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. Program objective: To evaluate grindability of thermo-spray coated nanophase
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We found that there exists an optimum grinding depth of cut for the nanostructured
ALLO3/13TiO, at which the surface finish of the ground coatings is the best. A larger
surface roughness value is obtained at either larger or smaller depth of cut. The impact of
this finding is significant since it allows us to achieve the best surface finish with a high
productivity for the nanostructured materials.

Grinding induces compressive residual stresses in the nanostructured material coatings.
The residual stresses are found to increase with the increase of wheel depth of cut or
feedrate or both. This result implies that we could easily modify the surface stress
condition of the nanostructured material coatings by reversing the residual stresses from
tensile (after coating) to compressive by grinding, which can lead to the extension of the
fatigue life of a coated component.

The grinding forces for the nanostructured ceramic coatings are consistently higher than
the conventional counterpart under the same grinding conditions. Higher grinding forces
imply better wear resistance. In fact, this was verified in the wear performance test of the
ground nanostructured coatings. The nanostructured coatings were found to perform
better than their conventional counterpart.

The grinding forces for the nanostructured alumina/titania coatings were much lower than
the nanostructured tungsten carbide coatings. Lower grinding forces would facilitate an
easy grinding operation of the nanostructured alumina/titania coatings.

The surface roughness of the nanostructured coatings is smaller than that of conventional
coatings. This is significant as most of the applications of the nanostructured coatings
requires good surface finish.

Coatings ground with finer wheels and smaller depth of cut have better wear performance
than those ground with coarser wheels and larger depth of cut. For the applications
where a longer lifetime is required, we should use finer grinding wheels to grind the
nanostructured coatings.

Finite element analysis has shown that fracture (cohesive failure) and detachment of the
coatings (adhesive failure) are two major damage forms of the coatings. FEA can be
used as a tool to predict the failure mode of the coatings, and to prevent the coatings from
failure. ‘
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coatings; The wheel depth of cut is the most influential parameter in the cup-type grinding;
Ductile flow is the dominant material removal mechanism in grinding n-WC/12Co coatings
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rate; The residual stresses induced by the microgrinding process are compressive, strongly
depend on the grinding direction, and show strong gradient in thickness direction for both
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Grinding of nanostructural ceramic coatings: damage evaluation

Xianbing Liu *, Bi Zhang

Department of Mechanical Engineering, University of Connecticut, Storrs, CT 06269, USA

Received 27 June 2002; accepted 21 August 2002

Abstract

This paper investigates the damage, mainly surface and subsurface cracks, in ground n-Al,0,/13TiO, and n-WC/12Co coatings.
Surface cracks are formed under some special conditions. The presence and formation of the surface 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 materials on the subsurface damage,

especially subsurface cracks, are investigated. The difference of mat

erial properties of these two coatings also influences 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 observe subsurface damage
of ground coatings. A full spectrum of subsurface crack

0890-6955/03/$ - see front matter © 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 pm, respect-
ively. The abrasive grits of 40.and 20 pm 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 1000x was used to provide a frame of about
110 pm 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

'///f/////////,//'//,‘/,,,g{{t&\\\\\

Fig. 1. Schematic of lapped workpiece and SEM observation area.

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 n-Al,05/13TiO, and n-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 pum and a concentration of 100. Fig. 2
shows surface cracks on n-ALO,/13TiO, coatings
ground by the 10kC wheel at depths of cut of 2 and 5
um, 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-Al,0,/13TiO, coat-
ings. These cracks intersect with each other to form a

Fig. 2. Surface cracks on the n-Al,-Oy/13TiO, 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 n-WC/12Co coatings ground with 10 kC
wheel at depths of cut equal to or larger than 2.5 pm.
From Fig. 3, one can find that the long surface cracks
are almost paraliel to each other and perpendicular to
the grinding direction. Unlike ground n-Al,05/13TiO,
coatings, there are no cracks in the other directions
observed on the surfaces of n-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 um, 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
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Fig. 4. Comparison of tangential (a) and normal (b) components of
grinding force when grinding with the 10 kC wheel.

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-Al,0y13TiO, coatings

Fig. 5 shows the configuration of cracks observed in
the subsurface of ground n-Al,05/13TiO, 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-ALO,/13TiO,
coatings when compared with the surface of ground n-
WC/12Co coatings. The surface profile [13] measured
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Fig.5. Observation of subsurface cracks in ground n-Al,-0y/13TiO,
coatings.
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by atomic force microscope (AFM) and SEM obser-
vation [14] of ground n-Al,04/13TiO, coating surfaces
show the opened subsurface crack.

3.2.2. Ground n-WC/12Co 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, & Surf. (b) Subsurf. & Surf.
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Fig. 6. Configurations of subsurface cracks in the ground n-
WC/12Co 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(¢)
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-ALL,O/13TiO, coatings

Unlike the ground n-WC/12Co coatings, the charac-
teristics of subsurface cracks for the ground n-
ALO,/13TiO, 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. v

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-Al,O0,/13TiO, coatings. Harder
wheel bond and larger grit size result in deeper damage.
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Fig. 8. Effects of feedrate on depth of damage of ground n-Al,-
0,/13TiO, 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-
Al,-04/13TiO, coatings. :
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Fig. 10. Effects of wheel grit size on depth of damage in ground n-
Al,-04/13TiO, coatings.

rate (depth of cut under 15 pm 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 um at wheel depth of cut of 30 pm
or table feedrate of 8 mm/sec. SEM observations show
that some large scale cracks have developed.

As shown in Fig. 13, thé mean and maximum depths
of damage are larger in the coatings ground with the
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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

Wheel speed: 33 m/sec

Depth of cut: 15 um
Feedrate: 4 mm/sec
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Fig. 13. Effects of wheel bond type on depth of damage in ground
n-WC/12Co coatings.
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Fig. 14. Effects of wheel grit size on depth of damage in ground n-
WC/12Co 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,

o= (zmdmax)l/log(A(H/K,C)) (N

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-
Al,0,/13TiO, is higher than that of n-WC/12Co. Com-
paring Figs. 7 and 11, one can find that at small depth
of cit, that is, less than 15 pm, 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-Al,04/13TiO, 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 n-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-Al,0y/13TiO,
coatings. Different from the cracks in the ground n-
WC/12Co coatings, these microcracks are difficult to
be classified.

For both n-Al,0,/13TiO, and n-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-
AlL,0y/13TiO, coatings. The effects from wheel bond

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

The higher brittleness value of the n-Al,0,/13TiO,
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 WC/12Co and AlL04/13TiO, (n-WC/12Co and n-Al,04/13Ti0,) coatings

has been undertaken with diamond wheels and under various grindin

g conditions. This paper investigates the effects of the grinding

parameters such as depth of cut, feedrate, wheel grit size and bond materials on grinding forces, surface finish and surface topogra-
phy. Different from their consolidated counterparts, the coatings have large quantities of defects inherited from thermal spray
process, which greatly influence the grinding process and ground coatings. The competing phenomenon between the effects on
surface finish from both the thermal spray process and the grinding process is studied. Different surface topographies are observed
and their relationship with grinding conditions and material properties is investigated. Furthermore, the material removal mechanisms
in grinding are explored. The effects 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 modern 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 2 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 n-WC/12Co and
n-Al,04/13TiO, 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

0890-6955/02/$ - see front matter. © 2002 Elsevier Science Ltd. All rights reserved.
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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 PR, for profile. The surface finish of a work-
piece is usually evaluated with a surface profilometer.
For tribological applications, bearing ratio (t,(%)) 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
centerline for unfiltered profile. In this study, the highest
peak is used.

by+b,+..+5b
L

1,(%) = " x 100% (1)

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

b, b b

______________ —-c=0
- (4,70%)

__________ - c=max.
> (1,=100%)

Fig. I. Definition of the bearing ratio, £, (%).

n-WC/12Co coatings were produced using the high velo-
city oxygen fuel (HVOF) method and the n-
Al,O4/13TiO, 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 n-WC/12Co and n-Al,0,/13TiO, 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/12Co coatings. Fig. 2(b) shows the typical surface
features of the thermally sprayed n-Al,0,/13TiO, 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 um 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.

2.2. Grinding experiments

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 um and the three
slideways had a straightness error of 0.1 um/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 um. The loop stiffness of the machine
was measured to be 50 N/um. 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 pum 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 5000) was used to measure surface finish (R, and
1,) 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 WC/12Co, AlLO13TiO, coatings and low carbon steel substrate

Properties . WC/12Co AlLOy/13TiO, Low carbon steel
Powder grain size, nm 30-50 20-80 -

Bulk mass density, g/cm® 14.50 39 7.85

Thermal expansion co., /K 6x10~° 5.5x107° 11.5x107*
Fracture toughness, MPavm 25 0.8 -

Vickers hardness, GPa 12.50 10.57 -

Young’s modulus, GPa 222 70 202

Poisson’s ratio 0.22 0.25 0.30

Fig. 2. SEM observations of the as-sprayed WC/12Co and
ALO,/13TiO, coatings. (a) As-sprayed n-WC/12Co codings; (b) As-
sprayed n-Al,Oy/13TiO, 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
3.1. Grinding forces

3.1.1. In grinding n-Al,0y13TiO, coatings

Fig. 3 shows the normal grinding force (force per unit
area) versus the wheel depth of cut in grinding n-
AL,0,/13TiO, 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 SD120N100V SDI1000L75B SD60ON100V SD100ON100C
Notation 120 Vv 1000 B 600 V 1 kC
Diameter, mm 180 180 180 180

Bond types Vitrified Resin Vitrified Cast iron fiber
Grit sizes, ym 125 15 15 I5

Dressing GC sticks GC sticks GC sticks GC stickers
Manufacturer Norton, USA Japan Norton, USA Japan
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Fig. 3. Normal grinding force versus the wheel depth of cut for grind-

ing n-Al,O4/13TiO, 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 |
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.

3.1.2. In grinding n-WC/12Co coatings

Similarly, 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-
ALO4/13TiO, coatings. In addition, the depth of cut,
feedrate and wheel parameters had the similar effect on
the normal grinding forces for both coatings. Comparing
the 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-Al,0,/13TiO,, 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

3.2.1. Ground n-Al,0/13TiO, coatings

In this section, the effects of grinding parameters on
surface finish of the ground coatings are studied. Two
important parameters, surface roughness R, and bearing
ratio 1, are discussed. Fig. 7(a) shows surface roughness
R, versus the wheel depth of cut. The ground n-
Al,0,/13TiO, coatings have a minimum R, at a certain
depth of cut, which is somewhat <15 um for the 600
V, 1 kC and 1000 B wheels and over 15 pm for the 120
V wheel. When the depth of cut is smaller than 15 pum,
an increase in depth of cut results in a decrease in R,.
Beyond 15 pum, R, increases with the increase in depth
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Fig. 4. Normal grinding force versus the feedrate for grinding n-
ALLO./13TiO, 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-Al,0,/13TiO, coatings ground with the 600 V
wheel under different depths of cut.

At the depth of cut of 15 pm, the increase of feedrate
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Fig. 5. Normal grinding force versus the depth of cut for grinding n-

WC/12Co 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.
(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 R, values
of n-Al,04/13TiO, 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

e
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feedrate; (b) Normal grinding force (force per grit) vs. feedrate.

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].
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Fig. 7. Surface roughness R, for ground n-Al,04/1 3TiO, coatings. (a)
Surface roughness R, vs. depth of cut; (b) Surface roughness R, vs.
feedrate.

Table 3
Comparison of the bearing ratio ¢, (%) of as-sprayed and ground n-
ALL,O/13TiO, coatings

¢, pm 0.64 1.27 5.08
As-sprayed 0.1% 0.1% 0.4%
600 V 0.1% 0.6% 100%
1 kC 0.1% 0.6% 99.9%
1000 B 0.2% 0.5% 99.9%
120V 0.1% 0.2% 98.6%
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Table 3 compares the bearing ratio 1, of the as-sprayed
and ground n-Al,04/13TiO, coatings under a depth of
cut of 30 um and a feedrate of 4 mm/s for different
depths (c) below the highest peak. When ¢=5.08 um, 1,
reaches nearly 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/12Co coatings

For the n-WC/12Co coatings, the ground surface
roughness does not show the same trend as for the n-
ALO,/13TiO, coatings in terms of depth of cut (Fig.
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Fig. 8. Surface roughness R, for ground n-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/12Co 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. Similarly, 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-Al,05/13TiO,
coatings under a smaller c.

It is observed that the surface roughness is much
larger for the n-Al,0,/13TiO, coatings than for the n-
WC/12Co coatings ground under the same conditions.
More remained defects from thermal spray in the n-
AlL,0,/13TiO, 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 pm, the directionality of
R, for the n-Al,0,/13TiO, 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-Al,04/13TiO, 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 £, (%) of as-sprayed and ground n-
WC/12Co coatings

¢, pm 0.64 1.27 2.54

As-sprayed 0.1% 0.2% 7.0%
600 V 100% 100% 100%
1 xC 99.65% 100% 100%
1000 B 100% 100% 100%
120V 99% 100% 100%
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Fig.9. Directionality of surface roughness R, for ground n-
ALOJ/13TiO, and n-WC/12Co coatings. (a) Ground n-Al,05/13TiO,
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.

3.3.1. Ground n-Al,0y/13TiO, coatings

Compared to n-WC/12Co, n-Al,04/13TiO, is more
brittle. At the depth of cut of 15 pm or smaller, SEM
observations (Fig. 10(a)—(c)) 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

Fig. 10. Comparison of Al,OJ/13TiO, coatings ground at different
depths of cut with a 600 V wheel at a feedrate of 4 mm/s and a wheel
speed of 33 mvs. (a) Depth of cut = 2um; (b) Depth of cut = Sum; (c)
Depth of cut = 15um; and (d) Depth of cut = 30pm.
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30 um, 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-AlL,O,/13TiO, 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-
Al,04/13TiO, 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 n-Al,0,/13TiO, coatings ground with the 120 V
wheel at the depth of cut of 15 pm or larger. Brittle
fracture is the dominant material removal mechanism for
the n-Al,O5/13TiO, coatings ground with the 120 V
wheel. Fig. 12(c) also shows that the microcracks in the
ground n-Al,0,/13TiO, are open to the surface.

3.3.2. Ground n-WC/12Co coatings

Fig. 13 shows the ground surfaces of the n-WC/12Co
coatings under different depths of cut with the 600 V
wheel. For all the depths of cut, the dominant grinding
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Fig. 11. ALLOYI3TiO, coatings ground with | kC and 1000 B wheels
at a depth of cut of 15 um, a feedrate of 4 mm/s and a wheel speed
of 33 m/s. (a) With 1kC wheel; (b) With 1000B wheel.

Fig. 12. AL, 0,/13TiO, coatings ground with a 120 V wheel at depth
of cut of 15 um, 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 n-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 um, 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-
larly, 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. WC/12Co 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 2um; (b) Depth of cut of 15um; and (c) Depth of
cut of 30um.

Fig. 14. WC/12Co coatings ground with 600 V wheel at different
feedrates at a depth of cut of 15 pm 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 n-WC/12Co
coatings. Fig. 16(a) shows the ground surface of an n-
WC/12Co 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 mmJs, a depth of cut of 15 pm and a wheel speed of 33 m/s.

(@) (b)

Fig. 16. 'WC/12Co coatings ground with 120V wheel at different fee-
drates, a depth of cut of 15 pm and a wheel speed of 33 m/s. (a)
Feedrate of 4mm/sec; (b) feedrate of 8mm/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]

_ BE/H)
(HIK)?

where f 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 n-WC/12Co coatings, high brittleness
of the n-AL,0y/13TiO, coatings results in a small critical
depth of cut d.. On the other hand, low Young’s modulus
of the n-A1,05/13TiO, 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-
ALO,/13TiO, coatings, the difference is insignificant
compared to brittleness and Young’s modulus. Small dc
values explain the fragmentation observed on the ground
n-Al,0,/13TiO, coatings even under a small MRR.

d (2)

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-Al,0,/13TiO, coatings is
observed. There exists one optimum depth of cut to achi-
eve minimum surface roughness for the n-Al,0,/13TiO,
coatings. This competing phenomenon does not exist for
the n-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/12Co than for n-ALO,/13TiO,. With the increase
of MRR, this directionality for ground n-Al,0,/13TiO,
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-Al,0,/13TiO, 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 n-Al,04/13TiO,
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 Mechanics

An abrasive machining process for ceramics is simulated with a nonlinear thermodynamic
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=12,...,n). Damage is considered cumulative and related with current stress and
damage state in a ceramic workpiece during loading, which constitutes damage evolution.
A fourth-order isotropic damage tensor is introduced. This highly nonlinear CDM 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, compres-
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 residual stress in ceramic workpieces.

Continuum damage mechanics employs irreversible thermody-
namics and internal state variables. Since Kochanov [10] and
Rabotnov [11] proposed the concept of scalar damage, CDM has
experienced great development. In its early 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-Si;Ny) 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 um 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-A1,0,), pressureless sintered silicon carbide
(PS-SiC) and hot-pressed silicon nitride. The damage develop-
ment in HP-Si;N; 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 fourth-order damage tensor to the model as shown in Fig. 1.
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Fig. 1 Mechanical representation of CDM model

The mode! will be used to simulate the machining process with
single diamond grit for HP-Si3N,, PS-SiC and HP-AL,O;.

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

sij= 2] Qf]r) (1)

=
0= COM julefi—piD) @
su=2GM ;e )

When Dy, is employed to denote the damage tensor and M,

is the damage effect tensor, they have the following relationship

Miju=liju=Diju 4)
lfD"j“:I,'j“D, then Mijh'=lijkl(l _D)=1ijkl<p' D is the damage
variable and ¢ is the damage effect variable. In the following
derivation, D;;;, and M, are substituted with /;;,,D and I ;9.
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]

0"pN=0

ij Vij

&)

is physically related to p{}’ by the

On the other hand, Q)
following equation

dp;?
0i; =a,’i;k1<{’—d‘z“ ©
where dz is a generalized time measure and defined as
dz= \/de::}'deﬁ;' N

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

[E]S;k)l=Mijllc(r)(0an) 3
[@)7=Mijua' (0 a0) ©)

In Egs. (8) and (9), C'")(0,,) and a'"(o,,,) 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 a'"(o,,) are assumed
as linear functions of o, [18]

C'N G 4a) = CY (0 0a) = C (1 = 710 44) (10)
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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

(12)

where the volumetric elastic modulus K is related to Young’s
modulus E as follows '

Oaa=3Ke0a=3K9Eq,

E

K=30=29

(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 Qf}) must be derived for the above constitutive equations as
well as the following finite element calculation. Combining Egs.
(2) and (6) with the consideration of Egs. (10) and (11), one
obtains

(n
de-})= Cheljydef;— a(')lef)dZ‘* a lliqui?d‘P"' C(Ur) dct
14)

in which a'”=C"(0,,)/a'" (). Equation (14) represents the
incremental Q). For some simple cases, Q{7 can be expressed
in one integral form. Generally, the following incremental relation

is used for Q{7 in the finite element analysis,
(b= lh-1 (r)yh
[Qi/1=[0i'1" " +[AQ}}’)

where h is the incremental step number.

(15)

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 isotropic 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 10 the cur-
rent effective stress and damage. The deformations caused by both

Transactions of the ASME




deviatoric and volumetric stresses can result in damage, but the
developing mechanisms of damage are 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),
dD=(l+ fa‘_")(ﬂ

b

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 stress undemeath. On the other hand, the deviatoric
stress contributes to shearing the materials. Since damage can
occur during elastic deformation period for ceramics, dz;, and
dz, are defined as

dzp= \/de e, dzy=H(dey)dey an

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

m |
) dln+2—(,(f’u+|‘7u|)dlu 16)

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.
(1), one can obtain

ds;;= E Q) (18)
After substituting Eq. (14) into the above equation, one has
AJ,—I‘=Z' C‘”(pl,,u.lei';—a(')Qf]’)Az— lI“QkI)AD
Q(')
+ o Act” (19)

From Eq. (10), AC'N(0,,)=CY f'(04s)A0,, is obtained.
Therefore,
AC(r)
C(ll

_ 1)
f(Ted)

On the other hand, from s,/-=2G<pI,,,(,(ek,—ek’}), one arrives at

(20

ds;;=2G el (dey~del)+ o s, de @0
Therefore,
dt’ ""deu (ZG<P) l(lukl) dS“
_‘P-'(ZG‘P)-l(’ijkl)_ sudD (22
A Ae:;A in
= Az €
= e;}'[de-‘—(ZG ) ) " Nds
Az ij ¢ ikl ki
-0 '2Ge) ' (Jij) " 544dD) (23)
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Substituting Egs. (16), (19), (22) and (23) into Eq. (18) with the
consideration of the following relationships

I .
As;=80;;= 380440 (24)
1
Aei/-=Asij— §A€aa5,'j, (25)
A€ 4q=08,50€,p (26)
A(’aar= aﬂA(’ﬂﬂ 27)

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

1
[ Tijge— 35 Ot Fiju— 3 FiimnOmnOu

AO'H

S (04a) I
E (f( - Ukl Xl/kl+ X:]mn‘sm 5kl

1
= [ Bijkl— '3‘ Bijmn Smn 5kI_A;jkl +A ijmn Smn i+ Y.'ju]Aeu
(28)

where

l]kl 2 C(r)(ZGq)) Iumn mn+<p .ljan(,)+a(r)

Aem
X(2Ge) '™ Qi —= um,)"s,,]

o\ Vs A
X 1+UL)( Spq pq) €xl 29)
a b Azp
S (r) e i
Bijkl=2 Cl¢lju—a"Qij— (30)
r=1 Z
Fijkl=2' [Ce(2G o)1) @a3n
S a'n 1 (r)A
Xou=2, | 272Ge)™'Q] 0 Ll B € )

n

yijkI= ZI [[C<')(ZG‘P)— Ilijmnsmn

+(P lljan(')] H(Uaa)aaaH(Aeﬁﬂ)akl] (33)

If we define

1
b= ‘uu 7 6ij0ut Fiju— EFijmn‘smnskl

f'(9aa) ! '
_2 (f(U )) ukl_xijkl+ gxijmnsmn‘skl] (34)

and

1
‘l"i,'u=[3iju' 3 BijmnOmnOu—Aijkt+ AijmnOmn Ot yijkl]
35)
Equation (28) becomes

Aal]=[¢mnlj]-I[WmnkI]Aekl (36)
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Fig. 2 Mesh, element and boundary conditions of finite element analysis

That is,

Aoy=1l;uley 37

= -1
where nijkl'_[d)mnij] [\PmnkI]. o
It can be observed that I1;;, is at least symmetric in the first
and last pairs of indices according to the symmetry in Iy, 8ij -
Q! and stresses as well as strains. This means

I 0= iy = T =T (38)
Therefore, the following equivalent matrix representation can be
used for Eq. (37) .

{Ac}=[k){Ae} (39)

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

{Ao}=(Ao,.A0, A0 AT AT, A .07
{de}=(Ae,. A8, A6 ,AY A 7,8 ¥

3.2 Governing Equation for FEM. The dimensions are ar-
ranged as /:w:h=236:30:45 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.
2(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,

(K1, '{au),={AP},

where n is the nth increment, i the ith iteration in the nth incre-
ment, and [K] is the system stiffness matrix and has an expression
as i

(40)
41

42)

N
(K '=2 f (B)'[k),'[B)dV (43)
j=v Jv;
. N
{AP}"={P},,—-E j (B){v}, - dV (44)
i=t Jy,

{P}, and {A P}, represent the total load up to the nth increment of
loading and the nth incremental load, respectively; V; denotes the
volume of element j; and N the number of elements. In Eqgs. (43)
and (44), the summations mean assembly of clement matrices by
addition of overlapping terms. The iteration process of each incre-
fn;n(tjul step should continue until the following inequality is sat-
istie
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A —{Ask|
ERR=max——n°¥T

j=1
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. .

<ERRO 45)

3.3 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-Si3Ny, PS-SiC and HP-AlL, 03 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-Si3N,,
PS-SiC and HP-AlL,O; 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-Si;N,, PS-SiC and
HP-AL,0,
HP-Si)N¢ PS-SiC HP-AL,Oy
E, GPa 300 400 400
Bending strength, at 600~800 400~500 300~400
20°C (MPa)
Compressive strength, 30004000 2000~3000 3000~4000
at 20°C (MPa)
v 027 0.24 0.23
n 0.0052 0.0051 0.0080
a, MPa 2,000 1,950 1,600
b, MPa 50 48 40
¢, MPa 0.20 0.09 0.07
Cy.2.5. GPa 40,000, 600,110 36,000, 500,100 62,000, 580, 120
aLs 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-Si;N,, HP-Al,0, and
PS-SiC

simulation, the values of those 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 1 that HP-Al, O, has the smallest
value of a, which depicts a weak coupling effect between the
deviatoric and hydrostatic stresses on damage development for
HP-AI,0; than for HP-Si;N, and PS-SiC. But HP-Al,O; 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 Boundary Conditions and Loading Simulation. In
Fig. 2(a). all of the boundary conditions but the one at the top
surface are related to displacements. The arrow indicates that the
displacement is constrained to zero in that direction. Due to 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 Y direction. The
abrasive grit moves from the right-hand side to the left-hand side
along the X direction. Contact pressure is used to simulate the
machining load on these elements. For clarity, two elements in the

Fig. 4 Interaction diagram between the grit and the workplece
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Fig. 5 The relationship between the normal force and the
depth of cut for the three ceramics

Y direction are schematically shown in Fig. 2(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 R=40 xm, 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 f, 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 g, in the following way,

=gy, ap=paq, (m=12) 46)

in which 4, = u,=0.143 and qE:q,',=0.8. 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,=Fy+Ct 4N

where C, is a constant determined by machining conditions and
material properties; Fy, is the break-in force under which the depth
of cut 1 is zero. By this relationship, the set depth of cut is con-
verted into average normal force, and then into normal pressure

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

C,, N/um Fo,N

HP-Si3N4 1.20 3.81
PS-SiC 0.35 3.74
HP-ALO; 0.95 3.00
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Fig. 6 Simulation of damage development with the movement of abrasive grit (Y=0)

that is designated as qul.max 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-Si;N,, PS-SiC and HP-ALO;. The constants C, and Fg 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-Si3N, with the
movement of the abrasive grit at a maximum depth of cut of 5
pum. 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 shows the damage field

induced in HP-Si;N, at a set depth of cut of 5 um. 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-Al,O; 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 um. 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-Al,O; cross section under the depth of cut of 5 um. 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-AlL, 04, 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

45 45 28
40 40
35 35 24
30 30 20
g 25 §25 16
N 20 12 N 201 Damage %|}12
sl ;o :
5 b Damage %1l 4 s b 4
0 ak, . 0 0 b X, um
0 8 16 24 32 0 51015202530
X, pm Y, pm

(a) Y=0 cross-section

{b) X=12 pum cross-scction

{¢) Z=45 pm planc (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(b) 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-AL,O; 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-Si;N,
and PS-SiC, which agrees to the experimental results. This is be-
cause the C, value for HP-A1,0; (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.
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(a) Prediction for the semi-width of
damage vs. depth of cut ‘

9(a) and 9(b), one can find that the semi-width is more underes-
timated than the damage depth. The difference might be duc 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 um. Figure 10 shows the
contour plots of the residual stress oy paraliel to the moving di-
rection of the grinding grit. Figure 11 shows the contour plots of
the residual stress o, perpendicular to the moving direction of the
grinding grit.

Figures 10 and 11 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 ¢, is around S00 MPa, larger than that of the paraHel stress
g, 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 dye 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
Joading magnitude in FEA. The distributions of residual stress and
damage are both related with the distribution of inelastic deforma-
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Fig. 9 Correlation between the calculated and experimental results for depth and

semi-width of damage versus depth of cut
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Fig. 12 Depth profiles of residual stresses

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

Figure 12 shows the depth profile of the residual stresses oy and
. . 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 um, 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 um, the width of the scratch is calculated 64 pm.
Although the stressed material should be larger than 64 um in
width, it is still too small to measure. However, the prediction can
qualitatively be compared with the work done by Kajornchaiyakul
{30] and Pfeiffer et al. [31]. In Kajornchaiyakul’s experiment [30],
HP-Si;N, samples were ground by an electroplated nickel dia-
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mond wheel with a grit size of 86 um, 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
iradiated volume while the current calculation does not have the
average effect.

§ 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
e::;-' = inelastic deviatoric strain
e;; = total deviatoric strain
o;; = stress tensor
pt? = nh deviatoric internal variable
D = damage variable
1,y = fourth order identity tensor
= volumetric elastic modulus
v = Poisson’s ratio
H() = Heaviside function
C{" = spring-like constants of the initial undamaged
materials
ay’ = damping-like coefficients of the initial undamaged
materials
e; = elastic deviatoric strain
5;; = deviatoric stress
€;; = slrain tensor

2]

Qi) = nh generalized frictional force

wonn

¢ = damage clfect coefficient
E = Young's modulus
a b, ¢,y
and m = material dependent parameters
(B} = strain-displacement matrix
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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? ¥ 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 Al,043/13TiO; (-WC/12Co and n-Al;03/13TiO,) 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 (n-Al,03/13TiO;) 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-WC/12Co and n-Al,03/13TiO; 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 correspondence should be addressed.

0022-2461 © 2002 Kluwer Academic Publishers

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
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thickness. Neutron diffraction is another choice for
measuring the residual stresses {18], which can over-
come the small penetration depth limitation 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
n-WC/12Co and n-Al,03/13TiO, 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,
areconstitution 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 n-WC/12Co granules
using the high velocity oxygen fuel (HVOF) method
and with n-Al,03/13TiO; 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-Al,03/13TiO; 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-AlO3/13TiO;, coating have pores, cracks, micro-
cracks and segmented structures formed by the inter-
connecting microcracks perpendicular to the coating
surface. :

TABLE 1 Typical properties of n-WC/12Co, n-Al;03/13Ti0; coat-
ings and low carbon steel substrate

Low carbon
Parameters WC/12Co AL O3/13TiO;  steel
Powder grain size (nm)  30-50 20-80 -
Mass density (g/cm®) 14.50 39 7.85
Thermal expansion (/K) 6 x 10~ 5.5x 108 11.5%x10°¢
Young's modulus (GPa) 222 70 202
Poisson's ratio 0.22 025 0.30
Mass absorption coeff. 184.023 44.183 -
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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 um
and the three slideways had a straightness error of 0.1
pum/25 mm. A laser interferometer was equipped to the
machine that formed feedback loops for the x, y, z slide-
ways with a resolution of 0.07 um. The loop stiffness
of the machine was measured to be 50 N/um. 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 um and feedrates were at 1, 4, and 8 mm/s
for the grinding experiments.

4. Residual stress measurement method
- and GIXD technique

The widely accepted sin? ¥ technique was used for
residual stress characterization in this study. The di-
rection of the measured strain £4y is defined by the
azimuth angle ¢ 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 =2dhkl siné@ (l)

where A is the radiation wavelength, dyy (hkl are the
Miller’s indices of the diffraction plane.) is the lattice
plane spacing, and 6 is the diffraction angle.

Therefore, the measured strain g4y along the (¢, ¥)
direction is

e _d¢‘(,—d0_sin90_1

sin &
= (e11cos’ ¢ + £125in2¢ + €22 sin’ ¢) sin? ¢

+ (£13 cos P + £23 sin @) sin 2y + €33 cos? ¥
(2

where dp is the unstressed lattice plane spacing, dgy the
stressed lattice plane spacing, and 6y and @ the 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,

14v v :
£ %~ 51;'-Eo‘u 3

8[] =

wherei, jandk =1, 2, 3, E and v are Young’s modulus

and Poisson’s ratio of the coating, respectively. '
After Equation 3 being substituted into Equation 2,

the following equation of residual stresses can be
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obtained,

14+v .
Epy(T) = —E—(a.. cos’ ¢ + op2sin2¢

v

. ) I+
+onsin? ¢ —o313) sin ¢ + 5o
1+v . .
+ —E—(ou cos ¢ + a3 sing)sin 2y
v
- E(U“ + 022 + 033) 4)

With the assumption of biaxial stress, that is, 013, 023
and 033 =0, the above equation can be simplified as

1+v .
Epy(T) = ——E——(o“ cosl ¢ + o125in2¢ + on sin’ @)

. 2 v
x sin“ ¢ — E(ou + 072)

sin 8
= —1 5
siné (%)

With the above sin? ¥ 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 combination of the
sin? y 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 o
used in the measurement. The GIXD technique, which
is enabled by the parallel optics 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 effective
X-ray penetration depth, 7, under an incident angle, o,
is as follows [23],

1
T = o(u/p)1/sina + 1/sin B)

6)

where B =20 — a; p is the mass density of the sample;
w is the linear absorption coefficient of the sample for
X-ray.

Before calculating the penetration depth 7 of X-ray
in a material, the mass absorption coefficient, u/p.
should be found first. The mass absorption coefficient,
u/p, of a material containing more than one element
can be calculated from the following expression (221,

p P/ P/2

where w;, w2, etc, are the weight fractions of elements
in the material and (%)1. (ﬁ)z. etc., are the elements’
mass absorption coefficients with respect to the given
radiation wavelength. The mass absorption coefficients
for n-WC/12Co and n-A1,03/13TiO; with respect to
Cu-K, are calculated based on Equation 7 and listed in

FADLL §1 LUHCLUYE Peitiatun uepees

n-WC/12Co and n-Al;03/13TiO; coatings

LUt ang e et

Effective penctration Effective penetration

Angles of depth in n-WC/ depth in n-Al203/
incidence a (%) 12Co, t (um) 13TiO;. T (um)

3 0.1827 2.8695

S 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

Table I Table II lists the effective penetration depths for
Cu-K, radiation in n-WC/12Co and n-Al,03/13TiO;

coatings.

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

In thermally sprayed coatings, the residual stresses
mainly originate from the combined effect of the
splat quenching and the mismatch in thermal expan-
sion between the coating and substrate. When high-
temperature particles hit the substrate, the particles
quickly quench due to a large difference in tempera-
ture. During the quenching process, the contraction of
the deposited coating is constrained by the substrate
due to adhesion. The tensile quench stress is created
in the coating. In the meantime, the substrate temper-
ature also increases. After deposition, the coating and
substrate cool down to the room temperature. During
the cooling process, the mismatch stress develops due
to the difference between the two thermal expansion
coefficients of the coating and substrate. The mismatch
stress could be tensile or compressive and is determined
by the difference of the two thermal expansion coeffi-
cients. For the coatings used in this paper, the thermal
expansion coefficient of substrate material (low car-
bon steel) is close to twice of that of n-WC/12Co and
over twice of that of n-Al,03/13TiO2 (Table I), both of
which result in compressive mismatch stress.

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

The measurement was carried out on an X-ray
diffractometer (Bruker AXS), equipped with parallel
beam optics. The measurement conditions and config-
uration are listed in Table I11. In the following depth pro-
file measurements, the incident angles of 3-25° were
used for the n-WC/12Co coatings and 3-30° for the
n-Al,03/13TiO; coatings. For other measurements, the
incident angle of 25° (penetration depth of 0.7652 pum)
was fixed for the n-WC/12Co coatings and 30° (the
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FADLLE 1L Measurement conditions and contiguration

Diffractometer

Optics Parallel beam geometry with
Glober Mirror

X-ray radiation source Cu-Ko

Radiation wavelength, A 0.15406 nm

Incident slit 1.5°

Detector slit 2.0°

Detector Scintillation counter

Step size 0.02°

Scanning speed 0.5°/min

Incident angles 3.0°-30°

Nanostructured coatings
Materials
Diffraction lattice

n-WC/12Co and n-Al;03/13TiO;
Hexagonal (WC) and
Rhombohedral (Al,03)

Diffraction plane (hkl) WC (100), WC (101), Al;03 (214)
Diffraction angles (26) WC: 35.627° (100), 48.627° (101)
Al03: 66.516 (214)
Measurement directions (¢) 0°, 90°
20 T Y T T T
oo WAJUUJ L\J\,
12 .

As-sprayed coating

Intensity, x102, (counts)

Reconstituted powders

26,(%

Figure | X-ray diffraction patterns of reconstituted powders, as-sprayed
coating and ground coating of n-WC/12Co.

penetration depth of 15.7678 pm) for the n-Al,O3/
13TiO; coatings. Except particular specification, the
diffraction planes used were WC(101) and Al,03(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 S is used to calculate the residual stresses
(0xx and 0,) in the current two as-sprayed and ground
coatings. The depth profiles of residual stresses are
shown in Fig. 2 for as-sprayed n-WC/12Co coatings
and Fig. 3 for as-sprayed n-Al,03/13TiO; coatings.
Fig. 2 shows that the residual stresses o,, and o, in the
as-sprayed n-WC/12Co 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. i
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Figure 3 Depth profiles of residual stresses in the as-sprayed n-Al; 03/
13TiO; coatings.

As shown in Fig. 3, compressive residual stresses
0xx and oy, exist in the as-sprayed n-Al,03/13TiO;
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-Al,03/13TiO, 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-WC/12Co 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 n-Al,03/13TiO; 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 o (0x,) perpendicular
to and oy/(0y,) 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



direction, thatis, ¢ = 0" and ¢ = 90”. | he measurement
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 0 (0x,) and ay(ay,y) in the ground n-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, 0, (0xx)1S
598 MPa, much larger than o//(0,y) 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-WC/12Co coating surface
suggest that the mechanical loading be the main reason
for the change of residual stresses in the coatings. If

-150
—o—0,(0,
-o-0,(0, )
& -300 + eem=a--Fa
3 Qe o °
g o
L
& 450
Ei
2 Grinding wheel: 600V
& -600 | Wheel speed: 33 m/sec
Depth of cut: 15 um
Feedrate: 4 mm/sec
-750 R R
0.1 03 0.5 0.7

Effective penetration depth, 7, um

Figure 4 Depth profiles of residual stresses and SEM surface image of
a ground n-WC/12Co coating. (a) Depth profiles of residual stresses ina
ground n-WC/12Co coating, (b) SEM image of the surface of a ground
n-WC/12Co 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 0 (0x,) in the near sur-
face layer reaches 750 MPa. Fig. 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-AlOi/
13TiO; 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-Al;03/1 3TiO; 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 (o)) 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
(0y) 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 (01)
with the increase of the depth of cut for the ground
n-Al,05/13TiO; coating. Fig. 8b is the SEM images
of the surface of a ground n-Al,03/13TiO; coating at a
depth of cut of 30 wm. Compared to Fig. 5b(where other
grinding conditions are the same except that the depth
of cutis 15 wm), 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-
Al 03/13TiO, coating when under a large depth of cut.
In Fig. 9, it is shown that the residual stress (0y)inthe
ground n-AL,03/13TiO, coatings also increases with
the increase of the feedrate. The similar effects of MRR
can be observed on oy. In the following parts, only o1
will be discussed and the conclusions are applicable
to oy,.

5.2.3. Effect of wheel bond type

Three different bonds, but the same mean grit size of
15 um, 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-Al;04/13TiO; coatings, the bond
type effect was less significant, as shown in Fig. 11.
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Figure 5 Depth profiles of residual stresses and SEM surface images of a ground n-Al,03/13TiO; coating. (a) Depth profiles of residual stresses in
a ground n-Al;03/13TiO; coating, (b) SEM observations of a ground n-Al;03/13TiO; coating (Grinding conditions shown in (a)).
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Figure 6 Compressive residual stress o (0, ) vs. depth of cut in ground
n-WC/12Co coatings.

5.2.4. Effect of abrasive grit size

For the n-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-WC/12Co
coatings ground with the 120 V wheel. The 120 V
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Figure 7 Compressive residual stress 01 (0xx) 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 residual stress in the ground n-Al,03/13TiO;
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Figure 9 Compressive residual stress o 1 (04x) vs. feedrate in ground
n-Al,03/13TiO; coatings.

coatings. First, the grit size effect was not found sig-
nificant for the ground n-Al03/13TiO; 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

0, coating, (b) SEM observations of a ground n-Al;03/13TiO; coating at depth of
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g 360f
2
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o 240}
2
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O o ,H.

0 L
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Figure 10 Compressive residual stress 0, (0xx ) vs. different wheel bond
types in ground n-WC/12Co coatings.

wheel, which may be attributed to the fact that under
the same grinding conditions, the 120V wheel induced
more chippings and microcracks (Fig. 13b)toa 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-WC/12Co coating ground with 120 V wheel. (a) Compres-
sive residual stresses o, (0, ) vs. wheel grit sizes in a ground n-WC/12Co
coating, (b) SEM observation of plastic deformation in an n-WC/12Co
coating 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, arc averaged
over the entire irradiated layer of the sample. The depth
profiles, also called t-profiles, are the depth profiles of
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average residual stresses. The actual depth profiles of
residual stresses, termed z-profiles (where 2 is the dis-
tance from the sample surface) can be retrieved from
the measured t-profiles. T-profile and z-profile have the
following relationship,

Jy a@e™" de

€8)
fOD e/t dz

Qo(t) =

where Q(t) is the experimentally measured t-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 g(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 g(z).
Both the methods were designed to control the resolu-
tion and stability of the inversion results. The solution
of Equation 8 for ¢(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 t-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 symmetric 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 um, 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-WC/12Co
and conventional WC/12Co (Metco) powders. There is
no apparent peak broadening phenomenon in the pat-
tern of the reconstituted n-WC/12Co 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 (hkl) direction in the crystal is discussed.
Using Equation 6, the effective penetration depths on
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Figure 14 X-ray diffraction patterns of reconstituted n-WC/12Co pow-
ders and conventional WC/12Co powders.

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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LADLLE LY COMPArisun Ul peicralion aepins 1of Lu-ha) ondilirac-

tion planes WC (100) and WC (101)

Effective penetration depth, r (um)

Angles of incidence, a (°) wC(101) WC (100)
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 oy«

Surface roughness, Measured residual

Samples Ra (um) stress, (0x;) (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 measurement 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 pm for the n-WC/12Co
coatings and at an incident angle of 30° or penetration
depth of 15.7678 pum for the n-Al,03/13TiO; 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 um in n-WC/12Co and ~16um in
n-Al,0,/13Ti0,), 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 o,, 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 R, is usually less than 0.02 um for the
ground n-WC/12Co coatings and less than 0.2 um for
the ground n-A1,05/13TiO; coatings. Since the values
of the R, for ground coatings are relatively small com-
pared to the effective 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
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nanostructured WC/12L0 and Al;U3/ 13 1107 coalings.
The conventional sin’ ¥ 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 WC/12Co coat-
ings while compressive stresses in the as-sprayed
nanostructured Al,03/13TiO; 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 (0, > o) 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
the nanostructured WC/12Co coatings while almost no
effect for the nanostructured Al,O3/13TiO; 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 WC/12Co coat-
ings. However, the chippings and microcracks induced
by the large grits in the 120 V wheel have a relief effect
on the residual stresses in the ground nanostructured
A1,03/13TiO; 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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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/12Co) and AlL,O4/13Ti0, (n-Al,0y/13TiO;) 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.

Keywords: Microgrinding, Nanostructured materia! 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
microstructure of coatings is to decrease the powder grain
size. When the grain size of a material decreases to the
nanometer scale, one obtains a novel class 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]. Nanostructured 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-Al,04/13TiO, were used as workpiece materials.
Table 1 lists the physical properties of the coatings. The
coated workpieces were deposited on a low carbon steel
substrate with 25x75x4 mm® dimensions. The coatings had
a thickness of around 0.5 mm.

2 EXPERIMENTAL PROCEDURES

2.1 Microgrinding Experiment

Prior to the microgrinding experiments, the specimens were
pre-ground with a diamond whee! of 15 pm grit size in order
to remove the random influence from the thermal spray
process and make the samples more uniform. The
microgrinding experiments were conducted on a precision
grinder (Dover Model 956-S) that had aerostatic bearings
for its spindie and x, y, z slideways. Four diamond wheels of
cup-type were used. The grinding wheels 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.

Annals of the CIRP Vol. §1/1/2002

Parameters WC/12Co AlLO43/13TiO,
Bonding strength, MPa 89.6 207
Powder grain size, pm 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-
Al,04/13TiO, Coatings.
Method Surface grinding by cup-type wheels
Wheels SD120N100V (80 uM GRIT SIZE, 80V)

SD600ON100V (15 um grit size, 15V)
SD1000L758 (15 um grit size, 15B)
SD1000N100C(15 pum grit size, 15C)
Wheel speed | 33 nvs (3500 rpm)

Depthsof cut | 2,5, 15,30 um

Feedrates 1,4, 8 mm/s

Table 2: Microgrinding Conditions.

2.2 Post-Grinding Evaluation

The post-grinding evaluation includes characterization of
surface fexture, residual 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 8x8um, with a
612x512 array and a sampling interval of about 15.7 nm.
Area-scale fractal analysis [5) was performed on ground
coatings according to ASME/AMS! 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 siope, the greater the complexity. An
SEM (JOEL, Model JSM 840) was used to observe the
ground surface and to study material removal mechanisms.

X-ray diffractometry combined with Glancing incident X-Ray
Diffraction (GIXD) technique was used to measure the
depth profiles of residual stresses. The measurement was
camried out on an X-ray diffractometer (Bruker AXS),
equipped with parallel beam optics. The diffraction planes
used were WC (101) and ALO, (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 wheel
depth of cut for ground n-ALOy/13TiO, and N-WC/12Co
coatings with the 80V wheel. The ground n-Al,04/13TiO;
coatings show a minimum R, at a depth of cut of around 15
um, 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-
ALOy/13TiO,, which is shown in the following AFM
observations. For the n-WC/12Co coatings, the ground
surface roughness is smaller than that for the n-
ALOy/13TiO, coatings. It does not show the same trend as
for the n-ALO4/13TiO, 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.

| &,
3 -, —
A s ==

—a= n-AL,013TIO,

R,. x102nm
[\
T

g -WC/12C0
ir —
.‘J-_-!’f
% 10 20 30
Depth of cut, pm

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

Figure 2 shows perspective images for two n-Al,04/13TiO;,
coatings ground with the 15C and 158 wheels and one n-
WC/12Co coating ground with the 15C wheel from the AFM
measurements. The grinding marks are clearly visible on
the n-AlLO4/13TiO, 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 n-AlOy/13TiO, 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 plots are shown in Figure 3 from the above
AFM measurements. Due to the extremely coarse nature of
the surface on the n-Al,04/13TiO, coating ground with the
15C wheel, the relative area never reaches one and the
SRC cannot be determined. The complexity of the n-
ALO4/13TiO, coating surface ground with the 15C wheel is
markedly greater than that of the other two surfaces from
scales of about 5000 nm? to half a ym?. There is a
transition 1o less complexity at scales below 500 nm? on the
n-Al,04/13TiO, coating surface ground with the 15C wheel.
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The efratic behavior of the area-scale piot for the n-
ALO,/13TiO, coating surface ground with the 15C wheel at
scales above about half a um? is due to the small number of
relatively large features that dominate the measurement. It
would require a measurement on a larger scale to reliably
determine the complexity of this surface in the region above
haf a ym?. The similarites in the SRCs and the
complexities of other two samples are also clearly shown in
Figure 3. The only difference is that n-WC/12Co coating
ground with 15C wheel is slightly more compiex than n-
Al,04/13TiO, coating ground with the 158 wheel at scales
below 10,000 nm2. At scales below about 1,000 nm?* the
complexities of all three surfaces appears to be converging.
which could be an indication of underlying microstructure of
the workpiece material.

iy 2 0 2 ‘t\m
(b) -WC/12Co ground with 15C wheel.

200

£

€ 400
-600

lim 2 2 \,\ﬂ\
0
(c) n-ALO4/13TiO, ground with 15C wheel.

Figure 2: 3D AFM image of the coatings ground at depth of
cut of 15 um 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 occurrence
depend on the material properties of the workpiece, grinding
parameters and machine conditions. Previous studies [8,
10-12) have also shown that both ductile flow and brittle
fracture occur simultaneously in grinding of ceramic
materials. 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
[13),

= p(E/H)’ )
(HI1K,.)

where gis a constant. From Equation (1), one can see that
britleness, defined as the ratio of hardness to fracture
toughness of a material, is a goveming factor influencing
the critical depth of cut. Compared to the n-WC/12Co
coatings, higher brittleness of the n-Al,04/13TiO, coatings
results in smaller critical depth of cut d;. n-ALOy/13TiO, has
a smaller d.. Therefore, fracture can be observed on the
ground n-Al,04/13TiO, even under a small material removal
rate.

1.10 0n-Al,0/13TiOL15C)
108 * . . an-WC/12Co(15C)
0.. 'n-N20J13T102(158)

Relative area
® 8

102}
1.00F Yoo
102 10° 104 105 105 107

Scale of observation, nm?2

Figure 3: Area-scale plot of the coatings ground at depth of
cut of 15 pm and feedrate of 1 mm/sec.

(a) n-WC/12Co. (b) n-Al,05/13TiO,.

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 o, (o,.) and o,(0,) 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,
o,(c,) is 598 MPa, much larger than o, (o, ) 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 n-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 o, (o_) 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) shows the similar characteristics in
the as-sprayed and ground n-Al,0y/13TiO, 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
ibsurface crack initiation and propagation. On one hand,
e area that contains the defects is the most possible area

initiate crack. In addition, cracks tend to expand along
ain boundaries, microcracks and microvoids, which is
wnsidered as the main reason for the formation of the
acks. On the other hand, when the tip of a developing
ack meets some defect such as a void, this defect can
nction as an energy reliever and prevent the crack from
rther developing. For n-ALOy/13TiO, coatings, the
bsurface cracks are mainly the microcracks.
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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
1mage increases with the increase of the wheel grit size
id the wheel bond hardness, which also agrees with the
»mal grinding force. However, the effects of wheel bond
oe and grit size on the maximum depth of damage are
significant for the n-Al,04/13TiO, coatings.
- mparing Figures 7(a) and (b), one can find that the depth
damage is higher for n-WC/12Co than for n-
205/13TiO,, especially at large material removal rates.
lis trend can be explained by the difference in the
itleness for the two coatings. Zhang and Howes [9]
oposed a model to describe the relationship between the
:pth of damage and brittleness,

- (200dmax)lllog().(H/Kk~)) @

. Yere dpy, is the maximum grit depth of cut and 4 is a
.nstang. Equation (2) shows that damage depth decreases
th an increase of material brittleness.

4

4 CONCLUSIONS

The study demonstrates that the effect of the microgrinding
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 conditions and for the n-Al,04/13TiO, coatings at a
relatively low material removal rate. The residual stresses
induced by the microgrinding process are found to be
compressive in both types of coatings. The residual
stresses have a directional effect and are with a large
gradient in the thickness direction.

The area-scale analysis of AFM measurements clearly
differentiates the ground coating surfaces, and it indicates
the scales at which the differences and similarities exist.
These similarities and differences appear to be related to
the grinding conditions and to the workpiece material
properties.

5 REFERENCES .

(1] Hu, T., et al, 1998, Structures and Properties of
Disordered Boron Carbide Coatings Generated by
Magnetron Sputtering, Thin Solid Films, 332: 80.

[2] Parkansky, N., et al., 1998, Electrode Erosion and
Coating Properties in Pulsed Air Arc Deposition of WC-
Based Hard Alloys, Surface & Coatings Technology,
105: 130.

[3] Birmringer, R., 1989, Nanocrystalline Materials, Materials
Science and Engineering, A117: 33-43.

[4] Kear, B. H. and Strutt, P. R., 1995, Nanostructures:
The Next Generation of High Performance Bulk
Materials and Coatings, Powder and Particle, 13: 45-
55.

{5] Brown, C.A., et al, 1993, Fractal Analysis of
Topographic Data by the Patchwork Method, Wear,
161: 61-67.

[6] ASME/ANS! Terminology and Procedures for
Evaluation of Surface Texture using Fractal Geometry,
Chapter 10, B46.1, Surface Texture Roughness
Waviness and Lay, American Society of Mechanical
Engineers/American National Standards Institute, New
York, 2002.

{7} Yoshikawa, M., et al., 1987, Observations of Ceramic
Surface Cracks by Newly Proposed Methods, Journal
of Ceramic Society of Japan, International Edition, 95:
911-918.

[8]) Zhang, B., and Howes, T. D., 1994, Material Removal
Mechanisms in Grinding Ceramics, Annals of the CIRP,
43: 305-308.

[9) Zhang, B., and Howes, T. D., 1995, Subsurface
Evaluation of Ground Ceramics, Annals of the CIRP,
44/1: 263-266.

[10] Komanduri, R., 1996, On Material Removal
Mechanisms in Finishing Advanced Ceramics and
Glasses, Annals of the CIRP, 45/1: 509.

[11] Xu, H. K. K. and Jahanmir, S., 1994, Simple Technique
for Observing Subsurface Damage in Machining of
Ceramics, Journal of American Ceramic Society, 77/5:
1388-1390.

(12} Brinksmeier, E., et al., 1985, From Friction to Chip
Removal. An Experimental Investigation of Micro
Cutting Process. Part Ii: Ductile to Brittle Transition in
Monocrystalline Silicon and Germanium, Proceedings
of 8" International Precision Engineering Seminar: 335-
338, Compiegne, France.

[13] Malkin, S. and Hwang, T. W, 1996, Grinding
mechanisms for ceramics, Annals of the CIRP, 45/2:
569-580.



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
modern 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. Warnecke 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
workpiece material characteristics,” such as hardness,
bending strength, fracture toughness and Young's
modulus. Meyer and Fang [1995] studied the effect of the
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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 fracture 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 ef 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 stiffness, wear
resistance of the wheel and contact stiffness. 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
amplitude 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 stiffness 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, actual depth of cut and
workpiece strength in the grinding of silicon nitride.

However, to the best of the author’s knowledge the
grinding of thermal spray coated nanostructured ceramics
has not been studied. Nanostructured materials have
emerged upon the horizon of materials in the past few
years [16]. A material is considered nanostructured
material when its grain is reduced to tens of nanometers
(17). Nanostructured materials are strengthened 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
nanostructured 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 nanostructured 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 nanostructured materials.

This combination of higher hardness and toughness
provides the nanostructured materials with a great
potential for many applications. Although the increased
hardness and enhanced fracture toughness renders the
nanostructured materials more difficult to grind, the
performance of the components using nanostructured
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 nanostructured
ceramic coatings are of interest.

An attempt has thus been made to study the feasibility
of grinding nanostructured 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 Al,Oy/TiO, and
WC/Co are investigated. The present work also attempts
to model the surface grinding of the workpieces coated
with nanostructured and conventional WC/12Co and
ALO,/TiO,. 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 um on the spindle and a straightness error of 0.1
um/25 mm on the slideways. The machine was equipped
with a laser interferometer with a resolution of 0.07 um
for its x, y and z slideways. The machine had a high loop
stiffness of 50 N/um as compared to the 20-30 N/um for
typical grinders.

2. Dynamic model!

The dynamic model of the grinding system is
developed for the nanostructured ceramic coatings. At any
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time ¢, the actual depth of cut &,(1) is equal to the infeed
u(r) minus the wheel wear &,(r), the contact deformation
Yeon(t) » and the machine deformation y,(¢).

8 (1) = u(t) = 85(0) = Yeon () = ym(®) m

The schematic of the coated workpiece is shown in
Fig. 1. The interface layer of the coating is usually ina
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

3.5

Substrate

25

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(1)=06,(1)-6,(t-7,) 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,(1)=6,1)-06,(~-1,) 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(0=k,A6,0) @)
F,()=kA6,() %
Fo(0) = koY oon(?) (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.
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\
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e
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Fig. 2 Schematic of mesh and boundary conditions
in FEM (unit: mm).

The deflections obtained are in the order of 107 pm,
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

(o,z 1
k(s* +20,5¢ + @) * kg )
The regenerative loop for the wheel can be transformed in
the frequency domain, which gives

H(s)=

A8,(5)=8,(5)-5,(s)e”™" @®
The frequency domain expressions for Egs. (4-6) are

F,(s)=k,A5,(5) ®
F.(s) = k,A8,(s) (10)
F(5) = Koo Veon () (i1

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

kﬂ"

The feedback loop formed by A(s) and the wheel
flexibility is given by
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A(S)k,(1+e7"")
- 13
D) = v e+ 4G) (1)

Finally, the transfer function relating force and depth of
cut is thus given as ‘

Ak k,(1+€7")
G(s)= -
k,(1+ €7 Xk, + A(s)) + A(s)k,

(14)

3. Computer simulation

The block diagram shown in Fig. 3 describes the
dynamics of the grinding process. The transfer function
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 et al., 1998] where
the actual depth of cut is evaluated for every set depth of
cut. For preliminary analysis the contact stiffness 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. i
Contact .Cutting
stiffness force F,

k P

Infeed
u t

- con

Transfer function
H

1 1k,
Wheel flexibility

Wheel L _ -,
regeneration

vk,

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
AL,O/13TiO, coatings. The thickness of the coatings
varied between 400-500 pm. 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 9167A1.5). 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

WC/12Co ALOYI3TIO,

Parameters
Conv. Nano. Conv. Nano.

Bonding
strength, MPa 827 89.6 15.5 20.7
Po?vcr grain 13 0.04 30 005

size, pm

Vickers
hardness, GPa | |2 125 1044 | 1057
Notation c-WC/Co n-WC/Co | c-AlUTi | n-AVTi

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’ 14.5 142

Table 3 Specifications of the Diamond Wheels

Wheel SDI20ON  SD60ON  SDI00ON  SD60ON
100V 100V 100C 100B

Notation 120V 600V 1 KC 600B

Bond type Vitrified  Vitrified  Castiron  Resin

Mesh # | 120 600 600 600

Grit size, ym | 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.
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2. Experimental results

It can be observed from Figs. 4 and 5 that the surface
roughness values (R,) are higher for the AVTi coatings
than for the WC/Co coatings. Typically as it is observed
from Fig. 5 that for a feedrate, e.g. 1 mm/sec, the average
surface roughness value for the WC/Co coatings is 0.02
pm while for the AVTi coating is 0.1 pm, which was five
times different. Another observation is that the average
roughness is higher for the nanostructured coatings than
for the conventional counterparts in the case of the AVTi
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 um to 30 pm, the change in surface roughness is
merely 5%. An interesting observation is that the
roughness values are sometimes smaller for the 5 or 10
um depth of cut than for the 2 pm 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 um, while for the 600V wheel, such a
value is obtained at around 10 pum 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 finer 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

0.30 ©n-WC/Co
0 ¢-WC/Co
A p-Al/Ti
1]
4a
n? \/‘:/‘3
0.10
0.00 4 1 1
0 10 20 30 40
DOC, um

Fig. 4 Variations of surface roughness with DOC for
1 kC wheel, at feedrate=4 mm/sec.
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force line slope is 0.25 N/(mm?* pm) for the n-AUTi
coatings while it is 0.18 N/(mm®um) for the c-AVTi
coatings. The break-in force, which is given by the
intercept, is 1.85 N/mm? for the n-AUTi coatings and 1.73
N/mm? for the c-AUTi 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 pm, compared to 7.2 N/mm? at a depth of cut
of to of 30 um.

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
» © n-WC/Co
o ¢-WC/Co
a n-AUTi
g 020 o c-AlTi
o
0.10
VA 8
: 0.00 1 i 1 1
0 2 4 6 8 10
Feedrate, mmy/sec

Fig. 5 Variations of surface roughness with feedrate
for 1 kC wheel at DOC=15 um.
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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-AUTi 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 are greater for the bulk WC/Co than for the c-
WC/Co coatings. Again the simulation results seem to
closely follow the 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-AUTi, respectively. The
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inherent porosities as a result of the thermal spray process

2
can be observed from both the figures. Figs. 14, 15 and 16 "E :
show the surface for the ground n-WC/Co. Grinding
scratches can be observed on all the three workpieces. 2 8
The density of the grinding scratches is higher in Figs. 15 g
and 16 than in Fig. 14, which is as expected and 1)
confirmed by the surface roughness observations. Fig. 17 o
represents the ground surface for n-AVTi. Some voids and E 4
microcracks can be observed in the workpieces as g
opposed to the grinding scratches observed in the WC/Co :<Z'5
workpieces. 0 L L L
0 10 20 30 40
12 DOC, pm
T | o600V , - :
E "-;’ 1kC Fig. 10 Normalized force variations of different
Z ol 1\3’ coatings with DOC using 1 kC wheel (Dotted lines
g 8 showing simulation results).
O
ha 12
Xy t | oBukWCCo
8 ; °owoc . o
2 g 8 et
"o & Bl
o i
DOC, pm . E 4l 8
(a) c-WC/Co coatings g
Q
B ne e v e
S 5 10 20
Z Lokl S DOC, pm
Q
5 2 Fig. 11 Normalized force vs. DOC for the 1 kC wheel
- (Dotted lines showing simulation results).
Sar
g
5 F=0.024+0.24
Z 0 o Il T 4
0 10 20 30 40

DOC, um
(b) c-AVTi coatings

Fig. 8 Variations of normalized forces with DOC for
¢-WC/Co and c-Al/Ti coatings.
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Fig. 9 Normalized force variations of different
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Fig. 14 SEM observation of the ground surface of n-
WCI/Co (Wheel: 1 kC, DOC= 2 ym, feedrate = 4
mm/sec).

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

Fig. 16 SEM observation of the ground surface of n-

WC/Co (Wheel: 120V, DOC= 15 um, feedrate= 4
mm/sec).

10 pm

+ .

4 ‘-
2131 2000 '\ %2,000

Fig. 17 SEM observation of the ground surface of n-
AUTi (Wheel: 1 kC, DOC= 15 um, feedrate= 4
mm/sec).

DISCUSSION :
The study mainly focuses on the grinding of
- nanostructured coatings of WC/12Co and A/13TiO, with
" a main thrust on the normal grinding forces and surface
finish of the ground parts. The effect of bond type and grit

Transactions of NAMRI/SME

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 fracture 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-AUTi 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 ceramic 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 pum, the surface roughness of the ground
nanostructured ceramic coatings is found to be lower than
at DOC = 2 um. 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 AUTi 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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\erwise, the surface can be smooth with a low
:ghness value. As the depth of cut increases the more
terial accumulated may fill up the pores and gradually
1 to form pileups as can be found in Figs. 15 and 16.
» surface roughness increases as a result of the pileup
mation.

Nevertheless, the model developed for the simulation

been validated by the experimental results and the
wulation results are in a good agreement with the
serimental data. However, slight deviations are
erved with an increasing depth of cut. This
snomenon might result from the non-linearity of the
ting stiffness, which is dependent on the grinding
eel compositions and dressing conditions. The cutting
‘Tness 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
finess could make a more accurate prediction. Overall,
s simplified model predicts the normal forces with a
isonable accuracy.

INCLUSIONS

This study focuses on the grinding of nanostructured
d conventional ceramic coatings of two different
sterials. 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-AL,O5/ 13TiO,.
The dynamic model developed can predict grinding
forces with a reasonably good accuracy.
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Grindability comparison between conventional and
nanostructured material coatings
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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 Conway, 1985; Tonshoff and Brinksmeier,
1988; Blake ef al., 1988). It is of equal importance to
study the influence of material microstructure. One of
the material microstructures is the grain 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 Ténshoff (1993) studied the
grindability of alumina with different grain sizes in
creep feed grinding and conventional surface grinding.
Both hardness and toughness for n-Al,0,/13TiO, and
n-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, et 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 1 shows the typical properties of
conventional and nanostructured WC/12Co and
Ale;/l 3“02 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 I Typical Properties of the Conventional and Nano-
. structured WC/12Co and Al,0,/13TiO, Coatings.

c-WC n-WC C-A|203 "-Ale;

/12Co  /12Co __ /13TiO, /13TiO,
Bonding strength, MPa 82.7 89.6 155 20.7
Powder grain size, 13 0.04 25 0.05
Mass density, g/cm 142 14.5 3540 3.74.1
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
conventiona!l and nanostructured  Al,05/13TiO,
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.1 shows the SEM observations of ¢/n-WC/12Co
coatings. Fig.1 (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/12Co
coatings. There are no obvious cracks found in
conventional and nanostructured WC/12Co coatings.

Fig.2 shows the typical surface features of the
thermally sprayed conventional and nanostructured
AlLO,/13TiO, 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 um
under minimum foading 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-WC/12Co

Fig 1 SEM observations of as-sprayed
¢/n-WC/12Co coatings.

(a) C-Ale:;/l 3TIOZ (b) ’l-Ale;/l 3Tl02

Fig 2 SEM observations of as-sprayed
¢/n-Al,05/13TiO, 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, = slideways.
The spindle had an axial run-out of 0.05 um and the
three slideways had a straightness error of 0.1 pm/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 um. The loop
stiffness of the machine was measured to be 50 N/um.

In this study, a diamond grinding wheel
SD60ON100V (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 um and feedrates at 1, 4, and

8 mm/s for the grinding experiments. Water-based
synthetic solution (ITW fluid products Group, Rustlick
G-10066D) was used as grinding coolant.

2.3 Post-grinding evaluation

A surface profilometer (Federal Products,
Surfanalyzer 5000) was used to measure surface finish
(R) 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.1 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.1 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 ¢/n-Al;05/13TiO,
and ¢/n-WC/12Co coatings at the same grinding
conditions. The normal grinding force is higher for
n-Al,04/13TiO, than for its conventional counterpart.
One can also observe that the break-in force for
n-Al05/13TiO, is larger. This shows that the resistance
to wearing for n-Al,04/13TiO, 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
¢/n-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
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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 ¢/n-Al,05/13TiO, coatings than for
¢/n-WC/12Co coatings. ¢/n-A1;05/13TiO, coatings are
more brittle than ¢/n-WC/12Co coatings. Under the
same grinding conditions, brittle fracture is more
obvious for ¢/n-Al,05/13TiO, coatings. The dominant
ductile flow in grinding ¢/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 n-AlO3/13TiO;
coatings is distinctly different from that of the
¢-Al,04/13TiO, coatings while the difference for the
grinding force ratios of n-WC/12Co and ¢-WC/12Co
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.
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Fig. 4 Comparison of grinding force ratio.

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

_'Fl'vc

U=
W.d-v,

(2

where v, the grinding speed; W the width of a
workpiece; d the wheel depth of cut; vris feedrate.
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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 U, sliding energy U, and plowing energy U,
Uu=0,+U,+U, 3)

Except Uy, 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 U is
actually used in removing material and forming new
surface. Theoretically, the asymptotical limit in Fig.5 is
U, Relative flat curves for ¢/n-Al,04/13TiO, 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

w—p—1-WC/12Co )
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Fig. 6  Comparison of surface roughness.

Surface roughness was measured to characterize 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
nanostructufed coatings,” which can be explained by
material removal mechanism. As observed in SEM
photos (Fig.7 and Fig.8), brittle fracture .dominates in
grinding ¢-Al;05/13TiO, coatings while ductile flow

plays a main role in grinding n-Al;05/13TiO; coatings.
Although ductile flow is the major material removal
mechanism in grinding both ¢/n-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.

(b) c-WC/12Co

Fig. 7 SEM observations of ground c/n-WC/12Co
coatings.
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(a) n-Al,0,/13TiO, (b) c-A1,05/13TiO,

Fig.8 SEM observations of ground
¢/n-Al;0,/13TiO, coatings.

3.4 SEM surface observations and comparison

Fig.7 shows the SEM observations of ground
¢/n-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 n-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/n-Al;05/13TiO, coatings is
shown in Fig.8. Although the defects from thermal
spray process are observable, the sound and smooth



surface of ground n-Al,05/13TiO; coating suggests that
ductile flow is a predominant material removal
mechanism. Brittle fracture results in rough and
fractured surface of ground c-Al,0/13TiO; coatings.
Chipping and transgranular fracture dominate the
surface of ground c-Al,0,/13TiO, 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.

REFERENCES

[1] H.P.Kirchner and J.C.Conway. “Mechanisms of
material removal and damage penetration during
single point grinding of ceramics”. Machining of
Ceramic Materials and Components, ASME, New
York, Vol.17, 1985, pp.55-61

(2] H.K.Ténshoff and E.Brinksmeier. “Abrasives and
their influences on force temperature and surface”.
Proc. of SME Int'l Grinding Conf., Philadelphia,
1990, pp.10-12

(3] P.Blake, T.Bifano, T.Dow and R.O.Scattergood.
“Precision machining of ceramic materials”.
Ceramic Bulletin, Vol.67, No.6, 1988, pp.1038-
1044

[4] P.Roth and H.K.Ténshoff. “Influence of
microstructure on  grindability of alumina
ceramics”. Proceedings of the International
Conference on Machining of Advanced Materials,
Gaithersburg MD, July 1993, pp.247-261

[5] K.Jia, T.E.Fischer and B.Gallois. “Microstructure,
hardness and toughness of nanostructured and
conventional WC-Co composites”. Nanostructured
Materials, Vol.10, No.5, 1998, pp. 875-891

[6] S.Malkin. “Grinding technology, theory and
application of machining with abrasives”. Ellis
Horwood Limited, Chichester, England, 1989



~ 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 properties 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, workpiece surface 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/mm?2 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 surface
finish of the ground n-WC coatings was better than the c-WC coatings. For both n-
and c-WC coatings, better surface finish was obtained at a reduced depth of cut,
however, further 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 surface 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
Department of Mechanical Engineering
University of Connecticut
Storrs, Connecticut 06269

Abstract

Wear test has been conducted on the nanostructured and conventional Al;03/13TiO; 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 eoating 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 Al,O3/13TiO; 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
Al,04/13TiO, samples with dimensions
$50.8x 762 mm were ground with
different conditions previous to the test. Flat
sample (wear bar) used in the test was High
pressure sintered SisNs (HPS-Si3Na) with
dimensions 3 x 4 x 45 mm, which was
ground and polished to a final roughness of
0.08 um. 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
ALO3/13TiO,. For the comparison purpose,
unground nanophase and conventional
ALO3/13TiO, 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

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)

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 n- AL,Oy/13TiO; | c- AbO/13TiO; | HPS-Si3Ng
Elastic modulus, GPa N/A 358 -~ 300
Vicker hardness, GPa 10.57 10.44 14.6
Fracture toughness, MPa.m'? 3.5 33 8.25
Thermal expansion, K! 5.5x10° 5.5x10° 3.4x10°
Grain size, pm ' 0.04 1.0-5.0 2.0-3.0
Compressive strength, MPa 2320 3500

Table 2 General Conditions for Wear Test.

Cylindrical sample

n- A1203/1 3Ti02 and c- Ale3/1 3T102

Wear bar material HPS-SizNy
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

_ Tangential force

(M

Normal force

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 um alumina paste and then 0.5

pm 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 dimensionis 4 x 1 mm in
sliding contact with another layered block
with cylindrical top surface (contact surface),
8 x 4 mm, coating thickness d = 120 um.
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 A1,04/13TiO, HP-Si3N,4 Steel
Young’s modulus (GPa) 74 320 200
Poisson’s ratio v 0.26 0.27 0.3
Hardness (GPa) 5.2 15 1.1
Tensile yield stress (GPa) 0.23 0.7 0.39
Compressive yield stress (GPa) 2.1 73 0.39
Hardening coefficient o 0.75 0.5 0
Wear bar Applied load 1
Rotating 0
direction &
O-1t
g 1
) ¢
Coated @
FEA S2TPIC 3t /ALOYTIO; H*I’S'Si3N4
portion : * .

Substrate Coating

Figure 3 Schematic of the Finite Element
Modeling.

Load ;
Moving
direction
1 mm
| 0.12 mm
. T
g i
=
gl T
Y.
e W e W ATATATAAH
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. Loading 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 0.02
Strain

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, p = 0.3, Stress in GPa, Length in mm.
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Figure 8 Contour plot of the stress at 100 N, p = 0.9, Stress in GPa, Length in mm.
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where E is Young’s modulus, oy the yield

‘stress, and o a  dimensionless

strain-hardening coefficient in the range 0
< a<l ( a=1, 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-Al,O3/13TiO, coatings. The two
types of coatings have very similar nano-
Al,03/13TiO; 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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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
16¢c 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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(c) At 50 seconds (d) At 100 seconds

Figure 16 SEM observation of wear track of nano-Al,O3/TiO, at different time during the
wear test, wheel 80B, DOC 2.5 um, feed 4 mm.

(a) Low magnification (b) High magnification

Figure 17 SEM observation of wear debris.
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Figure 19 SEM micrographs showing cracks at the coating-substrate interface of
n-A1;03/13TiO; after wear test under 100 N normal load.



analysis, the maximum principal stress at
the interface is 32 MPa, and the bonding
strength of nanostructured Al03/13TiO;
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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Cylindrical Grinding of Nanostructured Ceramic Coatings:

Grinding Force and Surface Finish
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ABSTRACT A
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 fully 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 function of Vickers hardness as

R=10(! 8% 1) (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 £
value represents a lower wear resistance. With decreasihg 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 ef al., 2002 and 2003].
In a grinding study on nanostructured alumina/titania ceramic coatings, Liu ef al. [2002] found

that there exists an optimum depth of cut at which surface roughness of the workpiece is the
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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 fbr 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 with chip formation, is a useful parameter jfor'estimating grinding forces.

External cylindrical grinding has been investigated for decades. Several common
phenomena are noticed [Bartalucci et al., 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 from 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: Al;03/13TiO; 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 et 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 er 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 domi;lant 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 es al. [1977] based on the
frequency approach to analyze the forced vibration in the grinding process and to identify its

causes. Weck er 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 er al. [1985] studied the contact deformations
between wheel and workpiece while considering the entire machine-wheel-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 er 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 ﬁlterihg 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 ef 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.

101.6
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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)=6,1)+6,(O)+y, )+, (2)
where the infeed, u(?), m'ust, at all times, be equal to the wear of the workpiece, &, (), plus that

of the grinding wheel, &, (f), plus both the contact deformation of the grinding zone, y,(f), and

the machine deflection, y, (¢), as shown in Fig. 4.



The regenerative effects of workpiece and grinding wheel are formed in the following
way:
AS,(0)=6,0-6,(~7,) 3)
AS(1)=6,()-6,(t-7,) “)
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,

AS,(s)=0,(s)=6,(s)-e ™ 5)
AS,(s)=5,(s)~0,(s)-e™ (6)
or 4
o,(8) 1
Ad, () Cl-e M
6.; (S) _ 1 (8)

AS(s) T l-e
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, -A8,(t)- f ©)
F =k, -AS,(0) f (10)
F,=K-y () f (11)
The Laplace transformations for the above three equations are,
F,=k,-85,(s)-f (12)
F,=k,-A5,(s)-f | (13)
F,=K-y(s) f -9
To characterize the behavior of the grinding machine, a flexibility transfer function is
used, |
Fy= iy, (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)= Z O (16)

Sk (s +20,5¢, +0,")

The transfer function H(s) can be determined experimentally. As developed by Zhang et
al. [1998], the transfer function H(s) is given as,

- C"l2 ' +_1_
- kl(s2 +2m,5¢, +w12) kg

H(s) (17)

Equation (17) is obtained by retaining the primary mode and including the effect of
higher order modes on lower frequencies with residual compliance 1/kg. '
For a specified feed £, the transfer function between normal force and depth of cut is

derived as,

)= K-/
T 1+[A(s)+ Bs)K+ H(s)- K- f

G(s (18)



1
- 19
A(s) Kd—e™) (19)

1
- 20
B = e (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 Egs. (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 friction 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].
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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

Al,03/13TiO, coatings with a thickness varying between 200-300 pm. The physical properties of

the coated materials are given in Table 1.

Table 1 Physical Properties of the Coatings

WC/12Co ALO3/13Ti0,
Parameters
Conventional | Nanostructured | Conventional | Nanostructured
Bonding strength, MPa 82.7 89.6 15.5 1207
Powder grain size, pm 1.3 0.04 2.5 0.05
Mass density, g/em® 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 n-WC/Co c-Al/Ti n-Al/Ti
Table 2 Specifications of Diamond Wheels
Wheel SD120L75BW SD325L75BW SD1000L75BW
Bond type Vitrified Vitrified Vitrified
Mesh # 80 240 600
Grit size, pm 192 53 15
Dressing Al;Os, #120 AL O3, #500 AL O3, #1000
Notation 80B 240B 600B
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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.

v 3 Diamond wheel

Workpiece

<>

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

Feedrate, mm/s
Depth of Cut, um
SD120L75BW SD325L75BW SD1000L75BW
25 1 1 1
4 4 4
15 1 1 1
4 4 4
30 1 1 1
4 4 4

3.2 Experimental Results

This section summarizes the results of the experiments conducted on both nanostructured
and conventional coétings of the WC/Co and AVUTi. 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 A/Ti. It is true for both nanostructured and conventional coating
materials. This might be because WC/Co were tougher than AU/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-AUTi 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 15um. First, feedrate had a more significant
effect on WC/Co than on AVTi. If compared between nanostructured and conventional coatings,
it can be found that the n-WC/Co had larger tangential forces than did the ¢-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 n/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
um, 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 pm, while
for the c-WC/Co coatings is 0.30 pum. 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
80B 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 um, while at a feedrate of
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4 mm/s, it was 0.298 pum. The reason is that material removal was more aggressive at a feedrate
of 4 mm/s, than at a feedrate of 1mm/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 ¢/n-Al/Ti and ¢/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 ¢/n-WC/Co are better than that of c/n-Al/Ti under the same grinding conditions.
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“_3 30 1100
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& oW
g
= 15} 550
0 0
0 40
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Fig. 7 Tangential forces vs. DOC for c-Al/Ti and ¢-WC/Co coatings at a feedrate of 4 mm/s.
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Fig. 8 Tangential forces vs. DOC for n-Al/Ti and n-WC/Co coatings at a feedrate of 4 mm/s.
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Fig. 9 Tangential forces vs. feedrate for 240B wheel at DOC = 15 pm.
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Fig. 10 Tangential forces with different coatings and federates vs. DOC for 240B wheel.
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Fig. 11 Tangential forces vs. DOC for different diameter workpieces for 240B wheel.
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Fig. 12 Tangential forces vs. DOC for 76.2 mm(3") workpiece and 240B wheel.

60 2200
|

1.2
O80B, c-AlUTi  A240B, c-AlUTi  V600B, c-Al/Ti
080B, c-WC/Co O240B, c-WC/Co
o
| &,
| 2
‘ Q
(o} .
M .
«
i —
E 03F ¢ —D—
T2 — A “‘?
V- L 4
0 [ 1 1
j 0 10 20 30
DOC, pm-

Fig. 13 Surface roughness vs. DOC for c-Al/Ti and c-WC/Co at feedrate = 4 mm/s.
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Fig. 15 Surface roughness vs. feedrate with 240B wheel at DOC = 15 pm.

20



1.2
o c-WC/Co, Feedrate 1 mm/s

0 c-WC/Co, Feedrate 4 mm/s
A n-WC/Co, Feedrate 1 mm/s

g 09 On-WC/Co, Feedrate 4 mm/s

3

g

~

S o06f

5

3

e

3 —{I— —0

S 03[

5 R o — —

w2 b /\ o 3 i

0 I 1 1
0 10 20 30
DOC, pm

Fig. 16 Surface roughness vs. DOC for different coatings and feedrates with 240B wheel.
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Fig. 20 Tangential forces vs. DOC for c/n-Al/Ti and ¢/n-WC/Co coatings
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Fig. 21 Experimental and simulating tangential forces vs. feedrate for c/n-
Al/Ti and ¢/n-WC/Co coatings (240 B wheel at DOC = 15 um).
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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 mnyv/s and depth of cut of 15 pm,
the measured tangential forces for the ¢/n-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 pm. 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 n-WC/Co coating surface. The n-WC/Co coatings showed more grinding marks than

-, sk

PN g P

(a) c-WC/Co. (b) n-WC/Co.

Fig. 22 SEM observation of the ground surface of WC/Co coatings (Wheel: 80B, DOC =30
pum, feedrate = 1 mm/s).
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(b)) DOC =15 pm.

(¢) DOC =30 pm.

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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Fig. 24 SEM observation of the ground surface of n-WC/Co (Wheel: 240B, feedrate

4 mm/s).

the surface is smeared with a thin layer of material by wheel grits (Fig. 23(b)). Many

2

increases

surface finish is enhanced. As the

depth of cut increases even more, surface chipping or cracking can be found on the ground

i

defects disappear because of the smearing process. As a result

Surface roughness increases as a result of the chipping. This

as shown in Fig. 23(c)

?

coatings

phenomenon suggests that the material removal mechanism may transits from ductile flow to

brittle fracture at a critical depth of cut.

26



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
AV/Ti coatings was about four times that of the conventional Al/Ti coatings [Wang e 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 e 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 AUTi 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,

o =o,+-- 1)

’ Jd
where oy is the friction stress considered needed to move individual dislocations, d is grain size
and & 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 diffusional creep
[Pande, et al., 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 from 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 further decreased as the

volume fraction of the grain boundaries increase, the strength of the material with very small
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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.

Grain B

Grain 4

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 ef 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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Fig. 28 Contact stiffness vs. contact loading.

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 iﬁ terms of
infeed and feedrate. The following conclusions can be obtained from the study. |
e The grinding forces for the nanostructured ceramic coatings are consistently higher than the
conventional counterpart under the same grinding conditions.
¢ The grinding forces for the n/c-WC/Co coatings were higher than the n/c-Al/Ti respectively.
e The surface roughness of nanostructured coatings is smaller than that of conventional
coatings.
o The surface roughness for the n/c-WC/Co coatings were better than the n/c-Al/Ti

respectively.



¢ 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

abrasive resistance (N-m/ mm”)

Vicker hardness (Gpa)

abrasive coefficient

workpiece depth of cut (um)

wear of the grinding wheel (um)

infeed of the grinding wheel system (pm)

contact deformation (um)

deflection of the grinding system (um)

instantaneous depth of cut of the grinding workpiece (pm)
time period for one workpiece pass (s)

wear of the workpiece during previous revolution (pm)
instantaneous wear of the grinding wheel (um)

time per wheel revolution (s)

wear of the grinding wheel during previous revolution (pm)
cutting force (N)

wear coefficient of the wheel (N/pm/mm)

cutting stiffness (N/pm/mm)

feed (um)

flexibility transfer function of the grinding system
contact stiffness in grinding zone (N/um/mm)

natural frequency of vibration model r (rad/s)

primary modal frequency of the grinding system (rad/s)
relative damping ratio of vibration mode r

amping ratio of primary modal

modal stiffness of vibration mode r (N/um)

modal stiffness of the primary mode (N/pm)

residual compliance (upm/N)

depth of cut (um)
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P grinding power (W)
Fu(0) normal grinding force (N)

F() normal grinding force (N)

A ratio of normal force to tangential force

Vs grinding wheel velocity (mm/s)

Y'w workpiece velocity (mm/s)

Vi feedrate (mm/s)

oy yield stress (N/mz)

o the friction stress considered needed to move individual dislocations
(N/m?)

h Hall-Petch constant

grain size (nm)

d. critical grain size (nm)
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