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Abstract. Grinding may create flaws that control strength and limit the performance of finished
ceramics. Machining cracks sometimes have been difficult or impossible to find especially in
toughened ceramics with interlocking grain microstructures that create rough fracture surfaces. Our
fractographic examinations show that machining damage leaves telltale markings on fracture
surfaces that may be easily detected using common fractographic techniques. A comprehensive
study with over 400 ground rods and rectangular bars was conducted on several commercial silicon
nitrides to study the effects of various machining conditions. Similarities and differences in
behavior were observed. A paradoxical finding was that tougher silicon nitrides developed deeper
grinding cracks. Machining crack size and shape strongly depended on the grinding wheel grit size.

Introduction

Residual surface cracks from the grinding process may act as strength limiting flaws. Fig. 1 shows
one depiction of these machining cracks and Fig. 2 shows how the grinding direction can influence
the strength.  Long coplanar or offset parallel cracks are more deleterious to strength than
orthogonal cracks. The difference in size and severity of these cracks causes the strength
dependence with orientation, but only if machining cracks control strength. Surface grinding is
often done in several stages to limit the damage. Rough and intermediate grinding is done with
coarse or medium grit wheels and aggressive removal rates to bring the part close to final
dimensions. Finish machining removes the prior damage and obtains correct final part dimensions
and finish.

The present study was initiated as part of a program to investigate machining damage in ground
ceramics [1,2,3,4,5,6]. Many studies have investigated the effects of surface grinding on flexure
strength, but most studies do not include a detailed characterization of the machining flaws such as
their size, shape, and morphology, and density. Notable exceptions to this approach have been the
studies of Hollstein et al. [7]; Rice, Mecholsky and colleagues [8,9,10,11]; and Foley, Pujari and
colleagues [12,13]. Nonetheless, very little work has been done to systematically correlate the size
and severity of machining cracks to the grinding conditions that created them.

ORTHOGONAL
CRACKS

Fig. 1  Schematic of flaws
introduced by machining or
scratching a ceramic or glass
surface. Adapted from a
figure by Rice and Mecholsky ™\

[8].
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Fig. 2 The grinding
direction influences strength.

Transversely-ground specimens Longitudinally-ground specimens
Flexure testing activates Flexure testing activates
the parallel machining cracks the orthogonal machining cracks

Machining cracks are relatively easy to detect in homogeneous materials such as glasses, single
crystals, very fine-grained fully-dense, or very coarse-grained materials (wherein the machining
crack may be entirely within one grain). On the other hand, they may be very difficult to detect in
many polycrystalline ceramics since they often blend into the background microstructural features
on the fracture surface. It is not uncommon for a fractographer to readily find a fracture mirror
centered on a surface origin location, but not find an obvious defect at the origin. This has led some
fractographers to guess that the origin must be machining damage. One objective of the present
study was to refine techniques for finding machining cracks and to make their identification easier.
Fractographic analysis entails pattern recognition. This study reveals some of the telltale features or
patterns that can be detected with conventional optical microscopy. Ref. [1] is a comprehensive
report on this study, which is copiously illustrated with examples and schematics of machining
damage cracks. This paper summarized some of the key findings and presents a few illustrative
examples for one particular sintered reaction-bonded silicon nitride.

Material

A sintered reaction-bonded silicon nitride (SRBSN)*" containing yttria and alumina was evaluated.
The material is in full-scale production for several applications including cam roller followers in a
diesel engine and pump valve components for the oil extraction industry. Fig. 3 shows that this
SRBSN has needle-like beta silicon nitride grains, 0.5 um to 3 um wide by up to 10 pum long , that
are bonded by a second phase.

The material was designed to have enhanced fracture toughness. The manufacturer lists the
elastic modulus as 310 GPa - 320 GPa, the strength as > 700 MPa, and density as 3.21 g/cm’.
Silicon starting powders were isopressed into oversized green-body rods that were nitrided and then
gas-pressure sintered. The rods were nominally 7.5 mm in diameter by 111 mm long after sintering.
The fracture toughness of this material has been measured by the three methods in ASTM C
1421[14] and very consistent values were obtained. The surface crack in flexure (SCF) with Knoop
semielliptical cracks as small as 50 um and single-edged precracked beams (SEPB) methods gave
values of 5.4 MPaVm + 0.4 MPa\vm and 5.6 MPavm + 0.2 MPaVm, respectively [15]. Chevron
notch (CN) testing [16] produced 5.3 MPa\vm % 0.2 MPaVm.

*  Ceralloy 147-31N, Ceradyne, Cosa Mesa, CA.

Certain commercial materials or equipment are identified in this paper to specify adequately the experimental
procedure. Such identification does not imply endorsement by the NIST nor does it imply that these materials or
equipment are necessarily the best for the purpose.
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Fig. 3 The SRBSN microstructure
from a fracture surface.

Experimental Procedure

Flexure testing with rod or rectangular bar specimens is an ideal method to accentuate surface
machining flaws. Sample sets of 10 or 30 rod or bar specimens were prepared and tested per
grinding condition. All cylindrical rods were 6.0 mm in diameter by 100 mm long. Rods were
transversely- or longitudinally-ground with resin bonded diamond abrasive wheels with 150 to 600
grit sizes. Rods were tested on a four-point flexure fixture specifically designed for cylindrical rod
specimens [4]. The spans were nominally 40 mm x 80 mm and the crosshead rate was 1.3 mm/min.
All rectangular bars were “B” sized (3 mm x 4 mm x 45 mm) four-point flexure specimens and
were prepared in accordance with ASTM C 1161 [17]. Specimens were either longitudinally- or
transversely-ground with 80 to 600 grit wheels. The rods and bars were different in size but the
Weibull effective volumes and effective surfaces were actually quite similar [18].  Additional
experimental details are in Ref. [1].

The overall fractographic analysis was performed in accordance with ASTM C 1322 [19]. All
fracture surfaces were examined with a stereo binocular microscope at magnifications up to 205X.
It was essential to illuminate the specimen fracture surface from the side or rear with a bright, low
incident angle (vicinal) illumination source as shown in Fig. 4. The low angle illumination
accentuated many crucial tell tale features of machining damage. Many specimens were also
examined with the scanning electron microscope. Optical microscopy was effective in finding and
characterizing the machining cracks once we learned to recognize their telltale signs such as
machining crack hackle. Illumination from directly above the specimen fracture surface was
ineffective since it washed out many key features. Contrast was reduced and helpful shadows lost.
Low angle illumination from the same side of the specimen that contained the machining cracks

Fig. 4 Stereo optical microscopy with vicinal (low angle) illumination.

Viewing
Direction
Fracture
sun‘ace\‘

lllumination source

Test piece
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W

edge at the origin. The SRBSN was partially translucent. The key to success was having a
stereomicroscope that was capable of 100 X — 200 X magnifications and a bright directional
illumination source. As the study progressed, and we gained greater experience in detecting the
telltale features of machining damage cracks, we were able to speed up our inspection process and
optimize our photography. By the end of the study, we could immediately identify transverse
grinding damage on the first inspection with the stereomicroscope.

Results

Tables 1 and 2 list the rod and bar flexural strength outcomes. A detailed discussion of the strength
data and a full Weibull statistical analysis are in Ref. [1]. Longitudinal grinding and finer grits led
to the greatest strengths as expected. The 320 grit longitudinally-ground rod specimens had the
greatest strengths and nearly all specimens broke from volume-distributed material flaws such as
inclusions, porous zones, and second phase inhomogeneities. Many of the fracture origins were
well into the rod interior. Three different machine shops (N, W, F) that participated in the project
either matched this performance or came close with 600 grit centerless or transverse cylindrical
grinding. Coarser wheel grits or more aggressive grinding procedures led to progressively deeper
damage, specimen weakening, and a change of origins to machining cracks.

Table 1 SRBSN rod strength results and fractographic summary

Effect on Strength | Weibull parameters

Specimen Wheel Grit . N
SHOP Preparation gﬁ?;g:;ig::] Average + std dev. Char. Str. (MPa) Primary Fracture Origins
(MPa) Modulus, m
Longitudinal : Inherent Volume
320 grit No effect interi .
(Centerless) 5 ?n “Baseline Strength” 843 S-Imenng Flaws..' ’&%&ﬂ‘}v//
(o] K Inclusions, Compositional g\ "’z",/j‘;éﬁ
? m=14.6 Inhomogeneities, Porous 35" &
S 0.45 um + 0.04 ym 816 + 59 Regions, Large Grains == =
Transverse 620 ?nm No effect. 827 Parallel machining cracks
N ’ W Minor interaction with
@@ 0.054 um 4 0,002 um 806 + 49 m=17.6 inherent flaws
B pm £ 0. il
Transverse ; o i
(cvlindrical) 600 grit 6% Reduction Parallel machining cracks
w 25 ym 789 Minor interaction with
‘ ’ 764 + 55 m=13.3 inherent flaws
S 0.14um +0.02ym
™
R 79
Transverse 600 grit 10% Reduction Parallel machining cracks \}sﬁ\\“& Wl/%
- 754 13 - 20 um deep = "Ze
F dﬁ, 735 + 47 m=18.9 Interaction with some —-J——“ i 75
o 0.14 um +0.02 ym inherent flaws —

Transverse 320 grit o, )
c e 5um 18% Reduction 686 Flat coplanar
dﬁj 670 + 32 m=21.9 parallel machining cracks
Q 0.24 ym +0.02 ym - 16 - 34 um deep
Transverse 220 grit
’ 5 “?n 28% reduction 600 Long, parallel machining cracks
. 25 - 40 um dee
N . 589+ 22 m=21.3 Hmeeep
Transverse / .
Lapped %0 ul'_T‘I grit 15-30% Reduction 2660 “V” machining cracks
S mo7 from prior grinding
0.074 um + 0.05 ym 628 + 76 20 - 35 um deep
T 150 or 180 gri Coplanar parallel
ran or 180 grit 48% reduction 433 rzgchggng c(r’acks;
F p i - 80 um deep;
b 427 + 14 m=28.1 some V cracks

0.80 ym + 0.06 ym
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Wheel Grit Effect on Strength Weibull parameters
Specimen D ?he n ”t Pri F Origi
SHOP Preparation Su?fpaceofir?il;h Average, std. dev. Char. Str. (MPa) rimary Fracture Origins
MPa) Modulus, m
T 10% less than best rod strengths 12 - 18 um deep parallel machining cracks,
ransverse 600 git or 20 - 40 ym diameter Porous Regions  (bumps at origin)
) 5,m? same strengths as their 735 KN A\ \Y\W, e,
F /M W 600 grit rods. me 36 &\:},\\R\ 4431// &\X %'ﬂ;;{/
< 0.09 um +0.01 um 726 +19 :
Pores/Porous regions/Collapsed Agglomerates
Longitudinal 320 grit 10% less than 600 grit, transverse “linear or planar flaws”
ASTM g 1;61 bars above with 15 - 20 um deep orthogonal machlmnq cracks
standar
(o] multi-step 20% less than m6_771 5 \%@N\\‘ ’W
5pum best rods B
-EX zf;
Q = = LR
0.27 ym +0.01 pm 655 + 51 —.-W ;
W o
23 - 40 umdeep ‘zipper cracks”
Transverse : 24% weaker than best 600 grit some evidence of stable crack extension
320 grit
transverse bars above J V
c 5 um 570 }{w\ i
550 +42 m=125
/ 0.29 um + 0.02 ym = =
Q
Transverse 37% weaker than best 600 grit Meandering parallel and zipper cracks 30 um - 70 um deep
150 grit transverse bars above All specimens broke from a sinale dominant striation.
) 488
(o] /M 458 +72 me68
S 2 sample lots
Transverse 41% weaker than best 600 grit Meandergsg p;r?llg(ljanrg élgger cracks,
80 grit transverse bars above ul u P
F < - 443
430 +62 m=82
S 2 sample lots

Fig. 5 Depending upon the axial feed rate, parallel machining cracks in rods may either be planar
(on the left, SEM image), or segmented (on the right, optical image). Crack segments (a, b, ¢) link
on different planes making the machining hackle that create the tell tale V pattern. Vicinal
illumination helps the V stand out clearly despite the inherent roughness in the mirror region.
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Final surface roughness did not correlate to strength [1]. For example, the lapped rods had the
finest finish, but had some of the worst strengths since the flaws that controlled strength were from
earlier phase grinding. The lack of a correlation between strength and surface finish in this SRBSN
is consistent with findings from earlier phases of this project [2].

Figs. 5-7 show several key machining cracks and their tell tale features. Ref. [1] has almost
one hundred pictures of machining cracks and material flaws in this silicon nitride.

Fig. 6 Two examples of “zipper cracks” in bend bars. A zipper crack is a parallel crack made up of
a series of offset or zigzag crack segments. The segments link during fracture as the crack
“unzippers” to the left and right along the surface. Offsets between the segments create the vertical
“machining crack hackle” that extends up as fingers into the mirror region.

“Machining crack

Origin hackle”

1

|

|
S
centerline |
1

1

1

]

1

1

Machining crack
hackle

Jogs or steps between
segments

Offset parallel machining cracks

Fig. 7 Coarse grit (80, 150, 180) transverse grinding creates a damage zone along the surface
(arrows). The damage zone has the same depth as the zipper crack at the origin.

Machining
crack

Al

N W
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trend despite the fact that several machine shops participated in this exercise using different
grinding machines and wheels. Crack depth is shown since it is the controlling dimension in
fracture mechanics calculations for long shallow surface cracks in a body. The crack depth is also
an important factor in assessing damage in a finished part. The critical crack size is shown. Only a
few cracks showed evidence of stable extension and it was of the order of 5 um to 15 um. In each
data set there are only some depth measurements since we were either unable to obtain a depth
measurement in some specimens, or alternatively, the specimen may have fractured from a material
flaw. The coarser the grit size, the more likely machining damage was strength limiting and the
easier it was to measure the machining cracks.

The crack depths ranged from a minimum of 12 um to a maximum of 80 wm. Sizes smaller than
12 pum do not appear since specimens with such small cracks broke from material flaws. The = 80
um upper limit corresponds to the severest machining damage likely to be encountered with
conventional grinding conditions in this SRBSN. The surface lengths of the machining cracks
varied from as low as = 50 um, to as long as hundreds of um, to the full 4 mm width of the
specimens in some of the coarsest ground (150 and 80 grit) bar specimens.

Several points may be made from Fig. 8. Firstly, there was good concurrence of crack depths for
rods and bars at 600, 320, and 150/180 wheel grits. Secondly, despite the fact that specimens were
ground by a number of different shops with many differences in key machining parameters

Fig. 8 The size (depth) of parallel machining cracks was strongly dependent upon the wheel grit
size for transversely-ground rod (o) or rectangular () bar specimens.
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|
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grinding parameters had only a secondary effect. Thirdly, the range of machining crack sizes was
of the order of a factor of two at each machining condition. Considering that strength scales with
the inverse square root of crack size, the 2.0 factor is entirely consistent with the factor of 1.4
strength variation that was typical for the data sets.

Material flaws were dominant in the higher strength (> 600 MPa) specimens. A bar labeled
with their size range (10 um — 45 pum, half minor axis length) is on the right side of Fig. 8.
Material flaws and machining cracks of the same size do not have the same severity. A sharp 20
pum deep machining crack is more deleterious than a rounded 20 wm radius (40 um diameter) pore.
For the sample sets ground with 600 grit or 320 grit transverse wheels, some specimens broke from
machining cracks, some from material flaws, and some from hybrid linked machining-material
flaws. Machining flaws became dominant for grinding wheels coarser than 320 grit.

Fig. 9 shows how our data compare to that published by other groups for a variety of silicon
nitrides [20,21,22,23,24,25,26,27,28,29]. The maximum machining crack depth detected in our
study on the SRBSN was 80 wm under the coarsest grinding conditions. The maximum crack size
for any silicon nitride from our review of other literature data was ~100 wm. An amazing finding is
that nearly all data for silicon nitride fall within the bands shown in Fig. 6, except that the silicon
nitrides with increased fracture toughness e.g., (Dow sintered silicon nitride — SSN) have larger
machining cracks than in the untoughened silicon nitrides (e.g. Eaton reaction bonded silicon nitride
- RBSN). This paradoxical finding is discussed in more detail in Ref. 1, but the reason is simple.
Tougher silicon nitrides are more difficult to grind, but the grinding machine compensates by
applying more force and energy to remove material. If the motor is powerful enough at a given set
of conditions (wheel speed, depth of cut, wheel grit, etc), the grinder can drive the grinding cracks
in deeper. Fig. 10 is a simple summary diagram for damage depths in ground silicon nitride.
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An odd pattern occurred on several sets of coarse transversely-ground (80 and 150 grit) bars.
Fracture always occurred from one particular atypical striation, which repeated itself along the bar
length at regular intervals that corresponded to the table feed between grinding wheel passes. The
deleterious striation was not the most obvious striation or the largest or deepest striation. It did
have much more grain pull out, fracture, and fragmentation. The subsurface damage was manifested
as light scattering sources beneath the surface. The striation appeared in the optical microscope as a
fuzzy-blurred region rather than a distinct groove. In contrast, the other more noticeable striations
on the tensile surface were grooves that suggested plastic deformation with negligible subsurface
cracking. A simple calculation based on the specimen and wheel geometries and the table and
wheel speeds indicated that a single abrasive grit might have formed the deleterious striation.
Hence, one “renegade” abrasive grit in the grinding wheel may control the strength.

The grinding flaws in rods and bars were similar in some respects, but different in others. The
trends of crack depths for the rods and bars were similar, but the crack lengths varied. This
difference is not surprising due to the geometries and the shorter contact length and duration of a
round rod contacting a round grinding wheel. Rectangular bars typically had longer machining
cracks, often in the hundreds of pm and sometimes the full 4 mm width of the specimen. The bars
were more likely to have “zipper cracks” with periodic fingerlets and machining crack hackle. The
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motion of the work piece relative to the grinding wheel.

A number of the machining cracks had sufficiently well defined shapes and boundaries that
apparent critical fracture toughness could be computed from the measured crack depth and width,
the stress at the origin, and the computed stress intensity shape factor. The average for 29 cracks
was 5.41 MPaVm # 0.54 MPaVm which matched 5.5 MPaVm grand average for the data collected
by the three test methods in the ASTM fracture toughness standard C 1421. One of the three
methods was the surface crack in flexure (SCF) method that used a Knoop indenter to make small
semi elliptical surface cracks which are very close in size (50 pm) to some of the machining cracks.

As noted above, a few SRBSN machining cracks showed evidence of small amounts (5 wm - 15
um) of stable crack extension, but most did not. The critical crack size was used in the calculations.
We could often distinguish the critical crack on the fracture surface by noting where the flaw
topography changed to a flatter final fracture plane and also by observing changes in direction of
machining hackle lines. The latter show the local direction of crack extension. It could not be
ascertained whether the stable extension was due to residual stresses, R-curve toughening, or
stepwise pop in during the initial grinding.

Any R-curve toughening in this material occurred over very short crack extensions of the order
of 5 wm - 15 pm at most, since the computed fracture toughness from the critical crack sizes
matched the outcomes from the SEPB, CNB, and SCF outcomes cited earlier. The SCF experiments
with residual stress-free 50 wm deep Knoop cracks did not detect any greater extensions either.

An absence of residual stresses could be inferred from the fracture mechanics analysis of the
machining cracks. The computed fracture toughness (based on applied flexure stress at fracture)
usually matched the known fracture toughness, suggesting that residual stresses were small.

Figs. 11 and 12 summarize some of the tell tale features of machining cracks and are based on
the observations of hundreds of flaws in this study, plus our experience with other ceramics and
glasses.

Material flaw origins

semicircular Flared into the depth Flared into the depth
and incomplete and incomplete

M
Wity

— —
Elongated elongated side lobe

Fig. 11 Schematics of fracture mirror shapes and distortions. The top row shows mirrors centered
on origins such as inclusions or pores. Mirror elongations into the depth are common in flexure
specimens. Alternatively, long parallel machining cracks cause mirrors that are elongated along the
surface. The insert on the right shows how the mirror elongations may develop.
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biaxial disks, flexural, and tension strength specimens, or transversely-ground components.

(a) elongated “coplanar parallel crack” . \‘\\\\QH\WW;Z////

(or coplanar linked semi-elliptical cracks). \ ,

A deep striation may or may not necessarily be present. \g\\%& /iﬁ{/(;

The fracture mirror may be elongated along the outer <L Sl /j:z:

specimen surface. ;i-' i - _:¥
q S

(b) elongated “coplanar parallel crack” ALY “(WI;; )

linked with a material flaw. @&‘\\* { f;/f, y

A step in the fracture origin emanates from the material flaw. \_%\é'_’-;- ‘ N /%‘_

(c) “zipper crack” —
This is a parallel crack made by a series of short semi elliptical cracks,
which have linked. A series of short tails, or “machining crack hackle,”

emanate from the links or overlaps of the flaws and extend up into the . ‘\\\\\%J% .
fracture mirror. These tails may be tilted to the left or right and help &'\Qti\\.- N 3,/ i) 9’?
confirm that fracture originated in the central region of the set. The g@ . ’// Z,
short tails are telltale features of slightly misaligned or overlapping 7;9\ ///&
transverse machining cracks (or a scratch) and are often easier to see & Salalalaint =N

with an optical microscope with low angle lighting than with a scanning < ——
electron microscope. The fracture mirror may be elongated along the
specimen outer surface or it may have one or two prominent side lobes.
This origin type is common in transversely-ground rectangular

flexure specimens or scratched biaxial disk specimens.

(d) coarse “zipper crack”

This is a parallel crack made up of a series of irregular, less coplanar
semi-elliptical cracks. Larger tails than in (c ) are created. In severe
cases, the tail may extend all the way to the mirror boundary. The -
fracture mirror may be elongated. This origin is common in transversely = —
ground or scratched specimens and the markings are sometimes termed -
“shark’s teeth.”

(e) “V machining crack” ' ‘%\\\‘
The crack intersects the fracture surface at an angle. Only a portion of \\\\\\‘_‘\\*\lf g(
the machining crack or crack series is exposed. A pronounced step AW ‘w_";‘r“-.’,/

occurs in the fracture mirror. One or two (shown) tails extend well up
into the fracture mirror. The machining direction is not quite perpen-
dicular to the specimen length and uniaxial stress axis due to grinding
wheel cross feed. This origin is common in cylindrical specimens
prepared by centerless or cylindrical transverse grinding wherein the
wheel and work piece displace axially relative to each other.

(f) “coarse grinding parallel crack” s \QW‘&//

The origin is a deep machining crack that extends side-to-side across ] \\\\\S\‘\\‘k ;,A‘, é/}’//

the entire surface. The origin is often bumpy since the origin is :i&\\ B ’4///2
comprised of offset parallel cracks. Thin bands of uniform depth extend \\li:t ' “ /2;{/;;
along the specimen surface on either side of the fracture mirror. The AN \liif? -:,;r,,’;”.,{;;f’%

bands have the same depth as the grinding cracks. Short tails, or — -
“machining crack hackle” which may be in the thin bands are tilted away — T —
from the origin. This origin is common in coarse ground surfaces.
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Numerous machining cracks were characterized in a commercial, toughened silicon nitride. The
dominant factors in determining flaw severity were the abrasive wheel grit size and the direction of
machining. The depth of machining cracks correlated strongly with the wheel grit. Cracks were as
shallow as 12 pum for 600 grit ground surfaces to as deep as 80 um for 80 grit transverse ground
surfaces. A literature review indicated that =~ 100 um may be an upper limit for the depth of
machining cracks in ground silicon nitride. For a given set of test specimens that were ground at the
same time by the same machine and wheel, the crack size variability from specimen to specimen
was a factor of two. This variability matched the strength variability.

The SRBSN’s “inherent material strength,” whereby specimens nearly all fractured from
material flaws, was obtained from rods ground longitudinally with a 320 grit wheel. Three shops
matched or came close to matching this performance with 600 grit centerless or transverse
cylindrical grinding.

Cylindrical and centerless grinding may create similar, but not necessarily identical, flaws in
rods than those created in surface ground flat bend bars.

Strength limiting machining cracks sometimes were associated with particular striations that
were not necessarily the deepest or most obvious on the ground surface. A single “renegade”
abrasive grit in a diamond wheel may control performance.

Machining cracks flaws in this SRBSN experience a resistance to fracture commensurate with
plateau fracture toughness values. Evidently the benefits of the enhanced fracture toughness due to
the interlocking grain microstructure occur during crack initiation or pop in. Subsequent stable
crack extensions are small.

Simple optical microscopy techniques may be used to detect machining damage. The telltale
fracture markings for detecting machining are tabulated in a series of schematic drawings, which
will help engineers and analysts find and characterize machining damage flaws with greater
confidence.
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