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A b str a ct

A  m at eri als’ str u ct ur e a n d its e v ol uti o n d u e t o fri cti o n pl a y a cr u ci al r ol e i n u n d erst a n di n g w e ar a n d r el at e d pr o c ess es. 
S o f ar, str u ct ur al c h a n g es c a us e d b y fri cti o n ar e m ostl y st u di e d usi n g e x sit u d estr u cti v e c h ar a ct eri z ati o n t e c h ni q u es, 
s u c h as mi cr os c o p y of p ost- m ort e m t h e pr e p ar e d s p e ci m e n b y p olis hi n g a n d et c hi n g t e c h ni q u es. I n t his p a p er, t h e 
str u ct ur al c h a n g es of AI SI 3 2 1 a ust e niti c st ai nl ess st e el ( A S S) d uri n g fri cti o n al l o a di n g w er e o bs er v e d b y t h e n o n d e- 
str u cti v e o p er a n d o m et h o d b as e d o n s y n c hr otr o n X-r a y diffr a cti o n ( X R D). Alt h o u g h t h e m art e nsiti c tr a nsf or m ati o n 
i n AI SI 3 2 1 st e el st arts at c a. - 1 8 7 ° C, fri cti o n al l o a di n g i n d u c es γ -(ε , α ′ ) tr a nsf or m ati o n i n t his all o y at r o o m or 
e v e n hi g h er t e m p er at ur es. T h e ε - m art e nsit e f or m ati o n is o bs er v e d o nl y f or a r el ati v el y s h ort ti m e. S u bs e q u e ntl y, a
m e c h a ni c all y mi x e d l a y er ( M M L),  c o m p os e d m ai nl y of t h e α ′ p h as e, f or ms at t h e s a m pl e’s s urf a c e. Usi n g X R D p e a k
pr ofil e a n al ysis, w e o bs er v e d t h e a c c u m ul ati o n of disl o c ati o ns, t h eir or d eri n g, a n d/ or str ess fiel d s hi el di n g b ef or e a n d 
a ft er p h as e tr a nsf or m ati o ns. T h e st e a d y-st at e c o n diti o ns ar e r e a c h e d aft er c a. 6 9 fri cti o n c y cl es m a nif est e d i n r e a c hi n g 
t h e t hr es h ol d v al u es of t h e si z e of t h e c o h er e nt s c att eri n g r e gi o ns ( C S R) a n d disl o c ati o n d e nsit y i n γ  a n d α ′ p h as es. 
F or a b ett er u n d erst a n di n g of str u ct ur al e v ol uti o n, t h e mi cr ostr u ct ur e of t h e s a m pl e w as st u di e d b y s c a n ni n g el e ctr o n
mi cr os c o p y ( S E M) aft er t h e e x p eri m e nt. T h e str u ct ur e of t h e M M L, its d el a mi n ati o n, t h e f or m ati o n of v orti c es, a n d
c ar bi d e cr us hi n g ar e dis c uss e d.

K e y w or ds: a ust e niti c st ai nl ess st e el, fri cti o n, s y n c hr otr o n X-r a y diffr a cti o n, o p er a n d o, p e a k pr ofil e a n al ysis

1. I ntr o d u c ti o n

A ust e niti c st ai nl ess st e els ( A S Ss) p oss ess a g o o d c o m bi n ati o n of m e c h a ni c al a n d t e c h n ol o gi c al pr o p erti es a n d 
hi g h c orr osi o n r esist a n c e i n v ari o us e n vir o n m e nts. F or t h es e r e as o ns, A S Ss h a v e f o u n d wi d e a p pli c ati o ns i n differ- 
e nt m a n uf a ct uri n g f iel ds, p arti c ul arl y i n m e c h a ni c al e n gi n e eri n g, a er os p a c e e n gi n e eri n g, a n d c h e mi c al e n gi n e eri n g. 
Pr o d u cts m a d e of A S Ss ar e fr e q u e ntl y s u bj e ct e d t o c y cli c l o a di n g. At l o w t e m p er at ur es, t h e c y cli c l o a di n g of A S S c a n 
le a d t o str ai n h ar d e ni n g t hr o u g h a str ai n-i n d u c e d p h as e tr a nsiti o n, d uri n g w hi c h m et ast a bl e a ust e nit e ( γ ) tr a nsf or ms t o 
m art e nsit e ( α ′ or ε ), als o k n o w n as m e c h a ni c all y or str ai n-i n d u c e d m art e nsit e [ 1]. A bri ef o v er vi e w of str ai n-i n d u c e d 
tr a nsf orm ati o ns i n  A S Ss c a n b e f o u n d i n S u p pl e m e nt ar y M at eri al 1.
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T h e f or m ati o n of m e c h a ni c all y i n d u c e d m art e nsit e is als o fr e q u e ntl y o bs er v e d d uri n g a br asi v e w e ar [ 2, 3] a n d 
sli di n g fri cti o n [ 4, 5, 6, 7, 8]. Wit h a d e q u at el y s el e ct e d fri cti o n c o n diti o ns, t his p h e n o m e n o n c a n b e us e d as a fi nis hi n g 
tr e at m e nt t o o bt ai n pr o d u cts wit h l o w s urf a c e r o u g h n ess a n d hi g h m e c h a ni c al pr o p erti es [ 9, 1 0]. T h e r e as o ns f or t h e 
f or m ati o n of fri cti o n-i n d u c e d m art e nsit e ar e hi g h s p e cific str ess es a n d str ai ns r es ulti n g fr o m t h e a d h esi v e- c o h esi v e 
int er a cti o n b et w e e n t h e m at eri als of t h e fri cti o n p air [ 1 1, 1 2], as w ell as t h e i n d e nt ati o n of w e ar d e bris i n t h e s urf a c e 
of t h e m at eri al, w hi c h l e a ds t o hi g h l o c al str ai ns [ 1 2, 1 3].

T h e str u ct ur al e v ol uti o n of m at eri als d uri n g fri cti o n is m a nif est e d i n gr ai n r efi n e m e nt, r ot ati o n of gr ai ns a n d t h eir
ali g n m e nt i n t h e sli di n g dir e cti o n, cr yst all o gr a p hi c t e xt uri n g, c h a n g e of t h e disl o c ati o n str u ct ur e, a n d t h e f or m ati o n 
of a m e c h a ni c all y mi x e d l a y er ( M M L), als o k n o w n as “t hir d b o d y ” or tr a nsf er l a y er. Str ai n-i n d u c e d m art e nsit e als o 
f or ms at s o m e st a g e of fri cti o n, e x erti n g si g nific a nt i nfl u e n c e o n ot h er pr o c ess es of str u ct ur al tr a nsf or m ati o n c a us e d 
b y fri cti o n.

T h e A S S str u ct ur e, f or m e d d u e t o fri cti o n, h as b e e n i n v esti g at e d i n m a n y w or ks [ 4, 5, 6, 7, 8]. H o w e v er, m ost of
th e m us e d p ost- m ort e m a n al ysis of t h e s a m pl es. I n ot h er w or ds, t h e a n al ysis w as us u all y c arri e d o ut usi n g d estr u cti v e 
c h ar a ct eri z ati o n t e c h ni q u es pr o vi di n g i nf or m ati o n o n t h e str u ct ur al st at e a n d p h as e c o nstit uti o n of t h e s a m pl e’s s urf a c e 
l a y er o nl y at a s p e cific ti m e. H o w e v er, t h e e ntir e s e q u e n c e of tr a nsf or m ati o ns, l e a di n g t o t h e f or m ati o n of t h e fi n al 
str u ct ur e r e m ai n e d u n cl e ar. F or i nst a n c e, t h e m e c h a nis m of fri cti o n-i n d u c e d m art e nsit e f or m ati o n a n d t h e m o m e nt 
w h e n t his o c c urs h a v e n ot y et b e e n cl arifie d.

It c a n b e n oti c e d t h at m ost st u di es d e v ot e d t o diff usi o nl ess tr a nsf or m ati o ns ar e b as e d o n mi cr ostr u ct ur al i n v esti g a-
ti o ns c o n d u ct e d aft er t h e e x p eri m e nt (i. e., e x sit u). Fri cti o n e x p eri m e nts ar e n ot a n e x c e pti o n as it is q uit e c h all e n gi n g 
t o d esi g n a n d p erf or m i n sit u o bs er v ati o ns i n pr a cti c e. N e v ert h el ess, e x a m pl es of s u c h e x p eri m e nts d o e xist. F or 
i nst a n c e, b a c k i n t h e 1 9 8 0s a n d 1 9 9 0s, t h e fri cti o n e x p eri m e nts w er e c arri e d o ut wit h si m ult a n e o us o bs er v ati o n us- 
i n g s c a n ni n g el e ctr o n mi cr os c o p y ( S E M) a n d s c a n ni n g K el vi n pr o b e mi cr os c o p y, ai mi n g t o a n al y z e c h a n g es i n t h e 
s urf a c e str u ct ur e a n d its c h e mi c al c o m p ositi o n d uri n g t h e t ests [ 4], [ 1 4, 1 5]. R e c e ntl y, R o w e et al. [ 1 6] a n d Ya gi 
et al. [ 1 7] d e v el o p e d a n a p pr o a c h t h at all o ws t h e m e as ur e m e nt of t h e t e m p er at ur e at t h e fri cti o n i nt erf a c e usi n g t h e 
t h er m o gr a p h y m et h o d. T h e t e m p er at ur e c a n als o b e m e as ur e d b y R a m a n s p e ctr os c o p y [ 1 8]. T h e w e ar b e h a vi or c a n 
b e a n al y z e d b y r e c or di n g a c o usti c e missi o n g e n er at e d b y t h e pr o p a g ati o n of el asti c d ef or m ati o n w a v es [ 1 9]. I n d e e d, 
m e as uri n g t h e fri cti o n c o effici e nt is als o a n i n sit u o bs er v ati o n of fri cti o n i nt er a cti o n. All t h es e a p pr o a c h es, h o w e v er, 
ar e i ns uffici e nt t o f ull y u n d erst a n d t h e r es p o ns e of t h e mi cr ostr u ct ur e t o fri cti o n.

A n i n sit u a p pr o a c h usi n g s y n c hr otr o n X-r a y diffr a cti o n ( X R D) t o i n v esti g at e t h e m at eri al st at e u n d er sli di n g
w as r e c e ntl y pr o p os e d i n [ 1 7, 2 0, 2 1]. Usi n g t h e c o m bi n ati o n of s y n c hr otr o n r a di ati o n ( S R) a n d t w o- di m e nsi o n al
d et e ct ors, o n e c a n r e c or d hi g h- q u alit y diffr a cti o n p att er ns wit h hi g h s p ati ot e m p or al r es ol uti o n. T h e a p pli c ati o n of 
su c h m et h o ds pr o vi d es a p ossi bilit y t o pr o b e t h e m at eri al st at e u n d er differ e nt fri cti o n c o n diti o ns a n d o bt ai n diffr a cti o n 
p att er ns dir e ctl y d uri n g t h e e x p eri m e nt/ o p er ati o n wit h a hi g h s a m pli n g r at e, t h at is, t o i m pl e m e nt i n sit u or o p er a n d o 
o bs er v ati o ns. Ya gi et al. [ 1 7, 2 2] a n d I z u mi et al. [ 2 1] us e d s u c h a n a p pr o a c h c o u pl e d wit h t e m p er at ur e m e as ur e m e nts 
t o i d e ntif y t h e f or m ati o n of a ust e nit e d uri n g t h e dr y sli di n g of st e el wit h a m art e nsiti c str u ct ur e. T h e y als o o bs er v e d 
t h at f ull wi dt h at h alf m a xi m u m ( F W H M) of t h e m art e nsit e p e a ks d e cr e as es, i n di c ati n g a d e cr e as e i n t h e n u m b er of 
cr yst al str u ct ur e d ef e cts d u e t o r e c o v er y a n d r e cr yst alli z ati o n of t h e all o y. I n a d diti o n, usi n g diffr a cti o n a n al ysis, Ya gi 
e t al. [ 1 7] ass ess e d t h e fr a cti o n of m art e nsit e a n d a ust e nit e p h as es, w hi c h is i m p ort a nt f or a n al y zi n g t h e d y n a mi cs of 
fri cti o n-i n d u c e d p h as e tr a nsf or m ati o ns.

T h e d e v el o p m e nt of diffr a cti o n m et h o ds f or t h e c h ar a ct eri z ati o n of m at eri als’ str u ct ur e d uri n g fri cti o n p os es a n e w
c h all e n g e f or tri b ol o gists – t h e ass ess m e nt of t h e disl o c ati o n str u ct ur e d y n a mi cs. I n r e c e nt d e c a d es, s e v er al n o v el p e a k 
pr ofil e m o d els h a v e b e e n pr o p os e d, n a m el y, t h e s o- c all e d m o difie d Willi a ms o n- H all ( M W H) a n d m o difie d Warr e n- 
A v er b a c h ( M W A) m et h o ds [ 2 3, 2 4]. T h es e  m et h o ds ar e b as e d o n t h e Kri v o gl a z t h e or y [ 2 5] of t h e effe ct of disl o c ati o ns
o n t h e el asti c str ai ns a n d a d e q u at el y a d dr ess t h e ef fe ct of t h e a nis otr o p y of t h e s a m pl e’s el asti c pr o p erti es o n diffr a cti o n
p e a k pr ofil es. I n c o ntr ast t o t h e c o n v e nti o n al Willi a ms o n- H all a n d Warr e n- A v er b a c h m et h o ds, t h es e m o difie d m et h o ds 
all o w c al c ul ati o ns of n ot o nl y t h e si z e of t h e c o h er e nt s c att eri n g r e gi o ns ( C S Rs) b ut als o t h e disl o c ati o n d e nsit y, t h e 
r el ati v e distri b uti o n of disl o c ati o ns b y t y p e ( or b y sli p s yst e ms), a n d ot h er p ar a m et ers of t h e mi cr ostr u ct ur e [ 2 3, 2 6, 
2 7]. We b eli e v e t h at it is p ossi bl e t o e xtr a ct u ni q u e d at a o n t h e fri cti o n a n d r el at e d pr o c ess es usi n g M W A a n d M W H 
m o d els c o u pl e d  wit h a n i n sit u or o p er a n d o X R D e x p eri m e nt.

R e c e ntl y, B at a e v et al. [ 2 8] us e d M W H a n d M W A  m et h o ds a n d pr o p os e d a n o p er a n d o a p pr o a c h t o a n al y z e t h e
str u ct ur al e v ol uti o n of m at eri als u n d er fri cti o n usi n g s y n c hr otr o n X R D. U ntil n o w, t his a p pr o a c h w as us e d o nl y f or 
rel ati v el y si m pl e m at eri als ( e. g., c ar b o n st e el) t h at d o n ot e x p eri e n c e fri cti o n-i n d u c e d p h as e tr a nsf or m ati o ns. I n t h e



c as e of γ -α ′ tr a nsf or m ati o n i n A S Ss, t h e disl o c ati o n pil e- u ps b e c o m e sit es of α ′ - m art e nsit e n u cl e ati o n. F or t his r e as o n, 
w e b eli e v e t h at c o nsi d eri n g of disl o c ati o n d y n a mi cs d uri n g t h e fri cti o n of A S Ss is a n ess e nti al iss u e. O nl y b y pr o p erl y 
a d dr essi n g t his f u n d a m e nt al iss u e c a n t h e effe ct of m e c h a ni c all y i n d u c e d tr a nsf or m ati o n o n tri b ol o gi c al pr o p erti es of 
A S Ss a n d t h e tr a nsiti o n fr o m mil d t o c at astr o p hi c w e ar b e cl arifie d.

2. E x p eri m e nt al pr o c e d ur e

2. 1. O p er a n d o o bs er vati o n a n d s a m pl e pr e p ar ati o n

T h e sli di n g t est w as c arri e d o ut i n pi n- o n- dis k g e o m etr y usi n g t h e fri cti o n t est er d es cri b e d pr e vi o usl y [ 2 8, 2 9]. 
T h e e x p eri m e nt al s et u p is s h o w n s c h e m ati c all y i n Fi g. 1. T his s c h e m e i m pli es t h at e a c h p oi nt at t h e s a m pl e s urf a c e 
w as  s u bj e ct e d  t o c y cli c  fri cti o n al l o a di n g. T h e  w h ol e  e x p eri m e nt  c o nsist e d  of  5 0 0  re v ol uti o ns  of  t h e s am pl e  ( or
fri cti o n c y cl es).  D uri n g t h e fri cti o n t est, t h e s ur fa c e l a y er of t h e s a m pl e w as pr o b e d b y a mi cr o n-si z e d X-r a y b e a m i n
gr a zi n g i n ci d e n c e dif fr a cti o n g e o m etr y wit h a gr a zi n g a n gl e of 3. 4° . B ef or e t h e e x p eri m e nt, t h e dis k-s h a p e d s a m pl e 
w as pr ess e d a g ai nst a ri gi dl y fix e d pi n w it h a w ei g ht of 1 6 k g.  T h e w h ol e t est er w it h t h e s am pl e w as t h e n p ositi o n e d 
c ar ef ull y r el at iv e  t o t h e X-r a y b e a m t o pr o b e t h e fri cti o n s ur fa c e at a dist a n c e  of a p pr o xi m at el y  3 m m  b e hi n d t h e  pi n. 
I de all y , t h e dist a n c e b et w e e n t h e b e a m a n d t h e pi n s h o ul d b e as s m all as p ossi bl e. Ho w e v e r, i n t his c as e, t h e pi n a b- 
s or bs t h e p art  of  t h e dif fr a cti o n c o n es.  D u e  t o t his r e as o n, t h e dis t a n c e b et w e e n  t h e pi n  a n d  t h e b e a m  was  s et t o 3  m m . 
W e  b eli e v e  t h at t h er e ar e  n o  si g ni fi c a nt di ff er e n c es i n t h e dif fr a cti o n p att er ns  r e c or d e d at  t h e dist a n c e  of  3  m m  or  at
a n y  ot h er  dist a n c e  fr o m t h e pi n  si n c e t h e str u ct ur e  of  t h e s ur fa c e  d o es n ’t si g ni fi c a ntl y c h a n g e  w h e n  t h e m at eri al  c o m es
o ut  of  t h e fri cti o n z o n e.  T his  st at em e nt  is c orr e ct  e x c e pt  i n t h e c as e  of  d r am ati c  fri cti o n-i n d u c e d h e ati n g.  Co nsi d eri n g 
t h e a n g ul ar v el o cit y ( 6 0 r p m) a n d t h e dis k di a m et er ( 6 6 m m), t h e ti m e t a k e n fr o m t h e pi n’s c o nt a ct wit h  a r e gi o n o n 
t h e s a m pl e’s s urf a c e t o t h e a c q uisiti o n  of  t h e dif fr a cti o n p att er n  fr o m t his r e gi o n w as  c al c ul at e d  t o b e  l ess t ha n  0. 0 1 5  s. 
T h e fri cti o n r e gi m e w as s el e ct e d b as e d o n o ur pr e vi o us e x p eri e n c e t o s atisf y t h e f oll o w i n g c o n diti o ns [ 2 8] . First, w e 
tri e d t o m i nim i z e t h e e ff e ct of  t h e r a di al r u n o ut. D u e  t o t h e sli g ht m is ali g n m e nt  of  t h e s am pl e ’s a n d  t h e s pi n dl e ’s a x es, 
t h e p oi nt of i n ci d e n c e of t h e X -r a y b e a m c a n m o v e o n t h e fri cti o n s urfa c e w h e n t h e s a m pl e is r ot at e d. A lt h o u g h s u c h 
m o v e m e nt is o nl y of t h e or d er of a f e w m i cr om et ers, it n e v ert h el ess sli g htl y a ff e cts t h e s am pl e-t o- d et e ct or dist a n c e, 
r es ulti n g i n t h e p e a k  br o a d e ni n g.  B y  t h e tri al- a n d- err or m et h o d  it w as  f o u n d t h at at  a  rot ati o n  fr e q u e n c y of  6 0  r p m a n d 
b el o w t h e e ff e ct of s a m pl e’s r a di al r u n o ut d o es n ’t aff e ct t h e s h a p e of X R D p e a ks, si n c e t h e a c q uisiti o n ti m e is s h ort 
e n o u g h t o n e gl e ct t h e sl o w r a di al m oti o n of t h e s a m pl e. S e c o n dl y , w e tri e d t o a c hi e v e r e gi m es w h e n t h e d a m a g e of 
t h e fri cti o n s urfa c e  o c c urr e d  gr a d u all y  w it h o ut si g nifi c a nt c h a n g es  i n t h e ver y  first fri cti o n cy cl es.  T hir dl y , w e  tri e d t o 
a v oi d  si g nifi c a nt h e ati n g  i n t h e z o n e  of  c o nt a ct  b et w e e n  t h e pi n  a n d  t h e s a m pl e.  T his  w as  es p e ci all y  im p ort a nt  f or o ur
st u dy , as  w e  c o ul d  n ot  m e as ur e  t h e h e ati n g  c a us e d  b y  fri cti o n a n d  m a k e  a p pr o pri at e  c orr e cti o ns  i n t h e s u bs e q u e nt  c al-
c ul ati o ns.  A c c or di n g  t o o ur  esti m at es,  fri cti o n c a n  c a us e  a  t e m p er at ur e i n cr eas e  of  u p  t o 1 7 2  ° C.  C al c ul ati o n  pr o c e d ur e 
is bri efly d es cri b e d i n S u p pl e m e nt ar y m at eri al 2 a n d i n st u di es [ 3 0, 3 1, 3 2]. It s h o ul d b e n ot e d t h at h e at dissi p ati o n 
d u e t o r a di ati o n a n d c o n v e cti o n w er e n ot t a k e n i nt o a c c o u nt. It m e a ns t h at t h e a ct u al t e m p er at ur e at t h e i nt er fa c e c a n 
b e si g ni fi c a ntl y lo w e r.

T h us, t h e o p er a n d o a p pr o a c h t o st u d y fri cti o n-i n d u c e d str u ct ur al e v ol uti o n w as i m pl e m e nt e d. S c att er e d r a di ati o n
w as c oll e ct e d usi n g a n e x p os ur e ti m e of 5 ms at a s a m pli n g r at e of 1 0 0 fr a m es p er mi n ut e b y m e a ns of a p h ot o n-
c o u nti n g ar e a d et e ct or ( Ei g er X 4 M fr o m D e ctris). T h e a cti v e ar e a of t h e d et e ct or is 1 6 2. 5 × 1 5 5. 2 m m 2 , t h e r es ol uti o n
2 0 7 0 × 2 1 6 7 pi x els, a n d t h e pi x el si z e 7 5 × 7 5 µ m 2 . T h e m o n o c hr o m ati c X-r a y b e a m wit h a p h ot o n e n er g y of 1 3. 9 k e V
w as f o c us e d b y m e a ns of a c o m p o u n d r efr a cti v e B e-l e ns o pti cs t o a n o mi n al b e a m si z e of 1. 3 × 2. 8 µ m 2 ( v erti c all y
a n d h ori z o nt all y, r es p e cti v el y) at t h e s a m pl e p ositi o n. T h e b e a m’s f o ot pri nt o n t h e w or k s urf a c e of t h e s a m pl e w as 
2 2 × 2. 8 µ m 2 b e c a us e of t h e gr a zi n g i n ci d e n c e g e o m etr y. T h e gr a zi n g i n ci d e n c e g e o m etr y w as a c hi e v e d b y tilti n g t h e 
e ntir e fri cti o n d e vi c e. T his a p pr o a c h all o ws a n al y zi n g t hi n s urf a c e l a y ers of t h e s a m pl e as t h e p e n etr ati o n d e pt h of 
t h e X-r a y b e a m is o nl y a f e w mi cr o m et ers. T h e p e n etr ati o n d e pt h of t h e X-r a y b e a m w as e v al u at e d a c c or di n g t o [ 2 0]. 
It c a n b e ar g u e d t h at 7 0 % of t ot al diffr a cti o n i nt e nsit y w as o bt ai n e d fr o m a d e pt h of a b o ut 1 µ m c al c ul at e d f or a 
s c att eri n g a n gl e of 2 7 ° (t h e mi d dl e of t h e a n al y z e d s p e ctr u m) a n d a li n e ar a bs or pti o n c o effici e nt of 5 9 4 c m − 1 [ 3 3]. 
T h e e x p eri m e nt w as c o n d u ct e d at t h e Mi cr of o c us B e a mli n e I D 1 3 of t h e E ur o p e a n S y n c hr otr o n R a di ati o n F a cilit y.

A S S AI SI 3 2 1 w as us e d as t h e e x p eri m e nt al m at eri al i n t his st u d y. T h e el e m e nt al c o m p ositi o n of t h e all o y is 
pr es e nt e d i n Ta bl e 1. T h e s a m pl e w as pr e p ar e d fr o m a r o u n d b ar b y l at hi n g. As s h o w n i n Fi g. 1 b, t h e i niti al wi dt h 
of t h e s a m pl e’s w or k s urf a c e is 1. 2 m m. T h e w or k s urf a c e w as pr e p ar e d c ar ef ull y b y gri n di n g a n d p olis hi n g t o a



Fi g ur e  1: ( a) T h e s c h e m e of t h e e x p eri m e nt o n dr y fri cti o n wit h si m ult a n e o us diffr a cti o n a n al ysis: 1 – t h e pi n; 2 – t h e w or k s urf a c e of t h e pi n 
is hi g hli g ht e d wit h a w hit e r e ct a n gl e. T h e a p p ar e nt c o nt a ct ar e a is m ar k e d wit h a cr oss e d r e ct a n gl e; 3, 4 – t h e i n ci d e nt a n d diffr a ct e d r a di ati o n, 
r es p e ctiv el y; 5 – t h e s a m pl e; 6 – t h e r ot ati o n dir e cti o n; 7 – t h e t w o- di m e nsi o n al d et e ct or D e ctris Ei g er X 4 M; ( b) t h e s c h e m e of gr a zi n g i n ci d e n c e 
g e o m etr y; ( c) t h e f o ot pri nt of t h e b e a m o n t h e w or k s urf a c e ( n ot t o s c al e).

mirr or fi nis h usi n g di a m o n d p ast es. T h e fi n al st a g e of s a m pl e pr e p ar ati o n w as a ust e niti z ati o n at 1 0 0 0 ° C f or 1 h o ur 
a n d s u bs e q u e nt oil q u e n c hi n g. T h e h e at tr e at m e nt w as c arri e d o ut i n a v a c u u m. As a r es ult of r e cr yst alli z ati o n, it c a n 
b e ass u m e d t h at all r esi d u al str ess es i n t h e s urf a c e l a y er of t h e s a m pl e w er e c a us e d o nl y b y q u e n c hi n g r at h er t h a n b y 
t h e pri or m e c h a ni c al tr e at m e nt.

Ta bl e 1:  El e m e nt al c o m p ositi o n of AI SI 3 2 1

C  Cr  Ni  Ti  M n  Si  N  M o  S  P  F e
0. 0 7 1 7. 1 7 8. 5 5 0. 3 3 0. 4 0 0. 5 8 0. 0 6 0. 0 5 0. 0 0 2 0. 0 1 8 b al a n c e

T h e c e m e nt e d c ar bi d e ( W C- 2 0 C o) pi n w as pr e p ar e d b y wir e el e ctri c al dis c h ar g e m a c hi ni n g. T h e m at eri al of t h e 
p i n w as c h os e n b e c a us e of its hi g h h ar d n ess a n d w e ar r esist a n c e. T h e fri cti o n al i nt er a cti o n o c c urs b et w e e n t h e l at er al 
s urf a c e of t h e st e el s a m pl e a n d t h e w or k f a c e of t h e pi n, as s h o w n i n Fi g. 1 a. As t h e pi n’s w or ki n g ar e a i nt er a cts 
w it h t h e s a m pl e’s c yli n dri c al s urf a c e, t h e a ct u al c o nt a ct ar e a is diffic ult t o esti m at e. Fr o m a p ur el y g e o m etri c al 
c o nsi d er ati o n,  t h e a p p ar e nt c o nt a ct ar e a is esti m at e d t o b e a p pr o xi m at el y 1. 2 m m2 . H o w e v er, i n c as es wit h hi g h 
pl asti c d ef or m ati o ns, t h e c o nt a ct ar e a c a n b e si g nific a ntl y l ar g er.

2. 2. Ra st er s c a n ni n g ( ma p pi n g) of t h e fri cti o n s urfa c e

T h e d ef or m ati o n of t h e s urf a c e r e gi o n c a us e d b y fri cti o n c a n b e n o n u nif or ml y distri b ut e d o v er t h e s ur f a c e of t h e 
s am pl e.  R ast er s c a n ni n g o v er t h e fri cti o n s urf a c e usi n g a s y n c hr otr o n X-r a y b e a m w as i m pl e m e nt e d t o a n al y z e t h e 
s p ati al v ari ati o n of t h e m at eri al’s  str u ct ur e. F or t his p ur p os e, t h e e x p eri m e nt w as i nt err u pt e d aft er a c ert ai n n u m b er 
of s a m pl e r e v ol uti o ns, a n d t h e fri cti o n s urf a c e w as t h e n m a p p e d a c c or di n g t o t h e s c h e m e s h o w n i n Fi g. 2. D uri n g 
s c a n ni n g, t h e fri cti o n d e vi c e, pi n, a n d s a m pl e w er e m o v e d al o n g t h e Z- a n d X- a x es i n i n cr e m e nts of 1. 3 a n d 5 µ m, 
r es p e cti v el y. T h e f o ot pri nt of t h e X-r a y b e a m o n t h e fri cti o n s urf a c e w as 2 2 × 2. 8 µ m2 . T h e r es ult of s c a n ni n g w as 
a n M × N arr a y c o nsisti n g of 1 2 1 ( al o n g t h e Z- a xis) × 4 1 0 ( al o n g t h e X- a xis) = 4 9 6 1 0 diffr a cti o n p att er ns. T h e r ast er 
s c a n ni n g r es ults pr es e nt e d i n t h e p a p er w er e n ot a v er a g e d. E a c h pi x el i n m a ps r e pr es e nts t h e i nf or m ati o n fr o m t h e 
c orr es p o n di n g  p oi nt o n t h e s am pl e’s s urf a c e. D a t a o n  t h e i nt e nsit y a n d

 

F W H M  o f t h e dif fr a cti o n p e a ks  w er e e xtr a ct e d 
fr o m t h e o bt ai n e d p att er ns. T h es e d at a w er e us e d t o g e n er at e m a ps wit h a r es ol uti o n of 1 2 1 × 4 1 0 pi x els, ill ustr ati n g 
t h e distri b uti o n of t h e i nt e nsit y a n d F W H M of p e a ks o v er t h e fri cti o n s urf a c e.



Fi g ur e 2:  T h e s c h e m e of s urf a c e s c a n ni n g ( n ot t o s c al e): 1 – t h e pi n; 2 – t h e i n ci d e nt b e a m; 3 – t h e s c att er e d r a di ati o n; 4 – t h e t w o- di m e nsi o n al 
d et e ct or; 5 – t h e s c a n n e d ar e a c o nsisti n g of M ×  N p oi nts, w h er e M a n d N ar e e q u al t o 4 1 0 a n d 1 2 1 r es p e cti v el y; 6 – t h e gr a zi n g a n gl e; 7 – t h e 
s a m pl e.

2. 3. E x sit u o bs er vati o n of mat eri als

O n c o m pl eti n g t h e fri cti o n t est, t h e s a m pl e w as c ut c ar ef ull y b y wir e el e ctri c al dis c h ar g e m a c hi ni n g. T h e mi- 
cr ostr u ct ur es of t h e pi n a n d t h e dis k s urf a c es w er e st u di e d b y li g ht mi ct os c o p y a n d S E M usi n g a C arl Z eiss A xi o 
O bs er v er A 1 m a n d a C arl Z eiss E V O 5 0 c o u pl e d wit h a n e n er g y- dis p ersi v e s p e ctr o m et er ( E D X) O xf or d I nstr u m e nts
X - A ct, r es p e cti v el y. Differ e nt cr oss s e cti o ns of t h e dis k w er e pr e p ar e d b y gri n di n g a n d p olis hi n g wit h a br asi v e p a p er
a n d di a m o n d s us p e nsi o ns. T h e str u ct ur e of t h e s p e ci m e ns w as r e v e al e d b y et c hi n g wit h a q u a  r e gi a s ol uti o n ( H N O3 + 
3 H Cl).  T h e h ar d n ess a n d Yo u n g’s m o d ul us w er e m e as ur e d usi n g t h e n a n o h ar d n ess t est er N a n os k a n- 3 D ( F S BI TI S- 
N C M) e q ui p p e d wit h t h e B er k o vi c h i n d e nt er. T h e pr o c e d ur e of h ar d n ess m e as ur e m e nt a n d s c h e m e of n a n oi n d e nt ati o n 
( Fi g. S 1) ar e d es cri b e d i n d et ail i n S u p pl e m e nt ar y m at eri al 3.

3. R es ul t s

3. 1 . Res ults of r a st er s ca n ni n g o ver  fri cti o n s urfa c e

T h e r es ults of i nt er m e di at e r ast er s c a n ni n g o v er t h e s a m pl e’s s urf a c e ar e s h o w n i n Fi g. 3, w hi c h r e pr es e nts t h e 
d istri b uti o n of i nt e nsiti es of ( 1 1 1) r efle cti o n of a ust e nit e ( Fi g. 3 a- g) a n d ( 1 1 0) r efle cti o n of α ′ - m art e nsit e ( Fi g. 3 h- n). 
I n t h e i niti al st at e (i. e., f or t h e as- q u e n c h e d s a m pl e), t h e i nt e nsit y of ( 1 1 0) r efle cti o n of t h e α ′ p h as e is cl os e t o z er o f or 
all p oi nts o v er t h e fri cti o n s urf a c e ( Fi g. 3 h).  T h e a bs e n c e of s u c h r efle cti o n m e a ns t h at t h e m at eri al c o nsists m ai nl y 
of a ust e nit e aft er v a c u u m q u e n c hi n g ( Fi g. 3 a). Ot h er p h as es, s u c h as o xi d es a n d c ar bi d es, ar e als o o bs er v e d o n t h e 
s ur f a c e. T h e i nf orm ati o n  a b o ut t h e m c a n b e f o u n d i n S u p pl em e nt ar y  M at eri al 4.

T h er e is n o n oti c e a bl e c h a n g e i n t h e p h as e c o nstit uti o n at t h e fri cti o n s urf a c e aft er t w o a n d fi v e c y cl es of sli di n g 
( Fi g. 3 b, i a n d Fi g. 3 c, j). Aft er 3 0 c y cl es, a n arro w w e ar tr a c k f or ms o n t h e s a m pl e’s s urf a c e,  s e e n cl e arl y as a 
bri g ht p ar a b oli c li n e i n Fi g. 3 k or as a c orr es p o n di n g d ar k li n e  i n Fi g. 3 d. T h e i nt e nsit y of a ust e nit e p e a ks i n t his



Fi g ur e 3:  Distrib uti o n  of t h e diffr a cti o n m a xi m a i nt e nsit y o v er t h e fri cti o n s urf a c e at differ e nt st a g es of fri cti o n: ( a- g) ( 1 1 1) r efle cti o n of t h e γ 
p h as e; ( h- n) ( 1 1 0) r efle cti o n of t h e α ′ p h as e. T h e w hit e d as h e d- d ott e d li n e s h o ws t h e mi cr o cr a c k pr ofil e, a n d t h e arr o ws s h o w t h e s e p ar ati n g w e ar 
d e bris.

r e gi o n d e cr e as es, w h er e as t h e i nt e nsit y of α ′ - m art e nsit e r efle cti o ns i n cr e as es. T his effe ct i n di c at es t h e o c c urr e n c e of 
fri cti o n-i n d u c e d m art e nsit e tr a nsf or m ati o n.

C o nsi d eri n g t h e p h as e c o nstit uti o n al o n g t h e n e wl y f or m e d w e ar tr a c k ( Fi g. 3 k), as w ell as at  dist a n c es of 1 5 0 µ m 
a n d 3 0 0 µ m fr o m it, w e f o u n d t h at t h e α ′ - m art e nsit e p e a ks b e c o m e l ess disti n g uis h a bl e as t h e dist a n c e fr o m t h e w e ar
tr a c k i n cr e as es. It m e a ns t h at t h e m ost si g nific a nt str u ct ur al tr a nsf or m ati o ns ar e c o n c e ntr at e d i n t his n arr o w gr o o v e 
d uri n g t h e first f e w d o z e n fri cti o n c y cl es. T his  is als o c o nfir m e d b y p e a ks br o a d e ni n g (i n di c ati n g t h e a c c u m ul ati o n



of cr yst al l atti c e d ef e cts) of a ust e nit e.  T h e hi g h est v al u e of t h e F W H M ( 0. 2 5 °) of a ust e nit e is o bs er v e d i n t h e w e ar 
tr a c k r e gi o n w h er e m art e nsiti c tr a nsf or m ati o n is o bs er v e d. T h e a v er a g e F W H M v al u e d e cr e as es t o 0. 1 3 ° a n d 0. 0 9 ° at 
dist a n c es of 1 5 0 µ m a n d 3 0 0 µ m r es p e cti v el y. O n e c a n r ef er t o S u p pl e m e nt ar y m at eri al 4 f or a d diti o n al i nf or m ati o n.

T h e q u esti o n of w h et h er it is p ossi bl e t o g e n er at e t h e ε - m art e nsit e i n t h e A S S b e c a us e of fri cti o n is of p arti c ul ar
int er est. T h e f or m ati o n of t h e ε  p h as e w as n ot r e p ort e d i n m a n y pr e vi o us st u di es d e v ot e d t o str u ct ur al tr a nsf or m ati o ns 
i n A S Ss d uri n g m e c h a ni c al tr e at m e nt [ 3 4, 3 5, 3 6], i n cl u di n g t h os e t h at st u di e d t h e fri cti o n of t h es e all o ys [ 1 0, 3 7]. 
A p p ar e ntl y, t his is b e c a us e t h e st at e of t h e m at eri al i n t h e m e nti o n e d w or ks w as st u di e d p ost- m ort e m (i. e., at t h e e n d 
of t h e t est), w h e n all t h e i nt er m e di at e st a g es of m art e nsit e tr a nsf or m ati o n h a d alr e a d y o c c urr e d. F or t his r e as o n, t h e 
f or m ati o n of t h e ε p h as e w as n ot r e v e al e d b y M a k ar o v et al.  e v e n usi n g tr a nsmissi o n el e ctr o n mi cr os c o p y [ 1 0]. I n 
t his st u d y, w e c o ul d d et e ct w e a k t h o u g h disti n ct r efle cti o ns of ε - m art e nsit e ( Fi g. S 4 b- d pr es e nt e d i n S u pll e m e nt ar y 
m at eri als 3) b e c a us e of t h e us e of a bri g ht X-r a y s o ur c e a n d t h or o u g h a n al ys es of t h e i niti al st a g es of fri cti o n.

A c c or di n g t o Fi g. 4, t h e hi g h est i nt e nsit y of ( 1 0 1) r efle cti o n of t h e ε  p h as e is o bs er v e d i n t h e ar e a b et w e e n c ur v es
1 a n d 2, t h at is, at s o m e dist a n c e fr o m t h e w e ar tr a c k. It is k n o w n t h at γ -ε  tr a nsf or m ati o n i n A S Ss o c c urs at 
r el ati v el y s m all str ai ns. A c c or di n g t o P a dil h a a n d Ri os, t h e m a xi m u m v ol u m e fr a cti o n of t h e ε p h as e i n t h e AI SI 
3 0 4 st e el is o bs er v e d w h e n t h e str ai n v al u e is 5 % [ 3 8]. A s u bs e q u e nt i n cr e as e i n str ai n c a us es ε -α ′ tr a nsf or m ati o n. 
A p p ar e ntl y, a si mil ar sit u ati o n is o bs er v e d i n t his c as e. F or i nst a n c e, aft er t h e first f e w d o z e n r e v ol uti o ns, t h e 
hi g h est str ai n is c o m m o n f or t h e n e wl y f or m e d w e ar tr a c k ar e a ( cl os e t o c ur v e 1) a n d, i n t his r e gi o n, t h e m at eri al 
pr o b a bl y u n d er g o es γ-ε-α ′ tr a nsf or m ati o n ( alt h o u g h t h e p ossi bilit y of dir e ct γ-α ′ tr a nsf or m ati o n i n t his r e gi o n c a n n ot 
b e c o m pl et el y e x cl u d e d). T h e ε  p h as e is l o c at e d pri m aril y at s o m e dist a n c e fr o m t h e w e ar tr a c k, t h at is, i n t h e ar e a 
w it h l o w er str ai n v al u es. B et w e e n 3 0 a n d 1 0 0 c y cl es, α ′ -m art e nsit e b e c o m es  t h e pr e d o mi n a nt p h as e o v er t h e 
w h ol e fri cti o n s urf a c e.
Aft er 1 0 0 fri cti o n c y cl es, t h e ε p h as e is n ot r e v e al e d b y r ast er s c a n ni n g. B as e d o n Fi g. 3l- n, w hi c h c orr es p o n d t o 
1 0 0, 3 0 0, a n d 5 0 0 c y cl es of fri cti o n, r es p e cti v el y, t h e s a m pl e’s s urf a c e gr a d u all y a c q uir es a c o m pl e x t o p o gr a p h y wit h 
m ulti pl e mi cr o cr a c ks a n d d e bris p arti cl es o n it.

Fi g ur e 4: Distri b uti o n of i nt e nsit y of ( 1 0 1) ε  ( a) a n d ( 1 1 0) α ′ ( b) diffr a cti o n m a xi m a aft er 3 0 c y cl es of fri cti o n l o a di n g.

O n e m a nif est ati o n of s e v er e w e ar is a p arti al fr a ct ur e of t h e c e m e nt e d c ar bi d e pi n, w hi c h w as r e v e al e d usi n g r ast er 
s c a n ni n g ( Fi g. 5). T h e diffr a cti o n p att er ns of a n ar e a of t h e s a m pl e c o nt ai ni n g W C p arti cl es ar e s p e cifie d b y arr o ws 
1- 6 i n Fi g. 5b.  T h e c orr es p o n di n g X R D p att er ns c o nfir mi n g t h e pr es e n c e of t h e W C p h as e ( P- 6 m 2) ar e s h o w n i n 
F i g. 5 e. Fr o m t h e d at a pr es e nt e d i n Fi g. 5 a, b, o n e c a n c o n cl u d e t h at t h e p arti al fr a ct ur e of t h e pi n o c c urs b et w e e n
3 0 a n d 1 0 0 fri cti o n c y cl es. Aft er t h e p arti al fr a ct ur e of t h e pi n’s c o nt a ct s urf a c e, its p arti cl es m a y t a k e p art i n t h e
fri cti o n pr o c ess, p arti c ul arl y i n t h e f or m ati o n of t h e M M L. It w as o bs er v e d t h at t h e a m o u nt of W C o n t h e s a m pl e ’s 
s urf a c e d e cr e as es i n t h e pr o c ess of f urt h er fri cti o n al i nt er a cti o n. T his d e cr e asi n g a m o u nt is pr o b a bl y d u e t o t h e W C 
p arti cl es b ei n g r e m o v e d gr a d u all y fr o m t h e i nt erf a c e b y s q u e e zi n g t h e m o ut t o t h e si d es or s e p ar ati n g t h e m fr o m t h e 
s urf a c e a n d t h e st e el p arti cl es ( Fi g. 5 c, d). T h e p h e n o m e n o n of pi n fr a ct ur e w as n ot o bs er v e d d uri n g t h e r est of t h e 
e x p eri m e nt.

O n e  c a n i nf er fr o m t his s u bs e cti o n a n al ysis t h at sli di n g fri cti o n of t h e AI SI 3 2 1 s am pl e wit h  t h e c e m e nt e d c ar bi d e
pi n is a c c o m p a ni e d b y a c o m pli c at e d s et of p h e n o m e n a, t h e m ost i nt er esti n g of w hi c h is m art e nsiti c tr a nsf or m ati o n. 
It h as t h e gr e at est effe ct o n t h e pr o c ess, l e a di n g t o si g nific a nt h ar d e ni n g of t h e s urf a c e l a y er a n d, as a r es ult, t o w e ar 
o f t h e c e m e nt e d c ar bi d e pi n. T h e d y n a mi cs of mi cr ostr u ct ur al p ar a m et ers d uri n g t h e fri cti o n t est ar e c o nsi d er e d i n t h e



Fi g ur e 5:  ( a), ( b), ( c), a n d ( d) Distri b uti o n of i nt e nsit y of t h e ( 1 1 1) p e a k of W C aft er 3 0, 1 0 0, 3 0 0, a n d 5 0 0 fri cti o n c y cl es, r es p e cti v el y; ( e) 
diffr a cti o n p att er ns c orr es p o n di n g t o arr o ws # 1- 6.

f oll o wi n g s e cti o n d e v ot e d t o o p er a n d o i n v esti g ati o ns.

3. 2. O p er a n d o a n al ysis of p h a s e tr a nsf or mati o ns u n d er dr y sli di n g

In t h e i niti al ( as- q u e n c h e d) st at e, t h e s urf a c e l a y er of t h e s a m pl e c o nsists m ai nl y of a ust e nit e, a s m all a m o u nt
o f α ′ a n d ε  p h as es, a n d ir o n o xi d e. O n c o m pl eti n g t h e fri cti o n t est t h e s urf a c e c o nsists m ai nl y of fri cti o n-i n d u c e d



α ′ - m art e nsit e. T h e diffr a cti o n p att er ns of t h e s a m pl e i n t h e i niti al st at e a n d aft er t h e fri cti o n t est ar e pr es e nt e d i n 
S u p pl e m e nt ar y M at eri al 5 ( Fi g. S 6).

O n e c a n tr a c e t h e e v ol uti o n of p h as e c o nstit uti o n d uri n g t h e fri cti o n pr o c ess usi n g t h e c ol or m a p s h o w n i n Fi g. 6.
T his di a gr a m is a ti m e- or d er e d s e q u e n c e of diffr a cti o n p att er ns, e a c h of w hi c h c h ar a ct eri z es a s p e cific fri cti o n c y cl e. 
T h e pr o c e d ur e us e d t o pl ot t his di a gr a m is d es cri b e d i n d et ail i n S u p pl e m e nt ar y M at eri al 5 ( Fi g. S 8). Fr o m Fi g. 6 a- c, 
it f oll o ws t h at d uri n g t h e first d o z e n fri cti o n c y cl es, t h e γ  p h as e is tr a nsf or m e d i nt o α ′ - m art e nsit e, w hi c h o c c urs vi a t h e 
i nt er m e di at e f or m ati o n of ε - m art e nsit e ( Fi g. 6 c). F or t his r e as o n, t h e i niti al st a g e of fri cti o n is of p arti c ul ar i nt er est 
a n d r e q uir es d et ail e d c o nsi d er ati o n.

F i g ur e 6: ( a) T h e m a p r e pr es e nti n g t h e c h a n g e i n t h e p h as e c o nstit uti o n of t h e s urf a c e l a y er fr o m t h e i niti al st at e u p t o 1 0 0 c y cl es of fri cti o n: arr o ws
1 a n d 2 i n di c at e ar e as of t h e m a p s h o w n i n a differ e nt i nt e nsit y s c al e i n ( b) a n d ( c), r es p e cti v el y.

T h e fri cti o n-i n d u c e d tr a nsf or m ati o ns  c a n b e e x a mi n e d i n d et ail b y a n al y zi n g t h e v ari ati o n of t h e i nte gr al i nt e nsit y
of t h e γ , α ′ , a n d ε  p h as es m a xi m a. Fr o m Fi g. 7 a, b, it f oll o ws t h at t h e m e c h a ni c all y i n d u c e d m art e nsiti c tr a nsf or m ati o n
b e gi ns aft er 1 6 c y cl es of i nt er a cti o n b et w e e n t h e s a m pl e a n d t h e pi n, w hi c h is m a nif est e d i n a r a pi d i n cr e as e i n 
int e nsiti es of t h e α ′ a n d ε  r efle cti o ns. O p er a n d o st u di es cl e arl y s h o w t h e f or m ati o n of ε - mart e nsit e i n t h e  i niti al st a g e 
of fri cti o n. T h e i nt e nsit y of its diffr a cti o n m a xi m a i n cr e as es gr a d u all y b et w e e n 1 6 a n d 2 3 fri cti o n c y cl es, aft er w hi c h 
it r em ai ns littl e  c h a n g e d u ntil 3 2 c y cl es a n d r e d u c es s h ar pl y t o 3 5 c y cl es. T h e w e a k r efle cti o ns of ε - m art e nsit e ar e 
still o bs er v e d u p t o a b o ut 4 5 c y cl es ( Fi g. 6 c). As ill ustr at e d i n Fi g. 7 c, 3 5 c y cl es aft er t h e t est b e gi n ni n g, t h e fr a cti o n 
o f t h e α ′ p h as e at t h e s a m pl e’s s urf a c e e x c e e ds 5 0 %. Aft er 5 0 r e v ol uti o ns, t h e str u ct ur e is al m ost e ntir el y r e pr es e nt e d 
b y α ′ - m art e nsit e. T h e e v ol uti o n of t h e p h as e c o nstit uti o n t hr o u g h o ut t h e t est is pr es e nt e d i n S u p pl e m e nt ar y M at eri al
5  ( Fi g. S 9).

W h e n c o nsi d eri n g t h e o p er a n d o r es ults, o n e h as t o t a k e i nt o a c c o u nt t h e p e n etr ati o n d e pt h of X-r a y b e a m, w hi c h  is 
e q ui v al e nt t o c a. 1 µ m. It m e a ns t h at b ot h m art e nsit e p h as es c a n b e d et e ct e d o nl y i n a  l a y er of c a. 1 µ m t hi c k. A c c or d- 
i n g t o Fi g. 7 α ′ - a n d ε - p h as es w er e gr a d u all y g e n er at e d u p t o 3 5t h c y cl e, h o w e v er, f urt h er fri cti o n al i nt er a cti o n l e d t o 
d e cr e as e i n i nt e gr al i nt e nsit y of t h e l att er. We b eli e v e t h at t his eff e ct is ass o ci at e d wit h t h e gr a d u al ε -α ′ tr a nsf or m ati o n 
i n a st u di e d l a y er. We als o b eli e v e f or m ati o n of ε - p h as e is still p ossi bl e i n m at eri al t h at is d e e p er t h a n irr a di at e d l a y er 
t h o u g h w e w er e n ot a bl e t o d et e ct it. 

T h e s hift of γ  p e a ks d uri n g t h e t est i n di c at es t h at a ust e nit e d e c o m p ositi o n is a c c o m p a ni e d b y a n i n cr e as e i n t h e 
pr o b a bilit y of d ef or m ati o n st a c ki n g f a ult ( D S F) f or m ati o n.  O n e c a n esti m at e pr o b a bilit y d e nsit y of D S F f or m ati o n 
(α S F ) i n F C C-str u ct ur es usi n g f or m ul a 5 pr es e nt e d i n S u p pl e m e nt ar y  m at eri al  5.  Its d er i vati o n  c a n  b e f o u n d i n [3 9].



Fi g ur e 7:  T h e i nt e gr al i nt e nsit y of t h e γ  a n d α ′ ( a) a n d ε p h as es ( b) diffr a cti o n m a xi m a d e p e n di n g o n t h e n u m b er of fri cti o n c y cl es. T h e pl ot ( b) 
als o ill ustr at es t h e st a c ki n g f a ult pr o b a bilit y i n a ust e nit e. ( c) T h e fr a cti o n of t h e α ′ - m art e nsit e d uri n g t h e t est.

T h e c al c ul a t e d α S F is s h o w n i n Fi g. 7 b. It m e a ns t h at d uri n g fri cti o n, t h e at o mi c pl a n es st a c k i n a s e q u e n c e t y pi c al 
of h e x a g o n al- cl os e p a c k e d ( h c p) l atti c e f or m i n a ust e nit e [ 3 9].  T h es e l o c al f a ults c a n b e c o nsi d er e d as ε - m art e nsit e 
cr yst allit es. T h e m or e cr yst allit es t h at ar e f or m e d, t h e gr e at er t h e n u m b er of pl a n es t h at s atisf y Br a g g’s c o n diti o n; 
th er ef or e, t h e i nt e nsit y of ε - m art e nsit e p e a ks will b e hi g h er. Fr o m Fi g. 7 b, o n e c a n o bs er v e t h at t h e i nt e nsit y of t h e
ε - m art e nsit e p e a ks a n d α S F ar e c orr el at e d.

3. 3. P e a ks’ pr ofil e c h a n g e c a us e d b y fri cti o n

A s α ′ - m art e nsit e is t h e pr e d o mi n a nt p h as e d uri n g m ost of t h e t est, w e di vi d e d t h e fri cti o n pr o c ess i nt o t h e r u n-i n 
st a g e ( c a. 1 0 0 c y cl es) a n d t h e st e a d y-st at e st a g e b y a n al y zi n g t h e alt er ati o n of F W H M. T h e v ari ati o n of F W H M of 
b ot h α ′ a n d γ  p h as es diffr a cti o n m a xim a d uri n g  t h e fri cti o n t est is s h o w n i n S u p pl e m e nt ar y M at eri al 6 ( Fi g. S 1 0).

3. 3. 1. An al ysis of t h e fir st 1 0 0 fri cti o n c ycl es

T h e fri cti o n-i n d u c e d br o a d e ni n g of t h e ( 1 1 1) γ  a n d ( 1 1 0) α ′ p e a ks is s h o w n i n Fi g. 8. B as e d o n t h e F W H M d y- 
n a mi cs, a f e w s p e cific st a g es w er e i d e ntifie d, m ar k e d wit h n u m b ers, a n d b o u n d e d b y v erti c al li n es i n Fi g. 8. T h e first 
st a g e ( u p t o 1 5 fri cti o n c y cl es) w as c h ar a ct eri z e d b y a sli g ht c h a n g e i n t h e F W H M of t h e a ust e nit e’s diffr a cti o n m a x- 
i m a, w hi c h i n di c at es t h at, at t his st a g e, t h e s a m pl e d ef or ms pr e d o mi n a ntl y el asti c all y.  H o w e v er, t h e r ast er s c a n ni n g 
res ults s h o w n i n Fi g. 3 r e v e al t h at t h e r efi n e m e nt of a ust e nit e is o bs er v e d alr e a d y aft er t w o fri cti o n c y cl es, i n di c ati n g 
t h e o c c urr e n c e of pl asti c d ef or m ati o n of t h e s u bs urf a c e l a y er. It is pr o b a bl y i m p ossi bl e t o o bs er v e t h e p e a ks’ br o a d- 
e ni n g d uri n g t h e f irst fri cti o n c y cl es as t h e t hi c k n ess of t h e d ef or m e d l a y er at t his st a g e is si g nific a ntl y l ess t h a n t h e 
X-r a y p e n etr ati o n d e pt h, t h at is, t h e m ai n p art of t h e r a di ati o n w as s c att er e d b y t h e ori gi n al ( u n d ef or m e d) a ust e niti c 
str u ct ur e.

At t h e n e xt st a g e (fr o m 1 5 t o 5 5 fri cti o n c y cl es), t h e ( 1 1 1) γ  m a xi m u m br o a d e ns fr o m 0. 1 1 t o 0. 3 1 2θ  de gr e es. At
t h e s a m e ti m e, t h e ( 1 1 0) α ′ p e a k a p p e ars i n t h e diff r a cti o n p att er ns. Fr o m t h e v er y b e gi n ni n g, it h as a r el ati v el y hi g h
F W H M v al u e. D uri n g t h e s u bs e q u e nt s e v e n r e v ol uti o ns (fr o m 5 5 t o 6 2), t h e F W H M of ( 1 1 0) α ′ r e a c h es t h e m a xi m u m
v al u e of a p pr o xi m at el y 0. 4 2 2 θ  d e gr e es. T h e n, aft er 6 2 fri cti o n c y cl es, it d e cr e as es sli g htl y a n d r e a c h es a t hr es h ol d 
v al u e. O n e p ossi bl e e x pl a n ati o n f or t his b e h a vi or of t h e F W H M of t h e ( 1 1 0) α ′ p e a k i n t h e r a n g e fr o m 5 5 t o 6 9 c y cl es 
is ass o ci at e d wit h a p arti al fr a ct ur e of  t h e c em e nt e d c ar bi d e pi n, w hi c h c o ul d pr o b a bl y o c c ur aft er t h e 5 5t h c y cl e  ( Fi g.



Fi g ur e 8:  T h e effe ct of fri cti o n o n t h e F W H M of t h e ( 1 1 1) a n d ( 1 1 0) p e a ks of a ust e nit e a n d m art e nsit e, r es p e cti v el y. T h e d as h e d li n e s h o ws t h e 
m o m e nt w h e n t h e v ol u m e fr a cti o n of α ′ - m art e nsit e s h ar pl y i n cr e as e d (s e e Fi g. 7 c. ).

6). As a r es ult, t h e m ost d ef or m e d l a y er c o ul d b e c ut fr o m t h e s urf a c e b e c a us e of t h e f or m ati o n of a s h ar p e d g e o n t h e 
p i n’s w or ki n g s urf a c e. A n ot h er r e as o n e x pl ai ni n g t his p h e n o m e n o n c o ul d b e t h e first s ei z ur e b et w e e n t h e s a m pl e a n d 
th e pi n, w hi c h o c c urr e d w h e n t h e o xi d e fil m o n t h e s a m pl e’s s urf a c e w as f ull y br o k e n. B ot h pr o c ess es ar e c o nf ir m e d 
b y t h e p ost- m ort e m S E M a n al ysis ( Fi g. S 1 1) of t h e pi n (s e e S u p pl e m e nt ar y m at eri al 7 f or d et ails) . A n ot h er i nt er esti n g 
o bs er v ati o n is t h e a p p e ar a n c e of a ust e nit e i n t h e r a n g e fr o m 9 0 t o 1 0 0 c y cl es. We b eli e v e t h at t his p h e n o m e n o n is d u e 
t o t h e d estr u cti o n  of t h e M M L, w hi c h  e x p os es t h e u n d erl yi n g a ust e nit e.

B as e d  o n Fi g. 8,  it c a n  b e  c o n cl u d e d  t h at st ea d y-st at e  fri cti o n is a c hi e v e d  aft er c a. 6 9 c y cl es of fri cti o n. N o
si g nific a nt c h a n g es i n t h e p e a ks’ F W H M w er e o bs er v e d aft er t h at. T his m e a ns t h at t h e t hr es h ol d v al u e of d ef e ct 
c o n c e ntr ati o n is a c hi e v e d at t h e s a m pl e’s s urf a c e.

3. 3. 2 . Fri cti o n-i n d u c e d str u ct ur al e v ol uti o n

Fi g. 9 ill ustr at es t h e v ari ati o ns i n t h e str u ct ur al p ar a m et ers ( C S R si z e ( D), disl o c ati o n d e nsit y ( ρ ), disl o c ati o n 
o ut er c ut- off  r a di us ( Re ), a n d Wil k e ns p ar a m et er( M)) wit h t h e n u m b er of fri cti o n c y cl es. T h e v erti c al r e gi o ns i n Fi g.
9  c orr es p o n d t o t h os e m ar k e d i n Fi g. 8. T h e c al c ul ati o n pr o c e d ur e is bri efl y d es cri b e d i n S u p pl e m e nt ar y m at eri al 8.

T h er e ar e n o si g nific a nt c h a n g es i n t h e C S R  si z e  of  t h e γ p h as e

 

d uri n g

 

t h e first fri cti o n

 

c y cl es.

 

T h eir

 

a v er a g e  val u e
is a b o ut 3 0 n m ( Fi g. 9 a). Aft er 3 5 fri cti o n c y cl es, t h e C S R si z e r e d u c es b y h alf. T h e t hr es h ol d v al u e is r e a c h e d at 
t his st a g e a n d m ai nt ai n e d u ntil a p pr o xi m at el y 5 5 fri cti o n c y cl es, t h at is, u ntil t h e a ust e nit e is w h oll y tr a nsf or m e d t o 
m art e nsit e at t h e fri cti o n i nt erf a c e.  C S R si z es of α ′ - m art e nsit e d o n ot alt er m at eri all y fr o m its f or m ati o n m o m e nt at 
t h e b e gi n ni n g of t h e st e a d y-st at e st a g e u ntil t h e e n d of t h e t est. T h eir v al u e is e q u al t o a p pr o xi m at el y 1 5 n m, e x c e pt 
f or t h e i nt er v al fr o m 5 5 t o 6 7 c y cl es of fri cti o n l o a di n g. T h e C S R si z es d e cr e as e f or a s h ort ti m e t o a p pr o xi m at el y 1 2 
n m a n d t h e n r et ur n t o t h e  t hr es h ol d v al u e of 1 5 n m.

A c c or di n g t o Fi g. 9 b, at t h e b e gi n ni n g of t h e e x p eri m e nt, t h e disl o c ati o n d e nsit y of t h e γ  p h as e is l o w ( a p pr o x- 
im at el y 1 0 1 2 c m - 2). T his v al u e virt u all y d o es n ot c h a n g e d uri n g t h e first 1 5 c y cl es. T h e Wil k e ns p ar a m et er of t h e γ  
p h as e at t h e b e gi n ni n g of t h e e x p eri m e nt is als o l o w ( a p pr o xi m at el y 0. 3, Fi g. 9 d), i n di c ati n g t h at disl o c ati o ns f or m 
so m e or d er e d arr a n g e m e nt, s u c h as disl o c ati o n w alls. T h e disl o c ati o n d e nsit y i n a ust e nit e i n cr e as es st arti n g fr o m t h e
1 5t h c y cl e a n d d o u bl es 2 3 c y cl es l at er fr o m t h e b e gi n ni n g of t h e t est. U p t o t h e 3 5t h c y cl e, t h e disl o c ati o n d e nsit y 
c h a n g es i nsi g nific a ntl y. H o w e v er, aft er t h e 3 5t h fri cti o n c y cl e, t h e disl o c ati o n d e nsit y of t h e γ  p h as e i n cr e as es s h ar pl y 
t o a b o ut 4 × 1 01 2 c m - 2. At t h e s a m e ti m e, t h e i nt e gr al i nt e nsit y of t h e ε - m art e nsit e p e a ks a p pr o a c h es z er o, as s h o w n i n 
F i g. 7 b. Si g nific a nt fl u ct u ati o ns i n t h e disl o c ati o n d e nsit y i n a ust e nit e ar e o bs er v e d o n f urt h er fri cti o n al l o a di n g. It d e- 
c r e as es t o 3. 2 × 1 01 2 c m - 2 a n d t h e n i n cr e as es wit h si g nific a nt os cill ati o ns, r e a c hi n g 5. 6 × 1 0 1 2 c m - 2 i n t h e r a n g e fr o m
4 0 t o 5 5 c y cl es. T h e Wil k e ns p ar a m et er of t his p h as e i n cr e as es gr a d u all y a n d e v e nt u all y d o u bl es fr o m t h e b e gi n ni n g
o f t h e e x p eri m e nt u ntil c o m pl et e a ust e nit e d e c o m p ositi o n. A n i n cr e as e i n t h e Wilk e ns p ar a m et er i n di c at es t h at t h e



Fi g ur e 9: C h a n g es i n t h e si z e of t h e C S R ( a), t h e disl o c ati o n d e nsit y ( b), t h e disl o c ati o n o ut er c ut- off  r a di us ( c), a n d Wil k e ns p ar a m et er ( d) d uri n g 
fri cti o n. T h e d as h e d li n e s h o ws t h e m o m e nt w h e n t h e v ol u m e fr a cti o n of α ′ - m art e nsit e s h ar pl y i n cr e as e d (s e e Fi g. 7 c. ).

disl o c ati o n str u ct ur e of a ust e nit e b e c o m es l ess or d er e d gr a d u all y. H o w e v er, t h e c h a oti c arr a n g e m e nt of disl o c ati o ns 
( w hi c h c orr es p o n ds t o M ≫  1) is n ot a c hi e v e d. As f or t h e disl o c ati o n o ut er c ut- off r a di us, n o si g nific a nt c h a n g es i n 
this p ar a m et er ar e o bs er v e d, e x c e pt f or a sli g ht d e cr e as e i n r e gi o n 2 (fr o m 1 5 u p t o 5 5 fri cti o n c y cl es) of Fi g. 9 c at t h e 
v er y b e gi n ni n g of t h e m art e nsiti c tr a nsf or m ati o n.

A f e w w or ds s h o ul d b e n ot e d h er e r e g ar di n g t h e str ess s cr e e ni n g. Str ess fiel ds ar o u n d t h e disl o c ati o ns d e p e n d n ot
o nl y o n t h eir d e nsit y, b ut als o o n t h eir m ut u al  arr a n g e m e nt. If t h e str ess fiel ds ar o u n d i n di vi d u al disl o c ati o ns s cr e e n



e a c h  ot h er, t h e t ot al dist orti o n of t h e cr yst al l atti c e is r e d u c e d c o m p ar e d t o a n u ns cr e e n e d dis or d er e d arr a n g e m e nt 
of disl o c ati o ns. T his eff e ct is e x pr ess e d as a d e cr e as e i n t h e o ut er c ut- off r a di us. T h e c h a n g e i n t h e R e  of a ust e nit e 
c o nf ir ms t h e pr o b a bilit y of str ess fiel d s cr e e ni n g d uri n g t h e i nt er a cti o n of disl o c ati o ns.

T h e  α ′ - m art e nsit e disl o c ati o n  d e n sit y is s uffici e ntl y  hi g h  fr o m t h e m o m e nt  of  its f or m ati o n u p t o t h e 3 4t h c y cl e
(fr o m 2. 3 t o 3. 5 × 1 01 2 c m - 2). It r e d u c es t o 1. 5 × 1 01 2 c m - 2 b y  t h e 3 5t h t est c y cl e a n d s u bs e q u e ntl y i n cr e as es
a n d r e a c h es t h e t hr es h ol d v al u e of 2. 5 × 1 0 1 2 c m - 2. T h e m a xi m u m disl o c ati o n d e nsit y, j ust as i n t h e C S R si z es, is
o bs er v e d aft er 6 2 fri cti o n c y cl es ( c a. 3. 8 × 1 0 1 2 c m -2 ). T h e Wil k e ns p ar a m et er a n d disl o c ati o n o ut er c ut- off r a di us of
α ′ - m art e nsit e v ar y o nl y sli g htl y t hr o u g h o ut t h e e x p eri m e nt.

It w o ul d b e i nt er esti n g t o estim at e t h e a m o u nt of e n er g y e x p e n d e d o n c ert ai n str u ct ur al tr a nsf or m ati o ns i n t h e 
pr o c ess of fri cti o n. Gi v e n t h e c o effici e nt of fri cti o n pr es e nt e d i n Ta bl e S 1 ( S u p pl e m e nt ar y m at eri al 2), t h e w or k d o n e 
b y fri cti o n c a n b e c al c ul at e d as A = µ F S (J), w h er e µ is a fri cti o n c o effici e nt; F is a n or m al f or c e o n t h e sli di n g 
i nt erf a c e, N; S = 2π R n is a fri cti o n p at h, m; R is a r a di us of dis k, m; n is a n u m b er of fri cti o n c y cl es. T h us, t h e e n er g y 
c o ns u m e d o n fri cti o n is a p pr o xi m at el y 2 5 J/ c y cl e. It m e a ns t h at c a. 3 7 5 J w as c o ns u m e d b ef or e t h e 1 5t h c y cl e, w h e n 
t h e m art e nsit e tr a nsf or m ati o n w as o bs er v e d. It als o m e a ns t h at c a. 8 7 5 J w as c o ns u m e d w h e n t h e m a xi m u m fr a cti o n of 
ε - m art e nsit e w as r e a c h e d i n a l a y er of 1 µ m t hi c k n ess aft er t h e 3 5t h c y cl e. F urt h er i nt er a cti o n l e a ds t o t h e dis a p p e ar- 
a n c e of diffr a cti o n m a xi m a of ε - m art e nsit e. A p pr o xi m at el y 1 1 2 5 J w er e c o ns u m e d aft er t h e 4 5t h c y cl e w h e n a l a y er of
1  µ m t hi c k n ess c o m p os e d m ai nl y of fri cti o n-i n d u c e d α ′ - m art e nsit e. Fi n all y, t h e st e a d y-st at e w e ar m o d e is est a blis h e d
aft er 6 9 fri cti o n c y cl es t h at c orr es p o n d t o 1 7 2 5 J. H er e, h o w e v er, it s h o ul d b e n ot e d t h at m ost of t his e n er g y is s p e nt o n 
el asti c d ef or m ati o n a n d  h e ati n g of t h e s a m pl e, a n d o nl y  a s m all fr a cti o n is s p e nt o n p h as e tr a nsf or m ati o ns t h e ms el v es 
[ 1 5, 4 0, 4 1, 4 2] .

3. 4 . Metall o gr a p hi c a n al ysis

3. 4. 1. O bs er vati o n of str u ct ur e o n c o m pl eti o n of t h e fri cti o n t est

T h e m et all o gr a p hi c a n al ysis of t h e s a m pl e o n c o m pl eti o n of t h e sli di n g ( 5 0 0 c y cl es l at er fr o m t h e t est b e gi n ni n g)
is s h o w n i n Fi g. 1 0. T h e ori gi n al cr oss s e cti o n of t h e s a m pl e i n di c at e d b y t h e d as h e d li n e c h a n g es i n s h a p e b e c a us e 
o f hi g h pl asti c d ef or m ati o n c o u pl e d wit h w e ar ( Fi g. 1 0 a), l e a di n g t o t h e f orm ati o n of b urrs. O n e c a n i d e ntif y s e v er al 
l a y ers i n t h e s a m pl e’s cr oss s e cti o n:

1. t h e M M L t h at c o nsists m ai nl y of t h e m at eri al of t h e s a m pl e’s s urf a c e a n d h as a pr o n o u n c e d b o u n d ar y wit h t h e 
u n d erl yi n g l a y ers of t h e s a m pl e ( Fi g. 1 0 b, c);

2. d ef or m e d l a y er b el o w t h e M M L ( Fi g. 1 0 c);

3. u n d ef or m e d b as e m et al.

A c c or di n g t o t h e d at a pr es e nt e d i n S e cti o ns 3. 1 a n d 3. 2, t h e M M L c o nsists m ai nl y of α ′ - m art e nsit e. C y cli c fri cti o n 
l o a di n g of t h e M M L r es ults i n t h e f or m ati o n of f ati g u e cr a c ks. C o ns e q u e ntl y, it is p ossi bl e t o o bs er v e t h e d el a mi n ati o n 
of t h e m at eri al ( Fi g.  1 0 b, c) a n d/ or t h e l o c al fr a ct ur e of t h e l a y er ( Fi g. 1 0 d). A n i nt er esti n g effe ct c a us e d b y fri cti o n 
is t h e fr a g m e nt ati o n of tit a ni u m c ar bi d es. Its p arti cl es ar e el o n g at e d i n t h e sli di n g dir e cti o n. A n e x a m pl e is s h o w n i n 
Fi g. 1 0 d.

3. 4. 2. E xa mi n ati o n of t h e s a m pl e ’s s urfa c e o n c o m pl eti o n of t h e t est

C o nsi d eri n g t h e s e v er e e x p eri m e nt al c o n diti o ns, w e e x p e ct e d t o o bs er v e t h e w or ki n g s urf a c e t o e x hi bit a r o u g h 
str u ct ur e. A c c or di n g t o Fi g.  1 1 a, t h e fri cti o n s urf a c e of t h e st e el s a m pl e is c h ar a ct eri z e d b y l ar g e ar e as e x p os e d t o 
pl asti c fl o w. I n s o m e ar e as, t h e wi dt h of t h e w or n s urf a c e r e a c h es 1. 6 m m. T h e p h e n o m e n o n o bs er v e d is pr o b a bl y t h e 
res ult of t h e hi g h d u ctilit y of t h e all o ys i n w hi c h m art e nsiti c tr a nsf or m ati o n o c c urs. A si mil ar b e h a vi or w as dis c uss e d 
pr e vi o usl y i n [ 4 3, 4 4].

N e v ert h el ess, m ost of t h e s a m pl e s urf a c e p oss ess es a differ e nt str u ct ur e, as d e m o nstr at e d i n Fi g. 1 1 b, c. T his
str u ct ur e is a pr o d u ct of t w o f a ct ors: a d h esi o n a n d m at eri al d el a mi n ati o n. I n a d diti o n, t h e w or k f a c e of t h e s a m pl e 
c o nt ai ns m ulti pl e gr o o v es p ar all el t o t h e r ot ati o n dir e cti o n a n d w a v e-li k e str u ct ur es. T h e l att er (i n di c at e d b y t h e w hit e 
arr o ws i n Fi g. 1 1 b, d) i n di c at es a l a y eri n g of t h e m at eri al. L a y er e d m at eri al c a n c o ntri b ut e t o t h e f or m ati o n of t h e 
M M L a n d t h e v ort e x-li k e str u ct ur es. T h e l att er o n es s h o w n i n Fi g. S 1 2 pr es e nt e d i n S u p pl e m e nt ar y m at eri al 7. T h e 
cr a c ks w er e d et e ct e d b e c a us e of l a y eri n g, as s h o w n i n Fi g. 1 1 d b y arr o ws 1 a n d 2.  A p p ar e ntl y, t h e c o m bi n ati o n of 
criti c al str ess es a n d a c c u m ul at e d l o c al d ef or m ati o ns c a n r es ult i n m at eri al fr a g m e nts b ei n g s h e ar e d off, i n d u ci n g a



Fi g ur e 1 0: ( a, b) T h e Y Z s e cti o n of t h e s a m pl e  at t h e e n d of t h e t est ( d as h e d li n e i n di c at es t h e i niti al s h a p e); ( c) t h e M M L str u ct ur e i n t h e X Z s e cti o n;
( d) d el a mi n ati o n of t h e M M L. 1 – T h e ar e a r e pr es e nt e d i n i m a g e ( b); 2 – disl o c ati o n pits; 3 – d el a mi n ati o n cr a c ks; 4 – a fr a g m e nt e d p arti cl e of 
T i C. T h e arr a n g e m e nt of t h e X-, Y-, a n d Z- a x es ar e s h o w n i n Fi g. 2.

d el a mi n ati o n pr o c ess t hr o u g h t h e i nt erf a c e of t h e M M L a n d t h e n f or mi n g t h e w a v e-li k e str u ct ur es, as s h o w n b y t h e 
arr o ws i n Fi g. 1 1 d. Fi g.  1 1 e s ho ws t h e s urf a c e ar e a w h er e t h e w e ar d e bris is s e p ar at e d. We b eli e v e t h at t his ki n d of 
surf a c e fr a ct ur e is d u e t o t h e c o m bi n ati o n of d el a mi n ati o n pr o c ess es a n d s p alli n g.  As a r es ult, t h e s urf a c e a p p e ars li k e 
it is s h o w n i n Fi g. 1 1 c, f. Fr o m Fi g. 1 1f, it is als o cl e ar t h at t h e fr a ct ur e d ar e a is c h ar a ct eri z e d b y a l a y er e d str u ct ur e 
(t h e arr o ws i n di c at e s e v er al pr o n o u n c e d l a y ers).

3. 4. 3. Na n oi n d e nt ati o n r es ults

In Fi g. 1 2, t h e n a n o h ar d n ess a n d t h e Yo u n g’s m o d ul us of t h e w or k s urf a c e aft er 5 0 0 fri cti o n c y cl es ar e s h o w n as 
d eri v e d fr o m n a n oi n d e nt ati o n m e as ur e m e nts. T h e a v er a g e h ar d n ess of t h e M M L r e a c h es u p t o 8 G P a. A s h ar p d e- 
c r e as e i n h ar d n ess is o bs er v e d at a dist a n c e of 2 0 µ m fr o m t h e s urf a c e. T his d e cr e as e c a n b e attri b ut e d t o d el a mi n ati o n 
c r a c ks f or m e d b et w e e n t h e M M L a n d t h e u n d erl yi n g m at eri al. At a dist a n c e b et w e e n 2 5 a n d 5 0 µ m fr o m t h e s urf a c e, 
t h e h ar d n ess d e cr e as es gr a d u all y t o a b o ut 4 G P a. T h e Yo u n g’s m o d ul us of t h e M M L s h o ws s o m e fl u ct u ati o ns, i n di- 
c ati n g a differ e nt r esist a n c e of t h e M M L str u ct ur e  t o e xt er n al m e c h a ni c al a cti o n. T h e fl u ct u ati o ns g o d o w n t o a b o ut
3 0 µ m b el o w t h e s urf a c e; aft er t his, it s e e ms t o b e q uit e c o nst a nt. A si mil ar b e h a vi or w as o bs er v e d b y Tar as o v et al.
[ 4 5].

4. Dis c u ssi o n

4. 1 . F or mati o n of ε -mart e nsit e

T his e x p eri m e nt s h o ws t h at fri cti o n-i n d u c e d m art e nsiti c tr a nsf or m ati o n i n AI SI 3 2 1 st e el  o c c urs wit h t h e i nt er m e- 
di at e f or m ati o n of t h e ε p h as e. B as e d o n t h e o p er a n d o a n al ysis ( Fi g. 6 a n d Fi g. 7 b), it c a n b e c o n cl u d e d t h at t h e ε 
p h as e a p p e ars o nl y d uri n g a s h ort p eri o d of t h e e x p eri m e nt . T h e f or m ati o n of ε - m art e nsit e b e gi ns aft er 1 5 fri cti o n 
c y cl es. T his is pr e c e d e d b y a gr a d u al a c c u m ul ati o n of str ai n i n a ust e nit e. W h e n a t hr es h ol d v al u e of str ai n is a c hi e v e d,
t h e m art e nsiti c tr a nsf or m ati o n c a n o c c ur. F urt h er fri cti o n al i nt er a cti o n l e a ds t o t h e f or m ati o n of fr es h mi cr o v ol u m es
of ε - m art e nsit e t h er e b y l e a di n g t o a n i n cr e as e i n t h e i nt e gr al i nt e nsit y of t h e c orr es p o n di n g diffr a cti o n m a xi m a. T h e



Fi g ur e 1 1: ( a, b) T h e str u ct ur e of t h e w or k f a c e of t h e st e el s a m pl e o n  c o m pl eti o n of t h e e x p eri m e nt; ( c) t h e ar e a m ar k e d wit h a r e ct a n gl e o n i m a g e 
(b); ( d) t h e l a y er e d str u ct ur e; ( e) t h e ar e a r estri ct e d b y t h e d as h e d r e ct a n gl e  o n i m a g e ( d); (f) t h e l a y er e d str u ct ur e i n t h e s p alli n g ar e a. 1, 2 – Cr a c ks 
b et w e e n l a y ers.

v al u e of a c c u m ul at e d str ai n e x c e e ds t h e t hr es h ol d r e q uir e d f or t h e ε -α ′ tr a nsf or m ati o n b y t h e 3 5t h c y cl e. At t his p oi nt,
t h e m at eri al al m ost c o m pl et el y tr a nsf or ms i nt o t h e α ′ p h as e. T h e  pr o b a bilit y  of  D S F  g e n er ati o n  h as  a  si mil ar  tr e n d
( Fi g. 7 b).  T h e a bs e n c e  of t h e  ε p h as e  i n t h e s urfa c e  aft er t h e  3 5t h c y cl e d o es n ot m e a n t h at it d o es n ot f or m d uri n g 
fri cti o n. As it w as c o n cl u d e d fr o m a n al ysis of Fi g. 4 a, t h e ε  p h as e f or ms at r el ati v el y s m all str ai ns a n d d e c o m p os es 
w h e n t h e str ai n i n cr e as es. C o nsi d eri n g t h e p e n etr ati o n d e pt h of t h e i n ci d e nt X-r a y ( a f e w mi cr o m et ers) a n d wit h r e- 
s p e ct t o t h e t hi c k n ess of t h e s e v er el y d ef or m e d M M L ( c a. 2 0 µ m), it is cl e ar t h at X R D c o ul d n ot d et e ct t h e f or m ati o n 
of t h e ε p h as e b elo w t h e M M L. T h e d ef or m ati o n b el o w t h e M M L c a n b e s e e n cl e arl y i n Fi g. 1 0 c a n d Fi g. S 1 2 (s e e 
S u p pl e m e nt ar y m at eri al 7), w hi c h s h o w t h at gr ai ns ( or s u b gr ai ns) ali g n al o n g t h e sli di n g dir e cti o n. T h e d ef or m ati o n 
in t his l a y er c a n als o b e tr a c k e d b y o bs er v ati o ns of Ti C fr a g m e nt ati o n ( Fi g. 1 0 d). As t h e d ef or m ati o n b el o w t h e  M M L 
d e cr e as es gr a d u all y, o n e m a y al w a ys fi n d s u c h a l a y er t h at is d ef or m e d e x a ctl y as r e q uir e d f or γ -ε  tr a nsf or m ati o n.

4. 2 . St a g es of str u ct ur al ev ol uti o n

As ill ustr at e d i n Fi g.  8, f o ur st a g es of fri cti o n al i nt er a cti o n w er e i d e ntifie d b as e d o n o p er a n d o a n d e x sit u in v es- 
ti g ati o ns. T h er e w er e n o si g nific a nt c h a n g es i n t h e s a m pl e’s mi cr ostr u ct ur e d uri n g t h e first st a g e ( u p t o 1 5 fri cti o n 
c y cl es). T his is b e c a us e of t h e s m all t hi c k n ess of t h e d ef or m e d l a y er at t his st a g e, w hi c h w as pr o b a bl y c o nsi d er a bl y 
s mall er t h a n t h e p e n etr ati o n d e pt h of X-r a ys us e d i n t his e x p eri m e nt.

T h e fri cti o n al effe ct b e c o m es m or e pr o n o u n c e d at t h e s e c o n d st a g e (fr o m 1 5 t o 5 5 c y cl es of fri cti o n, as s h o w n i n
Fi g. 9). T h e disl o c ati o n d e nsit y c h a n g e i n a ust e nit e is of p arti c ul ar i nt er est. O n e c a n o bs er v e its sli g ht i n cr e as e aft er
2 3 fri cti o n c y cl es. Aft er t h at, t h e disl o c ati o n d e nsit y of a ust e nit e r e a c h es a v al u e t h at c h a n g es littl e u p t o 3 4 c y cl es. 
A p p ar e ntl y, t h e pl at e a u o bs er v e d is ass o ci at e d wit h r el a x ati o n pr o c ess es o c c urri n g i n a ust e nit e a n d is c a us e d b y t h e 
f oll owi n g r e as o ns:



Fi g ur e 1 2: N a n o h ar d n ess a n d Yo u n g’s m o d ul us of t h e s a m pl e aft er 5 0 0 fri cti o n c y cl es.

1. O n c e a c ert ai n t hr es h ol d c o n c e ntr ati o n of d ef e cts i n t h e a ust e nit e is r e a c h e d, m art e nsiti c tr a nsf or m ati o n c o ul d 
o c c ur. I n t his c as e, t h e m art e nsit e i n h erits t h e d ef e cts of a ust e nit e, a n d t h e disl o c ati o n d e nsit y i n t h e r e m ai ni n g 
a ust e nit e d o es n ot e x c e e d t h e t hr es h ol d v al u e. T his is c o nfir m e d b y t h e c al c ul ati o n of t h e disl o c ati o n d e nsit y of 
t h e α ′ p h as e. Fi g. 9 b s h o ws t h at disl o c ati o n d e nsiti es i n b ot h α ′ a n d γ  p h as es h a v e si mil ar v al u es.  A si mil ar 
effe ct w as pr e vi o usl y o bs er v e d d uri n g t h e a br asi v e w e ar of a n n e al e d AI SI 1 0 4 4 st e el, w hi c h w as a c c o m p a ni e d 
b y r e a ust e niti z ati o n, f oll o w e d b y m art e nsiti c tr a nsf or m ati o n [ 2] a n d d uri n g t h e d ef or m ati o n a n d p artiti o ni n g of 
m e di u m m a n g a n es e st e el [ 4 4]. I n b ot h c as es, α ′ - m art e nsit e i n h erit e d a hi g h disl o c ati o n d e nsit y fr o m m et ast a bl e 
a ust e nit e.

2. W h e n m art e nsit e f or ms i n a ust e nit e b e c a us e of m e c h a ni c al a cti o n, t h e el asti c str ai ns a c c u m ul at e at t h e i n- 
t er p h as e b o u n d ar y. S u c h a c c u m ul ati o n c a n l e a d t o a vi ol ati o n of p h as e c o h er e n c e [ 4 6]. I n t his c as e, misfit 
disl o c ati o ns ar e f or m e d at t h e i nt erf a c e, w hi c h pr o vi d es str ess r el a x ati o n b et w e e n t h e m ati n g p h as es. M e a n- 
w hil e, t h er e is n o i n cr e as e i n t h e disl o c ati o n d e nsit y ( Fi g. 9 b). T his s e e ms t o b e ass o ci at e d wit h t h e f or m ati o n 
o f a s hi el d e d s yst e m w h e n t h e str ess es c o m p e ns at e e a c h ot h er. T h e str ess fiel ds ar o u n d t h e disl o c ati o ns s h o ul d 
d e cr e as e i n s u c h a c as e. T his is e vi d e n c e d b y a d e cr e as e i n t h e disl o c ati o n o ut er c ut- off r a di us ( Fi g. 9 c). A n ot h er 
ju m p i n t h e disl o c ati o n d e nsit y of a ust e nit e w as o bs er v e d i n t h e r a n g e fr o m 3 4 t o 3 5 fri cti o n c y cl es. F urt h er, t h e 
a c c u m ul at e d el asti c str ai ns l e a d t o t h e a c c el er at e d f or m ati o n of t h e α ′ p h as e, a n d its v ol u m e fr a cti o n i n cr e as es 
s h ar pl y fr o m 4 0 % t o 6 3 %, as s h o w n i n Fi g. 7 c.

F r o m t h e b e gi n ni n g of d ef or m ati o n-i n d u c e d tr a nsf or m ati o n, p e a ks of t h e α ′ p h as e h a v e a s uffici e ntl y hi g h F W H M 
r el ati v e t o t h e p e a ks of t h e γ p h as e ( Fi g.  8). C o nsi d eri n g t h at t h e br o a d e ni n g of t h e p e a ks is d u e t o cr yst al l atti c e 
d ef e cts, it c a n b e c o n cl u d e d t h at s u c h a n effe ct is attri b ut e d m ai nl y t o o n e or a c o m bi n ati o n of t h e f oll o wi n g f a ct ors. 
F irst, t his is ass o ci at e d wit h t h e i n h erit a n c e of t h e d ef e cti v e γ  p h as e str u ct ur e, w hi c h b y t h e ti m e of α ′ p h as e f or m ati o n 
w as alr e a d y s at ur at e d wit h cr yst al l atti c e d ef e cts. S e c o n d, t h e br o a d e ni n g of t h e p e a ks c a n b e r el at e d t o t h e s m all
cr yst allit e si z e of m e c h a ni c all y i n d u c e d m art e nsit e. Fr o m Fi g. 9 a, it f oll o ws t h at t h e C S R si z e  of α ′ - m art e nsit e is
a b o ut 1 2 n m at t h e b e gi n ni n g of its f or m ati o n a n d t his v al u e virt u all y r e m ai ns t h e s a m e d uri n g t his t est.  T h e n e wl y 
for m e d m art e nsit e cr yst als will o b vi o usl y pr e v e nt t h e fr e e gli d e of disl o c ati o ns i n a ust e nit e. Fr o m t his p oi nt of vi e w, 
t h e ε a n d α ′ p h as es c a n b e c o nsi d er e d as o bst a cl es c o ntri b uti n g t o pr e ci pit ati o n h ar d e ni n g. T h e disl o c ati o n h as t o 
e it h er cir c u m v e nt or c ut t hr o u g h t h e m t o o v er c o m e s u c h o bst a cl es. T his r es ults i n t h e g e n er ati o n of n e w disl o c ati o ns 
a n d m a nif ests its elf i n t h e br o a d e ni n g of t h e diffr a cti o n m a xi m a. Fi n all y, s u c h b e h a vi or of F W H M m a y b e d u e t o 
th e s e gr e g ati o n of i m p uriti es t o disl o c ati o ns [ 4 7].  T his effe ct s h o ul d a ct u all y l e a d t o a d e cr e as e i n t h e str ess fiel ds



ar o u n d t h e disl o c ati o ns. H o w e v er, as ni c k el ( γ  st a bili z er) h as t h e hi g h est m o bilit y, it s e gr e g at es m or e li k el y o n pl asti c 
d ef or m ati o n. T his c a n r es ult i n t h e d es at ur ati o n of s o m e l o c al ar e as wit h t his el e m e nt. A d e cr e as e i n t h e l o c al ni c k el 
c o n c e ntr ati o n l e a ds t o t h e r e d u ci n g st a bilit y of a ust e nit e a n d c o ntri b ut es t o t h e f or m ati o n of m art e nsit e, w hi c h i n h erits 
t h e d ef e cti v e st at e of a ust e nit e.

A  j u m p i n t h e mi cr ostr u ct ur al p ar a m et ers w as o bs er v e d at t h e t hir d st a g e (fr o m 5 5 t o 6 2 fri cti o n c y cl es), as
ill ustr at e d i n Fi g. 9. It s h o ul d b e n ot e d t h at t his j u m p c oi n ci d es wit h t h e m o m e nt w h e n W C p e a ks a p p e ar e d o n t h e 
fri cti o n s urf a c e ( Fi g. 6 b). We b eli e v e t h at j u m p is ass o ci at e d wit h t h e c utti n g pr o c ess es of t h e st e el s a m pl e as a r es ult 
of a s h ar p e d g e f or m ati o n aft er t h e p arti al fr a ct ur e of t h e pi n’s w or ki n g s urf a c e.

A t t h e n e xt st a g e (fr o m 6 2 fri cti o n c y cl es o n w ar d), a d e cr e as e i n t h e mi cr ostr u ct ur e p ar a m et ers t o t h e t hr es h ol d
v al u e w as d et e ct e d, w hi c h, a p p ar e ntl y, is c a us e d b y est a blis hi n g a n e w c o nt a ct ar e a b et w e e n pi n a n d dis k, as s h o w n i n
Fi g. S 1 1 a . T h us, it c a n b e ass u m e d t h at aft er 6 9 c y cl es of fri cti o n, t h e c o nt a ct p air r e a c h e d t h e st e a d y-st at e fri cti o n 
c o n diti o ns.

5. C o n cl u si o n s

T his p a p er pr es e nt e d t h e r es ults of o p er a n d o a n d e x sit u a n al ysis of t h e str u ct ur al e v ol uti o n of AI SI 3 2 1 st e el u n d er 
d r y sli di n g fri cti o n usi n g s y n c hr otr o n X R D. T h e d at a o bt ai n e d w er e a n al y z e d t h or o u g hl y a n d c o nfir m e d b y t h e r es ults 
o f t h e m et all o gr a p hi c a n al ysis; t h e y w er e t h e n c o m p ar e d wit h t h e i nf or m ati o n a v ail a bl e i n t h e lit er at ur e. B as e d o n t h e 
r es e ar c h c o n d u ct e d, t h e f oll o wi n g c o n cl usi o ns c a n b e dr a w n:

1. T h e d e c o m p ositi o n of a ust e nit e u n d er fri cti o n w as o bs er v e d b y s y n c hr otr o n X R D. As a r es ult of fri cti o n, t h e 
s a m pl e’s s urf a c e c o nsists m ai nl y of α ′ - m art e nsit e. It a p p e ars vi a t h e i nt er m e di at e f or m ati o n of ε - m art e nsit e. 
T h e f or m ati o n of t h e l att er c orr el at es w ell wit h t h e pr o b a bilit y of D S F f or m ati o n i n a ust e nit e. T h e γ a n d ε 
p h as es w er e n ot o bs er v e d i n t h e diffr a cti o n p att er ns aft er 4 5 fri cti o n c y cl es fr o m t h e b e gi n ni n g of t h e t est, 
w hi c h is b e c a us e of t h e f or m ati o n of a s uffici e ntl y t hi c k M M L, c o nsisti n g m ai nl y of t h e α ′ p h as e. M e a n w hil e, 
t h e γ -ε  tr a nsf or m ati o n c o nti n u es t o o c c ur i n t h e u n d erl yi n g l a y ers.

2. T h e s h a p e of t h e γ  p h as e p e a ks c h a n g es si g nific a ntl y d uri n g t h e t est. H o w e v er, t h e α ′ -m art e nsit e p e a ks c h a n g e 
littl e t hr o u g h o ut t h e t est. T his is b e c a us e t h e n e wl y f or mi n g α ′ p h as e i niti all y c o nt ai ns m a n y cr yst al l atti c e 
d ef e cts i n h erit e d d uri n g t h e m e c h a ni c all y i n d u c e d p h as e tr a nsf or m ati o n.

3. T h e fri cti o n al i nt er a cti o n of AI SI 3 2 1 st e el a g ai nst t h e c e m e nt e d c ar bi d e pi n is a c c o m p a ni e d n ot o nl y b y dis- 
l o c ati o n a n d pr e ci pit ati o n h ar d e ni n g b ut als o b y r el a x ati o n pr o c ess es t h at c o nsist of t h e f oll o wi n g p h e n o m e n a: 
d ef or m ati o n-i n d u c e d γ -(ε , α ′ ) tr a nsf or m ati o n, disl o c ati o n or d eri n g, a n d f or m ati o n of s hi el d e d disl o c ati o n str u c- 
t ur es. F urt h er i nt er a cti o n of t h e fri cti o n c o u pl e l e a ds t o a si g nific a nt i n cr e as e i n w e ar r esist a n c e of t h e st e el 
s urf a c e, w hi c h l e a ds t o p arti al s p all ati o n of t h e c e m e nt e d c ar bi d e pi n. T h e p e a k v al u es of t h e mi cr ostr u ct ur al 
p ar a m et ers r e a c h e d i n t h e r a n g e fr o m 5 5 t o 6 2 t est c y cl es ar e a p p ar e ntl y ass o ci at e d wit h t h e f or m ati o n of a s h ar p 
e d g e o n t h e pi n b e c a us e of its p arti al fr a ct ur e, w hi c h l e a ds t o t h e c utti n g pr o c ess es. T h es e pr o c ess es ar e st o p p e d 
q ui c kl y ( b y 6 9 c y cl es of fri cti o n) b y est a blis hi n g a n e w c o nt a ct ar e a. Aft er 6 9 l o a di n g c y cl es, t h e st e a d y-st at e 
w e ar m o d e is est a blis h e d.

4. T h e pri m ar y m e c h a nis m of w e ar o bs er v e d b y S E M a n al ysis is t h e d el a mi n ati o n at t h e i nt erf a c e of t h e M M L 
wit h t h e m at eri als of t h e u n d erl yi n g d ef or m e d l a y er .

6. A c k n o wl e d g m e nt s

R es e ar c h w er e c o n d u ct e d at c or e  f a cilit y of N S T U ” Str u ct ur e, m e c h a ni c al a n d p h ysi c al pr o p erti es of m at eri als ”.

7. F u n di n g

T his st u d y w as f u n d e d b y t h e F e d er al Tas k of Mi nistr y of E d u c ati o n a n d S ci e n c e of t h e R ussi a n F e d er ati o n ( pr oj e ct 
F S U N- 2 0 2 0- 0 0 1 4 ( 2 0 1 9- 0 9 3 1): “I n v esti g ati o ns of M et ast a bl e Str u ct ur es F or m e d o n M at eri al S urf a c es a n d I nt erf a c es 
u n d er E xtr e m e E xt er n al I m p a cts ”).
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