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	 A	B	S	T	R	A	C	T	

The	high	wear	 resistance	of	TiNi	 shape	memory	alloys	has	generally	been	
attributed	 to	 its	 pseudoelastic	 nature.	 In	 the	 present	work	 the	 hardening	
effect	due	 to	 its	phase	 transformation	 from	martensite	 to	austenite	due	 to	
frictional	 heating	 during	 sliding	 has	 been	 considered.	 	 Based	 on	 existing	
constitutive	models	 that	 represent	 the	 experimental	 results	 of	 TiNi	 shape	
memory	alloys	a	theoretical	model	of	the	dependence	of	wear‐resistance	on	
the	contact	temperature	rise	has	been	developed.			
The	 analysis	 was	 further	 extended	 to	 include	 the	 operating	 and	 surface	
roughness	parameters.	The	model	essentially	 indicates	that	 for	these	alloys	
wear	decreases	with	 the	 rise	 in	contact	 temperature	over	a	wide	 range	of	
load,	 speed	and	 surface	roughness	combination	during	 sliding.	This	means	
that	 the	wear	resistance	of	 these	alloys	results	 from	 the	very	cause	 that	 is	
normally	 responsible	 for	 the	 increased	 wear	 and	 seizure	 of	 common	
engineering	materials.	
Preliminary	wear	tests	were	carried	out	with	TiNi	alloys	at	varying	ambient	
temperature	 and	 varying	 load‐speed	 combinations	 and	 the	 results	 agree	
well	with	the	theoretical	predictions.		
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1. INTRODUCTION	
	

Titanium‐Nickel	 (TiNi)	 alloys	 are	 widely	 known	
for	 their	 shape	 memory	 effect	 and	
pseudoelasticity.	These	effects	are	due	to	the	fact	
that	 these	 alloys	 can	 exist	 in	 two	 different	
temperature‐dependent	 crystal	 structures:	
martensite	 at	 low	 temperatures	 and	 austenite	 at	
high	 temperatures.	 When	 a	 TiNi	 alloy	 in	
martensite	 phase	 is	 heated	 the	phase	 changes	 to	
austenite	 and	 if	 it	 is	 cooled	 after	 complete	
transformation	it	reverts	back	to	martensite	phase	
with	 some	 hysteresis.	 The	 phase	 transformation	

can	also	be	induced	by	change	in	stress	level	and	
the	 initial	 phase	 can	 be	 recovered	 with	 the	
removal	of	the	stress.	Here	a	decrease	in	stress	is	
equivalent	to	increase	in	temperature	resulting	in	
nucleation	 of	 martensite.	 This	 gives	 rise	 to	
basically	 three	different	 forms	 from	 the	practical	
application	 point	 of	 view:	 martensite,	 stress	
induced	 martensite	 and	 austenite.	 In	 the	
martensitic	 form	 the	material	 is	 soft	 and	 ductile	
and	can	be	easily	deformed.	In	the	stress	induced	
martensitic	 form	 it	 is	 highly	 elastic	 and	 it	 can	
return	 to	 its	 original	 shape	 on	 unloading	 even	
after	substantial	deformation.	This	form	is	known	
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as	 pseudoelasticity.	 In	 the	 austenitic	 form	 it	 is	
strong	and	hard	[1,2].		
	
A	 good	deal	 of	 research	has	 been	 carried	 out	 on	
the	 shape	memory	 effect	 of	TiNi	 alloys	 and	 their	
applications	 [3‐8].	 These	 alloys	 have	 also	 been	
found	to	be	extremely	resistant	to	wear	in	sliding,	
fatigue,	abrasion	and	erosion	modes	[9‐14].	Some	
Ti	 based	 alloys	 have	 also	 been	 widely	 used	 in	
biomedical	 engineering	 [15].	 The	 high	 wear	
resistance	 of	 TiNi	 alloys	 has	 generally	 been	
attributed	not	 to	 the	 increase	 in	 hardness	 but	 to	
the	 pseudoelastic	 nature	 of	 the	 alloys.	 The	
argument	 here	 is	 that	 in	 the	 pseudoelastic	 state,	
contact	between	the	sliding	pair	would	be	largely	
elastic	 and	 wear	 is	 likely	 to	 be	 small	 since	 in	
pseudoelastcity	 recoverable	 strain	may	 reach	 up	
to	 8%	 or	more	 [16].	 	 	 Li	 [10]	 proposed	 that	 the	
excellent	 wear	 resistance	 of	 these	 alloys	 is	
influenced	by	their	hardness	too.	According	to	this	
proposition	wear	resistance	is	partly	influenced	by	
pseudoelasticity	 and	 partly	 by	 hardness	
depending	 on	 the	 material	 state.	 High	 hardness	
contributes	 to	 wear	 resistance	 when	 the	
pseudoelasticity	 is	 of	 low	 order.	 Some	 authors	
attributed	 the	 wear	 resistance	 of	 TiNi	 alloys	 to	
causes	 other	 than	 pseudoelasticity,	 for	 example,	
work	 hardening	 [17],	 erosion	 resistance	 [18].	
Abedini	et	al.	[19]	observed	decrease	in	wear	with	
the	 increase	 in	 temperature	 and	 attributed	 this	
effect	to	both	pseudoelasticity	and	higher	strength	
of	 the	 alloy	 in	 the	 austenitic	 state	 at	 higher	
temperatures.	Some	attempts	have	been	made	to	
develop	a	model	that	shows	increase	in	hardness	
of	these	alloys	with	the	increase	in	temperature	in	
micro	level	[20].	
	
However	 the	 effect	 of	 frictional	 heat	 generated	
at	the	contact	area	between	a	sliding	pair	on	the	
wear	 resistance	 of	 these	 alloys	 has	 not	 been	
considered	hitherto.	The	present	work	explores	
the	 possibility	 of	 attributing	wear	 resistance	 of	
TiNi	alloys	to	the	hardening	effect	due	to	phase	
transformation	 from	 martensite	 to	 austenite	
due	 to	 contact	 temperature	 rise	 during	 sliding.	
The	deformation	during	wear	process	 is	mostly	
not	recoverable	and	therefore	it	is	likely	that	the	
wear	 resistance	 would	 be	 more	 influenced	 by	
hardness	 than	pseudoelasticity	 that	 occurs	 in	 a	
narrow	 temperature	 zone	 near	 the	 austenitic	
transformation	 temperature.	 In	 tribological	
contacts	 the	 temperature	 rise	 due	 to	 frictional	
heat	generated	at	the	peaks	of	the	asperities	can	
be	 of	 very	 high	 order	 of	magnitude	 and	 under	

normal	 circumstances	 for	 most	 engineering	
materials	this	has	an	adverse	effect	on	the	life	of	
rubbing	components	due	to	increased	wear	and	
friction.	If,	however,	the	wear	resistance	of		near	
equi‐atomic	 TiNi	 alloys	 is	 indeed	 due	 to	
hardening	 during	 the	 martensite	 to	 austenite	
phase	transformation	due	to	frictional	heat	then	
this	 would	 mean	 that	 the	 wear	 resistance	 of	
these	 alloys	 results	 from	 the	 very	 cause	 that	 is	
normally	responsible	for	the	increased	wear	and	
seizure	of	engineering	components.		
	
The	 paper	 attempts	 to	 develop	 a	 simple	
theoretical	model	to	relate	contact	temperature	
rise	 during	 sliding	 and	wear	 resistance	 of	 TiNi	
alloys	 in	 the	 macroscopic	 level.	 Some	
elementary	 experiments	 were	 also	 carried	 out	
in	support	of	the	theoretical	predictions.	
	
	
2. A	THEORETICAL	MODEL	OF	TEMPERATURE	

DEPENDENCE	OF	HARDNESS	AND	WEAR	
RESISTANCE	OF	TiNi	ALLOYS	

	
In	order	to	develop	a	theoretical	model	we	first	
consider	 a	 1‐D	 constitutive	 model	 that	
represents	 the	 existing	 experimental	 results	 of	
TiNi	shape	memory	alloys.	Several	such	models	
exist	 and	 they	 all	 basically	 couple	 a	
phenomenological	macro‐scale	 constitutive	 law	
relating	stress	 to	strain	 temperature	and	phase	
fraction	 with	 a	 kinetic	 law	 that	 describes	 the	
evolution	 of	 the	 phase	 fraction	 as	 a	 function	 of	
stress	 and	 temperature	 [8,21,22].	 Here	 we	 use	
the	model	proposed	by	Liang	and	Rogers	[8].	
	
In	 a	 typical	 martensitic	 phase	 change	 as	 a	
function	 of	 temperature	 there	 are	 four	
important	 temperatures:	 martensitic	 start	
temperature	 (Ms),	 martensitic	 finish	
temperature	 (Mf),	 austenitic	 start	 temperature	
(As)	and	austenitic	finish	temperature	(Af).	Liang	
and	 Rogers	 [8]	 described	 the	 martensitic	
fraction	 ()	 vs.	 temperature	 (T)	 relation	 as	 a	
cosine	function	for	a	shape	memory	alloy	where	
As>Ms	 and	 the	 equation	 describing	 the	 phase	
transformation	is	given	as:		

]1)}([cos{
2

1



SA

AM
ATa

		
											(1)	

where		 is	 the	martensite	 volume	 fraction,	T	 is	
the	 alloy	 specimen	 temperature	 and	 the	
constant	 Aa 	is	given	by: 	
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)/( sfA AAa  
																							

(2)	

Since	we	 are	 interested	 in	 the	 hardening	 effect	
of	the	shape	memory	alloys	with	rise	in	contact	
temperature	 only	 the	 phase	 transformation	
between	 martensite	 to	 austenite	 needs	 to	 be	
considered.	It	has	been	shown	[8]	that	the	phase	
changes	temperatures	are	linearly	related	to	the	
applied	 stress	 and	 within	 the	 range	 between	
austenite	start	and	finish	temperatures	we	may	
write:	

	 0
0 sAA

C



																																														(3)	

where	A0s	 is	 the	austenite	start	temperatures	in	
stress	 free	state	and	C	 is	a	constant.	Combining	
equations	(1)	and	(3)	we	have:	
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Here		 Aa 	will	change	to:	

)/( 00
sfA AACa   				

0
fA 	 being	 the	 austenite	 finish	 temperature	 in	

stress	 free	 state.	 Since	 in	 the	 present	 case	 we	
consider	 that	 the	 phase	 transformation	will	 be	
complete	when	 all	 the	martensite	 changes	 into	
austenite	we	may	set			

AM 
 to	zero	and	this	gives:		
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In	many	cases	hardness	 is	 taken	as	 three	 times	
the	 yield	 stress	 and	 therefore	 the	 temperature	
dependent	 hardness	 variation	 during	
martensite	 to	 austenite	 transformation	 can	 be	
given	by:	
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																			(6)	

Here	 C,	 o
sA and	 Aa are	 all	 constants	 and	

therefore	 hardness	 varies	 only	 with	
temperature.	 In	 general	 in	 sliding	 wear	
hardness	 plays	 an	 important	 role	 and	 this	 is	
given	by	Archard’s	wear	law:	

AM

w H

Wx
KV



 																												(7)	

Here	Kw	is	the	wear	coefficient,	W	is	the	load,	x	
the	 sliding	 distance	 and	 H	 the	 hardness	 of	 the	

softer	 of	 the	 two	 rubbing	materials.	 Combining	
equations	 (6)	 and	 (7)	 a	 simple	 temperature	
dependent	wear	equation	can	be	written	as:	

)(3 BTC
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where														 )(
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Defining	non‐dimensional	wear	volume		
_

V 	and	

non‐dimensional	temperature	
_

T as:								
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V
V 
_

		and				
B

T
T 
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we	 may	 rewrite	 equation	 (8)	 in	 non‐
dimensional	form		as:																												

)1(3
_

_




T

K
V w

																												

(9)	

Variation	 of	 non‐dimensional	 wear	 with	 non‐
dimensional	temperature	with	the	experimental	
value	of	Kw		from	section‐5(b)	is	shown	in	Fig.	1.		
	

	
Fig.	 1.	 Variation	 of	 non‐dimensional	 wear	 with	 non‐

dimensional	temperature	with	the	average	 wK value	of	

2.5E‐5	from	the	experimental	results	in	section	5	(b).	
	
Clearly	 this	 shows	 decrease	 in	 wear	 with	
increase	 in	 temperature	 and	 this	 supports	 the	
argument	 that	 with	 the	 increase	 in	 contact	
temperature	 is	 likely	 to	 cause	 the	 austenitic	
phase	 transformation	 of	 TiNi	 alloy	 leading	 to	
increased	 wear	 resistance	 due	 to	 increase	 in	
hardness.	
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3. INFLUENCE	OF	TRIBOLOGICAL	OPERATING	
AND	 MATERIAL	 PARMETERS	 THAT	
AFFECT	CONTACT	TEMPERATURE	RISE	

	
The	 total	 contact	 temperature	 at	 the	 sliding	
interface	 is	 the	 sum	 of	 the	 bulk	 temperature	
Tbulk	and	the	contact	temperature	rise	.	

	T=+Tbulk																																																						(10)	

In	 general	 Tbulk	 may	 be	 taken	 as	 atmospheric	
temperature	 and	 therefore	 the	 effective	
temperature	 at	 the	 sliding	 interface	 is	 mainly	
dominated	 by	 the	 contact	 temperature	 rise	 .	
The	 contact	 temperature	 rise	 between	 sliding	
bodies	 has	 been	 researched	 widely	 ever	 since	
Block	 [23]	 and	 Jaeger	 [24]	 reported	 their	
pioneering	works	on	flash	temperature	in	1937	
and	 1942	 respectively.	 Subsequently,	 Archard	
[25]	 proposed	 the	 following	 set	 of	 handy	
equations	 to	 predict	 the	 mean	 contact	
temperature	 rise	 for	 different	 speed	 and	
deformation	conditions:	
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Here	mhe,	mhp	 ,mle	and	mlp	 indicate	mean	high	
speed	elastic,	mean	high	speed	plastic,	mean	 low	
speed	 elastic	 and	 mean	 low	 speed	 plastic	
respectively	 and	 v	 is	 	 the	 sliding	 speed,	 E*	 the	
equivalent	 elastic	 modulus,	 K	 the	 thermal	
conductivity,	 ρ	 the	 density,	 c	 specific	 heat	 and	 R	
the	protrusion	radius.	These	equations	are	widely	
used	 even	 today	 for	 their	 simplicity	 even	 though	
they	essentially	refer	to	continuous	area	of	contact	
and	 disregard	 the	 discrete	 nature	 of	 rough	
surfaces.	 The	 deformation	 conditions	 for	 rough	
surfaces	 with	 typically	 Gaussian	 distribution	 of	
surface	 heights	 are	 ideally	 determined	 using	 the	
plasticity	index	(ψ)	given	by:	

rH

E 
*


																									

				(12)								

where	 the	 equivalent	 elasticity	 modulus	 E*	 is	

given	 by
2

2

1

2

*
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 ,	 σ	 is	 the	 standard	

deviation	of	the	surface	height	distribution	and	r	
is		the	asperity	radius.	A	contact	is	considered	to	
be	elastic	 if	ψ<	0.6	and	plastic	 if	ψ	>	1.5.	Speed	
criterion	(L)	is	given	by:	

L	=	vaρc/2K																											(13)	

where	 a	 	 is	 the	 contact	 radius.	 A	 contact	 is	
considered	to	be	fast	if	L	>	5	and	slow	if	L	<	0.5.	
However,	 since	 Archard’s	 contact	 temperature	
formulations	 are	 essentially	 for	 single	 contact	
area	 we	 consider	 the	 bulk	 deformation	 and	
therefore	we	would	consider	the	deformation	to	
be	 plastic	 if	 P/	 (πa2)	 >	 H.	 Taking	 T≈	 and	
combining	equations	(8)	and	(11)	we	may	write	
the	 wear	 volumes	 for	 different	 speed	 and	
deformation	conditions	in	terms	of	operating	and	
material	parameters	in	non‐dimensional	form	as:	
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where	 non‐dimensional	 wear	 volume	
_

V ,	 non‐

dimensional	 load	
_

W ,	 non‐dimensional	 velocity	

in	 elastic	 case	
_

ev ,	 non‐dimensional	 velocity	 in	

plastic	 case	
_

pv ,	 non‐dimensional	 elastic	

modulus	
_

E 	 and	 non‐dimensional	 hardness	
_

H are	given	by	:	
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Fig.	 2.	 Plots	 of	 non‐dimensional	 wear	 against	 non‐
dimensional	 velocity	 for	 (a)High	 Speed	 	 Elastic	 (b)	
High	 Speed	 Plastic	 (c)	 Low	 Speed	 Elastic	 (d)	 Low	
Speed	 plastic	 contacts	 over	 a	 range	 of	 non‐
dimensional	 load	 with	 experimental	 value	 of	

wK =2.5E‐5	and	 =0.3,	 E =555	and	H =6.	

	

Non‐dimensional	 wear	 calculated	 with	 the	
average	 value	 of	 experimental	 wear	 coefficient	
from	 section‐5(b)	 plotted	 against	 non‐
dimensional	 velocity	 over	 a	 range	 of	 non‐
dimensional	 load	 for	 different	 speed	 and	 load	
conditions	are	shown	in	Fig.	2.	
	
	
4. INFLUENCE	 OF	 SURFACE	 ROUGHNESS	

PARAMETERS	 THAT	 AFFECT	 CONTACT	
TEMPERATURE	RISE.	

	
A	good	deal	of	work	[26‐29]	has	also	been	carried	
out	 to	 include	the	multiple	heat	 inputs	 in	contact	
temperature	analysis.	Based	on	Archard’s	model	a	
set	of	equations	that	takes	into	account	the	surface	
roughness	 parameters	 for	 both	 Gaussian	 and	
exponential	distributions	of	surface	heights	can	be	
written	 [29].	 The	 average	 flash	 temperature	
equations	 in	 terms	 of	 material	 and	 roughness	
parameters	 and	 with	 exponential	 surface	 height	
distributions	may	be	given	by:		
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Since	 exponential	 distribution	 represents	 the	
upper	reaches	of	the	asperities	this	may	be	used	
as	a	 first	approximation.	There	are	at	 least	 two	
issues	which	need	to	be	addressed	here.	Firstly,	
from	 operating	 conditions	 and	 other	
considerations	we	need	to	identify	the	equation	
among	 the	 four	 that	 needs	 to	 be	 used	 in	 a	
particular	 application.	 This	 can	 be	 determined	
using	 equations	 (12)	 and	 (13)	 for	 rough	
surfaces	 and	 for	 single	 contact	 elementary	
plasticity	 condition	 P/(πa2)	 >	 H	 may	 be	
used.The	 other	 important	 issue	 is	 that	 the	
contact	temperatures	in	equation	(15)	appear	to	
be	 independent	 of	 load	 but	 depends	 on	 the	
roughness	parameters	σ	and	r.	The	explanation	
lies	in	the	fact	that	the	total	real	area	of	contact	
per	unit	 area	Ar,	 total	elastic	 load	per	unit	 area	
We	 and	 total	 plastic	 load	 per	 unit	 area	Wp	 are	
given	by	[30]:	
	



S.K.	Roy	Chowdhury	et	al.,		Tribology	in	Industry	Vol.	35,	No.	1	(2013)	84‐94	
	

 89

		    rndzzaNA
d

r 22  


												(16)	

2/1* )/(8.0 rEAW re  																		(17)	

rnHWp 2 																												(18)					

Here	N	is	the	total	number	of	asperities	per	unit	
area,	 φ(z)	 is	 the	 surface	 height	 distribution,	 n	
number	 of	 asperities	 in	 contact	 ,	 Ar	 is	 the	 real	
area	 of	 contact.	 This	 clearly	 shows	 the	
dependence	 of	 load	 on	 real	 area	 of	 contact	
which	 in	 turn	 depends	 on	 the	 roughness	
parameters	 σ	 and	 r.	 Now	 combining	 equations	
(8),	(15)	and	the	non‐dimensional	scheme	used	
in	equation(14)	we	may	write	the	wear	volumes	
for	 different	 speed	 and	 deformation	 conditions	
in	 terms	 of	 operating	 and	material	 parameters	
in	non‐dimensional	form	as:			
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where	
r

  .	

Non‐dimensional	 wear	 calculated	 with	 the	
average	 value	 of	 the	 wear‐coefficient	 from	
section‐5(b)	 plotted	 against	 non‐dimensional	
roughness	over	a	range	of	non‐dimensional	load	
for	 different	 load	 and	 speed	 conditions	 are	
shown	in	Fig.	3.	
	
Figs.	 2	 and	 3	 essentially	 show	 that	 the	 wear		
decreases	with	 the	 increase	 in	velocity	over	a	
range	 of	 load	 and	 with	 the	 increase	 in	
roughness	 over	 a	 range	 of	 velocity.	 This	 in	
turn	 indicates	 that	 wear	 decreases	 with	
contact	 temperature	 and	 clearly	 this	 is	
because,	 contrary	 to	 the	 behaviour	 of	 normal	
engineering	materials	hardness	of	this	class	of	
TiNi	 alloys	 increases	 with	 contact	
temperature	rise.		
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Fig.	 3.	 Plots	 of	 non‐dimensional	 wear	 against	 non‐
dimensional	roughness	for	(a)High	speed		Elastic	(b)	
High	 speed	 Plastic	 (c)	 Low	 speed	 Elastic	 (d)	 Low	
speed	 plastic	 contacts	 over	 a	 range	 of	 non‐
dimensional	 load	 with	 experimental	 value	 of	

wK =2.5E‐5	and	 =0.3,	 E =555	and	H =6.	
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5. EXPERIMENTAL	DETAILS	
	
Two	preliminary	sliding	wear	tests	were	carried	
out	with	TiNi	alloys	one	at	 a	 constant	 load	and	
speed	but	at	varying	specimen	temperature	and	
the	 other	 at	 a	 constant	 load	 and	 ambient	
temperature	but	at	varying	sliding	speed.	
	
(a)	 Sliding	 wear	 test	 with	 TiNi	 alloy	 at	 a	

constant	 load	 and	 speed	 but	 at	 varying	
specimen	temperature.	

	
This	 set	 of	 tests	 was	 aimed	 at	 determining	 the	
dependence	of	wear	resistance	of	 these	alloys	on	
specimen	 temperature.	 A	 near	 equi‐atomic	 TiNi	
(Ti‐51at‐%Ni)	 alloy	 was	 prepared	 in	 a	 vacuum	
induction	 melting	 furnace.	 A	 disc	 specimen	 of	
42mm	 diameter	 and	 10mm	 thickness	 was	 then	
prepared	with	 the	alloy.	Wear	 tests	were	 carried	
out	in	a	commercially	available	high‐temperature,	
high‐vacuum	Tribometer,	 initially	using	a	10	mm	
diameter	tungsten	carbide	ball	rubbing	against	the	
alloy	 disc	 at	 a	 normal	 load	 of	 1.1	 kg	 and	 a	 disc	
rotational	 speed	 of	 200	 rpm	 for	 300	 seconds	 in	
water	media.	Tungsten	 carbide	balls	of	 relatively	
high	 hardness	 were	 chosen	 so	 that	 the	 wear	
characteristics	 of	 the	 alloy	 disc	 alone	 could	 be	
observed.	 The	 water	 temperature	 was	 varied	
between	20	0C	to	80	0C	in	order	to	obtain	different	
specimen	 temperatures.	 The	 weight	 loss	 of	 the	
specimen	 was	 measured	 using	 a	 high	 precision	
balance.	 	 The	 results	 with	 the	 tungsten	 carbide	
balls	are	shown	in	Fig.	4.		
	

	
Fig.	 4.	 Plot	 of	 wear	 volume	 of	 a	 TiNi	 alloy	 disc,	
rubbing	 against	 a	 tungsten	 carbide	 ball,	 against	 the	
specimen	temperature.		
	
(b)	 	Sliding	wear	test	of	TiNi	alloy	at	a	constant	

load	 and	 ambient	 temperature	 but	 at	
varying	sliding	speed.	

	
Another	 TiNi	 (Ti‐51at‐%Ni)	 specimen	 was	
prepared	 following	 similar	 procedure	 and	

sliding	 tests	 were	 carried	 out	 using	 the	 same	
Tribometer,	 a	 steel	 pin	 of	 5mm	 radius	 pressed	
against	 the	 TiNi	 alloy	 disc	 specimen	 under	 a	
constant	 normal	 load	 of	 5	 N	 and	 at	 varying	
sliding	speeds	of	20	mm/s,	40	mm/s,	80	mm/s	
and	 150	 mm/s	 so	 that	 different	 contact	
temperatures	 could	 be	 generated.	 The	 contact	
temperatures	 for	 each	 load	 and	 speed	
combination	 were	 calculated	 using	 Archard’s	
flash	 temperature	 equations,	 reproduced	 in	 a	
convenient	 form	 in	 equation	 (10).	 The	
deformation	 conditions	were	 determined	 using	
the	elementary	plasticity	condition	P/	(πa2)	>	H,	
a	being	the	contact	radius.	The	speed	conditions	
were	 determined	 using	 equation	 (13).	 With	
these	 constraints	 all	 the	 test	 conditions	 turned	
out	 to	be	high	 speed	elastic.	The	weight	 loss	of	
the	 specimen	was	again	measured	using	a	high	
precision	 balance	 and	 the	 plot	 of	 experimental	
wear	 volume	 against	 calculated	 specimen	
temperature	is	shown	in	Fig.	5.		
	

	
Fig.	 5.	 A	 plot	 of	 wear	 volume	 against	 contact	
temperature	 during	 sliding	 experiments	 with	 TiNi	
alloy	disc	pressed	against	a	steel	pin	at	a	normal	load	
of	5N	and	different	sliding	speeds.	
	
It	 can	 be	 seen	 that	 the	 trend	 of	 wear	 vs.	
temperature	 plots	 in	 Fig.	 4	 for	 tests	 under	
constant	 load	 and	 speed	 but	 at	 varying	
specimen	 temperature	 is	 similar	 to	 this	 plot.	
This	 supports	 our	 argument	 that	 the	 rise	 in	
contact	 temperature	 during	 sliding	 due	 to	
frictional	 heat	 itself	 may	 be	 sufficient	 to	 cause	
the	 initial	 martensite	 to	 austenite	 phase	
transformation	 and	 the	 associated	 increase	 in	
hardness	 that	 leads	 to	 decrease	 in	 wear	 with	
increasing	sliding	velocity.	
	
It	 is	 now	 necessary	 to	 consider	 the	 phase	
transformation	 due	 to	 the	 frictional	 heat	
generated	 during	 the	 sliding	 process.	 The	 X‐ray	
diffraction	signatures	of	the	sample	in	the	constant	
load	 and	 speed	 test	 were	 recorded	 before	 and	
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after	 the	 wear	 test.	 The	 signature	 of	 the	 initial	
unworn	surface	 is	shown	 in	Fig.	6.	This	 indicates	
rhombohedral	 and	 monoclinic	 crystal	 structures	
which	 indicate	 the	presence	of	martensite	phase.	
Presence	 of	 some	Ni4Ti3	was	 also	 observed.	 This	
may	 be	 due	 to	 the	 presence	 of	 excess	 Ni	 while	
preparing	 the	 sample.	 In	 general	 formation	 of	
Ni4Ti3	is	favoured	in	case	of	excess	aging	of	sample	
but	in	the	present	case	no	excess	aging	was	done	
and	 therefore	 this	 cannot	 be	 the	 reason	 for	 its	
presence.	The	X‐ray	analysis	of	the	worn	surface	is	
shown	 in	 Fig.	 7	 and	 this	 indicates	 cubic	 crystal	
structure	 which	 is	 responsible	 for	 the	 highest	
peak.	 	 Cubic	 crystal	 structure	 indicates	 the	
presence	of	austenite	phase	 in	worn	surface.	The	
analysis	 also	 indicates	 the	 presence	 of	 small	
amount	of	TiO2	and	this	may	partly	contribute	to	
the	wear	resistance	of	TiNi	alloy	as	suggested	by	
Korshunov	[31].	
	

	
Fig.	 6.	 	 X‐ray	 diffraction	 signature	 of	 the	 initial	
surface	of	TiNi	alloy.	
	

	
Fig.	7.	X‐ray	diffraction	signature	of	the	worn	surface	
of	TiNi	alloy.	
	
SEM	micrograph	of	the	worn	surface	is	shown	in	
Fig.	 8.	 	 	 The	 micrograph	 generally	 indicates	
fatigue	 fracture	 in	 the	 worn	 surface.	 In	 the	

presence	of	high	elastic	stresses	in	austenitic	or	
pseudoelastic	 state	 repeated	 cyclic	 loading	
during	 sliding	 may	 introduce	 surface	 or	
subsurface	 cracks	 that	 eventually	 lead	 to	
formation	of	large	cracks	on	the	surface	as	seen	
in	Fig.	8.	Severe	plastic	deformation	needed	 for	
ploughing	wear	in	martensitic	state	could	not	be	
detected.	
	

	
Fig.	8.	SEM	micrograph	of	the	worn	surface.	
	
These	 preliminary	 tests	 therefore	 indicate	 that	
TiNi	alloy	specimens	with	the	initial	martensitic	
phase	 transformed	 to	 austenitic	 phase	 during	
wear	process	 and	 this	 supports	 the	basic	 claim	
in	this	work.	
	
	
6. CONCLUSIONS	
	
The	 high	 wear	 resistance	 of	 TiNi	 alloy	 has	
traditionally	 been	 attributed	 to	 its	 pseudoelastic	
nature	alone	but	 the	present	work	 indicates	 that	
the	contact	temperature	rise	due	to	frictional	heat	
generated	during	sliding	plays	an	 important	role.	
Based	 on	 Liang	 and	 Rogers	 [8]	 and	 others	
[21,22,25,29,30]	works	a	simple	theoretical	model	
to	 relate	 the	 wear	 resistance	 of	 TiNi	 alloys	 to	
contact	 temperature	 rise	 during	 sliding	 against	
other	 materials	 has	 been	 proposed	 in	 equations	
(9)	 and	 (14).	 A	 realistic	 contact	 temperature	
model	 [29]	 for	 rough	 sliding	 bodies	 has	 been	
incorporated	 and	 the	 resulting	 wear	 model	 that	
takes	 into	 account	 multiple	 heat	 source	 at	 the	
sliding	 contact	 is	proposed	 in	 equation	 (19).	The	
model	 again	 predicts	 an	 increase	 in	 wear	
resistance	with	temperature.	
	
Preliminary	sliding	tests	were	carried	out	with	a	
near	 equi‐atomic	 TiNi	 alloy	 both	 at	 (a)	 a	
constant	 load	 and	 speed	 combination	 but	 at	
varying	 specimen	 temperature	 and	 (b)	 a	
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constant	 load	 and	 ambient	 temperature	 but	 at	
varying	 sliding	 speed.	 In	 both	 cases	wear	 level	
fell	 with	 the	 increase	 in	 temperature	 and	 the	
results	 agree	 well	 with	 the	 theoretical	
prediction.	 The	 results	 are	 of	 importance	 in	
industrial	 practice	 where	 contact	 temperature	
rise	 is	 considered	 to	 be	 detrimental	 to	 smooth	
sliding	 for	most	 engineering	materials	whereas	
here	 it	 seems	 that	 the	 temperature	 rise	 may	
prove	 to	be	 tribologically	useful	 for	TiNi	alloys.	
However	more	work	 is	 needed	 to	 establish	 the	
range	of	temperature	rise	where	the	effect	 is	of	
practical	use.	
	
	
NOMENCLATURE	
	
a						Contact	radius,	

Aa 	Material	constant	( )/( 00
sf AAC   ),	

Af					Austenitic	phase	finish	temperature,	
Ar							Total	real	area	of	contact	per	unit	area,	
As				Austenitic	phase	start	temperature,	
Aof			Austenitic	phase	start	temperature	in	stress	free	state,	
Aos			Austenitic	phase	finish	temperature	in	stress	free	state,	

B						Material	constant	(
A

o
s a

A


 ),	

c						Specific	heat,	
C					Constant,	
E					Elastic	modulus,	
E*				Equivalent	elastic	modulus,	

_

E 			Non‐dimensional	elastic	modulus,	
H					Hardness	of	the	softer	of	the	two	rubbing	material,	

H 	Non‐dimensional	hardness,	
K					Thermal	conductivity,	
Kw					Wear	coefficient,	
L						Non‐dimensional	Speed	Parameter,	
Mf						Martensitic	phase	finish	temperature,	
Ms						Martensitic	phase	start	temperature,	
n						Number	of	asperities	in	contact	per	unit	area	,	
N					Total	number	of	asperities	per	unit	area,	
P						Normal	Load,	
r							Asperity	radius,	
R						Protrusion	radius,	
T						Alloy	specimen	temperature,	
Tbulk	Bulk	temperature,	

_

T 			Non‐dimensional	temperature,	
v						Sliding	Speed,	

ev
			
Non‐dimensional	velocity	in	elastic	case,	

pv
		
Non‐dimensional	velocity	in	plastic	case,	

	V					Wear	volume,	
_

V 						Non‐dimensional	wear	volume,	

avheV
_

Non‐dimensional	 average	 wear	 volume	 for	
high	speed	elastic	case,	

avhpV
_

Non‐dimensional	 average	 wear	 volume	 for	
high	speed	plastic	case,	

avleV
_

	Non‐dimensional	average	wear	volume	for	low	
speed	elastic	case,	

avlpV
_

	Non‐dimensional	average	wear	volume	for	low	
speed	plastic	case,	

W				Normal	load,	
We				Total	elastic	load	per	unit	area,	
Wp		Total	plastic	load	per	unit	area,	

_

W 		Non‐dimensional	Load,	
	x					Sliding	distance,	
 			Coefficient	of	friction,	

 			Density,	

ξ						Martensite	volume	fraction,	
υ					Poisson’s	ratio,	
ψ					Plasticity	index,	

 z Surface	height	distribution,	

σ						Standard	deviation	of	the	surface	height	distribution,	
σ'					Applied	Stress,	

_

 			Non‐dimensional	roughness,	
θ						Contact	temperature	rise,	

avhe
	
Average	 flash	 temperature	 for	 high	 speed	

elastic	case,	

avhp
	
Average	 flash	 temperature	 for	 high	 speed	

plastic	case,	

avle 		Average	flash	temperature	for	low	speed	elastic	

case,	

avlp
	
Average	flash	temperature	for	low	speed	plastic	

case,	

mhe 	 Mean	 contact	 temperature	 rise	 for	 high	 speed	

elastic	case,	

mhp 	 Mean	 contact	 temperature	 rise	 for	 high	 speed	

plastic	case,	

mLe 	 Mean	 contact	 temperature	 rise	 for	 low	 speed	

elastic	case,	

mlp 	 Mean	 contact	 temperature	 rise	 for	 low	 speed	

plastic	case.	
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