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ABSTRACT
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FATIGUE OF ALUMINIUM LININGS IN PLAIN AUTOMOTIVE
BEARINGS
by Mark Richard Joyce

Modern plain bearing designs as used in small automotive engines typically comprise
a number of layers of different material. The development of these material systems
has been carried out in a semi-empirical manner over many years to maintain pace
with new engine designs. The service loading for plain bearings is becoming
increasingly severe and it is important that new bearing material systems are designed
to provide the longest possible operating life at these higher loads. To date very little
work has been carried out to characterise the fundamental fatigue behaviour of such
material systems. This thesis presents the results of a three year research program
concentrating on one modemn bearing design. This is a typical shell bearing,
constructed in two parts or half shells, which are clamped together within a housing
to support the journal. Each half shell comprises a thin layer of a complex Al, Sn, Si,
Cu lining material, bonded to a steel backing layer via a thin layer of aluminium foil.

A series of standard experimental material characterisation techniques are applied to
investigate the material system’s macroscopic geometry and properties, as well as
more advanced statistical tessellation-based approaches, used to characterise the
lining material microstructure. In addition, the results of a detailed experimental
program of fatigue testing are presented, characterising the initiation and short fatigue
crack growth behaviour in this material system. These are used to establish the key
parameters controlling early crack propagation, hence providing material optimisation
data. Further insight into the preferential location of fatigue crack initiation events is
obtained through the application of tessellation approaches, which provide statistical
identification of microstructural features associated with fatigue crack initiation.
Subsequently, this information is combined with microstructural scale finite element
modelling to investigate the correlation between crack nucleation sites and the highly
local stress and strain fields produced on a microstructural level under applied
loading. Finite element modelling was also applied to gain additional understanding
of the complex propagation behaviour of fatigue cracks as they interact with each
other and the multi-layer material system. The modelling program was extended
parametrically to examine the influence of several material system parameters on
predicted component fatigue life, as well as predicting the behaviour of potential
future bearing designs.
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NOMENCLATURE

Ramberg Osgood power law coefficient
Wetting angle

Krondecker delta

Strain

0.2% strain

2% strain

Applied strain

Constrained strain
Maximum strain

Plastic strain

Free strain

Fatigue ductility coefficient

Yield strain

Angle of crack deflection
Surface energy

Surface tension

Contour surrounding crack tip
Kinematic viscosity

Elastic constant dependent on Poison’s ratio

Shear modulus
Potsson’s ratio
Angle ahead of crack tip

Preferential direction of crack propagation

Density

Stress

Stress Amplitude

Critical stress for fracture initiation
Closing stress

Effective stress

Endurance limit

Critical stress for fracture initiation
Mean stress

Maximum stress

Minimum stress

Opening stress

Fatigue strength coefficient

Tensile strength
Ultimate tensile stress
Yield stress

Shear stress

crack length
Crack area
Fatigue strength or Basquin exponent

Thesis Nomenclature vi
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Thickness

Crack depth

Empirical factor (Paris law)
Deflected ligament length

Depth of oil penetration

Young’s modulus

Lining Young’s modulus

Backing Young’s modulus
Effective Young’s modulus

Fatigue ductility exponent
Frequency

Strain energy release rate

Crack opening displacement
Average crack opening displacement
Vickers hardness

Second moment of Area

Empirical factor (dependent on n)
J-integral

Applied J-integral

Cyclic J-Integral

J-integral evaluated at closing crack tip
J-integral evaluated at free crack tip
Near tip J-integral

J-integral for given crack deflected ligament angle
Local stress intensity factor

Stress intensity factor

Closing stress intensity factor
Effective stress intensity factor
Mode I fracture toughness
Maximum stress intensity factor
Minimum stress intensity factor
Opening stress intensity factor
Maximum stress intensity factor caused by internal oil pressure
Distance behind crack tip

Length

Lining thickness

Backing thickness

Core region size

Embedding region size

Bending moment

Empirical factor (Paris law)

Cycles

Strain hardening exponent

Unit outer normal vector to path I’
Number of cycles to failure

Oxide layer thickness
Hydrodynamic pressure

Load

Maximum load
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Minimum load

Undeflected ligament length

Solution step number

Load ratio

Distance ahead of crack tip

Contour radius used for strain energy density calculation
Cyclic plastic zone radius ahead of crack tip
Monotonic plastic zone radius ahead of crack tip
Maximum monotonic plastic zone radius

Arc length along contour I'

Loading span

Eshelby tensor

Time

“T term”

Distortional strain energy density

Traction vector

Components of Traction vector T

Dilational strain energy density

Displacement vector

Total energy (of a plate)

Strain energy density

Critical value of strain energy density for crack propagation
Elastic component of strain energy density
Plastic component of strain energy density
Width

Potential energy

Surface energy

Distance into crack

Distance from neutral axis

Shape factor
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1.0 INTRODUCTION AND LITERATURE REVIEW

Due to advances in material selection, plain bearing fatigue failures in small
automotive engines are not currently observed in service. However car manufacturers
are constantly striving to both increase the power output as well as reduce the weight
of next generation engines. It is recognised that these measures will lead to increases
in the service loading for crankshaft and big-end plain bearings, leading to the
possibility of fatigue failure in current bearing designs. To address this, new bearing
designs are required, typically these are developed using artificial accelerated test
rigs, which aim to simulate the service loading, but allow its magnitude to be
increased to a level causing rapid bearing failure. Modern plain bearings such as those
considered by this study comprise; an aluminium alloy lining bonded to a steel
backing layer by a thin aluminium foil interlayer. In a typical fatigue failure it is
observed that multiple cracks initiaté on the surface of the lining and propagate
towards the backing layer, eventually causing a piece of lining to become detached,
precipitating rapid bearing failure.

The process of bearing development via accelerated test rigs has been used to
considerably improve bearing performance in a semi-empirical manner for many
years, however this approach does not allow investigation of the fundamental fatigue
behaviour of these components. To address this a single advanced bearing design is
considered in this project and subjected to a series of tests under well defined stress
states.

Chapter 2 reports the results of a detailed program of material characterisation
including optical and\electron microscopy. Chapter 3 contains the methodology and
results of the experimental program of fatigue testing employed to characterise the
fundamental fatigue performance of the studied bearing material system. Subsequent
chapters are concerned with a number of analysis techniques employed to gain further
understanding of the fatigue behaviour observed. These methods include statistical
tessellation methods, and multi-scale finite element modelling.

Before considering new work it is appropriate to present a review of several

sections of the literature, which are directly relevant to the work presented in this

thesis.

Thesis Chapter 1 1
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1.1 Literature Review Topics

Sections 1.2 to 1.7 of this literature review are concerned with relevant
sections of the classical fatigue literature, including;
* Fatigue crack initiation and growth mechanisms in ductile materials.
» Total life approaches to fatigue life characterisation.
» Damage tolerant approaches using linear elasti; fracture mechanics (LEFM).
» Parameters for characterising fatigue crack growth rates including stress intensity
factor, K, and the J integral.
» Closure effects, and the impact of variable amplitude loading.
* Special considerations for short fatigue cracks.
* The effect of environment on fatigue crack propagation.
Section 1.8 reviews research concerning the fatigue optimisation of plain
bearings. In addition to the prior work discussed in this chapter, it should be noted

that further references to relevant sections of the literature are made in Chapters 4, 5

and 6.

1.2 Fatigue Crack Growth in Ductile Materials

Fatigue is a form of failure found to occur in components subjected to cyclic
loading. It is generally considered to consist of the initiation and growth of one or
more cracks until final failure. Typically this final failure is preceded by a
considerable amount of stable crack growth. The cyclic loading, which gives rise to
fatigue can be quantified in a number of ways, typically in terms of mean stress, o,
and stress amplitude, o, or load ratio, R. Expressions for mean stress, stress amplitude

and load ratio are given in Eqns 1.1, 1.2 and 1.3 respectively

(O-max + O—min )
Jl}l =
2
(1.1)
A - .
O-a — o (On1ax O-mm)
2 2
(1.2)

3]
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R _ O-min
(o}

max
(1.3)
where 4 and oy, are the maximum and minimum stresses respectively in

the loading cycle.

The mechanisms by which fatigue cracks mitiate and grow have been
investigated extensively. Considering first crack initiation behaviour, it was shown by
Forsyth' that in the absence of pre-existing defects, fatigue cracks initiate along slip
planes with the highest shear stress (those at 45° to the applied stress). The rapid and
repeated movement of dislocations along the slip band eventually causes a small crack
to form, which can then propagate to adjacent grains.

It is generally accepted that fatigue crack growth is split into three regimes.
The first of these, termed stage I, concerns the crack’s growth immediately after
initiation. A micrograph of typical iﬂitiation and stage I growth behaviour in a Ni-
base alloy is shown in Figure 1.1. In this regime crack growth is seen to be highly
microstructurally dependent, the crack growing along pre-existing slip planes in the
crystal lattice. Stage I growth is relatively slow and causes a rough facetted fracture
surface, usually extending over only a few grains, although its exact extent is
dependent on loading and material properties.

Forsyth' also demonstrated that eventually a faster crack growth regime takes
over from stage [ propagation. In this second regime, termed stage II growth, it was
observed that fatigue cracks grew perpendicular to the remote tensile axis. A typical
section of fracture surface produced during this second regime of crack growth in an
Al alloy 1s shown in ‘Figure 1.2. Striations are clearly evident on the surface, these
together with beach marks have been observed in many materials by several
researchers including Zapphe and Worden”. A micro-mechanism for stage II crack
advance accounting for these striations was proposed by Laird and Smith’, this is
shown in schematic form in Figure 1.3. It was proposed that the incremental crack
extension during each loading cycle is caused by the plastic blunting and re-
sharpening of the crack tip, and that each successive blunting forms a striation in the
crack wake. Since a striation is formed during each loading cycle, Forsyth and Ryder*

showed that 1t is possible to relate crack growth rate to striation spacing.

Thesis Chapter 1 3
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The third regime of crack growth is the final accelerated growth to failure, the
crack growing by fatigue and additional static tearing modes. This regime is generally
short lived in most engineering components, and can usually be ignored in lifing
calculations, although several researchers including Ritchie’ have shown that in some

components, such as reactor pressure vessels, stage III growth is important.

1.3 Total Life Approaches to Fatigue

In the majority of cases, catastrophic failure by fatigue is preceded by a
considerable amount of stable crack growth. This behaviour may be characterised in
several ways, one of these is the so called total life approach; this was proposed in
1860 by Wohler® and seeks to express the total fatigue life of a given component or

sample as a function of the applied loaiiing.

1.3.1 Stress-life approaches

The earliest total life approaches are the so called “‘stress-life” approaches,
these attempt to relate sample lifetime to the maximum applied stress. Typically tests
are performed using rotating bend samples and a diagram of stress amplitude against
cycles to failure plotted; an example of such an S-N curve is given in Figure 1.4.
Under constant amplitude loading conditions, many materials exhibit a plateau in the
S-N curve beyond 10° cycles. At stress amplitudes below this level, the sample may
be cycled indefinitely without failure through fatigue. This critical stress amplitude is
known as the fatigue limit or endurance limit, o,. Aluminium alloys and some other
materials typically do not exhibit a fatigue limit, for these materials the endurance
limit is defined as the stress amplitude which they can support for 107 cycles.

It was noted by Basquin’ that if the S-N curve was redrawn on a log-log scale,
a linear relation is typically observed. The expression for relating stress amplitude to
the number of cycles to failure, Nyis given by Eqn 1.4; the Basquin equation.

o, =0 (2N ; y
(1.4)

where o, is the fatigue strength coefficient and & is the fatigue strength

exponent or Basquin exponent. The Basquin relation in this form applies to samples

Thesis Chapter 1 4
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tested under reversed bend conditions (R = -1, g, = 0). However fully reversed cycles
with zero mean stress are unrepresentative of many fatigue situations, and hence
modifications for other conditions have been proposed. Most common are those of
Gerber®, Goodman’ and Soderberg'’, whose expressions are given in Egns 1.5, 1.6

and 1.7 respectively.

(02
O-a :Un o, =0{1““—£I_}
m O}
(1.5)
{ UI)X }
Jn = O-a c,=0 T
Ors
1.6)
Ua = Ua o,,=0 1—(&]
Ors
(1.7)

where o, 1s the stress amplitude for a non zero mean stress and o |, _, is the siress

amplitude for fully reversed loading (R = -1 and o;, = 0). ¢} and o7y are the yield and

tensile strengths of the material respectively.

1.3.2 Strain-life approaches

Stress-life approaches as discussed in the previous section are generally only
applicable to elastic situations. In cases where plastic deformation is expected, an
approach based on the component strain-life is typically found to perform better. It

was noted independently by Coffin'' and Manson'? that when plastic strain amplitude

Ae, was plotted against cycles to failure on a log-log scale a linear relation resulted.

This relation 1s given in Eqn 1.8.

Ag
Tp =&y (Zny
(1.8)
where ¢ is the fatigue ductility coefficient and e is the fatigue ductility

exponent.

Thesis Chapter 1 5
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1.4 Damage Tolerant Approach to Fatigue

Rather than characterising the fatigue life of a given component as a single
parameter, the damage tolerant approach seeks to characterise the growth of
individual cracks. This is achieved through either energy methods or more advanced

fracture mechanics based techniques.

1.4.1 Energy approach (Griffith fracture theory)

Modemn fracture mechanics is based upon the work of Grifﬁth”, who
formulated criteria for crack advance in brittle materials using an energy balance
method considering a elliptical crack in an infinite flat plate, as shown in Figure 1.5. It

was formulated that the total energy of the plate, U could be expressed as Eqn 1.9.

U=W,+W, = fm’E;‘,"BJr 4aBy,

(1.9)

where £’ = — 1in plane strain or £’ = E in plane stress, Wp and Ws are

l-v
the potential and surface energies respectively, and y is the surface energy per unit
surface area. Griffith noted that the critical condition for the onset of cracking is given
by Eqn 1.10.

dU  dw, dW. o’
= P+ S:— +27/ :O

dA  dA dA E’ ’

(1.10)
where 4 is the crack area (2aB) and d4 denotes an incremental change in crack

area. Solving Eqn 1.10 and rearranging gives Eqn 1.11, the critical stress, oy for

2F"y,
o, =,—=
4 i

An approach for characterising the crack tip driving force in a cracked body

fracture initiation

(1.11)

using an equivalent approach to that of Griffith was proposed by Irwin'®, who
introduced, G, the strain energy release rate. This parameter is defined, and the

Griffith criteria for crack extension rewritten in terms of G in Eqn 1.12.

Thesis Chapter 1 6
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(1.12)

1.4.2 Fracture mechanics applied to the plane problem

Fracture mechanics can be used to evaluate the stress and strain fields ahead of
a crack under purely elastic or elasto-plastic co~nditions. In order to further quantify
the stress and strain fields ahead of a crack it is important to characterise the basic
modes of crack opening. Cracks are typically categorised into three orientations,
which are shown in Figure 1.6. Figure 1.7 shows the stresses ahead of an infinite plate
containing a semi-infinite crack, since this problem is 2D, only mode I and II opening
are possible. Irwin'> derived the purely elastic near tip fields ahead of such a crack in
terms of a stress intensity factor, K. The equilibrium equations are given in polar co-

ordinates by Eqn 1.13.

50’ l aar& + Urr B 0'99

rr

or ¥ 060 r

=0

00, +_1_5599 + 20, -0

or r 06 r
(1.13)

It can be shown that for the plane problem the crack tip stresses are described

by Eqn 1.14.

(1.14)
where K, 1s the mode I stress intensity factor, J; is the Krondecker delta and
5{; describes the far field mode I stress. The first term of Eqn 1.14 is the leading

singular term for mode I linear elastic cracks, the second term or “7 term” contains
the non singular stress. Generally the “7 term” is omitted when characterising linear
elastic problems, however it may be important in problems involving small cracks,
high levels of mode mixity or cracks not propagating parallel to the far field tensile

axis. The mode I crack tip stresses in Cartesian co-ordinates omitting the “7 term” are

given by Eqn 1.15.

Thesis Chapter 1 7
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.8 .3
1—-simn—sm—
2 2

O—\L\'

’ K, o .8 . 30

o= cos—<1l+sin—simn—
2 2 2

.8 3
SIn—cos—
2 2

(1.15)
Similar expressions may be derived for the crack tip stresses in modes II and II1.

The stress intensity factors in Eqn 1.15 are a measure of the intensity of the
near tip fields under purely linear elastic conditions. They are only valid in an annular
region ahead of the crack, known as the region of K dominance, within which K
provides a unique measure of the stress and strain intensity. The size of this region is
given by the area over which the stress fields as described by the singular “K term”
are within ~10% of the true value incorporating the “7 term” and other vanishing
terms. This is typically ~10% of crack’length, but ahead of the crack tip.

Since K is a measure of the stress intensity ahead of a crack it seems
reasonable that that it may be used to characterise fatigue crack initiation and growth.
The formulation of the analysis for K is based on purely linear elastic assumptions,
fatigue however is a locally plastic phenomenon. Thus K cannot be used to explicitly
characterise the elasto-plastic behaviour occurring in the process zone at the crack tip,
however K is valid in the area surrounding this zone, but within the annular region of
K dominance. Thus in order to use K to characterise fatigue crack growth rate the
crack tip plastic zone must be confined within the annular region of K-dominance.

This condition is known as the “small scale yielding condition”, and requires that

9y

specimen thickness and width respectively. Under such conditions K may be simply

a,W—-a,B S(—{g—] are all satisﬁedm, where « is crack length, and B and W are

described by Eqn 1.16

K, =Yolm

(1.16)

where Y is a factor dependent on specimen and loading geometry.

Thesis Chapter 1 8
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1.4.3 Fracture toughness

Under linear elastic conditions, the initiation of a crack under monotonic quasi
static loading conditions may be characterised by a critical value of the stress intensity
factor K¢. The value of this parameter is dependent on several factors including, the
loading mode, environmental conditions and strain rate. The critical value of the mode
[ stress intensity factor under plane strain conditions is commonly referred to as the
fracture toughness, K¢, of the material and is given by Eqn 1.17 Similarly the critical
values in the sliding and tearing modes are designated K¢ and K¢ respectively.

K=Y om
(1.17)

Kic is the stress intensity factor at which a crack will propagate under

monotonic loading, under cyclic loading a flaw may initiate and grow at X levels well

below this.

1.4.4 Characterising fatigue crack growth rate by K

The stress intensity factor has been used successfully to characterise the
initiation and growth behaviour of fatigue cracks. Although fatigue is at least a locally
plastic process and K is entirely based on LEFM assumptions, providing the small
scale yielding conditions are not violated, the use of X to characterise fatigue crack
growth rates is valid. Figure 1.8 shows a diagram of crack growth rate (da/dN) against
stress intensity factor range (4K) plotted on a log-log scale for a typical fatigue crack
growing under small scale yielding conditions. The three regimes of crack growth
may be clearly distinguished. Paris'’ noted the linear region in the stage II crack
growth regime and proposed the relation given as Eqn 1.18.

_(Z_(f_ — CAKm
dN

(1.18)

where C and m are empirical factors dependent on material parameters and
loading conditions. This relation has been used successfully to characterise the stage

IT growth of fatigue cracks in many materials.

Thesis Chapter 1 9
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1.4.5 Equivalence of G and K

It can be shown that the strain energy release rate G is equivalent to the stress
intensity factor K under purely elastic conditions by comparison of Eqn 1.12 and 1.16,
hence for a semi infinite crack in an infinite plate X is related to G by Eqn 1.19

— Kfz
E/

G

(1.19)

1.4.6 Plastic zones ahead of fatigue cracks
Fatigue crack propagation is always at least a locally plastic process, and
therefore there exists a region of material ahead of the crack tip which undergoes
irreversible deformation during fatigue crack growth. Several authors have
investigated the plastic zone produced at a crack tip under monotonic loading.
However fatigue occurs under cyclic loading, and hence the presence of a zone of

reversed plastic flow is also considered.

1.4.6.1 Monotonic plastic zone size. Various estimates exist of the size of the
monotonically loaded “plastic zone”. Irwin'® proposed a zone in which the von Mises
equivalent stress calculated from the crack tip stress fields given by Eqn 1.15, exceeds
the yield stress o,. He found that the extent of this zone 7,y ahead of the crack tip
(6=0) was proportional to the square of the stress intensity factor K. Therefore, by this
method, the plastic zone sizes ahead of a crack under monotonic mode I loading in
plane stress and strain are given by Eqn 1.20.

2
1 [ K -
o= _(_L] , for plane strain
P o]

z\ o,

o= i{&) , for plane stress

S o,
(1.20)
Another model for plastic zone size was proposed by Dugdale'”, who
considered a mode I crack in a thin elastic-perfectly plastic plate subject to plane
stress loading. In the Dugdale model, the plastic zone is thought of as a narrow strip
of near zero height extending to a distance 7, ahead of the crack tip, which is loaded

by the traction o,,=0, over the length r,. Using superposition it was shown that in

plane stress, 7,y was given by Eqn 1.21

Thesis Chapter 1 10



20/04/01

(1.21)
Where ¢ is the far field tensile stress. By imposing the conditions such that

0”<<g, and r,<<a, this gives the plastic zone size as Eqn 1.22,

In addition to the classical analytical models, several authors including Levy2 0
have used finite element modelling to provide estimates of the maximum plastic zone
radius, 7pmar, and the radius directly ahead of the crack tip, 7,, in plain strain

conditions, these are given in Eqns 1.23 and 1.24 respectively.

2
Fymay = 047 1(-—K—]

(1.24)
1.4.6.2 Cyclic plastic zone size. It was proposed by Paris®’ and Rice”” that during
cyclic loading, in addition to the monotonic plastic zone, there exists a zone of
reversed plastic flow ahead of the crack tip at the end of the unloading step. The size
of this region was estimated by Rice?’, who considered a cracked plate of elastic-
perfectly plastic material, subjected to a far field load P as shown in Figure 1.9. The
monotonic loading creates a plastic zone of size r, ahead of the crack tip. If the load P
is then reduced by an amount 4P (as in cyclic loading), reversed plastic flow is
instigated. If the crack tip is assumed to be sharp then the infinite crack tip stress
concentration leads to the formation of a zone of reversed plastic flow embedded
within the monotonic plastic zone. It was proposed that the size of this cyclic plastic
zone r, can be estimated by replacing K; with 4K; and ¢, with -2, in Eqn 1.20, to

account for the reversed plastic flow in the previously yielded material and then the
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yielding in compression, thus an estimate for the cyclic plastic zone size r, is given by

Eqn 1.25.

(1.25)

1.4.7 Elasto-plastic fracture mechanics and the J-integral

The stress intensity factor K provides a unique characterisation of crack tip
stress fields under small scale yielding conditions. The corresponding parameter for
characterising monotonic fracture in a material having a non-linear stress/strain
response (1.e. an elasto-plastic material) is the J-integral as proposed by Rice®.

The J-integral 1s defined by considering a cracked body subjected to a
monotonic load P, as shown in Figure 1.10. Assuming that the crack faces are traction
free and the tractions 7, surrounding the crack tip are independent of crack size, then
the line integral J along any contour /" which encircles the crack tip is given by Eqn

1.26.

&

Ou
J = y-T —d
i(wcy '3 SJ

(1.26)

where u is the displacement vector, y is the distance along the direction normal

to the plane of the crack, s 1s the arc length along the contour, 7, is the traction vector
and w is the strain energy density of the material. It 1s found that the value of J is
independent of the contour /" used to compute the integral. Under small scale yielding

conditions in plane strain, it can be shown that J is related to K by Eqn 1.27.
1-viy)
J :{ Y ]K ;
E

Since the J-integral is based on non-linear elastic assumptions, the major

(1.27)

restriction on its use to describe elasto-plastic materials 1s that no unloading should
occur. Then the irreversible plastic deformation evident on unloading cannot be
accounted for and the integral becomes invalid.

Similar to the stress intensity factor, J has a region of validity or dominance.

This is described by the Hutchinson-Rice-Rosengren (HRR) stress and deformation
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fields. Given a material whose response is governed by the Ramberg Osgood
relationship, since near the crack tip the elastic terms are negligible compared to the

power law terms, the material response may be approximated by Eqn 1.28.

g ( . ]
— a _
g, o,
- (1.28)
where ¢, is the yield strain, n is the strain hardening exponent and « is a
material dependent parameter. It was shown by Hutchinson** and Rice-Rosengren®

that, for non linear elastic materials undergoing small strain deformation, the strength

of the near tip fields is the J integral and the stress, strain and displacements exhibit

1_~1/(n<!-]) r-n/(n+/) 1/n+1)

and r singularities respectively. The HRR singular fields for

stress, strain and displacement are given in Eqn 1.29.

. 1
J j@"ﬁ)

c,=0 | ——
/ y[aa elr

eyt
(n+l)
& :agy[—J—] £;(0.n)

ac,el,r

Eij(é,n)

n

()
u, =ae, {MJ“M] r(nﬂ)ai (Q,n)
aoc &1

&yl
(1.29)

where /, is a factor mildly dependent on the strain hardening exponent, ». In

order for the J-integral to uniquely characterise the singular near tip fields in non-
linear fracture, the deformation theory of plasticity employed must be an adequate
model of the small strain behaviour of the real elastic-plastic material under
monotonic loading. Also the region in which finite strain effects dominate and the

region where the microscopic failure processes occur must be well within the region

described by the singular HRR fields.
1.4.8 Equivalence of J and G. In a similar manner to the equivalence between G and

K, it may shown that J is also related to the strain energy release rate. Rice showed

that J is the rate of change of potential energy (with respect to crack advance) in a
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material of non linear elastic properties by combining Eqns 1.12 and 1.27 to give Eqn

1.30.

(1.30)

where W7, 1s potential energy and a is crack length.

1.5 Fatigue Crack Closure

Typically fracture mechanics approaches characterise fatigue crack growth
rates with reference to the conditions ahead of the crack tip. However Elber’®*’
showed that crack growth rates were also dependent on conditions behind the crack
tip, 1.e. as a function of the loading history, due to the build up of residual plasticity
behind the crack tip, as shown in Figure 1.11. It was shown that this so called plastic
wake could severely retard the growth of fatigue cracks, by causing their flanks to
come into contact prematurely. Elber® hypothesised that in order to propagate, a
fatigue crack must be able to open and close under the applied cyclic loading.
“Closure” is the term he gave to describe the condition when something prevents the
crack from fully closing at minimum load. He proposed that the degree of closure can
be described by the parameters K, and K,,. These define the crack tip stress intensity
factors, when the crack faces first touch during unloading and when the crack
becomes fully open during loading respectively. Elber argued that fatigue cracks can
only propagate during the portion of the loading cycle when the crack faces are
separated, hence with closure present, the crack grows under an effective stress range

Aoy and the corresponding stress intensity factor range 4K, Expressions for Aoy

and AK,y are given in Eqns 1.31 and 1.32 respectively.

max min

Aoy, =0, ~-0,ifo, >0

(1.31)

AK

min

g =K =K, I K, >K

(1.32)
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Hence at higher R-ratios, where K, is greater than K,, closure-free
behaviour will be observed. Thus based on LEFM, stage II crack growth rate may be
described by Eqn 1.33.

& _clax,

(1.33)
Several analytical models justifying the use of 4Ky to characterise fatigue
crack growth rates have been developed, including that by Budiansky and

. 28
Hutchinson™.

1.5.1 Additional causes of closure

In addition to the plasticity induced closure described by Elber, several other
causes of closure have been documented through the research of Ritchie er al”’,
Suresh ez al*® and Suresh & Ritchie®™*?. Other mechanisms by which a fatigue crack
may become prematurely closed are shown in Figure 1.12, and include;
* Oxide induced closure, where the crack flanks become prematurely closed due to the
formation of an oxide layer on the newly exposed material. (Paris er al°, Ritchie ez
al”),
» Roughness induced closure, in which asperities in the crack path cause the crack to
become prematurely closed (Nowack ef al**, Halliday and Beevers™)
* Viscous fluid induced, where crack is prevented from closing by the penetration of a
fluid (typically oil) into the crack (Endo er al®®, Ryder ez al’®)
* Phase transformation induced closure, in which closure is brought about by material
phase transformation at the crack tip, e.g. strain-induced martensitic transformation in
metastable austenitic steels (Pineau and Pelloux”’, Horbogen3 8)
Both oxide and viscous fluid induced closure mechanisms are important when

considering bearing fatigue, hence these concepts are presented in more detail in

Sections 1.7.2 and 1.7.3, respectively.

1.5.2 Variable amplitude loading

One of the consequences of the work on closure was a method of explaining
material responses to variable amplitude loading. Considering a propagating fatigue
crack, Corlby and Pickman® report that a tensile overload will typically cause a small

period of accelerated growth, followed by a prolonged period of retarded crack
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growth rate. These effects were explained by Elber”’ and Riemelmoser and Pippan®
using arguments based on plasticity induced crack closure. It was proposed that the
initial acceleration in growth following the overload may be attributed to increased
crack flank spacing (crack blunting) due to the large plastic deformation at the crack
tip. Then as the crack advances through this stretched zone of material, it forms a
wedge of plastic material in the crack wake. It is this wedge of plastically deformed
material which causes the crack to become prematurely closed upon unloading and
hence the reduced crack growth rate observed. It should be noted that this hypothesis
is strongly disputed by Vasudevan er a/*', who in fact dispute the existence of
plasticity induced closure entirely.

A similar argument may be applied to explain underload effects, which are
observed when the load level is increased following a period of cyclic loading at a
reduced level. These effects are characterised by a transient period of accelerated
crack growth, which then decays to a constant value. This behaviour may be
explained by a hypothesis based on plasticity induced crack closure, since at the point
of 4K increase, Kj,q rises immediately, but K,; remains unchanged. Therefore 4K is
also abruptly increased, giving an enhanced crack growth rate. This effect is however
transitory, since plastic crack wake is built up at the new 4K level, thereby increasing

K. until a new equilibrium is reached giving a stable crack growth rate.

1.6 Short Cracks

In lifing calculations the growth of fatigue cracks is typically characterised
using fracture mechanics in terms of da/dN and AK. Generally such fracture
mechanics data will have been collected using specimens containing long cracks,
typically tens of millimetres in length. It has been shown by several researchers, that
the behaviour of small flaws is considerably different from such long cracks, and
hence the use of such data may lead to dangerous overestimations of fatigue life in
some applications. Suresh & Ritchie™ proposed several definitions of what constitute
a short crack.

« Microstructurally short — cracks whose length is comparable to grain size in

monolithic materials, or interparticle size in composites.
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* Mechanically short — cracks in smooth specimens whose length is comparable with
their own near tip plasticity, or those engulfed by the plastic strain field of a notch.
¢ Physically short — cracks whose length is significantly larger than the characteristic
microstructural dimension and local plasticity, but whose length is merely a
millimetre or two and where closure may not have fully developed.
* Chemically short — cracks that normally behave as predicted by LEFM, but below a
certain crack length, exhibit anomalies in growth rate caused by dependence on local
crack tip environmental stress corrosion fatigue effects, which vary with crack length.
It was noted by Pearson® that the fatigue behaviour of “small cracks” is
markedly different from that of the so called long cracks. He found that short cracks
In a precipitation hardened aluminium alloy grew up to 100 times faster than long
flaws at the same nominal AK. The increased growth rate of short cracks has been
noted by many authors as has its unstable nature characterised by rapid acceleration
and retardation and indeed periods of érack arrest. It was shown by Morris* that these
effects were often microstructurally dependent when he noted that periods of growth
rate retardation occurred whenever the crack tip approached a grain boundary. Figure
1.13 shows typical short crack behaviour plotted with typical long crack behaviour for
the same material. The scatter band 1s caused by the constant changes in short crack
growth rate, but this band eventually converges onto the long crack data. It can also

be seen that short flaws may propagate at nominal 4K levels lower than the long crack

threshold.

1.6.1 Characterising the growth rate of short cracks.

In Section 1.4;2 it was mentioned that K will not be valid for “small cracks”,
since the assumption that the crack dimensions are large compared to its plastic zone
size 1s false. Hence attempting to characterise the fatigue growth of “small cracks”
using linear elastic fracture mechanics can lead to large errors in growth rate.
However many studies in the literature continue to use stress intensity factor as a
means to compare long and short crack growth behaviour. Therefore various methods
for calculating short crack 4K levels have been proposed, the most common being
those of Scott & Thorpe™ and Newmann & Raju™.

To overcome the limitations of LEFM, Dowling”’ suggested that the cyclic J

integral, J, could be used to characterise the driving force for elasto-plastic small
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flaws. He proposed Eqn 1.34 to characterise the growth of a small half penny shaped

flaw growing in an initially smooth low cycle fatigue specimen.

JC ~3.2(Aw, )a + 5.0(AW,,)Q = 1'6(120-)2[! + S'O(f:z(f]g”)a

n

(1.34)

where 4w, and 4w, are the elastic and plastic components of the nominal

strain energy density range, a, is the depth of the surface flaw (of length 2a) and # is
the strain hardening exponent. The Dowling method provides an improvement over
other characterisation methods and gives good cbrre]ation with experimental data,
however the use of J° remains questionable since fatigue is by definition a plastic
process and therefore involves irreversible deformation which appears to violate the

fundamental basis of the J-integral.

1.7 Effect of Environment

Several authors report that environmental conditions have a strong influence
on fatigue crack initiation and growth behaviour. It 1s generally agreed that fatigue
crack growth rates in aluminium alloys may be as much as an order of magnitude
lower under vacuum conditions than in moist air due to suppression of oxide build up,
and hence more reversible slip at the crack tip. However the fatigue behaviour of
materials in oil environments has been the subject of greater debate, since many
factors are important. Endo er a/°® found lower crack growth rates in bearing materials
(white metal lining — steel backing) when tested in an oil environment. it was
hypothesised that oil penetration reduced crack growth rate by a closure mechanism.
In their model, Endo er a/ assumed complete o1l penetration of the crack irrespective
of crack size and loading conditions, thus implying that the internal oil pressure and
hence the level of closure produced in a closing fatigue crack is directly proportional
to oil viscosity. Tzou e al®’ proposed that the extent of oil penetration into a fatigue
crack could be found by considering capillary flow. They tested 2.25Cr-1Mo steel
samples in both paraffin and silicone oil environments, using silicone oils of viscosity
5, 1000, 15000 and 60000 mm?”/s, and paraffin oils of viscosity of 25 and 75 mm?/s.

They found that generally growth in oil was slower than in air; however this was not
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the case at near-threshold conditions ( ~1O'6mm/cycle), where growth rate was
slightly higher. Tzou er a/ also found that at low load ratios and growth rates above
~10°mm/cycle growth in high viscosity oils is faster than in low viscosity oils.

Tzou et al’” proposed that the growth rate of fatigue cracks in an oil
environment 1s dependent on two competing factors, corrosion fatigue mechanisms
such as hydrogen embrittlement and active pfxth corrosion, which increase crack
growth rate, as well as closure mechanisms, which will slow fatigue crack growth. It
appears that the corrosion mechanisms dominate at higher load ratios and high growth

rates, whereas the effect of closure mechanisms becomes increasingly important at

near threshold conditions.

1.7.1 Hydrogen embrittlement.

This effect most often caused by water vapour is generally thought to cause
environmentally enhanced crack growjth rates. It 1s known that aluminium alloys are
susceptible to hydrogen embrittlement, particularly those containing Cu, Mg, Si, Zn
or Li*®, which includes AS1241. Hydrogen embrittlement is thought to consist of two
phases®, a series of transport steps to cause atomic hydrogen to be absorbed into the
material surrounding the crack tip, and a second stage where this absorbed hydrogen
acts to embrittle the material. The rate dependency of the absorption phase is thought
to account for hydrogen embrittlement being found to have a greater effect at low
fatigue crack growth rates (time dependent i.e. near threshold or low frequency™).
The embrittlement mechanism is highly dependent on alloy composition, and is
thought to generally consist of hydrogen diffusing along and causing the segregation
of grain boundaries, and hence the promotion of intergranular fracture’.

Since water at the crack tip is known to be one of the primary causes of
growth rate enhancement by hydrogen embrittlement, it would be expected that this
effect would be minimised in vacuo. However in the absence of any attempts to
dehumidify an oil environment, the possibility of hydrogen embrittlement

mechanisms must be considered.

1.7.2 Oxide induced closure.
Reduced fatigue crack growth rates observed in aluminium alloys tested in
vacuo. have been linked to the reduction in striation formation observed in such

samples. Noting that the inert atmosphere should prevent oxide formation,
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Pelloux™>> hypothesised that the slip process by which striations form may be
reversible in the absence of such an oxide layer. Reversed slip leads to lower damage
accumulation, and hence a reduced fatigue crack growth rate. A second hypothesis
was suggested by Neumann™, who proposed that enhanced rubbing of the crack
flanks, in the absence of a protective oxide film, may cause both striations to be
obliterated by increased fretting and reduced crack growth rate in vacuo.

Evidence that oil provides an inert crack tip environment in steel samples was
provided by Vasudevan er al>> who reported that corrosion debris are 20-40 times
thicker in fatigue cracks grown in moist air than those grown in oil environments.
Therefore closure via oxide induced mechanisms should be severely reduced by the
oil environment. Suresh ef a/°® showed that in a moist air environment, oxide induced
closure is usually most pronounced at near-threshold conditions, since the oxide layer
thickness becomes comparable to the crack tip opening displacement.

The relative effect of oxide inéuced crack closure was examined by Suresh et
al’® using a simple model of a rigid wedge within a linear elastic crack. The closure
stress intensity factor, K., was estimated in terms of the maximum oxide wedge
thickness, o, located at distance, 2/, behind the crack tip, and is given by Eqn 1.35.

oFE’

d~4«/;l_

(1.35)

Egn 1.35 under plane strain conditions was applied to a steel sample
containing a single crack, where it was estimated that in ambient conditions K ~ 4.5
MPaVm, whereas in an oil environment K, ~ 0.1 MPaVm. Suresh er al performed
their tests at a nominél AK of 8 MPaVm with a load ratio of 0.1, thus in air ~56% of
the applied stress intensity range is lost to closure, compared to only ~1% in oil. This
clearly demonstrates that, in an inert oil environment, fatigue crack driving force
appears to be far less restricted by oxide induced closure mechanisms. However, at
high load ratios the effect of differing environments on fatigue crack growth rate is
minimal since K, > K. Fatigue tests carried out at a load ratio of 0.75 showed
negligible difference between oil and air environments. Hence whilst an oil
environment will reduce oxide formation and hence inhibit oxide induced closure
mechanisms, it was shown that an increase in crack growth rate compared to ambient

conditions will only be seen at low load ratios.
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Hence the formation of an oxide layer may cause enhanced crack growth rates
by promoting irreversible slip at the crack tip. However if the oxide layer becomes
thicker (and testing is carried out at low load ratios) an oxide induced closure

mechanism may become active causing reduced crack growth rate.

1.7.3 Viscous fluid induced closure.

If oil penetrates into a fatigue crack, considerable internal oil pressure will be
generated during the unloading phase. Tzou er al®’ showed that this pressure will act
as a closure mechanism the magnitude of which is dependent on oil viscosity. The
kinetics of oil penetration into a fatigue crack was assessed by Tzou er a/ using
capillary flow equations, rather than just assuming full penetration, as in Endo’s®
model of viscous fluid closure. Eqn 1.36, Newman’s®’ equation for capillary flow,
gives the depth of oil penetration , d, fnto a crack of length, a, after time, ¢, as,

d*(r) = (ﬂ—ﬂ—] tf<h>dt

3np )3

where, <h> is the average crack opening displacement,

y = surface tension of the oil,

[ = wetting angle between fluid and crack flank,

17 = kinematic viscosity,

p = density.

The resulting hydrodynamic pressure distribution p(x), where x is defined as

the distance into the crack, was then estimated from the analysis of Endo et a/ for the
fully penetrated crack (d/a=1); Eqn 1.37, or from Fuller’s®® analysis of fluids between

parallel plates for the partially penetrated crack (d/a<1); Eqn 1.38.

1 dhy , X
xX)=6np| ——|a" logl1—-~|, dia=1, xa<1
plx) 77’0(173 = )a b[ a]

(1.37)

or

3

d(h
p(x) = 677/{ 1 —é—z}x(d-x), dia <1, xd<1
A

Thesis Chapter 1 21



20/04/01

d(/
where /4 is the crack mouth opening displacement, and —51-2 1s the closing
4

velocity of the crack flanks. Superposition was then used to find the maximum

*

resultant stress intensity factor X caused by this oil pressure. The effective stress

max

intensity range, including viscous fluid induced closure is given by Eqn 1.39.

min max

AK, =K, (K=K
(1.39)

Tzou et al showed by this analysis that closure by this mechanism will

increase with viscosity, until at very high viscosity, K will be limited by the oil’s
inability to penetrate into the crack. Generally it was found that oils with kinematic
viscosity lower than 12500 mm?/s, penetrated fatigue cracks.

Such observations should be equally true of aluminium alloy bearing lining
material as the steel samples tested by Tzou er a/, since they are not dependent on

material chemistry, but merely on oil viscosity.

1.8 Classical Bearing Fatigue Literature

Plain bearings have been the subject of semi-empirical research for many
years. In that time many aspects of their design have been investigated, and the
influence of these on overall fatigue performance assessed, including;

* Relative bearing lining thickness and properties.

» Housing compliance.

» The effect of oil cooling holes or grooves.

* Bearing clearance and hence fluid film thickness.

* Overall bearing and journal shape.

» Oil film behaviour and the effects of o1l temperature and pressure.

Many authors have investigated the relationship between relative lining
thickness and overall bearing fatigue resistance. Love er al> suggested that since
backing materials have a higher elastic modulus, the lining should be made thinner in
order to transfer more load to the backing. As shown in Figure 1.14, they theorised
that if the lining and backing thicknesses were in proportion to their elastic moduli,

the bearing’s overall fatigue resistance would be increased. From these hypotheses 1t
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would be expected that optimum component fatigue life would be realised with as
great a ratio of elastic moduli as possible. This effect was investigated experimentally
by Duckworth & Walter®, but no relation was found between elastic modulus ratio
and increased resistance to fatigue as lining thickness was reduced. Their observations
suggested that a reduction in lining thickness was causing apparently increased cyclic
yield stress, and that it was this effect giving the rise in fatigue resistance.

It was observed by Blount®' that the fatigue life of a bearing is influenced
directly by the compliance of its housing. He found bearings tested in rigid housings
had much higher fatigue resistance, than those tested in compliant housings. This was
attributed to the housing and the shell flexing, and thus applying bending stresses to
the bearing in addition to the compressive stresses from the journal. Blount®' also
showed that if the bearing shell thickness was increased without significantly
increasing its rigidity, then its fatigue resistance is reduced, possibly because the
thicker bearing is harder to fit tightly Jwithin its housing. He therefore concluded that
optimum fatigue resistance could be achieved with a very thin and compliant bearing
mounted within as rigid a housing as possible.

Despite apparently increasing lubrication and cooling, the addition of a
circumferential oil groove, as shown in Figure 1.15, has been found to consistently
reduce fatigue resistance. Blount®' linked this to the reduction in bearing land area
causing narrower oil films and, hence, higher oil pressures. It was also found that
bearings with an oil groove tend to run hotter than their un-grooved counterparts.
Chen® found that, although the higher oil flow rate seen in grooved bearings should
increase cooling, the consequent reduction in oil film thickness and increase in heat
generation more than offset the benefit from increased oil flow.

The effect of bearing clearance and hence oil film thickness on fatigue
strength was investigated by several authors including Blount”' and Gyde®. Both
concluded that increasing the clearance between journal and bearing leads to a lower
resistance to fatigue. This can be explained by the consequent increase in journal orbit
eccentricity giving a more “peaky” pressure distribution within the oil film. Gyde®
also suggested that in bearings with higher clearances, the oil film becomes more
disrupted, hence increasing the bearing temperature. It should be noted however that
Blount® found no evidence of elevated temperatures.

The effect on bearing fatigue life of varying the journal shape from a simple

cylinder to something more exotic has been investigated as shown in Figure 1.16.

Thesis Chapter 1 23



20/04/01

Sasaki et al** examined the fatigue resistance of barrel and other shaped bearings in
their study, before concluding that plain cylindrical journals gave optimum bearing
fatigue performance.

It has been shown that the wetting of bearing alloys during testing has a strong
influence on fatigue resistance. Pecken® found that samples tested in air had a much
higher resistance to fatigue than those tested in oil, a contrary result compared with
the work of Endo er a/*® and Tzou er al®” ®. On closer examination it is seen that
Peeken performed his air tests at 26 °C and his tests in oil at 80 °C, it seems therefore
likely that this temperature discrepancy will make the direct comparison of his results
invalid.

In a separate series of experiments reported by Peeken®, samples were tested
in air and in oil at varying pressure. This time lower fatigue resistance was reported
for samples tested in air. This can be explained by a combination of enhanced crack
tip corrosion in moist air and by lack of viscous fluid closure mechanisms®’. An
interesting point from these results is that in tests in oil, fatigue resistance was seen to
rise with increasing oil pressure. Peeken gives no explanation for this, although this
observation does contradict M°Callion & Lotfi®. Who postulated that at high oil
pressures and at some critical flaw size, oil will penetrate the crack, exert a wedging
force and give increased crack growth rate, in a similar argument to that of Way'".

Gyde® observed that in well aligned bearings, fatigue failure only occurred in
the central part of the bearing land, leaving edge areas intact, as shown in Figure 1.17.
He linked this to earlier work by researchers at the Glacier Metal Company, who
showed that the fluid film within a bearing breaks down under cyclic loading. Gyde
noted that the areas near the edge of the bearing did not contain an o1l film, hence
leaving the central portion to support the entire load. It is generally agreed that the
remaining oil film breaks down into a number of discontinuous islands, and that these
islands set up tensile stresses in the surface of the lining along their peripheries.
Clearly these oil islands must constantly change shape during the loading cycle, and
consequently the points of maximum tensile stress are constantly moving. Hence a
network of complex cyclic stresses is set up leading to the onset of fatigue in the
lining material. As the points of maximum tensile stress are constantly moving,
several cracks usually initiate rather than just one. Thus in a typical failure through
fatigue as observed by Shenton’', cracks initiate at multiple points on the surface of

the bearing. A typical example of the sub-surface fatigue crack behaviour is shown in
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Figure 1.18, in which it can be seen that the crack has propagated downwards to the
interlayer, where it has bifurcated and continued to grow along the interlayer. It is
thought that several such cracks will coalesce and cause a piece of lining material to
detach (spalling); this in turn will cause the bearing to seize.

A two-stage crack growth argument was proposed by M°Callion & Lotfi®.
They postulated that initially the crack grows in a manner governed by the Paris law.
Then at some critical crack size, high pressur; oil from the fluid film is able to
penetrate the crack, greatly increasing crack growth rate towards final failure. This
hypothesis seems unlikely for several reasons. Firstly, it seems improbable that the
growth rate of such a small crack (less than I mm) could be governed by the Paris
law. Secondly, once oil does penetrate the crack, whilst it may exert a wedging effect

and increase peak opening stress, it is likely also to cause closure and hence reduce

crack growth rate.

1.8.1 Industrial fatigue testing of bearings.

Since no failures through fatigue are seen in normal service in small
automotive bearings of this type, almost all of the studies in the literature relate to
failed bearings produced via artificial accelerated test techniques. There are several
different rigs all of which aim to simulate the loading regime within an engine, and
allow this loading to be made severe enough to cause failure through fatigue within a
reasonable time. The most common and now widely accepted of these is the Sapphire
or BICERA rig described by Wilson’?, and shown in schematic form in Figure 1.19.

In this type of machine the test bearing is mounted between the piston con-rod
and an eccentric portibn of the main shaft. As this shaft rotates in its slave bearings, it
causes the piston to reciprocate within its oil filled cylinder. A hydraulic control unit
allows the loading applied via this cylinder to be precisely controlled. The operating
temperature of the tested bearing can be controlled via its lubricating oil.

This type of rig is used by Dana Glacier Vandervell for their bearing testing. A
typical test would be conducted at an oil temperature of either 80 °C or 140 °C and at
a nominal load, the rig would be run for 20 hrs after which time, if no failure had
occurred, the load would be increased by increasing the maximum pressure applied to
the hydraulic ram by 7MPa, and the machine restarted. This procedure of incremental

load increase is continued until a marked rise in coolant temperature indicates bearing

failure.
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Other types of testing rig exist, although their use has been curtailed since the
introduction of the more advanced servohydraulic Sapphire rig. Generally earlier rigs
were centripetal machines using rotating offset masses to induce cyclic stresses in
their bearings, the most common of these early devices were the Underwood and Soda

rigs. Descriptions of these machines and their use may be found in Cuthbertson’ and

Fukuoka et al’™*.

1.8.2 Modelling of bearings.

The first modelling attempts were made by Lang”>’® and Harbordt’’, who
studied the relationship between journal loading and fatigue resistance; they
calculated that surface tensile stresses were likely to occur near the cavitation
breakdown boundary of the o1l film. They further claimed that fatigue cracks would
occur in the region of maximum cyclic circumferential tensile stress. These findings
were supported by the observations of many experimenters including Blount®', who
had found that primary fatigue cracks propagate axially (i.e. are caused by tangential
stresses), and occur in the area subject to the maximum pressure gradient. It was later
shown by Lang78 that the highest tensile tangential stress is likely to occur where a
steep pressure gradient drops to virtually zero.

M°*Callion & Lotﬁ69, Peeken® and Martin ef a/”’ used finite element models
to try and relate the bearing stress distribution to the location of fatigue cracking.
M*Callion & Lotfi compared the positions of the maximum circumferential tensile
stresses to the locations of the fatigue cracks observed by Gyde® and Blundell®®",
They found an excellent correlation, and hence concluded that surface tensile stresses
must be responsible for the fatigue failure of journal bearings.

The results discussed so far were based on the findings of very simple 2D
elastic models. The results from such models are inherently inaccurate as under real
service conditions the bearing lining layer yields at a very early stage as shown by
Shenton’'. Also the load is applied to the bearing in such a non-uniform way in both
the axial and the circumferential directions that a 2D model cannot be representative
of actual bearing behaviour. In many previous models, the bearing housing has been
treated as rigid. This is probably not a wise assumption since Blount®' showed that
housing compliance has a marked influence on fatigue life, and as Fenner* showed,
on oil pressure distribution. A far more complex model using an axisymmetric 3D

geometry was proposed by Bahai and Xu®. This used the elasto-hydrodynamic
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pressure distribution calculated by Conway-Jones® from the earlier work of McIvor
& Fenner® to simulate loading from the journal. Bahai and Xu’s®® model was the first
to simulate the 3D plastic straining of the aluminium bearing layer, and hence is
probably the most accurate representation of bearing stress distribution in service to
date. It should be noted that this model is currently being refined and extended by

Xu®®,

1.9 Summary

Much of the work concerning the fatigue failure of plain bearings was
conducted in the 1960’s and 1970’s and is based on a total life approach, which whilst
valid leads to a semi empirical understanding of the fatigue behaviour of these
components. In order to further inve;tigate the problem it is necessary to consider
more advanced approaches. The fatigue failure of bearings is a very complex problem
and this project cannot hope to fully resolve it. However it should be possible to better
quantify fatigue crack initiation and early growth by applying many of the new
advanced techniques and understanding of fatigue mechanisms. This literature review

_notes the characterisation of both crack tip fields and fatigue crack growth by fracture
mechanics, as well as, the effects of crack deflection, closure and service

environment, all of which may be applied to further the understanding of the fatigue

performance of these material systems.
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{ Deflections along slip bands

Figure 1.1: Typical stage I crack propagation in Mar-M-200 Ni
base superalloy (Aswath and Suresh 1988)

Figure 1.2: Visible striations on fracture surface produced
during stage II fatigue crack propagation in Al 2024-
T3.(Pelloux 1969)
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Figure 1.3: Micro mechanism for fatigue crack advance
proposed by Laird and Smith. (Laird 1967)
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Figure 1.4: Typical stress life (S-N) curve
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Figure 1.6: 3 Basic crack opening modes
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Figure 1.7: Nomenclature used to describe stresses in an infinite
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plate containing semi-infinite crack
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Figure 1.8:Use of stress intensity factor (AK) to characterise
crack growth rates (da/dN)
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Figure 1.11: Plasticity induced fatigue crack closure as
proposed by Elber
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Figure 1.12: Other documented closure mechanisms
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Figure 1.13: Comparison of long and short fatigue crack
behaviour in a typical aluminium alloy
Lining thickness, L,
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Love et al hypothesise E,/E=L,/L, and that the ratio E,/E, should be
maximised for optimum fatigue performance.
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<4— and soft lining, thick and stiff
backing

Figure 1.14: Layer properties and thickness’ as proposed by
Love et al for optimum fatigue properties
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Note decrease in bearing land area
caused by inclusion of circumferential
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Figure 1.15: Bearing with circumferential oil groove
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Figure 1.16:Axial profiles of different journal shapes, as tested
by Sasaki et al.
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Figure 1.17: Area of crack initiation observed in rig tested
bearings.
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Figure 1.18: Typical sub surface behaviour observed in
Sapphire tested plain bearings.
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Figure 1.19: Schematic of Sapphire accelerated bearing fatigue
test rig
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2.0 CHARACTERISATION OF BEARING MATERIAL SYSTEM

Unlike much of the previous work pertaining to plain bearings discussed in
Section 1.8, the bearings considered in this thesis are of a modern design, typically
employed as main bearings in high output automotive engines. In common with
earlier designs they are constructed in two parts, or half shells which are clamped
together within the bearing housing to support the journal between them, as shown in
Figure 2.1. Each half shell comprises several layers of different material. This chapter
gives further details of both the bearing architecture and characterises the material

microstructures within the bearing.

2.1 Bearing Description and Processing Route

The bearings considered in this thesis are produced by Dana Glacier
Vandervell by a proprietary route, and therefore full processing details cannot be
made available. The aluminium alloy lining material is continuously cast as a 25 mm
thick slab, before being cut into billets. The billets are then homogenised, however
this heat treatment causes tin to bleed onto the billet surface. Hence 3mm of material
are machined from the upper and lower billet surfaces reducing its overall thickness to
19mm. At this stage, a layer of pure aluminium is roll bonded to both the upper and
lower surfaces of the billet, one of these forms the interlayer, whilst the other is
machined away in the bearing finishing operation. This interlayer serves to bond the
lining to the backing, <as well as preventing Sn from the lining alloy diffusing into the
steel backing.

A series of further rolling and annealing operations reduce the overall material
thickness to 0.89 mm, after which it is bonded to the steel backing and undergoes a
final annealing treatment. The material is then formed into bearings and broached to
give the desired lining thickness. The dimensions of the resulting bearings are shown
in Figure 2.2 and the typical thickness of individual material layers are given in Table
2.1.

These bearings were supplied to Southampton in an “as finished” condition. In

addition, material was made available for testing in two other forms; firstly, bearing
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material was also supplied as a flat sheet, in the condition immediately prior to the
bearing forming operation, secondly, a small quantity of monolithic lining material
was available. This had been produced by a similar series of rolling and heat
treatment operations so that the material was in a similar condition to that of the lining
of the finished bearing. The layer thickness of the bearings, flat strip and monolithic
lining materials are given in Table 2.1.

Table 2.1: Measured layer thickness in as supplied bearing

Material Thickness (mm)
Bearing Flat strip Monolithic lining
Al alloy lining 0.244 0.46 0.51
Al interlayer 0.06 = 10% 0.06 £ 10% N/A
[ Steel backing 1.505 1.505 N/A

2.2 Optical Microstructural Characterisation

Of the three material layers the Al alloy lining material is of greatest interest,
since this is the layer directly subjected to hydrodynamic pressure and where fatigue
cracks are seen to initiate in samples from accelerated bearing test rigs'. The lining
material used in the bearings studied in this thesis is designated AS1241, its nominal
composition is given in Table 2.2.

Table 2.2: Nominal composition of AS1241

|

Element Aluminium Tin Silicon Copper

|

% by mass Balance 12 4 1

In order to edeine the lining material microstructure a section of bearing was
taken and mounted in Bakelite to facilitate polishing. The polishing route emploved
was fairly complex since both hard and soft phases were present in the lining material
microstructure. The polishing route used is similar to that suggested for very soft
materials by Struers” with an additional step at an abrasive size of lum to reduce

relief polishing; see Table 2.3 for details.
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Stage Plain 1" Polish | 2™ Polish | 3™ Polish | 4™ Polish | 5" Polish
grinding

Cloth SiC DP-Pan DP-Dur | DP-Mol | DP-Mol | OP-Nap

Abrasive 600 15pm 6pum 3pum Tum 0.25 pm
Grit Diamond | Diamond | Diamond | Diamond OPS

Lubricant Water DP-Blue | DP-Blue | DP-Red DP-Red -

Force 340 450 450 340 340 115

)

Speed 300 150 150 150 150 150

(tpm)

Time Till plane 5 4 3 3 1

(min)

After polishing the sample was examined using optical and scanning electron
microscopy (SEM); an optical micrograph of the bearing lining material 1s shown in
Figure 2.3. It is clear that AS1241 is a multiphase material, with the Si and the Sn
existing as two distinct secondary phases. The silicon phase is a darker grey,
spheroidal and apparently uniformly distributed, whilst the lighter grey phase is the
Sn. This is often seen to be associated with the Si phases occasionally encapsulating
them entirely. Grain boundaries were not visible on the surface of the un-etched
sample, and attempts to etch the material using NaOH and Kellers reagent were
generally unsuccessful. Figure 2.4 shows the lining material after etching in 15%
NaOH, revealing the recticular structure of the Sn phase; it is thought that this
structure is aligned along grain boundaries'.

A polished and unetched section of bearing lining microstructure was
examined using a Jeol 6400 SEM at an accelerating voltage of 20kV; Figures 2.5 and
2.6 show backscattered images of the sample surface. The secondary phases may
clearly be distinguished by this method, and to confirm their composition. Energy
dispersive x-ray (EDX) spectra were obtained for each phase, the locations of these
are shown in Figure 2.6. Spectra 1 is shown in Figure 2.7 and clearly shows that the
matrix comprises Al as expected, and that Cu is also present. The apparent Ar peak is
false, caused by the detector becoming swamped (Ar has almost exactly twice the x-
ray energy of Al). Given that no secondary phases were obvious, and in view of the
multiple heat treatments, it is likely that the Cu has formed a solid solution with the
Al matrix. Figure 2.8 shows the spectra obtained from the Si secondary phase, it

appears that this phase is exclusively Si, with no other elements present. Figure 2.9
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shows the spectra obtained for the Sn phase, again this appears to be exclusively Sn.
Finally Figure 2.10 shows the spectra for an intermetallic particle, which appears to
contain predominantly Al, with lesser and approximately equal quantities of Si and

Fe.

In order to both compare the three sample types and investigate the layered
construction, sections of bearing, flat strip and monolithic lining material were taken
in three orientations as shown in Figure 2.11. Figures 2.12 to 2.14 show sections of
lining material microstructure from each sample in each orientation. Whilst Figures
2.15 and 2.16 are at a lower magnification to show the layered structure of the bearing
and the flat strip material respectively. In both cases individual material layers are
easily distinguished, though the interfaces between them are not completely smooth.
The interlayer is the secondary phase-free region adjacent to the steel backing as
indicated. Comparing the two structures, it may be seen that the lining of the flat strip
material is considerably thicker and retains the second pure aluminium layer, whilst
this i1s machined away in the finished bearings.

A section through finished bearing (orientation 2 as shown in Figure 2.11) was
etched in 2% Nital to reveal the steel microstructure. Figure 2.17 clearly shows the
grain structure present within the steel layer. The grains appear elongated, as they
have been deformed during the rolling stages in manufacture. Figure 2.18 shows a
higher magnification micrograph of the steel microstructure, which appears to

comprise of pearlite and proeutectoid ferrite.

2.3 Statistical characterisation of lining material microstructure

Since much of the fatigue testing was to be carried out on the flat strip and
monolithic lining material it was necessary to confirm that the lining microstructure
in these samples was similar to that in the finished bearing. To assess any differences

the lining microstructures were compared using a tessellation approach.

2.3.1 Development of tessellation approaches

Tessellation approaches provide a method of statistically characterising a
multiphase microstructure. The definition of a distribution of tessellated cells

surrounding each particle, such that all points within a given cell are-closer to the
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included particle than any other, has been identified by several authors™ as a
powerful analytical tool. The characteristics of this tessellation may be assessed as an
overall distribution on a global volume or area averaged basis, the ability to quantify
such parameters on a cell by cell basis allows considerable insight into nucleation
type processes.

The most established method of generating such a structure is the Dirichlet
tessellation approach’, in which particle centroids are used to construct a network of
polygon cells, such that any point within a given cell is closer to that cell centre (and
hence the particle centroid) than any other. The construction of such a Dirichlet type
tessellation 1s shown in Figure 2.19. By its definition the Dirichlet tessellation ignores
the size and shape of the included particles, and this may result in particle and cell
overlaps, particularly where large or elongated particles are involved. To address this
problem a finite body tessellation approach was proposed by Boselli er al®

Figure 2.20a shows a binary irr;age consisting of feature and non feature pixels
of the secondary phase distribution to be tessellated. A distance transform is applied
to this region converting it to a greyscale image, in which each non feature pixel is
assigned a grey value which approximates its distance to the nearest feature pixel’, the
resulting image is shown in Figure 2.20b. This transformed image may be thought of
analogous to a topographical map in which grey value is a representative of elevation.
The feature regions lie at the bottom of the catchment basins whilst the ridges are the
watersheds. A binary image of these dividing lines is generated by a watershed
algorithm, which simulates the immersion of the distance transformed imageg, hence
producing the tessellation shown in Figure 2.20b.

The finite body tessellation approach is capable of generating representative
tessellated structures from phase distributions containing large or elongated particles.
Figure 2.21 shows a section of Al-SiC, composite overlaid with Dirichlet and finite
body tessellations. It can be seen that the finite body tessellation has a wider
distribution of cell sizes, indicating a greater sensitivity to local microstructural
variation. Furthermore, since cell/particle overlaps do not occur using the finite body
approach, the cells generated by this method are far more representative of the region
with which the included particles may be expected to interact. These features make
the finite body approach a far more powerful tool for characterising nucleation type

events associated with individual particles.
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2.3.2 Application of tessellation methods to bearing materials

Only the Si secondary phase distribution has been considered, as the tendency
of the Sn to encapsulate other phases makes it difficult to assess the Sn distribution
unambiguously. Tessellation was carried out on sections of microstructure in the
plane of the original sample surface (orientation 1), as in other orientations the lining
layer is too narrow to contain a statistically relevant number of secondary phases.
Four sections of lining microstructure were randomly selected from each material
(typically each contained ~600 Si secondary phases). These were converted to binary
images by hand, then tessellated using the finite body method described previously.
All the cells on the edge of the tessellated region were discarded as they are
inadequately defined®. Then using the definition of near neighbours shown in Figure
2.22, the 11 measurements described below and shown in Figures 2.23 and 2.24 were
made on each of the remaining cells.
* Object area: area of the object, i.e. Sfparticle
+ Object aspect ratio: aspect ratio of the object (maximum chord length divided by
maximum width perpendicular to the maximum chord length).
* Object angle: angle of the object's longest chord with respect to the horizontal
(between 0 and 7/2 radians).
* Cell area: area of the cell
* Cell aspect ratio: aspect ratio of the cell (maximum chord length divided by the
maximum width perpendicular to the maximum chord length)

* Cell angle: angle of the cell's longest chord with respect to the horizontal (between 0

and /2 radians).
* Local area fraction: object area/Cell area x 100.

« Number of near-neighbours: number of objects sharing a cell boundary with object

of interest.

+ Nearest-neighbour distance: shortest interfacial distance with any of the near-

neighbours

* Mean near-neighbour distance: average of shortest interfacial distances to all of the

near neighbours

« Nearest-neighbour angle: angle of the line joining the centroid of the object to the

centroid of the nearest neighbour, measured with respect to the horizontal (between 0

and /2 radians).
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The mean values and one standard deviation for each measurement are given
in Table 2.4, while Figures 2.25 to 2.35 show the results plotted as frequency
histograms to allow comparison between the material types.

Table 2.4: Tessellation results from base microstructures

Material Object area (um”) | Object aspect ratio | Object angle (rad)
Bearing 7.75+£6.06 150+ 0.34 0.62 £ 0.378
Flat strip 7.20+£6.08 —1.55+ 0.46 0.99 £ 0.36
lithi
Monolithic 7.97 £7.47 1,50 £ 0.38 0.967+ 0.38
lining
Material Cell area (pm?) Cell aspect ratio Cell angle (rad)
Bearing 90.54 + 50.62 1.53£0.59 0.76 £0.42
Flat strip 108.54 + 70.00 1.86 £2.92 0.79x0.45
lithi
Monolithic 103.36 + 69.83 1,67 £ 1.25 0.78 £ 0.44
lining
: , Nearest neighb
Material Local area fraction Numb or of near CATESt NELShbouL
neighbours distance (nm)
Bearing 9.37 £ 6.10 573+ 1.45 204196
Flat strip 7.63 £5.69 5.65+ 1.49 223+210
M ithi
Monolithic 9.20 £ 7.76 5.66 + 1.49 1.96 + 2.07
lining
Mean near .
Material neighbour distance Nearest neighbour
angle (rad)
(nm)
Bearing 6.97 £2.72 0.75 £ 0.47
Flat strip 8.05+ 3.32 0.94 +£0.45
Monolithic 7.59 £ 3.44 0.90  0.45
lining

The tessellation results indicate that the materials are generally similar though

small differences are present. Considering the size distribution of Si secondary
phases, it can be seen that in the case of the bearing, the distribution peak is less
pronounced, and there is a trend towards slightly larger particles. However this is not
reflected in the mean values, although the bearing mean Si particle size is higher than
that for the strip material, the figure for the monolithic lining material is higher due to
the presence of a small number of very large particles. It was also seen that generally,
cell area was lower in the bearing case, this in conjunction with the generally higher
object area, causes a shift in the distribution of local area fractions towards higher
values in the bearing case. This correlates with the variation observed in the mean

near neighbour distance distribution, in which the bearing case shows a-shift towards
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smaller distances, indicating that generally the particles are closer packed in the
bearing material.

In all the materials the object angle histogram shows a binary distribution, the
Si phases generally aligned at either 30 or 60 degrees to the rolling direction. It is
likely that this is due to the rolling operations in the manufacturing route.

All the observed variations between the sample types were small, and

generally their microstructural distributions were found to be similar enough to allow

direct comparison.

2.4 Material Characterisation Tests

A series of simple material tests were performed to compare the monotonic
material properties of the three sample types. These tests comprised micro hardness

indents and tensile tests under monotonic loading.

2.4.1 Micro-hardness indentation tests.

In order to assess any difference in plastic flow behaviour between the three
sample types a series of hardness tests were carried out. Vickers micro-hardness was
used, since its small indent size is more suitable for thin samples. All indents were
carried out using a pyramidal indentor at a load of 200 g and an indention time of 20
seconds.

To compare the three sample types, a section of each was mounted such that
indents could be takén along an axis normal to the original sample surface. In
addition, sections of the bearing and flat strip sample were mounted such that indents
could be made along an axis parallel with the original sample surface. The monolithic
material was not mounted in this manner, since its low thickness and thus low
constraint, would preclude any valid results being obtained. Sample orientations for
all sections are shown in Figure 2.36.

A total of 50 indents were made at random locations across the surface on
each of the samples mounted in orientation 1, the mean hardness values and standard

deviations from which are shown in Table 2.5.

Thesis Chapter 2 51



20/04/01

Table 2.5: Results from indents taken normal to the sample specimen surface

Material Vickers Hardness (Hy)

Bearing 54.84+2.5

Flat Strip 5575+ 1.83
Monolithic lining 52.94 +1.426

When testing the samples mounted in orientation 2, the indents were taken
along a line as shown in Figure 2.37, to investig;te any property variation through the
sample thickness. The line is at an angle of ~30° to the original lining surface to
ensure sufficient spacing between indents (c.f. indent size ~65 pum, spacing ~250 um
), whilst retaining a high number of indents across the lining thickness. Mean values
and standard deviations for these results are given in Table 2.6.

Table 2.6: Average values for through thickness traverses

Material Vickers Hardness (H,)
Bearing . 47.79 + 8.067
Flat Strip 57.13 £ 8.067

The micrograph in Figure 2.38 shows the size difference of the indents in steel
interlayer and lining. Unfortunately due to its low thickness it was not possible to
make valid indents solely within the interlayer. However simply comparing the
relative indent sizes between those made in the lining and those in the interlayer,
indicates that the interlayer is considerably softer than the lining.

The results from traverses across the bearing and flat strip samples are shown
in Figures 2.39 and 2.40 respectively. They show some scatter, but some trends are
discernible. It appears that the lining is softer near the original sample surface and
near the interlayer. vB‘oth of these trends may be explained by a reduction in local

constraint, due to, in the first case, the Bakelite mount, and in the second case, the soft

interlayer.

2.4.2 Tensile testing.

Tensile tests were carried out to investigate the properties of both the AS1241
lining and the steel backing. Tensile test dog bone specimens as shown in Figure 2.41
were manufactured from the monolithic lining material and from the flat strip
material, the lining was then ground away from these second samples leaving only the

steel backing. These samples were all tested according to British standard procedures9
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at room temperature using a screw driven Instron 1196 at a strain rate of 10 mm/min,

using a 50 mm gauge length extensometer.

The measured properties and typical stress strain curves for AS1241 and the
steel backing are given in Tables 2.7 and 2.8 and in Figures 2.42 and 2.43
respectively. In addition Table 2.7 gives the expected property values for AS1241
provided by the sponsoring company. The only available data for the steel layer is a
buying specification (o 280-340 MPa, elongation 25% minimum), which does not
account for any property change during the bearing processing route (e.g. work

hardening effects).

Table 2.7: Tensile test results for AS1241

Specimen Yield Stress 0.2% Proof Tegslitllglgttreess Elopgatiosl to
(MPa) Stress (MPa) (MPa) failure (%)
1 56.4 + 76.2 211.0 17.5
2 52.5 69.4 186.0 18.8
3 53.1 71.4 190.8 16.3
Average and
standard 54.0+2.1 723+3.5 196.0+13.2 17.5+1.2
deviation
Expected 56.6+ 2.5 72618 172.9 % 3.0 19.7= 1.7
values

Table 2.8: Measured tensile properties of steel backing

Specimen Yield Stress 0.2% Proof Te;jslitlléngtt:ess Elongation to
, A
(MPa) Stress (MPa) (MPa) failure (%)
1 - 416.7 475.9 493.4 17.7
2 425.46 485.07 497.9 204
3 416.8 486.26 499.5 21.3
Average and
standard 419.65+5.03 | 482.41+£5.67 | 496.9+3.16 19.9+2.0
deviation

The results obtained for AS1241 correlated well with the expected values
provided by the sponsoring company, though a slightly higher ultimate tensile stress
was recorded. A failed AS1241 tensile test sample was mounted in Bakelite and the
fracture surface examined in the SEM, this revealed typical ductile failure behaviour
as shown in Figure 2.44. Micro-voids are evident on the surface which have formed

around secondary phases, most of which, from their shape, appear to be silicon.
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In addition to confirming material properties the tensile test stress-strain
curves obtained for both the lining and the steel were used to generate plastic

material response curves required for subsequent finite element models.

2.5 Discussion and Summary

The material system examined was known to comprise several layers, and it
was possible to distinguish these layers on polished unetched samples. The AS1241
lining material was found to be multiphase with the Si and Sn existing as two distinct
secondary phases. EDX analysis showed that these phases are pure Si and Sn
respectively, this technique also revealed the presence of occasional intermetallic
particles which from their relative compositional peak heights, and with reference to a
ternary phase diagram appear to be FeSiAls.

Similar phase arrangements were observed in the three sample types
provided. Statistical comparison of the Si particle population by tessellation methods
revealed that these particles appear to be generally larger and more densely packed in
the bearing than in the flat strip or monolithic material. It should however be noted
that these differences are very small and overall the three lining microstructures were
comparable.

The Vickers hardness of the lining was found to be similar for all three sample
materials (flat strip, bearing and monolithic lining material) when tested parallel to the
sample surface. Due to the small thickness of these samples in the indenting direction
(c.f. indent depth ~14 um, lining thickness ~100-200 pm) these results may be
affected by varying sub-surface compliance between sample types. Indeed in samples
with a low compliance steel backing (flat strip and bearing) the hardness results are
generally higher than for the monolithic lining material.

More reliable results come from the indents taken on sections through the
sample thickness, where a marked difference was observed between the average
Vickers micro-hardness values for the flat strip and bearing (57.13 and 47.79
respectively). As stated previously, the monolithic material was not tested in this
orientation due to it low thickness (c.f indent size ~70 um, sample thickness ~500
um). The micro-hardness traverses also showed that lining material flow stress is

lower at the sample surface and at the interface, this apparent reduction at the surface
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1s almost certainly due to lack of constraint from the Bakelite mount. The reduction at
the interface is caused by the interlayer, which was expected to have a lower hardness
than the lining. This was confirmed as the indents in the interlayer region were
considerably larger than those in the lining material. It was not possible to take
indents entirely within the interlayer, since the thickness of this layer is smaller than
the indentor size (c.f. interlayer thickness ~60 um, apparent indent size ~100 um).
The AS1241 tensile test results obtained correlate well with the data provided
by the sponsoring company, although a ~10% greater o,,; was recorded, and thus the
usual correlation between Vickers hardness and o, given in Eqn 2.1, was not

observed in this case.

1
H ~—co
v 3 Urs

2.1)

The failure of this correlation may be due to an inaccurate hardness value, the
indents in the monolithic material being taken in a possibly non optimum direction
(due to the small specimen dimensions), or it could merely be a reflection of batch to

batch variation.

, The tensile properties recorded for the steel backing indicated that it is
considerably harder than the buying specification, having a higher o, and a lower
elongation to failure. The tensile test results coupled with the obviously deformed
grain structure indicates that, these property changes are probably due to work

hardening during the bearing manufacturing process.
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Figure 2.1: Bearing mounting

N.B. Relative layer thickness’
not to scale and interlayer
not shown for clarity _ 28.0 mm

Figure 2.2: Bearing dimensions
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Figure 2.3:Optical micrograph of un-etched AS1241
microstructure

Figure 2.4: SEM micrograph of etched AS1241 lining material,
showing recticular distribution of Sn secondary phase.
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