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Abstract

Plain sliding bushings and pins are often employed to create pin joints in heavy
machinery. At high loads and low speeds, such bearings operate in the regime of
boundary lubrication, and are prone to failure by galling, which involves a transfer
of material between the pin and bushing. This thesis comprises a theoretical and
experimental study of the stress and lubricant distribution plain pin and bushing
pairs.

A finite-element study is conducted to determine the contact stress distribution
at the interface of the pin and bushing, and comparisons are made to the Hertz
contact theory. We compare the stresses computed for a straight pin and bushing to
that computed for a bushing with lobes and a bushing with undercuts. The results
suggest that an undercut bushing will have a significantly longer life than a straight
or lobed bushing.

A test machine which exerts a radial force on a bushing and oscillates the joint
through a fixed angle is developed. This machine is used to test steel pin-bushing
pairs to failure and to conduct optical measurements of the oil film developed in
acrylic pin-bushing pairs. Preliminary results of the tests are presented.

Thesis Supervisor: Samir Nayfeh
Title: Assistant Professor
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Chapter 1

Introduction

1.1 Background

One of the major components in heavy machinery is the pin joint. A pin joint

connects two links by constraining the lateral movement while allowing rotation of

the links. In heavy types of machinery, pin joints are often formed using a plain pin

and bushing. Under heavy loads and slow rotational speeds, such a joint will operate

in the boundary lubrication regime. Under such conditions, a steel-on-steel pin joint

is prone to "galling" failure. Some of the possible reasons for galling include lack of

lubrication, contact of similar metals, relative surface roughness of the mating parts,

joint misalignment, and contamination. In this work we consider the feasibility of

decreasing the contact stress in the pin-joint by modifying its design. By producing

an undercut in the bushing, the contact stress between the pin and the bushing can

be decreased. In order to test whether this decrease in stress actually results in a

longer work life for the pin-joint, we conduct experiments under normal conditions.

For the testing purposes, a machine is designed to load a pin joint and rotate it at the

same time, which would test the pin joint close to its normal operating conditions.

11



1.2 Pin and Bushing Characteristics

The pin under study has a diameter of 66.7 mm, and a length of 350.8 mm (Figure

1-1). The bushing has a inside diameter of 67.88 mm and outside diameter of 106.6

mm, and is 237.3 mm long. The minimum clearance between the pin and the bushing

at the center of the pin is 0.88 mm. The bushing also has two lobes on the inside

diameter, which decreases the clearance between the pin and the bushing to 0.405

mm.

C

237.3

350.8

I
(0
Q

Figure 1-1: Pin Joint
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Chapter 2

Failure Analysis of the Pin Joints

2.1 Failure Modes

The failure of pin joints has been studied closely and some of the failure modes

analyzed include: loss of the lubricant, seizure of the pin, noise and vibration in the

pin joint, loosening of the joint, yielding of the pin, and development of grooves in

the bushing end surfaces.

The major reason for the loss of oil in the pin joint is the wear of the seal. The

surface of the seal may also be damaged by abrasives. The seizure of the pin against

the bushing may be caused by excessive loading, internal wear debris, and metal-to-

metal contact. Wear debris decrease the clearance between the pin and the bushing

and eventually cause a press-fit condition [17]. Noise and vibration in the pin joint

can be caused by poor surface finish, excessive local contact pressure, and particle

debris. The loose joint failure mode can be caused by excessive bore contact pressure,

insufficient press fit, low material strength, and wear of the pin and the bushing. The

yielding of the pin can be caused by the use of an undersized pin, incorrect design

loads, and the center hole being oversized. The grooves may be caused by incorrect

bushing end surface, hardness, and heat due to high seal velocity.

13



2.2 Tribology of the Pin and the Bushing

Tribology is defined as the science of interacting surfaces in relative motion [21].It

encompasses the fields of friction, lubrication, and wear. Tribology is the fundamental

science behind the wear mechanism of the pin joint, and thus the concepts associated

with tribology are introduced in the following paragraphs.

2.2.1 Types of Wear

Wear is the loss of material from contacting bodies in relative motion. The are several

factors influencing wear, including material properties, environmental conditions, and

the geometry of the contacting bodies.

The first type of wear is adhesive wear, which arises from the formation of adhesive

junctions at the contact region. Adhesive wear particles are formed through several

stages [21]:

1. deformation of contacting asperities

2. removal of surface films

3. formation of adhesive junctions

4. failure of junctions and transfer of the material

5. modifications of transferred fragments

6. removal of fragments and formation of loose wear particles

The amount of the material removed due to adhesive wear can be estimated from

P
Vadh = k - L (2.1)

H

where k is the wear coefficient, P is the load, H is the hardness of the softer material

in contact, and L is the sliding distance.

Abrasive wear is another common type of wear which results from the penetration

of the harder surface of the contacting materials into the softer surface. The result is

14



plastic deformation of the softer surface. Tangential motion results in micro-ploughing

and micro-cutting, which removes material from the soft surface. An estimate of

volume removed during abrasive wear is

2 tane8
Vabr = -- PL (2.2)

7r H

where E is the slope of the asperity with respect to the surface.

Wear can also be caused by surface fatigue, which results from cyclic loading

at the surface. Load cycling is especially common in rolling contact surfaces. The

materials form cracks under their surfaces and, as the load cycle continues, the crack

propagates and eventually creates wear particles. The amount of material removed

due to fatigue can be expressed as

Vf = C n PL (2.3)
62 H

where C is a constant, rq is the distribution of asperity heights, -y is the particle size

constant, and E is the strain to failure in one load cycle. One type of contact fatigue

is spalling fatigue, which results in a crater-like depression in the rolling surface [22].

Surface distress is another type of fatigue failure, which results in burnishing of the

surface. The burnish is characterized by glossiness of the metal surface, which is

believed to arise from plastic deformation of the asperities. As the failure advances,

small pits form on the burnished surface.

The three types of wear mentioned in the foregoing are mechanical in nature, but

wear can also be caused by chemical reactions. The chemical reaction can be initiated

by friction between the two bodies, which increases the reactivity of the material due

to an increase in temperature. The surface then reacts with the environment and

reaction products are formed on the surface. Crack formation and abrasion removes

these products from the surface and results in wear of the material.

For the wear mechanisms of adhesion, abrasion, and fatigue, the amount of mate-

rial removed is directly proportional to the amount of load. The load on the asperities

is a function of the contact stress between the two surfaces. Thus the rate of wear

15



associated with the mechanical processes can be decreased by reducing the contact

stress between the surfaces.

2.2.2 Effects of Lubrication on Wear

The presence of lubricant between two surfaces can reduce the wear rate significantly.

The lubricant separates the two surfaces so that there is no actual metal-to-metal

contact, thus reducing the abrasive and adhesion wear in the pin joint. The lubricant

also helps to remove wear particles between the surfaces and acts as a coolant for the

contact surfaces. The effectiveness of lubricants can be reduced by heat and time,

which cause the molecules of the lubricant to decompose. Thus the choice for a proper

lubricant is critical in applications prone to surface failure.

Oil Viscosity

The most important parameter characterizing the lubricant is viscosity. Viscosity is

defined as the ratio of the shear stress to the shear strain rate of the fluid, or

F/ A
F = h(2.4)v/h

where F is the shear force, A is the area of the upper surface, v is the relative velocity

of the surfaces, and h is the separation between the two surfaces [20]. The absolute

viscosity (7k = /p) of 80W-90 oil, which is used in our study, is 1.4x10- 4 m2 /s.

The viscosity of the oil is both pressure and temperature dependant. The viscosity-

temperature relationship is most accurately modelled by the Vogel equation

7 = aeb/(T-c) (2.5)

which illustrates that the viscosity decreases with increasing temperature. The value

of the constants a, b, and c can be determined from experimental measurements.

The relationship between the viscosity and pressure is modelled as [20]

?7 = 77oeep (2.6)

16



where a is the pressure-viscosity coefficient, and p is the pressure. Thus the viscosity

of the lubricant increases with pressure. The viscosity of the oil should be high enough

to support the load between the surfaces, but not so high that it results in excessive

loss of power.

Lubrication Regimes

There are four regimes in which the lubricant operates. They include hydrodynamic,

elastohydrodynamic, partial, and boundary lubrication.

In hydrodynamic lubrication, there is sufficient pressure in the oil film to support

the load between the surfaces, and therefore there is no contact between the two solid

surfaces. Hydrodynamic lubrication provides low friction and thus high resistance to

wear.

Elastohydodynamic lubrication is a form of hydrodynamic lubrication, but the

elastic deformation of the lubricated surfaces become significant. Elastohydrodynamic

lubrication is normally associated with non-conformal surfaces, and thus is more

applicable to rolling-element bearings. If there is sufficient rolling speed for the given

load condition and lubricant, then the lubricant film is maintained between the two

contacting surfaces. For high loads, the film is essentially of uniform thickness in the

contact area.

In boundary lubrication, the surfaces are not separated by the lubricant, and thus

there is asperity contact between the surfaces. The friction and wear is therefore

dependent on the properties of the solid and the lubricant film. The wear rate and

coefficient of friction of the boundary lubrication regime is much greater than that of

hydrodynamic and elastohydrodynamic, but still significantly lower than the unlubri-

cated case. The coefficient of friction can decrease by an order of magnitude in the

transition from the unlubricated regime to the boundary lubrication regime [9]. This

is because the lubricant film attaches to the surface by adsorption and supports the

load by resistance to being squeezed from between the converging asperities [8]. At

high temperatures, desorption of the oil film occurs, which results in metal-to-metal

contact and a higher wear rate. The conditions under which boundary lubrication

17



exists include high loads, high temperatures, and low surface speeds [8].

The four lubrication regimes can be distinguished by using the film parameter A.

The relationship between the film parameter and the minimum film thickness hmin

separating the two bodies can be expressed as [9]

A = hmin 2 (2.7)
(R2a + R bY

where R a is the rms surface roughness of surface a 1 a and R 2 is the rms surface

roughness of surface b.

The minimum film thickness formed in a line contact (cylinder on cylinder) can

be expressed as [21]

hmin = 2.65 Go.5 4 V 7 R (2.8)

where
G = aE: Dimensionless material parameter

V = ' : Dimensionless speed parameter

W = 'L Dimensionless load parameter

R= R1 R2R1 -R2

El E2

a: Pressure-viscosity coefficient of lubricant

v: Surface velocity

w : Contact load

rq: Lubricant viscosity

L : Length of contact

R-(_ZL : 2)

18



For the pin joint under study, the parameter values are:

R, = 33.59 mm (bushing radius)

R2= 33.36 mm (pin radius)

w = 222.5 kN

El = E2 = 200 GPa

v= v2= 0.3

v = 0.084 m/s

q= 0.12 Pascal-seconds

L =237 mm
Thus a pin joint loaded at 100,000 lbf and running at an angular speed of 2.5

radians/second, has a minimum film thickness (hmin) of 0.54 micrometers and a film

parameter (A) value of 1.52 x 10-6.

The range of the film parameter values for the four lubrication regimes is as follows

[9]:

1. Hydrodynamic lubrication 5 < A < 100

2. Elastohydrodynamic lubrication 3 < A < 10

3. Partial lubrication 1 < A < 5

4. Boundary lubrication A < 1

Thus the combination of high load and low surface speed in the pin-joint results in

the condition of boundary lubrication between the contacting surfaces.

Most of the failure modes associated with pin joints are caused by high contact

stress and wear. This paper will not concentrate on the seal design for improved

lubrication, which is also of great concern, but rather the pin joint will be redesigned

such that the contact stress between the pin and the bushing is reduced.

2.2.3 Galling

A failure mode often encountered in such bearings is galling. The term galling has

many different definitions. The American Society of Testing and Materials has defined
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galling as "a form of surface damage arising between sliding solids, distinguished

by macroscopic, usually localized, roughening and creation of protrusions above the

original surface. It often includes plastic flow, or material transfer, or both." Budinski

defines galling as "damage to one or both members in a solid-to-solid sliding system

caused by macroscopic plastic deformation of the apparent area of contact, leading

to the formation of surface excrescences that interfere with sliding" [4].

The mechanism of galling involves local adhesion, plastic deformation and ductile

rupture of adhesive junctions which have formed in the contact region [23]. Galling

may also be caused by micro-welding or delamination wear. In micro-welding, as the

title implies, the material on the surface of the pin and the bushing weld together,

caused by the high temperatures resulting from the contact of the surfaces. Through

delamination wear, the small wear particles caused by the rubbing of the material act

as stress risers which result in the formation of cracks on the pin and the bushing.

Galling is characterized as a type of adhesion-initiated catastrophic wear (AICW).

The low-energy types of AICW include seizure and scoring [15]. Scoring is associ-

ated with scratches across the rubbing surfaces. The high-energy types of AICW

include scuffing and galling. Scuffing is mainly associated with high load, high speed,

lubricated conditions, whereas galling is associated with dry or poorly lubricated con-

ditions. AICW is characterized by a concentration of normal load and plastic flow

on the surfaces of a friction pair within a small area. This results in the formation

of protrusions and widening grooves on the surfaces and in sharp increases of sur-

face roughness and wear rate. According to Markov and Kelly, galling occurs when

there is a transfer of material from a softer surface onto a harder surface [15]. The

subsequent layers of transferred metal are smeared over the earlier ones. The layers

transferred during galling have small thickness, and have homogenous structure and

hardness. Markov has thus hypothesized that galling results from concentration of

energy so intense that metal flows as amorphous material without hardening (dis-

location deformation). The deformed metal hardens only after interruption of the

material flow. Thus galling scars are shallow and not expanded.

Another theory associated with galling is proposed by Bhansali and Miller, who
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state that the tendency to gall is related to the stacking fault energy [2]. Materials

with low stacking fault energy tend to strain harden rapidly and thus show the highest

resistance to galling. Stacking faults hinder dislocation cross-slip, and high stacking

fault energy indicates a low number of impeding stacking faults. Materials with high

stacking fault energies, such as nickel and aluminum, are known to have high galling

tendency.

Some of the factors that affect galling include the contact pressure between the

surfaces, relative surface velocity, lubrication, surface finish, and material properties.

It has been recommended that to improve galling, the contact pressure should be

reduced and the surfaces be lubricated sufficiently [5]. The risk of galling is increased

for surfaces with similar chemical compositions and mechanical properties. Elevated

temperatures, metallurgically clean surfaces, and hard particles trapped between the

sliding surfaces also increase the tendency to gall [13]. Polished surfaces also have

been known to gall more easily than rough ones. This can be attributed to the fact

that polished surfaces present a larger area of deformation than a rough surface.

Surface waviness also contributes to the galling conditions. Brittle surfaces also have

been found to gall less than ductile surfaces [3]. Other factors that reduce galling

are high hardness and rapid work hardening [23]. Hardness can be increased by

either applying a hard coating or surface treating the material. One type of coating

which has been proven to be effective against galling are the carbon-based coatings

(DLC and IonSlip), which lower the coefficient of friction [23]. Thermal oxidation

also provides good protection, but has higher friction coefficient than the previously

mentioned coatings. TiN is effective at lower load range, but fails to protect at higher

loads.

The onset of galling can be detected by a sudden increase in friction [23]. The

surface roughness of the contact area can also be analyzed in order to determine

whether galling has occurred. The severity of galling can be quantified by the rough-

ness and the number and depth of the scratches formed on the surface [1]. Another

characteristic of galling is the presence of long grooves on the surface of the contact

region (Figure 2-1).
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Figure 2-1: Galled Surface
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Chapter 3

Redesign of the Pin Joint Through

Contact Stress Analysis

The goal of the redesigned pin joint is to increase its service life. As discussed in the

previous section, this can be achieved by decreasing the maximum contact pressure

in the the pin joint for a given applied load. Due to geometric constraints, the size

of the pin joint can not be increased. Thus it is necessary to redesign the pin joint

elements in order to achieve this goal.

The contact stress can be analyzed through either the Hertzian model of contact,

or numerically through finite element analysis. But before analyzing the contact

stress, it is necessary to conduct a dimensional analysis in order to understand how

the stress scales with different parameters.

3.1 Dimensional Analysis of the Contact Stress

Dimensional analysis can be used to simplify expressions for the relationship be-

tween important mechanical properties. It can reduce the amount of experimentation

needed in order to have a complete description of the mechanical phenomena.

A unit of dimension is used to quantify physical properties of a system. The fun-

damental dimensions include mass, length, time, temperature, and electric current,

which are independent of each other. By using the f-theorem, the relationship be-
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tween n physical variables can be reduced to a dimensionless relationship among n - r

dimensionless variables so that

H1 = f (U2, U3, ... Un-r) (3.1)

where the Us are independent of each other. The procedure for determining the Us

is as follows [7]

1. Determine the number of fundamental dimensions d that appear in the equa-

tions

2. Choose r independent variables that contain all the fundamental dimensions

3. For the remaining n - r variables, form a U by finding the product of that

variable and the selected variables that is dimensionless

The stress o is measured in terms of L2. Its functional form can be written as

-= f(F, E, 1, D, d, v) (3.2)

where F is the force, E is the modulus of elasticity, L is the length of the pin, D is

the diameter of the bushing, d is the diameter of the pin, and v is the poisson ratio.

The dimensions of these variables are as follows:

F = 2 (3.3)

E = 2 (3.4)

D = d = l = [L] (3.5)

V = dimensionless (3.6)

Choosing F and 1 as the independent variables, U1 can be determined

I = o-Fab = [( M )(ML)a(L)b] = [M(1+a)L(a+b-1)T(-2(a+1)) = [MOLOTo] (3.7)
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a + 1 = 0 (3.8)

a + b - 1 =0 (3.9)

2(a + 1) =0 (3.10)

which results in a = -l and b = 2, and thus Hi = (Ffl) or (F/DI). The rest of the Hs

can be determined in a similar manner:

H2 = EFab M(1+a)L(a+b-)T(-2(a+1)) = (F/DI) (3.11)

H3 = DFalb = [M(a)L(a+b+1)T(2a)] (3.12)

which results in a = 0 and b = -1, and thus 113 = . Similarly 114 = dFalb - _

Thus the nondimensional parameters as determined through the H-theorem are

01 = f( -(D d Jv (3.13)
(FID1) (FID1)' 1 '

The significance of this result is that the contact stress in the pin joint can be

scaled by keeping the dimensionless parameters constant. For example, if the modulus

of elasticity of the pin joint material is increased by a factor 10 with the geometry

remaining the same, the force also needs to be raised by a factor of 10 in order to

have a properly scaled experiment.

3.2 Hertz Model of Contact Stress

According to Hertz, two non-conformal and elastic bodies in contact will have a

contact area elliptical in shape. Each body can be modelled as an elastic-half space.

Two important conditions must be met for Hertz theory: the characteristic length of

the contact area must be small compared with (1) the dimensions of each body, and

(2) the relative radii of the curvature of the surfaces [14]. Friction is also neglected in

Hertz contact model, so that only normal pressure is transmitted between the bodies.

In order to meet these conditions, the elastic bodies must be non-conforming. For
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the case of a straight pin and straight bushing, the contact area would be rectangular

in shape and the bodies would be considered conformal. But the bushing has two

lobes on its inside surface, which result in elliptical area of contact. In order to

determine whether the contact between the pin and the bushing is Hertzian, the

model is analyzed (see Appendix B for detailed analysis of the Hertzian model) and

compared numerically to the results from finite element analysis.

For a total applied load of 100,000 lbf (50,000 lbf per lobe), the maximum contact

pressure P from the Hertzian analysis is 1024 MPa. The length of the major axis

of the contact ellipse a is 30 mm and the length of the minor axis b is 3.5 mm. The

resulting deformation 6 of the two bodies is 0.12 mm. For a total applied load of

10,000 lbf:

PO= 475 MPa; a= 14 mm; b= 1.6 mm; 6= 0.025 mm.

The Hertzian model can be refined by adding additional parameters. As men-

tioned above, the only relevant external conditions for a pure Hertzian contact is the

normal load between the contacting surfaces. In order to add traction to the model,

it is required to make assumptions about the frictional behavior of the interface (such

as the friction coefficient). The sliding speed and slip distributions become important

factors in the model. Traction increases the maximum shear stress and also brings it

closer to the surface [221. The addition of plasticity to the model requires flow prop-

erties of the material, which lead to the calculation of the magnitude and location of

plastic strain and plastic heat generation. Plastic strain causes redistribution of elas-

tic stress field and leaves residual stresses after load is removed [22]. The roughness of

surface in the model requires geometric measurement of the root-mean-square rough-

ness, the spacing between asperities, and the typical asperity slope. Micro-stresses

and local temperature rises near the asperities become crucial in this model.

3.3 Finite Element Analysis of the Pin Joint

The pin and the bushing are modelled using the SDRC-IDEAS finite element package.

Contact elements are incorporated on the surface of the pin and the bushing and
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symmetric loading and boundary conditions are applied in the model. The lobe was

also added to the model for the purpose of comparison to the Hertzian analysis.

3.3.1 Finite Element Procedure

In order to understand the validity and accuracy of the model, a brief summary of the

contact solution method used by the SDRC solver is presented [18]. The algorithm

used by the contact solver involves kinematic equations and equilibrium equations,

which are then assembled into a matrix. The kinematic equations describe the relative

motion of the two contacting surfaces. The penetration of the hitting point into the

target point is

p = po + (uH - uT) -n (3.14)

where

po is the initial penetration determined by the geometry

uH is the motion of the hitting point

UT is the motion of the target point

The contact constraints are imposed at the integration points on the finite element

faces of the hitting contact region. The constraints are given by

" p 0, which imposes that the penetration of the hitting surface into the target

surface can't be greater than zero (thus the surfaces can't interpenetrate)

" t* = -n -t > 0, where t, is the contact pressure defined as the negative of the

normal component of the surface traction. This equation states that the contact

pressure can't be less than zero (must have compressive normal traction)

* tnp = 0 imposes that p=0 if t ;> 0 and ta=0 if p < 0

The finite element method discretizes the contacting bodies into elements. The

contact constraints are imposed at nodal points for node-to-node gap elements and

node-to-ground gap elements. The penetration in terms of finite element degrees of

freedom is given by
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nH nT

PO + ( N U - E NTWT) - n (3.15)
j=1

where

Nj are the interpolation functions for the i nodes on the hitting face

NT are the interpolating functions for the j nodes on the target face

u7 and u- are the nodal displacements on the hitting and target faces.

The interpolation functions depend on the locations of the hitting and target

points. The equation can be written as

P = PO+ [qo] UH (3.16)
(UT

where u is the contact element nodal displacement and [qo] is composed of interpola-

tion functions multiplied by the components of the surface normal.

The two methods used to solve this equation are based on the augmented Largrangian

procedure. Through this procedure, a penalty stiffness is added, and the contact con-

straints are satisfied through a series of contact traction iterations. For the frictionless

problem modelled, the augmented Lagrangian potential function is

1 1
11 = U[K]U - UTF + T0([Qn]U + P0 + ([Qn]U + PO)T [En]([Qn]U + PO)) (3.17)

2 2

where Tn is the vector of unknown normal traction at the contact points and [En] is

a diagonal matrix of normal penalty numbers. Taking the derivative of the potential

functions with respect to displacement and setting it equal to zero with constant

vector of normal tractions produces

([K] + [Qn]T [En] [Qn])U = F - [Qn]T (Tn + [En]Po) (3.18)

where [Qn]T[En] [Qn] is a penalty stiffness and [Qn]T(Tn + [En]PO) is an additional force

term resulting from the contact pressure and any initial non-zero penetration. The

contact pressure is iteratively updated for each contact element to enforce the zero
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penetration constraint condition to within a specified tolerance. The iterative update

formula for the normal contact traction is given by

t'Ht = t1 + EP (3.19)

where p is the current value of penetration at the point and En is the normal penalty

number.

The steps for the solution procedure include:

1. Form contact elements from user input of the global search parameters and the

definition of the contact regions and pairs

2. Compute stiffness for all elements including penalty stiffness for contact ele-

ments

3. Compute loads for the current load case

4. Begin contact outer loop iteration. Determine contact elements status, depend-

ing on penetration and contact tractions

5. Assemble contact stiffness for active contact elements into the global stiffness

matrix

6. Begin contact inner loop iteration

7. Update contact tractions and compute contact forces

8. Check traction convergence. If tractions have not converged, loop back to step

six. If tractions have converged, loop back to step four. If tractions have

converged and contact status hasn't changed, proceed with the next load case.

3.3.2 Model Setup

The boundary conditions incorporated in the model include the applied load on the

pin and the displacement restraint on the surfaces of the pin joint. The load is mod-

elled as uniform pressure on the surface of the pin, applied in the vertical direction.
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Figure 3-1: Boundary Conditions

There are two planes of symmetry for the pin joint model. One plane of symmetry

is at the mid-plane of the pin joint, and the second is through the diameter of the

pin joint. The pin joint is restrained from displacement in the axial direction and

from out-of-plane rotation at its end (corresponding to the plane of symmetry at the

midpoint). The same concept is used at the surface corresponding to the diametrical

plane of symmetry, where the displacement normal to the plane and the rotation out

of plane are set to zero (see Figure 3-1).

The outer surface of the bushing is restrained to zero displacement in all direc-

tions (in service, the bushing is press-fit into a housing, and thus the outer surface

is restrained). The contact elements are formed between the surface on the inner

diameter of the bushing and the outer surface of the pin.

The meshing incorporates 3D tetrahedral elements within the solid body. There

are a total of 25,000 elements created for the pin joint. The critical areas of contact

have a finer mesh, with element length of 4 mm. The non-critical areas of the pin
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joint are meshed with 10 mm long elements (see Figure 3-2).

Figure 3-2: FEM Mesh

3.3.3 Finite Element Results

With a normal load of 10,000 lbf, the maximum contact pressure in the lobe region

is 756 MPa, which is 60% greater than the value calculated through the Hertzian

model. The discrepancy between the finite element result and the Hertzian result

reduces the validity of applying the pure Hertzian contact model to the pin joint. As

mentioned earlier, the Hertzian model assumes that the length of the contact region is

small compared to the relative radii of curvature. At 10,000 lbf of load, the length of

contact a is 0.014 m, compared to 0.2 m for R", and 4.9 m for R'. The ratio between

a and and R" is not small enough for the assumption to hold.
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Figure 3-4: Contact Pressure of Lobed Pin joint (Normal load 10,000 lbf)
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3.4 Redesign of the Pin Joint

One novel concept that can be applied to the design is to stress-relieve the critical

contact area. For a straight bushing with no lobe, the maximum contact pressure is

located at the region where the inside edge of the bushing contacts the outer surface

of the pin. This is verified through finite element analysis as shown below (SDRC

I-DEAS package used).

I-DEAS\ IA-aft.N/m^
D ispY I

F ~2 S4E E+003
C ECONTACT PE SSURE 7 LAD SET 1 2,22E.03

CAN\14d.SIDEASNR~fned2\p~join 2Q mfEiI

CONTACT PRESSURE 9.813, A-.g~d T~p *h1 2 10100

Mi. O.ODE.COM N/mrrrf2 Max: 2.34E+Cr ll I E+OWL5
B C. I.DISPLACE=MENTl.LOAD SETI

C: 1*17E+003
DfSPLACEMENT XYZ MAgn1Etd. 1 75F.003

Mi .E-0A -- Ms. 4 595-001 I 54E003
P.,, Csrdinat. SyRste 1, 2E+C*3

7E

Figure 3-5: Contact Pressure for Straight Bushing

The contact stress can be decreased by producing an undercut on the face of the

bushing as shown in Figure 3-6. The undercut creates a stress-relief for the edge of

the bushing by allowing the bushing-end to deflect under the load. The decrease in

the stiffness at the end of the bushing results in lower contact pressure. Also the

lip created by the undercut distributes the load over the area of the lip. Thus the

deeper the undercut is into the bushing, the greater the area over which the load

is distributed, and thus the lower the maximum contact pressure. There are three

undercut parameters that affect the amount of stress relief: the depth of the cut (DI),

the width of the cut (D2), and the thickness of the lip (D3) (see Figure 3-6). Figure

3-9 shows the trend of the maximum pressure versus the depth of the undercut.
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The maximum contact pressure calculated for the uncut pin joint is 2340 MPa.

The contact pressure tends to level off as the depth of the undercut is increased. The

larger the width of the cut (D2), the higher the stress relief in the pin joint and the

lower the maximum contact pressure. The thickness of the lip also has significant

effect on the stress relief, and has an optimum value for lowering the contact stress

(see figure 3-10). In order to achieve the highest reduction in contact stress, the

design is optimized over the three parameters.

Lobe

AJ

Figure 3-6: Undercut Bushing

Through iterations on finite element analysis, the optimized undercut design was

determined to be at D1=20 mm , D2=8 mm , and D3=9.3 mm. The maximum

contact pressure for this case is 543 MPa, which is 23% of that computed for the

straight bushing.

One of the concerns with creating an undercut is the introduction of higher stress

around the lobe of the cut. The Von Misses stress associated with the undercut was

computed from the finite element model, and the results comparing the cut and the

uncut bushing showed no increase in the maximum stress.
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Figure 3-7: Contact Stress for Optimum Cut Bushing
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Figure 3-8: Von Mises Stress for Optimum Cut Bushing
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Figure 3-9: Contact Pressure vs. Depth of Cut (D1=20 mm, D2=8 mm)
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Chapter 4

Pin Joint Test and Results

In order to compare the operational life of the undercut pin joint to the uncut lobed

design, testing was conducted through the use of a pin joint test machine developed

as part of this project (see Appendix A). The test machine can apply a maximum

load of 100,000 lbf through the use of 8 bolts, and is able to oscillate the pin through

25 degrees of rotation at a rotational speed of 2.5 radians per second (close to its

normal operating speed). The machine can not exactly replicate the true operating

conditions since it only applies a static load, but it is still very useful for comparing

the operational life for the different pin joint designs.

The parameters monitored by the test machine include the normal load measure-

ments from the two load cells placed underneath the pin supports, the torque to

rotate the bushing which is calculated from the measurements of the third load cell

that is placed in the support armature, and the temperature inside the pin measured

by the thermocouple. The load measurements can be used to estimate the friction

force in the pin joint, and the temperature measurement can be used to estimate the

rise in temperature of the lubricant. Unfortunately there was no direct access for the

thermocouples to measure the temperature in the contact zone.

The test is conducted in multiple phases, each phase lasting for 10 minutes. The

pin joint is loaded to 8,000 lbf in the initial phase, and the applied load is increased

by 4,000 lbf before the start of each successive phase (see figure 4-2). The machine

is stopped between each phase and the bolts are loosened to release the load. With
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Figure 4-1: Test Stand
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the use of 6 springs placed underneath the bearing housing, the weight of the bearing

and the bearing-housing is supported and thus there is no normal load on the pin

joint. The machine is run for 30 seconds without the normal load, thus replenishing

the contact zone with the lubricant before the start of the next phase.

The test is run until failure occurs in the pin joint. The failure involves a significant

increase in vibration and noise from the pin joint, a jump in the torque measurement,

and an increase in temperature.
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Figure 4-2: Applied Normal Load Profile

4.1 Initial Test Results

The test runs conducted with the uncut lobed bushings failed at the applied normal

load of 24,000 lbf and 28,000 lbf. The first test lasted nine minutes into the sixth

stage of testing (load of 28 kips). The coefficient of friction increased from 0.15 to

above 0.27 at the onset of galling (See Figure 4-4). The temperature of the lubricant

also increased from 25 degrees Celsius to 42 degrees.
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A similar pattern was observed with the other test runs. The second run lasted

one minute into the sixth stage of the testing (at 28,000 lbf of load) and the third

run failed in the fifth stage (at 24,000 lbf). The coefficient of friction in both cases

increased from approximately 0.15 to 0.28 at the onset of galling (See Figure 4-6 and

4-7). The temperature of the lubricant also increased as shown in Figures 4-8 and

4-9.

x 10
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E 2-

z
01.5-
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(b)

1000 -

800-

0 500 1000 1500 2000 2500 3000
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Figure 4-3: Test Results: Uncut-lobed bushing

Testing was also conducted on the undercut bushing with specifications of D1= 10

mm, D2= 5.1 mm, and D3= 7.87 mm. The undercut specifications are not the optima

determined through finite element analysis, but rather chosen for ease of manufac-

turability for an initial test. The test of the undercut bushing showed improvement

of the operational life of the pin-joint. The test lasted above 30,000 lbf (see Figure

4-10. The same pattern for the torque and friction coefficient can be seen in this test

compared to the uncut pin joint test. Figure 4-11 shows an increase in the torque

and coefficient of friction after the failure in the pin joint occurs (coefficient of friction

increased from 0.1 to 0.2).
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Figure 4-4: Coefficient of Friction for uncut bushing (Run 1)

The increase in time for the test run for the undercut bushing is very promising,

but to further validate the test results additional tests with the uncut bushing with

the same load profile needs to be conducted.

The surface of the failed bushing shows marks consistent with a galled surface

(Fig 4-12). There is transfer of material between the pin and the bushing, and there

are long grooves on the area of the contact region. The surface around the grooves

is polished, and there is a considerable number of scratch marks around the grooves.

The increase in friction and temperature is also consistent with the galling mechanism.
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Figure 4-5: Temperature of the Pin (Run 1)

4.2 Future Testing

The initial test results have indicated an increase in the service life of the pin joint

through the addition of the undercut in the bushing. In order to have conclusive

evidence for this improvement, further tests need to be conducted. One improvement

that can be made to the test procedure is the use of an accelerometer to detect the

early stages of galling, which results in an increase in the noise and vibration of the

pin joint system. Also for improved temperature measurements, the thermocouple

needs better access to the contact zone. This can be accomplished by drilling a hole

in the pin supports, which would allow the thermocouple to reach the surface of the

pin.

Proper sealing also needs to be applied with the undercut bushing. The current

seal does not prevent the lubricant from entering the undercut space, and thus the

lubricant is squeezed out of the contact zone due to a drop in the lubricant pressure.

The lubricant can be sealed out of the undercut region by applying epoxy to the

44



2200 2300 2400 2500 2600 2700 2800
Time (s)

Figure 4-6: Coefficient of friction for uncut bushing (Run 2)

opening of the cut.
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Figure 4-7: Coefficient of friction for uncut bushing (Run 3)
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Figure 4-10: Test Results- Undercut Pin Joint
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Figure 4-12: Galled Undercut Bushing
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Chapter 5

Emission Reabsorption Laser

Induced Fluorescence

The behavior of the lubricant in the contact area of the pin-joint is very crucial to

its performance and service life. As discussed previously, the lubricant separates the

asperities on the surface of the pin and the bushing and thus reduces the wear rate

in the pin joint. One reason for the early seizure of the pin joint may be linked to

the poor lubrication in the critical contact area in the pin joint. The behavior of the

lubricant may be studied by measuring the film thickness separating the pin and the

bushing. One lubricant phenomenon which needs to be studied is the "squeeze out"

effect resulting from high contact pressure. The surface asperities will come in to

contact as the oil is squeezed out of the contact region. The parameters resulting in

the oil deprivation, such as the surface velocity and the normal load, can be studied

through the optical test. Also the distribution of contact pressure between the pin

and the bushing can be inferred from the thickness of the oil film.

The film thickness measurement can be made through an optical technique called

Emission Reabsorption Laser Induced Fluorescence (ERLIF), which has been suc-

cessfully used in the past to measure lubricant thickness in sealing systems [11].
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5.1 ERLIF Theory and Background

The photo-excitation of a fluorescent dye is the basis for laser induced fluorescence

(LIF). The process of fluorescence occurs in three stages, which are [10]:

1. Excitation of the dye molecules by a photon of energy hvex, which creates an

excited electronic state of S'.

2. Partial dissipation of the energy from SI to the relaxed state S1.

3. Fluorescence emission, in which a photon of energy hVEM is emitted and the dye

molecule returns to its ground state So. Because of energy dissipation, hVEM

is lower than hvEx and thus the emitted photon is of a longer wavelength than

the excitation photon. The difference between hVEX and hVEM is called Stokes

shift, which allows emission photons to be detected by isolating them from the

excitation photons.

Fluorescence is a function of the dye characteristics, dye concentration, the exci-

tation light intensity, and the scalar being measured. The total fluorescence emitted

by a volume of fluid mixed with a dye can be expressed by:

dF = Iee(Aiaser)COdV (5.1)

where le is the exciting light intensity, e(A) is the molar absorption coefficient at a

given wavelength, C is the dye molar concentration, and q is the quantum efficiency

(ratio of the energy emitted to the energy absorbed). Dividing by the area A, the

fluorescent intensity normal to the area is

dlf = IeE(Aiaser)Cdx ~ IoE(Aiaser)COt (5.2)

where t is the film thickness and 1o is the exciting light intensity at x = 0.

Irregularity of the excitation light intensity can be eliminated by using a ratio-

metric technique in which the fluorescence intensity is divided by the laser intensity.

This can be achieved by using two dyes and computing the ratio of their emissions,
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thus eliminating the dependence on the illuminating light intensity. The fluorescence

of the first dye contains information about the film thickness and the exciting light

intensity. The fluorescence of the second dye also contains the exciting light intensity

information, but behaves differently from the first dye with respect to the film thick-

ness. By taking the ratio of the fluorescence of dye 1 and dye 2, the excitation light

information cancels and only the desired film thickness information remains.

One phenomenon which occurs when using two dyes is the reabsorption of the

fluorescence. Each dye has an absorption spectrum, which is the range of wavelengths

over which the excitation of the dye occurs, and an emission spectrum over which the

dye fluoresces. Reabsorption occurs when the emission spectrum of one dye overlaps

the absorption spectrum of the other. Reabsorption results in a reduction of the

fluorescence emission of the first dye. The fluorescent intensity of dye 1 without

reabsorption is

dIf, = Io exp [-E(Alaser)CxI e1(Aiaser)C1i17i1(A)dxdA (5.3)

where #1 is dye 1 quantum efficiency and eta1 (A) is the relative emission of dye 1 at

a given wavelength.

The fluorescent intensity of dye 1 with reabsorption is

dI,= Io exp [-(Alaser)Cx] E1(Alaser)C 1 #171 (A) exp [-e 2 (A)C2x] dxdA (5.4)

The total intensity collected can be found by integrating equation (5.4) over vary-

ing film thicknesses and wavelengths. By using a narrow filter, all wavelengths except

for the one of interest are filtered out and the total intensity collected can be computed

by [10]:

i(t, Aflterl) = (IoE(AIaser)C1i1i7 1(Afiter1)(1 - exp[-E(Alaser)Ct - E2 (Afiter1)C 2t])
If (t, A )=E(aser)C + E2(Afilterl)C2

(5.5)

and the fluorescent intensity of dye 2 is
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if12(t, Afilter2, Y,) = -IOE2(Alaser)C2 #2r 2 (Afilter2)(1 - exp[-E(Aaser)Ct]) (5.6)
E(Alaser)C

Since the amount of fluorescence absorbed through the layer of dye film is de-

pendent on the film thickness, the reabsorption can be used to determine the film

thickness. Taking the ratio of the emissions of the two dyes yields an expression

which only depends on the film thickness [10].

I, = R(t) = (Aaser)C1#11?7(Afilteri)(1 - exp[-E(Aaser)Ct - E2(Afiiteri)C 2t])E(Aiaser)C

I,2 E2(aser)C22?72(After2)(1 - exp[-(Ataser)Ct])[e(Aiaser)C + 62 (Ajiiteri)C 2]
(5.7)

The required condition for thickness measurement is that the fluorescence system

should be optically thick so that reabsorption is substantial and measurable. The

condition for an optically thick system is 62(Afilter)C2 >~ 0[c(Aaser)C).

Thus for the experimental setup, it is desired to have the emission spectrum of

dye 1 be overlapped with the absorption spectrum of dye 2.

5.2 ERLIF Test Setup

The setup of the experiment involves the use of two 12-bit Charged Coupled Device

(CCD) cameras mounted on a single lens, a beam expander, a dichroic mirror which

separates the laser and fluorescent emission, and mirrors which steer the beam on to

the desired location. The laser is a ND:YAG, which emits pulses with a wavelength of

532 nm and a duration of 9 ns. The short duration of each pulse allows instantaneous

measurement of the film thickness. The two dyes used are Pyromethene 605 and

Pyromethene 650, which are mixed with the oil. The absorption level of Pyromethene

650 is high in the spectrum range of 500-625 nm and the emission level of Pyromethene

605 is high in the range of 525-700 nm, and thus the combination of the dyes give

the desired spectrum overlap [12]. The molarity of Pyromethene 605 in the oil-dye

mixture is 0.008 mol/L and the molarity of Pyromethene 650 in the mixture is 0.024
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mol/L. The interference filter used on camera 1 has a nominal wavelength of 580 nm,

and the filter for camera 2 has a nominal wavelength of 610 nm.

The steel material used for the pin, the bushing, and the bushing housing in

the test machine is replaced with transparent acrylic material. This allows the laser

pulse to reach the film of oil separating the pin and the bushing, and the resulting

fluorescence to reach the camera. The beam of the laser is steered to the contact

region through the use of a beam expander, a mirror, and a dichroic mirror. The beam

expander expands the laser beam by a factor of 4, and at the same time maintains

its collimation. The beam is then reflected on to the dichroic mirror by mirror 1 (See

Figure 5-2). The dichroic mirror reflects rays with wavelength less than 570 nm, and

transmits rays above this wavelength. The mirror is positioned at a 450 angle to the

path of the beam, and thus the laser pulse is reflected straight down on to the pin

and the oil-dye mixture.. The fluorescence of the dyes are above 570 nm, and thus

the emitted beams pass through the dichroic mirror and are steered to the camera by

mirror 2.

The thickness of the lubricant film is correlated to the angular position and velocity

of the pin-joint by triggering the camera with an encoder. Using the encoder, which

is attached to the intermediate linkage, the camera is set to trigger after 0.960 of

bushing rotation. Thus there are 50 different images taken within one cycle of bushing

rotation, each corresponding to a different position. Since the angular velocity of the

pin-joint is known for each position (see Figure 5-3), then the velocity-thickness profile

of the lubricant can be determined.

The purpose of the initial test run was not to wear the acrylic pin-joint, but to

observe the lubricant behavior in the contact zone. Thus the load applied should be

below the failure load of the acrylic. The dimensional analysis shown in chapter 3

establishes that the normal load and the modulus of elasticity of the material used are

directly proportional. Thus with acrylic having a modulus of elasticity approximately

1/75 of that of steel, the applied load should also be 1/75 of that used with steel.

Thus the applied load for the acrylic was kept below 50 lbf in order to insure that

the pin-joint would not wear.
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Laser CCD Camera System

Figure 5-1: Laser and Camera System

The fluorescence of the dye is calibrated by taking images of an oil film with known

thickness, which gives a relationship between the film thickness and the fluorescence

ratio values. The calibration fixture has been measured previously with a Coordinate

Measuring Machine (CMM) to obtain a profile of the thickness (Figure 5-4) 1. The

camera is synchronized with the laser pulse so that the images are taken while the

dyes are emitting fluorescence. The images of the contact zone are then taken while

the test machine is in operation.

The fluorescent images captured by the CCD cameras are then digitally post-

processed by correlating the viewing area of the camera. The cross correlation between

the two camera images is done through a Particle Image Velocimetry (PIV) algorithm,

which calculates the displacement vector for each pixel. This process will align the

images from the two cameras. The ratio of the fluorescent intensity of the correlated

images are then taken, which suppresses the intensity fluctuations from the laser.
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Dichroic Mirror

Mirror 2

Figure 5-2: Optics
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Figure 5-3: Velocity vs Bushing Position

5.3 ERLIF Test Results

Several test runs were conducted, each with a different starting position for the pin-

joint. An example of the processed images taken by camera 1 (580 nm filter) and

camera 2 (610 nm filter) is shown in Figure 5-5. The images contain the intensity

data at each pixel. The ratio of the intensity of camera 2 to the intensity of camera

1 can be seen in figure 5-6.

The oil film thickness can be determined by comparing the intensity profile of the

contact zone's processed image to that of the calibration fixture. Using the known

thickness profile of the calibration fixture and the processed ERLIF image of the oil

film in the fixture, the relationship between the pixel intensity ratio and oil thickness

is determined (Figure 5-7, 5-8).

The thickness-intensity relationship is applied to the captured images of the pin-

joint contact zone. The lubricant behavior is analyzed by determining the thickness

profile in the contact zone. As can be seen in Figure 5-9, the film has the lowest thick-

ness in the contact region which is in the middle of the image. The average thickness

value within the image area is calculated and plotted versus the normalized velocity
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Figure 5-4: CMM Profile of Calibration Fixture

(velocity [radians/second] divided by normal force [lbf]) (Figure 5-10). According to

equation 2.8, the minimum film thickness is proportional to velocity/load. Thus the

expected trend is an increasing film thickness for an increasing normalized velocity.

The trend is not as clear from the experimental data because the noise reduces the

resolution of the ERLIF thickness measurements.

Further test with ERLIF will be conducted to analyze the behavior of the lubricant

in a lobed bushing. As discussed previously, the contact zone in a lobed bushing is

elliptical, compared to a rectangular contact zone in the straight bushing. Thus in

order to observe the squeeze out phenomena in the lobed bushing, new tests will need

to be conducted.
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Figure 5-5: Processed Images: (a) 580 nm filter (b) 610 nm filter

Figure 5-6: Ratio- Image(b) / Image(a)
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Chapter 6

Conclusion

6.1 Contributions

The main failure mechanism associated with pin joints under heavy load is galling,

which is caused by high contact stress and poorly lubricated surfaces. The contact

stress of the pin joint has been analyzed through both the Hertzian contact model and

finite element analysis. The design of the pin joint has been modified by producing

an undercut in the bushing. The undercut decreases the contact stress between the

pin and the bushing and thus reduces the wear rate. The design of the undercut has

been optimized through finite element analysis.

In order to verify the improvement in the new pin joint design, testing was con-

ducted through the use of a test machine. The pin joint was rotated through a

crank-rocker mechanism while a normal load was applied. The test results show a

longer life for the undercut bushing than the uncut bushing. This supports the theory

that the wear rate in the pin-joint will decrease with a reduction in the contact stress.

Optical testing through Emission Reabsorption Laser Induced Fluorescence tech-

nique has also been conducted. Through ERLIF, the oil film thickness separating the

pin and the bushing can be measured. The film thickness at different sliding speeds

and normal loads have been analyzed.
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6.2 Future Work

The Hertzian contact model used is a powerful analytical tool that can approximate

the contact stress between the pin and the bushing, but further investigation into

the validity of the assumptions made for the model should be conducted. Also the

Hertzian model should be modified to include the effects of friction and plasticity.

The pin joint testing can be refined by adding an accelerometer in order to better

monitor the onset of galling by observing the vibration in the system. Further tests

need to be conducted to verify the improvement of the undercut bushing design.

The behavior of the lubricant also needs to be analyzed further. The squeezing of

the oil from the contact region should be modelled analytically and compared to the

results of the optical test. Further tests through the ERLIF technique should also be

conducted to better understand the lubricant behavior.
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Appendix A

Design of the Pin Joint Test

Machine

In order to determine whether the new designs for the bushing have improved the

operational life of the pin joint, it is necessary to design and built a test machine that

can test the pin-joint close to its normal operating conditions. One of the operating

conditions is that the normal load applied to the pin has to be 100,000 lbf. Also

the angle of rotation of the pin in the actual track is approximately 25 degrees; and

the maximum speed of rotation of the pin is 2.5 radians per second. The design

requirements for the machine include: compactness, ease of operation, and ease of

maintenance.

A.1 Mechanism Concepts

In order to achieve the requirement of 25 degrees rotation of the pin at 2.5 radians per

second, a feasible mechanism has to be designed which would be easy to implement at

minimal cost. Several options were considered, including the use of a hydraulic motor

to rotate the pin. The advantage of a hydraulic motor is that it can operate efficiently

and can perform with much precision for large loads. The major disadvantage of a

hydraulic motor is that it is very expensive since it needs an additional hydraulic

pump to operate. It is also very bulky and will take up significant lab space. An

65



alternative to a hydraulic motor is the use of an electric motor. Unlike a hydraulic

motor, the electric motor cannot perform the desired oscillating rotation with the

large load. Thus a mechanism needs to be designed where the constant rotation of

the motor can be coupled to a rocking motion of the pin. The most feasible way of

producing a rocking motion from a constant rotation is through the use of a four-bar

linkage.

A.2 Synthesis of the Crank-Rocker Mechanism

The crank-rocker mechanism is a four-bar linkage in which the crank rotates at a con-

stant rotational velocity, producing the rocking of desired link. This mechanism has a

single degree of freedom; and according to Grahof's law, the sum of the shortest and

longest links of the four-bar linkage cannot be greater than the sum of the remaining

two links. The lengths of the linkages are designed so that a full rotation of the crank

generates an oscillating rotation of 25-30 degrees for the pin. In order to achieve the

desired angle of rotation, a displacement analysis was conducted. For the four-bar

linkage, the limits on the angle of the rocker arm can be computed according to [6]

(r 2 +r 2 -r 2 -r 2  rir2
03 = cos_ 1 3 r 4 21± (A.1)

2rsr4 rsr4

where r1 through r4 are defined in Figure A-1.

The geometric constraint in the linkage is that r 4, which is the distance between

the pin-joint and the crank, has to be long enough so that there is no interference

between the members. Thus for a given r4 and a desired angle of rotation, the length

of the rest of the links can be determined through equation A.1. The necessary

distance between the output shaft of the motor and the crank is 51 cm. Through

successive iterations the length of the linkages which produce the desired motion are

determined. The length of the crank r1 was determined to be 5.5 cm; the length of the

intermediate member r2 was 44 cm; and the length of the rocker r3 was determined

to be 26 cm. The range of rotation of the rocker is 260, which is within the rotational

requirement.
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Figure A-1: Crank-Rocker mechanism

In order to meet the velocity requirement, a velocity analysis is conducted to

determine the input crank speed that would produce the desired output rocker speed

of 24 rpm. The ratio of the maximum rotational velocity of the rocker to the rotational

velocity of the crank is equal to the inverse of the ratio of the lengths of the rocker

and the crank links. The ratio of r3 to r, is 4.73. Thus it was determined that the

crank is to be rotated at a constant rotational speed of 114 rpm in order to produce

a maximum rocker velocity of 24 rpm (equivalent to 2.5 radians/s).

A.3 Force and Torque Analysis

The torque necessary to rotate the pin in the bushing can be calculated through

friction analysis. The contact friction between the pin and the bushing was modelled

as a lubricated steel on steel friction which has a coefficient of friction of approximately

0.15 . The torque can be calculated as T=pFr, where p is the friction coefficient,

F is the normal force applied to the pin (100,000 lbf), and r is the radius of the pin

(1.25 in). Thus the torque necessary to rotate the pin is 2.1 x 105 N-cm. Through

static analysis, the maximum axial force was determined to be 8.2 kN.
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A.4 Design of the Machine Elements

In order to build a functional mechanism, the machine elements involved need to

be properly designed. The machine elements include the linkage members, bearings,

pin-joints, and motor.

A.4.1 Linkage Design and Bearing Selection

The length of each of the members was determined previously through the crank-

rocker analysis. The link which is connected to the bushing-sleeve needs to transmit

the force necessary to rotate the pin in the bushing. The maximum axial load on the

link is 8.2 kN. The bending stress resulting from this force was calculated to be 37

MPa. The link was designed such that the factor of safety for the link, machined out

of Al 6061-T6, is 7. The joint between link r3 and r 2 needs to rotate freely, thus rolling

element bearings are used to minimize the friction at the joint. For this purpose a

pin was used to connect link r2 to two radial ball bearing, manufactured by NTN Co.

The dynamic load rating on the ball bearing is 23.9 kN, and thus the life estimated

for the bearing was 50,000 hours.' The two bearings are press-fit into the housing

on the link, and the pin is press-fit through the inner diameter of the bearing. The

bearing assembly is over-constrained since the bearing is pressed against a shoulder

in the housing on one side and fixed by a bolt attached to the shaft on the other.

The intermediate link r 2 is composed of three components: a rectangular beam,

bearing housing, and a threaded rod connecting the two. The component attached

to r 3 is a rectangular beam with cross-section of 4.5 cmx 2cm, and is 33 cm long.

According to Shigley [19], the stress-concentration of the hole with the pin inside is

2.5, thus giving a maximum stress of 60 MPa around the hole. This gives a factor of

safety of 4.5 for the beam.

For ease of assembly, the length of the link is made adjustable through the use

of a threaded rod. The threaded rod has a diameter of 1/2 inch and is 10 cm long.

'Lio = 16667 [g]10/3; N : radial speed [rpm]; CE : Dynamic load rating [Newtons]; P
Normal load [Newtons]
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It allows the link to be adjusted by 2 inches. The fatigue strength of the rod was

calculated to be 50 MPa. The alternating axial stress in the rod is 16 MPa, thus

giving a factor of safety of 3.1. The bearing housing holds a single bearing which

allows for rotation around the crank. The bearing is the same type as used in r3, and

has a life of 5000 hours.

The crank is attached to the output shaft of the motor, which rotates at 114 rpm.

It is designed to have an adjustable fit on the shaft: it can be clamped on to the shaft

by rotating the bolt, which in turn squeezes the crank hole on to the shaft.

A.4.2 Selection of the Motor

To determine the motor size, it was necessary to calculate the torque and the horse-

power necessary to rotate the pin-joint. As was previously calculated, the required

torque is 2.12 x 105 N-cm. Thus the maximum power necessary to rotate the pin at

24 rpm is 7.1 hp. A survey of the available electric motors showed that a suitable

standard rating for the given application is a 7.5 hp motor. The motor chosen for

the operation was a helical-bevel geared motor, manufactured by Nord Gear Co [16].

The three-phase motor has an output speed of 114 rpm.

The final assembly of the machine is shown in figure A-2.
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Appendix B

Hertz Contact Stress

The contact of the bushing lobe against the straight pin results in an elliptical region

of contact. The pin and the bushing are conformal bodies, but the lobe of the bushing

does not conform to the surface of the pin. In order to determine whether the Hertzian

model of contact can be applied to this case, an initial estimate of the contact area

and the contact pressure was calculated as follows:

Dimensions of the pin and the bushing:

Radius of the bushing R' = -33.59 mm (negative since it is concave with respect

to the pin)

Radius of the bushing lobe R' = 200 mm

Radius of the pin R' = 33.36 mm

Radius of pin lobe R' = oo (straight cylinder)

Equivalent Modulus of Elasticity:

E*= (E + E2 (B.1)

where El = E2 = 200 GPa, vi =v2 = 0.3

Equivalent Radius:

Req = v/ R' x R" (B.2)

A + B = ( + 1 + 1 + -L) (B.3)
1 1 2 2

1 1 21 1 2 2(B4
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The axes of the pin and the bushing are aligned, thus 6 = 0.

1 1 -L (B.5)

1 + (B.6)

Since R' = oo, then R" = R".

cV/a= (3PReq
c Va =(4E* *)Fi (B.7)

where P is the applied load

a R' 2
~ (R")(B8

and solving for b

3PR ''b = (F1 (B.9)

Maximum Contact Pressure:

3P 6PE*2  _2
27rab = r3R2 )F7 (B.10)

eq

Distance of the deformation:

S (6R ,*2)'§ x F2 (B.11)

The functions F and F2 are correction factors that allow for the eccentricity of

the ellipse, and their value are 0.89 and 0.88 respectively [14]. For a total applied

load of 100,000 lbf (50,000 lbf per lobe), the maximum contact pressure Po is 1024

MPa. The length of the major axis of the contact ellipse a is 30 mm and the length

of the minor axis b is 3.5 mm. The resulting deformation 6 is 0.12 mm.
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Figure B-i: Elliptical Hertzian Contact Region
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Appendix C

Assembly Procedure

1. Cleaning:

(a) Clean pin and bushing surfaces

(b) Clean all taper surfaces (bushing housing, pin clamps, bushing clamps, pin

connector).

2. Lubrication:

(a) Grease seal spacers.

(b) Grease 0 rings.

(c) Grease red lip of seal.

(d) Grease spherical bearing rollers. The most important rollers are the ones

located at the top of the ring near the eye (used for moving the housing).

3. Assembly:

(a) Flexures to Bearing Housing:
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i. Fasten the flexures to the bearing housing but not to the support base.

Do not tighten them yet. Note: You may have to lay the bearing

housing on it's side to do this.

ii. Slide the bearing housing on the support base in between the pin sup-

ports. The housing should be slightly angled and partly overhanging

the support base (because of the flexures on one end). This will make

assembly easier for the "C" piece.

iii. Place 100,0001bf load cells in each support pin's locating hole.

(b) Bushing into Bushing Housing:

i. Insert bushing into bushing housing.

ii. Insert bushing clamps but do not clamp them yet.

iii. Center bushing inside bushing housing.

iv. Begin to hand tighten bushing clamps. Make sure the bushing remains

centered while tightening.

v. Tighten bushing clamps with wrench (again, make sure the bushing

remains centered). Make sure to tighten bolts uniformly to prevent

the clamp taper from prematurely grasping the bushing housing or the

bushing.

(c) Bushing Housing Mount:

i. Fasten the bushing housing mount (curved piece with 4 radial holes

and 3 axial holes) to the bushing housing.

ii. Tighten bushing housing mount.

(d) Seal Preloading:

i. Completely assemble and tighten one pin connector to the "C" Piece.

Note: The threaded holes located on the taper face should be facing

away from the rest of the "C" piece.

ii. Insert pin into bushing

iii. Insert seal, black lip facing the bushing, on each side.
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iv. Insert one plain (thin) seal spacer on each side. Insert shouldered

spacer at each end. Shoulder should face away from the bushing.

v. Insert one 0 ring on each side.

vi. Slide one side of the pin almost completely into the bushing. The 0

ring should be visible.

vii. Place the fastened pin connector's large bore hole over the barely vis-

ible side of the pin. Note: You may have to remove a few bolts from

the bushing clamp on the opposite side of the bushing to get this to

happen. Also, you may need to tighten the bushing clamps more.

viii. Carefully slide the pin into the pin connector. Note that the 0 ring

will likely get stuck on the lip of the connector. If so, stop pushing the

pin. Push the caught portion of the 0 ring back toward the bushing

while pushing the pin from the opposite side of the bushing.

ix. If the bearing housing is positioned correctly, you should be able to

rest the "C" Piece on the two 100,0001bf load cells.

x. Center the pin , and place the other pin connector on the pin. Be

careful, it is loose and should be immediately held on with the preload

blocks.

xi. Attach the two preload blocks. This is simply a block of Aluminum

with two through holes. Press one block face against the face of a pin

connector, aligning the block holes with those of the nearest bushing

clamp. Pass two long M8 bolts through the block holes to the two

threaded holes on the bushing clamp. Note: It may help to have one

person maneuver the "C" piece while attaching the preload blocks.

xii. Lightly preload each block. Note: For the loose pin connector, try

centering the connector (with respect to the pin axis) with one hand

while lightly preloading with the other hand. This will make the next

part easier.

xiii. The goal now is to align the holes on the loose pin connector. Increase
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the preload. Alternate blocks while doing so. Meanwhile, check the

hole alignment. Once the holes are aligned, insert 4 M8's, and tighten

them completely. Make sure all 8 M8's on the "C" piece are firmly

tightened.

xiv. Remove preload blocks.

(e) Cut-Head Bolts:

i. Position bushing housing mount such that it is near its linkage with

the electric motor.

ii. More than likely, one side of the "C" piece will be closer to the cor-

responding bushing clamp than the other. If so, the bolt heads close

to the "C" piece should be replaced with cut-head bolts. Note that

the bushing housing will rotate will rotate through about 30degrees

total. In this rotation, there should be at most three bolt heads (on

the crowded side) that may interfere with the rotation. Replace these

bolts with cut-head bolts. I simply used a grinder to shave some thick-

ness off the heads.

(f) Placing Assembly on Load Cells:

i. Make sure third load cell support is affixed to support base. Make

sure third load cell is hand tightened into this support. Using THREE

people, place the assembly onto the load cells. Use two people, one on

each side of the assembly, and a steel pipe through the bearing housing

eye to lift the assembly. The third person should guide hold onto the

"C" piece with both hands, guiding the large bore " C" piece onto the

third load cell. The bottoms of the pin connectors should contact the

100,0001bf load cells.

(g) Bolt Array

i. Align the bolt array holes on the bearing housing with the support

base holes. Place the blue M12's into all ten holes, partially fastening

them to the nuts on the underside of the support base.
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(h) Attach Fork Link to Bushing Housing Mount:

i. Guided by dowel pins, place two spacers onto the fork link.

ii. Align the dowel pins with the corresponding holes on the bushing

housing mount. This can be done by rotating the bushing housing

with the bushing housing mount while holding the fork link.

iii. Place two spacing blocks (steel block with 3 clearance holes) on the

opposite side of the fork link, and clamp them firmly with three M10's.

(i) Fastening and Positioning:

i. Place the flexure pieces on the support base. Each side should include

one aluminum block with two through holes. There are also two shim

pieces. Level the bearing housing and place the shims where necessary.

Usually, only one is needed.

ii. Place a flexure cap (slightly smaller than the flexure block) over each

flexure blade and tighten firmly.

iii. Fasten and firmly tighten a washer and a nut on the third load cell.

iv. Using a torque wrench, tighten the bolt array as desired. Note that

the preload distance is small and easy to unload; hence, I recommend

you tighten each group of 5 and then the other group. Repeat this

process one more time to ensure uniform preloading.
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