Wear investigation of elastically similar sliding bodies material
by

Muhamad Muhaidi bin Mazlan

Dissertation submitted in partial fulfitiment of
the requirements for the
Bachelor of Engineering (Hons)

(Mechanical Engineering)

SEPTEMBER 2011

Universiti Teknologi PETRONAS
Bandar Seri Iskandar

31750 Tronoh
Perak Darul Ridzuan



CERTIFICATION OF APPROVAL

Wear investigation of elastically similar sliding bodies material

by

Muhamad Muhaidi bin Mazlan

A project dissertation submitted to the
Mechanical Engineering Programme
Universiti Teknologi PETRONAS
in partial fulfillment of the requirement for the
BACHELOR OF ENGINEERING {Hons)
(MECHANICAL ENGINEERING)

Approved by,

(AP [W;aﬁ:r bin Sudiny

UNIVERSITI TEKNOLOGI PETRONAS
TRONOH, PERAK

September 2011



CERTIFICATION OF ORIGINALITY

This is to certify that T am responsible for the work submitted in this project, that the
original work is my own except as specified in the references and acknowledgements,
and that the original work contained herein have not been undertaken or done by

unspecified sources or persons.

s

MUHAMAD MUHAIDI BIN MAZLAN



ACKNOWLEDGEMENT

First and foremost, the author would ke to express his gratitude to God the Almighty
for giving him the opportunity to complete his final year project and this report.
Without the permission by the God the Almighty, the author will not being able to
complete his final year project and this dissertation successfully.

On the other perspective, the author would like to express his deep appreciation to his
supervisor, AP Dr. Mustafar bin Sudin and co-supervisor, Dr. Saravanan Karuppanan,
for accepting and allowing the author to be part of their subordinate for this final year
project. The guidance, patience and commitments by them were totally a great pleasure
for the author in succeeding to complete this project. The credits also go to Mr. Mohd
Faizairi Mohd Nor, Final Year Resarch Project Coordinator, for providing ail the initial

information or guidelines to begin the project.

Besides, highest thanks to Mr. Hafiz bin Safian, Mr. Paris bin Mohd Said, Mr. Jani bin
Alang Ahmad and Mr. Shaiful Hisham bin Samsuddin, UTP Mechanical Engineering
department’s technicians for assisting the author in using the required laboratory
facilities. Highest appreciation and special thanks to Mr. Windarta and Mr. Abdul
Munir, the postgraduate students on providing the assistance, advice and guidance in
completing this project.

Last but not least, deepest thanks to family, friends and all individuals that helped the
author in any way which wheose name is not mentioned here for their support and love

throughout this project.



Abstract

From the practical point of view to obtain the friction and wear characteristic of
materials used in machinery, various types of wear testing machines have been
developed and deployed. To obtain useful data for practical application, it is desirable
that the investigation is carried out by a full scale wear testing apparatus having
approximately similar contact conditions. There are two parameters in the wear testing
machines, such as configuration of contact surface and form of the relative motion
between test specimens. Thus, in this report, the effect of unidirectional sliding friction
in linear sliding direction between contacting pair and friction obtained test results are
investigated. The reciprocating pin-on-flat experimental technique of similar
specimen’s material was modified to obtain the test results desired. The microscopic
structures of the pin specimen were varied due to frictional and wear properties.
Pressure distribution using selected formula during normal condition and the wear
effect on the leading and trailing edge due to the movement of pin specimen were
varied due to the load and number of cycles applied. Comparison between theoretical

wear depth and experimental result been analyzed.
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CHAPTER 1

INTRODUCTION

1.1 PROJECT BACKGROUND

When two solid bodies undergo relative motion while in contact for prolong
time, the surfaces wear. The wear can be due to one or more of the various mechanisms,
such as abrasion, adhesion, fatigue, and delamination [1]. 1t is important to estimate
wear characteristics appropriately. However, it is rare for friction or wear charactenistics
of materials or machine elements to be estimated from a full scale test. To obtain useful
data for practical applications, it is desirable that the investigation is carried out by a full

scale wear testing apparatus having approximately similar contact conditions.

The friction or contact modes in such model apparatuses for estimation are as
follows [2]}: pin {or ball)/disk (umidirectional friction type), pin (or ball)/flat
{reciprocating friction type), cylinder/cylinder (contact with end surface), pin/cylinder,
four-ball, two-parallel cylinder type. All the model apparatuses consist of three modes

in practical contact surface which are point contact, line contact and surface contact.

As mentioned above, there are many types of wear-testing machine and contact
mode. Therefore, based on the combination of concepts between unidirectional friction
and reciprocating friction type, a modified model apparatus of reciprocating pin-on-flat
experimental technique will be developed in order to investigate the wear characteristics
and behaviors of surface contact between two similar specimens material in linear
motion. Compared to model apparatus of pin-on-disk (unidirectional friction type)
where having continuous sliding contact in rotational motion and pin-on-flat
(reciprocating friction type) where having sliding contact between a stationary pin
against flat sample that is moved backwards and forwards in a reciprocating motion,
this modified model apparatus of reciprocating pin-on-flat working principle is having

two different behaviors of movement in two strokes of reciprocating motion where, one



stroke encounter surface contact between two specimens and the other stroke having

non-contact movement in linear motion.

The effect of relative motion between contacting pair of similar materials and
friction process through cobtained test results which should cover the leading and trailing
edge, microstructure of the pin specimen, hardness value of worn area and pressure
distribution are being investigated. Simulation of wear to obtain the pressure
distribution during normal condition was done using selected formula. The simulation
using selected formula has. been compared with the result from the laboratory wear

testing results.

1.2 PROBLEM STATEMENT

In the industrial wear problems, adhesive wear, phenomena of surface damage
and material removal which can occur when two smooth surfaces rub against each
other, which this type of wear is having approximate percentage of 26% contribution to
the cost of wear [3]. This type of wear can occur i plain bearings and other interacting

machine components, particularly if they are inadequately lubricated.

Actual testing needs a huge of resources, costly and time consuming. Because of
that, experimental technique by using test specimens and application of simulation
studies are selected rather than actual testing. In addition, the modification of the
established reciprocating pin-on-flat wear tester by applying different working principle
will lead to new approach of wear modeling and the comparison of results can be

accomplished.

1.3 OBJECTIVES AND SCOPE OF STUDY
The objectives of this research are:

o To analyze wear mechanisms, behaviors and characteristics on the laboratory

wear testing results.



e To predict the wear rate of pin-on-flat contacts and the effect on leading and
trailing edge.

o To simulate the stress/pressure distribution at contact area.
The scope of research can be simplified as follows:

s The laboratory wear test is using couple of same specimen material (pin and
fiat).

¢ Surfaces slides in non-lubricated condition where the surface contact slides in
air without a lubricant.

s The procedures of the laboratory wear test scope within codes and standard of
ASTM G133 - Standard Test Method for Linearly Reciprocating Pin-on-Flat
Sliding Wear.

o Result from the stress/pressure distribution using selected formula been

compared to laboratory wear test result.



CHAPTER 2

LITERATURE REVIEW

2.1 ADHESIVE WEAR

Sliding is the most common tribological contact condition. Adhesive wear was
for many years thought occur when no abrasive substances can be found and where
there is tangential sliding of one clean surface over another. Oxides and adsorbed
species are usually ignered {3, 4]. In most practical applications sliding surfaces are
lubricated in some way and the wear that occurs in then termed lubricated sliding wear.
However, in laboratory investigations, surfaces shide in air without lubricant which
called dry sliding wear [2].

2.2 CODES AND STANDARD

The codes and standard of the laboratory wear test according to sliding wear —
reciprocating motion, ASTM G133 31

2.2.1 Test conditions

o Test load: upto 10 000 N

s Frequency: 0.1 — 50 Hz

s Stroke: 0.25 — 50 mm

o Contact geometry: pin with 6.00 mm radius end
o Test duration: 10° — 10° s

2.2.2 Measurement modes

¢ Volume of wear (measured directly by profilometry or calculated from mass
loss and density measurements or calculated from size wear scar)

e Examination of worn surface



o Wear displacement (progressive movement of the samples during wear)

2.3 TABER® LINEAR ABRASER
2.3.1 Description

TABER® Linear Abraser uses a free floating head to follow the contours of every
sample, permitting testing of finished products. With virtually no limit on sample size
or sha;ﬁe, the TABER® Linear Abraser is ideal for testing plastics, automotive
components, painted parts, printed graphic, optical products, rubber, leather, textiles,

and for use in testing laboratories [5].
2.3.2 Specifications

The parameters for TABER® Linear Abraser also can be altered, which enables the
user to determine the optimal setting of each product or material [5]. The parameters are
shown in Table 2.1.

Table 2.1: TABER® Linear Abraser Parameters

Parameters | Desctiption .
Load Ranging from 350 — 2100 grams with optional weight disc
Stroke Lengths 0.57,1.07,2.0”,3.07, 4.07

Stroke Speed 2 -75 cycles per minute

2.4 WEAR MODEL

The wear process can be treated as a dynamic process, depending on many
parameters and the prediction of that process as an initial value problem. The wear rate

may then be described by a general equation given by
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Where 4 is the wear depth {(m) and s is the sliding distance (m). Many wear models are
available in the literature. Their mathematical expressions vary from simple empirical

relationships to complicated equations relying on physical concepts and definitions {4].

The most frequently used model is the linear wear equation Q™ =Kp~, where Q~
is dimensionless normalized wear rate; K is wear coefficient; p~ is dimensionless
normalized pressure; which the volume wear rate is proportional to the normal load.
This model is often referred to as the Archard’s wear law; though its basic form was
first published by Holm [6][7]. The model was based on experimental observations and

written in the form

L H (2)

I"F JL— N

= f

Where V is volume wear (m’); s sliding distance (m); K is wear coefficient; Fy is

normal load (N); H is hardness {Pa).

The wear coefficient K was introduced to provide agreement between theory
and experiment. Holm treated it as a constant, representing the number of abraded
atoms per atomic encounter. In Archard’s work it corresponds to the probability that an
asperity interaction results in a wear particle formation [8]. However, that is not the
only possible interpretation. Lim and Ashby [9] calculated it regarding the delamination

or plasticity dominated wear mechanism as governing. For steels they suggested to use

the values
E=5107 if §e310
K=5107 if pi=310+ 3)
Where
L Py
TAH (4)



Fyy is normal load (N); H is hardness (Pa); A is the apparent coﬁtact area (m’).

The wear depth is preferred to determine the pin-on-flat profile evolution. For
engineering applications the wear depth is of more interest, than wear volume. Here

Archard proposed to divide both sides of equation (2) by the apparent contact area A
[8], giving

54 5 (5)

Where h is the wear depth (m), k is the dimensional wear coefficient (Pa™) and p is the
normal contact pressure (Pa}. The wear model can then be described by a differential

equation, which for the linear case, equation (2) can be formulated as

dh

Y
& (6)

When two nominally plane and parallel surfaces are brought gently together,
contact will initially occur at only few points. When a rigid cylinder (pin) is pressed into
an elastic half-space, under a normal load Fy, it creates a pressure distribution described

by Hertzian contact stress for contact between a rigid cylinder and an elastic half-space

[10][11].

r2 1/2
p(r} = pe (1 — —2)
[13
(D

Where a is the radis of the cylinder; po 1s the maximum contact pressure given by

2 143
_ 3r B 1 {GFE*
Po= 2ral R ®)

Where d is indentation depth; E* is equivalent modulus of elasticity given by

1 __1-—1:12_{_1—1/3
E* El Eg 9)




E1E» are the elastic modulus and v;,v; the Poisson's ratios associated with each body.

The relation between the indentation depth and the normal force is given by

3FR
4F* (10)

a3=




CHAPTER 3

METHODOLOGY

Methodology section will discuss about the TABER® Linear Abraser (Abrader)
- Model 5750 modification’s model design of the specimen mounting on Universal
Specimen Table prior to have vertical movement thus allowing single stroke surface
contact. After that, researches continue with the model fabrication and precede with the
detail procedures of several laboratory tests on experimental analysis under every
respective testing for future references. The principle of all laboratory tests involved
were based on standard operation manual and American Society for Testing and

Materials (ASTM) which will be discussed by the author in this section.

3.1 TABLE MODEL DESIGN

Model design been utilized as the simulation with detail dimension, requirement
and material selection. Design of the model has been appropriately constructed based
upon the requirement of the research to obtain one stroke contact between two surfaces.
The design based on the mechanism of jack’s application where the table will be
controlled manually. This design will give a clear picture on the modification of the
specimen mounting of Universal Specimen Table of TABER® Linear Abraser
(Abrader) - Model 5750 as shown in Figure 3.1 and been as the constraint for the
fabrication part to be carried out.

Figure 3.1: Universal Specimen Table of TABER® Linear Abraser

9



Model design consists of three stages:
1. Dimensional conformance

All the dimensions and constraint will be specified according to ASTM G133 -
Standard Test Method for Linearly Reciprocating Pin-on-Flat Sliding Wear and
Universal Specimen Table of TABER® Linear Abraser (Abrader) - Model 5750 design

specifications and interchangeability factors as shown in Figure 3.2.

Figure 3.2: Caliper’s base dimensioning
2. Design sketches

Initial rough ideas of the development of the model design to suit with the
requirement of the research. Variation of model design has been determined to come up

with final idea.
3. Model simulation

Design software been utilized in this designing part in order to establish high
accuracy and precision of the design as well on better illustration of the function.
AutoCad software has been used to design the model. The design consists of isometric,

orthographic and exploded view. See Appendix I, IT and III.
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3.2 TABLE MODEL FABRICATION

Fabrication of the model will follow the dimensions and constraint been
specified in the model design. Step by step of fabrication’s procedure been clearly
followed according to the design. All manufacturing steps been organized efficiently to
avoid any clashing on the procedure which could affect the final fabricated model.
Material selected in table model fabrication is aluminum alloy as per specification of
aluminum alloy, see Appendix IV, aluminum alloy is a soft material thus material
handling for fabrication is much easier. On the other side, aluminum alloy is non rusting

material which applicable for long term application.

For preparing the modified table, conventional lathe machine and milling
machine as shown in Figure 3.3 and Figure 3.4 has been utilized to machine 50mm
diameter of cylindrical aluminum as mounting part for the clamper. Center drill of
16mm diameter been performed to make a hole as attachment part to the clamper. The
cylindrical aluminum been attached to 15mm x 16mm x 7mm aluminum plate as table’s
base with a simple jack. Drilling machine and steered threader been utilized to make
inner thread for the attachment’s screw as shown in Figure 3.5.

Figure 3.3: Center Drill with Figure 3.4: Milling Machine
Lathe Machine

11



Figure 3.5: Attachment’s part

All fabrication parts have been attached according to the design following the
exploded view of Appendix IIT as shown in Figure 3.6. Grease lubricant has been
applied at jack part in the center hole of the mounting to reduce the friction for a

smoother movement of the caliper.

Figure 3.6: Modified Specimen Table

3.3 SPECIMEN PREPARATION

Based on the terminology of this research, both specimens of pin and flat should
be any material as long as both of them are same material with same specifications.
Therefore, aluminum alloy has been selected as the material for both specimens. The
material selection was based upon the high elasticity and ductility of aluminum alloy

which categorized as soft material thus wear mechanism can be better visualized. All

12



specimens’ preparation work was done at manufacturing lab and material lab under

supervision of designated technicians from both labs.

There were six samples of pin specimen followed by six samples of flat

specimen. Both specimens undergo different method of preparation and fabrication.
3.3.1 Pin Specimens

Pin’s size was according to ASTM G133 - Standard Test Method for Linearly
Reciprocating Pin-on-Flat Sliding Wear. Pin specimens been produced into four units of
cylindrical and two units of squared shape. The dimension of cylindrical pin specimen
is 6mm diameter x 10mm height while shaped pin specimen is 6mm x 6mm x 10mm.
The descriptions of each sample are as in Table 3.1 based on variables chosen.

Table 3.1: Specimen’s Categorization

Type Label Linear Wear Test
Specimen A 10 Cycles
Cylindrical Specimen Specimen B 20 Cycles
(@6mm x 10mm) Specimen C 40 Cycles
Specimen D 60 Cycles
Specimen E 40 Cycles

Squared Specimen

(6mm x 6mm x 10mm) s Dy

Since all of the specimens are small and required high precision in dimension,
100mm x 100mm x 10mm aluminum alloy plate been used to produce the pin specimen
by using Electrical Discharge Machining, EDM Wire Cut as shown in Figure 3.7.
Figure 3.8 shows the pin specimens produced by EDM Wire Cut.

13



Figure 3.7: EDM Wire Cut Figure 3.8: Pin Specimens
(diameter 6mm, length 10mm)

3.3.2 Flat Specimens

Flat specimen’s dimension was based on the stroke length of the TABER®
Linear Abraser (Abrader) - Model 5750 where stroke length used in this research was 4
inches or 101.6mm. Therefore, length of the flat specimen must be greater than the
stroke length. Thus, the required flat specimen’s dimension is 150mm x 35mm x 7mm.
Aluminum alloy plate with 150mm x 210mm x 7mm has been cut into six samples

according to the required dimension with metal band saw.

The oxide layer or scale on the aluminum alloy surface must be removed in
order to avoid the wear is due to the oxide layer and not the aluminum alloy itself.
Therefore, the flat specimens were grinding and polishing to remove the oxide layer and
obtain smooth surface. Metaserv 2000 rotating grinder machine been used to perform

this task. Figure 3.9 shows the flat specimen before and after been grinded and polished.

Different grid of sand paper been used to obtain smooth surface and the grinding

procedures were as follow:

I. Flat specimen was polished with rough sand paper to remove deposits, scale and
oxide layer on top of the surface where the specification of the sand paper using
aluminum oxide cloth, P: 6.

2. Top surface been grinded using Metaserv 2000 rotating grinder machine with
rotating speed of 350 rpm and grinding cloth from the course to smoothest cloth
at the range of P: 60 until P: 4000.

3. 3y polishing cloth been used to polish the flat specimen until it looks shiny.

14



4. Step 1 until step 3 been repeated for all six flat specimens.

Precautions must be taken when dealing with rotating grinder by ensuring that
water must be constantly supplied to avoid any major scratches and temperature rise

due to friction between rotating grinder and specimens.

Figure 3.9: Flat specimens (150mm x 35mm x 7mm) before and after grinded

3.4 PIN ON FLAT TEST

The pin on flat test was conducted according to ASTM G133 - Standard Test
Method for Linearly Reciprocating Pin-on-Flat Sliding Wear with TABER® Linear
Abraser (Abrader) - Model 5750 as experiment apparatus.

3.4.1 Pin on Flat Test Parameters

Each specimen was having different set of parameters. Test parameters were

specified according to Table 3.2.

Table 3.2: Pin on Flat Test Parameters

Type Linearly Reciprocating Pin-on-Flat Sliding Wear
Load (g) 350, 600, 850, 1100,1350
Speed (cycle/min) 15
Stroke length (inch) 4
Number of cycles 10,20,40,60,

15




Int this research, five sets of load been applied to the pin with constant time cycle and

constant stroke length. Maxismum stroke length of 4 inches or 101.6mm been chosen to

have much clearer wear mechanism and more time of surface contact between two

specimens. Each cylindrical specimen will assigned to each number of cycles with five

sets of load while squared specimens were assigned to 40 and 60 cycles respectively.

3.4.2 Pin on Flat Test Procedure

10.

11

12.
13.

. Caliper been attached to the Modified Specimen Table.

Spline shaft been tied with the stroke length to avoid any movements in vertical
direction to have surface contact in backward stroke as shown in Figure 3.10.
Two connecting links attached to Modified Specimen Table to ensure it does not
move during testing.

Stroke length been adjusted to 4 inch at Adjustable Stroke Length and Safety
Off Switch had been closed down. .
TABER® Linear Abraser {Abrader) - Model 5750 been turned on and the
testing parameters of 15 cycles/min and number of cyeles been set by selecting
ENTER button. After the data been input, CLEAR button been selected which
mean clear to proceed with testing.

Pin specimen been weigh up using Digital Weighing Scale and mitial mass been
taken as shown in Figure 3.11.

After that, pin specimen been attached to Wearaser Collet.

Flat specimen been mounted at Modified Specimen Table.

Weigh disc (load) been applied according to parameters.

Jack of Modified Specimen Table been pressed to move the flat specimen and
have surface contact with pin specimen and START button been selected.

Jack of Modified Specimen Table been released after one stroke been completed
to complete one cycle before been pressed again for another stroke to have
surface contact. This will be repeated until the end number of cycles.

Then, pin specimen been weighing up again to measure its final mass.

Step 5 to 12 been repeated with set of load as specified in parameters.
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14. Step 5 to 13 been repeated with another specimen with different set of cycles

with same set of load applied.

Figure 3.10: Specimen’s mounting Figure 3.11: Digital Weighing Scale

3.5 MACROSCOPIC EXAMINATION

Macroscopic examination is carried out with unaided eye or a low power optical
microscope with a magnification generally below 100 diameters. This methodology has
capability to have general appreciation of the features of the wear pin specimen, in
particular, the surface wear pattern. The purpose of this macroscopic examination in this
inspection to reveal remarkable features on the wear pattern and predict the wear
mechanism based on visualization of the pin specimen’s surface metallographic. The
examination was according to ASTM E7 - 03(2009) Standard Terminology Relating to
Metallography.

Main focus of the examination was to clarify the wear formation mechanism of
the leading edge, center and trailing edge of the pin specimen and to examine the effect
of the difference in number of cycles on the experimental results, the microscopic
structure of the pin specimen is observed by Metallurgy Optical Microscope — NIKON
Model as shown in Figure 3.12.

17



Figure 3.12: Macroscopic Examination
3.5.1 Specimen Preparation Procedure

Before macroscopic examination been carried out, all the specimens need to be
prepared in order to obtain clear picture of pin specimen’s surface wear metallographic
structure. The preparation was according to ASTM E3 - 11 Standard Guide for
Preparation of Metallographic Specimens. The specimen preparation procedure as

follows:

1. Precautions need to be taken to avoid grinding the pin specimen’s wear surface
because macroscopic examination was to analyze the pattern of the wear on the
surface.

2. As an alternative to obtain shiny surface is by rubbing the surface gently with 3p
polishing cloth to avoid any disturbance to the wear scar of the pin specimen.
Metal polish liquid had been applied as the polished media.

3. Step 1 to 2 been repeated for all six specimens.

3.5.2 Macroscopic Examination Procedure

1. Before the operation had been carried out, the machine must be in good
condition and safety first.

2. Power supply for the microscope been switched ON.

3. Computer data station was started up and AQCUISS program been selected.

4. The specimen has been placed at the microscope table stage below the lens.

18



5. By turning to lowest magnification (5x objective lens), the microscope table
stage been risen up to the lens.

6. Through microscope eye piece, the table is turned down until get focus to
microstructure surface.

7. The magnification been adjusted to 500x by turning the lens and adjusting the
focus.

8. For AQCUISS program, new file been selected and live camera action. After
that, the witch at microscope been pulled to BINO for see through the
microscope or PHOTO for capture image in AQCUISS program.

9. Capture image been clicked and file has been saved as usual.

10. Step 4 to 9 were been repeated for different pin specimens and image been
captured at different point of location which at leading, center and trailing edge.

11. The computer been shut down and the microscope been switch off after used.

12. Power has been switched off and cleaning process being done.

3.6 HARDNESS TEST

Hardness test is conducted to determine the hardness effect at the worn surface
area on the pin specimen. From this hardness value, the effect of worn area on the
hardness value can be determined either worn area will decrease the hardness value of
the material or not. Since the pin specimens were small thus microhardness test need to
be chosen. Micro-Hardness Tester been used to determine the hardness and be
measured by Hardness Vickers. Hardness test was according ASTM E92 Standard Test
Method for Vickers Hardness of Metallic Materials.

3.6.1 Hardness Test Parameters

The test parameters were according to the aluminum alloys material
specifications for Hardness Vickers Test and ASTM E92 Standard Test Method for
Vickers Hardness of Metallic Materials. Test parameters were as follows:
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Table 3.3: Hardness Test Parameters

Hardness Test | Hardness Vickers Test (HV)
Apparatus Micro-Hardness Testing Machine
Load 100kgf

Dwell time 15 seconds

Points 5 points of location

3.6.2 Hardness Specimen Reading and Orientation

‘L X - axis =

Y - axis

Figure 3.13: Hardness Testing Orientation

Hardness reading has been taken at different points of location on the surface of
the pin specimens either cylindrical pin specimen or squared pin specimen. Five
hardness readings were taken from each specimen based on X-axis and Y-axis
orientation as shown in Figure 3.13. Based on that orientation, the hardness value at the
leading (X3), center (X;) and trailing edge (X) can be obtained and comparison can be

made.

3.6.3 Specimen’s Mounting Procedure

Since the specimens are small, thus specimens need to have hot mounting
procedure to hold the specimen during microhardness testing. This mounting procedure
been applied for all specimens.

Hot mounting been done under the supervision of
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material lab technician. Automatic Mounting Press Machine Buehler SIMPLIMET

1000 been used to perform this hot mounting. The parameters of the hot mounting were

as follows:
Table 3.4: Hot Mounting Parameters
Mounting Type Hot Mounting
Apparatus Automatic Mounting Press Buehler Machine

SIMPLIMET 1000
Mounting Material | Thermosetting Resm (Phenolic)

Pressure 4000 Psi
Heat Time 3 minutes
Cool Time 2 minutes

The procedure of hot mounting as follows:

1. Automatic Mounting Press Machine SIMPLIMET 1000 been switched ON.

2. Upper button been pressed at control panel to push the mold out of the heating
closure.

3. The mold area needs to be cleaned up first by using release agent as shown in

Figure 3.14.

Figure 3.14: Mold Cleaning

4. Lower button pressed at control panel to move the mold into the heating closure.
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5. Pin specimen been placed into the mold and thermosetting resin, the mounting
material been placed together inside the mold until it covers the entire pin

specimen as shown in Figure 3.15.

Figure 3.15: Specimen and resin placement into the mold

6. Insulated bayonet closure been closing down to the mold and locked up.

7. Parameters have been input into the control panel and START button been
pressed.

8. Notifications been given by the machine shows the mounting process had been
done and the insulated bayonet closure been opened up.

9. Upper button been pressed at control panel to push the mold out of the heating
closure and the mounting’s specimen been obtained.

10. Step 3 to 9 been repeated and applied for all specimens.

Figure 3.16: Mounting’s Specimens
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3.6.4. Hardness Test Procedure

1.

Sy e

10.

k3.

The Microhardness machine been switched ON.

The specimen is mounted on the Microhardness Tester table.

The load of test and dwell time are set according to test parameters.

The Microhardness Tester table stage been risen up to the lens.

Through microscope eye piece, the table is turned down until get focus to
microstructure surface and point of hardness measuring been located.

After that, start button been selected and the indenter will indent the specimen to
the specimen at the set location.

Table is turned down once again to get focus until the diamond shaped to be
visible.

Both diamond diameter in X-axis and Y-axis been taken and hardness reading
will be automatically viewed on control panel.

Data is been recorded and data been reset and clear again for another
measurement.

Step 2-9 been repeated for all five points location as shown in Figure 3.13 for
each specimen.

Microhardness Tester table has been cleaned up and switched OFF.

Figure 3.17: Vickers Hardness Testing
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3.7 SIMULATION USING SELECTED FORMULA

N=mg

Fapp - ma

el Fnc[

Fi —
e #F8d re rrrsdrdg

Figure 3.18: Pin on flat scheme
3.7.1 Pressure distribution

By using the illustration of free body diagram as shown in Figure 3.18, the
pressure distribution been calculated through contact area mark created when top of an
elastic pin of radius, r and equivalent modulus of elasticity pressed with normal load, N
been applied. The pin will move along its linear movement with speed, v and due to the
normal force, linear velocity and coefficient of friction p, reaction force will be
occurred [12][13]. This can be shown with the formula:

Fnet = Fapp — BN

The contact patch between the pin specimen and flat specimen where the
pressure distribution can be illustrated is defined as region A in xy- plane identification

where:
A={(xy):x*+y?> <r?

The normal stress is calculated in z- direction of the xy-plane, P, is given by:

X2 Y2
Pz(x,y) = Po.J(1 - (;) - (;) )
P, is the maximum pressure which been calculated using formula:

Po = 3N /2nr?
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By using this formula the pressure distribution area at longitudinal distance, y-direction
and latitudinal distance, x-direction along geometrical surface contact of pin specimen

can be calculated.
3.7.2 Wear depth prediction

The prediction of wear depth been calculated using the wear model on Archard’s
law:
)

H

J
A

Where V is volume wear (m’); s sliding distance (m); K is wear coefficient; Fy is
normal load (N); H is hardness (Pa).In this research, hardness is included as part of

wear coefficient.

The wear depth been calculated from Az, which is at the center of the mesh
element in pressure distribution where the pressure distribution at the maximum with
coordinate (x,y) [12][13]. This illustrated by the formula:

Az =k - Pz(x,y) -s(x,y)/H

Where Pz is the pressure in z-direction, s is the sliding distance. By using this formula,
the prediction of wear depth been determined and the values been compared with the

experimental result.
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3.8 GANTT CHART

Table 3.5: Gantt Chart

Activities/Week

Model Design

Model Fabrication

4

10

12

13

14

15

Sample Preparation

Pin on Flat Test

Hardness Test

Wear Simulation

Progress Report

Poster

Draft Report

Dissertation (soft bound)

Technical Paper

Oral Presentation

Project Dissertation

(Hard Bound)

III Finish

X  Submission
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CHAPTER 4

RESULT AND DISCUSSION

Results of the experiment were depending on the methodology which had been
specified earlier. Each methodology carried different result in order to verify the
objectives of the research. From the pin flat test using TABER® Linear Abraser
{Abrader) - Model 5750 with Modified Specimen Table, mass loss, coefficient of
friction, and wear coefficient and wear depth of the pin specimen can be obtained.
Based on the prediction, the wear rate will be higher when applied load been increased
and mumber of cycles was added up. Then, the following result will be on the
microscopic structure of the pin specimen worn surface area which merely focuses on
the leading edge, center and trailing edge of surface contact. After that, hardness testing
also had been performed to obtained result of hardness value due to wear. Lastly, the
simulation of the surface contact between pin and flat specimen been performed. This
applied to all specimens and results of pin specimens and squared specimens were being

compared.

Note that all full experimental results, mathematical calculations and table

results been attached in Appendix’s section.

4.1 PIN ON FLAT TEST

Test had been carried on according to the parameters in Table 3.2. The
categorizations of pin specimens were according to number of cycles as shown in Table
3.1. A comparison was made to study the effect of the increment of number of cycles
and load to the wear’s pattern of the surface contact between pin and flat specimen.
Comparison of the wear mechanism between cylindrical pin specimen and squared

specimen had been performed.
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4.1.1 Worn Mass of Specimens

The magnitudes of wear which is the worn mass are shown in Figure 4.1 and
Figure 4.2 corresponding to the number of load applied. Worn mass calculation which
been calculated by:

Initial mass — Final mass

Worn mass = 1000 (mg)
Worn Mass (mg) vs Load (N)
-~ '
25 |
= I
E 20
" s |
S. 15 —&—Specimen A '
< ~@—SpecimenB |
s 10
= 5 Specimen C
——Specimen D
o :
3.4335 5886 83385 10.791 13.2435
Load (N}
Figure 4.1: Worn mass of cylindrical pin specimens
Worn Mass (mg) vs Load (N)
5 1
| . 307
| E >
| E 20
.EE 15 4 —&—Specimen E
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0 1!

34335 5886 83385 10791 13.2435
Load (N)

Figure 4.2: Worn mass of squared pin specimens
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Figure 4.1 and Figure 4.2 shows the result of worn mass at the applied load for
cylindrical and squared pin specimen at different number of cycles which specify in
parameters which are 10 cycles, 20 cycles, 40 cycles, and 60 cycles. As shown in the
pattern of the graph, as the loads were increasing, worn mass of the specimens were
also relatively increasing. This means that the highest potential of wear to be happened
when there were loads keep applied and increased on the material which was moving.

By comparing Specimen A at highest cycles of 60 cycles and Specimen D at
lowest cycles of 10 cycles, the gradient of the slope of both line show the wear rate at
highest cycle was much higher compared to the lowest cycle. Therefore, this can be
defined that although sliding velocity was constant at 15 cycles/min and sliding of
distance was constant at 4 inch, the increment of the cycles or repetition of the sliding

increase the percentage rate of wear.

‘ Worn Mass (mg) vs Load (N)
= |
30 4
| £57
i 2 20 —&— Specimen C
E 157 ~#- Specimen D
‘ 3 10 Specimen £
, o —»—SpecimenF
n | 5 = - -
| 34335 5886 83385 10791 13.2435
| Load (N}

Figure 4.3: Worn mass comparison between cylindrical pin specimens and

squared pin specimens

Comparison had been made between cylindrical and squared pin specimen to
analyze the worn mass behavior between two different geometries as shown in Figure

4.3. The comparison been made by taking two highest number of cycles used in this
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experiment which are 40 cycles and 60 cycles as parameters with same increment of
loads.

Resulit shows that worn mass of squared specimens for both cycles were higher
than cylindrical specimens and defined that the wear rate of squared specimens were
higher than cylindrical specimens. The result is caused by larger contact area of the
squared specimens than cylindrical specimens, which resulted more contact occurred
between two surface of squared specimens. Sharp edge of the squared specimens also
has been a factor for wear to easily occur than cylindrical specimens although pressure
on smaller contact area of cylindrical specimens higher than squared specimens.

4.1.2 Wear Coefficient

The effects of the applied normal load on the coefficient of wear for cylindrical
and squared pin specimens are shown in Figure 4.4 and Figure 4.5 respectively. The
worn mass is converted into the worn volume using the density. Then the coefficient of
wear is obtained as the value of the worn volume per unit sliding distance and unit
normal load. The calculation of the wear coefficient according to Archard’s Wear Law

where:

V
—=kFn
s

V is volume of wear, s = sliding distance, Fn = Normal Load, k = wear coefficient.
Hardness is included as part of the wear coefficient. Therefore, sample calculation for
Specimen A at 600g load was as follows:

Worn mass (m) = Img, density (p) of Aluminum Alloy as per specifications is
2700kg/m’, thus

V=m/p

V= (I x 10°6 kg / 2700kg/m’) = 3.704E-10 m’
3.704E-10 m’/ 0.1016m=k (5.886 N)

k = 6.193E-10 m’/N
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Calculations been applied to all specimens with same set of loads.

Wear coefficient vs Load
9.006-09 -
5 B8.00€-09 - . <
:E'~ 7.006-08 -
< 600609 : =
| 8 500609 —— —o— Specimen A
4.006-09 i )
: —# Specimen B
| § 3.006-09 - Sy _ ‘
'=' 2.00E-09 - e Specimen C
| 2 10009 — == Specimen D
| 0.00£+00 - : .

|
|
3.4335 5886 83385 10.791 13.2435 ‘
Load (N) J

Figure 4.4: Wear coefficient of cylindrical pin specimens

Wear coefficient vs Load i

| 9.00E-09 |
8.00E-09 - .
7.00E-08 | |
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5.006-09 :
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Figure 4.5: Wear coefficient of squared pin specimens

Based on Figure 4.4 and 4.5, the coefficient of wear of specimen D and
specimen E are extremely large where the pin specimen were having 60 number of
cycles. The contact between the specimens varies with the magnitude of the normal load

and number of cycles. This contact is thought to have a strong influence on the wear.
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Both figures shows that since the worn volume increase in proportion to the increase in
the normal load and number of cycles, the coefficient of wear increases with the

increase of the normal load and number of cycles.

Wear coefficient vs Load

9.006-09 -
8.00E-09 -
7.006-09 -
6.00E-09
5.00E-09 ~&— Specimen C
4.006-09 s
3.006-09 }

2.00609 =Speciment
1.00E-09 === Specimen F
0.00E+00 ~ : ; : |

Wear Coeffcient (m?/N)

Figure 4.6: Comparison of wear coefficient between cylindrical pin specimens and
squared pin specimens

In view of different geometries of the pin specimens, since worn volume of both
squared specimens were greater than cylindrical specimen at respective number of
cycles, wear coefficient of squared specimens are greater than cylindrical specimens as
the load increases. This result shows that wear will be easily occurred when specimen

geometry is squared shape at higher number of cycles.
4.1.3 Wear Depth of Specimens

Although worn volume of specimens have already specified earlier, wear depth
of the specimens mostly need to be taken in considerations. This applicable to the
industrial applications where wear depth was the main concern. Through Archard’s

Wear Law, wear depth can be calculated as follows:

2 <
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Sample calculation using Specimen A with 600g load:

h /(0.1016m)= (6.193E-10 m*/N) x (5.886N / x(0.006 m /2)°)

h = 1.30992E-05 m

This calculation applied for all specimens with same set of loads.

Wear Depth(m)

Waear Depth (m)

Wear Depth vs Contact Pressure

4.00E-04
3.50E-04 -
3.00E-04 -
2.50E-04 -
2.00E-04 -

1.50E-04

1.00E-04 -

5.00E-05

0.00E+00 -

-4 Specimen A
—#—Specimen B

SpecimenC
=4 Specimen D

Figure 4.7: Wear depth of cylindrical pin specimens

Wear Depth vs Contact Pressure
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Figure 4.8: Wear depth of squared pin specimens
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Based on Figure 4.7 and Figure 4.8, wear depth of the specimens are increasing
as the pressure applied to the pin increase. Graph pattern of wear depth is same with
worn mass graph pattern which shows the evidence that worn mass is linearly
proportional to the wear depth of the pin. This result can be interpreted that when
contact pressure is higher between two surfaces of pin and flat specimen resulted to
larger surface contact area has been forced down to make contact. Therefore, with the

increasing of number of cycles, more mass being worn away from the pin specimen.

However, by comparing Figure 4.7 and Figure 4.8, it shows that wear depth of
squared pin specimens were smaller than cylindrical pin specimens. This is because the
differential of contact area where the contact area of squared pin specimens were greater
than cylindrical pin specimens whom resulted to pressure applied to cylindrical pin
specimens was greater than squared pin specimens. This can be concluded that, the
wear depth of squared pin specimens was lower but the worn volume was greater and

the wear depth of cylindrical pin specimens was higher but the worn volume was lower.

4.2 MACROSCOPIC EXAMINATION

The pattern of wear been analyzed through the pattern of microstructure of the
pin specimen’s worn surface. As been specified in methodology, the microstructure at
three point of locations been captured which at the leading edge, center and trailing
edge and comparison can be made. Since there are six pin specimens involved, only
cylindrical pin specimen and squared pin specimen which having 60 numbers of cycles
(Specimen D and Specimen F) were selected where the wear rate of both of them based
on previous result were the highest and will be analyzed for their microstructure of the
worn surface. The rest of specimen’s microstructure result will be attached in the
Appendix’s section.



4.2.1 Cylindrical Pin Specimen

Figure 4.9: Worn Surface Area of Cyhndrical Pin Specimen (Specimen D) using 500x
magnifications at (a) Trailing Edge (b) Center and (c) Leading Edge

Figure 4.9 shows the pattern of wear at three different locations on the
cylindrical pin specimen’s womn surface. At the leading edge, worn area was larger and
clearly visible as shown by red circle. However, at the center and trailing edge, the worn
area became smaller. The larger worn scar indicates that the worn volume at that area
was greater which suggested that the contact pressure at that location was higher
compared to center and trailing edge. This result also suggested that the wear depth at
the leading edge was higher compared to other two locations.

Therefore, it can be proven that the worn surface was not totally even along the
pin’s surface and can be defined that as the pin specimen was moving along the surface
contact area of the flat specimen, the pressure distribution was higher at the leading
edge, decrease at the center, and the least at the trailing edge.

4.2.2 Squared Pin Specimen

" ©
Figure 4.10: Worn Surface Area of Squared Pin Specimen (Specimen F) using 500x

magnifications at (a) Trailing Edge (b) Center and (c) Leading Edge
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Compared to cylindrical pin specimen’s microstructure, squared pin specimen’s
microstructure as shown in Figure 4.10 was having much clearer visibility of womn scar.
However, the behavior of the wear mechanism was similar where worn area at leading
edge was the largest compare with two other regions. It can be seen that the direction of
the wear was linear and pointed into one direction. This had been supporting evidence
that worn surface pattern satisfied to the modified linear wear tester which having one

stroke of surface contact.

Worn scar of leading edge was larger compare to the center and trailing edge
and also the leading edge of cylindrical pin specimen. This indicates that more worn
volume occurred at the leading edge which should be resulted from higher contact stress
at that area compared to other regions. In term of geometries, squared pin specimen was
having tendency to wear quickly than cylindrical pin specimen based on the size of

wear scar of these three regions.

4.3 HARDNESS TEST

Due to incapability of the TABER® Linear Abraser (Abrader) - Model 5750 to
give the values of the coefficient of friction in order to simulate the tangential pressure
distribution during the movement of the linear surface contact, the hardness
measurements at leading edge, center and trailing edge have been taken as an alternative

to illustrate the wear mechanism at those three locations.

According to the philosophy and basic understanding of wear properties, the
surface area which encounter high wear rate will be having less hardness value while
other part which having low wear rate will be having high hardness value. Therefore,
based on this philosophy, the hardness values been measured at leading edge, center and
trailing edge to investigate the wear behavior at those three locations and the relation
with the mechanisms of the wear test. The hardness results were as shown as in Figure

4.11 and Figure 4.12.
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Figure 4.11: Hardness values at trailing, center and leading edge
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Figure 4.12: Average hardness values of all specimens

Figure 4.11 shows that the hardness values of all specimens decreased from
trailing, center and leading edge of the specimens. These results show that the wear rate
at the leading edge was greater, and then become much lesser at the center and the least
at the trailing edge of the specimens. In relation with the pressure distribution, as pin
specimens moved along the flat specimen, the frontal area of the pin were having

greater worn surface compare at the back area of the pin specimens. These evidences
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satisfied with the philosophy that high wear rate will reduce the hardness value of the

location of womn area.

On the other side, Figure 4.12 shows the average hardness values which have
been obtained by calculation of the mean hardness values of leading edge, center and
trailing edge. The pattern of result shows that as the number of cycles of surface contact
between specimens increased, the hardness values of the surface material decreased. As
known that the hardness values of the material is inversely proportional to the wear rate,
this can be interpreted that the wear rate of specimen increased as the number of cycles
increased. This theory contented with the result of the pin on flat test as mentioned

earlier.

By comparison of geometrical factor of the pin specimen taken at two most
highest number of cycles, 40 cycles and 60 cycles, squared pin specimens were having
less hardness values than cylindrical specimens. The contact area of squared pin
specimens was higher compared to cylindrical pin specimens. This shows that the larger
womn area of squared pin specimen’s surface where the resulted wear rate was high
contributed to the more decrement of the hardness values compared to cylindrical pin

specimens.

4.4 SIMULATION OF PRESSURE DISTRIBUTION

In this analysis, the pressure distribution illustrated using selected formula as
specified in methodology section and been focused at the highest applied load of
13.2435N (1350g) for both specimens where the pressure is the highest. Since the
previous results on pin on flat test shows that the wear rate was the highest and the worn
surface area was obvious only when higher load been applied, therefore, the pressure
distribution will illustrate the characterizations of the pressure applied around the
surface of contact area of those pin specimens. The solution of the simulation only
focused at normal load analysis since the incapability of the wear tester to obtain the

coefficient of friction for simulation of tangential load analysis.
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4.4.1 Normal Load Analysis

The assumption has been made that the normal load influence along the contact
area only. There is not normal load influenced outside the contact area. It has been
understandable that the maximum pressure applied could be at the center of the contact
patch of the pin specimens and been distributed to the minimum pressure at the
circumference of pin specimens. The contact pressure distribution is shown in Figure
4.13 and Figure 4.14.

le: & L0 @ di50n O aniis @ o

Figure 4.13: Normal pressure distribution of cylindrical pin specimen at 13.2435N
(1350g) applied load

Figure 4.14: Normal pressure distribution of squared pin specimen at 13.2435N
(1350g) applied load
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Both Figure 4.13 and Figure 4.14 show that the pressure distribution curve is
parabolic. The maximum pressures are (0.703 MPa and 0.5520 MPa for cylindrical pin
specimen and squared pin specimen respectively at maximum 13.2435N (1350g)
applied load. The comparison between both simulation shows that the maximum
pressure and its distribution for squared pin specimen lesser than cylindrical pin
specimen because the larger contact patch area of its geometrical factor. However, in
term of wear rate obtained shows that the wear rate was higher for squared specimen
due to more contact surface along its longitudinal and latitudinal distance.

The comparison between the maximum pressure distribution of loads applied for
cylindrical and squared pin specimens at 3.43N (350g), 5.89N (600g), 8.34N (850g),
10.79N (1100g) and 13.24N (1350g) as shown in Figure 4.15 and Figure 4.16
respectively.
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Figure 4.15: Maximum pressure distribution of all applied load for cylindrical
specimen
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Figure 4.16: Maximum pressure distribution of all applied load for squared specimen

4.4.2 Prediction of tangential load analysis

The tangential contact problem is usually connected with friction and a solution
is needed or surface shear stress distributions and related area of adhesion and slip in
the contact patch. The slip stick area distributions in contact patch can be obtained if the
value of coefficient of friction can be determined. However, due to incapability of
machine wear tester to provide the value of coefficient of friction, the slip stick area
distributions only can be predicted using the hardness value and macroscopic

examination’s results.

From this experiment, it is understandable that in this research, the adhesion area
is located at the leading edge of contact area as proven in the measurement of lowest
hardness value and obvious worn scar by macroscopic examination at this area and
decreases at the trailing edge. Therefore, it can be concluded that the slip zone could be
at the leading edge of the specimen where the surface shear stress is high and stick zone

could be at the trailing edge where the surface shear stress is minimal.
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4.4.3 Comparison on experimental and prediction of depth of wear

The comparison been focused on Specimen D of cylindrical pin specimen and
Specimen F of squared pin specimen since these two specimens encountered surface
contact at the highest number of cycles. The results have been shown in Figure 4.17 and
Figure 4.18 respectively. The rest of the results will be as per attachments in appendices

section.
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Figure 4.17: Comparison of cylindrical specimen’s depth of wear between

experimental and prediction
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Figure 4.18: Comparison of squared specimen’s depth of wear between experimental
and prediction
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Based on these two results, the prediction was used to fit the results of the
experiment. The value of wear of coefficient was obtained from the experiment. It can
be seen from the both of Figure 4.17 and Figure 4.18 that predictions have a good
agreement with the experimental results. There were errors that occurred during the
experiment which could not lead and satisfied with the prediction that have been
caleulated. For example the surface roughness of flat specimens may be varied from
each other and the modified specimen table which controlled manually could lead to the

CITOTS.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

The objectives of the investigation which to analyze wear mechanisms,
behaviors, and: characteristics of the laboratory wear testing result, to predict the wear
rate of pin on flat contacts and the effect of leading and trailing edge and to simulate the
pressure distribution at contact area was successfillly achieved. The pin on flat wear test
in linearly i'eciprocating motion has been investigated using pressure distribution study

the wear rate have been obtained been successfully compared to the prediction result.

The results showed pressure distribution can be used to determine the depth of
wear experimentally in pin on flat wear test and can be used also for the prediction at
highest number of applied load. The pressure distribution indicated a parabolic curve
with maximum pressure of 0.7030 MPa, 0.5720 MPa, 0.4420 Mpa, 0.3120 MPa and
1820 MPa for 13.24N (1350g), 10.79N (1100g), 8.34N (850g}, 5.89N (600g) and 3.43N
(350g) applied load respectively of cylindrical pin specimens and 0.5520 MPa, 0.4500
MPa, 0.3475 MPa, 0.2454 MPa and 9.1429 MPa for 13.24N (1350g), 10.79N (1100g),
8.34N (850g), 5.89N (600g) and 3.43N (350g) applied load respectively of squared pin
specimens. The depth of wear can be predicted from these pressure distributions and the

experimental results have a good agreement with the predictions.

Although the incapability of the wear tester machine to produce the value of
coefficient of friction in order to perform tangential load analysis, the effect of leading
edge and trailing edge of pin specimens have been successfully determined using the
hardness values and macroscopic examination of the worn surface. The results indicate
the evidences for all specimens that the hardness values were the lowest at the leading
edge area and the highest at the trailing edge area while supported by the results of
' macroscopic examinations where the wom scar was most obvious at the leading edge
and less obvious at the trailing edge. These evidences concluded that the wear rate was

the highest at the leading and the lowest at the trailing edge of pin specimens.
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The recommendations to improve these researches by obtaining the value of
coefficient of friction of surface contact. This can be done by using pin on disc wear
tester to obtain the values by using same materials of aluminum tested in this research.
Therefore, the tangential load analysis can be done to analyze the slip-stick area
distribution and surface shear stress. The research work could be expanded by using the
specimens consist of two different materials where the properties of both materials

should be varied thus the wear behavior and mechanisms should be different.

In addition to that, further research can be implemented where the experiment
can be planned to be carried out with the lubrication effect. The behavior of the result of
wear mechanisms could be different as this research was dry sliding type where there
were non-lubrication effects. Same goes to other varied parameters, such operating the
experiment in high temperature with low humidity or the experiment been carried out
with the effect of acidic additives to the test, as relation to the industrial application,

where high acidity of environment always been a concern.
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APPENDIX V

Specimen A
Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101¢
Load (g) 350 600 850 1100 135(
Load (N} 3.4335 5.886 8.3385 10.791 13.243!
V(m~3) 0.000E+00 3.704E-10 1.481E-09 2.222E-09 2.593E-0!
Worn Mass (mg) 0 1 4 6 :
Wear coefficient (k)(m”2/N) 0 6.193E-10 1.745E-09 2.027E-09 1.9268E-0¢
Contact area(m”2) 2.82743E-05  2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-0!
Contact Pressure (Pa) 121435.2216  208174.6656 294914.1096 381653.5535 468392.997!
Wear depth (m) 0 1.30992E-05 5.23967E-05 7.8595E-05 9.16942E-0!
Final mass (mg) Initial mass (mg)  Worn mass (mg)

753 753 0

752 753 1

748 752 4

742 748 6

735 742 7

Specimen B

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101
Load (g) 350 600 850 1100 135(
Load (N) 3.4335 5.886 8.3385 10.791 13.243¢
V {mA3) 3.704E-10 1.111E-09 2.593E-09 3.704E-09 4 AAAE-OS
Warn Mass (mg) 1 3 7 10 3
Wear coefficient (k}{m»2/N) 1.06171E-09 1.858E-09 3.060E-09 3.378E-09 3.3031E-0¢
Contact area(m*2) 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-0¢
Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.997¢
Wear depth (m) 1.30992E-05  3.92975E-05 9.16942E-05 0.000130992 0.0001571¢

Final mass (mg) Initial mass (mg)

752 753
749 752
742 749
732 742
720 732

Worn mass (mg)

1
3
7
10
12
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Specimen C

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101
Load (g) 350 600 850 1100 135(
Load (N) 3.4335 5.886 8.3385 10.791 13.243!
V (m*3) 1.111E-09 2222809 4 074E-09 5.926E-09 8.148E-0¢
Worn Mass (mg) 3 6 11 16 2
Wear coefficient (k){m*2/N) 3.18513E-09 3.716E-09 4.809E-09 5.405E-09 6.0557E-0
Contact area(m”2) 2.82743E-05  2.82743E-05 2.82743E-05 2.82743E-05 2.82743€-0!
Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.997!
Wear depth (m) 3.92975E-05 7.8595E-05 0.000144091 0.000209587 0.00028818.
Final mass (mg) Initial mass (mg)  Worn mass (mg)
750 753 3
744 750 6
733 744 11
717 733 16
695 717 22
Specimen D
| Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101
Load (g) 350 600 850 1100 135
Load (N) 3.4335 5.886 8.3385 10.791 13.243
V (mA3) 1.852E-09 3.333E-09 5.185E-09 7.778€-09 1.037€-0
Worn Mass (mg) 5 9 14 21 2
Wear coefficient (k)(m”*2/N) 5.30854E-09 5.574E-09 6.120E-09 7.094E-09 7.7072E-0
Contact area(m”2) 2.82743E-05  2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-0
Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.997
Wear depth (m) 6.54959E-05 0.000117893 0.000183388 0.000275083 0.00036677
Final mass (mg) Initial mass (mg)  Worn mass (mg)
748 753 5
739 748 9
725 739 14
704 725 21
676 704 28
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Specimen E

| Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101
Load (g) 350 600 850 1100 135
Load (N) 3.4335 5.886 8.3385 10.791 13.243!
V{m*3) 1.481E-08 2.593E-09 4.815E-09 6.667E-09 9.259E-0
Worn Mass (mg) 4 7 13 18 2
Wear coefficient (k)(m?2/N) 4.24684E-09 4.3356-09 5.683E-09 6.081E-09 6.8814E-0
Contact area(m”2) 0.0036 0.0036 0.0036 0.0036 0.003
Contact Pressure (Pa) 953.75 1635 2316.25 2997.5 3678.7.
Wear depth (m) 4.11523€E-07 7.20165E-07 1.33745E-06 1.85185E-06 2.57202E-0

Final mass (mg) Initial mass (mg)  Warn mass (mg)
879 883 4
872 879 7
859 872 13
841 859 18
816 841 25
Specimen F

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.101
Load (g) 350 600 850 1100 138
Load (N) 3.4335 5.886 8.3385 10.791 13.24:

V({m*3) 2.593E-09 4.074E-09 6.296E-09 8.889E-09 1.111E-C

Worn Mass (mg) 7 11 17 24 3

Wear coefficient (k)(m*2/N) 7.43196E-09 6.813E-09 7.432E-09 8.108E-09 8.2577€(
Contact area 0.0036 0.0036 0.0036 0.0036 0.00:
Contact Pressure (Pa) 953.75 1635 2316.25 2997.5 3678.0
Wear depth (m) 7.20165E-07 1.13169E-06 1.74897E-06 2.46914E-06 3.08642E-(

Final mass (mg) Initial mass (mg)

876 883
865 876
848 865
824 848
794 824

Worn mass (mg)
7
11
17
24
30
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APPENDIX VI
(a) Trailing Edge
(b)Center

(¢) Leading Edge

Specimen A

(a) (b) ()

Specimen B
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Specimen C

Specimen E
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APPENDIX VIII
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Distance/Load
3
28
-26
24
-2.2
-2
18
16
-14
-12
-1
0.8
06
04
02
0
02
04
06
08
1
12
14
16
18
2
12
24
6
18
3

Cylindrical Specimen
13.24N (1350g)
0.0000
0.2524
0.3507
0.4218
04779
0.5240
0.5624
0.5%47
0.6218
0.6443
0.6628
0.6775
0.6888
0.6967
0.7014
0.7014
0.6967
0.6888
0.6775
0.6628
0.6443
0.6218
05947
0.5624
0.5240
04779

0.3507

0.0000

10.79N(1100g)  B.34N(8S0g)

0.0000
0.2054
0.2854
03432
0.3889
04263
0.4576
0.4839
0.5059
0.5242
0.5393
0.5513
0.5604
0.5669
0.5707
05720
0.5707
0.5669
0.5604
05513
0.5393
05242
0.5059
0.4839
0.4576
0.4263
0.3889

0.2854
0.2054
0.0000

0.0000
0.1587
0.2205
0.2652
03005
03294
0.3536
03739
0.3909
0.4051
0.4167
0.4260
0.4331
04381
0.4410
0.4420

0.4381
0.4331
0.4260
0.4167
0.4051

03739

03294

0.1587
0.0000

APPENDIX IX

5,.89N(600g)
0.0000
0.1120
01557
0.1872
o
02326
0.2496
02639
02759
0.2860
0.2942
03007
0.3057
03092
03113
03120
03113
03092
03057
03007
0.2942
0.2860
02759
0.2639
0.249
02326
02121
0.1872
01557
01120
£.0000

3.43N{350g)
0.0000
0.0653
0.0908
0.1092
0.1237
0.1357
0.1456
0.1540
0.1610
0.1668
01716
0.1754
01783
0.1804
0.1816
0.1820
0.1816
0.1804
0.1783
0.1754
01716
0.1668
01610
0.1540
0.1456
0.1357
0.1237
0.1092
0.0908
0.0653
0.0000

Squared Specmen

13.24N(1350g) 10.79N(1100g) 8.34N(850g) 5.BON(600g) 3.43N(350g)

0.0000
0.1982
0.2754
03312
0.3753
04114
0.4416
0.4669
0.4882

0.4416
0.4114

03312

0.1982
0.0000

0.0000
0.1616
0.2245
0.2700
0.3059
03354
0.3600
0.3807
0.3980
0.4124
0.4243
0.4337
0.4409
0.4460
0.4450
0.4500
0.4450
0.4460
0.4409
0.4337
0.4243
04124
0.3980
0.3807
0.3600
0.3354
0.3059

0.2245
0.1616
0.0000

0.0000
0.1248
0.1734
0.2085
0.2363
0.2590
0.2780
0.2940
03073
0.3185
0.3276
0.3349
0.3405
0.3444
0.3467
03475
0.3467
0.3444
0.3405
0.3349
0.3276
0.3185
0.3073
0.2940

0.2590
0.2363

01734
0.1248
0.0000

0.0000
0.0881
0.1224
0.1472
0.1668
0.1829
0.1963
0.2076
0.2170
0.2249
0.2314
0.2365
0.2404
0.2432
0.2449
0.2454
0.2449
0.2432
0.2404

0.2314
0.2249
02170

0.1963
0.18219
0.1668
0.1472
0.1224
0.0881
0.0000

0.0000
0.0513
0.0713
0.0857
0.0972
0.1065
0.1143
0.1209
0.1264
0.1310
0.1347
0.1377
0.1400
0.1416
0.1426
0.1429
0.1426
0.1416
0.1400
01377
0.1347
0.1310
0.1264
0.1208
0.1143
0.1065
0.0972
0.0857
00713
0.0513
0.0000



Specimen D

APPENDIX X

Specimen D(exp)

Distance {m) 0.1016

Load (N) 3.4335 5.886 8.3385 10.791 13.2435

Wear coefficient (k)(m”2/N) 5.31E-09 5.57E-09 6.12E-09 7.09E-09 7.71E-09

Wear depth (m) 9.82E-05 0.000177 0.000275 0.000413 0.00055

Prediction

Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05

Wear coefficient (k)(m*2/N) 6.36E-09 6.36E-09 6.36E-09 6.36E-09 6.36E-09

Wear depth (m) 1.186-04 2.02E-04 2.86E-04 3.70E-04 4.54E-04
Specimen F

Specimen F(exp)

Load (N) 3.4335 5.886 8.3385 10.791 13.2435

Wear coefficient (k)(m*2/N)  7.43E-09 6.81E-09 7.43E-09 8.11E-09 8.26E-09

Wear depth (m) 0.000108 0.00017 0.000262 0.00037 0.000463

Prediction

Contact Pressure (Pa) 1.43E+05 2.45E+05 3.48E+05 4.50E+05 5.52E+05

Wear coefficient (k)(m»2/N) 7.61E-09 7.61E-09 7.61E-09 7.61E-09 7.61E-09

Wear depth (m) 1.10E-04 190E-04 2.69E-04 3.48E-04 4.27E-04
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Specimen A

Specimen A (exp)
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Load (N) 3.4335 5.886 8.3385 10.791 13.2435
Wear coefficient (k)(mA2/N) 0 6.19e-10 1.75E-09 2.03E-09 1.93E-09
Wear depth (m) 0 196605 7.86E-05 0.000118 0.000138
Prediction
Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05
Wear coefficient (k)(mA2/N) 1.26E-09 1.26E-09 1.266-09 1.26E-09 1.26E-09
Wear depth (m) 2.34E-05 4.01E-05 5.68E-05 7.35E-05 9.03E-05
160604 1— S
140604 -
i = 120604 | ;
= 100E-04 | — < \
‘ 2 / \
& B8.00E-05 |
| 2
| g AR5 1 . : Experimental
| - A
4.00E-05 j[  m
2.00E05 H,,_-Q' =
0.00E+00 o~ |
"ol
& &
..,!79‘, % ,b‘f D .;;.b
Load (N}




Specimen B

Specimen B (exp)

Load (N) 3.4335 5.886 8.3385 10.791 13.2435
Wear coefficient (k)(m”2/N) 1.06E-09 1.86E-09 3.06E-09 3.38E-09 3.3E-09
Wear depth (m) 1.96E-05 5.89E-05 0.000138 0.000196 0.000236
Prediction
Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05
Wear coefficient (k)(mA2/N) 2.536-09 2.536-089 253E-09 253609 2.53€-09
Wear depth (m) 4 68E-05 8.03E-05 1.14E-04 147E-04 1.81E-04
2.50E-04 T |
| 200604 -
E ‘
| £ 150604 |
[- %
=
. & 10004 — & Experimental ‘
L
; P I. I.
5.00E-05 =
0.00E+00

Load (N)

[

i

, |

34335 5.886 83385 10.791 13.2435 ‘
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Specimen C

Specimen C (exp)
Load (N) 3.4335 5.886 8.3385 10.791 13.2435
Wear coefficient (k)(m”*2/N)  3.19E-09 3.72E-09 4.81E-09 5.41E-09 6.06E-09
Wear depth (m) 5.89E-05 0.000118 0.000216 0.000314 0.000432
Prediction
Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05
Wear coefficient (k)(mA2/N)  4.636-09 4.63E-09 4.63E-09 4.63E-09 4.63E-09
Wear depth (m) 8.57E-05 1.47E-04 2.08E-04 2.69E-04 3.31E-04
{ 5.00E-04 - e
’ 4.50E-04 -
| 4.00E-04
T 3.50E-04 !
| = 3.00E-04
£ 250e04 -
= 200E-04 - —— Experimental
; 1.50E-04 - Prediction
1.00E-04
[ 5.00E-05 -
[ 0.00£400 —
34335 5.886 83385 10.791 13.2435
Load [N)




Specimen E

Specimen E {exp)

Load (N) 3.4335 5.886 8.3385 10.791 13.2435
Wear coefficient (k)(m*2/N)  4.25E-09 4.34E-09 5.68E-09 6.08E-09 6.88E-09
Wear depth (m) 6.17E-05 0.000108 0.000201 0.000278 0.000386
Prediction
Contact Pressure (Pa) 143062.5 245250 347437.5 449625 5518125
Wear coefficient (k)(m*2/N) 5.45E-09 5.45E-09 5.45E-09 5.45E-09 5.45E-09
Wear depth (m) 7.92E-05 1.36E-04 1.92E-04 2.49E-04 3.05E-04
4.50E-04 —
e
, 3.506-04 . 7
. E 3.00£04 |
£ 25004 -
| Q >~
, '; 2.00E-04 o -— Experimental
z 150E0L —— | /» - Predicts
1O0E04 —— &
500605 - |
Q.00E+00

Load (N)
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qm” Designation: E 92 - 82 (Reapproved 1997)°"

Standard Test Method for

AMERICAN SOCIETY FOR TESTING AND MATERIALS
100 Basr Marbor Dr., West Conshohocken, PA 19428
Reprintod from the Annusl Book of ASTM Standards. Copyright ASTM

Vickers Hardness of Metallic Materials'

This standard is issued under the fixed designation E 92; the number immediately following, the designation indicates the year of
original adoptioo or, in the case of revision, the year of last revision. A sumber in parentheses indicates the year of last reapproval. A
superscript epsilon («) indicates an oditonial change since the last revision or reapproval.

This standard has been approved for wse by agencies of the Departmeni of Defense. Conswult the Dol Index of Specifications and
Standards for the specific year of issue which has been adopted by the Department of Defense.

1 Nore—Section 27 was added editorially in October 1997.

1. Scope

1.1 This test method covers the determination of the Vick-
ers hardness of metallic materials, using applied loads of |
kgf to 120 kgf,? the verification of Vickers hardness testing
machines (Part B), and the calibration of standardized bard-
ness test blocks (Part C). Two general classes of standard tests

are recognized:

1.1.1 Verification, Laboratory, or Referee Tests, where a
high degree of accuracy is required.

1.1.2 Routine Tests, where a somewhat lower degree of

is permissible.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines®

E 140 Hardness Conversion Tables for Metals (Rela-
uompnammmeﬂuamnm,ﬁckfnmm

Knoop Hardness, and Seleroscope Hardness)®
E 384 Test Method for Microhardness of Materials®
3. Terminology

3.1 Vickers hardness number, HV—a number related to
the applied load and the surface area of the permanent
impression made by a square-based pyramidal diamond
indenter having included face angles of 136° (see Fig. 1 and
Table 1), computed from the equation:

HV = 2P sin (a/2)/d* = 1.8544P/d*

where:

P = load, kgf,

d = mean diagonal of impression, mm, and

a = face angle of diamond = 136",

3.2 Vickers hardness test—an indentation hardness test

* This test method is under the jurisdiction of ASTM Commitiee E-28 on
WTﬁﬂuhwmdeﬂu
Indentation Hardness Testing.

&mﬁamlﬂyﬂlﬂ?ﬂhﬁlmm
published as E 92 - 52 T. Last previous edition E92 - 72 (1977).

3Auuahvmvm-lﬂm“ilihlmju
t.ﬁmybefonllm'h-l‘uhdil“.'l'uw Microhardness of

Materials, appearing in the Annual Book of ASTM Siandards, Vol 03.01,
3 Annual Book of ASTM Standards, Vol 03.01.

using calibrated machines to force a square-based pyramidal
diamond indenter having specified face angles, under a pre-
determined load, into the surface of the material under test
and to measure the diagonals of the resulting impression
after removal of the load.

3.2.1 Vickers hardness tests are made at test loads of 1 kgf
to 120 kgf.

3.2.2 For practical purposes the Vickers hardness number
is constant when a square-based diamond pyramid with a
face angle of 136" is used with applied loads of 5§ kgf and
higher. At lower test loads the Vickers hardness may be
load-dependent. In Table 2 are given the Vickers hardness
numbers for a test load of | kgf For obtaining hardness
numbers when other test loads are used, the Vickers hardness
number obtained from Table 2 is multiplied by the test load
in kilograms-force (Tabile 3).

Note |—The Vickers hardness number is followed by the symbol
HV with 2 suffix sumber denoting the lcad and second suffix number
indicating the duration of loading when the latter differs from 100 155,
which is the normal loading time.

FIG. 1 Vickers Hardness Test (see Tabis 1)

TABLE 1 Symbols and Designalions Associsied with Fig. 1
Number Symbol Designasion
1 Angle at the vertex of the pyramidsl in-
danter
Test load in
Arithmetic mean of the two dagonals o'
and d*

2 [
3 d




Exampie: 33 gaiﬁmim—dn:kinzorustingtommfam—
440 HV 30 = Vickers hardness of 440 measured under s load of 30 kgf  AnCE with the specification.
applied for 10to0 158 3.4 calibration—determination of the values of the signif-
440 HV 30/20 = Vickers hardness of 440 measured under a load of 30 icant parameters by comparison with values indicated by a
kef applied for 20 = reference instrument or by a set of reference standards.

TABLE 2 Vickers Hardness Numbers
(Diamond, 136° Face Angle, Load of 1 kgf)

Dsagonal of Vickers Hardness Number for Disgonsl Measured 1o 0.0001 mm
mm 0.0000 0.0001 0.0002 0.0003 0.0004 0.0008 0.0008 0.0007 0.0008 0.0008
0.005 T4 170 71290 68 580 66 020 63 580 61300 50130 57 080 55120 532710
0.006 51510 49 840 48 240 46720 45270 43 890 42570 41310 40100 38 950
0.007 37 840 36 T80 770 34 800 33 880 2970 2100 31280 30 480 2710
0.008 28970 28 260 27 580 26 920 26280 25870 25070 24 500 23850 23410
0.008 22800 22390 21810 21440 20980 20550 20120 19710 19310 18920
0010 18 540 18180 780 17 480 17 140 18820 16 500 16 200 15900 15610
0.011 15 330 15 050 14780 14 520 4270 4020 12780 13550 13320 13 080
0012 12 880 12670 12 480 12 260 12060 1870 11680 11500 11320 11 140
0013 10970 10810 10840 10 480 10330 10170 10030 9880 9737 o8
0.014 9481 LR - 9196 8088 8943 8820 8699 8581 8 468 8353
0.015 8242 8133 8026 Te22 7818 7718 76820 7523 7428 7335
0.016 7244 7154 7088 8979 6885 8 6728 6849 8570 6493
007 6416 6342 6268 6186 6125 6085 5906 5919 5853 57187
o018 5723 5860 5508 5537 5417 5418 5360 5308 5247 5191
0018 5137 5083 5080 4978 4827 47 a8z ATTR ATR 4683
0.020 4638 4 580 4545 4500 4458 4413 4370 4328 4208 4245
0.021 4208 4165 4128 4 087 4049 402 3975 3938 3802 5888
002 3 3797 3res arms 3696 3083 3Isn 3599 35687 35%
0023 3505 3475 3445 3416 3387 3358 EE -] 3am 3274 346
0.024 sz 3198 3168 3140 ans 3089 3084 3039 3015 200
0.025 2967 2943 2920 2897 2814 2852 2830 2808 2788 2764
0.026 2743 212 21 268 2881 280 a8 2601 2582 2563
0.027 2544 28525 2508 2488 2470 24852 2434 2417 239 238
0.028 2385 2348 23 2315 2299 2283 227 2251 2238 2220
0.029 2205 210 2175 2180 2145 21 2118 21 2088 2074
0.030 2080 2047 2033 2020 2007 1983 1980 1968 1968 1942
0.031 1880 1917 1905 1083 1881 1069 1057 1845 1834 18z
0.032 1811 1800 1788 177 1766 175 1745 1734 1724 173
0.033 1703 1683 1882 1672 16682 1682 16843 1633 1623 1814
0.084 1604 1585 1585 1576 1567 1558 1548 1540 153 1822
0.035 1514 1508 1497 1488 1480 14M1 1483 1455 1447 1439
0.036 1431 1423 1415 1407 1400 1382 1384 137 1368 1982
0.037 1355 1347 1340 1333 1328 1319 1312 1308 1208 120
0.038 1284 1217 12n 1284 1258 12651 1245 1238 1232 1225
0.030 1219 1218 1200 1200 1188 1108 1188 mn 1M 1185
0.040 1159 1183 1147 1142 1138 113 1125 1119 1114 1108
0.041 1108 1088 1082 1087 1082 1017 1072 1066 1081 1058
0.042 1051 1048 1041 1098 1081 1027 1022 107 1012 1008
0.043 1003 908 904 989 985 980 w5 m 967 a62
0.044 958 953 B4 945 941 936 a2 =28 924 20
0.045 918 912 908 904 886 a2 888 B84 880
0.046 876 873 868 865 861 858 854 850 847 843
0.047 839 836 a2 829 825 818 815 812 808
0.048 805 802 708 795 ™ 788 785 . m 75
0.048 e 709 788 7683 780 L 54 ™ 748 745
0.050 742 79 738 ™ ™ ™ T4 ™ e e
0.051 T3 70 o7 TS 3 609 L] L) L 688
0.052 688 883 681 &7 675 673 610 668 065 663
0.053 680 658 655 653 850 848 845 843 841 638
0.054 636 834 831 629 627 a4 a2 620 817 815




TABLE 2 Continued

Duagonai of Vickers Hardness Numbes for Disgonsl Meesured to 0.0007 mm

mm 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
0.055 613 611 609 608 604 [ 600 598 506 583
0.056 L) 589 587 585 583 581 57 57 575 573
0.087 571 580 5687 586 589 561 566 557 555 583
0.058 551 549 547 568 544 542 540 538 535
0.058 533 53 529 s7 526 524 520 519 5188
0.080 515.1 5134 517 5100 508.3 508.6 5050 500.3 s0ns S500.0
0.081 498 4 4987 485.1 4835 4919 4803 488.7 4871 485.5 4840
0.062 824 480.9 4793 4778 4762 4747 4732 a7 4702 4687
0.083 4872 485.7 4843 4628 4813 4589 458.4 457.0 4556 4541
0.064 452.7 451.3 440.9 4485 4470 4457 444 4 443.0 408 4403
0.065 43889 476 4382 4349 4336 4322 4309 4296 4283 4270
0.066 4257 4244 4231 4219 4208 4193 4181 4168 58 4143
0.087 413 AN 4108 A08A 4082 Ao 4058 4048 403.4 22
0.068 4.0 3909 308.7 75 3965 3852 30 29 mas W05
0.089 /5 3884 3|r2 386.1 385.0 39 3828 ;.7 3806 s
0.070 3784 3774 3783 352 3742 73 720 7.0 3069 368.9
0.0m w79 366.8 3858 848 837 w27 x7 3807 807 sa7
0072 asrT 356.7 assy 3547 3538 asz28 3518 3509 3409 3489
0.073 3480 3470 6.1 M5 3442 3433 3423 314 3405 396
0.074 3388 ar7 3368 3359 3350 E<R 3332 33023 K< R 3305
0.075 3297 288 278 aro 3262 3263 U5 3238 27 e
0.076 2.0 202 3194 385 nna 369 nso ns2 Naa nis
0077 3128 3120 mna 303 3005 308.7 ars ar2 306.4 058
0078 3048 304.0 032 s oy 3009 3002 2204 2985 2079
0079 271 2064 2956 2049 241 2234 =7 09 a2 2805
0.080 280.7 2890 2883 2878 2269 8.2 2654 2847 2840 2833
0.081 28286 219 2812 28008 e 2 2ras s amna 785
0.082 2758 5.1 2744 2738 i m2A s na 75 2808
0.083 2892 2685 2679 2872 2666 2880 2853 2647 2641 2834
0.084 228 2622 2818 2809 280.3 207 259.1 2585 578 2573
0.088 258.7 256.1 2555 2549 2543 37 2351 2525 =18 */13
0.086 250.7 250.1 2408 2400 2484 478 2473 248.7 2461 2458
0.087 2450 2444 2439 2433 2428 2422 08 411 2408 2400
0.088 239.5 2389 2384 2718 273 2368 2382 287 262 48
0.089 2341 2338 2331 2325 =20 s 0 2305 2300 2204
0.080 289 284 2279 2Z74 2289 2264 259 2254 2249 2244
0.091 2238 2234 229 s 20 s 20 205 220.0 2186
0.082 21/ 2186 2181 217 217 2167 2183 2158 2153 2149
0.083 2144 2138 2135 2130 2126 221 217 mz2 2108 2103
0.094 2099 2094 2080 2085 208.1 208 am2 2068 206.3 2069
0.085 2065 2050 2048 2042 208 203 29 25 2021 ans
0.096 202 2008 2004 200.0 1995 w1 198.7 1983 "wre "wrs
0.097 1971 198.7 1963 1959 1955 186.1 1947 ™3 1939 1935
0.098 1931 17 3 we ms 1911 1807 1904 190.0 1898
0.089 189.2 1888 188.4 1881 wr.r 1873 1869 1868 186.2 186.5




TABLE 3 Decimal Point Finder for Use with Table 2
An example of determination of hardness numbers follows the table.

Diagonal Langth,

Vickers Hardness (HV),
1-4gf Load

S HTH

BIBERERGEEEGEERER

0.10

0724
o642
0572
0514
0.464

Exampie—Using a 504 mst load, the average messured diagonal length =
0644 mm.

in Table 2 rewd:

HV = 447 at 0.0644-mm diagonal length at 1-kgf load.

Using Tabie 3 determine:

HV = 4.47 at 0.644-mm diagonsl length st 1-kgf losd.
50 x 4.47 = 224 HV for 50-kg st load.

A. GENERAL DESCRIPTION AND TEST PROCEDURE FOR VICKERS HARDNESS TESTS

4. Apparatus

4.1 Testing Machine—Equipment for Vickers hardness
testing usually consists of a testing machine which supports
the specimen and permits the indenter and the specimen to
be brought into contact gradually and smoothly under a
predetermined load, which is applied for a fixed period of
time. The design of the machine should be such that no
rocking or lateral movement of the indenter or specimen is
permitted while the load is being applied or removed. A
measuring microscope is usually mounted on the machine in
such a manner that the impression in the specimen may be
readily located in the optical field.

4.2 Indenter:

4.2.1 The indenter shall be a highly polished, pointed,
square-based pyramidal diamond with face angles of 136° =
30 min.

422 All four faces of the indenter shall be equally
inclined 1o the axis of the indenter (within +30 min) and

mect at a sharp point, that is, the line of junction between
opposite faces shall not be more than 0.001 mm in length as
shown in Fig. 2.

4.2.3 The diamond should be examined periodically and
if it is loose in the mounting material, chipped, or cracked, it
should be discarded or reconditioned.

Note 2—The condition of the point of the indenter is of consider-
able importance where the test load is light and the impression is small.
It is recommended that the point be periodically checked by examining
an impression made in a polished steel block. Under a magnification of
60Wx or more, using 2 vestical illominator, any chipping or rounding of
the point can be detected and the extent of the defect measured with a
filar micrometer. It is recommended that a diamond pyramid indenter
should not be used for tests in which the maximum length of such a
defect exceeds 5% of the length of the impression diagonal.

43 Measwring Microscope—The divisions of the mi-
crometer scale of the measuring microscope or other mea-
m&mhﬂhnwm&wﬁd‘ﬂ:
diagonals of an impression in a properly surface-finished



Q.00 mm mox. TABLE 4 Corvection Factors for Use in Vickers Hardness Tests

Bfsde on Spherical Surfaces
Comvex Surface Concave Surface
dp* Corvection Factor djpA Comection Factor
0.004 0995 0.004 1.005
0.990 0.008 1010
0.3 0.965 o002 105
008 0.980 0.018 1020
0.023 0.975 0.020 1025
0.028 0970 0.024 1.080
0.083 0.965 0.028 1.085
0.038 0.960 0.031 1.040
0.043 0955 0.035 1.045
0.048 0.950 0.038 1,060
0085 0945 0.041 1085
FIG. 2 Junciion of indenter Feces 0.061 0940 0.045 1.080
0.067 0.935 0.048 1.065
specimen (see 5.1.2) can be measured to within +0.0005 mm 0073 0530 0.051 1.070
or 0.5%, whichever is larger. 0079 0825 0.05¢ 1.075
080 015 0080 1085
5. Test Specimens 0815 1.085
5.1 The Vickers hardness test is adaptable to a wide o i e e
variety of test specimens ranging from large bars and rolled o.107 0.905 0.086 1.085
sections to minute pieces in metallographic mounts. In o oo e e
general the backs of the specimens shall be so finished or the ’
specimens shall be so clamped that there is no possibility of 0.130 0.890 0074 1110
their rocking or shifting under the test load. The specimens g::z g % :g
shall also conform to the requirements given in the following
5.1.1, 5.1.2, and 5.1.3. 0.158 0875 0.082 1125
5.1.1 Thickness—The thickness of the test specimen shall 0.165 0.570 0.084 1130
be such that no bulge or marking showing the effect of the . . - T
load appears on the side of the specimen opposite the 0.185 0.880 0.089 1.140
impression. In any event the thickness of the specimen shall 0.195 0.855 0.081 1.145
be at least one and one half times the length of the diagonal. e ome 0.0 1.150
When laminated material is tested, the thickness of the 4D = diameter of cyinder.
individual component being tested shall be used for the O .

thickness-diagonal length relationship.

5.1.2 Finish—The surface of the specimen should be so %dl -
prepared that the ends of the diagonals are clearly defined 10
and can be read with precision of +0.0005 mm or +0.5% of -ﬁ,—u.d = 0.150 mm
the length of the diagonals, whichever is larger. Care should o=t = e
be taken in specimen preparation to avoid tempering during =
grinding, or work-hardening the surface during polishing. -

5.1.3 Alignmeni—The specimen should be so prepared or Hud-d'qbe mxo.m ~SIORVI0
mounted that the surface is normal to the axis of the indenter m&w' ”""‘.f'ﬁ‘.;.”"“

10 mm

within #1° of angle. This can readily be accomplished by Z y -

& '_l' (or otk .. : hini _Jthe ite side M%dmiﬂﬂ?‘_ d M‘fm
of the specimen 10 paraliclism with the side to be tested. From Tables 2 and 3, HV -

5.1.4 Radius of Cwrvature—Until further investigative mgmm_ s o ,f.}sm -

work is accomplished to determine the effect of the radius of

curvature on readings, due caution should be used in inter-

preting or accepting the results of tests made on cylindrical 6. Verification of Apparatus

surfaces. 6.1 The hardness testing machine shall be verified as
NOTE 3—A method recommended by the International Organiza-  Specified in Part B.

tion for Standardization for correcting Vickers hardness readings taken 6.1.1 Two acceptable methods of verifying Vickers hard-

mMﬂMWhthﬂhti,‘Mi ness testing machines are given in Part B.

surfaces. The correction factors are tabulated in terms of the ratio of the 7. Procedure
mean diagonal 4 of the indentation to the diameter D of the sphere or 5
cylinder. Exampies of the use of these tables are: 7.1 MWdTﬁILM—TﬂtMOfIMtO 120



TABLE § Cormrection Fectors for Use in Vickers Hardness Tests

TABLE 8 Corvection Factors for Use in Vickers Hardness Tests

Made on Cylindrical Surfaces Made on Cylindrical Surfaces
(Diagonals at 45° to the axis) (One diagonal paraliel 10 &xis)
Convex Surtace Concave Surtace Convex Surtace Concave Surface
dpp* Carrection Factor dp* Correction Factor dpp* Correction Factor apr Caonvection Factor
0.009 0995 0.009 1.005 0.000 0995 0.048 1.085
0017 0980 0.017 1.020 o018 0.9%0 0.063 1.060
0.028 0.985 0.025 1015 0.029 0.085 0.058 1.045
0.041 0.880 0.063 1.080
0.035 0.960 0.034 1.020 0.054 0975 0.067 1.085
0.044 0975 0.042 1.025 0.068 0970 0.071 1.080
0,083 0870 0.050 1.030 0.085 0.965 0.078 1.085
0.104 0.960 0078 1.070
0.062 0.965 0.058 1.035 0.128 0955 0.083 1075
0071 0.960 0.066 1.040 0.153 0.9%0 0.087 1.080
0.081 0.955 0.074 1.045 0.189 0.945 0.090 1085
. 0.243 0.940 0.008 1.000
0.080 0.850 0.082 1.060 0.097 1.086
0.100 0.545 0.089 1.085 Conceve Surface 0.100 1.100
0.109 0.940 0.087 1.080 0.103 1.108
0.105 1.110
0.119 0935 0.104 1.085 wo4 Corsection Factor 0.108 1.115
0.129 0.830 0.112 1.070 o1 1.120
0.139 0825 0119 1.075 0.008 u:’ 0113 1125
0018 1 0116 1330
0.149 0.820 0127 1.080 0.023 1.015 0.118 1135
0.159 0915 0134 1.085 0.0%0 1.020 0.120 1.140
0.189 0910 0141 1.080 0.0%8 1025 0.123 1145
0.042 1.0%0 0.125 1.150
0178 0.905 0.148 1.005 7D = S -
0.189 0.900 0.155 1.100 .
0.200 0,895 0162 1.108 o = wun diagonsl of mpression is millesters.
b g measurement be made with the impression centered as
0.183 1120 nearly as possible in the field of the microscope.
82 In the case of anisotropic materials, for example
&;: :‘:S materials that bave beea heavily cold worked, there may be a
0208 1138 difference between the lengths of the two diagonals of the
’ impression. In such cases, the test specimen should be
m :m reoriented so that the diagonals of a new impression are
0222 1189 approximately of equal length.
AD = chameter of sphers.
d = mean dagonsl of impression in milimeters. 9. Accuracy

kgf may be used, depending on the requirements of the test.
Although tests on homogencous materials indicate that the
Vickers hardness number is nearly independent of the test
load, this condition will not be present in cases where there is
a hardness gradient from the specimen surface to the interior
of the specimen. The magnitude of the test load should
therefore be stated in the test report (Section 11).

7.2 Application of Test Load—Apply the test load and
release smoothly without shock or vibration. The time of
application of the full test load shall be 10 to 15 s, unless
otherwise speci

specified.

7.3 Spacing of indentations—The center of the impres-
sion shall not be closer to any edge of the test specimen or to
another impression than a distance equal to two and one half
times the length of diagomal of the impression. When
laminated material is tested, a bond surface shall be consid-
ered as an edge for spacing of indentation calculations.

8. Measurement of Impression

8.1 Both diagonals of the impression shall be measured
and their mean value used as a basis for calculation of the
Vickers hardness number. It is recommended that the

9.1 The accuracy of the Vickers hardness
function of the accuracies of the test force, indenter, and
measuring device. The condition of the test and support
surfaces and support of the test piece during application
the test force also affect accuracy. Under optimum condi-
tions of these factors the accuracy that can be expected is the
equivalent of 4 % of the Vickers hardness number of the
standardized reference hardness test blocks (see 18.2). Under
less than ideal conditions the reduction in accuracy, when
required, can be established empirically by employing statis-
tical methods.

:

-

10. Conversion to Other Hardness Scales or Tensile Streagth
Values

10.1 There is no general method for converting accurately
Vickers hardness numbers 1o other hardness scales or tensile
strength values. Such conversions are, at best, approxima-
tions and therefore should be avoided, except for special
cases where a reliable basis for the approximate conversions
has been obtained by comparison tests.

Nove 5—Standard E 140 give approximate coaversion values for
:ﬁ-ﬁ-mﬁﬂmwmm

i

e
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11. Report

11.1 The report shall include the following information:

11.1.1 The Vickers hardness number,

11.1.2 The test load used (see 3.2.2, Note 1), and

11.1.3 The loading time, if other than 10 to 15s(see 3.2.2,
Note 1).

12. Precision and Bias

12.1 Due to the wide variety of materials tested by this
method and the possible variations in test specimens, the
precision of this method has not been established. The
accepted practice is to utilize the information in 9.1 when
plmnl‘thnmeﬂmd,whethﬂmvduullidcqu-
ator, multiple operators, or multiple laboratories, can be
established by employing statistical methods.

B. VERIFICATION OF VICKERS HARDNESS TESTING MACHINES

13. Scope

13.1 Part B covers two procedures for the verification of
Vickers hardness testing machines and a procedure that is
recommended for use to confirm that the machine has not
become maladjusted in the intervals between the periodical
routine checks. The two methods of verification are:

13.1.1 Separate verification of load application, indenter,

and measuring microscope.

13.1.2 Vertification by standardized test block method.

13.2 The first procedure (13.1.1) is mandatory for new
and rebuilt machines.

13.3 The second procedure (13.1.2) shall be used for
verifying machines in service.

14. General Requirements

14.1 Before a Vickers hardness testing machine is verified
the machine shall be examined to ensure that:

14.1.1 The machine is properly set up.

14.1.2 The indenter holder is mounted normally in the

14.1.3 The load can be applied and removed without
shock or vibration in such a manner that the readings are not
influenced.

14.2 If the measuring device is integral with the machine,
the machine shall be examined to ensure that:

14.2.1 The change from loading 1o measuring does not
influence the i

14.2.2 The method of illumination does not affect the

14.2.3 The center of the impression is in the center of the
field of view.

15. Verification

15.1 Separate Verification of Load Application, Indenter,
and Measuring Microscope:

15.1.1 Load Application—The applied load shall be
checked by the use of dead weights and proving levers, or by
an elastic calibration device or springs in the manner
described in Practices E4. Such dead weights or other
loading devices shall be accurate to +0.2 %. Vickers hardness
testing machines shall be verified at a minimum of three
applied loads including the test load specified. A minimum
of three readings should be taken at each load. A Vickers
hardness testing machine is acceptable for use over a loading
range within which the machine error does not exceed +1 %.

15.1.2 Indenter—The form of the diamond indenter shall
be verified by direct measurement of its shape or by
measurements of its projection on a screen. The angle

between opposite faces of the pyramid shall be 136° + 30
min. All four faces shall be equally inclined to the axis of the
pyramid within 30 min. The four faces of indenters used
for laboratory, or routine fesis, shall meet at a point no more
than 0.001 mmlenﬂh(uFu.Z).mmhmor
indenters used in calibrating standardized hardness test
blocks, shall meet at a point in which the line of junction
between opposite faces is no more than 0.0005 mm in length
(see Fig. 3). The guadrilateral that would be formed by the
intersection of the four faces with a plane perpendicular to
the axis of the indenter shall have angles of 90° + 12 min.

15.1.3 Measuring Microscope—The measuring micro-
scope or other device for measuring the diagonals of the
impression shall be calibrated against an accurately ruled line
scale (stage micrometer). The errors of the line scale shall not
exceed 0.05 pm (0.00005 mm) or 0.05 % of any interval,
whichever is greater. The measuring microscope shall be
calibrated throughout its range of use and a calibration factor
chosen such that the error shall not exceed 0.5 %. It may be
necessary to divide the complete range of the micrometer
microscope into several subranges, each having its own
factor.

15.2 Verification by Standardized Test Block Method:

15.2.1 Avmmmmumﬁm
routine testing may be checked by making a series of
impressions on standardized hardness test blocks (Part C).

15.2.2 A minimum of five Vickers hardness readings shall
be taken on at least three blocks having different levels of
hardness using a test load or loads as specified by the user
with the test load applied for 12 s.

15.2.3 Vickers hardness testing machines shall be consid-
ered verified if the mean diagonal for five hardness impres-

Q0005 mm maox.

FG 3 Junction of indenter Faces



sions meets the requirements of 17.2.

16. Procedure for Periodic Checks by the User

16.1 Verification by the standardized test block method
(15.2.2) is too lengthy for daily use. Instead the following is
recommended:

16.1.1 Make at least one routine check each day that the
testing machine is used.

16.1.2 Before making the check, verify that the zero
reading of the measuring apparatus is correctly adjusted.

16.1.3 Make at least five hardness readings on a standard-
ized hardness test block on the scale and at the hardness level
at which the machine is being used. If the values fall within
the range of the standardized hardness test block the ma-
chine may be regarded as satisfactory; if not the machine
should be verified as described in 15.2.2.

17. Repeatability and Error

17.1 Repeatability:

17.1.1 For each standardized block, let d,, d,, -+~ ds be
the arithmetic means of the two diagonals of the indenta-
tions, arranged in increasing order of magnitude.

17.1.2 The repeatability of the machine under the partic-
ular verification conditions is expressed by the quantity d; —
d,.

lI'I_2 Error:

17.2.1 The error of the machine under the particular ver-
:ﬁunon conditions is expressed by the quantity 4 — d, where
= (d, + dy + -+ d,)/5, and d is the reported mean
wdwmmwmm

18. Assessment of Verification

18.1 Repeatability—The repeatability of the machine ver-
ified is considered satisfactory if it satisfies the conditions
given in Table 7.

18.2 Error—The mean diagonal for five impressions
should not differ from the mean diagonal corresponding to
the Vickers hardness of the standardized test block by more
than 2 % or 0.5 pm (0.0005 mm), whichever is greater.

TABLE 7 Repestsbility of Machines

Range of The Repestaiity of
Hardness of Test @ Machine Shoukd ek e
Blocks be Less Than:
100 1o 240, inct AxcldAs 8 at 100 HY; 16 at 200 HV
Over 240 1o 800, ind 3xofgr® 18 st 300 HV; 36 st 600 HV
Over 800 2% 0lgA® 28 ut 700 HY
Admidy+ 0y +...+dgf5

2 i il cases e repesiabilty is the percentage given or 1 jum ([0.001 mmj),
whichever is the greeter.

C. CALIBRATION OF STANDARD HARDNESS TEST BLOCKS FOR VICKERS HARDNESS MACHINES

19. Scope

19.1 Part C covers the calibration of standardized hard-
ness test blocks for the verification of Vickers hardness
testing machines as described in Part B.

20. Manufacture

20.1 Each metal biock to be standardized shall be not less
than Vs in. (6 mm) in thickness.

20.2 Each block shall be specially prepared and heat
treated to give the necessary homogeneity and stability of
structure.

20.3 Each block, if of steel, shall be demagnetized by the
manufacturer and maintained demagnetized by the user.

20.4 The lower surface of the test block shall have a fine
ground finish.

20.5 The test (upper) surface shall be polished and free of
scratches which would interfere with measurements of the
diagonals of the impression.

20.5.1 The mean surface roughness height rating shall not
exceed 4 pin. (0.0001 mm) center line average.

20.6 To ensure that no matenial is subsequently removed
from the test surface of the standardized test block, an
official mark or the thickness at the time of calibration shall
be marked on the test surface to an accuracy of +0.005
in(20.1 mm).

21. Standardizing Procedure

21.1 The standardized hardness test blocks shall be cali-
brated on a Vickers hardness testing machine verified in
accordance with the requirements of 13.1.1.

21.2 The mechanism that controls the application of load
should either:

21.2.1 Employ a device such as a spring to reduce the
velocity of indentation of the indenter during the period of
indentation, or

21.2.2 Employ a device to maintain a constant velocity of
indentation of the indenter.

21.3 The full load shall be applied for 12 s.

22. Number of Indentations

22.1 At least five and preferably ten randomly distributed
indentations shall be made on each test block.

23. Measurement of the Diagonals of the Indentation

23.1 The illuminating system of the measuring micro-
scope shall be adjusted to give uniform intensity over the
field of view and maximum contrast between the indentation
and the undistributed surface of the block.

23.2 The measuring microscope shall be graduated to read
0.001 mm with estimates made to the nearest +0.0002 mm.

23.3 The measuring microscope shall be checked by a
stage micrometer, or by other suitable means, to ensure that
the difference between readings corresponding to any two
divisions of the instrument is correct within +0.0005 mm.

234 It is recommended that each indentation be mea-
sured by two observers.

24. Repeatability

24.1 Let d;, d;, ---d, be the mean values of the
mmumwmmw
in increasing order of magnitude.



24.2 The repeatability of the hardness readings on the
block is defined as (d,o — d,), when ten readings have been
made or 1.32 (ds — d,) when five readings are taken on the
block.

25, Uniformity of Hardness

25.1 Unless the repeatability of hardness readings as
measured by the mean diagonals of five or ten impressions is
within the limits given in Table 8, the block cannot be
regarded as sufficiently uniform for standardization pur-
poses.

26. Marking
26.1 Each block shall be marked with the following:
26.1.1 Arithmetic mean of the hardness values found in
the standardization test (see also 3.2.2, Note 1).
26.1.2 The name or mark of the supplier,

TABLE § Repestability of Hardness Readings

Range of Standendized Hard- The Repeatabiity of the Test Block
ness of Test Block Readings Shell be Less Than:
100 o 240, inci 3 xolgr®
Ower 240 to 600, Incl 2 zofghre
Over 600 155 of dA®

Adwmid, +dy ¥ ... +dYn.
®in o cases the repeatabilly is the percentage given or 1 yn (0.001 menj,
whichever s the grester.

26.1.3 The serial number of the block, and

26.1.4 The thickness of the test block or an official mark
on the top surface (see 19.6).

Note 6—All of the markings except the official mark or thickness
should be piaced on the side of the block, the markings being upright
when the test surface is the upper face.

27. Keywords
27.1 metallic; Vickers hardness
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APPENDIX XTI

Specimen A
Edge Specimen A | d1 d2 Hv
Trailing x1 291 29.29 2175
Avg. Center
yl 30.31 29.04 2105 | (Hv)
Center x2 31.2 30.52 194.7 203.6
y2 30.2 29.87 205.5
Leading x3 33.23 29.98 185.6
Average 202.2
Specimen B
Edge SpecimenB | dl1 d2 Hv
Trailing x1 29.67 29.02 2153
Avg. Center
yl 31.04 28.89 206.5 | (Hv)
Center x2 32.33 29.67 192.9 2021
y2 34.87 25.01 206.8
Leading x3 33.24 3217 1733
Average 196.9
Specimen C
Edge SpecimenC | d1 d2 Hv
Trailing x1 28.76 30.35 2123
Avg. Center
vl 31.22 28.42 208.5 | (Hv)
Center x2 31.55 30.33 193.7 198.5
y2 27.34 346 193.3
Leading x3 32.65 33.32 1704
Average 193.7
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Specimen D

Edge | SpecimenD | d1 d2 Hv [
Trailing | x1 27.56 31.99 209.1
yl 26.75 34.87 195.3 | Avg. Center (Hv)
Center | %2 32.54 30.01 1895 1945
y2 30.88 30.24 198.5
Leading | x3 33.55 33.97 162.7
Average 188.8
Specimen E
Edge | SpecimenE | di d2 Hv
Trailing | x1 28.43 30.42 214.1
yl 32.35 27.65 206.0 | Avg. Center (Hv)
Center | x2 3321 28.04 197.7 1939
y2 3508 | 29.44| 1781
Leading | x3 31.75 34.65 168.2
Average 192.1
Specimen F
Edge | SpecimenF | dl d2 Hv
Trailing | x1 30.13 32.45 189.4
yl 33.65 28.54 191.7 | Avg. Center (Hv)
Center | x2 29.85 3321 186.5 1843
y2 3143 | 3372 1747
Leading | x3 35.09 32.89 160.5
Average 178.1
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