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An estimating procedure for grinding-induced residual stress based on the indentation-fracture (IF) method
was proposed by considering a nonuniform distribution of residual stress in the specimen depth. The
proposed procedure was applied to gas pressure sintered and pressureless sintered silicon nitride ceramics,
which were ground under different grinding conditions. The estimated residual stress was found to be
compressive for both materials. The residual stress was dominantly affected by the grit size of the grinding
wheel rather than the cutting depth. Although the dependency of the estimated residual stress on the grit
size was different between the two materials, it was revealed that the estimated residual stress in both
materials qualitatively corresponded with the stress measured by the x-ray diffraction method. In both
materials, the bending strength was reasonably correlated with the estimated residual stress. It was
elucidated that the proposed procedure was applicable to a relative evaluation of the grinding-induced
residual stress in machined silicon nitride ceramics.

material.[4–6,12] Therefore, such a nonuniform distribution ofKeywords bending strength, grinding, indentation-fracture
residual stress should be adequately dealt with in the residualmethod, residual stress, silicon nitride
stress estimation based on the IF method.

In this work, an estimating procedure for grinding-induced1. Introduction residual stress is proposed by considering a nonuniform residual
stress distribution in the IF method. Residual stresses in two

Ceramic components, after their sintering processes, are usu- kinds of silicon nitrides, which are machined under different
ally machined to improve the accuracy of dimension in their grinding conditions, are estimated by using the proposed
engineering applications. Previous investigations[1–7] reveal that method. The estimated results are also discussed in comparison
strength properties are influenced by grinding conditions. Par- with residual stresses measured by the x-ray method and in
ticularly, it should be noted that residual stresses as well as correlation with strength properties.
surface flaws, which are generated in the grinding process of
ceramics, may remarkably affect strength properties of ceram-
ics. The x-ray stress measurement method is successfully used 2. Principle of Estimating Residual Stress
to estimate the residual stress in various materials. Considering
practical needs, however, alternative simpler methods for the 2.1 Fracture Toughness Estimated by IF Method
residual stress estimation are required even if they can give us

Several formulae to evaluate the fracture toughness, KC , ofonly a relative estimation. For ceramics, especially, a possible
ceramics by using the IF method have been proposed (e.g., Refcandidate for the residual stress estimation is the indentation-
13). For instance, the following equation based on the IF methodfracture (IF) method,[5,8–11] which has been developed as a
is recommended in the Japanese Industrial Standard (JIS) Rconvenient procedure to evaluate the fracture toughness of
1607.[14]ceramics. In the IF method, the length of an indentation-induced

crack is one of dominant parameters in the fracture toughness
evaluation, the crack length may be changed in a pre-existing

KC 5
a[EP]1/2(d /2)

a3/2 (Eq 1)
residual stress field. This implies that the information on resid-
ual stress can be included in the toughness value evaluated by
the IF method. where a, E, and P are an empirical coefficient, the Young’s

Previously, a uniform distribution of residual stress inside modulus of an indented material, and the indentation peak load
a ceramic material has been investigated by incorporating the set in a Vickers hardness tester, respectively. As illustrated in
residual stress into the stress intensity equilibrium of the crack Fig. 1, other dimensions a and d are the half-surface length of
induced by the IF method.[8–11] Experimental results, however, a crack well developed after indentation and the diagonal length
show that a distribution of residual stress due to grinding is of a Vickers impression, respectively.
macroscopically nonuniform toward the inside of a ceramic Other proposed formulae are basically similar to Eq 1; i.e.,

they are constructed to be proportional to (P1/2 ? a23/2) and
also include empirical coefficients, such as a in Eq 1. TheseToshihiko Hoshide and Junko Abe, Department of Energy Conversion
coefficients are usually determined so that the residual stressScience, Graduate School of Energy Science, Kyoto University, Sakyo-
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u.ac.jp. in the fracture toughness evaluation by the IF method. As for

586—Volume 10(5) October 2001 Journal of Materials Engineering and Performance



Fig. 1 Illustration of indentation-induced crack Fig. 2 Scheme of crack length variation due to compressive resid-
ual stress

the coefficient a in Eq 1, it has been empirically determined
has a compressive stress, which often appears in ground ceram-to be the mean value for several ceramic materials and is given
ics, as illustrated in Fig. 2, the crack length, ar , in the indentedas 0.026 for 2a/d larger than 2.5.[14] Since 2a/d may be smaller
material becomes shorter compared with the crack length, ao ,than 2.5 for some material/indentation-load systems, it is neces-
in the same material but free of pre-existing stresses, even undersary to calibrate the a value for possible cases of 2a/d , 2.5
an identical indentation load, Po. In a material without anyby comparing KC values calculated by Eq 1 with ones evaluated
residual stress, Eq 1 givesby the standard method using a single-edge precracked beam

specimen method, which is primarily recommended in JIS R
1607 (or by other equivalent prcedures).

KC 5
a[EPo]1/2(d /2)

a3/2
o

(Eq 3)In the application of Eq 1, another point to note is that a
slow crack growth (SCG) must not be caused by the residual
stress field induced by an indentation. The SCG, to which oxide For a material with a residual stress, the fracture toughness KCA
or glass ceramic materials especially are susceptible, leads to is evaluated by applying a measured crack length ar instead of
the time dependency of measured toughness.[11] The SCG effect ao in Eq 3 as
on the toughness, however, is avoidable if the length of an
indentation-induced crack is measured as soon as possible after
the indentation. KCA 5

a[EPo]1/2(d /2)

a3/2
r

(Eq 4)

2.2 Critical Equilibrium Condition in Indented Material with Equation 4 should be interpreted as an apparent fracture tough-
Residual Stress ness. In the above cases, it is empirically known that the diagonal

length, d, for the same indentation load is not so much affectedEquation 1 can be applied to materials free of pre-existing
by the grinding-induced residual stress.[5] Therefore, the identi-stresses. At a critical level for equilibrium crack growth in an
cal value of d may be applicable to both Eq 3 and 4 irrespectiveindented ceramic material with a residual stress, the net stress
of the residual stress.intensity factor, Knet, remains constant:[9]

Evaluation of Residual Stress Intensity Factor. A grind-
ing-induced residual stress, sR , is generally known to be com-

Knet 5 KCA 1 KR 5 KC (Eq 2) pressive. In experimental studies,[4–6,12] it is also reported that
the compressive residual stress, sR , has its peak, sRO , on or
near the ground surface of a specimen and vanishes toward theIn Eq 2, KCA is an apparent fracture toughness affected by

the residual stress, and KR is a residual stress intensity factor specimen-depth direction, i.e., the z direction in Fig. 1. Such a
nonuniform distribution of residual stress in the depth directionassociated with the residual stress field. The stress intensity

parameters, KCA and KR , are evaluated as follows. should be taken into account in evaluating the residual stress
intensity factor.Evaluation of Apparent Fracture Toughness. If a material
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Consider a crack system subjected to a residual stress, sR , r 5 3.23 Mg/m3, E 5 320 GPa, and KC 5 6.0 MPa ? !m for
SN-GP; and r 5 3.23 Mg/m3, E 5 310 GPa, and KC 5 5.7given by
MPa ? !m for SN-PL. The fracture toughness of each material
was obtained by the standard method specified in JIS R 1607sR 5 sRO f(z) (Eq 5)
or its equivalent procedure.

where f(z) is a function of z to specify the residual stress
3.2 Specimen Preparationsdistribution in the z direction. Since a well-developed crack

induced by the indentation is approximated as a semielliptical The geometry of the specimen machined in this work was
crack, KR , for the crack subjected to the residual stress given of a square rod type with a dimension of 4 3 3 3 36 mm,
by Eq 5 is usually expressed as the following form: which is specified for the standard bending specimen in JIS R

1601.[16] In all cases, the grinding direction was set in the
longitudinal direction of the specimen.KR 5

sRO(pla)1/2

F(l)
MR (Eq 6)

For SN-GP, two series of specimens were finally prepared
by grinding with wheels of #400 and #800 grit sizes. The cutting
depth per one pass was set to be 4 mm for #400 grinding andIn Eq 6, l is the aspect ratio defined as the ratio b/a of the
2 mm for #800 grinding, respectively. Before the final grinding,crack depth, b, to the surface half-length, a, and F(l) is the
all specimens of SN-GP had been ground by using #400 gritcomplete elliptic integral of the second type depending on l.
wheels.The parameter MR in Eq 6 is a magnification factor, which is

On the other hand, specimens of SN-PL were machineddetermined by the residual stress distribution, f(z), in Eq 5, l
under six different conditions as follows. Three distinct gritand b/t, where t is the specimen thickness.
sizes of grinding wheel, #170, #270, and #600, were adopted.
Two values of the cutting depth were selected for each grit2.3 Residual Stress Estimate by IF Method
size; i.e., 5 and 40 mm for #170 and #270, and 1 and 25 mm

By substituting Eq 4 and 6 with ar into Eq 2, we obtain the for #600. All specimens had been machined using #400 grit
following equation to estimate the peak residual stress, sRO. wheels before the final grinding, as stated previously.

Combining respective digits of the grit size and the cutting
depth, materials ground under the aforementioned conditions

sRO 5
KC 2 a(EPo)1/2(d /2)(ar)23/2

(pl)1/2(ar)1/2MR
F(l) (Eq 7) are designated 400-04 and 800-02 for SN-GP, and 170-05,

170-40, 270-05, 270-40, 600-01, and 600-25 for SN-PL. For
instance, 170-05 represents the material ground by 5 mm usingIf it is assumed that the crack is closed to change its length
a wheel with grit size of #170.from ao to ar (,ao) by the compressive residual stress, the

residual stress intensity, KR , associated with the residual stress
3.3 Indentation Procedures and Indentation-Inducedis evaluated by using ao for a in Eq 6. In this case, another

Cracksestimation for the peak residual stress must be expressed as
follows. In the present study, specimens were indented by using

an ordinary Vickers hardness tester. The distance between the
centers of adjacent indents was kept longer than 10a, where asRO 5

KC 2 a(EPo)1/2(d /2)(ar)23/2

(pl)1/2(ao)1/2MR
F(l) (Eq 8)

is the half-surface length of an indentation-induced crack.
The surface length, 2a, of the crack was measured through

an optical microscope, while the crack tip was sometimes identi-In applying Eq 8, (ao)1/2 may be calculated from Eq 3 as
fied by using a laser scanning microscope with a higher resolv-
ing power. The crack depth, b, was measured by polishing the
surface of a cracked specimen until the crack disappeared on(ao)1/2 5 Fa(EPo)1/2d

2KC
G1/3

(Eq 9)
the polished surface. The aspect ratio of the indentation-induced
crack was calculated as b/a by using measured values. It was

where all parameters on the right-hand side are known or given. observed that the mean aspect ratio was 1 for SN-GP and 0.55
for SN-PL.

3. Experiments 3.4 Calibration of Coefficient a with Respect to 2a/d

As mentioned previously, the length, a, of the indentation-3.1 Materials
induced crack is supposed to change due to the residual stress
generated by grinding, though the diagonal length, d, of theMaterials to be used have been investigated in other works,

i.e., a gas pressure sintered silicon nitride produced by NGK Vickers impression is hardly affected by the grinding-induced
residual stress. This implies that the ratio 2a/d may changeSpark Plug Co. Ltd.[15] and a pressureless sintered silicon nitride

by TOTO Ltd.[5] In the following, the pressure sintered and the according to the variation in residual stress. To investigate the
above subject, SN-GP materials free of residual stress werepressureless sintered silicon nitrides are designated SN-GP and

SN-PL, respectively. The bulk density, r, the Young’s modulus, prepared by annealing after polishing their ground surfaces.
Using the prepared materials, several values of 2a/d expectedE, and the fracture toughness, KC , of the materials are as follows:
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acts within the region from the surface to the crack depth, b;
i.e., 0 # z/b # 1. An advantage in the application of the stress
distribution (Eq 10) is that numerical data of magnification
factors, MR in Eq 6, are available elsewhere.[17] This is very
convenient for the actual usage of the present procedure.

Now, the peak residual stress, sRO , for each case can be
estimated by using Eq 7 for the assumed stress distribution of
Eq 10. Table 1 shows the mean and the coefficient of variation
of the residual stress, sRO , estimated by using several specimens
for each case. When Eq 8 instead of Eq 7 is applied to the
estimation, it is found that the estimated values are reduced by
10 to 20% compared with the results in Table 1. In SN-GP
materials, it is seen that grinding with a rougher wheel, i.e., a
smaller mesh size, results in a smaller compressive residual
stress. As for SN-PL, however, a material ground using a
rougher wheel is found to have a larger compressive residual
stress, though the residual stress is hardly affected by the cutting
depth. It is supposed that the difference in the dependence on

Fig. 3 Variation of coefficient in toughness evaluation based on the the wheel grit size between the two materials is associated with
IF method with respect to crack ratio discrepancies in more detailed grinding conditions specified by

other factors, such as down or upper cut, cross feeding, table
speed, wheel speed, use of lubricants and coolants, number of
spark-outs, etc.in experiments were obtained by changing the indentation load.

The resultant range was of 2a/d from 1.4 to 2.5. The a value
in Eq 1 was calibrated for these values of 2a/d by comparing
the KC value evaluated by Eq 1 with that evaluated by the JIS

5. Discussionstandard method or its equivalent procedure. In Fig. 3, the a
value is plotted with respect to 2a/d. The a value is found to

5.1 Comparison of Estimation by IF Method with X-Raybe almost constant in the examined region except for a range
Measurementsof 2a/d less than 1.6. The constant a value in the range of 2a/d

from 1.8 to 2.5, however, was sufficient in the regime to be
Residual stress measurements by the x-ray diffractioninvestigated. The dot-dashed line in Fig. 3 indicates the mean

method have been done for the SN-GP materials ground under0.029 of a values for other silicon nitrides shown in JIS R
the same conditions.[18] The mean and the coefficient of varia-1607. As seen in Fig. 3, the present results in the 2a/d region
tion of measured residual stresses are 226.1 MPa and 0.269larger than 1.8 almost coincide with the reference data, which
for 400-04, and 243.4 MPa and 0.209 for 800-02. For thiswill be used in the following analysis. It should be noted that
material/grinding system, it is found that a smaller compressive0.029 for silicon nitrides is different from the average value of
residual stress is measured for a more roughly ground material.0.026 for three kinds of ceramics; i.e., alumina with a 5 0.027,
This tendency qualitatively coincides with the peak residualsilicon carbide with a 5 0.023, and silicon nitride with a 5
stress, sRO , estimated by the proposed procedure, though the0.029 in JIS R 1607.
procedure gives an overestimate of compressive stress.

On the other hand, no measurement by x-ray is available
for the same material system as SN-PL. Therefore, the measure-4. Application of IF Method to Residual Stress
ment by the x-ray method for a similar material, i.e., anotherEstimation in Silicon Nitrides pressureless sintered silicon nitride,[4] is cited here as reference
data. The data reveal that the mean and the coefficient of

It is experimentally observed that the compressive residual variation of residual stress are 2541 MPa and 0.0538 in the
stress caused by grinding vanishes at the depth of 20 to 30 mm material ground using a #80 mesh wheel, and 2192 MPa and
from the ground surface in several silicon nitrides.[6–8] This 0.0677 in the material ground using a #200 mesh wheel. The
suggests that the grinding-induced residual stress sharply van- peak value, sRO , around 2450 MPa, which is estimated for
ishes toward the specimen depth or changes its sign near the the 170-system materials, exists between the values for the
ground specimen surface. Unfortunately, an actual distribution materials ground by using #80 and #200 grit wheels, though
of residual stress, f(z) in Eq 5, is unknown in most cases. the estimated value is closer to the x-ray measurement for the
Consequently, in this analysis, f(z) is presumed to be approxi- material ground by an #80 mesh wheel. The previous x-ray
mated by the following cubic function of z as one of the simple measurement also implies that grinding with a rougher wheel
functions, which steeply decreases with respect to z. brings about a larger compressive stress. This trend qualitatively

coincides with the results in SN-PL, as shown in Table 1.
f (z) 5 (1 2 z/b)3 (Eq 10) The aforementioned x-ray results in both materials represent

similar trends, which are seen in the estimates by the proposed
procedure. Consequently, it may be concluded that the proposedBy using Eq 10, it is also postulated that the residual stress
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Table 1 Surface residual stress estimated by the IF method

Material SN-GP SN-PL

Identification 400-04 800-02 170-05 170-40 270-05 270-40 600-01 600-25

Residual stress sRO (MPa) 2243 2359 2464 2440 2309 2242 2197 2198
Coefficient of variation 0.150 0.121 0.110 0.0505 0.168 0.229 0.0909 0.337

Table 2 Residual stress averaged in specimen-depth direction

Material SN-GP SN-PL

Identification 400-04 800-02 170-05 170-40 270-05 270-40 600-01 600-25

Residual stress sR ,ave (MPa) 260.9 289.8 2116 2110 277.1 260.6 249.3 249.4

Table 3 Statistics of bending strength in silicon nitride ceramics

Material SN-GP(a) SN-PL(b)

Identification 400-04 800-02 170-05 170-40 270-05 270-40 600-01 600-25

Mean strength sf (MPa) 1010 1070 961 952 930 933 896 921
Coefficient of variation 0.0620 0.0736 0.0446 0.0512 0.0775 0.0641 0.0785 0.0527

(a) Four-point bending tests
(b) Three-point bending tests

procedure gives a qualitative correspondence to the x-ray meas- 2192 MPa for the other pressureless sintered silicon nitride
ground by a #200 mesh wheel rather than that measured in theurement. This implies that the proposed procedure is applicable

to a relative estimation of grinding induced residual stress. material ground using an #80 mesh wheel.

5.2 Discussion of Comparison between Residual Stresses 5.3 Relation between Strength and Estimated Residual
Evaluated by X-Ray and IF Methods Stress

In quantitatively comparing the residual stress estimates by
As mentioned in Section 1, the strength of ceramic materialsthe IF method with the x-ray measurements, it should be noted

is affected by the residual stress. In this section, the strengththat the x-ray penetrates into a material in the x-ray diffraction
is correlated with the grinding-induced residual stress estimatedmethod. This means that the stress averaged within the penetra-
by the proposed procedure.tion depth, zp , of x-ray into the material from the surface is

Bending strength has been obtained for SN-GP[15] and SN-measured by the x-ray method. Therefore, the estimated residual
PL,[5] respectively. Smooth specimens of SN-GP were loadedstress should be averaged in the depth, zp , in comparison with
by four-point bending with an outer span of 30 mm and anx-ray measurements. In the present procedure, the averaged
inner span of 10 mm, while bending tests for smooth specimensresidual stress, sR,ave may be evaluated by
of SN-PL were conducted under three-point mode with a span
length of 20 mm. In both cases, tests were carried out under
load-controlled condition, and the loading rate was controlledsR,ave 5

sRO

zp
#

zp

0

f (z) dz. (Eq 11)
so that the rate of the maximum tensile stress in a specimen
might be about 100 MPa/s. Statistics of bending strength for
each material are summarized in Table 3.Unfortunately, the depth, zp , is not clear for an arbitrary material/

x-ray diffraction system. By way of trial, the residual stress In Fig. 4, the mean strength, sf , depending on the grinding
condition, is correlated with the peak residual stress, sRO , esti-with the distribution expressed by Eq 10 is averaged in the

region of 0 # z # b. This trial implies that zp in Eq 11 is mated previously. For both materials, a larger compressive
residual stress is found to result in a larger strength. Of course,replaced with b. The calculated residual stress, sR,ave, is listed

in Table 2. It is found that the averaged residual stress, sR,ave, a similar trend is also seen when the averaged residual stress,
sR,ave, instead of the peak one is correlated with the strength.in SN-GP is reduced to the value measured by the x-ray method.

Contrary to the trend observed in the estimated peak residual It is concluded that the result shown in Fig. 4 is reasonable,
because the compressive stress restrains the crack growth fromstress, sRO , the calculated sR,ave of about 2110 MPa for the 170-

system materials of SN-PL is closer to the x-ray measurement of inherent flaws and improves the material strength.

590—Volume 10(5) October 2001 Journal of Materials Engineering and Performance



The application requires a priori information on the distribution
form of residual stress in the specimen-depth direction as well
as the aspect ratio of an indentation-induced crack, which may
be influenced by the residual stress state.
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