200

4. L. Averbach

vacture 1977, Volume 1, ICF4, Waterloo, Canada, June 19 -~ 24, 1977

RAPID FRACTURE IN BEARING STEELS

B. L. Averbach*

ABSTRACT

Lling contact bearings normally fail by spalling fatigue, but rapid
ittle fracture can occur when a combination of tensile hoop stresses,
nding stresses, Herta stresses and localized textural stresses arve im-
ed on light-weight bearings. Since the materials are hard, of the order
62 Rockwell (¢, and the ductility Zis low, simple fracture mechanics
miques may be used to predict the critical flaw size. We summarise
the available data on the role of inclusions and use some new experimental
ues of Kr, to define the conditions under which inclusions may become
itical. The nature of the inelustons algo comes into play. Oxide-type
slusions, which are predominantly caleium silicates, are more dangerous
n sulfide inclusions (MnS and CaS), and we consider’the reasons for
these differences.

INTRODUCTION

iligh performance aircra gas turbines utilize precision rolling element
hearings on the mainshafts. As the performance requirements have risen
the bearing rings have been reduced in section in order to save weight.

In some instances the bearing rings have become a part of the support
structure, to the extent that bending stresses may be imposed on the outer
rings. In addition, the bearings are large enough to develop significant
hoop stresses at operating speeds, and the superposition of hoop stresses
and bending stresses onto the normal dynamic Hertz stresses can produce
tensile stresses which may be large enough to produce rapid brittle
fractures. And indeed, fractures have been observed. Ring fractures
under test conditions have been documented by Moore et al [1] and by

Clark [2], and a few service failures have also been observed. There is
now considerable pressure to increase the performance demands on these
bearings. Most mainshaft bearings operate at about 2.0 million DN. DN

is a bearing speed parameter which is the product of the bearing bore in
millimeters and the shaft speed in RPM. Future engines will approach 3.0
million DN, and under these conditions fracture may become the most signi-
ficant mode of failure.

Most bearings fail by spalling fatigue. 1In the classic ¢ase a small crack
forms below the surface, in the vicinity of the maximum normal Hertz shear
stress. The initiation point is usually associated with a non-metallic
inclusion, a void, or a manufacturing defect. The crack propagates towanrd
the surface by a fatigue mechanism and failure is detected when a small
piece spalls away. Littmann and Widner [3], among others, have shown how
rolling contact fatigue originates at surface and subsurface origins.
Theories of the fatigue life of bearings are based on a statistical approach
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Eot§he occcurrence of flaws in the loaded volume of the
£a a 3 S e 2 - s '
- ;8?3 i}fe is inversely proportional to the (load)?®, since an increase
bk agag ‘eads d?rectly to an increase of stress at the defect and also‘<
: usuqin;zs§§e.1n t?eflo?ded volume. Fracture, as such, is not considers
E nism of failure, except when spalli (
] _ . 3 4 spalling has proceeded t e
point where the bhearing can no longer operate. i ’ o the

material [4]. The

The Performa?ce requirements are reflected in
E?rglge ?eér{ng steels. Relatively few compositions are used: 52100 st
hiéh cécéébq%§l1l?ouzsdcfo§ ;ome of the smaller and older engines and M
] spe ste <82 6, 4.2 Mo, 4.0 Cr, 1.0 V) is used in the i
E Zoil 1 (0 -2 0 , 1. s used e ne ighs
?grﬁorgance engines. .In British engines 18-4-1 high speed steel ?%%?Sh}}
i » 4.0 Cr, 1.0 V) is used in high performance engines. B

the specifications of gas

/z - 1ti i

Vacuum arc remelting is common in the U.S
Eendency to specify vacuum
tlectroslag remelting is

oy ) and there is an increasing
Lndgctlon premelting for the electrode melt.
of Fhe biidet s ang 1 Zigd):n ?rlt}sh practice. Ultrasonic inspection
§ llet s c 1s also in use for some bar stock 2
discs are used for the d >t ; i Jatte & Eor i, s
sed | -he detection of carbide patter i 5 £ i
¢  USe t carbi atterns and segr tio 4
a4 . . , e ¢ ® ~ion, and
th:iiggidphlc examinations are used to determine inc1u510n” content;
aﬂd 6£h§redz%e Sme defects are always present in these bearings Inclusiu
-he erects are present in the steel, and d > i
andi o st g efects may be introduce
during the ball-headin Forgi ati inp Steps meod &
al 3 g, forging, heat treating a 3 i 5t 5 i
the manufacturing process. ’ e 2nS guinding Sveps maed

;Z;tsizvtfﬁ-#eqflf?men?s also p%nce severe limitations on the heat treat-
oo wese bearing steels. Good abrasion resistance is required, and
B}e hﬁ{dness is ?hgs ;Pecified to be of the order of 61-63 Rockwell’C
t;ﬁ:n;ioga: sta%il}ty is n?ﬁessary and the retained austenite content'mav
phu Ve;yu?ow : :;.;? be 105} than threg percent. The resultant material
s e f.A!%Uh 1_}tyt ofrthevorder of one percent, a very high yield
€55, of the orxder of 1860 MPa and a very low fracture toughness.

Wh the beari 5
AKenm:?Lbsugr;ngs ﬁxe ?perated at low stresses, the stress intensity range
, ma * below the threshold value for propagati K I the isti
defectn ta tpooy the : propagation, K¢p, and the existing

5 > ad zone will not propagate If the s ‘
e ol 2 e " opagate. - the stress levels and
;goigtxsiacs ?%Jult.Ln stress intensity factors which are only slightly
failureghéiiia;ks will propagate §low1y and the usual spalling fatigue
pr{duq]JF';1 L evelop. Spglllng is undesirable, but it is a felutively
;n‘in;reéié ?20 P{occ§s which may provide some warning of difficulty by
: ase in vibration of the engine or by the presc hips in t
an . ; 1hraLic E g y e presence of chips in the
o Qﬁeh{gﬁ‘strcss lcvgls Fhe stress intensity range may rcauhlvalues
avphii durauktpropagﬁtlon 1s rapid and brittle fracture occurs These
ai >S are catastrophic. There may not be a S i ! '
) ) . i > may £ be any spalling at all and con-
sequentliy no warning In order t i iff] u good
) 4 s ] ' to avoid difficulty we st he .
a4 " ATTLE k. . Yy we must have good
;z;iign«th? ?pczatlng stress levels, on the nature of the defects}in the
g3, and on the critical stress intensity factors of the material.

UztoEEQHately,nwe do not have extensive data on the fracture toughness
:ﬁizheii ::£e§;a15.1>W?‘h§ye u§ed some preliminary results from ;orkn

e s 1 j‘-.PT?&r%hf %g ?ur laporagory and some earlier measurements
el PC; t}?—%Flflkdl >t1e>% intensity factor for plane strain I5], in

N Cgisige?;éiguﬁsdiaéﬁei 9: ch_in aircraft,boarigg materials. There is
SR mh . £ V?I} gp }bq nature of the inclusions present in

o el iﬂ fgrj,ﬁé F:?Tc.%? 1Cﬂtl?n5 that not all types may be dangerous,
element method% gf.ThélhgizsiorIggling?xziglso'been B e e
on the role of the interfacial energy in th:siigtzzzzgndgﬁ Zig:kzpetggg;i§$
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here is a continuing controversy on the sizes of inclusions which may
~ tolerated in bearing steels and on the methods which can be used to

find these critical inclusions.

iy

rote of inclusions in the rapid fracture of bearing steels.

se from the nature of the inclusion are examined and we attempt to assess
influence of operating stresses. We then try to place limits on the

izes of acceptable flaws and speculate on what can be dome to raise the

vajues of Ky. in bearing materials.

+ this paper, we apply simple linear fracture mechanics to examine the
Factors which

¥l

INCLUSIONS

+ importance of inclusions in the fatigue tife of bearing steels has

n recognized for many years and the ASTM charts used for rating micro-
selpic inlcusions in these steels are well known. There has been consider-
able disagreement, however, on whether inclusions of all types are equally
narmful. The concept of a eritical inclusions size has also been debated.
‘e view holds that all inclusions in the load zone are dangerous, no
wutter how small, since these are stress raisers at which microcracks will
initiate and then propagate to failure. On the other hand, there is the
shservation that many inclusions in the load zone do not lead to spalling
fatigue cracks and that only the large inclusions are dangerous. The
critical size has not been defined, however, and we will attempt to
wproach this using the concepts of fracture mechanics.

ihe mechanical behavior of various kinds of inclusions under conditions
of spalling fatigue has also been investigated. 1In a classic series of
supers Laslo [6] described methods for the calculation of tessellated (or
rextural) str »5 in steels. The basic concept was that microstress
svstems can develop around inclusions as a result of differential thermal
Brooksbank and Andrews extended the concept of microstresses
around inclusions in an extensive series of papers [7-12}. Textural s -
=5 were considered to ar] from differences in thermal contraction be-

ween inclusions and the steel matrix resulting from the quenching opera-
These tesselated stresses were of the form:

=

i

contraction.

b
tion in hardening.

(1)

5 =

+ B [(ee - 01) AT]

where B is a function of the elastic moduli of the inclusions and the matrix
and of the inclusion shape, ze and distribution, o2 and «p ave the ex-
pansion coefficients of the matrix and the inclusion, respectively, and

AT is the temperature drop on hardening. The inclusion is assumed to be

at equilibrium with the matrix at the austenitizing temperature and the
stresses arise because of changes in the relative volumes after quenching

to room temperature.

the expansion coefficients of a wide variety of materials found in bearing
steel inclusions were measured and a summary of some of these data are

given in Table L. The expansion coefficient of each nonmetallic compound,
@1, is to be compared with the average effective expansion coefficient
arising from the austenite-to-martensite reaction, o2 = 12.5 x 107%/°%¢.

It is immediately evident that the inclusions fall into two classes; those
with expansion coefficients smaller than a2 and those with expansions
greater than ws. The stress distributions around spherical and cylindrical
inclusions were also studied and it was shown that tensile civcumferential
stresses develop when oz > «y, and that compressive circumferential stresses
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arise when oz < o.

Particular attention may be f
For example - may be t?cussed onto a few common t . .
byses incgusicigeazglgg?mhalymlnates, which are usually giiizaneénglusuﬁ?
expansion coefficientv“C are commonly found in bearing steels ca ; o it
a circumferential ten;.?s low as 5 x 107%/°C. Such a particle éoﬁldage ;
tensile contribution fl ¢ stress of over 700 MPa. This is a signifi Ml
StrErEas dhsd é'Cao;g :?e stress system. A typical calculaiiiﬁloécant
the other hand Mné s C"§03 ?Pherlcal particle is shown in Figure.l (i3
erably larger éhan aL Silf’gavg ex?ansion coefficients which are cox.r“;h
and form small voidgzét the e P?rtlcles can shrink away from the mat;fiu
stress at the interface is 11nterf?ce' but in any event, the circumferentis
inclusions may be com letll e o o I SO instances oxi
and Andrews have qhowﬁ thL y‘surrounded by a sulfide envelope. Bro o O?
free of circumferenti nat such an encapsulated inclusion may o

lal stress at the interface, as shown in&?iéi alTOSt

s i gure 1.

Bearing test data involvi i
M o tee ] & vlng'fallures by spalling fatigue ped i
il ire u;fgzoigg?zsbagﬁ dn?fAndrews in identifyinggtheaggs;zszgncgnflfm
o o i 1n¢1“sion§ ;r dey g;t? several investigations which }ndicazpe?
aminate Furtherga;ee t:leteflous and that sulfide inclusion; 1fe o
i a ere are experimental data to suggeST‘tgat 1£i
i i f@afure; Ofli;o?s ?re not as dangerous as the uncoéted o ?3 "
eaving beste o o gse results have been confirmed in extensiX1 o
g Sl providr n some instances the steel compositions IYe
owely Lo oo unfavor'b? s}lghtly larger sulfur contents in.order“t\dve
o in ore the unfavo a 1; égcl?31qns. A word of caution,'in this rzsen-t
?ulfide inclusions c;n becom: 32i§u§d§§nten?his i mdéh’ tg:c |
large number Mo L arge. The lavge imcluss
Torge craci; ;i v:gds at t?e interfaces and act esgantgsi?SLE?s‘h?Ye ?

y en be large enough to lead to other djf?ici]t?g:ks.

The princip: iffi
al di it i
e Tt g;counfféﬁulty”w1th thls‘approach is that it does not ad
scaling effect in d ;.5}~e of the inclusions. Size onl? v;me% in equately
operaté, but-in )r}e ining the region over which the téxtdra]~~zn‘db .
o e Lo O aé Ln;lple, a small inclusion generates a% muéhb'ztsses
Mo afe muci miiiedzgg, Expefience has indicatedythat tierii;ge
e el A i erous than the small RS ¢ it d 3
: e much ) small ones and it | 3
faersliics approazﬁzisagme 1n?o p?ay. Nevertheless, the Brookiiagi ?Vlde“t
o as app e 6fl@p?rta§t in py@viding a criterion for %he ii%nd' i
Risss. of this e ;;;é;ilgnsbwhlch are unfavorable and“the baégztgizcaﬂ
a1t i E o be consistent with the observati at
inclusions do not play a significant role ;Erzﬁzlgxiigzz'
“he iation

of spaliing fati
s atigue where ~ 5 5
respect. g ereas oxide inclusions are very prominent in this

3. INCLUSIONS AND THE INITIATION OF MICROCRACKS

Inclusi E calcei .
Categiiigz ;i &2i;52w gl%ml?gm silicate and other oxides, which we
steels. These are rat;gL%ubl9?S,Aare'frequently observed in bearing

yith standard fields 1isteg microscopic observation at 100X and com;arnd
inclusion in an ASTM chart h;? the ASTM charts. A typical glohularl;\{de
cognized that such artié]es 5 a d%ameter of‘about 8 um. It has been‘ren
the conditions for grack i in a steel matrix are stress raisers, and ’
Sundstrdm [14]. e nitiation have been treated recently hy)
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nsidered the case of a cylindrical alumina particle in steel.
near fracture mechanics and used a finite element calculation
to determine the conditions ander which a crack will form at the interface.
An energy criterion was used, with the assumption that the interfacial
particle-matrix energy (or the work of adhesion) was less than the surface
energy of the matrix or of the particle material. The geometry of the
calculation model is shown in Figure 2. A stress criterion for the initia-
rion of interfacial microcracks was derived as a function of inclusion size
and bonding strength. It was shown that the microcracks would not propa-
gate, at a constant stress, below a minimum size, about d/4 (corresponding
to the angle, ¥ = 7/6 in Figure 1). Above this size the cracks will in-
crease in size, still following the interface, with a net decrease in
energy releuse rate. The maximm € is limited, however, to a length
which is somewhat less than the diameter of the particle, since the crack
will not form in a direction parallel to the applied tensile stress.

Sundstrom co
fle applied 11

al stress required to form a stable crack

for an alumina particle 1 um in diameter with a work of adhesion, Wy =

1 J/m®. The results can be scaled for other values of d and Ws. These
results are summarized in Figure 2 and we have added the calculation for

a particle of 8 Hm diameter. For Wo = 1 J/m’, which is a reasonable esti-
mate for the oxide-matrix interface the eritical stress 1s approximately
200 MPa. However, the resultant crack size is quite small, of the order

of 8 um, and we must still consider whether the crack will propagate through

the matrix and lead to failure.

Sundstrom calculated the critic

The Sundstrom calculation is very valuable in that it demonstrates that a
relatively small tensile stress is required to delaminate an oxide inclus-
jon. If we consider the tesselated stresses in the matrix, as calculated
by Brookshank and Andrews, it is evident that the circumferential stresses
may provide a favorable stress field for the subsequent propagation of
these interfacial cracks into the matrix. The size of the par cle, the
fracture toughness, Ky, of the matrix and the operating stresses then

become the critical parameters.

4. THE PROPAGATION OF FRACTURE FROM INCLUSTONS AND FLAWS
e cracks can

{1,2] have jndicated that britt!l
Since

aws which are at or near the surface.
jow ductility and a yield stress which
jane strain conditions almost always

The test data on bearings
be generated in rings from f1
these hardened steels have a very

approaches the fracture stress, p
revail. The plastic zone in front of a crack is ver small, and may be
P P Y
neglected.
Eollow@ng the procedure outlined by Clark [2] we use the plape strain stress
intensity factor for a semi-elliptic surface crack [15].

Ky = oo - (2)

@* - (0/0,)%) "

intensity factor, ¢ is the applied
2¢ is the crack length, Oy is the
which takes values from 1.0

where Ky is the plane strain stress
normal stress, a is the crack depth,
yield stress, and $ is an elliptic integral F
o 1.57. The second term in the denominator is a correction factor for
the plastic zone size, and since it is small we may combine the denomina-
tor in equation (2) into a flaw paranmeter, Q = &7 .212 (q/oy)z‘ We
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then write

=
i)
i

. 1,21 wo? {2
T o (Q)

For the values a/2 e
DO L Ues 2¢ = .25 and o = 0.5 . —~ .
simplify the equation to 5 oy, Q =1.25, and we may further

(5}

where Ky, is t} i
N ¢ 1% the critical s s i g ~
S AT e 2 tress intensity factor for plane strain

Few values fo Y
1wes for K. o ae ag 3
hardening bearin{ba¥?V& been measured for bearing steels
in our l;bérdt0yi { eel [5] and a few values for 52100 ﬂ;v
X atory by means of compact t 3 . i ave

has been inf . compact tension specimens

15 bhee FerTe P N ¢ : ' specimens. A value for 3
summarized in Tiglb)jLiaxk from bearing test data [2] Th}.yi§UL How Mgy
liminary dafﬁ, %ufeiz'iSItniﬁfutd be emphasized that ThPseb;;ot;g;Ya;e
minars ata, but is unlikely that muc i BhEn VALEGE oy re-
dlitest Evn expoRinental, wouk 18" wonpleked -h higher values will be obtained

Data for a deep
been measured

; s - " . Y £C
Me ™ 17.5 MPasm'? for M-50
in our e:s o

Qur data indicate K ;
: icate Ky. = 15.5 2 g
ate Ky 15.5 MPasm™ for 52100 and Clark ha htai
We assume : y . s obtained
- 1M N - g €4 * AN average v s of
imates of the critical crack size o alue of 16.5 MPa-m!2

Clark has shown that

C k has she chat a typical 150 i

Clap ims =% Ehan ypical 150 sum bearing operating at 2 p—

This Strﬁﬂﬁ‘iggldltfngegtla{ stress of the ordeL 0% lﬁg &;qh-g(m%{flon

ko fir.ﬁﬁ gtrégiZ: 102.M?a frqm frce ring Contrifup;l fn;cé:)qkilyl

BRom Suileme =i ;:5~% .thS.O million DN the cmrresp&ndin' raﬁr‘nr‘jb e
262 MPa (38 ksi) with 228 MPa (33 ksi) : Mg

fugal forces alone. arising from centri-

?32510£ Fhe high performance air
about 2.0 million DN. Let us fi
: ] 5 et us £ 3 i
e e e s fi onsider a i
sl et us Xl : :r an inclusion whic 05

e ;iezstal? sociated with it.  Following Brdggsgzsi and

: : - o5 associated wi : g ank an
s ) o et de inclusion or a free crac yi

e 1 and using the average value, Ky. = 16.5 MP: ri§k~ P
PENES M e e o e s Kye 16.5 MPa*m”™, and a hoop st
O macrossomic djﬁs‘~t & critical crack size of 4.6 mm Th-k‘:w _P stress
of macr wirhiﬁho qiﬁbl?nb‘ On the other hand if we cgn;iicrlb s ﬂdCrHCk

usi : additional tesselated s » S e
Grusion witl ‘ ; ] sselated stress of 700 MPa : te »
cri‘ica1 rT:?f Andrews we now have a total stress of 222 Qﬁ e e
. ank and Andrews we now ha a 2l 5 5 838 MPa, a &
scopic inclusion nndbﬁf??is Ho, = Dulp This is quite a *ﬁa;?d Fh%
e ; iqul e difficult to detect by non-de Tl{ e BT

.. iE SeEth, 5% BOOK. s ‘ : ) ructive methods

on & s : < IX, a globular slusi 3 i i -
probably lead to a rejection of thazﬁt@@] pretusion of this size would

§raft hearings now in use operate at

not

These data, which are s
ﬂsseqsingféhehézﬁ}ﬁtb symmarnzed in Table 3, illustrate the dil

PR E2odlE e ality of steels - y R e ? allemnms
of the size speaifjeg ;n z;fCItl It appears that the microsco ;;mg %n B
SHé TAVLA BEIEEts B ’ 1 ASTM chuarts, may be of litt] scopic inclusions,
t L. d brittle fracture of bearings £ little importance in

but these are of a size which ifFic

fhe large inclusions re 33 E »
,~ A | 51 ire 1mp ;

: ‘ 1 5 a mportant
is difficult to detect by macr OsSCoOpLE ’
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non-destructive methods, At the present, sampling methods, such as etch
discs and fracture samples are used to assess the probability that the
steel is free of such defects, hut such a system is not completely reliable.

{n the future it appears that aircraft bearings may approach performances
of 3.0 million DN. At an operating stress of 262 MPa the critical defect
size becomes 1.3 mm for a sulfide or a free crack. This size is also in
the awkward micro-macro size range. On adding the tesselated stress,

700 MPa, the critical defect size becomes 0.094 mm, and the critical size
of an oxide inclusion falls into the microscopic range. At a size of 94 um
such an inclusion is still very large Dby ASTM microscopic standards. These
critical inclusion sizes are summarized in Table 5.

It is significant to note the microscopic inclusions of the ASTM size (8 um)
are too small to lead to rapid fracture even in the most unfavorable case,
an oxide type operating at the high performance level of 3.0 million DN.
The dangerous jnclusions are in the micro~macroe size range 0.1 to 1 mm.

DISCUSSION

{nvestigations of fractures in bearings operating at levels of hoop stress
in the vicinity of 207 MPa (30 ksi) [1,2] bhave confirmed the general out -
lines of our calculations of the eritical defect sizes in bearing steels.
We have used the concepts of Brooksbank and Andrews in an attempt to
differentiate between the kinds of inclusions which are usually found in
bearing steels. This leads to the conclusion that oxide inclusions are
much more dangerous than sulfide jnclusions or free cracks. Although the
calcnlation of resselated stresses may have some uncertainties the general
experience with spalling fatigue tests seems to indicate that sulfides are
not nearly as harmful as oxides.

For crack initiation at an inclusion, even at a microscopic inclusion of
the order of 10 um, only about 200 MPa are required to form a crack at the
interface, in accordance with the caleulation of Sunstrom [141. If the
particle is an oxide inclusion, the operating hoop stresses alone may be
sufficient to delaminate the particle, and the textural stresses will
assist in the propagation into the matrix. However, the particle must be
quite large (sec Table 3) if the erack is to propagate in a rapid brittle
failure. uynfortunately, inclusions of this size are 5till found in bearing
steals, even with the best current practice, as shown in Figure 3.

The concept of encapsulated oxides, with a sulfide surrounding the oxide,
may provide an important practical mechanism by which the dangeyous aspects
of oxide inclusions <can be reduced somewhat. Inclusions of this type are
observed, and a typical example is shown in Figure 4. This suggests that
the sulfur content and the el mill practice may be adjusted to promote
this encapsulation, but the process cannot be carried to extremes. if the
sulfide content is too high, large sulfide stringers will be formed and
the inclusions will approach the critical size for a free crack. The
sizes of the critical inclusions pose awkward problems in the quality
control of bearing steels. The dangerous sizes ave in the micro-macro
region and are difficult to detect by non-destructive means. As a result,
we must rely on sampling methods and on the control of the steelmaking

Process.

These problems would be alleviated by the development of steels with higher
fracture toughness values and research in this area 1s now getting underway .
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Some progress may also be made in reducing the bending stresses by changes
in bearing design, but it is evident that the centrifugal hoop stresses
alone at 3.0 million DN will result in difficulties with our current mater-
ials.

Finally, we must have a better picture of the significant fracture para-
meters of these materials. Our data were obtained at room temperature in
laboratory air. The situation may be much different at 200°C in a synthet iz
turbine oil. We also need basic data on the threshold value of the stress
intensity factor, Kth- Some of our data indicate that this may be as low
as 5.5 MPasm¥. This suggests that spalling fatigue starts at smaller
inclusions than rapid fracture, but under some conditions these spalling
cracks may become large enough to lead to catastrophic failure.
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TABLE 2

Values of Critical Stress Intensity
Factors for Bearing Steels

Hardness Kre
Steel Rockwell C MPa-m'?2
deep hardening bearing steel [5] 60 LS.S(I)
52100 bearing steel 62 15.5(1)
M-50 bearing steel 61 17.5(2)

{1) compact tension data

(2) inferred from fracture data on bearings [2]

TABLE 3

Critical Inclusion Sizes in Bearing Steels
(Ky, = 16.5 MPa~m'/2)

Bearing
performance Stress Type of Critical size
DN(10 ) MPa inclusion a ., mm
2.0 130 sulfide, 1.0
(hoop stress) free crack
2.0 830
(hoop + textural) oxide 0.12
3:0 262 sulfide,
(hoop stress) free crack 1.3
3.0 962
(hoop + textural) oxide 0.094
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Figure 2 Initiation of cracks at interface of alumina particle
and steel matrix, after Sundstrom [14].
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Figure 4 Sulfide inclusion which has encapsulated an oxic
i inclusion in the center. 1000X.
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