
PII:S0890-6955(02)001 15-3 
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texture, subsurface damage and residual stresses. Sub- 
.surface damage and residual stresses for the current 
ground coatings are the topics of other papers [10,11] 
by the authors. This paper investigates the surface 
characteristics of ground coatings. 

Surface finish is an important characteristic of ground 
coating surface. For example, a poor surface finish may 
result in rapid wear or excessive vibration for the moving 
parts in service. For different application areas, 
researchers have defined tens of parameters to describe 
surface finish that are divided into three categories: 
roughness, waviness and profile. The commonly used 
parameters include R^ and R^ for roughness, W^ for wav- 
iness, and FRa for profile. The surface finish of a work- 
piece is usually evaluated with a surface profilometer. 
For tribological applications, bearing ratio {tp(%)) of a 
ground coating is one of the most important surface fin- 
ish parameters. As shown in Fig. 1, bearing ratio is 
defined as the length of bearing surface expressed as a 
percentage of the length (L) at a depth (c) below the 
highest peak, or at a selected distance (c) above or below 
the mean line. The mean line is usually the least square 
centeriine for unfiltered profile. In this study, the highest 
peak is used. 

rp(%) = 
bt + b2 + ... + b„ 

X 100% 

Surface topography is the signature of the grinding 
process. The ground coating surfaces are observed with 
SEM. The presence of surface topography are correlated 
with material properties and grinding conditions. The 
surface topography reflects the material removal mech- 
anism during the grinding process. With the help of sur- 
face observations, different material removal mech- 
anisms are discussed for these two coatings. This paper 
also presents the grinding forces and their correlations 
with the grinding parameters. 

2. Experimental procedure 

2.1. Sample preparation and characterization 

Nanostructured material coatings were made on low 
carbon steel substrates that had dimensions of 25x75x4 
mm^ and were cleaned and blasted before coating. The 

c=max. 
{t=m%) 

n-WC/12Co coatings were produced using the high velo- 
city oxygen fuel (HVOF) method and the n- 
AljOj/lSTiOj coatings were prepared by the plasma 
thermal spray method. Both of the coatings had a thick- 
ness of around 0.5 mm. The coated samples were cut 
into 25x4x4 mm^ for grinding. Some typical physical 
properties of the «-WC/12Co and /(-Al,Oyi3Ti02 coat- 
ings and low carbon steel substrate are shown in Table 1. 

In Fig. 2(a), the SEM photos indicate that the small 
grains of n-WC are bonded together by the binder 
material cobalt and a large quantity of porosities can be 
observed. There are no obvious cracks found in the n- 
WC/12C0 coatings. Fig. 2(b) shows the typical surface 
features of the thermally sprayed «-Al203/13Ti02 coat- 
ings: pores, cracks, microcracks and segmented struc- 
tures formed by the connected microcracks perpendicu- 
lar to the coating surface. Prior to the formal grinding 
test, the coatings were prepared with a diamond wheel 
of a mean grit size of 15 |im under minimum loading 
to avoid damaging the coatings. This preparation process 
was effective in getting rid of the random influence from 
the thermal spray process and making the samples more 
uniform, although it was time-consuming and efforts- 
demanding. 

(1) 2.2. Grinding experiments 

Fig. 1.   Definition of the bearing ratio, /p (%). 

Grinding experiments were conducted on a precision 
grinding machine (Dover Model 956-S) with the com- 
puter numerical control (CNC). The machine had aero- 
static bearings for its spindle and x, y, z slideways. The 
spindle had an axial run-out of 0.05 fim and the three 
slideways had a straightness error of 0.1 |im/25 mm. A 
laser interferometer was equipped to the machine that 
formed feedback loops for the x, y, z slideways with a 
resolution of 0.07 nm. The loop stiffness of the machine 
was measured to be 50 N/n.m. Cup-type diamond wheels 
were used to grind the coated samples. The grinding 
wheels had three different bond types and also three grit 
sizes for the purpose of investigating the effects of bond 
type and grit size. The specifications of the grinding 
wheels are listed in Table 2. 

The wheel speed was set to 33 m/s or 3500 rpm. In 
order to investigate the effect of the material removal 
rate (MRR) on ground coatings, depths of cut were set 
to 2, 5, 15 and 30 |J.m and feedrates were at 1,4, and 8 
mm/s for the grinding experiments. Water-based syn- 
thetic solution (ITW fluid products Group, Rustlick G- 
10066D) was used as the grinding coolant. 

2.3. Post-grinding evaluation 

A surface profilometer (Federal Products, Surfana- 
lyzer 5(K)0) was used to measure surface finish (/?„ and 
tp) of ground coatings along the directions perpendicular 
to and parallel to the grinding direction. An SEM (Joel, 
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Table 1 
Typical properties of nanostructured Wai2Co, Al,OV13TiO, coatings and low carbon steel substrate 

AliOj/BTiOz 
Properties Wai2Co 

Powder grain size, nm 
Bulk mass density, g/cm' 
Thermal expansion co., /K 
Fracture toughness, MPaVm 
Vickers hardness, GPa 
Young's modulus, GPa 
Poisson's ratio 

Low carbon steel 

30-50 20-80 _ 

14.50 3.9 7.85 

6x10-" 5.5x10-'* 11.5x10 " 

2.5 0.8 - 
12.50 10.57 - 
222 70 202 

0.22 0.25 0.30 

Fig. 2. SEM observations of the as-sprayed WC/12Co and 
Al20,/13Ti02 coatings, (a) As-sprayed n-WC/12Co codings; (b) As- 
sprayed n-AlzOVlSTiO, coatings. 

Model JSM 840) was used to observe the ground coat- 
ings. One issue in SEM observations was to differentiate 
the characteristics induced by grinding process from the 
features inherited from the thermal spray process. A 
large quantity of voids, unmolten particles, cracks and 
microcracks were identified in the as-sprayed coatings 
(Fig. 2). As some of these features can be easily mis- 
taken as grinding characteristics, SEM examinations of 
the as-sprayed coatings were conducted to identify these 
features. It can be found that the features from the ther- 
mal spray process normally appeared with smooth edges 
and without obvious directionality. With the as-sprayed 
coatings as a reference, the grinding characteristics 
were identified. 

3. Results and discussions 

3.J. Grinding forces 

3.1.1. In grinding n-AliOj/lSTiOi coatings 
Fig. 3 shows the normal grinding force (force per unit 

area) versus the wheel depth of cut in grinding n- 
AlzOj/BTiOz coatings with four grinding wheels. From 
Fig. 3(a), the normal grinding force proportionally 
increases with the wheel depth of cut for all the four 
wheels. At the same depth of cut, the 1 kC wheel showed 
the largest normal grinding force while the 120 V wheel 
the smallest. The forces for 600 V and 1000 B wheels 
were close to each other and between those for the 1 kC 
and 120 V wheels. The same phenomenon was obtained 

Table 2 
Specifications of the cup-type diamond wheels 

Wheels SD120NI00V SD1000L75B SD600N100V SDIOOONIOOC 

Notation 
Diameter, mm 
Bond types 
Grit sizes, nm 
Dressing 
Manufacturer 

120 V 
180 
Vitrified 
125 
GC slicks 
Norton, USA 

1000 B 
180 
Resin 
15 
GC sticks 
Japan 

600 V 
180 
Vitrified 
15 
GC sticks 
Norton, USA 

1 kC 
180 
Cast iron fiber 
15 
GC stickers 
Japan 
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Fig. 3. Normal grinding force versus the wheel depth of cut for grind- 
ing «-Al20j/13Ti02 coatings, (a) Normal grinding force (force per 
area) vs. wheel depth of cut; (b) Normal grinding force (force per grit) 
vs. wheel depth of cut. 

on the break-in force. The 1 kC wheel generated the 
highest break-in force while the 120 V the lowest. The 
break-in force is defined as the normal grinding force, 
under which the actual depth of cut is zero and no 
material removal can actually occur until the grinding 
force goes beyond the break-in value. Under a given 
grinding condition, the break-in force is related to the 
material properties of the workpiece. The differences in 
the break-in force caused by the different wheels can be 
explained in terms of the difference in wheel parameters. 

such as grit size, grit concentration and bond type. In 
order to eliminate the concentration effect of wheel grits. 
Fig. 3(b) shows the normal grinding force per grit versus 
the depth of cut. It is observed that for the 120 V wheel 
with the largest grit size, the grinding force per grit is 
the highest, although the grinding force per area is the 
smallest among all the wheels. This is because the grit 
density in the 120 V wheel is much smaller than in other 
wheels. On the other hand, the larger grit size results in 
larger actual grit depth of cut and contact area between 
the grit and the workpiece, and therefore a larger grind- 
ing force per grit. The grinding force per grit for the 1 
kC wheel was somewhat larger than the 600 V and 1000 
B wheels, which is due to the bond type effect. Harder 
wheel bond results in larger actual grit depth of cut, and 
therefore larger grinding force. 

The normal grinding force versus feedrate is shown 
in Fig. 4. The grinding force per area and per grit 
increases with the increase of the feedrate for all grind- 
ing wheels. However, when comparing Figs. 3 and 4, 
one can find that doubling depth of cut has more influ- 
ence on the grinding force than doubling feedrate, 
assuming that other conditions remain the same, which 
means that depth of cut has greater effect on the grinding 
process than feedrate in the cup-type grinding. 

3.7.2. In grinding n-WC/12Co coatings 
Similariy, Figs. 5 and 6 present the normal grinding 

forces versus depth of cut and feedrate for n-WC/12Co 
coatings with the four wheels. The similar trends of the 
grinding forces are observed as in grinding n- 
AljOj/BTiOz coatings. In addition, the depth of cut, 
feedrate and wheel parameters had the similar effect on 
the normal grinding forces for both coatings. Comparing 
die grinding forces for these two types of coatings, one 
can find that the grinding forces are generally higher for 
n-WC/12Co coatings than for n-AlzOj/BTiOz, which 
can be attributed to the differences in the material 
properties. More energy and therefore larger grinding 
force is required in forming cutting chips for n- 
WC/12CO coatings that have higher fracture toughness. 

3.2. Surface finish 

3.2. J. Ground n-AliO3/13Ti02 coatings 
In this section, the effects of grinding parameters on 

surface finish of the ground coatings are studied. Two 
important parameters, surface roughness /?„ and bearing 
ratio fp, are discussed. Fig. 7(a) shows surface roughness 
R.^ versus the wheel depth of cut. The ground n- 
AijOj/BTiOj coatings have a minimum R.^ at a certain 
depth of cut, which is somewhat < 15 urn for the 600 
V, 1 kC and 1000 B wheels and over 15 |im for the 120 
V wheel. When the depth of cut is smaller than 15 |im, 
an increa.se in depth of cut resuhs in a decrease in /?„. 
Beyond 15 ^lm, /?„ increases with the increase in depth 
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Fig. 4. Normal grinding force versus the feedrate for grinding n- 
AljOi/lSTiOj coatings, (a) Normal grinding force (force per area) vs. 
feedrate; (b) Normal grinding force (force per grit) vs. feedrate. 

of cut. This may be interpreted as that under a small 
depth of cut, a large quantity of defects induced by ther- 
mal spray still remains in the ground surface, which is 
dominant in determining R^. Most defects from thermal 
spray disappear with a further increase in the depth of 
the cut, and then those, such as grinding marks, chip- 
pings and cracks, induced by the grinding process 
become dominant in influencing surface roughness. This 
transition can be observed from the SEM images (Fig. 
10) of n-AljOj/HTiOj coatings ground with the 600 V 
wheel under different depths of cut. 

At the depth of cut of 15 ^m, the increase of feedrate 
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Fig. 5. Normal grinding force versus the depth of cut for grinding n- 
WC/12C0 coatings, (a) Normal grinding force (force per area) vs. 
wheel of depth cut; (b) Normal grinding force (force per grit) vs. depth 

of cut. 

results in a larger surface roughness R^ (as shown in Fig. 
7(b)), but the increase trend is not very apparent for 
those ground with 600 V and 1000 B wheels. 

The effect of wheel bond type on surface roughness 
can also be observed in Fig. 7. Comparing the /?„ values 
of w-AljOj/HTiOz coatings ground with 1 kC, 600 V 
and 1000 B wheels, one can see that the 1 kC wheel 
produced a rougher surface than other two. The rough- 
ness for 1000 B is slightly larger than that caused by 
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600 V. Under the same grinding conditions, the actual 
grit depth of cut for the resin bond wheel is generally 
considered smaller than that for the vitrified bond wheel 
because the resin bond wheel is softer than the vitrified 
bond wheel. The grinding force per grit and roughness 
for the resin bond wheel should be lower than those for 
the vitrified bond wheel. However, in this study the 
experimental results demonstrated an opposite trend 
(Figs 3(b) and Fig. 7). This phenomenon can be 
explained by the special wheel manufacturing process, 
by which the hardness for the current resin bond wheel 
was improved when compared to conventional resin 
bond wheel [12]. 

Table 3 
Comparison of the bearing ratio t^ (%) of as-sprayed and ground n- 
AUOV13Ti02 coatings 

c, nm 0.64 1,27 5.08 

As-sprayed 0.1% 0.1% 0.4% 

6()0 V 0.1% 0.6% 1(X)% 

1 kC 0.1% 0.6% 99.9% 

KKX) B 0.2% 0.5% 99.9% 

120 V 0.1% 0.2% 98.6% 
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Table 3 compares the bearing ratio fp of the as-sprayed 
and ground n-AlzOj/lSTiOi coatings under a depth of 
cut of 30 \im and a feedrate of 4 mm/s for different 
depths (c) below the highest peak. When c=5.08 |im, tp 
reaches neariy 100% for all the coatings ground with the 
four wheels compared to 0.4% for as-sprayed coatings, 
which means that the grinding process has significantly 
improved the bearing ratio of the coatings. 

3.2.2. Ground n-WC/l2Co coatings 
For the «-WC/12Co coatings, the ground surface 

roughness does not show the same trend as for the n- 
AlzOj/BTiOz coatings in terms of depth of cut (Fig. 

(a) 

on 

(b) 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

.-V- 

.600V 
IkC 
120V 
lOOOB 

Wheel speed: 33 m/sec 
Feedrate: 4 mm/sec 

a     _1 ° 

a 

o 

10 20 
Depth of cut, nm 

30 

1.2 

Oi 
CO u 

0.8 

i 
u 
u 

0.4- 

w 

0.0 

 H3.-- IkC Wheel speed: 33 m/sec 
 .<!^-.-120V 
 ^._ looOB Wheel DOC: 15 ^un 

.A 

-      A.--"'' 

a --'a 

1           1 1 1  

4 6 
Feedrate, mm/sec 

10 

Fig. 8. Surface roughness R, for ground /i-WC/12Co coatings, (a) 
Surface roughness R, vs. depth of cut; (b) Surface roughness R. vs. 
feedrate. 

8(a)). For all four wheels, larger depth of cut results in 
rougher surface. In the grinding of n-WC/12Co coatings, 
the grinding process results in a heavy plastic defor- 
mation, which smears over the ground surface of n- 
WC/12C0 coatings. Fig. 14 shows the SEM observations 
of the ground surfaces for different depths of cut. The 
defects from thermal spray are seldom observable even 
under a small depth of cut. The grinding mark is a domi- 
nant surface characteristic. Therefore, larger depth of cut 
leads to rough ground surface. Fig. 8(b) shows that the 
roughness increases with the increase of feedrate for the 
n-WC/12Co coatings. For the same grit size, the metal 
bond wheel produced rougher surface when compared 
with the 600 V and 1000 B wheels. There is no obvious 
difference in the surface roughness with the resin bond 
wheel and the vitrified bond wheel. Similariy, the large 
grit size in the 120 V wheel produced the roughest sur- 
face when other grinding conditions are the same. Bear- 
ing ratio (Table 4) for the ground n-WC/12Co coatings 
is much higher than that for the ground n-Al203/13Ti02 
coatings under a smaller c. 

It is observed that the surface roughness is much 
larger for the n-AlzOj/BTiOz coatings than for the n- 
WC/12C0 coatings ground under the same conditions. 
More remained defects from thermal spray in the n- 
AljOj/BTiOz coatings partially contribute to this differ- 
ence. However, the material removal mechanism is the 
major cause for this difference, especially under large 
MMRs. 

The directionality of surface roughness for both coat- 
ings ground by 120 V wheel is shown in Fig. 9. R^ paral- 
lel to the grinding direction is smaller than that perpen- 
dicular to the grinding direction for both coatings. At a 
large depth of cut, such as 30 ^m, the directionality of 
R^ for the n-AUOj/BTiOz coating becomes insignificant. 
This is due to a large quantity of chippings and 
microcracks induced at the large depth of cut. These 
chippings and microcracks isotropically distribute on the 
ground n-Al203/13Ti02 coating surface (Fig. 13), and 
therefore the directionality vanishes. However, the direc- 
tionality for the ground n-WC/12Co coatings is more 
significant at a large MRR, which is reflected by the 
observed wider and deeper grinding marks (Fig. 16). It 
is observed that the directionality of surface roughness 
is not obvious for the coatings ground by the wheel with 
smaller grit size. 

Table 4 
Comparison of the bearing ratio t^ (%) of as-sprayed and ground n- 
WC/12C0 coatings 

c, nm 0.64 1.27 2.54 

As-sprayed 0.1% 0.2% 7.0% 

600 V 100% 100% 100% 

1 kC 99.65% 100% 100% 

1000 B 100% 100% 100% 

120 V 99% 100% 100% 
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3.3.1. Ground n-AliOj/BTiOi coatings 
Compared to /:-WC/12Co, n-AlzOj/HTiOz is more 

brittle. At the depth of cut of 15 ^m or smaller, SEM 
observations (Fig. lO(aHc)) reveal a smooth and sound 
ground surface, suggestive of plastic deformation mech- 
anisms including plowing and cutting during grinding. 
Very little fragmentation is observed and the dominant 
defects on the ground surfaces are those, such as round 
voids, from the spraying process. At the depth of cut of 
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Fig. 9. Directionality of surface roughness R^ for ground n- 
AUOj/lSTiOj and n-WC/12Co coatings, (a) Ground /i-AUOVlSTiO, 
coatings; (b) Ground n-WC/12Co coatings. 

3.3. Surface topography and material removal 
mechanisms 

In the following, the ground surfaces of both the coat- 
ings are observed with SEM and the material removal 
mechanisms are discussed under different grinding con- 
ditions. The surface characteristics are also correlated 
with the material removal mechanisms. 

Fig. 10. Comparison of AUO,/l3TiO, coatings ground at different 
depths of cut with a 6(X) V wheel at a feedrate of 4 mm/s and a wheel 
speed of 33 m/s. (a) Depth of cut = 2nm; (b) Depth of cut = 5|im; (c) 
Depth of cut = I5nm; and (d) Depth of cut = 30nm. 
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30 ^m, both fragmentation and grinding marks become 
obvious (Fig. 10(d)), which suggests two facts: on one 
hand, due to larger depth of cut, the material removal 
mechanism partially transits from ductile flow to brittle 
fracture; on the other hand, the relatively smooth and 
sound ground surface and the apparent grinding marks 
indicate that the ductile flow correspondingly becomes 
more significant. A similar phenomenon is observed 
when the feedrate is increased from 4 to 8 mm/s. 

Fig. 11 shows the n-Al203/13Ti02 coating surface 
ground by 1 kC and 1000 B wheels under the same 
grinding conditions. There is little fragmentation 
observed on the surface ground by the resin bond wheel 
(1000 B) while the coating surface ground with metal 
bond wheel (1 kC) is fractured and segmented. The 
round voids and cracks from the thermal spray process 
are apparently observed on the coating surface ground 
with the resin bond wheel, which also means that the 
surface integrity from the thermal spray process is pre- 
served. 

Chippings and microcracks prevail on the n- 
AlzOj/lBTiOi coating surface (Fig. 12) ground by wheel 
(120 V), which has larger grit size. The grinding marks 
are also observed, but they are overwhelmed by chip- 
pings and microcracks whose distributions are isotropic 
on the ground surface. This explains why the direc- 
tionality of surface roughness (Fig. 9(a)) is not observed 
for the /i-AlzOj/lSTiOz coatings ground with the 120 V 
wheel at the depth of cut of 15 ^tm or larger. Brittle 
fracture is the dominant material removal mechanism for 
the n-AliOj/BTiOz coatings ground with the 120 V 
wheel. Fig. 12(c) also shows that the microcracks in the 
ground n-Al203/13Ti02 are open to the surface. 

3.3.2. Ground n-WC/12Co coatings 
Fig. 13 shows the ground surfaces of the /i-WC/12Co 

coatings under different depths of cut with the 600 V 
wheel. For all the depths of cut, the dominant grinding 

Fig. 11. AljOi/ISTiOz coatings ground witii I IcC and 1000 B wheels 
at a depth of cut of 15 urn, a feedrate of 4 mm/s and a wheel speed 
of 33 m/s. (a) With IkC wheel; (b) With lOOOB wheel. 

Fig. 12. AljOj/lSTiOj coatings ground with a 120 V wheel at depth 
of cut of 15 |im, a feedrate of 4 mm/s and a wheel speed of 33 m/s. 
(a) Low magnification; (b) Chippings; and (c) Microcracks. 

marks suggest that tremendous plastic deformation exist 
on the ground surface of the w-WC/12Co coatings. This 
indicates that ductile flow is dominant during the interac- 
tion between the abrasive grits and workpiece material. 
At larger depths of cut such as 15 and 30 (im, the ground 
surface is more plastically deformed. The defects from 
the spraying process may not completely disappear, but 
most of them are covered by deformed material due to 
plowing, even at small depths of cut (Fig. 13(a)). Simi- 
lariy, for increased feedrate, the grinding marks on the 
ground surface become deeper in the thickness direction 
and wider in the direction perpendicular to the grinding 
direction (Fig. 14). 

Comparing Fig. 13(b) to Fig. 15, one can find that the 
grinding marks on the surface ground with the metal 
bond wheel (1 kC) are deeper and wider than that ground 
with the vitrified bond wheel (600 V) under the same 
grinding conditions. On the other hand, the trace of the 
defects from thermal spray process can still be observed 
on the surface ground with the 600 V wheel, which is 
almost invisible on that ground with the 1 kC wheel. 
Harder wheel bond in metal bonded wheel (1 kC) results 
in larger grit depth of cut, and therefore more plastic 
deformation. 
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Fig. 13. WCyi2Co coatings ground with a 600 V wheel at different 
depths of cut at a feedrate of 4 mm/s and a wheel speed of 33 m/s. 
(a) Depth of cut of 2nm; (b) Depth of cut of ISjlm; and (c) Depth of 

cut of 30nm. 

J) (b) 

H R ^B 

B ■ 
Fig. 14. WC/12C0 coatings ground with 600 V wheel at different 
feedrates at a depth of cut of 15 nm and a wheel speed of 33 m/s. (a) 
Feedrate of 1 mm/sec; (b) feedrate of 8 mm/sec. 

The increase in the wheel grit size significantly influ- 
ences the surface topography of the ground «-WC/12Co 
coatings. Fig. 16(a) shows the ground surface of an n- 
WC/12C0 coating with the 120 V wheel. Comparing Fig. 
16(a) and Fig. 13(b), one can observe that under the 

Fig. 15.    WC/12CO coatings ground with a 1 kC wheel at a feedrate 
of 4 mm/s, a depth of cut of 15 jim and a wheel speed of 33 m/s. 

Fig. 16. WCyi2Co coatings ground with 120V wheel at different fee- 
drates, a depth of cut of 15 jim and a wheel speed of 33 m/s. (a) 
Feedrate of 4mm/sec; (b) feedrate of 8mni/sec. 

same grinding conditions, the surface ground by the 
wheel with the larger grit size was more plastically 
deformed due to plowing. On the other hand, chipping 
can be found on the surface ground by the wheel with 
the larger grit size, which means that the brittle fracture 
in material removal becomes more obvious. When the 
MRR increases, for example, doubling feedrate from 4 
to 8 mm/s, more chippings are observed on the surface, 
as shown in Fig. 16(b). This transition of material 
removal mechanism from ductile flow to brittle fracture 
is mainly determined by the actual grit depth of cut. 
Although the set wheel depths of cut are the same for 
the 120 V wheel and the 600 V wheel, the actual grit 
depth of cut for the 120 V wheel is larger than that for 
the 600 V wheel, which is reflected by the grinding force 
per grit, as shown in Fig. 5(b). 

The above results show that both ductile flow and 
brittle fracture can occur as the material removal mech- 
anisms for these two coatings. However, the extent and 
frequency of their occurrence depend on the material 
properties of the workpiece and grinding conditions. Pre- 
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vious studies [13-16] have also shown that both ductile 
flow and brittle fracture occur together in grinding of 
ceramic materials. The transition of material removal 
mechanism from ductile mode to brittle mode was simu- 
lated by Brinksmeier et al. [17]. In their work, a silicon 
or germanium workpiece inclined in the cutting direction 
was cut by single point tool. It was observed that initial 
ductile flow progressively changed to brittle fracture 
after a critical depth of cut was reached. An expression 
for the critical depth of cut has been derived [18] 

d.= (2) 

where j3 is a constant. 
From eq. (2), one can see that the brittleness, defined 

as the ratio of hardness to toughness of a material, is 
a governing factor influencing the critical depth of cut. 
Compared to the «-WC/12Co coatings, high brittleness 
of the n-AljOj/lSTiOz coatings results in a small critical 
depth of cut d^. On the other hand, low Young's modulus 
of the n-AljOj/lSTiOj coatings also partially contributes 
to the low value of d^. Although the hardness of the n- 
WC/12CO coatings is higher than that of the n- 
AlzOj/BTiOz coatings, the difference is insignificant 
compared to brittleness and Young's modulus. Small d^ 
values explain the fragmentation observed on the ground 
Ai-Al203/13Ti02 coatings even under a small MRR. 

4. Conclusions 

The normal grinding force increases with the increase 
of depth of cut or feedrate. The depth of cut has more 
influence on the grinding force compared to feedrate for 
cup-type grinding. Larger wheel grit size and harder 
wheel bond apparently increase the normal grinding 
force (force per grit). The grinding force is larger for the 
n-WC/12Co coatings due to its higher toughness. 

The competing phenomenon between the effects from 
thermal spray process and grinding process on surface 
roughness of ground n-AlzOj/lSTiOz coatings is 
observed. There exists one optimum depth of cut to achi- 
eve minimum surface roughness for the n-Al203/13Ti02 
coatings. This competing phenomenon does not exist for 
the «-WC/12Co coatings. The increase of both the feedr- 
ate and depth of cut leads to a rougher surface of the 
ground n-WC/12Co coating. Larger grit size and harder 
wheel bond cause larger actual grit depth of cut, and 
therefore rougher surface for both coatings. The direc- 
tionality of the surface roughness is more obvious for n- 
WC/12C0 than for n-Ai203/13Ti02. With the increase 
of MRR, this directionality for ground «-Al203/13Ti02 
coatings gradually disappears. 

Both plastic deformation and fragmentation are 
observed on the ground coatings. Ductile flow and brittle 
fracture co-exist in grinding these coatings. Compared 

to n-WC/12Co, n-AlzOj/HTiOz shows more brittle frac- 
ture. The grinding mark is the most significant character- 
istic on the ground n-WC/12Co coatings under all grind- 
ing conditions. At the higher MRRs, fragmentation due 
to brittle fracture is also observed for the n-WC/12Co 
coatings, but not as much as for the /i-Al203/13Ti02 
coatings. 

This paper presents the results of a comprehensive 
research on grinding of thermally sprayed nanostruc- 
tured coatings. The revealed relationships between grind- 
ing force, surface texture and grinding conditions, 
material properties are useful for choosing optimum 
grinding condition to achieve the desired results. 
Especially, the role of the defects from thermal spray 
process has been uncovered. 
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Machining Simulation 
for Ceramics Based 
on Continuum 
Damage IVleclianics 

An abrasive machining process for ceramics is simulated with a nonlinear ihermodynamic 
constitutive model based on the principle of continuum damage mechanics (CDM). The 
model consists of a set of parallel Maxwell-type elements arranged in series with a 
spring. It incorporates stochastic material microstructure through two sets of the newly 
introduced material parameters, spring-like constants C, and damping-like coefficients a, 
(r = l.2 n). Damage is considered cumulative and related with current stress and 
damage slate in a ceramic workpiece during loading, which constitutes damage evolution. 
A fourth-order isotropic damage tensor is introduced. This highly nonlinear Ct>M model 
is reduced to an incremental formulation and approximated by a 3D nonlinear finite 
element program based on the Newton-Raphson method. The stress-strain correlation 
calculated from the current model is presented for alumina, silicon carbide, and silicon 
nitride. The predicted results of damage versus the depth of cut for the three ceramics 
subjected to machining with single diamond grit are validated by the experiment. As one 
example, the development of damage with the movement of the abrasive grit in a silicon 
nitride workpiece is demonstrated by a contour plot. The final part of this paper presents 
the calculated distribution of residual stress in a silicon nitride sample and the factors 
contributing to the distribution are discussed. [DOI: 10.1115/1.1463034] 

1    Introduction 

Ceramics are increasingly applied to machine components to 
replace metals due to their superior mechanical and chemical 
properties, such as high hardness and Young's modulus, low mass 
density, high resistance to abrasion, and chemical inertness. Ma- 
chining (grinding) with diamond abrasives is widely used for fin- 
ishing ceramic workpieces. 

Ceramic machining is often characterized by damage and re- 
sidual stresses, which can greatly influence the performance of a 
machined workpiece in service [1,2]. Damage usually appears in 
the form of cracks, microcracks, inelastic deformation and pul- 
verization [3.4]. Residual stresses can alter the residual strength as 
well as the wear resistance of the workpiece. Generally, comprts- 
sive residual stress can enhance the residual strength whereas ten- 
sile residual stress has an opposite effect. Wear resistance is im- 
proved for the machined ceramic workpieces with high 
compressive residual stress [5]. 

Machining induced damage is normally assessed with both de- 
structive and nondestructive methods, while residual stresses can 
be evaluated using X-ray diffractometry [6-9]. However, little 
theoretical work has been done in predicting machining induced 
damage and residua! stress in ceramic workpieces. 

Continuum damage mechanics employs irreversible thermody- 
nainics and internal .state variables. Since Kochanov [10] and 
Rabotnov [II] proposed the concept of scalar damage, CDM has 
experienced great development. In its eariy stage, CDM was ap- 
plied to damage analysis for ductile materials [12,13]. More re- 
cently, many researchers have focused the application of CDM on 
damage analysis for brittle and quasi-brittle materials, such as 
concrete [14-16], ceramics, and ceramic composites [17]. 

With the development of CDM theory, some researchers imple- 
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mented its application to machining of brittle materials, such as 
machining of ceramics. Using a scalar damage variable, Zhang 
and Peng [18] first developed a nonlinear CDM model to predict 
machining damage for hot-pressed silicon nitride (HP-Si3N4) sub- 
jected to machining with single diamond grit. The calculated dam- 
age was validated by an experimental study in which a conical 
diamond with a tip radius of 40 fim was used. The scalar damage 
model is simple, but has its own limitation [19]. The use of a 
scalar damage variable leads to an assumption that the Poisson's 
ratio always keeps constant. This is not universally true, even in 
an isotropic damage case. 

This study extends Zhang and Peng's work in three aspects: 
first, an isotropic fourth-order damage tensor is used to generalize 
the constitutive model; second, the loading condition and con- 
straint boundary conditions are more realistically applied in FE 
analysis; Finally, the machining process is dynamically simulated 
with the movement of cutting grit. The generalized constitutive 
model is employed to describe the constitutive behaviors under 
multi-axis loading conditions for three different ceramics: hot- 
pressed alumina (HP-AI2O3), pressureless sintered silicon carbide 
(PS-SiC) and hot-pressed silicon nitride. Tlie damage develop- 
ment in HP-Si,N4 with the movement of the abrasive grit is pre- 
sented. Then the predictions of damage versus the depth of cut for 
the aforementioned three ceramics are compared with experimen- 
tal results. Finally, the residual stress induced by machining is 
calculated. The distribution of the residual stress and the factors, 
which influence the distribution, are discussed. 

2   CDM Modeling 

2.1 Constitutive Equation. In a series of work, Peng et al. 
[16] [20,21] proposed a simple mechanical representation to con- 
struct constitutive relations for dissipative materials under load- 
ing. The model was further developed for ceramics by Zhang and 
Peng [18]. Based on these works, this study introduces an isotro- 
pic fourtli-order damage tensor to the model as shown in Fig. I. 
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Fig. 1    Mechanical representation of CDM model 

The model will be used to simulate the machining process with 
single diamond grit for HP-Si3N4, PS-SiC and HP-AI2O3. 

Based on Fig. 1, the following relations are obtained under the 
conditions of isothermal and small deformation. 

^,=E e: U) 

G!;'=c<'>w,;*,(ei7-Pl^') 

St,=2GMijueli 

(1) 

(2) 

(3) 

When Djjti is employed to denote the damage tensor and M^jti 
is the damage effect tensor, they have the following relationship 

Mijki-lijki' D ijkl (4) 

If Dijn= IijuD, then Mijn=Iijt,(l-D) = Iijti(p. D is the damage 
variable and (p is the damage effect variable. In the following 
derivation, Z),yK and M,yt, are substituted with /,yi,D and /,;t,(p, 
respectively. In the above model, C, counts for the stochastic 
microstructure and does not influence the elastic shear modulus. 
The energy stored in C, corresponds to that stored in the micro- 
level caused by residual stress, grain boundaries, etc. The energy 
dissipated through a^ corresponds to that consumed in the forma- 
tion of damage such as microcracks. 

For dissipative materials, the rth deviatoric internal variable 
and the corresponding generalized frictional force must satisfy the 
following dissipation inequality [16] 

G<;V!;'^o (5) 

On the other hand, GJ)' is physically related to pjj' by the 
following equation 

(--) 

where dz is a generalized time measure and defined as 

(6) 

dz^^de^j (7) 

For the materials with damage, the spring-like constants and 
damping-like coefficients are expressed as 

[C]S;i,=Af,,.,C<"(a„J (8) 

[ati'„ = M.ikfi"\ir„„) (9) 

In Eqs. (8) and (9), C'^'\<T„„) and a'-'\cr„„) are the constants 
without damage effect and related to the current hydrostatic stress. 
The introduction of the hydrostatic stress v„„ to the material pa- 
rameters reflects the dependence of the material response on the 
directional effect of stress. C'''(a„„) and «*"(<7„„) are assumed 
as linear functions of a„„ [18] 

c>"{o-„j=c|,"/((7„.)=cJ,"( I - r.'^,.,,)        (10) 

«"Vaa) = «i)''7('^aa)=«0   ('- y.'^aa) (11) 

For simplification, the inelastic volumetric strain is assumed to 
be zero. Therefore, the relation between the volumetric stress and 
strain in the damaged material is 

(T^„=3Ke„„=7>K(pe^ (12) 

where the volumetric elastic modulus K is related to Young's 
modulus £■ as follows 

K= 
3(l-2u) 

(13) 

It is found that if C, and a, in Fig. 1 are large enough, three 
terms (i.e., n = 3) can satisfactorily describe the inelastic devia- 
toric response of the workpiece material [22]. 

Additionally, an explicit expression of the generalized frictional 
force G■•' must be derived for the above constitutive equations as 
well as the following finite element calculation. Combining Eqs. 
(2) and (6) with the consideration of Eqs. (10) and (11), one 
obtains 

rfG:;'=c"v/,v^i"- «<'*G;;'^Z+.p- '/,V*,G15'<^V+ ^^C''> 

(14) 

in which a''> = C''''(ortt)/a'''>(a-a)- Equation (14) represents the 
incremental G/;* • For soi"e simple cases, Q^^ can be expressed 
in one integral form. Generally, the following incremental relation 
is used for G';' '" the finite element analysis, 

(15) ArUh [GS;']*=[G!;']'-'+[AQi;'] 

where h is the incremental step number. 

2.2 Damage Evolution. As mentioned in the Introduction, 
damage usually appears in the form of cracks, microcracks, in- 
elastic deformation and pulverization. CDM generally defines 
damage as the density of defects/discontinuities on a cross section 
[23], which decreases the load-bearing ability of the workpiece. In 
this paper, the damage is considered Lsotropic and defined as the 
percentage loss of load-bearing ability. The damage in this paper 
mainly includes cracks, micro-cracks, pulverization and other mi- 
cro defects such as microvoids. 

In ceramic materials there exist certain internal micro-defects. 
These micro-defects can facilitate damage initiation when a ce- 
ramic workpiece is subjected to loading. The damage develop- 
ment in ceramics experiences initiation, growth, cracking and 
even brittle fracture. At the beginning of loading on the ceramic 
workpiece. damage develops at a low rate, but accelerates with 
further loading. The development of damage is related to the cur- 
rent effective stress and damage. The deformations caused by both 
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dcviatoric and volumetric stresses can result in damage, but the 
developing mechanisms of damage arc different for different types 
of stresses. 

On the other hand, there is a coupling effect on damage evolu- 
tion between the two types of stresses. Based on the above analy- 
sis, damage evolution can be described in the following differen- 
tial Eq.[ 16], 

Substituting Eqs. (16). (19), (22) and (2.'5) into Eq. (18) with the 
consideration of the following relation.ships 

dD = \ \ + 
<ni 

dz„+j^,{<rn + \(rH\)dZH      (16) 

The above analysis also agrees with the current machining pro- 
cess: the diamond grit cuts the materials with a large negative rake 
angle, just as in most grinding processes, which results in a large 
hydrostatic stre.ss underneath. On the other hand, the deviatoric 
stress contributes to shearing the materials. Since damage can 
occur during elastic deformation period for ceramics, dzp and 
dzfi are defined as 

(17) dZD= \lde,jdeij. dz„ = H{de^)deu 

From Eq. (16), it is observed that the contribution from the volu- 
metric stress and strain to damage evolution is effective only if 
both o-jt and dsti, are positive. The value of a influences the 
coupling effect on damage evolution between the deviatoric and 
volumetric stresses. 

3   Numerical Formulation and Approximation 

3.1 Tangential Stiffness Matrix. The above constitutive 
equations are employed to describe the stress-strain responses and 
predict grinding damage for ceramics in the following finite ele- 
ment analysis. The finite element formulation starts with the deri- 
vation of the tangential stiffness matrix [k]. The derivation of [k] 
is somewhat difficult due to the special form of the constitutive 
equations and heavily involves tensor operations. For simplifica- 
tion, here presented is the basic procedure. By differentiating Eq. 
(I), one can obtain 

n 

dSij=^ dQ\'/ (18) 
r= I 

After substituting Eq. (14) into the above equation, one has 

Ai,y=X 

(19) 

From  Eq.   (10),  AC'"(o-„J = C/'(or„JAa-„„   is  obtained. 
Therefore, 

AC'-'    /'(a„„) 
(20) 

Therefore, 

On the other hand, from 5,y = 2C<p/,yt,(ej,—Cj"), one arrives at 

ds^j = 2G,pl„u{de^-de["i) + ,p-'stjd<p (21) 

de';; = de,j-(2Gv)-'Uijt,r'ds^, 

-,p-'(2Cv)-'(/,;t,)"'i*/rfO (22) 

Af" 
•j 

Az Az = -Ae;.' 

= -^[de,j-(2Gv)-'U,jt,r'dst, 

-V-H2G<p)-\l,jt,)-'sndD] 
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(23) 

I 
A.I,y=A<7,y- jAfT„„<5iy 

A?,y = AE,y-jAe„„<5,y. 

Ae„„=^„^Ae„^ 

A''-„„=^apAa„^ 

(24) 

(25) 

(26) 

(27) 

one can obtain the following weak relationship between incremen- 
tal stress and strain after simplification 

I 

Bijki- jBij„„S„„Sti-Aiji,i+Aij„„S„„Si,i+ Yjjti Aet, 

(28) 

where 

n 

^ijki=2j C'-'(2Gy) -'lij„nS„„ + <p-'l,j„„Q^:l + a' 

.^e•l 
x(2c^)-V-'ei;>-^(/™„J-'^., 

X    1-1- 
o'aAl V^p«^p«\ Aej., 

b     j t\Zo 

Aei' 
B,M/=E c<'V/,,,,-a<"fi;;'-f Az 

f,;*/ = 2 [C<-V(2G^)-'/,;u] 

^iikl~ 2J a<^'(2G9)-'G!;'-^(/,„„*,)-' 

(29) 

(30) 

(31) 

(32) 

^ijkl- ZJ [C<^'(2Gv)-'/,:„ A 

+ <p- 'lij^nQ':l]-m<r,a)craaHi^epp)Su (33) 

If we define 

*,,*/= 
1 I 

lijki~ T SijSi,,+Fij^i- ■TFJJ„„S„„SI,I 

I 
~ 2J 1 ~^' r\hiki~X;,ii+ ~y(ii„„S„„Si (.34) 

and 

^ ijki- Bijki- jBij„„S„„Sii-Aijti+Aij„„S„„Si,i+ Yijti 

Equation (28) becomes 

A<^/y=[*„„y]"'[^„,H]Ae« 

(35) 

(36) 
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0/5v">5^'7ppp|>p^ 
(a) Schematic of workpiece and finite element mesh. 

Fig. 2   Mesh, element and boundary conditions of finite element analysis 

(W Gaussian integral points and 
local coordinate system. 

That is. 

A0-,y=n,-,t,Act, (37) 

where n,yt,=['I>„„,;]   '[*„„*/] 
It can be observed that Il,;t, is at least symmetric in the first 

and last pairs of indices according to the symmetry in /,yt,, 8^^. 
QJ'' and stresses as well as strains. This means 

n,vu=ny.*/="/;/*=ni/,7 (38) 

Therefore, the following equivalent matrix representation can be 
used for Eq. (37) 

{Ao-} = [*]{Ae} (39) 

in which [*] is the 6X6 tangential stiffness matrix, {ACT} and {Ae} 
are the incremental stress and strain that can be specified in the 
following form for three dimensional problems, 

{A(7} = (Ao-^ ,Aor, ,A(r, ,AT,, ,Ar,- ,AT,,)'" (40) 

{Ae} = (Ae^,Ae,,Ae-,Ay,,,Ay,,,Ay,J^ (41) 

3.2 Governing Equation for FEM. The dimensions are ar- 
ranged as /:w:/i = 36:30:45 for one half of a ceramic workpiece, 
which is divided into 216 elements (Fig. 2(a)). An eight-node 
isoparametric element with 2X2X2 Gaussian integral points (Fig. 
l{b)) was adopted. Based on the principle of virtual work and 
Newton-Raphson method, the following governing equation can 
be derived for finite element analysis, 

VKt-'{^A\ = {^P\. (42) 
where n is the nth increment, i the /th iteration in the /ith incre- 
ment, and [AT] is the system stiffness matrix and has an expression 
as 

"  f 

[BV[k]:-'lB]clV 

,'IV (44) 

{P\„ and {A/*}, represent the total load up to the iilh increment of 
loading and the /ith incremental load, respectively; Vj denotes the 
volume of element j; and N the number of elements. In Eqs. (43) 
and (44), the summations mean assembly of clement matrices by 
addition of overlapping terms. The iteration pr(x;ess of each incre- 
mental step should continue until the following inequality is sal- 
isKed 

_  "   ||{Ae}:-{Ae}r'll 
^'"'-'^!^        ||{Ae}i|| 

^ERRO (45) 

where M is the total number of Gaussian integral points and 
ERRO is the set-up error tolerance and is set to 1 percent in this 
calculation. 

3J   Parameter Determination and Model Verification.   It 
is necessary to determine the newly introduced material param- 
eters in the above constitutive equations for the CDM model. 
These parameters can be determined through systematic experi- 
mental tests. They can also be obtained from the simulation of the 
above CDM model based on the trial-and-error method. The re- 
sponses of HP-Si3N4, PS-SiC and HP-AI2O3 have certain com- 
mon features under compressive and tensile loading conditions: 
smooth transition from elastic range to inelastic range without 
exhibiting a distinct yield phenomenon; little nonlinearity at the 
ends of compressive and tensile loadings; high compressive but 
low tensile strength. Referred to the literature [24] and with the 
consideration of materials used in the experiment, the mechanical 
properties, such as Young's moduli, Poisson's ratios, bending and 
compressive strengths of the three ceramics are listed in Table 1. 
The ratios of the compressive to tensile strength for HP-Si3N4, 
PS-SiC and HP-AljOj ranges 3-8, 4-8, and 7-13 found in the 
literature [24], With these properties, the stress-strain relationships 
can be obtained. 

The trial-and-error method is commonly used to obtain material 
parameters, such as back stress, in constitutive modeling with 
state variables [25]. The initial values of the newly introduced 
parameters in the current model were assumed and the current 
model was used to simulate the stress-strain relationship. In the 

Table   1    Material   Parameters   of   HP-SiaN,,    PS-SIC   and 
(43)     HP-AI2O3 

HP-Si,N, PS-SiC HP-AliO) 

£. GPa 300 400 400 

Bending slrengih. ai 600-800 400-500 300-400 

20''C (MPa) 
Compressive strengih. 3000-4000 2000-3000 3000-^000 

al 20"'C (MPa) 
0.27 0.24 0.23 

0.0052 0.0051 0.0080 

a. MPa 2.000 1.950 1.600 

h. MPa 50 48 40 

c. MPa 0.20 0.09 0.07 

C, 11. CiPa 40.000,600.110 36.000, 500.100 62.000,580.120 
50.000. 3.000. 200 52.000, 3.500,400 96,500. 5.600.400 

m 2 2 2 
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Fig. 3   Stress-strain correlations for HP-SijN,, HP-AljOj and 
PS-SiC 

.simulation, the values of ihose parameters were continuously 
modified until the above stress-strain relationships were repeated 
in the simulation. And then the parameters were determined in the 
simulation. One should note that the determined parameters are 
not unique by this method. 

The simulated stress-strain correlations of the three ceramics 
subjected to compressive and tensile loadings are shown in Fig. 3 
and the determined parameters are also listed in Table 1. From 
Fig. 3, one can see that most of the properties of the three ceram- 
ics, such as Young's moduli, bending and compressive strengths, 
and the ratios of the compressive to tensile strength are repeated. 
The elastic and inelastic behaviors described above are also 
repeated. 

It can be observed from Table I that HP-AliO, has the smallest 
value of a, which depicts a weak coupling effect between the 
deviatoric and hydrostatic stresses on damage development for 
HP-AI2O, than for HP-Si,N4 and PS-SiC. But HP-AKO, has the 
largest value of C,. A larger C\ value of a ceramic material 
facilitates the material microscopically absorbing more energy 
during a loading process, which can help suppress further devel- 
opment of damage. 

3.4    Boundar>' Conditions and  Loading Simulation.    In 
Fig. 2(fl), all of the boundary conditions but the one at the lop 
surface are related to displacements. The arrow indicates that the 
displacement is constrained to zero in that direction. Due 10 the 
symmetry, the front side is constrained in the Y direction and the 
bottom of the workpiece is constrained in three directions. This 
arrangement is close to the realistic situation in the experiment. 
The cross-hatching portion on the top surface represents the ma- 
chined zone that consists of two elements in the K direction. The 
abrasive grit moves from the right-hand side to the left-hand side 
along the \ direction. Contact pressure is used to simulate the 
machining load on these elements. For clarity, two elements in the 

Cutting grit 

Workpiece 

Fig. 4   Interaction diagram between the grit and the workpiece 

.30 

a 20 o 
IX, 

10- 
o 

7: 

—a, HP-SiiN. 
HP-AIO3 
PS-SiC 

5 10      15        20 
Depth of Cut/, nm 

25 

Fig. 5   The relationship t>etween the normal force and the 
depth of cut for the three ceramics 

/direction are schematically shown in Fig. l{a) in which / is the 
set depth of cut and is assumed constant in FEA mesh for simpli- 
fying meshing. In the simulation, the grit is assumed to be spheri- 
cal with a tip radius /? = 40/im, which is consistent with the grit 
used in the experiment, and the grit-workpiece interaction during 
machining is shown in Fig. 4. From Fig. 4, one can see that the 
actual depth of cut changes from zero to u which is similar to the 
cutting process of abrasive grit in surface grinding. The variation 
of actual depth of cut is reflected by changing the magnitude of 
the contact pressure in FEA. 

The moving normal and tangential pressure along the X direc- 
tion, which varies in a sinusoidal form, is employed to simulate 
the movement of the abrasive grit. In the viewpoint of contact 
mechanics [26], the distribution of contact pressure is parabolic 
when a sphere is pressed into the surface of semi-infinite elastic 
solid. Because the tip of the diamond grit used in the experiment 
is not a perfect sphere, the sinusoidal pressure distribution is used 
to replace the parabolic distribution in the simulation and approxi- 
mate of the actual machining. The magnitude of the normal con- 
tact pressure linearly increases from the break-in pressure to the 
maximum through the whole machining zone. This arrangement 
simulates the change of the actual grit depth of cut in the surface 
grinding process, in which the actual grit depth of cut increases 
from the start of cutting and reaches the maximum as the grit 
leaves the workpiece. 

In the contact zone, the tangential components of the machining 
forces are assumed to be proportional to the respective normal 
components q" in the following way. 

(m=l,2) (46) I1 =f^\^„ .   9A=M29„ 

in which /t, = ^i2 = 0.I43 and ql:ql, = O.S. These values are deter- 
mined based on the experimental observations and the existing 
literature [18,27]. A linear correlation between average normal 
machining force F„ and the set depth of cut can be established as 

F,^Fo + C,t (47) 

where C, is a constant determined by machining conditions and 
material properties; F,, is the break-in force under which the depth 
of cui / is zero. By this relationship, the .set depth of cut is con- 
vened into average normal force, and then into normal pressure 

Table 2   Constants used to correlate normal grinding force 
with depth of cut 

HP-Si3N4 
PS-SiC 

HP-AI2O3 

Ci, N/nm Fc'N 

1.20 
0.35 
0.95 

3.81 
3.74 
3.00 
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Fig. 6   Simulation of damage development with the movement of abrasive grit (y'=0) 

that is designated as ^^ „„ in the boundary conditions. In machin- 
ing with single diamond grit [28,29], the correlation between the 
normal force and the depth of cut is shown in Fig. 5 for 
HP-Si3N4, PS-SiC and HP-AljOj. The constants C, and FQ are 
obtained by linear curve fitting from the figure and listed in Table 
2. Therefore, the machining damage at different depths of cut can 
be predicted with the use of normal contact pressure in the finite 
element analysis. In the calculation, the depth of cut is varied 
through changing normal force that greatly reduces the complex- 
ity of the calculation. 

4   Simulation Results and Discussions 

4.1 Damage Evolution and Experimental Verification. 
Figure 6 shows the evolution of damage in HP-Si3N4 with the 
movement of the abrasive grit at a maximum depth of cut of 5 
/xm. The moving direction of the grit is from the right to the left, 
that is, the grit starts to cut the workpiece from the surface (X 
= 36) and leaves near the surface (X=0). The moving direction 
is realistic for the surface grinding because the grit generally starts 
from the free edge to cut workpiece, and then moves toward the 
center of the workpiece. 

It is observed that the maximum damage is only 11 percent 
when the grit just starts to cut the workpiece and then increases as 
the grit moves towards the center of the workpiece. Finally, the 
maximum damage reaches 28 percent as the grit leaves the work- 
piece. The damage-increasing process agrees to the increase of the 
actual grit depth of cut. As mentioned in Damage Evolution, the 
percentage here represents the loss of load-bearing ability. 

In this study, since the isotropic damage tensor does not reflect 
the unilateral characteristics of ceramics and the three ceramics 
are assumed isotropic, they show the similar contour shape of 
damage fields. As an example. Fig. 7 show.s the damage field 

induced in HP-Si3N4 at a set depth of cut of 5 /u-m. The distribu- 
tion of the damage is not uniform, which is mainly caused by the 
changing actual depth of cut. The maximum actual depth of cut 
near the surface (X=0) produces damage concentration. It is pre- 
dicted that the machining damage has its maximum near the ma- 
chined surface and decreases sharply in the depth direction. As the 
isotropic damage tensor is used, the damage field is only related to 
the stress distribution, which has been confirmed by the similar 
damage and stress fields. 

The similar results are obtained for HP-AI2O3 and PS-SiC. On 
the other hand, the levels of the stresses and damage at the same 
point of the workpieces are found different for different materials. 

The detail of the machining experiment is described by Zhang 
et al. in their papers [28,29]. The machining speed was 1600 
m/min and the depth of cut varied from 0 to 16 fim. The mea- 
surement of depths and semi-widths of damage was conducted 
with an SEM. Figure 8 shows an SEM image of a machined 
HP-Ali03 cross section under the depth of cut of 5 fim. Cracks, 
microcracks and pulverization are identified as subsurface dam- 
age. The depth of damage, d, and semi-width of damage, W, are 
measured as shown in the figure. Due to the preparation process, 
the measurement error can reach as much as 10—20 percent of the 
measured results. 

A comparison between the calculated and experimental results 
[25,27] on the depth (median) and semi-width (lateral) of damage 
zone are shown in Fig. 9. Any damage less than 0.025 percent was 
considered as insignificant in the calculation. In Fig. 9, the solid 
lines were obtained by regressing the experimental data with the 
second-order polynomial. Except for the depth of damage for 
HP-AI2O3, the calculated damage depths and semi-widths are 
smaller than the experimental ones. This phenomenon could be 
due to the existing micro-defects in the experimental samples. The 
depth and semi-width of damage zones were calculated from the 

0     8     16   24   32 
X, Mm 

(a) ^=0 cross-section 

0  5 1015202530 
K pm 

(fc) A'=I2 nm cross-section (c) Z=45 urn plane (top plane) 

Fig. 7   Contour plot of the damage left In the workpiece after machining 
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Fig. 8   Measurement of depth and semi-width of damage 

contour plot of the damage field. A comparison between the cal- 
culated and experimental results in the semi-width of damage is 
shown in Fig. 9(a). It is observed that the experimental results 
largely verify the calculation results. 

Figure 9(fc) presents the calculated results of damage depth that 
is compared with the experimental results. From Fig. 9(b), it is 
observed that the damage depth for HP-AI2O3 was smaller than 
that for the other two ceramics at the same depth of cut. No 
distinct difference in damage depth was found between HP-Si3N4 
and PS-SiC, which agrees to the experimental results. This is be- 
cause the C, value for HP-AljOj (Table 1) is the largest among 
the three ceramics, which allows the material structure to absorb 
more deformation energy and prevent the further propagation of 
damage. The close values of C, lead to the similar depths of 
damage for silicon carbide and silicon nitride. Comparing Figs. 

9(a) and 9(b), one can tind that the semi-width is more underes- 
timated than the damage depth. The difference might be due to the 
unilateral responses of ceramics. 

4.2 Calculation of Residual Stress. In calculating the re- 
sidual stresses, the loading condition was the same as the above. 
The depth of cut was still set to 5 fim. Figure 10 shows the 
contour plots of the residual stress a, parallel to the moving di- 
rection of the grinding grit. Figure 11 shows the contour plots of 
the residual stress o-j^ perpendicular to the moving direction of the 
grinding grit. 

Figures 10 and II shows that the residual stresses are compres- 
sive for the surface and the near surface layer. The residual 
stresses in the layer near the surface has an apparent dependence 
on the machining direction: the magnitude of the perpendicular 
stress tTj^ is around 500 MPa, larger than that of the paraHel stress 
(7|| of about 250 MPa. The directional distribution of residual 
stresses can be collaborated with the mechanical effects from the 
machining. The severely deformed material along the machining 
direction is removed away during the chip formation and pushed 
to the sides perpendicular to the machining direction, and the left 
material is in less inelastic deformation in this direction. Perpen- 
dicular to the machining direction, the material is deformed more 
inelastically due to plowing. The loading conditions in Fig. 2(a) 
correspond to plowing. The simulation also shows that the level of 
the residual stresses on the machined surface is much lower than 
those in the near surface layer, which means there is a dramatic 
increase of residual stresses in the near surface layer. This is prob- 
ably diie to stress relief on the machined surface. Figures 10(a) 
and 11(a) also show that the distributions of residual stresses are 
not uniform along the machining direction: there is stress concen- 
tration near the left-hand side boundary, which is similar to the 
distribution of damage. This can also be explained by the change 
of the actual grit depth of cut, which is reflected by the change of 
loading magnitude in FEA. The distributions of residual stress and 
damage are both related with the distribution of inelastic deforma- 

4 8 12 
Depth of Cut/,nm 

16 

(a) Prediction for the semi-width of 
damage vs. depth of cut 

4 8 12 
Depth of Cut/, nm 

16 

(W Prediction for depth of damage 
vs. depth of cut 

Fig. 9   Correlation tietween the calculated and experimental results for depth and 
seml-wldth of damage versus depth of cut 
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Fig. 12   Depth profiles of residual stresses 

lion left in the machined material, and the nonuniform distribution 
of the inelastic deformation is caused by the changing loading 
conditions in the machining direction. 

Figure 12 shows the depth profile of the residual stresses o-, and 
(T. . The residual stresses decrease sharply in the depth direction. 
The maximum residual stresses occur in the layer near the surface, 
rather than on the ground surface. Both residual .stresses gradually 
become tensile at a depth of approximate 7 /xm, which can also be 
observed from the contour plots. In the experiment, the stressed 
material volume due to machining is too small for residual 
stresses to be measured with the available method such as X-ray 
diffractometry. For example, if the depth of cut is set to the maxi- 
mum of 16 ^m, the width of the scratch is calculated 64 ^m. 
Although the stressed material should be larger than 64 /xm in 
width, it is still loo small to measure. However, the prediction can 
qualitatively be compared with the work done by Kajomchaiyakul 
[30] and Pfeifferet al. [31]. In Kajomchaiyakul's experiment [30], 
HP-Si,Nj samples were ground by an electroplated nickel dia- 
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mond wheel with a grit size of 86 fun, the wheel surface speed 
was from 53 to 152 m/s, and the wheel depth of cut was fixed at 
0.127 mm. The X-ray measured residual stresses showed strong 
dependence on the grinding direction, the stresses near the surface 
were compressive and gradually became tensile in the depth di- 
rection, which confirms the current prediction. In their experi- 
ment, Pfeiffer et al. [31] presented the depth profiles of residual 
stress in ground alumina and silicon nitride samples, and showed 
compressive stress near ground surface. Nevertheless, it should be 
pointed out that these experiments should not quantitatively be 
compared to the current prediction due to different machining 
conditions. On the other hand, one should note that the residual 
stress obtained by X-ray diffractometry is averaged out over the 
irradiated volume while the current calculation does not have the 
average effect. 

5   Conclusions 

An isotropic fourth order damage tensor is employed in a CDM 
model to describe the constitutive behavior of brittle materials 
under complex loading conditions. The CDM model not only con- 
siders the respective contributions of the volumetric and devia- 
toric stresses to, but also the coupling effect between the stresses 
on damage development. The stress-strain correlation for alumina, 
silicon carbide and silicon nitride agrees well with that described 
in the literature. The machining process with single diamond grit 
is simulated, which is similar to the cutting process of abrasive 
grit in surface grinding. The evolution of damage with the move- 
ment of the abrasive grit shows the accumulative property of dam- 
age. To some extent, the model describes the anisotropic response 
of ceramics. It is confirmed that the model can satisfactorily pre- 
dict damage depth and gives a reasonable prediction of lateral 
damage. The distribution of residual stresses shows a strong di- 
rectional effect: the residual stress perpendicular to the grinding 
direction is larger than that parallel to the grinding direction. The 
simulation also shows that the distributions of damage and re- 
sidual stresses are not uniform along the machining direction. The 
machining direction has an important influence on these 
distributions. 
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Nomenclature 

D = 
ijU 

K 
V 

H{) 

inelastic deviatoric strain 
total deviatoric strain 
stress tensor 
rth deviatoric internal variable 
damage variable 
fourth order identity tensor 
volumetric elastic modulus 
Poisson's ratio 
Heaviside function 
spring-like   constants   of   the   initial   undamaged 
materials 
damping-like coefficients of the initial undamaged 
materials 
elastic deviatoric strain 
deviatoric stress 
strain tensor 

= rth generalized frictional force 
(p = damage effect cocfficieni 
E =  Young's modulus 

a, h. c. r, 
and m = material dependent parameters 

[B] = strain-displacement matrix 

Transactions of the ASME 



References 
(1) Timshoff. H. K., and Brinkstnticr. K.. 1990. "Abrasives and Their Enfluenccs 

on Bwcc Tcmpcralurc and Surface," I'nH: iifSME Ini'l Crindinn Conf.. Phila- 
delphia, pp. 10-12. 

[2) TonshofT. M. K.. and Wi.hkcf. H. C 1990. "Influence of Surface Inlcgrily <>n 
Ihe Wear of Ceramic Cutcing Tools." Jour. Lubr. Engr.. 47(7). pp. 579-583. 

[.1] Conway. J. C. and Kirchncr. M. P.. 1986. "Crack Branching as i Mechanism 
of Crushing during Grinding." J. Am. Ceram. .Soc.. 69. pp. 50.1-607. 

[4] Zhang. B.. and Howes. T. D., 1994. "Material Removal Mechanisms in Grind- 
ing Ceramics." CIRP Ann.. 4.1. pp. .W5-.108. 

[5] Rolh. P. Wohkcr. M. G.. and Men?.. C. 1995. "Surface Inlegrily and Wear 
Behavior of Ground Ceramics." Tribol. Trans.. 35. pp. 714-720. 

[6] Lange. F. F.. James. M. R.. and Green. D. J., 198.1. "Delerminalion of Residual 
Stresses Caused by Grinding in Polycryslallinc AIjO^." J. Am. Ceram. Soc.. 
66. p. C16. 

(7) Tonshoff. H. K.. I9K9. "Evalualion of Surface Layers of Machined Ceram- 
ics." CIRP Ann.. 38(2). p. 69<J. 

(8] Tonshoff. H. K.. Sicmcr. H.. and Wobkcr. H.-G.. 1988. "Residual Stress Mea- 
surements of Ceramic Materials after Grinding." httfrsfwiely Symposium on 
Mtichininy of Adviincrtt Ct'ramU- MaU-rials and Compiments. Chicago. IL. 

[9] Immelmann. S.. Welle. E., and Rcimcrs, W.. 1997. "X-ray Residual Stress 
Analysis on Machined and Tempered HPSN-Ceramics." Mater. Sci. Eng . A. 
238. p. 287. 

[10] Kachanov. L. M.. 1958. Iniroiluciion lo Cnniinuum Damage Mechanics, Klu- 
wcr Academic Publishers. 

[II] Rabotnov. I. N., 196.1. "On the Equations of Stale for Creep," Progress in 
Applied Mechanics—the Pruger Anniversary Volume. MacMillan. New YorV. 
N.Y.. pp. 307-315. 

[12] Kachanov. L. M.. 1980. "Continuum Model of Medium with Cracks." J. Eng. 
Mech. Div.. 106(5). pp. 1039-1051. 

[13] Lemaitre. J.. 1984, "How to Use Damage Mechanics," Nucl. Eng. Des., 80, 
pp. 233-245. 

[14] Ortiz, M., 1985, "A Constitutive Theory for the Inelastic Behavior of Con- 
crete," Mech. Mater.. 4. pp. 67-93. 

[15] Grzybowski. M.. and Meyer. C. 1993. "Damage Accumulation in Concrete 
with and without Fiber Reinforcement," AC! Mat. J., 90. pp. 594-604. 

[16] Peng, X., Meyer, C, and Fang, L., 1997, "A Thermomechanically Consistent 
Continuum Damage Model for Concrete Materials," J. Eng. Mech. Div., 123. 
pp. 60-69. 

[17] Chab<Khe, J. I,., U-vne, R M.. and Mairc, J. I', 1995,   ■Continuum Damage 
Mechanics, Anis<Hriipy and Damage IX'activation for Brittle Materials like 
Concrete and Ceramic Composites," Ini J. Damage Mech., 4, pp. 5-22. 

[18] Zhang, B.. and Peng, X.. 2(KX). "Grinding Damage Prediction forCeramics via 
CDM Model." ASME J. Manuf. Sci. Eng.. 122. pp. 51-58, 

[19] Ju. J. W.. 1990. "Isotropic and Anisoiropic Damage Variables in Continuum 
Damage Mechanics." J. Eng. Mech. Div.. 116. pp. 2764-2770. 

[20] Fan, J„ and Peng, X., 1991, "A Physically Based Constitutive Description for 
Nonproportional Cyclic Plasticity," ASME J. Eng. Mater. Technol., 113, pp. 
254-262. 

[21] Peng, X., and Ponter, A. R. S., 1994, "A Constitutive Law for a Class of 
Two-Phase Materials with Experimental Verification," Int. J. .Solids Struct.. 31. 

pp. 1099-1111. 
[22] Valanis. K. C. and Fan. J.. 1983. "Endochronic Analysis of Cyclic Elastoplas- 

tic Strain Fields in a Notched Plate," ASME J. Appl. Mech., SO, pp. 789-794. 
[23] Lemaitre, J., 1985, "A Continuum Damage Mechanics Model for Ductile 

Fracture," ASME J. Eng. Mater. Technol, I07( I), pp. 83-89. 
[24] Mencik, J.. 1992, "Strength and Fracture of Glass and Ceramics," Glass Sci. 

Technol. (Amsterdam), Elsevier. 
[25] Stouffer, D., and Dame, L. T, 1996, Inelastic Deformalion ofMeials: Models, 

Mechanical Properties and Metallurgy. John Wiley & Sons, Inc. 
[26] Johnson, K. L., 1985, Contact Mechanics. Cambridge University Press. 
[27] Xu, H. H, K., Jahanmir, S., and Ives, L. K., 1996. "Material Removal and 

Damage Formation Mechanisms in Grinding Silicon Nitride." J. Mater. Res.. 
11, pp. 1717-1724. 

[28] Zhang, B., Tokura, H.. and Yoshikawa. M.. 1988. "Study on Surface Cracking 
of Alumina Scratched by Single-Point Diamond," J. Mater. Sci., 23, pp. 3214- 
3224. 

[29] Zhang, B., Tokura, H., and Yoshikawa, M., 1988, "On Surface Integrity of 
Silicate Ceramics Scratched by Single-Point Diamonds," Journal of Ihe Japan 
Society for Precision Engineering, 54, pp. 587-593. 

[30] Kajomchaiyakul, J.. 2000, "Abrasive Machining of Ceramic: Assessment of 
Near-surface Characteristics in High Speed Grinding," Ph,D. dissertation. Uni- 
versity of Connecticut. 

[31] Pfeiffer, W.. and Hollstein, T, 1993, "Damage Determination and Strength 
Prediction of Machined Ceramics by X-ray Diffraction Technique." Proceed- 
ings of the International Conference on Machining of Advanced Materials. 
Gaithersburg MD. July. 

Journal of Manufacturing Science and Engineering AUGUST 2002. Vol. 124/561 



JOURNAL OF MATERIALS SCIENCE 37 (2002) 3229-3239 

Effects of grinding process on residual stresses 
in nanostructured ceramic coatings 
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This paper investigates the depth profiles of residual stresses using the sin \l/ method 
combined with grazing incident X-ray diffraction (GIXD) technique. It specifically focuses on 
the effects of grinding process on the residual stresses in the thermally sprayed 
nanostructured WC/12Co and AI2O3/I3TIO2 (n-WC/12Co and n-AlzOs/lSTIOz) coatings on 
low carbon steel substrates. The influence of grinding parameters, such as depth of cut 
(DOC), table feedrate, abrasive grit size and wheel bond type, on residual stresses is 
studied. The conditions and limitations of X-ray diffractometry for residual stress 
measurements are discussed. Discussed also is the difference between the average and 
actual depth profiles of residual stresses. The paper introduces a method for retrieving the 
actual depth profiles from the measured average depth profiles. Finally, the influence of 
peak broadening of grain size, anisotropy from different diffraction planes and surface 
finish of the samples on the measurement results is explored. 
© 2002 Kluwer Academic Publishers 

1. Introduction 
Thermal spray is a technique of applying metallic or 
ceramic surface coatings to other base materials, which 
basically includes two varieties: plasma and flame 
spraying. The mechanical properties and structure of 
the coatings formed by plasma and flame spray are the 
topics of many researches [e.g., 1, 2], and depend on 
a number of factors, such as the powder grain proper- 
ties, the substrate material properties and the thermal 
spray conditions. One of the methods to improve ther- 
mal spray quality is to decrease the powder grain size. 
Materials with fine-scale microstructures have been 
recognized to exhibit technologically attractive prop- 
erties. When the grain size of a material decreases to 
the nanometer scale (tens of nanometers), one obtains 
a novel class of materials, called "nanostructured mate- 
rials", which possesses properties different from those 
conventional materials [3,4]. Nanostructured tungsten 
carbide/cobalt (n-WC/12Co) and nanostructured alu- 
mina/titania (M-Al203/13Ti02) coatings are used in the 
current study. 

In many applications, good surface finish and precise 
dimensions are needed for coated components. Grind- 
ing is a widely used method in machining hard and brit- 
tle materials such as ceramics and their coatings. In this 
study, superabrasive grinding is employed to machine 
n-Wai2Co and n-Al203/13Ti02 coatings. The grind- 
ing process can produce residual stresses in a stress- 
free sample or alter the existing residual stress state of 
a sample. 

'Author to whom all cotretpoiKlence thould be addressed. 
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On the other hand, the coated components are 
commonly accompanied with residual stresses caused 
by the thermal spraying process [5-7]. The residual 
stresses can result in spallation and cracking of the 
coatings. Residual stresses due to grinding can alter 
the residual strength [8] as well as the wear resistance 
of the ground workpieces [9, 10]. 

The methods for residual stress measurement in the 
coatings usually include material removal method, sub- 
strate curvature method and diffraction method. In the 
material removal method, strain gauges are attached 
to the coating or the substrate to measure the strain 
changes during drilling a hole in a coated sample [11] 
or removing a layer of the coating [ 12,13]. This method 
is destructive and can easily result in inaccuracies dur- 
ing material removal. The substrate curvature method 
is realized by measuring the changes of the substrate 
curvature caused by the residual stresses in the coat- 
ing [14]. This method is simple, but is limited by sample 
shape and dimensions. 

The X-ray diffraction method is the most popular 
one for direct measurement of residual stresses, which 
is based on the lattice space change. That is reflected 
by the peak position change in the X-ray intensity pat- 
tern. The residual stresses in the coatings result in the 
lattice space change [6,7, 15-17]. This method is non- 
destructive and flexible on the requirements of sample 
dimensions. Due to the limitations of X-ray penetra- 
tion depth, the X-ray diffraction method can only be 
used for surface layer usually of tens of micrometers in 

3229 



thickness. Neutron diffraction is another choice for 
measuring the residual stresses tl8], which can over- 
come the small penetration depth iiniitation of the X-ray 
diffraction method. However, the neutron diffraction 
has its own shortcomings such as low scattering inten- 
sity and limited availability of the neutron. 

The current study is aimed at measuring the residual 
stresses induced by thermal spraying process, and more 
importantly at investigating the effects of grinding pro- 
cess on the residual stresses in the thermally sprayed 
«-WC/l2Co and «-Al20.i/I3ri02 coatings with the 
X-ray diffraction method. In the meantime, the experi- 
mental conditions are presented in detail and the factors 
that influence the measurement results are discussed. 

2. Sample preparation and characterization 
Nanoscale powders present difficulties for thermal 
spraying process due to their high specific surface ener- 
gies and inability to be carried in a moving gas stream 
and deposited on a substrate. In order to successfully 
apply nanoscale powders to thermal spraying process, 
a reconstitution process has been developed [19,20]. In 
the reconstitution process, the nanoscale powders are 
dispersed into colloidal suspension and then a binder 
is added. Through the subsequent spray, the nanoscale 
powders are dried into sprayable spherical microscale 
granules. This method has successfully been used to 
make sprayable granules from metallic, ceramic and 
composite nanoscale powders. 

In this study, low carbon steel substrates with dimen- 
sions of 25 X 75 X 4 mm^ were used for spray coat- 
ings of nanostructured materials. The substrates were 
then coated with the reconstituted /i-WCyi2Co granules 
using the high velocity oxygen fuel (HVOF) method 
and with /i-Al203/l3Ti02 using the plasma spray. Both 
coatings had a thickness of around 0.5 mm. The sprayed 
samples were cut into dimensions of 25 x 4 x 4 mm 
for grinding experiments and X-ray diffraction mea- 
surements. Typical physical properties of n-WC/12Co 
and n - AI2O3/13T1O2 coatings and low carbon steel sub- 
strates are shown in Table I. 

The scanning electronic microscope (SEM) photo 
shows that the n-WC/12Co coating exhibits a large 
quantity of porosities, but without obvious cracks. 
The typical surface features of a thermally sprayed 
n-Al203/13Ti02 coating have pores, cracks, micro- 
cracks and segmented structures formed by the inter- 
connecting microcracks perpendicular to the coating 
surface. 

TABLE I Typical properties of n-Wai2Co,n-Al203/13Ti02 coal- 
ings and low carbon sleel substrate 

Low carbon 

Parameters WC/12CO AI2O3/I3T1O2 steel 

Powder grain size (nm) 30-50 20-80 - 
Mass density (g/cm') 14.50 3.9 7.85 

Thermal expansion (/K) 6 X 10-* 5.5 X 10"* II.5X I0-' 

Young's ntodulus (Cit>a) 222 70 202 

Poisson's ratio 0.22 0.25 0.30 

Mass absorption coefT. 184.023 44.183 - 

3. Grinding experiment 
Grinding experiments were conducted on a precision 
ceramic grinding machine (Dover Model 956-S) with 
the computer numerical control (CNC). The machine 
had aerostatic bearings for its spindle and x, y, z slide- 
ways. The spindle had an axial run-out of 0.05 fim 
and the three slideways had a straightness error of 0.1 
/xm/25 mm. A laser interferometer was equipped to the 
machine that formed feedback loops for the J:, y, z slide- 
ways with a resolution of 0.07 ixm. The loop stiffness 
of the machine was measured to be 50 Wfim. Cup- 
type diamond grinding wheels were used to grind the 
coated samples. The grinding wheels had three differ- 
ent bond types and also three grit sizes for the purpose 
of investigating the effects of bond type and grit size on 
grinding-induced residual stresses. 

The wheel speed was set to 33 m/s or 3500 rpm. In 
order to investigate the effect of material removal rate 
(MRR) on residual stresses, depths of cut were set to 2, 
5,15 and 30 fim and feedrates were at 1,4, and 8 nun/s 
for the grinding experiments. 

4. Residual stress measurement mettiod 
and GIXD teciinique 

The widely accepted sin^ ir technique was used for 
residual stress characterization in this study. The di- 
rection of the measured strain e^^ is defined by the 
azimuth angle (p and the tilt angle ^. The position shift 
of the peaks in the X-ray diffraction pattern reflects the 
lattice plane spacing change, and therefore the residual 
stress. The lattice plane spacing follows Bragg's law. 

A. = 2dhki sin 9 (1) 

where X is the radiation wavelength, dhu {hkl are the 
Miller's indices of the diffraction plane.) is the lattice 
plane spacing, and 0 is the diffraction angle. 

Therefore, the measured strain e^^ along the (<^, ^) 
direction is 

£(pf 
_ d^ii, — d^ _ singp ^ 

do sin^ 

= (ei 1 cos^ <^ -1- £12 sin 2(/> -f £22 sin^ </>) sin^ ^ 

-I- (e 13 cos (^ + £23 sin (^) sin 2^ + £33 cos^ ^ 
(2) 

where do is the unstressed lattice plane spacing, d^^ the 
stressed lattice plane spacing, and ^o and ^ 'he diffrac- 
tion angles corresponding to the unstressed and stressed 
states, respectively. 

According to Hooke's law, using index notation, the 
relationship between strain and stress is as follows. 

l + v V 
Sij = —^cTij-Sij-akk (3) 
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where i, j and* = 1.2,3, £ and v are Young's modulus 
and Poisson's ratio of the coating, respectively. 

After Equation 3 being substituted into Equatioti 2, 
the following equation of residual stresses cai> be 
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obtained. 
IrtDLli     I'    uiltclivc    pcliciiuin'i.    "^p  

n-WC712Co and n-AljOj/l-ITiOz coalings 

l + V 
£^^(r) = —^(CT|,cos^0 + <7|2sin2<^ 

1 +v 

Angles of 
incidence a ('') 

Effective penetration 
depth in n-WO 
l2Co, r(/im) 

Effective penetration 
depth in n-AljOj/ 
I3T1O2. r (/xm) 

+ CT22 sin^ <p - CTjj) sin^ V' + —F-<^3.i 

-I- _tZ(cr,3 COS 0 + CT23 sin 0) sin 2\l/ 
E 

 (ai I + <T22 + 0^33) (4) 

With the assumption of biaxial stress, that is, a\y, an 
and CT33 = 0, the above equation can be simpHfied as 

3 0.1827 2.8695 

5 0.2898 4.6017 

10 0.5083 8.3409 

15 0.6590 11.2880 

20 0.7443 13.4899 

25 0.7652 14.9769 

30 - 15.7678 

(j) = lZ-1- (a,, cos^ (^ + ai2 sin 20 + ^22 sin^ <^) IjfV, 

£ 

X sin^i/f - —(0^11 +o'22) 

sin 00 
sin0 

- 1 (5) 

With the above sin^ y\i method, the residual stress distri- 
butions can be determined from X-ray wavelengths for 
different depths [21.22]. Because different wavelength 
can be obtained by changing the radiation sources, 
which is sometimes troublesome, a combinauon of the 
sin^ T^ method and the layer removal process can enable 
a series of stress measurements in depth direction [22]. 
However, this method is destructive and the removal 
process can easily alter the stress state in the samples. 

The penetration of an X-ray beam is basically depen- 
dent on the diffraction plane and the incident angle a 
used in the measurement. The GIXD technique, which 
is enabled by the parallel opUcs of the X-ray diffrac- 
tometer, is to change the incident angle to obtain differ- 
ent penetration depths. This technique was used in this 
study to obtain the stress depth profiles. The effecuve 
X-ray penetration depth, T, under an incident angle, a, 
is as follows [23], 

T = /5(/x/p)(l/sina-f-l/sin^) 
(6) 

where ^ = 20 - a; p is the mass density of the sample; 
/i is the linear absorption coefficient of the sample for 

X-ray. 
Before calculating the penetration depth r ot A-ray 

in a material, the mass absorption coefficient, /i/P. 
should be found first. The mass absorption coefficient, 
iijp, of a material containing more than one element 
can be calculated from the following expression [22], 

^-©,-(7), -»-••• (7) 

where lui, 1U2. etc, are the weight fractions of elements 
in the material and (p,. (^)2. etc., are the elements- 
mass absorption coefficients with respect to the given 
radiaUon wavelength. The mass absorption coefficients 
for n-Wai2Co and n-Al203/13Ti02 with respect to 
Cu-K«, are calculated based on Equation 7 and listed in 

Table I. Table 11 lists the effective penetration depths for 
Cu-K<, radiation in n-WC/12Co and n-Al203/13Ti02 

coatings. 

5. Measurement results and discussions 
5.1. Residual stresses in as-sprayed 

coatings 
In thermally sprayed coatings, tiie residual stresses 
mainly originate from tiie combined effect of Uie 
splat quenching and the mismatch in tiiermal expan- 
sion between tiie coating and substrate. When high- 
temperature particles hit tiie substrate, tiie particles 
quickly quench due to a large difference in tempera- 
ture During tiie quenching process, tiie contraction of 
tiie deposited coating is constrained by tiie substrate 
due to adhesion. The tensile quench stress is created 
in the coating. In tiie meantime, tiie substrate temper- 
ature also increases. After deposition, tiie coatmg and 
substrate cool down to tiie room temperature. During 
tiie cooling process, the mismatch stress develops due 
to the difference between the two tiiermal expansion 
coefficients of tiie coating and substrate. The mismatch 
stress could be tensile or compressive and is detenmnal 
by tiie difference of tiie two tiiermal expansion coeffi- 
cients. For tiie coatings used in this paper, the tiiermal 
expansion coefficient of substrate material (low car- 
bon steel) is close to twice of tiiat of n-WC/12Co and 
over twice of tiiat of n-Al203/13Ti02 (Table I), botii of 
which result in compressive mismatch stress. 

The final residual sti-esses in tiie coatings are deter- 
mined by tiie combined effect of quenching stress and 
thermal mismatch stress. Biaxial stresses can form un- 
der tiie conditions tiiat tiie substrate is flat, smootii and 
large enough in width and length, and the thickness of 
the substrate is much larger than tiiat of the coating. 
With tiie GIXD technique, the assumption tiiat tiiere is 
no significant stress gradient in the thickness direction 
becomes unnecessary. 

The measurement was carried out on an X-ray 
diffractometer (Bruker AXS), equipped witii parallel 
beam optics. The measurement conditions and config- 
uration are listed in Table III. In tiie following deptii pro- 
file measurements, tiie incident angles of 3-25° were 
used for tiie «-Wai2Co coatings and 3-30° for the 
n-Al203/l 3T1O2 coatings. For other measurements, tiie 
incident angle of 25° (penetration deptii of 0.7652 /xm) 
was fixed for the «-Wai2Co coatings and 30° (tiic 
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Measurement cunuiuons ano conliguration 

Diffractometer 
Optics 

X-ray radiation source 
Radiation wavelength, i. 
Incident slit 
Detector slit 
Detector 
Step size 
Scanning speed 
Incident angles 

Nanostnictured coatings 
Materials 
DIfTraction lattice 

Diffraction plane (hk() 
Diffraction angles (2^0) 

Measurement directions (<)>) 
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Figure I X-ray diffraction patterns ofreconstituted powders, as-sprayed 
coaling and ground coating of n-WC!/12Co. 

penetration depth of 15.7678 /xm) for the n-AlaOs/ 
I3T1O2 coatings. Except particular specification, the 
diffraction planes used were WC( 101) and Al203(214). 

Fig. 1 shows the X-ray diffraction patterns of the re- 
constituted powder, the as-sprayed coating and the 
ground coating of n-WC/12Co. Comparing the three 
patterns, the change of the diffraction intensity and 
the 20 position of the peaks can be observed, which 
means that the thermal spray and grinding process are 
accompanied by a texture change in the coating and 
hence result in residual stresses. 

Equation 5 is used to calculate the residual stresses 
{(Jxx and Oyy) in the current two as-sprayed and ground 
coatings. The depth profiles of residual stresses are 
shown in Fig. 2 for as-sprayed /i-WC/12Co coatings 
and Fig. 3 for as-sprayed n-Al203/13Ti02 coatings. 
Fig. 2 shows that the residual stresses CTXX and Cyy •" the 
as-sprayed /i-WCYl 2Co coatings are tensile and both of 
their values are close to 150 MPa. This means that there 
exits no anisotropy in the plane parallel to the substrate 
surface in the current as-sprayed n-WC/12Co coatings 
for residual stresses. The depth profile indicates that 
there is no significant gradient in the thickness direc- 
tion, which agrees to the assumption used in some ref- 
erences (e.g., 6,17]. 
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Figure 2 Depth profiles of residual stresses in the as-sprayed n-WC/ 
12Co coatings. 
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Figure 3 Depth profiles of residual stresses in the as-sprayed n-Al203/ 

13T1O2 coatings. 

As shown in Fig. 3,. compressive residual stresses 
Oxx and Oyy exist in the as-sprayed w-A^Os/nTiOa 
coatings and their values reach —45 MPa. Similarly, 
there is no anisotropy in the plane parallel to the sub- 
strate surface and no significant gradient in the thick- 
ness direction. The compressive residual stresses mean 
that the mismatch stress plays a dominant role in the 
final formation of the residual stresses in the as-sprayed 
n-Al203/13Ti02 coatings. On the contrary, the domi- 
nant quenching stress in the thermal spray process de- 
termines the tensile residual stress in the as-sprayed 
n-WCyi2Co coatings. A large number of microcracks 
function as stress relief mechanisms, which limit the 
magnitude of the residual stresses to a relatively small 
level for the /i-Al203/13ri02 coatings. 

5.2. Effects of grinding process 
on residual stresses 

The previous studies [21, 24-26] show that the resid- 
ual stresses induced in a grinding process appear to be 
biaxial with stress components axioxx) perpendicular 
to and aiiioyy) parallel to the grinding direction. There- 
fore, only two X-ray measurements are required for 
determining grinding residual stresses in each incident 
angle. This study performed X-ray measurements in the 
directions perpendicular to and parallel to the grinding 
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direction, that is, 0 = 0" and <^ = 90". I he measuremeni 
conditions and the configuration of X-ray diffraction 
are the same as in Table III. 

5.2.1. Depth profiles of residual stresses 
Fig. 4a presents the depth profiles of the residual 
stresses (TX(OXX) and a/iioyy) in the ground /i-WC/12Co 
coatings. The residual stresses in the near surface layer 
were found compressive as opposite to those in the 
as-sprayed coatings. In the near surface layer, crx{cfxx) is 
598 MPa, much larger than a//{ayy) of 387 MPa, which 
means a significant dependence on grinding direction. 
The directional dependence can be considered to be 
due to the cutting action of abrasive grits. The portion 
of material perpendicular to the cutting direction is de- 
formed more plastically than that parallel to the cutting 
direction by plowing. The compressive stresses and the 
apparent plastic deformation observed in an SEM im- 
age (Fig. 4b) of the ground n-WC712Co coating surface 
suggest that the mechanical loading be the main reason 
for the change of residual stresses in the coatings. If 
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Fxiun 4 Depth profiles of residual stresses and SEM surface image of 
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ground ii-Wai2Co coating, (b) SEM image of the surface of a ground 
n-WCyi2Co coating (grinding conditions shown in (a)). 
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the existing stresses in the as-sprayed coating and those 
due to grinding, the change in <TI(<TX,) in the near sur- 
face layer reaches 750 MPa. Rg. 4a also indicates that 
a strong gradient exists in the thickness direction in the 
ground coating. 

Under the same grinding conditions. Fig. 5a shows 
the similar characteristics in the ground n-AhOs/ 
13T1O2 coatings: compressive residual stresses, strong 
dependence on the grinding direction, and significant 
gradient in the thickness direction. There were no obvi- 
ous grinding marks in the ground n-AhOs/l 3T1O2 coat- 
ings, which are evidenced by the SEM image (Fig. 5b). 

5.2.2. Effects of material removal rate 
Altering the depth of cut or the feedrate or both changes 
material removal rate (MRR). For example, MRR can 
be doubled through doubling the depth of cut or the 
feedrate. However, the effect of varying the depth of 
cut or feedrate on the residual stresses induced by the 
grinding process is different. Figs 6 and 7 show that 
the residual stress (ax) increases with the increase of 
the depth of cut or feedrate for the ground n-WC/12Co 
coatings. If comparing Fig. 6 to Fig. 7, one can find that 
the depth of cut has more influence on the residual stress 
(ax) than the feedrate does. In the current cup-type 
grinding, the increase of the wheel depth of cut directly 
results in the growth of the grit depth of cut in the 
thickness direction while the feedrate change mainly 
affects the grit cutting in the longitudinal (horizontal) 
direction and has a relatively small influence on the grit 
depth of cut. 

Fig. 8a shows the change of the residual stress (ax) 
with the increase of the depth of cut for the ground 
n-Al203/13ri02 coating. Fig. 8b is the SEM images 
of the surface of a ground n-Al203/13ri02 coating at a 
depth of cut of 30 /xm. Compared to Fig. 5b (where other 
grinding conditions are the same except that the depth 
of cut is 15 fim), the apparent grinding marks in Fig. 8b 
indicates the significant influence of increasing depth 
of cut. Also the grinding marks suggest that although it 
is not as obvious as in the ground n-WC/12Co coating, 
there still exists plastic deformation in the ground n- 
Al203/13ri02 coating when under a large depth of cut. 
In Fig. 9, it is shown that the residual stress (ax) in the 
ground n-AbOs/lBTiCh coatings also increases with 
the increase of the feedrate. The similar effects of MRR 
can be observed on a//. In the following parts, only ox 
will be discussed and the conclusions are applicable 
to a//. 

5.2.3. Effect of wheel bond type 
Three different bonds, but the same mean grit size of 
15 (im, were used for the grinding wheels: vitrified 
bond, cast iron fiber bond and resin bond. Fig. 10 shows 
that for the n-WC/12Co coatings, the vitrified bond 
wheel caused the largest change in the residual stress 
while the resin bond wheel the smallest. The lower con- 
centration of abrasive grits in the resin bond may par- 
tially contribute to this difference, but is considered in- 
significant. For the n-AhOs/lSTiCh coaUngs. the bond 
type effect was less significant, as shown in Fig. 11. 
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figure 5 Depth profiles of tesidual stresses and SEM surface images of a ground n-AhOs/lSTiOa coating, (a) Depth profiles of residual stresses in 
a ground n-Al203/13Ti02 coating, (b) SEM observations of a ground n-Al203/13Ti02 coating (Grinding conditions shown in (a)). 
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figure 6 Compressive residual sires? aiioj,,) vs. depth of cut in ground 
n-WC/l2Co coatings. 

5.2.4. Effect of abrasive grit size 
For the «-WC/12Co coatings, the larger the abrasive 
grit size, the more the influence on the residual stresses. 
In Fig. 12a, the magnitude of the compressive residual 
stresses reaches as high as 480 MPa in the n-WCY 12Co 
coatings ground with the 120 V wheel. The 120 V 
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Figure 7 Coinpressive residual stress ai.(aj,x) vs. feedrate in ground 
n-WC/12Co coatings. 

wheel resulted in more ductile deformation as shown in 
the SEM observation of Fig. 12b compared to Fig. 4b 
ground by 600 V under the same grinding conditions. 

Fig. 13a presents the influence of abrasive grit size 
on the residua! stress in the ground n-AhOa/lSTiO: 
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coatings. First, the grit size effect was not found sig- 
nificant for the ground n-Al203/13Ti02 coatings. Sec- 
ond, it is interesting to note that the residual stress with 
the 120 V wheel was smaller than that with the 600 V 

Figure 10 Compressive residual stress (Ji(a„) vs. different wheel bond 

types in ground /i-WC7l2Co coatings. 

wheel, which may be attributed to the fact that under 
the same grinding conditions, the 120 V wheel induced 
more chippings and microcracks (Fig. 13b) to a ground 
sample than the wheels with smaller grit sizes. These 
damages function as stress relievers and hence suppress 
the growth of residual stresses. 
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Figure 12 Effect of wheel grit sizes on residual stress and SEM observa- 
tion of an n-WCV12Co coating ground with 120 V wheel. (a)Compres- 
sive residual stressesaj.(<r,x) vs. wheel grit sizes in agroundn-WC/l 2Co 
coating, (b) SEM observalion of plastic defonnation in an n-WC/l2Co 
coaling ground with 120 V wheel (grinding conditions shown in (a)). 

5.3. Averaged and actual depth profiles 
of residual stresses 

One should realize that the above residual stresses, de- 
termined by the X-ray diffraction method, are averaged 
over the entire irradiated layer of the sample. The depth 
profiles, also called r-profiles, are the depth profiles of 

average residual stresses. The actual depth proHles of 
residual stresses, termed z-profiles (where z is the dis- 
tance from the sample surface) can be retrieved from 
the measured r-profiles. r-profile and z-profile have the 
following relationship, 

Q(i) = 
/o g(z)^" z/' dz 

/„%-Adz 
(8) 

where Q(T) is the experimentally measured r-profile; 
q(z) the corresponding z-profile; D the thickness of a 
coating. 

Equation 8 is a Fredholm integral equation of the 
first kind. Analytical or numerical method can be used 
to solve Equation 8 for q(z). The details of analytical 
method can be found in [27,28] for a sample with thick- 
ness much larger than the maximum X-ray penetration 
depth. The numerical method is based on the idea that a 
continuous and bound function can be approximated by 
piece-wise linear functions. Phillips [29] and Twomey 
[30] proposed a linear constrained numerical inversion 
method. Backus-Gilbert method [31] is another inver- 
sion numerical method for solving Equation 8 for q{z). 
Both the methods were designed to control the resolu- 
tion and stability of the inversion results. The solution 
of Equation 8 for q(z) is an important topic for X-ray 
diffraction measurement of residual stresses, which is 
not discussed in this paper in detail. 

Although the profiles of residual stresses presented 
in this paper are r-profiles, the obtained information 
is enough to provide insight into the effect of grinding 
process on the residual stresses in the ground coatings. 

5.4. Peak broadening in X-ray diffraction 
For a perfect crystalline material, the diffraction peaks 
in diffraction pattern should be synmietric and sharp. 
However, for an actual material, the diffraction peaks 
are broadened due to crystal defect, micro strain, in- 
strumental effect and small grain size. When the size of 
crystal grains, such as the nanostructured material pow- 
ders, is smaller than 0.1 (j.m, particle size broadening 
happens, which renders difficulty in the X-ray diffrac- 
tion measurement. However, prior to thermal spray, the 
nanostructured powders used in the current study have 
been reconstituted into micron scale granules. The peak 
broadening phenomenon was not very obvious in resid- 
ual stress measurement of the coatings. Fig. 14 shows 
the diffraction patterns of the reconstituted n-WCy 12Co 
and conventional WC/12Co (Metco) powders. There is 
no apparent peak broadening phenomenon in the pat- 
tern of the reconstituted /i-WCyi2Co powders. 

5.5. Anisotropy 
Elastic anisotropy, that is, dependence of elastic con- 
stants on (hkl) direction in the crystal, was investigated 
on (331) and (420) in nickel coatings by Matejicek et al. 
[17]. Their research indicates anisotropy in these direc- 
tions. In this paper, the dependence of effective penetra- 
tion depth on {hkt) direction in the crystal is discussed. 
Using Equation 6, the effective penetration depths on 
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diffraction planes WC (100) and WC (101) are listed 
in Table IV. 

From Table IV. one can see that the effective pene- 
tration depth first increases with the increase of the in- 
cident angle, and then decreases after it reaches a max- 
imum value for each diffraction plane. The anisotropy 
of the effective penetration depth for different diffrac- 
tion planes presents in two aspects: first, the effective 
penetration depths are different for different diffraction 
planes at the same incident angle; second, the maxi- 
mum effective penetration depth is reached at different 
incident angles for different diffraction planes. As dis- 
cussed above, the average residual stress through the 
penetration depth is obtained from the X-ray diffrac- 
tion. Therefore, even with the same other conditions, 
the measured values of residual stresses will be obtained 
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I /\ u L^i^ 1 y   cuinpuriM>n oi peiicuaiiun acpuis lot (.u-ivui on uiiirac- 
lion planes WC (100) and WC (101) 

idence. an 

Effective penetration depth, r (/tm) 

Angles of im WC(IOI) WC(IOO) 

3 0.1827 0.1788 
5 0.2898 0.2789 
10 0.5083 0.4643 
15 0.6590 0.5592 
20 0.7443 0.5647 
25 0.7652 0.4812 
30 0.7220 0.3072 

TABLE V Surface roughness and measured residual stress a,x 

Surface re ughness. Measured residual 
Samples Ra (/xm) stress (or„)(MPa) 

As sprayed 1.25 152 
Polished 0.72 155 
Polished 0.13 161 

differently for different diffraction planes due to their 
different penetration depths except for the case in which 
the residual stress is uniform through thickness. It is 
important to point out the incident angle or effective 
penetration depth using the X-ray diffraction method 
when a measiu^ment result is presented, especially in 
the case with a significant stress gradient existing. In 
this paper, except for the depth profiles, the residual 
stresses are presented at an incident angle of 25° or 
penetration depth of 0.7652 fim for the n-WC/12Co 
coatings and at an incident angle of 30° or penetration 
depth of 15.7678 /imforthen-Al203/13ri02 coatings. 

5.6. Effect of surface finish 
The asperities on the surface of a sample have the 
stress relaxation effect for the X-ray diffraction mea- 
surement results. For the low penetration depth of 
X-ray (~0.77/.im in n-WCyi2Co and ~16/xm in 
/1-AI2O3/I3T1O2), larger surface roughness tends to 
lower measurement readings for residual stresses. In 
order to investigate the effect of surface finish on resid- 
ual stress measurement, the polishing method was used 
to reduce surface roughness. In the polishing process, 
a very low load was applied to limit the influence of 
polishing on the residual stress existing in the coating. 
Table V lists the surface roughness and the correspond- 
ing measured residual stress Oxx of an n-WC/12Co 
sample. 

Table V shows that the residual stress is slightly un- 
derestimated for a sample with a rough surface. Sur- 
face roughness /?„ is usually less than 0.02 fim for the 
ground n-WC/12Co coatings and less than 0.2 /xm for 
the ground n-AbOs/nTiOa coatings. Since the values 
of the Ra for ground coatings are relatively small com- 
pared to the cflfective penetration depth, the influence 
of surface roughness on the measurement results can 
thus be neglected. 

6. Conclusions 
The X-ray diffraction method is employed to mea- 
sure the residual stresses in the as-sprayed and ground 

nanosiructured WC/1 zco and AI2O3/1311U2 coaiing.s. 
The conventional sin^ \lf method combined with the 
grazing incident X-ray diffraction technique is applied 
to obtain the depth profiles of the residual stresses in the 
as-sprayed and ground samples. The theoretical back- 
ground and assumptions, which justify the application 
of the current method, are discussed in detail. The for- 
mation of the residual stresses in the as-sprayed coat- 
ings is investigated. 

The measurement results show that tensile stresses 
exist in the as-sprayed nanostructured WCyi2Co coat- 
ings while compressive stresses in the as-sprayed 
nanostructured AI2O3/1 STiCh coatings. From the depth 
profiles of the residual stresses, one can see that there is 
no significant gradient in the thickness direction and the 
stresses in the plane parallel to the surface of a substrate 
are isotropic for the two types of as-sprayed coatings. 

The depth profiles of the residual stresses in the coat- 
ings ground with the 600 V wheel show that the residual 
stresses have a significant dependence on the grinding 
direction {a± > a//) and a strong gradient in the thick- 
ness direction. The mechanical loading (grinding) plays 
a major role in changing the state of the sample residual 
stresses. 

The residual stresses induced by the grinding pro- 
cess increases with the increase of wheel depth of cut 
or feedrate or both. For the cup-type wheels, it is found 
that the wheel depth of cut has more influence than does 
the feedrate. In addition, the wheel bond type has an ob- 
vious effect on the alternation of residual stresses for 
die nanostructured WCyi2Co coatings while almost no 
effect for the nanostructured AI2O3/I3T1O2 coatings. 
When compared to the 600 V wheel, the larger grit 
size in the 120 V wheel has more effect on the residual 
stresses in the ground nanostructured WCyi2Co coat- 
ings. However, the chippings and microcracks induced 
by the large grits in the 120 V wheel have a reUef effect 
on the residual stresses in the ground nanostructured 
AI2O3/I3T1O2 coatings and hence lead to a lower level 
of residual stresses. 

The current study is helpful in understanding the 
residual stress state in coatings and in selecting the 
grinding parameters to control residual stresses to a 
desired state. 
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Microgrinding of Nanostructured Material Coatings 
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Abstract 
This study is aimed at experimentally Investigating the effect of microgrinding process on the surface 
finish, subsurface damage and residual stresses of thermally sprayed nanostructured WC/12Co (n- 
WC/12C0) and Al203/13Ti02 (n-Al203/13Ti02) coatings. The material removal mechanisms are 
discussed. Surface textures are measured with stylus profilometry, scanning electronic microscopy (SEM) 
and atomic force microscopy (AFM), and analyzed using conventional methods and scale-sensitive fractal 
analysis. Residual stresses are measured with glancing incident X-ray diffraction (GIXD) technique that is 
capable of providing the depth profiles of residual stresses. Investigated is also grinding damage to the 
coatings. 

Keyv/ords: Microgrinding, Nanostructured material coating, Surface integrity 

1    INTRODUCTION 
Thermal spray is a technique of applying metallic or ceramic 
surface coatings to other base materials. The mechanical 
properties and microstructures of the coatings formed by 
thermal spray are the topics of many researches [e.g., 1, 2]. 
They depend on a number of factors, such as powder grain 
size, substrate materials and thermal spray conditions. One 
of the methods to Improve mechanical properties and 
miCTOStructure of coatings is to deaease the powder grain 
size. When the grain size of a material decreases to the 
nanometer scale, one obtains a novel dass of materials: 
nanostructured materials. Nanostructured materials are 
strengthened by reduced grain size and enriched binder 
phases, and thus offer a higher level of hardness and 
toughness [3, 4]. Nanostaictured materials have a great 
potential for various applications. 
Nanostructured material coatings can be finished using a 
grinding process. This study focuses on microgrinding of 
such coatings. In this study, thermally sprayed n-WC/12Co 
and n-Al203/13Ti02 were used as woricpiece materials. 
Table 1 lists the physical properties of the coatings. The 
coated workpieces were deposited on a low cartson steel 
substrate with 25x75x4 mm' dimensions. The coatings had 
a thickness of around 0.5 mm. 

Parameters WC/12C0 Al203/13Ti02 

Bonding strength, MPa 89.6 20.7 

Powder grain size, ^m 0.03-0.05 0.02-0.08 

Vickers hardness, GPa 12.50 10.57 

Fracture toughness, MPa m^'^ 16.5 3.5 
Thermal expansion, K'' 6x10"^ 5.5x10"* 

Table 1: Typical Properties of n-WC/12Co and n- 
Al203/13Ti02 Coatings. 

Method Surface grinding by cup-type wheels 
Wheels SD120N100V (80 jiM GRIT SIZE, 80V) 

SD600N100V (15 jxm grit size, 15V) 
SD1000L75B (15 jim grit size, 15B) 
SD1000N100C(15 ^m grit size, 15C) 

Wheel speed 33 m/s (3500 rpm) 
Depths of cut 2,5.15. 30 Jim 
Feedrates 1,4. 8 mm/s 

Table 2: Miaogrinding Conditions. 

2   EXPERIMENTAL PROCEDURES 

2.1   Microgrinding Experiment 
Prior to the miaogrinding experiments, the specimens were 
pre-ground with a diamond wheel of 15 urn grit size in order 
to remove the random influence from the thermal spray 
process and make the samples more uniform. The 
miCTogrinding experiments were conducted on a precision 
grinder (Dover Model 956-S) that had aerostatic bearings 
for its spindle and x, y, z slideways. Four diamond wheels of 
cup-type were used. The grinding wfieels had three different 
bond types and also two grit sizes for the purpose of 
investigating the effects of bond type and grit size. Table 2 
summarizes the microgrinding conditions. 

2.2   Post-Grinding Evaluation 
The post-grinding evaluation includes characterization of 
surface texture, residua! stress measurement and 
subsurface damage evaluation. The average roughness 
parameter R, was measured with a surface profilometer 
(Surfanalyzer 5000) and was correlated with grinding 
conditions. The ground surfaces were also measured with 
an AFM (Digital Instruments Nanoscope 4) using the 
tapping mode. The. measured area was 8x8Mm, vwth a 
512x512 array and a sampling Interval of about 15.7 nm. 
Area-scale fractal analysis [5] was performed on ground 
coatings according to ASME/AMSI standards [6]. This 
method uses a tiling algorithm to calculate the apparent 
surface area as a function of the scale of observation. In the 
area-scale plot, the transition scale between rough and 
smooth is the smooth-rough crossover scale (SRC). The 
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slope of the area-scale plot represents the complexity. The 
more negative the slope, the greater the complexity. An 
SEM (JOEL, Model JSM 840) was used to otwerve the 
ground surface and to study material removal mechanisms. 

X-ray diffractometry comlMned with Glancing Incident X-Ray 
Diffraction (GIXD) technique was used to measure the 
depth profiles of residual stresses. The measurement was 
carried out on an X-ray diffractometer (Bruker AXS), 
equipped with parallel l)eam optics. The diffraction planes 
used were WC (101) and AI2O3 (214). 

Nondestructive and destructive approaches were utilized to 
assess damage in ground workpieces. Destructive methods 
provide direct observations of subsurface damage. Etching 
and taper polishing method [7-9] were used to assess the 
subsurface damage for ground coatings in this study. 

3   RESULTS AND DISCUSSIONS 

3.1   Surface Texture 
Figure 1 shows surface roughness R, versus the wrtieel 
depth of cut for ground n-Al203/13Ti02 and rj-WC/12Co 
coatings with the 80V wheel. The ground n-AljOa/ISTiOa 
coatings show a minimum R, at a depth of cut of around 15 
^m, which is due to the combinational effect of thermal 
spray process and microgrinding process. This effect also 
results in the increased complexity of ground surface of n- 
Al203/13Ti02, v(/hteh is shown in the following AFM 
observations. For the n-WC/12Co coatings, the ground 
surface roughness is smaller than that for the n- 
Al203/13Ti02 coatings. It does not show the same trend as 
for the n-Al203/13Ti02 coatings in terms of depth of cut, and 
a larger depth of cut results in a rougher surface. There 
exist the similar trends for the coatings ground with the 
other wheels. For the same grit size, the effect of the wheel 
bond type on surface roughness is insignificant. 
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-*.-n-Al203/13Ti02 

3--^.^ 

2 - 

10 20 
Depth of cut, nm 

30 

Figure 1: Surface roughness vs. depth of cut for ground 
coatings vnth 80V wheel at feedrate of 4 mm/sec. 

Figure 2 shows perspective Images for two n-Al203/13Ti02 
coatings ground with the 15C and 15B wheels and one n- 
WC/12C0 coating ground with the 15C wheel from the AFM 
measurements. The grinding marks are clearly visible on 
the r)-Al203/13Ti02 coating ground with the 158 wheel and 
the n-WC/12Co coating ground with the 15C wheel, and 
have relatively small ranges of height distributions, whereas 
the rvAl203/13Ti02 coating ground with the 15C wheel has 
a significantly coarser texture, a relatively large range of 
height distributions, and no clearly defined grinding marks. 

The area-scale pkJts are shown in Figure 3 from the above 
AFM measurements. Due to the extremely coarse nature of 
the surface on the r>-Al203/13Ti02 coating ground with the 
15C wheel, the relative area never reaches one and the 
SRC cannot be determined. The complexity of the n- 
Al203/13Ti02 coating surface ground wrtth the 15C wheel is 
markedly greater than that of the other tvro surfaces from 
scales of about 5000 nm* to half a nm'. There is a 
transitkxi to less complexity at scales below 500 nm' on the 
n-Al20j/13Ti02 coating surface ground with the 15C wheel. 

The erratk: behavk)r of the area-scale plot for the rv 
Ai20yi3Ti02 coating surfece ground with the 150 wheel at 
scales above about half a }xm' is due to the small nuntber of 
relatively large features that dominate the measurement. It 
wouk) require a measurement on a larger scale to reliably 
determine the complexity of this surface in the regk>n above 
half a nm*. The similarities in the SRCs and the 
complexities of other tvro samples are also clearly shown in 
Figure 3. The only difference is that /)-WC/12Co coating 
ground with 15C wheel is slightly more complex than n- 
Al20j/13Ti02 coating ground with the 158 wheel at scales 
bekw 10,000 nm». At scales bekw about 1,000 nm' the 
complexities of all three surfaces appears to be converging, 
which couW be an indication of underlying microstructure of 
the vw>rkpiece material. 

(a) n-Al203/13TiO2 ground with 158 wheel. 

(b) f7-WC/12Co ground with 15C wheel. 

(c) n-AlzOs/ISTiOj ground with 150 wheel. 

Figure 2: 3D AFM image of the coatings ground at depth of 
cut of 15 nm and feedrate of 1 mm/sec. 

The differences presented in Figure 3 are due to the 
difference of material properties and grinding conditions. 
SEM observations (Figure 4) of ground coatings show that 
both ductile flow and brittle fracture can occur as the 
material removal mechanisms for these two types of 
coatings. However, the extent and frequency of occun-ence 
depend on the material properties of the workpiece, grinding 
parameters and machine conditions. Prevk)us studies [8, 
10-12] have also shovtm that both ductile fk>w and brittle 
fracture occur simultaneously in grinding of ceramic 
materials. It was obsen/ed that initial ductile flow 
progressively changed to brittle fracture after a critical depth 
of cut was reached. 



An expression for the critical depth of cut has been derived 
[131. 

P(EIH) 
(1) 

where ^ is a constant. From Equation (1), one can see that 
l)rittieness, defined as the ratio of hardness to fracture 
toughness of a material, is a governing factor influendng 
the critical depth of cut. Compared to the n-WC/12Co 
coatings, higher brittleness of the r>-Al203/13Ti02 coatings 
results in smaller critical depth of cut dc. rj-AljOyiaTiOj has 
a smaller dg. Therefore, fracture can be observed on the 
ground rvAl203/13Ti02 even under a small material removal 
rate. 
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Figure 3: Area-scale plot of the coatings ground at depth of 
cut of 15 nm and feedrate of 1 mm/sec. 

(a) n-WC/12Co. (b)rvAl203/13Ti02 

Figure 4: SEM observations of ground coating with 80V 
wheel. 

3.2 Subsurface Layer Structure 

The integrity of subsurface layer mainly includes residual 
stress and damage. In thermally sprayed coatings, the 
residual stresses mainly originate from the combined effect 
of the splat quenching and the mismatch in thermal 
expansion between the coating and substrate. The 
microgrinding process can alter the existing residual 
stresses. 

Figure 5 (a) presents the depth profiles of the residual 
stresses   a,(a„) and   o-„(a„) in the as-sprayed and 

ground n-WC/12Co coatings. The residual stresses in the 
ground coatings were found compressive as opposed to 
those in the as-sprayed coatings. In the near surface layer. 
<r,(a„) is 598 MPa, much larger than a„(cTj of 387 

MPa, which means a significant dependence on grinding 
direction. The directional dependence can be considered to 
be due to the cutting action of abrasive grits. The portion of 

material perpendicular to the cutting direction is deformed 
more than that parallel to the cutting direction. The 
compressive stresses and the ductile deformation observed 
in the SEM image of the ground r>-WC/12Co surface 
suggest that the mechanical loading be the main reason for 
the change of residual stresses in the coatings. If the 
resultant residual stresses are a result of the superposition 
of the existing stresses in the as-sprayed coatings and 
those due to microgrinding, the change in a^(<T„) in the 

near surface layer reaches 750 MPa. Figure 5(a) also 
indicates that a strong gradient exists in the thickness 
direction in the ground coatings. Under the same grinding 
conditions. Figure 5(b) shovre the similar characteristics in 
the as-sprayed and ground n-Al203/13Ti02 coatings: 
compressive residual stresses, strong dependence on the 
grinding direction, and significant gradient in the thickness 
direction. 
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Figure 5: Depth profiles of residual stresses in as-sprayed 
and ground coatings. 
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Figure 6: Subsurface observations of ground n-WC/12Co 
coatings. 
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igure 6 shows two different configurations of subsurface 
acks observed in the ground n-WC/12Co coatings. Both 
.edian and/or lateral cracks are observed. However, due to 
e influence of the defects from the thermal spray process, 
norphous configurations can be observed. The defects in 
e as-sprayed coatings play a significant role in the 
ibsurfece crack initiatton and propagation. On one hand, 
e area that contains the defects is the most possible area 
initiate crack. In additkin, cracks tend to expand atong 

ain boundaries, mfcroaacks and microvoids, which is 
msklered as the main reason for the formatwn of the 
acks. On the other hand, when the tip of a developing 
ack meets some defect such as a void, this defect can 
nctk>n as an energy reliever and prevent the aack from 
rther developing. For n-Al203/13Ti02 coatings, the 
ibsurface cracks are mainly the mlcrocracks. 
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Figure 7: Effects of depth of cut on depth of damage 
(Feedrate: 4 mm/sec, Wheel: 15V)- 

gures 7(a) and (b) show the effects of the wheel depth of 
it on the mean and maximum depths of damage in ground 
>atings. The mean depth of damage has the same trend 
. the normal grinding force: the increase of wheel depth of 
It results in the increase of the mean depth of damage. 
>wever, due to the influence of the defects In the coatings 

other random factors, the maximum depth of damage 
■es not completely follow this trend. The mean depth of 
image increases with the increase of the wheel grit size 
id the wf)eel borKi hardness, which also agrees with the 
>rmal grinding force. IHowever, the effects of wheel t>ond 
oe and grit size on the maximum depth of damage are 
significant for the n-P^^O-J^ 3TI02 coatings, 

xnparing Figures 7(a) and (b), one can find that the depth 
damage is higher for n-WC/12Co than for n- 

203/13Ti02, especially at large material removal rates, 
lis trend can t}e explained by the difference in the 
ittleness for the two coatings. Zhang and Howes [9] 
oposed a model to describe the relationship between the 
:pth of damage and brittleness, 

= (200rf„^)'"«8('i(«/>^«)) (2) 

tere (/„„ is the maximum grit depth of cut and /I Is a 
nstant. Equation (2) shows that damage depth decreases 
th an inaease of material brittleness. 

4 CONCLUSIONS 

The study demonstrates that the effect of the mkrogrinding 
is confined within the surface layer of the ground coatings; 
the wheel depth of cut is the most influential parameter in 
the cup-type grinding; ductile flow is the dominant material- 
removal mechanism for the n-WC/12Co coatings under all 
the condrttons and for the r)-Al20j/13Ti02 coatings at a 
relatively k>w material removal rate. The residual stresses 
induced by the microgrinding process are found to be 
compressive in both types of coatings. The resWual 
stresses have a directk>nal effect and are with a large 
gradient in the ttiickness directton. 

The area-scale analysis of AFM measurements clearty 
differentiates the ground coating surfaces, and it indicates 
the scales at which the differences and similarities exist. 
These similarities and differences appear to tie related to 
the grinding conditions and to the workpiece material 
properties. 
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AN EXPERIMENTAL INVESTIGATION OF THE GRINDING FORCES AND 
SURFACE FINISH ON NANOSTRUCTURED CERAMIC COATINGS 

J. K. Dey. B. Zhang. Z. H. Deng* 
Department of mechanical engineering 

University of Connecticut, 
Storrs, Connecticut 06269 

ABSTRACT 
This study investigates grinding of nanostructured 

ceramic coatings and compares grinding of such coatings 
to that of their conventional counterparts. Two different 
types of conventional and nanostructured ceramic 
coatings are ground with cup-type grinding wheels of 
three different bond types and two different grit sizes. The 
grinding forces generated and their variations with process 
parameters such as depth of cut and feedrate are studied. 
The process parameter effects on the average roughness of 
the ground coatings are also reported. The normal 
grinding forces are correlated with the depth of cut and 
feedrate using a time domain dynamic model, which takes 
into account the non-linear effects such as cutting 
stiffness. The study concludes that both simulation and 
experimental results have a good agreement with each 
other. 

INTRODUCTION 
There has been an ever-increasing demand in the 

modem industry to use harder and tougher materials 
among which ceramics have gained a wide range of 
popularity and importance in the manufacturing scenario. 
Since manufacturing cost of the sintered ceramics is high, 
recently there has been a trend to use plasma-spray 
ceramic coatings on metal substrates. Since ceramics and 
their coatings being very hard are extremely difficult to 
machine, grinding still remains one of the cost efficient 
and effective processes. 

A decent amount of research effort has been directed 
towards understanding the grinding of conventional 
ceramics. Wamecke and Rosenberg [1], and Malkin and 
Huang [2] have discussed the mechanisms of grinding of 
ceramics with the indentation mechanics approach. They 
identified two crack systems, which helps explain material 
removal by fracture. They also suggested a critical 
grinding load, below which a ductile mode grinding 
prevails. Zhang and Howes [3] have found material 
pulverization in grinding of ceramics. Studies have also 
been conducted on grindability, strength degradation of 
ceramics and effect of wheel and process parameters on 
surface finish of the ground workpieces. Kitajima et al. 
[4] have evaluated the grindability of ceramics from the 
measurement of grinding forces and energy and SEM 
observations of the ground surface. They concluded that 
the grindability of ceramics is directly related to 
workpicce material characteristics, such as hardness, 
bending strength, fracture toughness and Young's 
modulus. Meyer and Fang [1995] studied the effect of the 

•School of Mech. & Automotive Engr., Hunan University, China. 

grinding parameters on the strength and finish of the 
ground ceramics and proposed a relationship between the 
grit depth of cut and the flexural strength. Moreover, it 
has been emphasized that a unique relationship exists 
between the average roughness and grit depth of cut. 
Mamalis and Vaxevanidis [6] have applied grinding to 
ceramic coatings on steel substrate for improving 
efficiency of thermal spray coated ceramics. They 
identified brittle fracUire and ductile flow as material 
removal mechanisms in the grinding process. 

On the other hand, research efforts have also been 
dedicated to the dynamic modeling of grinding processes 
and systems. A considerable amount of work has been 
done on modeling the grind forces in surface grinding of 
metals. Snoeys et al. [7, 8] established the dynamic model 
for an external plunge grinding process and analyzed the 
stability using the classical control theory. The parameters 
dominating the stability were cutting stiflBiess, wear 
resistance of the wheel and contact stiffiiess. Bartalucci 
and Lisini [9] performed a closed-loop analysis simulating 
the machine structure dynamics and the regenerative 
effect of the grinding wheel. They have successfully 
attempted to explain the slow growth of the chatter 
amplittide and process instability in cylindrical plunge 
grinding. Chiu and Malkin [10] used a simulation-based 
approach on the external plunge grinding process. 
Thompson [11-13] did an analytical modeling of surface 
grinding for the static and dynamic analysis and verified it 
experimentally in which a mathematical model has been 
investigated for the development of chatter. The time 
domain analysis was attempted by Biera et al. [14]. They 
simulated an external plunge grinding process. The time 
domain dynamic model is a block-based simulation tool, 
which considerably simplifies the inclusion of several 
effects. The effect of the contact stiffiiess and the wheel 
wear were neglected to simplify the interference problem. 
Another time domain modeling of the grinding of 
ceramics was done in the same lines by Zhang et al [15], 
in which the authors tried to predict the effect of machine 
stiffness on normal forces, acttial depth of cut and 
workpiece strength in the grinding of silicon nitride. 

However, to the best of the author's knowledge Ae 
grinding of thermal spray coated nanostructtu-ed ceramics 
has not been studied. Nanostructtircd materials have 
emerged upon the horizon of materials in the past few 
years [16]. A material is considered nanostructtired 
material when its grain is reduced to tens of nanometers 
[17]. Nanostructtired materials are stt-engthened and 
toughened by a reduction of grain size, thus offering a 
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high level of both hardness and toughness compared to the 
conventional materials. The hardness of the 
nariostructured ceramics increases with a decrease in the 
mean free path of the dislocations [18]. Specifically for 
the WC/Co, it has been seen that by decreasing either the 
grain size or the cobalt content, the hardness and abrasion 
resistance of the nanostnictured ceramics increase. 
Hardness is also increased by having higher tungsten 
content in the binder phase as well as an amorphous phase 
[19]. It has been observed that the abrasion resistance 
increases exponentially with an increase in the Vickers 
hardness. Since grinding is a process similar to abrasive 
wearing, it is expected that larger forces would be 
required to grind these nanostnictured materials. 

This combination of higher hardness and toughness 
provides the nanostnictured materials with a great 
potential for many applications. Although the increased 
hardness and enhanced fracture toughness renders the 
nanostnictured materials more difficult to grind, the 
performance of the components using nanostnictured 
materials and coatings strongly depends on the processing 
techniques used. Thus the investigation of the grinding 
forces required, the surface finish generated and the 
mechanisms of material removal, and the judicious choice 
of the abrasive wheels to grind these nanostnictured 
ceramic coatings are of interest. 

An attempt has thus been made to study the feasibility 
of grinding nanostnictured ceramic coatings. The effect of 
process parameters such as feedrate and depth of cut on 
grinding forces are investigated. Moreover, the 
mechanisms of material removal in AlzO^/TiOi and 
WC/Co are investigated. The present work also attempts 
to model the surface grinding of the workpieces coated 
with nanostnictured and conventional WC/12Co and 
Al203/Ti02. The normal grinding force varying with the 
depth of cut and the feedrate has been predicted using this 
model. The experimental results are further used to 
validate the model. 

THEORETICAL MODELING 

1. Grinding system 
A Computer Numerical Control enabled precision 

grinder (Dover instrument model 956-S) was used for 
conducting the grinding experiments. The machine was 
designed for precision grinding of brittle materials in 
submicron accuracy and was equipped with a granite base 
and a column to support an aerostatic spindle and 
aerostatic slideways. The machine had an axial run-out of 
0.05 nm on the spindle and a straightness error of 0.1 
nm/25 mm on the slideways. The machine was equipped 
with a laser interferometer with a resolution of 0.07 \im 
for its X, y and z slideways. The machine had a high loop 
stiffness of 50 N/^m as compared to the 20-30 N/>un for 
typical grinders. 

2. Dynamic model 
The dynamic model of the grinding system is 

developed for the nanostructured ceramic coatings. At any 

time /, the actual depth of cut «J»(0 is equal to the infeed 
«(/) minus the wheel wear S,{t), the contact deformation 
y^(t), and the machine deformation y„{,t). 

<?*(/) = u{i)-S.(i)-yc«,(t)-ymiO (') 
The schematic of the coated workpiece is shown in 

Fig. 1. The interface layer of the coating is usually in a 
few nanometers which is 3-4 orders of magnitude smaller 
than the coating thickness although it has to be 
appreciated that the interface may form the weakest link 
in the workpiece. It has been studied by researchers that 
residual stresses are generated in the coatings during their 
forming process [20]. The residual stresses make it 
difficult for the cracks to propagate towards the interface, 
which in turn reduces the chances of de-bonding at the 
interface [21]. Hence, for all displacement calculations in 
the direction perpendicular to the interface, we could 
neglect the interface layer and assume that the workpiece 
consists of only the coating and the substrate. 

Interface 

Fig.1 Schematic of coated workpiece (unit: mm). 

The instantaneous wheel wear is the difference in the 
wheel wear between two consecutive revolutions of the 
wheel which result in, 
AS,(t) = S,it)-S,it-T,) (2) 
This is also known as the regenerative feedback loop for 
the wheel. The instantaneous depth of cut of the 
workpiece is the difference of the workpiece thickness 
between the two consecutive passes and is given as, 
AS^(t) = SJt)-SAt-rJ (3) 
This is the workpiece regenerative loop, however in the 
present setup we are interested in the single pass grinding, 
so we will ignore the effect of this loop. Researchers [7, 8] 
have assumed that the instantaneous depth of cut, the 
instantaneous wheel wear, and the contact deformation is 
directly proportional to the normal grinding force 
F„it) = k^AS^it) (4) 

F„{,) = k,ASAO (5) 
/=-,(') = *»■:>'«« (0 (6) 

■ The contact compliance for grinding is very hard to 
measure accurately. However, an estimate of the order of 
magnitude of the contact deformation has been done using 
Finite Element Method. 

Brick elements with twenty Gaussian integration 
points are used in FEM. Fig. 2 shows the mesh and the 
boundary conditions. The element dimensions used are 
2.5:0.2:0.1. A finer mesh is used near the region in the 
neighborhood of the grinding zone. The workpiece base is 
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constrained in the x, y and z directions as shown by the 
arrows. The grinding pressure acting on the grinding zone 
is assumed to be uniform for the case of the cup-type 
surface grinding. The shear is neglected since the shear 
does not drastically influence the total deflection of the 
contact area in the vertical direction even for high values 
of friction coefficient [7, 8]. The calculations were 
conducted in MARC. The convergence of the solution 
was tested by refining the mesh and performing the 
calculations until no significant difference in the values of 
the results was obtained. 

> v: X 

Uniform pressure 
2. 
♦- 

d 

Interface /- 7 _ y— /'   /V ZLZL 7 :.A ''4/ ' .   A 
* ' ^ 
i 

» ' 

    .   i i' 
> / A /' //A ̂ 5^,/'. ̂  / ./.'} 

Base constrained in jc, y and r directions 

Fig. 2  Schematic of mesh and boundary conditions 
in FEM (unit: mm). 

The deflections obtained are in the order of 10 ^ ^m, 
which are two orders smaller than the depth of cut used in 
the grinding process and the machine deflections typically 
obtained. Therefore, the effect of the contact stiffness was 
neglected in this analysis. 

The characteristics of the grinding system are 
described using a transfer function, which correlates the 
dynamic displacements of the machine with the normal 
force, as developed by Zhang et al. [15]. The transfer 
function H(s) is given as 

1 

H{s) = 
a. 1 (7) 

The regenerative loop for the wheel can be transformed in 
the frequency domain, which gives 

^5,{s) = S,{s)-S,{s)e-"■ (8) 
The frequency domain expressions for Eqs. (4-6) are 

FSs) = kMAs) W 
FSs) = kA5,{s) (10) 

The equations are incorporated in a block diagram 
shown in Fig. 3. The feedback loop formed by the 
machine transfer function and contact compliance could 
be replaced by a single gain given as 

A{s)^ ^2=  (12) 
l + //(j)*_ 

The  feedback  loop  formed  by A{s) and the wheel 
flexibility is given by 

D(5) = 
A{!!)k,{\^e-") (13) 

A,(l + e-"')+'4(j) 
Finally, the transfer function relating force and depth of 
cut is thus given as 

G(5) = 

3. 

k,(Ue-"-Xk^ + A{s)) + A{s)k^ 
(14) 

Computer simulation 
The block diagram shown in Fig. 3 describes the 

dynamics of the grinding process. The transfer fiinction 
for the machine dynamics is experimentally determined. 
The cutting stiffness is defined as the ratio of the normal 
force to the actual depth of cut. It takes into account the 
non-linearities such as friction and plastic deformation in 
the grinding zone. These non-linearities are manifested in 
the form of the cutting stiffness in this model. The value 
for the cutting stiffness is determined experimentally 
using the staircase test method [Zhang eM/., 1998] where 
the actual depth of cut is evaluated for every set depth of 
cut For preliminary analysis the contact stiffiiess can be 
assumed to be infinite for ceramic grinding. For the 
computer simulation, MATLAB with Simulink toolbox is 
used. The regenerative effect of the wheel is modeled 
using the transport delay block. The infeed to the system, 
which is the set depth of cut, is given as step input. The 
output from the simulation block is obtained in forms of 
graphs. 

Contact   Cutting 
stiffiiess force F„ 

—;;(g)—n V~ry 
Infeed 

Transfer function 

H 

A8. 
\lk. 

Wheel 
regeneration 

THgH 
 ,1   Wheel flexibility 

\lk^ 

Cutting flexibility 

Fig. 3 Block diagram for single-pass surface 
grinding of coatings. 

EXPERIMENTATION 

1.   Experimental procedures 
The grinding was carried out on workpieces coated 

with the nanostructured and conventional WC/12Co and 
AlzOj/OTiOz coatings. The thickness of the coatings 
varied between 400-500 urn. The wheel surface speed 
was maintained at a constant value of 33 m/sec. The 
properties of the coated materials are given in Table 1, 
while the bulk properties of the conventional and 
nanostructured WC/12Co are listed in table 2. 
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The grinding experimentation was carried out using 
cup-type grinding wheels with three different bond 
materials and two different grit sizes. Table 3 gives the 
specifications of the wheels used. 

The 600V, 600B and 1 kC wheels had the same mean 
grit size, which allowed to study the effect of the bond 
type in the grinding process. The 120V and 600V had the 
same bond type but different grit sizes, which facilitated 
the study of the effect of the grit size. The diamond 
wheels were trued using a brake controlled truing device 
and dressed with a green carbide stick. The grinding 
forces were monitored using a piezoelectric force 
transducer (Kistler model 9167A 1.5). The workpieces 
ground were approximately 4 mm wide, 4 mm thick and 
25 mm in length. All the workpieces were ground with an 
ample supply of grinding fluid, which had the wheel and 
the workpiece completely flooded, and the particles 
flushed. 

Table 1 Physical Properties of the Coatings 

Parameters 
wanco AIjCyiSTiOi 

Conv. Nano. Conv. Nano. 

Bonding 
strength, MPa 

82.7 89.6 15.5 20.7 

Power grain 1.3 0.04 3.0 0.05 
size, urn 
Vickers 

hardness, GPa 
12 12.5 10.44 10.57 

Notation c-WC/Co n-WC/Co c-Ain-i n-AI/Ti 

Table 2 Bulk Properties of the Conventional and 
Nanostructured WC/12Co 

Parameters Nano. Conv. 

Vickers hardness, GPa 20.58 17.64 

Fracture toughness, MPaVm 16.5 16 

Young's modulus, GPa 560 550 

Mass density, g/cm' 14.5 14.2 

Table 3 Specifications of the Diamond Wheels 

Wheel 
SD120N 
lOOV 

SD600N 
lOOV 

SDIOOON      SD600N 
lOOC             lOOB 

Notation 120V 600V 1 KC            600B 

Bond type Vitrified Vitrified Cast iron      Resin 

Mesh# 120 600 600              600 

Grit size, nm 125 15 15                15 

The ground workpieces were evaluated for surface 
roughness measurements on a Surfanalyzer (Federal 
Product Model 5000) in a direction perpendicular to the 
grinding direction with a cut-off length of 0.025 mm. The 
number of observations taken for each data point was 10 
throughout the experiments. 

2.   Experimental results 
It can be observed from Figs. 4 and 5 that the surface 

roughness values (RJ) arc higher for the AIA"i coatings 
than for the WC/Co coatings. Typically as it is observed 
from Fig. 5 that for a feedrate, e.g. 1 nun/sec, the average 
surface roughness value for the WC/Co coatings is 0.02 
^m while for the Al/Ti coating is 0.1 ytm, which was five 
times different. Another observation is that the average 
roughness is higher for the nanostrucmred coatings than 
for the conventional counterparts in the case of the Al/Ti 
coatings while it is almost the same for the nanostructured 
and conventional WC/Co coatings. Moreover, the surface 
roughness increased with increasing feedrate. It can be 
observed from Fig. 4 that for the WC/Co coatings there is 
no significant increase in the average roughness with 
increasing depth of cut. While the depth of cut changes 
from 5 ^m to 30 |im, the change in surface roughness is 
merely 5%. An interesting observation is that the 
roughness values are sometimes smaller for the 5 or 10 
nm depth of cut than for the 2 fmi depth of cut, which is 
observed from Fig. 6. For the 120V, the minimum surface 
roughness value is found at a wheel depth of cut of 
approximately 18 ^un, while for the 600V wheel, such a 
value is obtained at around 10 urn depth of cut. It can be 
also seen from Fig. 6 that the average roughness values 
are greater for the coarser wheel than for the finer wheel. 
The effect of the bond type can also be observed. 
Generally, the roughness values are the greater for the 
metal bond wheel than for the other types of wheels. 

The normalized forces are plotted for the four 
coatings to study the effects of grinding process 
parameters, wheel grit size and bond type. A linear trend 
line is fitted to the data points. From Figs. 7 and 8, it is 
noted that the normal grinding force for the 120V wheel is 
smaller than the other three wheels having a smaller grit 
size. In addition, the force increment for the fmer wheels 
is larger than for the coarse wheel as the cutting 
conditions become more aggressive. 

On the other hand, the nanostructured coatings show 
a steeper increase in grinding force than the conventional 
coatings, which can be observed by comparing the slopes 
of the trend lines. With the 600V wheel, for example, the 

E a. 

0.30 

0.20 

0.10 

0.00 

o n-WC/Co 
o c-WC/Co 
-^ n-Al/Ti 
a c-Al/Ti 

a^ 

10 30 20 
DOC,   nm 

Fig. 4 Variations of surface roughness with DOC for 
1 kC whee\, at feedrate=4 mm/sec. 

40 
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force line slope is 0.25 N/(mm^- ^m) for the n-Al/Ti 
coatings while it is 0.18 N/(mm^nm) for the c-Al/Ti 
coatings. The break-in force, which is given by the 
intercept, is 1.85 N/mm^ for the n-AI/Ti coatings and 1.73 
N/mm^ for the c-Al/Ti coatings. 

Figs. 7 and 8 also corroborate the fact that, increasing 
the depth of cut does not result in a proportional increase 
in the grinding force. This is evidenced by the fact for the 
n-WC/Co coatings ground with the 600V wheel, the 
normalized force is approximately 4.5 N/mm^ at a depth 
of cut of 15 nm, compared to 7.2 N/mm^ at a depth of cut 
oftoof30nm. 

A comparison can be made for the force variations 
with bond type based on Figs .7 and 8. With the same grit 
size the metal bond wheel generates the largest force 
followed by the vitrified bond and the resin bond wheels. 
The 1 kC wheel consistently results in grinding forces of a 
steeper slope. The intercepts of the trend lines are the 
break-in forces. 

0.30 

I 0-20 

0.10 

0.00 

o n-WaCo 
o c-waco 
A n-Al/Ti 
D c-Al/Ti 

0 4 6 
Feedrate, mm/sec 

10 

Fig. 5 Variations of surface roughness with feedrate 
for 1 kC wheel at D0C=15 urn. 
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0 10 20 
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Fig. 6 Variations of surface roughness with wheel 
depth of cut for different grinding wheels at feedrate 
=4 mm/sec. 
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DOC, ^m 

(a) n-WC/Co coatings 

30 40 
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DOC, nm 

(b) n-Al/Ti coatings 

Fig. 7 Variation of normalized forces with DOC 
for n-Al/Ti and n-WC/Co coatings. 

Fig. 9 shows the effect of feedrate on the normalized 
force for different coatings. The cutting forces increase 
with an increasing feedrate, but with a diminishing rate of 
increase. The rate of increase for the n-Al/Ti coatings is 
somewhat larger as compared to the n-WC/Co coatings. 

Fig. 10 compares the forces generated in grinding 
different coatings with the same wheel under the same 
conditions. It is interesting to note that the n-WC/Co 
coatings result in higher forces than the n-AVTi coatings. 
Furthermore, the nanostructured ceramic coatings show a 
larger grinding force than the conventional ceramic 
coatings. The dotted lines are the simulation lines, which 
are generated from the model. It can be observed that they 
have almost the same slope and intercept as the 
experimental trend lines, which alludes to the fact that the 
simulation results are in a good agreement with the 
experimental results. 

To compare the grinding forces for bulk and coated 
ceramics, bulk conventional WC/Co workpieces are also 
ground and the forces are compared with the conventional 
coatings. It is observed, as from Fig. 11 that the normal 
forces arc greater for the bulk WC/Co than for the c- 
WC/Co coatings. Again the simulation results seem to 
closely follow thfe experimental trend lines. 

SEM observations were taken for the ground 
workpieces. Figs. 12 and 13 depict a typical as-sprayed 
surface for n-WC/Co and n-Al/Ti, respectively. The 
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inherent porosities as a result of the thermal spray process 
can be observed from both the figures. Figs. 14,15 and 16 
show the surface for the ground n-WCVCo. Grinding 
scratches can be observed on all the three v^orkpieces. 
The density of the grinding scratches is higher in Figs. 15 
and 16 than in Fig. 14, which is as expected and 
confirmed by the surface roughness observations. Fig. 17 
represents the ground surface for n-Al/Ti. Some voids and 
microcracks can be observed in the workpieces as 
opposed to the grinding scratches observed in the WC/Co 
workpieces. 
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(a) c-WC/Co coatings 
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Fig. 8 Variations of normalized forces with DOC for 
c-WC/Co and c-AI/TI coatings. 
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Fig. 9 Normalized force variations of different 
coatings v^ith feedrate. 
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Fig. 10 Normalized force variations of different 
coatings with DOC using 1 kC wheel (Dotted lines 
showing simulation results). 
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Fig. 12 SEM observation of as sprayed n-WC/Co. 
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Fig. 13 SEM observation of as sprayed n-Al/Ti. 
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Fig. 14 SEM observation of the ground surface of n- 
WC/Co (Wheel: 1 l<C, DOC= 2 jjm, feedrate = 4 
mm/sec). 

Fig. 15 SEM observation of the ground surface of 
n-WC/Co (Wheel: 1 kC, DOC= 15 pm, feedrate= 4 
mm/sec). 

Fig. 16 SEM observation of the ground surface of n- 
WC/Co (Wheel: 120V, DOC= 15 |jm, feedrate= 4 
mm/sec). 
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Fig. 17 SEM observation of the ground surface of n- 
Al/Ti (Wheel: 1 l<C. DOC= 15 pm, feedrate= 4 
mm/sec). 

DISCUSSION 
The study mainly focuses on tlie grinding of 

nanostructured coatings of WC/12Co and Al/13Ti02 with 
a main thrust on the normal grinding forces and surface 
finish of the ground parts. The effect of bond type and grit 

size of the diamond wheels on the normal grinding forces 
is also studied. One important finding of the study is that 
the normal grinding forces are consistently higher for the 
nanostructured coatings than for the conventional 
coatings. The higher forces in the case of the 
nanostructured coatings can be attributed to the higher 
abrasion resistance of the coatings as compared to the 
conventional coatings. Abrasion in a material is caused by 
penetration of abrasive particles and by material removal 
through fi-acture and plastic flow, which is reflected by 
mechanical properties such as hardness, strength and 
toughness. The higher strength and fracture toughness in 
the nanostructured materials might explain the higher 
abrasion resistance but it is interesting to note that the 
abrasion resistance of the WC/12Co also depends on the 
grain size of the material [19]. The abrasion resistance is 
found to be more sensitive to the grain size than to the 
hardness. The previous studies conducted conclude that in 
spite of having the same hardness, the n-Al/Ti coatings 
are more wear resistant than their conventional 
counterparts [22]. This is due to the fact that the abrasive 
wear resistance depends on the particle size and the 
coating microstructure. Thus with enhanced wear 
resistance and almost the same hardness the grinding of 
the nanostructured ceramjc coatings requires larger forces 
and higher specific energies than the conventional ones. 

Another broad observation made is that the 
workpieces ground with the metal bond wheel require a 
larger force than that for the resin and the vitrified bonds. 
This could be explained by considering the mechanical 
properties of the wheel bonds. Dislodgment of abrasive 
grains and bond fracture in a wheel could occur either by 
deformation or fracture at the bond [23]. In case of the 
metal bond wheel, because the bond material is stronger 
and tougher, the abrasive grains could generate a large 
area of wear flats. Moreover, since the grinding force 
consists of two components, one due to cutting and the 
other due to sliding alone, the sliding component of the 
force increases with the increasing wear flat area and thus 
the overall force. This explains the fact that the metal 
bond wheel requires greater forces than the vitrified and 
the resin bond wheels while grinding under the same 
conditions. 

Another interesting observation made is that at DOC 
= 5 fun, the surface roughness of the ground 
nanostructured ceramic coatings is found to be lower than 
at DOC = 2 jun. This could be attributed to the effects of 
initial defects and smearing phenomenon during grinding 
of the workpieces. The initial defects and the smearing 
effect are the two competing factors towards the surface 
finish of the ground workpiece The nanostructured 
ceramic coatings had porosities as defects as can be 
evident from the SEM photos of the as-sprayed WC/Co 
and Al/Ti shown in Figs. 12 and 13. Referring to Fig. 14, 
which shows the ground surface of WC/Co, traces of 
porosities and voids can still be observed. When the 
material smeared on the surface is not enough to fill in the 
pores, the ground surface appears rough with porosities. 
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lerwise, the surfece can be smooth with a low 
ghness value. As the depth of cut increases the more 
tcria! accumulated may fill up the pores and gradually 
1 to form pilcups as can be found in Figs. 15 and 16. 
3 surface roughness increases as a result of the pilcup 

(nation. . 
Nevertheless, the model developed for the simulation 
been validated by the experimental results and the 

mlation results are in a good agreement with the 
)erimental data. However, slight deviations are 
■.erved with an increasing depth of cut. This 
.•nomenon might result from the non-linearity of the 
ting stif&iess, which is dependent on the grinding 
eel compositions and dressing conditions. The cutting 
friess is dynamic in the sense that it changes in the 
nding process whereas a constant value was assumed 
the model. The inclusion of the exact values of cutting 

f&iess could make a more accurate prediction. Overall, 
s simplified model predicts the normal forces with a 
isonable accuracy. 

3NCLUSI0NS 
This study focuses on the grinding of nanostructured 

d conventional ceramic coatings of two different 
iterials. The following conclusions can be drawn from 
; study. 
The grinding forces for the nanostructured ceramic 
coatings are consistently higher than the conventional 
ceramic coatings under the same grinding conditions. 
The grinding forces for the n-WC/12Co coatings were 
higher than the n-Al203/13Ti02. 
The dynamic model developed can predict grinding 
forces with a reasonably good accuracy. 
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ABSTRACT 

This paper compares the grindability of conventional 
and nanostructured material coatings in terms of 
normal grinding force, specific grinding energy, surface 
finish and surface topography Material removal 
mechanism is correlated with the microstructures of the 
materials such as material grain size. The effect of the 
decreasing material grain size in nanostructured 
materials on the grindability is studied. 

1    INTRODUCTION 

In grinding of ceramics, the effects of grinding 
process parameters have been extensively studied (e.g., 
Kirchner and Con way, 1985; TSnshoff and Brinksmeier, 
1988; Blake et al., 1988). It is of equal importance to 
study the influence of material microstructure. One of 
the material microstructures is the graifi size, which 
influences the mechanical properties, such as hardness 
and toughness, and therefore the grindability of 
ceramics. Few works have been done on this aspect. In 
their work. Roth and Tonshoff (1993) studied the 
grindability of alumina with different grain sizes in 
creep feed grinding and conventional surface grinding. 
Both hardness and toughness for M-AI2O3/I3T1O2 and 
rt-WC/12Co coatings are found higher than their 
conventional counterparts due to the reduced grain size 
and richer binder phases. Hardness of a material is its 
ability to resist plastic deformation. Plastic deformation 
is induced by the dislocation movement. The richer 
binder phases in nanostructured materials constrain 
material flow and therefore plastic deformation. Unlike 
in the conventional materials, the increase of hardness 
in nanostructured materials does not lead to the 
decrease of toughness due to more bridging ligaments, 
higher in-situ flow stress and higher rupture strength 
(Jia, el al., 1998). The difference in hardness and 
toughness between nanostructured and conventional 
materials can be expected to influence the grindability 
of their coatings. The large quantities of voids, cracks 
and microcracks induced by the thermal spray process 
greatly influence the properties of coatings made of 
these materials. The difference in hardness and 
toughness between conventional and nanostructured 
material coatings are not as much as In their bulk 
counterparts. Table I shows the typical properties of 
conventional and nanostructured WC/12Co and 
AljOj/lSTiOj coatings. 

Normally, grindability is evaluated based on material 
removal rate, grinding force, surface finish and 
integrity of ground samples. In this paper, normal 
grinding force, specific grinding energy and surface 
finish are compared for nanostructured and 
conventional coatings. In addition, the scanning 
electronic microscopy (SEM) is used to assess the 
effects of grain sizes on the material removal 
mechanisms. 

Table 1   Typical Properties of the Conventional and Nano- 
structured WC/12Co and AI2O3/I BTiOj Coatings. 

c-WC «-WC C-AI2O5 n-AliO) 
/nco /12Co /I3T1O2 /I3T1O2 

Bonding strength, MPa 82.7 89.6 15.5 20.7 

Powder grain size, um 
Mass density, g/cm 

1.3 0.04 2.5 0.05 
14.2 14.5 3.5-4.0 3.7Jt.l 

Vickers hardness, GPa 12.00 12.50 10.44 10.57 
Toughness, MPa m'" 16.0 16.5 3.3 3.5 

2   EXPERIMENTAL CONFIGURATION 

2.1 Sample preparation and characterization 

Conventional and nanostructured material coatings 
were made on low carbon steel substrates of 
dimensions of 25 x 75 x 4 mm' that were cleaned and 
blasted before thermal spray. The conventional and 
nanostructured WC/12Co coatings were produced 
using the high velocity oxygen fuel method, and the 
conventional and nanostructured AI2O3/I3T1O2 
coatings were prepared by the plasma thermal spray 
method. All the coatings had a thickness of around 0.5 
mm. The coated samples were cut into 25 x 4 x 4 mm 
for grinding. 

Fig.l shows the SEM observations of c/n-WC/12Co 
coatings. Fig.l (b) indicates that the smaller grains of 
WC are bonded together by the binder material cobalt 
and a large quantity of porosities can be observed in 
both conventional and nanostructured WC/l2Co 
coatings. There are no obvious cracks found in 
conventional and nanostructured WC/l2Co coatings. 

Fig.2 shows the typical surface features of the 
thermally sprayed conventional and nanostructured 
Al203/13Ti02 coatings: pores, cracks, microcracks and 
segmented structures formed by the connected 
microcracks perpendicular to the coating surface. Prior 
to the formal grinding test, the coatings were preground 



with a diamond wheel of a mean grit size of 15 urn 
under minimum loading to avoid damaging the 
coatings. This preparation process was effective in 
getting rid of the random influence from the thermal 
spray process and making the samples more uniform, 
although it was time-consuming and efforts- 
demanding. 

(a) c-WC/12Co (b) n-WG/12Co 
Fig. I      SEM    observations    of    as-sprayed 

c/n-WC/12Co coatings. 
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(a) c-AljOj/l 3Ti02 (b) n-AljOj/l STiOz 
Fig. 2     SEM    observations    of    as-sprayed 

c/«-Al203/13Ti02 coatings. 

2.2   Grinding experiments 

Grinding experiments were conducted on a precision 
grinding machine (Dover Model 956-S) with the 
computer numerical control (CNC). The machine had 
aerostatic bearings for its spindle and x, y, z slideways. 
The spindle had an axial run-out of 0.05 urn and the 
three slideways had a straightness error of 0.1 nm/25 
mm. A laser interferometer was equipped to the 
machine that formed feedback loops for the x, y, : 
slideways with a resolution of 0.07 nm. The loop 
stiffness of the machine was measured to be 50 N/(im. 

In this study, a diamond grinding wheel 
SD600N100V (600V) was used to grind the coatings 
under different conditions, and the ground samples 
were compared. The wheel speed was set to 33 m/s or 
3500 rpm. In order to investigate the effect of material 
removal rate (MRR) on residual stresses, depths of cut 
were set at 2,5,15 and 30 ^m and feedrates at 1,4, and 

8 mm/s for the grinding experiments. Water-based 
synthetic solution (ITW fluid products Group, Rustlick 
G-I0066D) was used as grinding coolant. 

2.3 Post-grinding evaluation 

A surface profilometer (Federal Products, 
Surfanalyzer 5000) was used to measure surface finish 
{Ra) of ground coatings along the directions 
perpendicular to the grinding direction. An SEM (JOEL, 
Model JSM 840) was used to observe the surfaces of 
the ground coatings. One issue in SEM observations 
was to differentiate grinding damage from the coating 
defects. A large quantity of defects such as voids, 
unmolten particles, cracks and microcracks were 
identified in the as-sprayed coatings (Fig.l and Fig.2). 
Because some of these defects can be easily mistaken 
as grinding damage, SEM examinations of the 
as-sprayed coatings were conducted to identify the 
defects from the spray process. It can be found that the 
voids from the thermal spray process normally 
appeared with smooth edges. From Fig.l and Fig.2 the 
cracks or microcracks on the as-sprayed coatings were 
connected to each other without obvious directionality. 
With the as-sprayed coatings as a reference, the 
grinding damage was identified. 

3   RESULTS AND DISCUSSIONS 

3.1 Comparison of normal grinding force 

The normal grinding forces are important in 
characterizing a grinding process. Fig.3 compares the 
normal grinding forces in grinding c/«-Al203/I3Ti02 
and c/«-WC/12Co coatings at the same grinding 
conditions. The normal grinding force is higher for 
«-Al203/13ri02 than for its conventional counterpart. 
One can also observe that the break-in force for 
w-Al203/13Ti02 is larger. This shows that the resistance 
to wearing for M-AI2O3/13T1O2 is higher due to its 
enhanced mechanical properties such as hardness and 
toughness when compared to its conventional 
counterpart. A similar trend is observed in grinding 
c//j-WC/12Co coatings: higher grinding force and 
break-in force for nanostructured coatings. Fig.3 also 
shows that the difference between the grinding forces 
for the nanostructured and conventional coatings 
becomes smaller at a large wheel depth of cut. This 
means that the material grain size exerts stronger 
influence on the grinding force at a low material 
removal rate. When the wheel depth of cut or material 
removal rate increases, the influence of grain size 
becomes second to that of grinding process parameters. 

3.2 Comparison of tangential grinding force and 
specific grinding energy 

Tangential grinding force is much smaller than 
normal grinding force due to large negative rake angles 
of abrasive grits in grinding. The grinding force ratio 



indicates the relative magnitude of the normal grinding 
force F„ to the tangential grinding force F, and is 
defined as 

A = ^ (1) 
F. 

Wheel speed: 33 m/i 
Feedrate: 4 mm/s 
Wheel: 600V 

10 20 
Depth of cut, nm 

(a) Conventional and nanostructured Al203/13Ti02. 
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(b) Conventional and nanostructured WC/12Co. 

Fig. 3   Comparison of normal grinding force in grinding 
conventional and nanostructured coatings. 

Fig.4 shows the grinding force ratio vs. wheel depth 
of cut for the four coatings. The grinding force ratio is 
higher for c/w-Al203/13Ti02 coatings than for 
c/w-WC/12Co coatings. c/«-Al203/13ri02 coatings are 
more brittle than c/«-WC/12Co coatings. Under the 
same grinding conditions, brittle fracture is more 
obvious for c/M-Al203/13ri02 coatings. The dominant 
ductile flow in grinding c/n-WC/12Co coatings results 
in a relatively high tangential grinding force and 
therefore a lower grinding force ratio. It is observed 
that the grinding force ratio of the rt-Al203/13Ti02 
coatings is distinctly different from that of the 
C-AI2O3/I3T1O2 coatings while the difference for the 
grinding force ratios of «-WC/12Co and c-WCyi2Co 
coatings Is insignificant. The grinding force ratios for 
the four coatings decrease with the increase of material 
removal rate or wheel depth of cut. On the other hand, 

the grinding force ratios for the four coatings change 
over a relatively narrow range, which suggests that the 
material removal mechanism does not change much for 
the given range of the wheel depth of cut. 

0, 

_A_n-WC/12Co 
-Tt- C-WC/I2C0 
-0 -n-AljOj/lSTiO. 
..O-c-AljOj/HTiO; 

Wheel speed: 33 m/s 
Feedrate: 4 mm/s 
Wheel: 600V 

0 10 20 30 
Depth of cut, fim 

Fig. 4   Comparison of grinding force ratio. 

The specific grinding energy V is defined as the 
energy required to remove a unit volume of material, 
which is derived from the tangential grinding force, 

U = - 
F,-v, 

Wd\ 
(2) 

/ 

where v^ the grinding speed;   W the width of a 
workpiece; d the wheel depth of cut; v/ is feedrate. 

E 
.E2.5 

h-n-Wai2Co 
-O- C-WC/12C0 
-A -n-AljOj/lSTiO. 
.-Vt-c-AljOj/nTiO. 

Wheel speed: 33 m/s 
Feedrate: 4 mm/s 

^ Wheel: 600V 

10 20 
Depth of cut, urn 

30 

Fig. 5   Comparison of specific grinding energy. 

Fig.5 presents the effect of grain size on the specific 
grinding energy and the change of specific grinding 
energy with wheel depth of cut. The specific grinding 



energy for four coatings decreases with the wheel depth 
of cut and asymptotically reaches a limit. The high 
value of specific grinding energy at small depth of cut 
suggests that only a part of the energy is associated 
with the chip formation (Malkin, 1989). Generally, the 
specific grinding energy consists of chip-forming 
energy Uch, sliding energy Upi and plowing energy U,i, 

U = U^,+U^,+U„ (3) 

Except Uch, the rest of the specific grinding energy is 
attributed to sliding and plowing between the 
workpiece and abrasive grits at a small depth of cut. At 
a larger depth of cut, sliding becomes insignificant and 
chip formation commences. However, plowing still 
exists, which reflects by the grinding marks and 
material pile-up on the ground surface. Only Ud, is 
actually used in removing material and forming new 
surface. Theoretically, the asymptotical limit in Fig.5 is 
Uch- Relative flat curves for c/n-Al203/13Ti02 coatings 
in Fig.5 suggest that the energy expended in plowing is 
not dominant due to their high brittleness. The reduced 
grain size in nanostructured coatings apparently 
increases the specific grinding energy. More energy is 
needed for plowing due to enhanced hardness in 
nanostructured material coatings. The higher toughness 
also means more energy required for new surface 
formation in grinding. 

3.3 Comparison of surface roughness 

plays a main role in grinding «-Al203/13Ti02 coatings. 
Although ductile flow is the major material removal 
mechanism in grinding both C/M-WC/12CO coatings, 
the observed transgranular fracture may partially 
contribute to surface roughness in c-WC/12Co coatings. 
Similar to the grinding force, surface roughness for 
ground conventional and nanostructured coatings are 
closer to each other at a larger wheel depth of cut, 
which means that the effect of reduced grain size in 
nanostructured coatings disappears at a higher material 
removal rate. 

(a) n-WC/12Co 

Fig. 7 

(b) C-WC/12C0 

SEM observations of ground c//i-WC/12Co 
coatings. 
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Fig. 6     Comparison of surface roughness. 

Surface roughness was measured to chai^cterize the 
ground coatings. Fig.6 shows that the influence of grain 
size on surface roughness of both ground "coatings is 
significant. Opposite to the grinding force and specific 
grinding energy, the reduced grain size results in the 
decrease of the surface roughness for both 
nanostructuffed coatings, which can be explained by 
material removal mechanism. As observed in SEM 
photos (Fig.7 and Fig.8), brittle fracture dominates in 
grinding c-AljOs/HTiOi coatings while ductile flow 

(a) n-AliGj/lSTiOi 

Fig.8 

(b) c-AljOj/OTiOz 

SEM     observations     of    ground 
c/n-AlzOj/lSTiOi coatings. 

3.4 SEM surface observations and comparison 

Fig.7 shows the SEM observations of ground 
c/«-WC/12Co coatings under the same grinding 
conditions. The ground c-WC/12Co coating surface is 
more segmented and larger WC grains can be observed 
when compared to the ground n-WC/12Co coating 
surface. The ground /i-WC/12Co coating surface is 
completely covered with a layer of plastically 
deformed material and the WC grain boundary is 
hardly observable. The comparison of the SEM surface 
observations of ground c/w-AbOj/lSTiOj coatings is 
shown in Fig.8. Although the defects from thermal 
spray process are observable, the sound and smooth 



surface of ground n-AlzOj/HTiOz coating suggests that 
ductile now is a predominant material removal 
mechanism. Brittle fracture results in rough and 
fractured surface of ground c-AljOs/nTiOz coatings. 
Chipping and transgranular fracture dominate the 
surface of ground C-AI2O3/I3T1O2 coating. The surface 
observations explain the above difference in roughness. 

4    CONCLUSIONS 

From the comparisons done on grinding force, 
specific grinding energy, surface finish and surface 
topography of nanostructured and conventional 
coatings, it is concluded that the grain size plays a 
significant role in material removal for grinding. 
Grinding force, break-in force and specific grinding 
energy vary inversely with the grain size while the 
surface roughness increases with the grain size. Both 
ductile flow and brittle fracture occur during grinding. 
The grain size influences the extent of ductile flow in 
grinding, which dominates the final appearance of 
ground surface. The reduced grain size and richer 
binder phases enhance both hardness and toughness in 
nanostructured materials, and therefore influence the 
grinding of these materials. However, at a higher 
material removal rate, the influence of grain size 
becomes insignificant. 
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AN INVESTIGATION OF MICROGRINDING OF NANOSTRUCTURED 
MATERIAL COATINGS 

Bi Zhang, and X.B. Liu, University of Connecticut 
Department of Mechanical Engineering, U-139,191 Auditorium Road, Storrs, CT, 

06269, USA 
T: 860-486-2072, F: 860-486-2072, Zhang@engr.uconn.edu 

Nanostructured materials are known for superior mechanical propert:ies compared 
to their conventional counterparts. Since grinding is widely used as a finishing 
operation, it is anticipated that microgrinding would provide good surface finish 
and integrity for nanostructured materials. This study deals with an experimental 
investigation of microgrinding of nanostructured material coatings, with an 
emphasis on grinding forces, woricpiece suri'ace finish and integrity. In this study, 
nanostructured WC/12Co (n-WC) coatings were ground with four diamond wheels 
in the surface-grinding mode. Conventional WC/12Co (c-WC) samples were also 
studied for comparison purposes. The study has found that under the same 
grinding conditions, the grinding forces were higher for the n-WC coatings than 
that for the c-WC coatings. Moreover, the break-in force was 1.73 N/mm2 for the 
n-WC coatings that was much higher than 0.59 N/mm2 for the c-WC coatings. The 
increased grinding and break-in forces imply that the n-WC coatings have better 
wear resistance than the c-WC coatings, as the grinding process is similar to a 
wearing process. On the other hand, the study has also shown that the suri'ace 
finish of the ground n-WC coatings was better than the c-WC coatings. For both n- 
and c-WC coatings, better surt'ace finish was obtained at a reduced depth of cut, 
however, furtiher reduction in depth of cut to less than 5 mm resulted in poorer 
surface finish. The former might be due to the grain size effect. As the grain size 
of coatings gets smaller, more plastic flow and thus better surface finish may be 
expected. The latter is addressed to the surface smearing effect. As smearing 
normally takes place in grinding of WC coatings, too small depth of cut will not 
allow to have a complete smearing over a ground WC suri'ace due to its limited 
amount of cobalt content. 
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Effect of Grinding Process on Wear Performance of 

Nanostructrued Ceramic Coatings 

Xiaomin Cheng and Bi Zhang 
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Storrs, Connecticut 06269 

Abstract 

Wear test has been conducted on the nanostructured and conventional Al203/13Ti02 coatings 
to investigate the influence of grinding process, load, sliding distance on their tribological 
performance. The effect of wheel grain size, depth of cut, material properties, applied load, 
and sliding distance are reported. The friction coefficient is calculated and the wear 
mechanism is discussed. A finite element method has been used to analyze the stresses within 
the coating and substrate due to the sliding/rolling contact. Crack initiation and propagation 
within the coating is analyzed based on the stress distribution. 

1.    Introduction 

The properties of advanced engineering 
ceramics, such as high hardness, high 
compressive strength, retention of 
mechanical properties at elevated 
temperatures and chemical inertness, make 
them good tribomaterials. These materials 
are now being used in diverse tribological 
applications, such as in engines, dynamic or 
static seals, draw cones, guides, bearing 
parts and in medical applications [1-4]. The 
design and selection of ceramics for these 
applications require reliable data and 
information on the effects of temperature, 
load, environment, material's composition, 
and surface conditions on the tribological 
behavior of these materials. 

In the past decade, most of the research 
in the field of nanostructured materials has 
been focused on the synthesis and 
processing of powders and bulk materials as 
well as their application in coatings. 
However, few components cab be fabricated 
to their final shape and dimension by 
sintering or thermal spray so machining 
becomes unavoidable. 

Although Grinding, due to its efficiency 
and effectiveness, is the primary machining 
process to finish the ceramic workpieces, it 
often introduces damage to the machined 
components. The major forms of such 
damage are cracks [5-7], pulverization 
layers [8, 9], and a limited amount of plastic 
deformation [10]. Grinding process can also 
introduce residual stress and residual surface 



and subsurface damage that may seriously 
change the surface properties, and cause 
strength degradation, thus influenced 
significantly the tribological performance of 
the ceramic component. 

Data from the literature show that the 
tribological behavior of the ceramics is 
greatly influenced by the contact load, 
temperature, and environment [11]. Wear 
tests concern the influence of normal 
contact load [12, 13], sliding distance [13- 
17], or sliding speed [13, 14, 15], and 
surface finish [4] on the wear performance 
of advanced ceramics have been conducted 
by a lot of investigators. However, effects of 
surface/subsurface conditions on wear 
performance are rarely seen in literature. 

Since ceramic coatings inherit almost 
all the mechanical properties of bulk 
materials and also are economically 
advanced, they are being increasingly used 
in many tribological situations. 

In such situations, the coating surface is 
subjected to both normal and tangential 
forces. These forces are transmitted from the 
surface to the bulk. The material at the 
surface and subsurface undergoes physical 
changes and stresses will arise within the 
surface and subsurface. It has been found 
[18] that the useful life of the coating is 
often limited not by conventional wear but 
by either detachment of the coating 
(adhesive failure) or fracture of the coating 
(cohesive failure). Detachment is caused by 
the stresses which arise at the interface, 
while cohesive failure results from stresses 
within the coating and at the surface. So 
identifying the nature and origin of such 
stresses and developing methods of 
minimizing them seem to be critically 
important [19-21]. 

The mechanics of fracture of interfaces 
between two elastic solids have been 
reviewed by many researchers [22-25]. The 

coating detachment is an inherently mixed 
mode fracture process. Therefore, a detailed 
knowledge of both direct and shear stresses 
are very important to model coating failure 
processes accurately. 

This paper reports recent findings on 
wear performance of nanostructured and 
conventional AbOs/BTiOa coatings. The 
main objective of this study is to investigate 
the effects of grinding, contact load and 
material's composition on the tribological 
behaviour of ceramic coatings. For this 
purpose, wear tests were conducted on 
nanostructured/conventional coating 
samples ground under different conditions, 
wear track depths were measured and wear 
tracks were examined using scanning 
electron microscopy (SEM). The wear 
mechanism was discussed. Finite element 
method has been used to predict the damage 
development due to the wear test. 

2.   Test setup and procedures 

2.1 Sample preparation 

Cylindrical nanostructured/conventional 
Al203/13Ti02 samples with dimensions 
(|)50.8 X 76.2 mm were ground with 
different conditions previous to the test. Flat 
sample (wear bar) used in the test was High 
pressure sintered Si3N4 (HPS-Si3N4) with 
dimensions 3 x 4 x 45 mm, which was 
ground and polished to a final roughness of 
0.08 |im. Prior to testing all samples were 
rinsed twice with acetone, and then 
ultrasonically cleaned in fresh acetone for 5 
minutes. This cleaning procedure was 
necessary to remove any surface 
contamination from machining fluids and 
handling. The composition and properties of 
the samples are listed in Table 1. 

2.2 Test setup 



The wear test was carried out on a 
vertical milling machine. The cylindrical 
sample was mounted to the spindle head of 
the milling machine while the flat sample 
was glued onto a fixture which was bolted 
to a three-component piezoelectric force 
transducer. The cylindrical samples used in 
the test were nanostructured/conventional 
Al203/13Ti02. For the comparison purpose, 
unground nanophase and conventional 
Al203/13Ti02 samples were also tested. The 
flat sample was positioned against the 
rotating cylindrical sample under a certain 
load condition. The flat sample traveled 
reciprocatively along the horizontal 
direction while the cylindrical sample 
rotating with the spindle head. The two 
contacting samples then rubbed against each 
other, creating a sliding/rolling contact 
condition to simulate the real service 
condition of the coatings. The normal and 
tangential contact loads between the two 
samples were measured by piezoelectric 
dynamometer (Type 9257B, Kistler). Then 
the charge signal was sent to a personal 
computer equipped with an A/D board for 
processing.Labtech Notebook-Pro software 
(Laboratory Technology) was used for 
monitoring and data acquisition. Fig. 1 
schematically shows the experimental setup 
for wear performance test. 

Spindle 

Machine 
ble 

Coated 
sample 

Force transducer     Wear bar 

Figure 1 Experimental setup for wear test. 

2.3 Test procedures 

During the test, the flat sample traveled 
reciprocatively at a low speed of 4mm/s 
while the cylindrical sample rotated at 80 
rpm to minimize the thermal effect due to 
sliding/rolling and excessive vibrations. A 
stroke length of 11.6 mm was used in all the 
tests. The normal loads were set to 50 N, 75 
N, and 100 N respectively; the tests were 
run for different durations ranging from 3 
minutes to 50 minutes in laboratory air with 
a relative humidity ranging from 35 to 80% 
and temperature ranging from 20 to 30 °C. 
Before the initiation of sliding, the 
specimens were allowed to stabilize at the 
test temperature. 

After the each test, the cylindrical 
sample was ultrasonically cleaned in the 
acetone for 5 minutes to remove the loose 
wear debris and the flat sample was ground 
and polished to its original condition. The 
wear track depth was measured at different 
positions around the cylinder circumference 
by running a surface profilometer (Federal 
Products, Surfanalyzer 5000) across the 
wear track perpendicular to the sliding 
direction. The force ratio (friction 
coefficient) 

SEM observation 

Cut-off 
segment 

Coatings. 

Substrata ^^^^^^ 

Wear track 

Coated sample 

Figure 2 Schematic of the cut-ofF segment 
and SEM observation window. 



Table 1 Composition and Properties of the Workpiece and Wear Bar Materials Used in the 
Experiments. 

Properties «-Al203/13Ti02 c-AbOj/BTiOz HPS-Si3N4 

Elastic modulus, GPa N/A 358 300 

Vicker hardness, GPa 10.57 10.44 14.6 

Fracture toughness, MPa.m"^ 3.5 3.3 8.25 

Thermal expansion, K'' 5.5x10-* 5.5x10-* 3.4x10-* 

Grain size, jim 0.04 1.0-5.0 2.0-3.0 

Compressive strength, MPa 2320 3500 

Table 2 General Conditions for Wear Test. 

Cylindrical sample «-AbOa/HTiOzand c-AbOj/BTiOz 

Wear bar material HPS-Si3N4 

Wear bar speed, mm/s 4 

Spindle speed, rpm 80 

Normal contact force, N 50, 75 and 100 

Test duration, minute 3-50 

Cleaning solvent Acetone 

y" = 

Tangential  force 
Normal  force 

(1) 

was also reported. Table 2 lists the general 
conditions for the wear test. 

For SEM observation, small pieces 
were cut from the cylindrical samples by a 
diamond saw after the wear track depth 
measurement. The back surfaces of the 
small pieces were then manually polished 
first with 5 ^m alumina paste and then 0.5 
jam diamond paste to remove the cutting 
damage and produce a fine surface. Fig. 2 
schematically shows how the sample was 
cut from the cylinder. 

3.   Wear damage prediction via FEA 

The basic mechanics which controls the 
crack nucleation and propagation in the 
ceramic coating are discussed in this section. 
This is done by determining the stress 
distribution and the mechanics of crack 
formation under the load applied at the 

surface of the workpiece. 
A commercial FEA package (ANSYS 

6.0/Mechanical U, ANSYS, Inc.) is used to 
calculate the stress distribution generated by 
the wear test process. Since the contact 
length is much larger than the contact width, 
plane strain finite element analysis is 
adopted. The configuration modeled is that 
of a block with dimensions 4 x 1 mm in 
sliding contact with another layered block 
with cylindrical top surface (contact surface), 
8x4 mm, coating thickness d = 120 jam. 
The friction coefficient is set to 0.9 based on 
experimental data. The mesh in the layered 
block consists of 14651 nodes and 4884 
two-dimensional, 8-node elements which 
have quadratic displacement behavior and 
are well suited to modeling irregular meshes. 
Fig. 3 schematically shows the modeled part. 
The mesh is shown in Fig. 4, with the 
highest density of elements close to the 
contact. 

The bottom surface is constrained in X, 



Table 3 Mechanical Parameters of the Materials Used in Finite Element Modeling. 

Material Al203/13Ti02       HP-Si3N4 

Young's modulus (GPa) 
Poisson's ratio v 
Hardness (GPa) 
Tensile yield stress (GPa) 
Compressive yield stress (GPa) 
Hardening coefficient a  

74 
0.26 
5.2 

0.23 
2.1 

0.75 

Steel 
320 200 
0.27 0.3 

15 1.1 
0.7 0.39 
7.3 0.39 
0.5 0 

Wear bar Applied load 

Rotating 
direction 

Substrate 

FEA 

Coating    P^-^'^" 

Coated 
sample 

Figure 3 Schematic of the Finite Element 
Modeling. 

n Load 
Moving 
direction 

> 

8 mm 

Figure 4 Finite Element Modeling mesh for 
the layered block and sliding block. 

and Y directions. All other surfaces are free 
of any constraint. Lxiading is incremented in 
30 steps, from initial contact to a peak load 
P = 100 N in a ramped manner, with a 

-0.06   -0.04    -0.02       0 
Strain 

0.02 

Figure 5 Stress-strain curves of the materials 
used in the Finite Element Modeling. 

maximum 50 iterations per increment to 
allow for convergence to equilibrium. The 
convergence is achieved with a force 
tolerance of better than 0.1% and 
displacement tolerance 0.1%. It is assumed 
that the coating remains bonded to the 
substrate across the interface during the 
loading. 

The coating and substrate materials are 
considered to be homogeneous and isotropic. 
Plastic deformation in the cylindrical 
layered block, and also the sliding block, is 
governed by von Mises criterion with 
elastic-perfectly plastic model for substrate 
metal, elastic-linear work-hardening model 
for sliding block, and layered block. The 
uniaxial stress-strain relationship can be 
express as follow for the two types of 
model: 
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Figure 7 Contour plot of the stress at 100 N, n = 0.3, Stress in GPa, Length in mm. 
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Figure 8 Contour plot of the stress at 100 N, ji = 0.9, Stress in GPa, Length in mm. 



a - Es c < cr„ 

a = a^+ a[Ee -a^) cr>a^ 

where E is Young's modulus, ay the yield 
stress, and a a dimensionless 
strain-hardening coefficient in the range 0 
< a<l ( a=l, fully elastic; a=0, fully 
plastic). Figure 5 gives the stress-strain 
curves of all the three materials and all the 
parameters used in the modeling are listed 
in Table 3. 

In general, there will be superposed 
macroscopic residual stresses in the 
coating from thermal expansion mismatch 
with the substrate and grinding process. 
We ignore consideration of any such 
residual stresses here for simplicity. 

The stress distributions for the 
nanostructure coatings due to normal force 
and tangential forces are plotted in Fig. 6 
through Fig. 8. As the friction coefficient 
increases, the magnitude of the maximum 
tensile stress at the trailing edge of the 
contact area increase, while the tensile 
stress at the leading edge decreases and 
eventually becomes compressive as shown 
in Fig. 6a through 8a. The maximum shear 
stress locates at a finite depth below the 
surface, when there is only normal load 
applied. As the friction coefficient is 
increased at the contact area, the location 
of the maximum shear stress moves 
toward the surface, reaching the surface 
when the coefficient of friction big enough 
as shown in Fig. 6b through 8b. It is noted 
that the tangential load has significant 
influence on the distribution of the stress. 

4.   Test result 

4.1 Effect of grinding conditions 

Wear track depths  (WTD) are plotted 

versus different grinding parameters to 
show their influences on the tribological 
performance of the sample. It can be seen 
from Fig. 9 that both the depth of cut 
(DOC) and wheel grit size have influences 
on the track depths. Coarser wheel can 
cause deeper track depth; also smaller 
DOC leads to milder wear. The dashed line 
indicates the WTD of unground sample. It 
is observed that the WTD of samples 
ground with smaller DOC and finer grain 
size wheel are under the dashed line while 
samples with larger DOC and coarser 
wheels are above the line. Since the 
grinding process gets rid of most of the 
thermal defects on the surface layer of the 
coating and gives the coatings a very good 
surface finish, it makes great sense that 
ground samples have better wear 
resistance than the unground one. For 
those ground with larger DOC and coarser 
wheels, it can be explained as the grinding 
induced damages are more sever than 
those induced by thermal spray process. 

Figure 10 shows the test result for 
nano-Al203/13Ti02 coatings. The two 
types of coatings have very similar nano- 
Al203/13Ti02 coatings. The two types of 
coatings have very similar behavior: 
Coarser wheel can cause deeper track 
depth which means more wear; also larger 
depth of cut leads to more wear. 

Figure 11 compares the conventional 
and nanostructured coatings. The wear 
track depths of the nanostructured coatings 
are consistently smaller than that of 
conventional coatings under any same 
grinding condition. Since the resistance of 
materials to abrasive wear is generally 
related to the hardness of the material, and 
that the hardness of the nanostructrued 
coatings are higher than the conventional 
ones, so nanostructured coatings are more 
wear resistible than conventional coatings. 
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Figure   13   WTD   versus   sliding  time. 
Normal load 100 N. 

4.2 Effect of normal load and sliding time . 

Wear rates of several ceramics have 
been reported to increase suddenly as a 
result of a slight increase in one of the test 
variables, such as sliding distance 
(duration) and normal contact force. 

Figure 12 shows the dependency of 
WTD on the normal contact load. The 
WTD increases with the normal contact 
load. The influence of the load becomes 
weaker with increasing DOC. 

It is observed from Fig. 13 that that the 
wear groove  depth  increases with the 



rolling/sliding time. One can also notice 
that there is no systematic effect of 
rolling/sliding time (distance) on the wear 
groove depth. 

5.    Discussion 

5.1 Wear mechanism 

Friction coefficient measurement for 
the tests run on the two coatings and at 
normal load of 100 Newton is shown in 
Fig. 14. The friction coefficient rises from 
a much lower value of 0.25 initially to a 
higher steady state value of 0.9 within tens 
of seconds. It is also noted from Fig. 8 that 
although the friction coefficient of 
conventional coatings rises a little bit 
faster than the nanostructured coatings, 
they both reach at a steady state value of 
0.9. Fig. 15 gives the traces of normal and 
tangential forces. It shows that the 
transient of normal contact force is much 
faster than that of the tangential force. 
Also the transient of the nanostructured 
coatings are slower than that of the 
conventional coatings. 

To explain the changing in the friction 
coefficient, repeat tests at this load 
condition were stopped at points 
approximately corresponding to B, C, and 
D in Fig. 14. SEM photographs in Fig. 16 
were obtained from the wear tracks of the 
cylindrical samples for these tests. Fig. 16a 
shows the ground surface of the sample 
prior to the test. Fig. 16b, which was 
obtained from the test terminated at point 
B, revealed that part of the ground surface 
got smeared at beginning of the test. This 
smearing process covered the damaged 
ground surface and made the friction 
coefficient very small. Compared Figure 
16c and 16d, corresponding to points C 
and D, to Fig 16a, one notice that the 

smearing process is disappearing as the 
duration of the test is increased. While at 
the same time, wear test induced damage 
begin to initiate and propagate on the 
surface. Wear debris are also collected and 
observed using SEM. Fig. 17 shows the 
SEM observation of the wear debris. It can 
be seen from the micrograph that the 
debris have irregular shapes. The sizes of 
the debris range from tenth of micron to 
tens of microns. Further examination of 
the SEM micrographs of wear tracks and 
debris suggests that the primary wear 
mechanism under current test condition is 
intergranular and transgranular fracture, 
which results in severe wear. 

5.2 Damage development 

It is shown in Fig. 18a that a large 
tensile stress exists behind the slider. The 
tensile stress behind the slider is at its 
maximum at the surface and decay with 
depth. When this maximum tensile stress 
is sufficiently large to initiate a crack from 
an existing surface flaw, cracks will 
propagate perpendicular to the surface. 
However, away from the surface, the 
direction of these cracks will change due 
to the change in the principal tensile stress 
direction as shown in Fig. 18c. Once these 
cracks reach a finite depth, they will cease 
to propagate since the magnitude of the 
maximum tensile stress decays rapidly 
away from the surface. When these cracks 
link up, wear particles are generated. One 
also noted from Fig. 18c that the direction 
of the principal stress at the interface of 
the coating and substrate is almost 
perpendicular to the interface. So when the 
stress at the interface exceeds the bonding 
strength of the coating, cracks will 
propagate along the interface. In our 
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Figure 16 SEM observation of wear track of nano-Al203/Ti02 at different time during the 
wear test, wheel SOB, DOC 2.5 fim, feed 4 mm. 
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Figure 17 SEM observation of wear debris. 
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analysis, the maximum principal stress at 
the interface is 32 MPa, and the bonding 
strength of nanostructured Al203/13Ti02 
coating is about 20 MPa. So the detachment 
of the coating will occur in our case. Fig. 19 
shows the micrographs of the crack at the 
interface of the test sample. It agreed with 
the finite element analysis very well. The 
maximum shear stress can contribute to 
either shear or mixed mode failure. It will 
facilitate the existing crack to propagate 
further. 

6.    Conclusions 

Wear test has been conducted to 
investigate the effect of grinding process on 
the wear performance of the nanostructured 
ceramic coating. 

Coatings ground with finer wheels and 
smaller depth of cut have better 
performance than those ground with coarser 
wheels and larger depth of cut. 
Nanostructured coatings have better wear 
performance than their conventional 
counterpart. Larger load and longer sliding 
time can lead to more wear. The primary 
wear mechanism under current test 
condition is intergranular and transgranular 
fracture, which results in severe wear. 

Finite element analysis has shown that 
fracture of the coating (cohesive failure) and. 
detachment of the coating (adhesive failure) 
are two major damage forms of the coating. 
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ABSTRACT 

This paper presents the cylindrical grinding process of nanostructured and conventional 

ceramic coatings with a focus on grinding force and surface finish. Experimental and modeling 

methods are used in this study. In the experimental study, grinding is carried out on two different 

types of conventional and nanostructured ceramic coatings. Grinding wheels of the vitrified bond 

with three different grit sizes are used. Tangential grinding forces are obtained from the motor 

power that is monitored through a power cell. The effects of process parameters such as depth of 

cut and feedrate are studied. The surface finish of the ground workpieces is measured and 

reported. A dynamic model is developed to simulate the relationship between the tangential 

grinding forces and the depth of cut and feedrate. Discussion is provided on the difference for the 

grinding forces and surface roughness for nanostructured ceramic coatings and the conventional 

counterparts. 

1.   INTRODUCTION 

Materials with fine-scale microstructures have long been recognized to exhibit 

remarkable and technologically attractive properties. For most conventional engineering 

materials, including the WC/Co, an increase in hardness is accompanied by a decrease in 

toughness. When the grain size of a material decreases to the nanometer scale, one obtains a 

novel class of material, called "nano-material", which may possess properties different from 

those of conventional polycrystalline solids [Keer and Strutt, 1995; Birringer, 1989]. Based on 



the Hall-Petch relationship, one expects very high hardness. 

In fact, nanostructured materials are strengthened and toughened by a reduced grain size, 

and thus offer a higher level of both hardness and toughness compared to conventional materials. 

The combination of hardness and toughness provides nanostructured materials with a great 

potential for many industrial applications. Usually, the toughness of folly sintered nanostructured 

WC/Co (with inhibitor carbide phase) is approximately twice that of conventional micron 

grained counterparts. With their enhanced toughness, the wear resistance of nanostructured 

WC/Co is greatly increased. Fig. 1 presents the abrasion resistance of nanostructured WC/Co 

against silicon carbide of Vickers hardness of 26 GPa [Jia and Fischer, 1996]. The abrasion 

resistance of tungsten carbides is an exponential fonction of Vickers hardness as 

R^\0(e'''"'-\) (1) 

The enhanced abrasion resistance can be attributed to the effects of grain size and the volume 

fraction of cementing metal binder phase. Either lowering the cobalt content or decreasing the 

grain size of a tungsten carbide increases the hardness and, therefore, 'the abrasion resistance. 

Fig. 2 shows the grain size effect on the abrasion coefficient of various tungsten carbides. Here 

abrasion coefficient k is defined as a measure of the abrasion resistance of a material. A higher k 

value represents a lower wear resistance. With decreasing grain size of tungsten carbides, 

abrasion coefficient k decreases sharply, hence the wear resistance of the tungsten carbides 

increases. 

Although the greatly enhanced wear resistance of nanostructured materials is good for a 

variety of engineering applications, it may also make them difficult to machine because a 

grinding process is somewhat similar to an abrasive wear process. Grinding is widely used as a 

finishing process for engineering materials since it can offer outstanding surface finish and 

dimensional accuracies. It is dispensable for high precision products, such as bearings, 

automotive and aircraft engine components, and is almost exclusively used for finishing parts 

made of hard and tough materials. Material removal in grinding is realized through the 

penetration of abrasive grits by fracture or plastic flow, which is affected by the mechanical 

properties, mainly hardness and fracture toughness, of the material. In recent years, grinding has 

been applied to finishing nanostructured materials and their coatings [Liu et ai, 2002 and 2003]. 

In a grinding study on nanostructured alumina/titania ceramic coatings, Liu et al. [2002] found 

that there exists an optimum depth of cut at which surface roughness of the workpiece is the 
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Fig. 1 Effect of material hardness on abrasion resistance for various tungsten carbides. The 
abrasion resistance of a tungsten carbide is an exponential function of its hardness 

[Jia and Fischer, 1996]. 
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Fig. 2 Grain size effect on abrasion coefficient of various tungsten carbides. «-WC/Co materials 
show very low abrasion coefficient [Jia and Fischer, 1996]. 



smallest. However, they did not find such phenomenon on nanostructured tungsten carbide 

coatings. This phenomenon has been attributed to the smearing mechanism of the pre-existing 

near-surface porosities of the coatings. 

Grinding forces and surface roughness are two of the most important parameters in 

studying the grinding process. Surface finish is directly related to the product quality. It is 

usually difficult to predict how the grinding parameters affect the actual surface roughness. 

However, carefully choosing the grinding conditions one can obtain good surface finish. 

Although the grinding force is not a direct criterion for product accuracy, many grinding 

behaviors are affected by the grinding forces. Grinding forces can be determined by direct or 

indirect methods. The specific grinding energy, which is the product of the shear stress and shear 

strain associated wdth chip formation, is a useful parameter for estimating grinding forces. 

External cylindrical grinding has been investigated for decades. Several common 

phenomena are noticed [Bartalucci et ai, 1969]. One typical example is the grinding vibration, 

commonly referred to as grinding chatter, which contributes most to the grinding process 

instability. The grinding structure, including grinding machine, grinding wheel and workpiece, 

vibrates at a relatively high frequency and the amplitude of vibration increases slowly. Waves 

are developing on the wheel periphery due to the irregular wear of abrasive material. With 

progressing grinding time, chatter frequency decreases and the amplitude increases and decreases 

alternatively. Although these results are observed from experiments in external cylindrical 

plunge grinding, most of these phenomena occur in all grinding operations. Behind these 

phenomena, many factors are found to contribute to grinding instability. The interaction between 

those factors even increases the complexity of grinding process. One implication fi:om past 

research suggests that regenerative effect of workpiece and/or of wheel surface, coupled to the 

dynamic behavior of structure is the most important. Many models have been developed to cope 

with this behavior. 

The objective of this work is to investigate the grinding performance of nanostructured 

ceramic coatings. This study carried out a series of experiments on cylindrical grinding of two 

different ceramic coatings: AbOa/BTiOa and WC/12Co. Grinding forces are indirectly 

measured related to several grinding parameters. Grinding performance of nanostructured and 

conventional coatings are compared and the results on grinding forces and the surface roughness 

are discussed. 



2.   THEORETICAL MODELING 

2.1 Dynamic Model of Grinding System 

A model can be used to represent a process [Tonshoff e/ al., 1992]. A model establishes a 

relation between input and output quantities in order to describe the dynamic as well as the static 

performance of each individual process. Models contribute significantly to the comprehension of 

the process itself, and form the basis for the simulation of grinding processes. Theoretical 

research is usually based on setting up the dynamic model for the grinding process. Work on 

dynamic modeling of the grinding process is generally classified into two approaches: frequency 

domain and time domain. 

Frequency domain approach is more frequently used. It applies classical control theory to 

grinding stability analysis. Snoeys et al. [1969] utilized the feedback techniques in the analysis 

of machine tool stability. In their models, they used closed-loop block diagrams to represent the 

grinding process, and related chatter behavior of the grinding process to several process 

parameters. They found that the regenerative effect was the cause of the most dominant part of 

chatter, and derived the stability conditions along this line. Their work has been the basis for the 

analysis and suppression of machining related chatter. Bartalucci and Lisini [1969] investigated 

chatter vibration of the cylindrical plunge grinding process and established a closed-loop system 

with two feedback paths: one representing the machine structure dynamics; and the other 

representing the regenerative effect of the grinding wheel. They were able to come up with 

chatter loop equations and established the stability limit for chatter suppression using the 

graphical method of Nyquist. Srinivasan et al. [1978] introduced the concept of "regeneration 

spectrum" based on the characteristic equation of time-delayed systems and the distribution of 

the roots of the characteristic equation. The roots are classified into two categories: structure 

poles and regenerative effect poles. They demonstrated an efficient way of performing the 

stability analysis of a regenerative process, especially when the values of time delay were 

relatively large. Many important features, such as chatter growth rate, chatter frequency, can be 

obtained from the regeneration spectrum. A limitation of this method is that the applicable 

models are linear and time invariant. 

Other mathematical models were developed by Shimizu et al. [1977] based on the 

frequency approach to analyze the forced vibration in the grinding process and to identify its 

causes. Week et al. [1989] focused their work on the mechanisms of self-excited vibrations, 



relating them to the lobbing development on the workpiece and on the grinding wheel. They 

simulated the dynamics interactions between the grinding wheel and workpiece. Their theory can 

explain that vibrations happen frequently at low amplitudes of dynamic system compliance 

rather than at the maximum compliance. Steffens et al. [1985] studied the contact deformations 

between wheel and workpiece while considering the entire machine-wheei-workpiece 

interactions. They established mathematical model that took into account various effects: 

grinding forces, grinding zone temperature, workpiece material properties, wheel topography, 

etc. 

Important to the behavior of grinding and many other metal removal systems is the 

regenerative effect. Many previous studies have been directed towards only one of the two 

regenerative sources: either the workpiece or the wheel. Thompson et al. [1971, 1986, 1992] 

carried out a series of research on the doubly regenerative chatter of a grinder. They studied the 

effect of contact stiffness and workpiece wave filtering on stability. They conducted conditional 

and unconditional stability analysis starting from the steady-state response of a grinder. It was 

proved that contact stiffness helped improve stability and that workpiece wave filtering had no 

effect on basic stability, but leaded to self-limiting chatter. 

These researchers demonstrated how the stability of a grinding process was affected by 

the variation of the grinding parameters. However, the frequency domain approach has its 

inherent limitations, such as it neither provides nor handles non-linear problems, A grinding 

process is a nonlinear time variant process. This variation is mainly due to wear and loading of 

the grinding wheel, while nonlinearity exists between the cutting force and the contact area 

deformation. Chiu and Malkin [1993] simulated the grinding process results as a function of 

input parameters. The simulation was able to predict the time-dependent grinding behaviors, 

such as grinding forces, power, actual material removal, temperature, thermal damage, wheel 

wear, surface roughness, etc. Biera et al. [1997] proposed a time domain model which can 

overcome these drawbacks. Non-linear effects, such as the introduction of different infeed rates 

and spark-out, as well as the interference between successive revolutions of the workpiece were 

considered in the model. They implemented the model into a computer program with Matlab and 

Simulink. The model was able to provide a quick analysis on grinding behaviors and their 

dependence on different input parameters. Wardani et al. [1987] proposed a mathematical model 

for the prediction of grinding process chatter. It considered the machine structure as a multi- 



degree of freedom system and incorporates various parameters describing the process stability 

such as the workpiece and grinding wheel regeneration, wheel loading and its elastic 

characteristics. The model could not only predict the grinding instability, but also determine the 

chatter growth rate. 
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Fig. 3 Schematic of coated workpiece (unit: mm). 

In this work a dynamic model is developed for the cylindrical grinding of nanostructured 

ceramic coatings. The schematic of the coated workpieces is shown in Fig. 3. At any instant of 

time of the cylindrical grinding process, the total infeed must be equal to the sum of the total 

wear of workpiece body w and grinding wheel body s, plus the total contact deformation of the 

grinding zone and the deflection of the machine structure. 

u{t) = S^it) + S,it) + y,(t) + yJO (2) 

where the infeed, w(/), must, at all times, be equal to the wear of the workpiece, S„(t), plus that 

of the grinding wheel, S^it), plus both the contact deformation of the grinding zone, y,,it), and 

the machine deflection, y„, (/), as shovm in Fig. 4. 



The regenerative effects of workpiece and grinding wheel are formed in the following 

way: 

^SSt) = SSt)-S„{t-rJ (3) 

^5,{t)^5,st)-5St-r^ (4) 

which suggests that the instantaneous wear of the workpiece or grinding wheel is considered as 

the difference between the wear amounts of the current and the previous revolutions. 

After Laplace transformation, above two equations become, 

^5Ss) = SSs)-SS^)■e-''' (5) 

^5Xs) = 5Xs)-5Xs)■e-'■' (6) 

or 

S.js) _      1 
A^»    \-e- 

(7) 

(8) 

Assuming a linear relationship between the cutting force and the instantaneous wear of 

the grinding wheel and of the workpiece for a specified feed, the following equations are 

obtained, 

F„=K-M,{t)-f (9) 

F„=K-i^5M-f (10) 

F„=K.y,{t)f (11) 

The Laplace transformations for the above three equations are, 

F„=K-L5Xs)f (12) 

F„=K■^5Mf (13) 

F„=K.y,(s)-f (14) 

To characterize the behavior of the grinding machine, a flexibility transfer function is 

used, 

F„=^^-y„Xs) (15) 
"     H{s)    "' 
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Fig. 4 Schematic of cylindrical grinding process. 

The transfer function correlates the dynamic displacements of the machine at the wheel- 

workpiece interface with the grinding force. In general, the transfer function can be expressed in 

terms of the dynamic characteristics of the grinding machine [Biera et al, 1997]. 

H(s) = y ^ j- (16) 

The transfer function H(s) can be determined experimentally. As developed by Zhang et 

al. [1998], the transfer function H{s) is given as, 

H(s) = 
eo, 1 

(17) 
^,(5^+2aj,5^i+<y,^)    k^ 

Equation (17) is obtained by retaining the primary mode and including the effect of 

higher order modes on lower frequencies with residual compliance l/kn. 

For a specified feed / the transfer function between normal force and depth of cut is 

derived as, 

Kf 
G(s) = 

\ + [Ais) + B{s)]K + H{s)K-f 
(18) 



where 

Ais) = ^^ 09) 

Bis) = ^^ (20) 

2.2 Computer Simulation 

Computer simulation is based on the mathematical model of a system. To a grinding 

process, it helps predict the static as well as the dynamic characteristics of the process. It allows 

to easily modify the various parameters so as to optimize the process. Simulation can be realized 

in time and frequency domains. Simulations in the frequency domain are commonly used to 

handle linear problems while simulations in the time domain can handle both linear and 

nonlinear problems. The equations derived above can be used to construct the block diagrams for 

the dynamic grinding process. One such a diagram derived from Eqs. (2-15) is shown in Fig. 5. 

Each block corresponds to a series of functions and variables that are to be evaluated. The 

regenerative effect of the workpiece is modeled by means of a time delay block, and time delay 

is set to one revolution of the wheel or workpiece. 

Cutting stiffness is defined as the ratio of the normal force to the actual area of grinding 

zone at a unit feedrate. Non-linearities such as fi-iction and plastic deformation can present in the 

grinding zone, and are considered in terms of cutting stiffness in this model. The infeeds to the 

process, which are the set depth of cut and feedrate, are given as step inputs. 

In the experimental study, the tangential force of the grinding process was measured 

through the measurement of the motor power, the normal force was obtained based on the 

tangential force. Wu et al. [1999] set up a system to measure the normal and tangential grinding 

forces directly by strain gauges on the tailstock center. Their measurement force values agreed 

well with the grinding forces obtained from a conventional measurement in cylindrical grinding. 

For the cylindrical grinding in this study, the ratio of normal force F„ to tangential force F, is 

referenced in Dey [2001], Ramos et al. [2000]. 

10 



y. 

Meed u —K^ 
+ 

Transfer function 

Traverse feed / 

yk 
K 

Contact stiffness 

1   -^ 
—       i 

AS, 

Wheel 
flexibility 

Wheel regeneration 
AS,. 

1   -Hgk-^ 

-e 

A 
Tangential 

forced, 

Product 

Cutting 
flexibility 

Workpiece regeneration 

Fig. 5 Block diagram of the grinding process. 

3.   EXPERIMENTATION 

3.1 Experimental Procedures 

3.1.1    Power Cell 

Monitoring the load on the motor that drives a machine or process can provide valuable 

information on grinding power or force. A power sensor measures load changes and sends a 

signal to meters, computers, programmable controllers, and recorders or data collection systems. 

Monitoring motor power is an effective way in getting feedback information on machining 

power/force for the grinding process. Furthermore, monitoring power has several advantages 

over monitor current. First, power is linear. A change in grinding load is a change in power; 

second, it outputs the signal that is needed for machine or process monitoring and control. When 

the grinding load is low, power is also low; and vice versa. The power cell PH-3A power cell 

(Load Controls Inc) used three balanced Hall effect devices. When connected to a motor, it could 

measure the current motor power. 
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3.1.2    Grinding Workpiece Materials and Grinding Wheel 

The workpieces used in the study were nanostructured and conventional WC/12Co and 

Al203/13Ti02 coatings with a thickness varying between 200-300 ^m. The physical properties of 

the coated materials are given in Table 1. 

Table 1 Physical Properties of the Coatings 

WC/12C0 Al203/13Ti02 
PflratTiRters 

Conventional Nanostructured Conventional Nanostructured 

Bonding strength, MPa 82.7 89.6 15.5 20.7 

Powder grain size, \im. 1.3 0.04 2.5 0.05 

Mass density, g/cm^ 14.2 14.5 3.5-4.0 3.7-4.1 

Vickers hardness, GPa 12 12.5 10.44 10.57 

Toughness, MPa m"^ 16 16.5 3.3 3.5 

Notation c-WC/Co «-WC/Co c-Al/Ti «-Al/Ti 

Table 2 Specifications of Diamond Wheels 

Wheel SD120L75BW SD325L75BW SD1000L75BW 

Bond type Vitrified Vitrified Vitrified 

Mesh# 80 240 600 

Grit size, ^m 192 53 15 

Dressing AI2O3, #120 AI2O3, #500 Al2O3,#1000 

Notation SOB 240B 600B 

12 



The grinding experiments were carried out using grinding wheels with resin bond and 

three different grit sizes. The wheel surface speed was maintained at a constant value of 35 

m/sec. Table 2 shows the specifications of the wheels. 

The ground workpieces were evaluated in surface roughness information to obtain the 

influence of the process parameters and wheel type on the surface finish. Before the 

measurement, all samples were cleaned with acetone, and ultrasonically cleaned in acetone again 

to remove all the surface contamination including the grinding coolant and the dust from 

handling. The surface measurements were conducted on a Surfanalyzer (Federal Product Model 

5000) in the direction perpendicular to the grinding direction with a cut-off length of 0.025 mm. 

10 measurements were taken for each data point throughout the experiments. 

3.1.3    Experimental Conditions 

. The experiments were carried out on a center-type cylindrical grinder. The schematic 

experimental setup is shown in Fig. 6. It involved traverse grinding, which had additional 

traverse motion of the workpiece relative to the grinding wheel in a direction perpendicular to 

the plane of wheel rotation. In this experiment, three different grit size grinding wheels were 

used, and because of the limited coating workpieces, the experiments were carefully designed in 

order to get appropriate information. Three depths of cut and two federates were used. The 

experimental conditions are listed in Table 3. 

Diamond wheel 

Workpiece 

<C=> V, 

Fig. 6 Experimental setup for cylindrical grinding. 
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Table 3 Experimental conditions 

Depth of Cut, |im 

Feedrate, mm/s 

SD120L75BW SD325L75BW SD1000L75BW 

2.5 
1 

4 

1 

4 

1 

4 

15 
1 

4 

1 

4 

1 

4 

30 
1 

4 

1 

4 

1 

4 

3.2 Experimental Results 

This section summarizes the results of the experiments conducted on both nanostructured 

and conventional coatings of the WC/Co and Al/Ti. The grinding power and tangential forces 

obtained from various combinations of workpieces and wheels are plotted versus depth of cut 

and feedrate. The surface roughness measurements and SEM observations are also reported. 

Figures 7 and 8 present tangential forces for two different coatings. A linear trend line is 

fitted to the data points. From the figures, it is observed that the tangential forces for the WC/Co 

are larger than that of the Al/Ti. It is true for both nanostructured and conventional coating 

materials. This might be because WC/Co were tougher than Al/Ti. Figs. 7 and 8 also show the 

effects of wheel grit size on the grinding forces. For a given grinding condition, smaller grit size 

results in larger grinding forces. For example, the grinding forces for the c-Al/Ti using the 600B 

wheel are larger than that using the 240B wheel which are larger than that using the 80B wheel. 

This is because the grit density and the grinding force per area in the 600B wheel are much larger 

than in other two wheels. 

Figure 9 shows the effects of feedrate on the tangential forces for both nanostructured and 

conventional coatings under the depth of cut of 15^m. First, feedrate had a more significant 

effect on WC/Co than on Al/Ti. If compared between nanostructured and conventional coatings, 

it can be found that the n-WC/Co had larger tangential forces than did the c-WC/Co. The force 

difference between the two was stretched by the increase in feedrate. On the other hand, the 
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tangential forces for both n-Al/Ti and c-Al/Ti showed no meaningful difference. Besides, the 

influence of feedrate was less significant than compared to the WC/Co. Figs. 10, 11 and 12 can 

verify this observation. Fig. 10 further shows the combination effect of feedrate and depth of cut 

on the grinding forces for the AJ/C-WC/CO coatings. It suggests that with the increase of depth of 

cut, the influence of feedrate on the grinding forces become larger. This can be explained by the 

increase of material removal rate, which results in a larger grinding force. It is observed from 

Figs. 11 and 12 that the diameter of the workpieces did not have much effect on the tangential 

forces. This means that the tangential grinding force was not sensitive to the change in the radius 

of curvature and of the circumferential velocity of the workpieces. 

Figures 13-18 show the measured surface roughness of ground workpieces. Surface 

roughness varies with wheel type, depth of cut and feedrate. It can be observed from Figs. 13 and 

14 that the depth of cut affects the grinding forces of the Al/Ti coatings in a different way from 

that of the WC/Co coatings. The surface roughness of the Al/Ti coatings first decreases, then 

increases with the increase of depth of cut. It has a minimum value around the depth of cut of 15 

Hm, while the surface roughness of the WC/Co coatings does not show such a phenomena. Figs. 

13 and 14 also show that the surface roughness of the Al/Ti coatings is larger than that of the 

WC/Co coatings, under the same grinding conditions. For example, at a feedrate of 4 mm/s, the 

average surface roughness value for the c-Al/Ti coatings with the 240B wheel is 0.44 |_im, while 

for the c-WC/Co coatings is 0.30 )im. This can be explained by the different material removal 

mechanisms between these two types of coatings. The figures also demonstrate that the wheel 

grit size plays an important role in obtaining better surface profile. For example, for the Al/Ti 

coatings, surface roughness with the 600B wheel is smaller than that with the 240B wheel or the 

SOB wheel. So it is true for the WC/Co coatings. For nanostructured coatings, the influence of 

wheel grit size is less important, as shown in Fig. 14. Another important observation is that 

nanostructured coatings showed better surface finish than conventional coatings. The surface 

roughness of the ground nanostructured coatings is smaller than that of the conventional 

coatings. This is because the nanostructured coatings have a higher abrasion resistance than those 

of the conventional coatings. 

Under the same grinding conditions, the smaller the feedrate, the better the surface finish. 

These results can be verified by Figs. 15 and 16. For example, at a feedrate of 1 mm/s, the 

average surface roughness value for the c-WC/Co coatings was 0.193 ^m, while at a feedrate of 
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4 mm/s, it was 0.298 ^m. The reason is that material removal was more aggressive at a feedrate 

of 4 mm/s, than at a feedrate of Imm/s, which results in a rougher surface finish. Workpiece 

diameter did not show much effect on surface roughness, which is evidenced in Fig. 17. Fig. 18 

compares the surface roughness of the ground 76.2 mm workpieces between two different 

feedrates. It shows that the effects of feedrate on surface finish for the workpieces with two 

different diameters are similar. Fig. 19 shows the effect of wheel type on surface roughness of 

ground cln-AXITi and c/n-WC/Co coatings. It can be concluded that the smaller the grit size of 

the grinding wheel, the better the surface finish. On the other hand, the surface roughnesses of 

ground c/n-WC/Co are better than that of c/n-Al/Ti under the same grinding conditions. 
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Fig. 7 Tangential forces vs. DOC for c-Al/Ti and c-WC/Co coatings at a feedrate of 4 mm/s. 
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Fig. 8 Tangential forces vs. DOC for «-Al/Ti and w-WC/Co coatings at a feedrate of 4 mm/s. 
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Fig. 11 Tangential forces vs. DOC for different diameter workpieces for 240B wheel. 
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Fig. 16 Surface roughness vs. DOC for different coatings and feedrates with 240B wheel. 
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Figures 20 and 21 compare the simulation results of tangential forces with the 

experimental measurements. Fig. 20 presents tangential grinding forces vs. DOC for two 

different coatings with the 240B wheel at a feedrate of 4 mm/s. The dotted lines in Fig. 20 are 

trend lines for the simulation results. The slope and intercept of simulated trendlines are close to 

those of experimental results. For example, at a feedrate of 4 mm/s and depth of cut of 15 |am, 

the measured tangential forces for the c/«-WC/Co were 26.3 N and 34.5 N, while simulated 

results were 28.9 N and 32.6 N, respectively. The overall error was approximately 8%, which 

shows a good agreement between the simulated and experimental results. Fig. 21 presents 

tangential grinding forces vs. feedrate for the two different coatings with the 240B wheel at a 

DOC of 15 |am. It can also be observed in Fig. 21 that the simulation results are close to the 

experimental results. It shows that the dynamic model can properly simulate the grinding 

process. 

3.3 SEM Observations 

SEM observations were conducted on the ground workpieces. Fig. 22 compares the 

ground surfaces of the conventional and nanostructured WC/Co coatings. Grinding marks can be 

observed on both workpieces. The ground c-WC/Co coating surface is more segmented than the 

unground «-WC/Co coating surface. The n-WC/Co coatings showed more grinding marks than 

(a) c-WC/Co. (b)«-WC/Co. 

Fig. 22 SEM observation of the ground surface of WC/Co coatings (Wheel: SOB, DOC = 30 
^m, feedrate = 1 mm/s). 
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(a) DOC = 2.5 ^m. (b) DOC = 15 urn. 

(c) DOC = 30 ^im. 

Fig. 23 SEM observation of the ground surface of c- Al/Ti (Wheel: 600B, feedrate = 4 mm/s). 

the c-WC/Co coatings, which have also been confirmed by the surface roughness measurements. 

Figure 23 show the ground surface of the c-Al/Ti coatings under different depths of cut 

with the 600B wheel. Under a small depth of cut, it can be observe the defects such as porosities 

and voids induced by the thermal spray process from the coating surface, as shown in Fig. 23(a). 

Those defects, together with the grinding marks determine surface roughness. As the depth of cut 
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(c) DOC = 30 ^m. 

Fig. 24 SEM observation of the ground surface of «-WC/Co (Wheel: 240B, feedrate = 4 mm/s). 

increases, the surface is smeared with a thin layer of material by wheel grits (Fig. 23(b)). Many 

defects disappear because of the smearing process. As a result, surface finish is enhanced. As the 

depth of cut increases even more, surface chipping or cracking can be foiuid on the ground 

coatings, as shown in Fig. 23(c). Surface roughness increases as a result of the chipping. This 

phenomenon suggests that the material removal mechanism may transits from ductile flow to 

brittle fracture at a critical depth of cut. 
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Figure 24 show the ground surface of the n-WC/Co coatings under different depths of cut 

with the 240B wheel. It can be observed that grinding scratches are formed on the ground 

surface. The ground surface profile of the WC/Co coatings is very different from that of the 

Al/Ti coatings, which implies that the two coatings have different material removal mechanisms 

under a given condition in grinding process. 

4.   DISCUSSION 

This study mainly focuses on cylindrical grinding of the conventional and nanostructured 

coatings of the WC/Co and the Al/Ti. Grinding forces and surface finish are closely investigated. 

The effects of the grit size of the diamond wheels, depth of cut and feedrate on grinding forces 

and surface roughness are also studied. Several important phenomena and findings in the 

experimental study are discussed as follows. 

The tangential grinding forces are consistently higher for the nanostructured coatings 

than for the conventional coatings. The higher forces in grinding the nanostructured coatings can 

be attributed to the higher abrasion resistance of the coatings as compared to the conventional 

coatings. The experimental results showed that the abrasion resistance of the nanostructured 

Al/Ti coatings was about four times that of the conventional Al/Ti coatings [Wang et al, 2000]. 

This can be explained from the microscopic point of view. A major microstructural difference 

between nanostructured and conventional materials is the grain/grain-boundary volume fraction. 

The nanostructured materials have very small grain size ranging from 1 to 100 nm [Fang et al, 

1995, Berger et al, 1997]. It has been shown that the hardness of a material increases with the 

reduction of its grain size. Toughness generally decreases as hardness increases for conventional 

materials. However, nanostructured materials can achieve superior hardness and toughness 

combinations. An increase in hardness for nanostructured materials does not necessarily decrease 

their fracture toughness [Jia et al, 1998]. The enhanced hardness and fracture toughness can 

result in higher abrasion resistance, and similarly larger grinding forces, and vice versa. 

The tangential grinding forces are generally higher for the WC/Co coatings than for the 

Al/Ti coatings under the same grinding conditions, which can be attributed to the difference in 

material properties between the two coatings. The WC/Co coatings had greater strength, 

hardness and fracture toughness than the Al/Ti coatings. It is also found that the effect of depth 

of cut on grinding force is greater for the WC/Co than for the Al/Ti coatings. Figs. 7 and 8 show 
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that the slope of the trendline for the WC/Co coatings is steeper than that for the Al/Ti coatings. 

Due to the greater strength, toughness of the WC/Co coatings, the energy required to remove a 

unit of material should be higher than that for the Al/Ti coatings. The greater energy requirement 

implies greater forces and greater force increments in terms of unit depth of cut for grinding. 

Grinding force is a function of strength that is closely related to the yield stress of a 

material. A material with a higher strength results in a higher grinding force, and vice versa. On 

the other hand, the strength of a material has a direct relationship with its grain size, as specified 

by the classic Hall-Petch relation. 

a.,=CT„+A (21) 
Vd y '0 

where co is the friction stress considered needed to move individual dislocations, d is grain size 

and h is a constant (often referred to as the Hall-Petch slope and is material dependent). The 

Hall-Petch relation is valid for materials of relatively large grains. The relation is often described 

with a dislocation model in which mis-orientations of the adjacent grains serve as barriers to 

dislocation movements. There is another type of barriers to dislocation slip, that is grain 

boundaries when the grains of a material is stressed during a loading process, e.g. grinding, 

dislocations occur in the grains and pile-up at grain boundaries, causing stress concentration and 

activating dislocation sources in the neighboring grains to initiate slip from grain to grain as 

shown in Fig. 25. For coarse-grained materials, such as the conventional coating materials used 

in this study, the mis-orientations of the adjacent grains become the main dislocation barriers. 

However, once the grain size is reduced below the equilibrium distance between dislocations in a 

pileup, pileups are no longer possible. In this range, the Hall-Petch relation is inversed as shown 

in Fig. 26. However, a new mechanism called Coble creep or grain boundary diffiisional creep 

[Pande, et ai, 2002] can be used. The Coble creep is described as a deformation process that 

leads to homogeneous elongation of grains along the tensile direction. In the Coble creep 

process, the grains are generally separated by grain boundaries of a relatively large volume 

fraction as the grain size is reduced to nanometer range. The dislocation movements fi'om a 

stressed grain are hardly transmitted to the adjacent grains through the relatively thick walls, 

which serve as major barriers to dislocations. Because the strength of grain boundaries is 

generally lower than that of the grains in a ceramic material, and can be fiuther decreased as the 

volume fraction of the grain boundaries increase, the strength of the material with very small 

28 



grain sizes (in the nanometer range) would decrease as grain size decreased. This is the cause of 

the reverse Hall-Petch effect and is generally described by the Coble creep. 

As shown in Fig. 26, the grain size of the nanostructured coatings fall in the range of 40- 

50 nm, which result in a higher strength than the conventional coatings of a few microns grain 

size. Higher yield strength results in more grinding forces. 

Fig. 25 Dislocation pileup at grain boundaries. Dislocations may go across the grain boundaries 
to the adjacent grains. 

The hypothesis of linear relationship between the cutting stiffness and the cutting force is 

valid for commonly used parameters. Measured cutting force vs. depth of cut is generally shown 

as in Fig. 27 [Sakamoto, 1996]. It can be observed that within a reasonably large range of depth 

of cut, the cutting force is proportional to the depth of cut. As the depth of cut increases, the 

nonlinearity will gradually dominate. 

Grinding force is related to contact deformation by contact stiffness K. The empirical 

determination of contact stiffness is difficult. Sneoys et al. [1969] have deduced a theoretical 

expression of the contact stiffness, assuming that each contact point is a single spring. Many 

researchers have tried to measure the contact stiffness in an approximated way. As an example, 

contact stiffness is non-linearly proportional to contact load. The increase in contact stiffness is 

sharp at smaller loads than at larger loads, as shown in Fig. 28 [Kasai, 1995]. 
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5.   CONCLUSIONS 

The cylindrical grinding of nanostructured and conventional ceramic coatings of two 

different materials is investigated both theoretically and experimentally. Grinding forces and 

surface roughness are measured to evaluate the grinding performance. A nonlinear dynamic 

model is developed to simulate the grinding process and to predict grinding forces in terms of 

infeed and feedrate. The following conclusions can be obtained from the study. 

• The grinding forces for the nanostructured ceramic coatings are consistently higher than the 

conventional coimterpart under the same grinding conditions. 

• The grinding forces for the «/c-WC/Co coatings were higher than the n/c-Al/Ti respectively. 

• The surface roughness of nanostructured coatings is smaller than that of conventional 

coatings. 

• The  surface roughness  for the  n/c-WC/Co  coatings  were  better than  the  n/c-Al/Ti 

respectively. 
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•    The dynamic model developed can predict grinding forces with a reasonably good accuracy 

and also the experimental results verify the dynamic model. 
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NOMENCLATURE 

R abrasive resistance (N-m/mm ) 

Hy Vicker hardness (Gpa) 

k abrasive coefficient 

S^(t) workpiece depth of cut (^m) 

SsiO wear of the grinding wheel (^m) 

u{t) infeed of the grinding wheel system (|am) 

yic{() contact deformation (|im) 

y^{t) deflection of the grinding system (|im) 

A 5JJ) instantaneous depth of cut of the grinding workpiece (^m) 

Tw time period for one workpiece pass (s) 

6w(t-Xw) wear of the workpiece during previous revolution (^m) 

A6s(t) instantaneous wear of the grinding wheel (^im) 

Ts time per wheel revolution (s) 

5s(t-Ts) wear of the grinding wheel during previous revolution (^m) 

Fc cutting force (N) 

ks wear coefficient of the wheel (N/)am/mm) 

k^ cutting stiffness (N/|im/mm) 

/ feed (|j,m) 

H(s) flexibility transfer function of the grinding system 

K contact stiffness in grinding zone (N/|im/mm) 

(Or natural frequency of vibration model r (rad/s) 

co\ primary modal frequency of the grinding system (rad/s) 

^r relative damping ratio of vibration mode r 

^1 amping ratio of primary modal 

kr modal stiffness of vibration mode r (N/|am) 

k, modal stiffness of the primary mode (N/^im) 

T" residual compliance (nm/N) 
A 

DOC depth of cut (^m) 
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p grinding power (W) 

Fn{t) normal grinding force (N) 

F,{t) normal grinding force (N) 

X ratio of normal force to tangential force 

Vs grinding wheel velocity (mm/s) 

Vw workpiece velocity (mm/s) 

Vf feedrate (mm/s) 

ay yield stress (N/m^) 

(Jo the friction stress considered needed to move individual dislocations 

(N/m^) 

h Hall-Petch constant 

d grain size (nm) 

dc critical grain size (nm) 
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