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PRAPAPORN SILAWONG : ABRASION RESISTANCE OF
COPPER-ALLOYED AUSTEMPERED DUCTILE CAST IRON.

THESIS ADVISOR : USANEE KITKAMTHORN, Ph.D., 123 PP.

AUSTEMPERING/SINGLE-STEP/TWO-STEP/AUSFERRITE/ABRASION

WEAR/ WEIGTH LOSS/WEAR RATE

This research studied the abrasion resistances of Cu-alloyed and unalloyed
austempered ductile cast irons. The irons were subjected to single-step and two-step
austempering processes at the temperature of 280, 300, and 320 degree celsius for the
total times of 60, 90, and 120 minutes. The specimens were cut into the final size of
25 x 60 x 5 mm and the surfaces were polished to ensure that the surface roughness
was less than 3 microns. Abrasion wear testing was carried out on two-body Suga
abrasion tester using 1 newton for apply load. Specimen weigth losses were measured
and worn surfaces were observed by scanning electron microscope. In addition, the
microstructures and mechanical properties i.e. hardness, yield strength, tensile
strength and impact energy were investigated. Results showed that wear rates of Cu-
alloyed austempered ductile cast iron were higher than those of unalloyed
austempered ductile cast iron and their mechanical properties were lower. These were
due to the addition of Cu which delayed the phase transformation from austenite into
ausferrite during austempering treatment and thus resulted in coarser ausferrite
maxtrix microstructure. It was also found that two-step austempering process reduced
the wear rate especially for low temperatures treatment such as 280 degree celsius.
Wear rate of Cu-alloyed ductile cast iron austempered by two-step process at 280

degree celsius for 120 minutes was 0.0582 milligrams per meter, whereas that



austempered by single-step was 0.1091 milligrams per meter. The two-step
austempering process at higher temperature such as 320 degree celsius did not reduce
wear rate. Although the lowest wear rate was found in the unalloyed ductile cast iron
treated by two-step process at initial temperature of 320 degree celsius for a total time
of 60 minutes, this was due to the presence of martensite in the matrix. The worn
surfaces of all austempered ductile cast iron were found to exhibit features which are

grooving, tearing, scratching, and pitting.
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Minimum yield | Minimum tensile Minimum Minimum Typical
strength strength elongation unnotched Brinell
Grade

Charpy hardness

(MPa) (MPa) (%) ) (HB)
1 550 850 10 100 269-321
2 700 1050 7 80 302-363
3 850 1200 4 60 341-444
4 1100 1400 1 35 388-477
5 1300 1600 - - 444-555

HUINA : “Wear resistance properties of austempered ductile iron,” Lerner and Kingsbury,

1997 , ASM International, February 1998, Volume 7(1) 48-52.
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AG, = —gm’gAGv + 47rr2}/a,y +§7rr3AGS (2.2)
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Y v
A A NUNUSNWIUAD (arca of interface)
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(density of nucleation sites)
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v Ao AW luAIINeN81 (the attempt frequency)

Taef v=EkT/n

k ﬁﬂ Boltzmann constant

ﬁﬂ Plank’s constant
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d' dyo [ d' 9 a [
P399 2.1 aFfiaan 15 luaums 2.15 Tagwosananngluuuveans lnge

Model n
Diffusion — controlled growth of a fixed number of particles 32
Growth of a fixed number of particles limited by the interface process 3
Diffusion — controlled growth of cylinders in axial direction only 1
Diffusion — controlled growth of discs of constant thickness 2
Growth on dislocations 2/3
Nucleation at a constant rate and diffusion — controlled growth 52
Growth of a fixed number of eutectoid cells 3
Nucleation at a constant rate and growth of a eutectoid 4

HU8LYA : “The Physical Chemistry of Solids,” Borg and Dienes, 1992,

Academic Press Inc Limited, p. 525.
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Conical

/ Abrasive

Element

S S—

] Y
51U 2.24 upummHaesmsdnrsouuUIdeadszMINeUMALazIioIag
(“ Mechanical wear prediction and prevention,” Bayer, 1994,

Marcel Dekker, INC, p. 24)

r
L'=p— (2.16)
2
4 < o A 1
1ie p Ao 21ULLUIT0YNA (indentation hardness) YDIIAANDDUNI

v
% = A S S

=) d! d! ,:s' v v dy =
1/2 f19 ﬂiﬁﬁuﬂﬂl@ﬁgﬂﬂiflﬂ‘ﬂﬁﬂWﬁﬂUW‘HN'Jﬂllﬂ'l‘iLﬁUﬂﬁ
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310193 Tagnvrsanginsevesdrdude denanalugli 222 Huiindidavedsed Ao

r’ tan @ a1uUTN1ATVeIMIANNTO A0 IV NUTLEZMUMITY dx 32181

dV = r?tan 8dx (2.17)

A
FINANNT (2.16) UAE (2.17) AR UNNIANIADI99 92 16

V:2tan49Lx (2.18)
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(2.23)

£ A ' A =S 4 o Aa ' =2 a a
BI K AD ANANINNITEANYITO %Qiﬁuﬂﬁ]ﬁ]ﬂﬂuﬂa@@ﬂTiﬁﬂWﬁ@Llﬂﬂlaﬂﬂﬁ

E4
%

' Y Y o
Navua Taeal K lauaad1ideansne 2.2

A 1 A =2 ~q Yo o =2 = =
AN 2.2 LFAIMAINNITEANYTD (K) 'Vlslflff’n‘ﬁiﬂﬂ15ﬁﬂﬁ§@llﬂﬂ!ﬁﬂﬂﬁ

K
Condition
Dry Lubricated
Two — body
File 5x10° 10"
New abrasive paper 10” 2x10°
Used abrasive paper 10° 2x10°
Coarse polishing 10" 2x 10"
< 100 pm particles 10”
> 100 um particles 10"
Nominal range, dry and lubricated <lto>10"
Three — body
Coarse particles 10° 5x10°
Fine particles 10” 5x10"
Nominal range, dry and lubricated <10”to>10"

NS : D19DINI9IA “Mechanical wear prediction and prevention,” Bayer, 1994,

Marcel Dekker, INC, p. 26.
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a =< £4 =S S U % lﬂ'
254 wgAnssuMsantIaMeldmsdeaduuvaesingaIunges
Two-body Suga abrasion tester
INT0INATOUN T IHoaTUAT097AYIL U Two-body Suga abrasion tester
v 4 i o a . 3 1 a
TafwnTeamadgouni ldinamsdnnseluan1izanuAuga (high stress) Fane1iinanw
= ' zﬂy a Qy A 9 A Y] U = I 1
EHIBLANUAIVOIFUINIUARIUNTNATOUAIBIATOINATOUAINA1I Hanbuzidusod
. = . = ' . < I =& Ao
(Grooving) 080N (Tearing) 70 8UAVIU (Scratching) 1AL FLUY (Pitting) FIITUIVYVD
Y
(Kumar, Mondal, Khaira, and Jha, 1999) ldiaue'ld Taslunisnaasu 1@ 1ussnaunsuaiu
[ d' dy a = = = = a [ [
awaaalugin 2.25 naziuiianudesnnMsdnrsonyUIdsadriaaeing aaadly

31N 2.26

Specimen moving direction

-
Specimen )

—

Force

Abrading wheel

Motor

['. 4}

Applied load

gﬂ‘ﬁ 2.25 uwumwmmm?mmaauﬂ”rsLﬁﬂﬂﬁ%ﬁﬂmﬁ@quwé’amu
(310 “Two-body type abrasion wear behaviour in hypoeutectic
16%Cr cast irons with Mo,” Inthidech, Aungsupaitoon,
Sricharoenchai, and Matsubara, 2009, International

Journal of Cast Metals Research, 2010,

VOL 23 : 164-172)



= A a = < ' =
gﬂ‘ﬂ 2.26 7MW SEM !Lﬁﬂ\‘l‘l"luW’Jﬂ’J'llllﬁﬁl?ﬂﬂﬂl@ﬂlﬂﬁﬂﬁﬁﬂiﬂ‘im&mq\i
A = =Sy A = =
NATUMTINATDUMTITYIATAAYATOINATDUNTLTIAT
wﬁﬂﬁaﬁmpmuﬁ'@wyu (310 “Tribological stability of
Al O, short fiber reinforced high Cr cast irons,”
Sakamoto, Liu, Nomura, and Ogic, 2001,

Wear 251 : 1414-1420)
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9 v
NNNYNUFIUMITTNUTOAIAUN15T (2.3) (Sakamoto, Liu, Nomura, and Ogi,
Y o Jq 9 o o o a ~ =\ Qy A
2001) larthwnlszgnalddmsumsmradSunasigadovessuaunaaouiiniuns
ﬂﬂﬁﬁ)ﬂﬂiilﬁﬂﬂﬁﬁ?ﬂlﬂ?@ﬁ‘Hﬁﬂﬁ@ﬁﬁlﬂmmué}ﬂﬁuu (Two-body Suga abrasion tester)

° P} A a A A @ ' = A
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911
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I H (2.25)

v Y
= %

A A A = =] Ao qYa =
U9 K A9 AAINNITaNUIDNIU U@Hﬂ']ﬂﬂﬂ’lclﬂ!ﬂﬂﬂ’lﬁﬁﬂﬁia

V
K=-! 2.26
xL" Y (2.26)
d‘ V| 1 Y
o — =W (wear rate) UNUA1 I (2.26) azlan
X
K = % H, (2.27)

%9A1 K vunode sasimsdnuseneniionsagudloainnunivesiag

A2961951 11491 (Sawla and Das, 2004) fdataaalugii 2.27
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12 4 —|— LM13 (AC)
—{ 1+ LMI13 (HT)
—&— LMI13-15wt%SiCp(AC)
10 —— LM13-15wt%SiCp(HT)
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G132-96 (2001) (Yang and Putatunda, 2005)
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{ g’ o { [ < 1
MINN 2.3 uaahHiN g TeMerndImInadaUMsdoa TV unaniaomile?

pomnued
Weight loss (mg)
Austempering temperature, T,, °C (’F)
Single - step Two — step
288 (550) 74.1 70.2
316 (600) 76.9 75.4
343 (650) 78.8 78.2
371 (700) 79.1 78.6
385 (725) 79.2 78.7

HU8LYA : “Effect of microstructure on abrasion wear behavior of austempered ductile cast iron

(ADI) processed by a novel two-step austempering process,” Yang and Putatunda,

2005, Materials Science and Engineering A 406 (2005), p. 222

< - ao 4 <
910317 2.29 F)urHaIUITeVD9 (Yang and Putatunda, 2005) FULaAAID
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Austempering temperature, Hardness before wear test (HRC) Worn surface hardness (HRC)
7,,°C (°F) Single — step Two — step Single — step Two — step
288 (550) 39.5 44.6 45.0 454
316 (600) 354 44.1 452 447
343 (650) 29.1 42.7 36.4 43.5
371 (700) 26.5 39.5 334 423
385 (725) 22.8 34.8 30.4 36.5

HU8L¥Ke : “Effect of microstructure on abrasion wear behavior of austempered ductile cast iron

(ADI) processed by a novel two-step austempering process,” Yang and Putatunda,

2005, Materials Science and Engineering A 406 (2005) , p. 223
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Tensile properties of unalloyed ADI
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Wear rate, mg/m
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o annemiyuesamu/ess ANIINTT (Hv)
FUAVOITUIIY .
auugil C) | 1I@15 (1IN 1 2 3 mae
60 446.5 | 440.7 | 442.8 | 4433
280 90 4312 | 437.0 | 433.1 | 433.8
120 429.5 | 428.8 | 4265 | 4283
60 407.5 | 412.6 | 4109 | 4103
300 90 396.2 | 401.9 | 390.8 | 396.3
120 389.6 | 3972 | 387.9 | 391.6
60 387.2 | 385.0 | 376.1 | 3828
320 90 3823 | 3772 | 3765 | 3787
120 380.3 | 378.0 | 375.1 | 3778
Duinaunoauns
6+ 54 443.9 | 432.6 | 432.1 | 4362
280 + 30 6+ 84 4252 | 4233 | 420.1 | 4229
6+ 114 4262 | 422.7 | 419.2 | 4227
6+ 54 409.6 | 403.8 | 397.3 | 403.6
300 + 30 6+84 401.6 | 393.7 | 397.3 | 3975
6+114 400.1 | 399.7 | 397.6 | 399.1
6+ 54 382.8 | 375.1 | 377.7 | 3785
320 + 30 684 379.8 | 3744 | 3748 | 3763
6+ 114 374.6 | 372.0 | 368.8 | 3718
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YUAYOIFUN Y .
Quugl (C) | 138159 (LI 1 2 3 nae
60 4417 | 4422 | 4443 | 4427
280 90 4324 | 4289 | 429.8 | 4304
120 428.6 | 4233 | 4233 | 425.1
60 402.7 | 404.5 | 403.0 | 403.4
300 90 390.3 | 388.5 | 3933 | 390.7
120 387.9 | 389.4 | 390.1 | 389.1
60 382.7 | 381.1 | 380.5 | 3814
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120 374.4 | 3755 | 3722 | 374.0
HAUNDILIAN
6+ 54 4313 | 4289 | 427.1 | 429.1
280 + 30 6+ 84 4110 | 413.5 | 410.0 | 411.5
6114 4117 | 4101 | 4104 | 4107
6+ 54 388.6 | 392.7 | 389.7 | 390.3
300 + 30 6+ 84 381.9 | 387.7 | 3822 | 3839
6+ 114 382.0 | 3844 | 3814 | 3826
6+ 54 372.1 | 3757 | 370.8 | 3729
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280 + 30 6+ 84 411.5 0.0622
6+ 114 410.7 0.0581
6+ 54 390.3 0.0773
300 + 30 6+ 84 383.9 0.0743
6+114 382.6 0.0826
64154 372.9 0.0692
320+ 30 6+ 84 370.1 0.0724
6+ 114 363.3 0.0854
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Impact Toughness of Austempered Ductile Cast Iron by Two-Step
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Abstract

This research studies impact toughness of unalloyed
austempered ductile iron. The samples were austenitized at
900°C for 2 hours followed by two-step austempering. The
first step was quenching in a salt bath at 280, 300 and 320°C
for 6 minutes. Then, the salt bath temperature was increased
30°C at a rate of 3°C/minute. The total times in the salt bath

were 60, 90 ,120 and 150 minutes. Impact toughness of all

austempered samples was measured by Charpy impact
testing. It was found that, the austempered ductile iron
obtained from the two-step austempering starting at 320°C for
6 minutes and holding in salt bath for 90 minutes exhibited
maximum impact energy at 194 J. The fracture surface was

observed using Scanning Electron Microscope (SEM).

Keywords: two-step austempering, impact energy, ausferrite.
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c | Austenitizing 900 °C for 2 hrs.

Austempering 310 °C, 330 °C,
and 350 °C

Austempering 280 °C. 300 °C.

N Air cooling
and 320 "C, for 6 min
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