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Residual strength of ground hot 
isostatically pressed silicon nitride 
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Saab-Scania AB , Scania Division, S- 151 87 SOdert~lje, Sweden 

Surface flaws are introduced during grinding of most high strength ceramics. These flaws 
reduce the strength and it is therefore important to choose grinding parameters such that 
surface damage is minimized. The assumption that it is the same mechanism that causes 
cracking beneath both an indenter and a diamond tool made it possible to propose a 
grinding model. According to this model high wheel speeds, low workpiece velocities and 
low depths of cut would reduce the grinding forces and thus be beneficial to the strength 
after grinding. Grinding experiments on hot isostatically pressed silicon nitride showed 
that this was the case. The experiments also showed that the grinding direction had the 
strongest influence on the strength, and if possible the direction ought to be parallel with 
the expected principal stress. Even what can be considered to be mild machine parameters 
introduce flaws and residual compressive stresses in the surface of the workpiece. 

1. Introduction 
High strength ceramics (alumina, silicon nitride, 
silicon carbide, zirconia and others) are candidate 
materials for use in future combustion engines 
[1-4].  Engine components usually have rather 
close tolerances, and it will probably not be 
possible to sinter such ceramic parts to their final 
shape. This means that they will have to be 
machined after sintering. 

The most common method of machining these 
materials is grinding with a diamond tool. From 
the material's point of view this must be a very 
rough method, since the diamonds are forced into 
the surface. It is therefore no surprise that the 
grinding operation causes decreased mechanical 
strength of the machined components, which has 
frequently been reported in the literature [5-25].  
This reduction in strength is caused by cracks 
introduced into the surface layer during machining 
[7-16,  21 ,23-25] .  It has been shown that cracks 
perpendicular to the grinding direction are half- 
penny-shaped [9, 12, 16, 21, 24], whilst those 

parallel to the grinding direction more or less con- 
tinuously follow the grinding groove [9, 12, 16, 
21, 23, 24]. The latter cracks seem to be deeper 
than the former [9, 12, 16] and they probably con- 
sist of halfpenny-shaped defects so close together 
that they in fact form an elongated crack [24]. 

Since grinding with diamond tools seems to 
cause defects similar to those found beneath an 
indent [12, 24, 26] or a scratch [8, 23] made by 
a Vicker's diamond, indentation [12, 24] and 
scratching [8, 23] methods have been used to 
illustrate the mechanisms involved during grinding. 

The aim of this work is to present a model in 
which it is assumed that grinding defects are of  the 
same kind as those caused by a Vicker's indenter. 
If in fact this is the case it is possible to combine 
the equations valid for indentation [8, 24, 26, 27] 
and grinding [11, 28], respectively. With the 
resulting expression one ought to be able to 
illustrate how the strength after a grinding opera- 
tion will depend on the machining parameters and 
the material properties of the workpiece. 
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Figure 1 Definition of machine parameters and grinding 
forces occurring during grinding. 

2. Model 
2.1. Grinding forces 
During the machining of the workpiece grinding 
forces arise. The magnitude of these forces depends 
on the machine parameters and the properties of 
the workpiece. In Fig. 1 the horizontal (Ph), 
vertical (Pv) and total (Ptot) forces are defined 
together with machine parameters as depth of cut 
(d), grinding wheel speed (V) and workpiece 
velocity (v). The horizontal and the vertical forces 
are related to each other through the expression 
[28]: 

Pv 
- -  = C ,  ( 1 )  /'h 

where C is a variable which "is a function of the 
machine parameters and the material properties 
of the workpiece. 

The horizontal force depends on the machine 
parameters according to 

where w is the width on which the grinding wheel 
operates and u is the specific grinding energy [11, 
28]. The latter depends on the machine parameters 
according to 

u = U o  - -  ( 3 )  

where Uo and a are material dependent factors 
[29]. 

Other parameters influencing the grinding 
forces, probably through the factors Uo and a, are 
down or up grinding [30], the construction and 
condition of the diamond wheel [5-9 ,  11, 18, 
25, 31-37]  and if wet or dry grinding is used 
[31-331. 

If one assumes that the variable C, in Equation 
1, shows a similar dependence to u, in Equation 3, 
one obtains 

it_ 

Figure 2 Fracture surface of a bend test bar, indented 
prior to the bend test. 1. Radial cracks; 2. lateral cracks; 
3. plastic zone. 

C = Co , (4) 

where Co and b are related to the machining con- 
ditions. A combination of Equations 1 to 4 gives 

7 )  l+a+b 
Pv = uoCo - -  w. (5) 

During grinding frictional forces are generated 
in the area where the diamond wheel and the work- 
piece are in contact. In the following equation, 

7) l+a+b ~Pv = Pov+ uoCo w, (6) 

P0v is the vertical component of the frictional 
force occurring when the depth of cut is set to 
zero. P0v is influenced by the properties of the 
grinding wheel and the workpiece material. 

2.2. Surface cracks caused by a Vicker's 
indenter 

In Fig. 2 the fracture surface of a broken bend 
test bar is sketched. Prior to the bend testing the 
bar was indented with a Vicker's indenter. Two 
kinds of cracks originate from the indent - lateral 
and radial cracks. The latter are halfpenny-shaped 
and are located along the indent diagonals, while 
the former are parallel to the bar surface [12, 15, 
24, 26, 27]. 

The fracture strength of the bar is controlled by 
the size of the radial cracks, which are perpen- 
dicular to the bending direction. The size of these 
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Figure 3 Elongated and halfpenny-shaped surface cracks caused by grinding with a diamond tool. 
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cracks strongly depends on the indenter load (P) 
and the residual strength of the bar, a, can be 
estimated using Equation 7: 

I , ~ 4 / 3  _ _  
a = Co + A  ~'IC p1/3 (7) 

where H is the Vicker's hardness, E the Young's 
modulus [24, 27], and Kic the fracture toughness 
of the workpiece material. The term Co has been 
added to compensate for residual surface stresses, 
existing prior to indentation. The residual stresses 
which are caused by the indenter have been con- 
sidered during the derivation of Equation 7. 
According to the equation below, 

A = [ ' ~  (zr 1.25f2)3/2B (cot q02/3] -1/3, (8) 

A is a variable which depends on the geometry of 
the indenter, the indented component and the 
resulting crack. In Equation 8 2'P is the angle 
between opposite edges of the indenter, B a 
dimensionless factor dependent on the indenter 
geometry [24, 26, 27, 38] and f a geometric 
factor. 

2.3. Surface  defec t s  in t roduced  by grinding 
According to the literature references in Section i 
the cracks parallel to the grinding direction are 
more elongated and deeper than those perpendicu- 
lar to the grinding direction. These two kinds of 

crack systems are illustrated schematically in Fig. 
3. No explanation as to why the depth of the 
cracks depends on the grinding direction has been 
found in the literature. However, it is reasonable 
to assume that the elongated cracks are caused by 
higher grinding forces than the halfpenny-shaped 
ones. From Fig. 1 one can assume that it is the 
total grinding force Ptot that has caused the former 
cracks and the vertical grinding force Pv the latter. 
This means that the total grinding force can be 
expressed as: 

Ptot = P v ( l + ~ v  hs in |  (9) 

where (9 is 90 ~ and 0 ~ for transverse and longitudi- 
nal grinding, respectively. 

The difference in the geometry and the depth 
of the cracks naturally makes the residual strength 
dependent on the grinding direction. In the litera- 
ture it has been reported that transverse grinding, 
compared to longitudinal, can reduce the residual 
strength by as much as 50% [5, 6, 9, 10, 12, 13, 
15-17,  20, 21,25]. With the Equations 10 and 11 

Kic 
o - 1.12 f ( zrc)  u2 (10) 

f =  1 --0.37 cos | (11) 
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T A B L E I The expected influence of some grinding 
parameters on the total grinding force and the residual 
strength, according to the Equations 6, 9 and 13 

Parameter Factor influenced Effect on: 

Ptot a 

Wheel speed t V $ t 
Workpiece velocity tv I" 
Depth of cut l"d t 
Longitudinal grinding ~f $ t 
Transverse grinding tf  t 

T A B L E I I I Machine parameters used in this 
investigation 

Wheel speed Workpiece velocity Depth of cut 
(m sec-l) (m min -1) (ram) 

10 10 0.01/0.03 
20 10 0.01/0.03 
30 10 0.01/0.03 

10 20 0.01/0.03 
20 20 0.01/0.03 
30 20 0.01/0.03 

it can be shown that such large differences in 
residual strength can be explained entirely by 
the difference in the crack geometry. In these 
equations K m is the fracture toughness of  the 
workpiece material, c the depth o f  the critical 
crack and f a geometric factor which can be set to 
1 for very elongated cracks and to 0.63 for half- 
penny ones [39]. As in Equation 9, | is 90 ~ or 
0 ~ for transverse (T) or longitudinal grinding (L), 
respectively. If  the extreme values of  f together 
with c ( T ) >  c(L) are used in Equation 10, the 
result is 

= 0 6 3  ( c ( L ) t  1'2 
~ c ~ ]  < 0.63 (12) 

OL 

which is close to the strength reduction reported 
above of  50%. 

2.4. The residual strength of a ground 
component 

If the assumption that the strength-limiting 
surface flaws after grinding with diamond tools 
are of  the same kind as those caused by a Vicker's 
indenter it ought to be possible to replace the 
indenter load P in Equation 7 with the total 
grinding force Ptot. Since the latter depends on the 
machine parameters, a combination of  Equations 
7, 8, 9 and 11 will result in the equation 

o = Oo + { ~  [lr 1.25 (1 -- 0.37 cos O)213/2B 

X (cot q02/3} -1/3 1x~'4/3 D-1/3IC "tot , (13) 

T A B L E I I The properties of the diamond wheels used 
in this investigation 

Diamond wheel Bond type Concentration Grit size 
(mesh) 

A resin 50 400 
B metal 75 120 
C metal 50 320 
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with which it is possible to estimate the influence 
of  the machine parameters on the residual strength. 
Here Oo is the residual stress existing in the surface 
prior to the last pass of  the diamond wheel. If 
more than one pass is performed Oo ought to be the 
residual stress caused by the grinding. One can 
assume that a0 will be influenced by the machine 
parameters, but this dependence is difficult to 
postulate. 

In Table I Equation 13 has been used to show 
schematically how the residual strength will 
depend on some grinding parameters. 

3. Experiments 
The workpiece material used in this investigation 
was hot isostatically pressed silicon nitride, manu- 
factured by ASEA. It was delivered in three pieces, 
out of  which test bars, 3.5 mm x 4.5 mm x 45 ram, 
were sawn. Since the pieces came from the same 
batch the material was probably homogeneous. 

The grinding was performed on a surface 
grinder, Malcus 80. During grinding both the 
vertical and the horizontal forces were measured. 
Three different diamond wheels were used and 
their properties are given in Table II. 

The machine parameters wheel speed, workpiece 
velocity and depth of cut were varied in such a way 
that each wheel was used for twelve different 
parameter combinations, given in Table III. 

Longitudinal grinding was chosen since the total 
grinding force according to the proposed model is 
equal to the vertical force. Some additional test 
bars, however were transversely ground with wheel 
C. In the latter case the number of  bars was 
limited and hence the depth of  cut was set to 
10 pm only .  

The residual strength was measured in a four- 
point-bend with inner and outer spans of  20ram 
and 4 0 m m ,  respectively. The beam rate was 
0.5 mmsec -1 and to prevent failures caused by 



edge flaws, all the bars were manually chamfered 
prior to bending. 

4. Results 
4.1.  Ver t ica l  g r ind ing  fo rce  
According to Equation 6 a straight line ought to 
have been the result when the vertical grinding 
force was plotted as a function of  the machine 
parameters. However, this was not the case. 
Instead, two parallel lines were obtained, one 
for each depth of  cut. The result indicates that 
Equation 6 should be modified in such a way that 
it will be able to describe cases where the machine 
parameters not are raised to the same powers, i.e. 

[vX d" '~ 
Pv = P o v + u o C o t ~ ) w  , (14) 

where x,y  and z depend on the workpiece material 
and the construction of  the diamond tool. 

By setting P0v > 0, iterative calculations for all 
wheels gave values close to 0.5, 1.0 and 0.5 for 
x, y and z, respectively. The results presented in 
Fig. 4 and Table IV show that when these values 
were used, a plot of  the vertical grinding forces as 
a function of  the machine parameters resulted in 
straight lines for all the wheels. Also in the trans- 
verse case only the vertical force was used in the 
plot, since the horizontal forces in all cases were 
negligible. 

4.2. Residual strength after grinding 
Equation 13 can be rewritten as 

M 
o = Oo +pal---5, (15) 

~V 
where 

M = { ~  [rrl.25(1 - -0 .37  cos | 

/H \1/6 
X ( c o t  ~I/)2/3} -1/3 l - - /  V 4 / 3  (16) ~E] "'113 

which is a constant when the workpiece material, 
diamond wheel and the grinding direction are 
specified. 

By combining Equations 14 and 15 one obtains 
the expression 

M 
o = OO+[p vXd, ]1/3 (17) 

with which it is possible to estimate how the 
residual strength will depend on the machine 
parameters. 

TABLE IV Estimated values of P0 and uoC o when 
Equation 14 is applied to the results from grinding with 
wheels A, B and C. The values of x, y and z in Equation 
14 are set to 0.5, 1.0 and 0.5, respectively 

Wheel P0v X l0 s uoC o R* 
(MN) (MN m -2) 

A 12 8210 0.98 
B 42 12921 0.96 
C 56 9280 0.98 
C (transverse) 55 4245 0.87 

*R is the correlation coefficient for the plotted fines. 

In Fig. 5 the residual strength as a function 
of  the machine parameters used during the longi- 
tudinal grinding with wheel C, is presented. The 
values of  x, y and z in Equation 17 are given in 
Section 4.1. 

It seems as if the data points in Fig. 5 represent 
two straight lines, one for each depth o f  cut. Since 
each line represents just six parameter combina- 
tions and the difference in residual strength is 
small, one data point can dramatically alter the 
slope of  the line. Such points have been excluded 
during the regression analysis in order to obtain 
reasonable results. The results obtained from 
grinding with wheels A and B are best represented 
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Figure4 Normalized vertical grinding force, Pv/w, as 
a function of the machine parameters, according to 
Equation 14 and Table IV. 
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Figure 5 The residual strength as a function 
of the machine parameters, according to 
Equation 17. Data points within brackets 
have been excluded from the regression 
analysis. 

by two separate lines, as can be seen from Fig. 6, 
in which the data from all grinding operations are 
presented schematically. The calculated values of  
qo and M corresponding to the lines in Fig. 6 are 
given, in Table V. 

4 . 3 .  Gr ind ing  defects 
All fracture surfaces were examined in order to 
locate the fracture origins. With few exceptions, 
all fractures had originated from grinding defects. 

According to Section 2.2 the surface cracks 
introduced during transverse and longitudinal 

grinding ought to be elongated and halfpenny- 
shaped, respectively. This was confirmed when 
some fracture surfaces of  transversely (Fig. 7) and 
longitudinally (Fig. 8) ground test bars were 
examined in a scanning electron microscope 
(SEM). 

The fracture surface of  the test bar in Fig. 8 
is especially interesting, since a number of  half- 
penny cracks can be seen. All these cracks are 
located beneath grinding grooves. The largest 
crack, at which the fracture was initiated, is 
located beneath a very large grinding groove in the 
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Figure 6 The residual strength as a function 
of the machine parameters, according to 
Equation 17. For all lines one or two data 
points have been excluded from the regres- 
sion analysis. 



Figure 7 Fracture surface of a transversely ground test bar. The elongated surface crack is marked with arrows. Residual 
strength 377 MPa; crack depth 124 Urn; f = 0.94. Bar = 500 Urn. 

lower right-hand corner of  Fig. 8. In Fig. 9 this 
area is enlarged and a crack located orthogonally 
to the fracture surface, i.e. parallel to the grinding 
direction, can be seen. This means that two kinds 
of  cracks are formed below each grinding groove, 
one elongated and a number of  halfpenny ones, as 
is suggested in Fig. 3. It has been observed that the 
former cracks are deeper than the latter [9, 12, 
16]; this is confirmed in this investigation since the 
depths of  the cracks in Figs. 8 and 9 were esti- 
mated to be 91 and 137/~m, respectively. 

5. Discussion 
5.1. Vertical grinding force 
The results presented in Fig. 4 seem to indicate 
that the relationship between the vertical grinding 
force and the machine parameters can be expressed 
with Equation 14. The factors Pov, uoCo,  x ,  y and 
z depend on the workpiece material,  the type and 
condit ion of  the diamond tool.  In this investi- 
gation their values were estimated through iterative 

calculations based on the results from grinding 
with twelve different parameter combinations per 
wheel. This number was probably too small to give 
anything but a rough estimate o f  the values, 

especially since Pov was not measured experimen- 
tally. Another  factor that probably has influenced 
the results is that the wheels were not  dressed 
prior to each change of  the machine parameters. 

From Fig. 4 it can be seen that  grinding with 
both the metal-bonded wheels (B, C) results in 
higher forces compared to the resin-bonded wheel 
A, which is consistent with [36]. The grinding 
forces tend to increase with the number of  
diamonds in contact with the workpiece [34], i .e .  
increased diamond concentration [34] or tool 

wear [8, 3 2 - 3 4 ] .  The higher grinding forces of  
wheel B compared to those of  wheel C can prob- 
ably be explained by the higher diamond concen- 
trat ion of  the former. 

The only difference between the longitudinal 
and the transverse grinding with wheel A was that 

T A B L E V Estimated values of o o and M when Equation 17 is applied on the results from the grinding with wheels 
A, B and C. The values of P0v and uoC o are given in Table IV 

Wheel Depth of cut a o M R* 
(mm) (MPa) (MPa MN -1/3) 

A 0.01 300 9 0.70 
0.03 350 8 0.87 

B 0.01 290 9 0.87 
0.03 450 4 0.94 

C 0.01 125 20 0.89 
0.03 405 8 0.73 

C (transverse) 0.01 -- 15 17 0,93 

*R is the correlation coefficient for the plotted lines. 
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Figure 9 Enlargement of the area beneath the grinding 
groove which can be seen on the far right of  Fig. 8. The 
crack is parallel to the grinding direction. The arrows 
mark the grinding groove and the crack. Crack depth 
137urn. Bar = 10urn. 
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the grind width, w, was equal to the width of the 
test bars (4.5 mm) in the former case and to the 
wheel width (8 mm) in the latter. From Fig. 4 it 
can be seen that the vertical forces were of the 
same magnitude during grinding. The somewhat 
lower slope of the line representing the trans- 
verse grinding can probably be explained by the 
inaccuracy of the iterative calculation method. 

5 . 2 .  R e s i d u a l  strength 
Since the results presented in Fig. 6 agree fairly 
well with the predictions made in Table I, the 
proposed model seems to be feasible, i.e. the 
surface flaws caused by grinding are of the same 
kind as those caused by a Vicker's indenter. How- 
ever, the influence of the depth of cut on the 
residual strength seems to be a bit strange, since 
the latter increases instead of decreases with an 
increased depth of cut. This result probably is an 
effect of the residual compressive stresses which 
have been introduced in the surface layer of the 
workpiece during the grinding. 

In .Table I it was predicted that the residual 
strength would be less influenced by the residual 
stress than by the depth of the surface flaws when 
the machine parameters were changed in such a 
way that the grinding forces were increased. The 
results in Fig. 6 indicate that this may be the case 
for the wheel speed and table velocity but not for 
the depth of cut. In the latter case the increase of 
the residual compressive stresses seems to be of 
such a magnitude that it overcomes the decrease in 
residual strength caused by the increased depth of 
the surface flaws, and thus the residual strength 
increases with the depth of cut. 

In Fig. 6 it can be seen that although the metal- 
bonded wheels (B, C) resulted in higher grinding 
forces, the residual strength seems to be higher 
compared to when a resin-bonded wheel (A) was 
used. This probably means that the former wheels 
introduced higher residual stresses than the latter. 

Fig. 6 also shows that the coarser wheel B 
results in lower residual strengths than the finer 
wheel C which is consistent with [5]. 

In this investigation the residual stresses were 
not measured experimentally, hence no attempt 
has been made to derive theoretically a relation- 
ship between the machine parameters, the material 
properties of the workpiece and the resulting 
residual stresses. One way to estimate the residual 
surface stresses would be to use the indentation 
technique and Equation 7. This is exemplified 
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Figure 10 Residual strength of indented test bars as a 
function of the indenter load. 

with Fig. 10 in which the residual strengths of 
indented test bars are plotted as a function of the 
used indenter loads. The compressive residual 
stress in this case was estimated to be 60 MPa. 

The slope in Fig. 10 was calculated to 8 MPa 
MN -1/3 which is of the same magnitude as those 
presented in Table V, and thus confirms that 
machining with diamond tools causes similar 
surface defects to those produced by an indenter. 

The magnitude of the residual stresses given in 
Table V varies between --450 and +15MPa. 
These values are of course incorrect since they 
have been estimated under the assumption that 
the residual stresses introduced during grinding 
do not depend on the machine parameters. If 
the fracture toughness of this material is set to 
5.5 MPa m 1/2 and the values given for f and c in 
Figs. 7 and 8 are used in Equation 10 one obtains 
fracture strengths 264 and 443 MPa, respectively. 
The measured values, however, were 377 and 
492 MPa, and thus the compressive stress level can 
be estimated as 113 and 49MPa, respectively. 
Several similar calculations were made and they all 
showed that grinding had resulted in a compressive 
surface layer and that a reasonable magnitude of 
the stresses would be 65 to 150MPa. This is con- 
sistent with reported compressive surface stresses, 
135 to 170MPa, in ground alumina [40]. 
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5.3. Surface flaws 
Examination of the fracture surfaces clearly showed 
that the failures were caused by grinding defects. 
It was confirmed that the flaws parallel to the 
grinding direction were deeper and more elongated 
than those perpendicular to it. 

It was also observed that the longitudinally 
ground specimens often failed from corner cracks, 
which influence the residual strength. The trans- 
versely ground specimens, however, in all cases 
failed from surface cracks. It is thus recommended 
to use transverse grinding in future investigations, 
especially since most components will be used in 
such a way that the principal stress will not be 
parallel to the grinding direction. 

In the model it is assumed that the elongated 
cracks parallel to the grinding direction are in 
principal as long as the grinding grooves, while 
the perpendicular ones are halfpenny shaped. 
However, in the latter case an elliptical crack can 
be formed if two or more halfpenny-shaped ones 
coincide. Such a crack is sketched in Fig. 3 (Sec- 
tion 2.3). 

The geometric factor f is always rather close to 
1 for elongated cracks while it varies quite con- 
siderably for those perpendicular to the grinding 
direction, depending on how many halfpenny 
cracks are interacting with each other. The lower 
limit is 0.63, one crack, but such extreme values 
as 0.91 have been measured in this investigation. 
The variation in f probably explains why the 
Weibull modulus shows a tendency to be higher 
for transversely ground bars than for longitudinally 
ground bars. This was the case in this investigation 
and such tendencies can also be found in the 
literature [5, 9]. 

6. Conclusions 
This investigation presents a model in which it is 
assumed that the mechanisms which cause cracks 
beneath both an indenter and a diamond tool are 
the same. Hence it ought to be possible to com- 
bine already established equations from these two 
fields to form an expression with which it is 
possible to estimate how the choice of machining 
parameters will influence the residual strength. 

The experimental results show that the pro- 
posed model is feasible and that: 

l.grinding with diamond tools introduces 
cracks and residual compressive stresses in the sur- 
face layer of the workpiece; 

2. the cracks paralM to the grinding direction 
are more elongated and deeper than those perpen- 
dicular to it, hence longitudinal grinding results in 
higher residual strengths than transverse grinding; 

3. the depth of the cracks and the magnitude of 
the residual stresses depend on the grinding forces; 

4. the grinding forces increase with the work- 
piece velocity and the depth of cut, respectively, 
and decrease with an increased wheel speed; 

5. the use of coarser diamond wheels results in 
a lower residual strength; 

6. compared to resin-bonded wheels, metal- 
bonded ones result in higher grinding forces, 
residual stresses and residual strengths. 
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