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About EIT

We are dedicated to ensuring that you receive 
a world-class education and gain skills that you 
can immediately implement in the workforce.

Engineering Specialists
EIT is one of the only institutes in the world specializing 
in Engineering. We deliver professional certificates, 
diplomas, advanced diplomas, undergraduate and 
graduate certificates, bachelor’s and master’s degrees, 
and a Doctorate of Engineering. 

Industry Oriented Programs
Our programs are designed by industry experts, 
ensuring you graduate with cutting-edge skills that 
are valued by employers. Our program content 
remains current with rapidly changing technology 
and industry developments. 

World-Class Australia Accredited Education
Our vocational programs and higher education degrees are 
registered and accredited by the Australian Government. 
We have programs that are also recognized under three 
international engineering accords. 

Industry Experienced Lecturers
Our lecturers are highly experienced engineers and subject 
specialists with applied knowledge. The technologies 
employed by EIT, both online and on-campus, enable us to 
source our lecturers from a large, global pool of expertise.  

Unique Delivery Model
We deliver our programs via a unique delivery methodology 
that makes use of live and interactive webinars, an 
international pool of expert lecturers, dedicated learning 
support officers, and state-of-the-art such as hands-on 
workshops, remote laboratories, and simulation software. 
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Introduction - Presenter

Dr. Balaji Trichy Narayanaswamy

• Balaji is an Interdisciplinary Lecturer at the University of Sydney.
• Specializes in industry and community project units with a real-

world problem focus.
• Holds a background in Mechanical and Materials.
• Completed a PhD at Deakin University in 2017 under Deakin 

University Postgraduate Research Scholarship.
• Career highlights include winning the 'Victoria International 

Student of the Year 2016-Regional' award and being a finalist in 
the 'Fame Lab 2015' science talk competition for presenting 
'Sandwich steel structures for tackling abrasive wear.'
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Tribology-Introduction

Tribology

Wear

Friction

Contact 
mechanics

Material 
science

Surface 
treatment

Interface 
Corrosion

1 B B. Introduction to Tribology. 2 ed Hoboken. 2013
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• Adhesive wear

• Abrasive wear

• Fatigue wear

• Tribochemical or corrosive wear

• Fretting wear

Abrasive wear contributes towards 50% of wear in most industrial 

applications, especially in mining and mineral processing industries2. 

2 Archard J. Friction between metal surfaces. Wear. 1986;113:3-16

Process of material removal when a hard surface 

slides (or abrades) against a relatively soft surface  

Hard

Soft

Material removed

Different modes of wear 
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⮚ US spends $500 billion dollars due to inadequate control of friction and wear ^

⮚ 1/3 of world’s energy resources are utilized in overcoming friction and wear

Industrial scenario-Bucket wheel excavator that 
undergoes abrasin phenomenon

https://www.youtube.com/watch?v=DDgvtrQyuPY
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Background: Commonly used microstructures to resist abrasion

Ferrite 

Spheroidised cementite

Quenched and spheroidised steels

carbides

Ferrite 

Quenched and tempered steels

In multi-phase microstructures, the role of individual phases in abrasion is quite complex. 

Bainite or martensite

Ferrite 

Dual phase steels
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Objectives

A. To evaluate the effect of ferrous microstructures with similar bulk hardness on abrasive wear.
B. To understand the impact of microstructures with similar constituents (e.g., carbides or retained austenite) on

abrasive wear
C. To conduct an in-depth investigation on the two-body abrasive wear behaviour of ferrous microstructures (similar

hardness) using controlled environment.



EIT CRICOS Provider Number: 03567C | EIT Institute of Higher Education: PRV14008 | EIT RTO Provider Number: 51971

Laboratory experimental set-up: High 
temperature pin on disc tribometer
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Variables affecting abrasive wear

Material-metallurgical factors, 
e.g., microstructure and 

hardness

Abrasive particles-
morphology, 
hardness and 

fracture toughness

Environment

A

B

C

A

B
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Alloys C Si Mn Cr Mo Ni Al Co

Steel A 0.261 1.61 3.51 1.05 0.275 1.69 0.78 0.49

Steel B 0.046 0.26 1.84 0.0078 0.251 0.0087 0.0702 0.0066

Steel C 0.844 0.27 0.67 0.02 0.006 0.04 0.002 0.004

Similar hardness (350-360 HV0.01N)

Steel C-Pearlite Steel A-Bainite
Steel B-

Martensite

Steel A-
Tempered 
Martensite

Microstructural behaviour towards abrasion:

⮚ Specific wear rate and frictional study.

⮚ Topographic analysis

⮚ Wear track analysis

⮚ Sub-surface characteristics

⮚ Work-hardening

Chemical composition of different steels
Alloys Heat treatment Final microstructure

Steel A Austenization:1000°C-30 min + 

austempering: 300°C-5h

Bainite

Steel A Austenization:1000°C-30 min + rapid 

water quenching + tempering: 500°C-3h

Tempered martensite

Steel B Austenization:900°C-5 min + rapid 

water quenching

Martensite

Steel C As received Pearlite

Influence of microstructure with similar 
hardness on abrasive wear 
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Specific wear rate of microstructuresa

Bainite: HV0.01N=358±2

c

Martensite: HV0.01N=355±3

d

Tempered martensite: 

HV0.01N=357±3

b

Pearlite: HV0.01N=326±2

Frictional curve of microstructures

Microstructures with similar hardness level 
(350-360 HV20kgf)



d) Tempered martensite

a) Bainite
b) Pearlite

c) Martensite

Topographic analysis of abraded surfaces

Deep and narrow grooves

Wide and shallow grooves

Non-uniform groovesuniform grooves



Microstructure Ra (nm) Rq (nm) Rz (µm) Rt (µm)

Bainite 565 722 2.88 4.42

Pearlite 424 519 2.07 3.16

Martensite 529 659 2.46 3.25

Tempered martensite 693 968 4.12 6.62

Surface profile analysis of abraded surfaces

Deep and narrow grooves

Wide grooves – high 

material loss

Bainite Pearlite

Martensite Tempered martensite
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f

b

e

a
Bainite Pearlite

g

c

Martensite

h

d

Tempered Martensite

ploughing and wedge formation-material removal 
mechanism 

cutting mode-material removal mechanism  

Single and multi-wear track 
characteristics of microstructures
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e

f

g

h

Bainit

e

Pearli

te

Marten

site

Tempered 

martensit

e

Differential abrasive response of microstructures:
a) realignment of microstructural constituents and 
b) formation of white layer 

Sub-surface characteristics of 
microstructures
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Multi-phase (brittle and ductile) microstructures

Abrasive particle 

direction

Abrasive particle 

direction

Wider crack and 

more material loss

Ductile phase offers support for 

load bearing brittle phase 

More resistance 

Brittle

DuctileBrittle

Single-phase (brittle or ductile) microstructures

Easy penetration
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Multi-phase microstructures offer higher degree of 

work hardening

Effect of work hardening on the abraded 
microstructures
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• Multi-phase microstructures (i.e., bainite and pearlite) exhibited superior abrasion resistance than single-
phase microstructures (i.e., martensite and tempered martensite).

• The sub-surface analyses were crucial in determining their abrasive response, i.e., realignment of
microstructural constituents (pearlite and bainite) and/or formation of white layer (martensite and tempered
martensite).

• The distinct material removal processes of the microstructures were attributed towards their microstructure
matrix. Multi-phase microstructures - ploughing and wedge formation mechanisms - narrow and deep wear
tracks. Single-phase microstructures, the cutting mode - wide and shallow wear tracks.

Summary - A 



Fully bainitic microstructures (FB)

FB-200⁰C FB-250⁰C FB-300⁰C FB-350⁰C Microstructural behaviour towards abrasion:

⮚ Specific wear rate and frictional study.

⮚ Topographic analysis

⮚ Wear track analysis

⮚ Sub-surface characteristics

⮚ Work-hardening

Bainitic ferrite

To understand the impact of microstructures with similar constituents (i.e., bainitic ferrite and retained austenite) on abrasive wear

Alloys C Si Mn Cr Mo Al Co

Steel X 0.79 1.5 1.98 0.98 0.24 1.06 1.58

Alloys Heat treatment Final microstructure

Steel X Austenization: 900°C-30 min + 

austempering: 350°C-1 day

Fully bainite 350°C

Steel X Austenization: 900°C-30 min + 

austempering: 300°C-2 days

Fully bainite 300°C

Steel X Austenization: 900°C-30 min + 

austempering: 250°C-5 days

Fully bainite 250°C

Steel X Austenization: 900°C-30 min + 

austempering: 200°C-10 days

Fully bainite 200°C
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FB-350⁰C - 413±5 HV0.01N FB-300⁰C - 500±5 HV0.01NFB-250⁰C - 584±4 HV0.01N FB-200⁰C - 632±5 HV0.01N

Microstructures Bainitic ferrite 

thickness (nm)

Bainitic ferrite 

dislocation density 

(m-2)

Vol. fraction of 

retained austenite 

(%)

Retained 

austenite 

thickness (nm)

Morphology of 

retained austenite

FB-350⁰C 300±100 2x1015 54 70±30 Films and block

FB-300⁰C 118±40 2.9x1015 51 60±20 Films and block

FB-250⁰C 80±20 3.65x1015 17 30±10 Mostly films

FB-200⁰C 60±10 4.7x1015 16 30±5 Mostly films

Characterization of the fully bainitic 
microstructures 



Specific wear rate of microstructures

Frictional curve of microstructures

Continual increase in ‘µ’ due to the material loss

Relatively stable ‘µ’ 



FB-350⁰C - 413±5 HV0.01N FB-300⁰C - 500±5 HV0.01N

FB-250⁰C - 584±4 HV0.01N
FB-200⁰C - 632±5 HV0.01N

Topographic analysis on abraded surfaces

Deep and narrow grooves

Higher material removal 

characterized by wider grooves



Surface profile analysis of abraded surfaces

FB-300⁰C - 500±5 HV0.01NFB-350⁰C - 413±5 HV0.01N

FB-250⁰C - 584±4 HV0.01N FB-200⁰C - 632±5 HV0.01N

Wide grooves – high 

material loss

Narrow grooves

Microstructure Ra (µm) Rq (µm) Rz (µm) Rt (µm)

FB-350⁰C 1.16 1.5 6.5 10.16

FB-300⁰C 1 1.28 6.1 9.65

FB-250⁰C 1.29 1.6 7.8 11.22

FB-200⁰C 1.42 1.95 9 15.48



Single wear track characteristics

ploughing and wedge formation-material removal 

mechanism 

b

FB-300⁰C - 500±5 HV0.01N

a

FB-350⁰C - 413±5 HV0.01N

c

FB-250⁰C - 584±4 HV0.01N

1 µm

d

FB-200⁰C - 632±5 HV0.01N
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FB-350⁰C FB-300⁰C FB-250⁰C FB-200⁰C

At higher transformation 

temperatures, wear tracks 

are shallow and wide 

At lower transformation 

temperatures, wear tracks are 

deep and narrow 

Most of the abraded 

material is lost as debris
Abraded material is 

displaced to the sides.

Schematic representation of single-wear track and material 
displacement for different fully bainitic conditions



Sub-surface 

characteristics of 

microstructures

a

b

c

d

e

f

g

h

Extent of microstructural realignment was unique 

for different microstructures 

FB-350⁰C

FB-300⁰C

FB-250⁰C

FB-200⁰C

Highly deformed 

white layer

Stable film morphology RA was highly beneficial in wear – more strain 

required for TRIP effect



Microstructures Before wear test After wear test

FB-350⁰C 54% 24%

FB-300⁰C 51% 19%

FB-250⁰C 17% 15%

FB-200⁰C 16% 14%

Effect of retained austenite (TRIP effect) during abrasive wear 

FB-300⁰C

FB-250⁰C

FB-200⁰C

FB-350⁰C

FB-250⁰C FB-200⁰CFB-350⁰C FB-300⁰C FB-250⁰C
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• The characteristics of the microstructural constituents (i.e., morphology, size, vol. fraction and dislocation density)
determined the abrasion behaviour of the fully bainitic microstructures.

• Microstructures with finer microstructural constituents (i.e., <100 nm-FB-200⁰C & FB-250⁰C) had better abrasion
resistance than the bainitic microstructures with relatively coarse microstructural constituents (i.e. >100 nm-FB-300⁰C
& FB-350⁰C).

• The groove characteristics and the surface profile of the abraded microstructures determined the amount and
mechanism of material removal in the microstructures .

• The morphology of retained austenite was crucial in sliding abrasion, as it determined the beneficial aspects of TRIP
effect.

Summary-B
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Variables affecting abrasive wear

Material-metallurgical factors, 
e.g., microstructure and 

hardness

Abrasive particles-
morphology, 
hardness and 

fracture toughness

Environment

A

B

C

A

B



e

100 µm

Interrupted abrasive tests- efficiency of abrasive particles

The particle efficiency is pronounced during the initial period of test and after a 

threshold sliding distance, there is a reduction in material removal. This indicates that 

the abrasive environment is dynamic.

SiC

SiC

SiC

Alumina

Alumina

Alumina

b

c

b

c
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To conduct an in-depth investigation on 
the two-body abrasive wear behaviour 
of ferrous microstructures (similar 
hardness) using controlled abrasive 
environment.

• The two-body abrasive wear behaviour of four distinct 
microstructures (used in previous study) was carried out 
using a high-stress scratch test method.

• The scratch test employs a robust indenter (hard metal) 
which abrades the microstructure surface, thereby offering 
more control over the abrasive environment characteristics. 

Test parameters Units Values

Normal load N 200, 500, 1000, 1500 & 2000

Sliding speed mm/s 1

Sliding distance mm 30

Indenter tip size µm ~820



Microstructures with similar hardness level (330-30 HV0.01N):a) Steel B – martensite,
b) Steel A – tempered martensite c) Steel A – bainite and d) Steel C – pearlite.



SEM analysis on the grooves of microstructures at 100N normal load

(a) (b)

(c) (d)

Bainite Pearlite

MartensiteTempered martensite

Narayanaswamy, B., Ghaderi, A., Hodgson, P., Cizek, P., Chao, Q., Safi, M., & Beladi, H. (2019). Abrasive wear resistance of ferrous microstructures with 
similar bulk hardness levels evaluated by a scratch-tester method. Metallurgical and Materials Transactions A, 50(10), 4839-4850.



SEM (a-c) and topographical analysis (d-f) of the grooves in martensite microstructure at different load conditions

200 N 1000 N 2000 N

Step formation

Crack initiation and propagation



SEM (a-c) and topographical analysis (d-f) of the grooves in tempered martensite at different load conditions

200 N 1000 N 2000 N

Crack initiation and propagation



SEM (a-c) and topographical analysis (d-f) of the grooves in bainite microstructure at different load conditions

200 N 1000 N 1500 N



SEM (a-c) and topographical analysis (d-f) of the grooves in pearlite microstructure at different load conditions

200 N 1000 N 1500 N
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V1 V2

Vg

Built-up edges

Groove

d

w

Analysis:

V1 & V2 are the volume of the built-up edges (mm3);

Vg is the volume of the groove (mm3);

Volume of material removal, Vrem = [Vg – (V1 + V2)] (mm3);

Degree of penetration, Dp = 2d/w. 

1
2

3
4

Cross section of a groove with material displaced 
to the sides as built-up edges in schematics
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Material removal mechanism 
in microstructures

Ploughing mechanism was observed at low loads (200–500 N), 

irrespective of the microstructure type.

Cutting mechanism was dominant at loads above 1000 N.

Fraction of material removal (i.e., Vrem/Vg = f), was plotted 

against Dp for all microstructures. The process of material 

removal was identified based on the value of f, i.e., 

ploughing, f ~ 0 and cutting, f ~ 1).



(a) (b) (c)

Observations:

⮚ The volume of material removal and degree of penetration was directly proportional to the 

normal load subjected during the test.

⮚ Little correlation between the degree of penetration and the volume of material removed.

⮚ At lower loads (200-1000N), bainite and pearlite displayed better abrasion resistance than other 

microstructures.

Groove profile analysis



(b) (c)

200 N 1000 N 2000 N

Sub-surface characteristics of martensite microstructure subjected to scratch tests at different load conditions

Sub-surface characteristics of martensite microstructure subjected to scratch tests at different load conditions

200 N 1000 N 2000 N

Formation of voids leads to the

detachment/fracture of martensite

laths

Presence of less dislocations favours

a high thickness sub-surface layer



200 N 1000 N 1500 N

10 µm

(b)

200 N 1000 N 1500 N

Sub-surface characteristics of pearlite microstructure subjected to scratch tests at different load conditions

Sub-surface characteristics of bainite microstructure subjected to scratch tests at different load conditions

Detachment of sub-surface layer

Coalescence of ferrite and cementite 

regions



TEM characterization of the martensite and pearlite sub-surface layer subjected to a scratch test.

(b)

A- Cementite fragmentation

B- cementite dissolution in a highly dislocated ferrite

A-Fragmentation of the martensite laths

B-Formation of equiaxed/fine grains along with rows of elongated grains 

B

A



EIT CRICOS Provider Number: 03567C | EIT Institute of Higher Education: PRV14008 | EIT RTO Provider Number: 51971

Characterization of sub-surface layers in 
different microstructures.



(c)

(b)

(d)

(a)

Comparative groove profile of different microstructures as a function of normal load. 

Martensite Tempered martensite

Bainite Pearlite

Ploughing mechanism was observed at low loads (200–500 N), 

irrespective of the microstructure type.

Cutting mechanism was dominant at loads above 1000 N.
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• In general, multi-phase microstructures displayed relatively low volume of material removal in comparison with single-phase 
microstructures martensite and tempered martensite. 

• The groove characteristics (i.e., width, w and depth, d) of the microstructures were significantly influenced by the properties of 
the microstructure constituents and the normal load.

• A transition in the material removal mechanism (i.e., ploughing to cutting mechanism) was observed with respect to the normal 
load subjected during the scratch testing. 

• The distinct sub-surface characteristics of the microstructures were a clear indication of their response to the abrasive scratch 
test. 

• The amount of work-hardening (i.e., increase in sub-surface hardness) had a direct and positive correlation with respect to the 
abrasive behaviour of the microstructures.

Summary - C 
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Thank you!
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Upcoming Courses

Find MORE courses here: www.eit.edu.au/study-areas/mechanical-engineering/

We have a range of courses in Mechanical Engineering.

Courses Start Date

Graduate Diploma of Engineering (Mechanical) 2 January 2024

Graduate Certificate in Mechanical Engineering 2 January 2024

Online – Master of Engineering (Mechanical) 2 January 2024

Professional Certificate of Competency in Mechanical Engineering 23 January 2024

Undergraduate Certificate in Engineering Foundations 12 February 2024

Undergraduate Certificate in Mechanical Engineering 12 February 2024

Online – Bachelor of Science (Mechanical Engineering) 12 February 2024

Professional Certificate of Competency in Vibration Analysis, Balancing, Alignment, Predictive and Precision 
Maintenance of Machinery

13 February 2024

Doctor of Engineering 13 February 2024
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Upcoming Webinars

All upcoming Events & Webinars:
www.eit.edu.au/news-events/events/

Authentication for Remote Critical Infrastructure (IT/OT) Assets
08 Nov 2023

Power System Support From Photovoltaic Systems
15 Nov 2023

Strategies for Effective Data Analytics in Incident Investigation
30 Nov 2023

Mastering the Art of Effective Investigation Techniques
7 Dec 2023

http://www.eit.edu.au/news-events/events/
https://www.eit.edu.au/event/authentication-for-remote-critical-infrastructure-it-ot-assets/
https://www.eit.edu.au/event/power-system-support-from-photovoltaic-systems/
https://www.eit.edu.au/event/strategies-for-effective-data-analytics-in-incident-investigation/
https://www.eit.edu.au/event/mastering-the-art-of-effective-investigation-techniques/
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Certificate of Attendance

To receive your digital certificate of attendance for participating in this 
webinar, please fill out the form and survey here (or scan the QR Code):

Kindly note that this form will close on Sunday, 5 November 2023 and no further requests 
for certificates will be accepted after the form has closed

https://qrco.de/beVEiw
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Q&A
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Website
www.eit.edu.au

Head Office
1031 Wellington Street West Perth
Perth, WA 6005

Phone
Inside Australia: 1300 138 522
Outside Australia: +61 8 9321 1702

Email
webinars@eit.edu.au

Courses
https://www.eit.edu.au/schedule/
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