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A B S T R A C T  

Ni -M n -G a t hi n fil ms h a v e attr a ct e d si g nifi c a nt att e nti o n o v er t h e p ast t w o d e c a d es d u e t o it s 

m ultif u n cti o n al pr o p erti es, l e v er a gi n g t h es e c h ar a ct eristi cs i n a p pli c ati o ns s u c h as a ct u at ors, 

s e ns ors, a n d mi cr o -el e ctr o m e c h a ni c al s yst e ms ( M E M S). T h e m ost f a v o r a bl e d e p ositi o n t e c h ni q u e 

f or m a ki n g Ni-M n -G a t hi n fil ms is m a g n etr o n s p utt eri n g w h er e t h e t ar g et us e d is n e ar 

st oi c hi o m etri c Ni 2 M n G a all o y. Ni -M n -G a all o y t ar g et m a n uf a ct uri n g h as b e e n c h all e n gi n g a n d 

c ostl y d u e t o d esi g n c o nstr ai nt s, pr o c ess o pti mi z ati o n iss u es a n d i n effi ci e nt t ar g et utili z ati o n 

r es ulti n g i n c o m p o u n d e d n e g ati v e e c o n o mi cs. T o a d dr ess t h es e pr o bl e ms, t his r es e ar c h ai m e d at 

i n v esti g ati n g a n d d em o n str ati n g t h e vi a bilit y of a c ost -eff e cti v e, m o d er n t e c h n ol o g y k n o w n as  

bi n d er j etti n g a d diti v e m a n uf a ct uri n g ( BJ A M)  t e c h ni q u e t o pr o d u c e  t ar g et s wit h e x c ell e nt t ar g et 

c o ns u m pti o n effi ci e n c y b as e d o n pr o p os e d t ar g et d esi g n. T h e a d diti v e m a n uf a ct ur e d Ni -M n -G a 

all o y t ar g et pr o c ess b e g a n wit h b all-mill e d Ni -M n -G a p o w d er h a vi n g bi m o d al p arti cl e distri b uti o n 

t o e ns ur e a n i n cr e as e d p a c ki n g d e nsit y a n d m e c h a ni c al str e n gt h aft er t h e d et er mi n ati o n of 

o pti mi z e d 3 D pri nti n g p ar a m et ers. T h e pri nt e d t ar g ets w er e p ost -pr o c ess e d t hr o u g h c uri n g, d e -

bi n di n g a n d si nt eri n g . Si nt eri n g w as c o n d u ct e d i n a n i n ert/ ar g o n at m os p h er e t o s af e g u ar d ess e nti al 

m at eri al pr o p erti es w hi c h w er e b e n c h m ar k e d t hr o u g h c h ar a ct eri z ati o n. B a c ks c att er e d el e ctr o n 

( B S E) mi cr o gr a p hs s h o w e d A M t ar g ets w er e h o m o g e n o us wit h m art e nsiti c t wi n mi cr ostr u ct ur es 

n e c ess ar y f or s h a p e m e m or y b e h a vi or. T h e X R D r es ult s s h o w e d t h at t h e m art e nsiti c t wi n 

mi cr ostr u ct ur es w er e m ostl y t etr a g o n al a n d m o n o cli ni c cr yst al str u ct ur es. T h e m art e nsiti c 

tr a nsf or m ati o n t e m p er at ur es f or Ni -M n -G a t ar g ets r a n g e d fr o m 7 9. 3 t o 1 4 8. 1 ° C a n d p oss ess e d a 

m a xi m u m d e nsit y of 8 7. 1 8 %. Usi n g t h e dir e ct c urr e nt ( D C) m a g n etr o n s p utt eri n g, Ni -M n -G a t hi n 

fil ms w er e d e p osit e d o n Si ( 1 0 0) s u bstr at es at di s c h ar g e c urr e nts r a n gi n g fr o m 0. 0 5 t o 0. 1 5 A a n d 

s u bstr at e t e m p er at ur es 2 0 °C  t o 7 0 0o C. T h e eff e ct of dis c h ar g e c urr e nt a n d s u bstr at e t e m p er at ur e 

o n s urf a c e m or p h ol o g y, c o m p ositi o n, cr yst al str u ct ur e of Ni -M n -G a t hi n fil ms o n sili c o n s u bstr at es 
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w er e i n v esti g at e d. As t h e dis c h ar g e c urr e nt i n cr e as e d, t h e fil m s h o w e d i n cr e as e d gr ai n si z e. T h e  

gr ai n m or p h ol o g y, as a p p e ar e d fr o m t h e i n v esti g ati o n of t h e fil m pl a n ar s urf a c e w as of el o n g at e d 

gr ai ns. T h e fil m cr yst alli nit y als o i n cr e as ed  wit h i n cr e as e d dis c h ar g e c urr e nt, as pr o v e d b y X R D 

i n v esti g ati o ns. T h e m ost i m p ort a nt eff e ct of m ai nt ai ni n g t h e dis c h ar g e c urr e nt v al u e c o nst a nt a n d 

i n cr e asi n g t h e s u bstr at e t e m p er at ur e w as t h e c h a n g e i n c h e mi str y a n d cr yst all o gr a p h y of t h e 

o bt ai n e d Ni -M n -G a t hi n fil ms. T h e fil m d e p osit e d at 7 0 0 0 C s h o w e d t h e cl os est c h e mi c al 

c o m p ositi o n t o t h e t ar g et c o m p ositi o n. F or t h e ot h er s u bstr at e t e m p er at ur es, t h e hi g h o x y g e n 

c o nt a mi n ati o n, d u e p er h a ps t o n ot -s o-o pti m u m d e p ositi o n c o n diti o ns, dr asti c all y alt er e d t h e fil m 

c o m p ositi o n. B y i n cr e asi n g t h e s u bstr at e t e m p er at ur e, t h e fil m cr yst al str u ct ur e c h a n g e d fr o m 

H e usl er L 2 I c u bi c ( hi g h t e m p er at ur e p h as e) t o m o n o cli ni c (l o w t e m p er at ur e p h as e).  It w as als o 

d e m o nstr at e d t h at , 3 D pri nt e d s p utt eri n g t ar g ets of diff er e nt g e o m etri c al d esi g ns ar e p ot e nti al f or 

i m pr o vi n g t ar g et utili z ati o n effi ci e n c y a n d fil m pr o p erti es .  

 

 

 

 

 

 

 

 

 

 

 

 



iii 

A C K N O W L E D G E M E N T S  

Firstl y, I w o ul d li k e t o t h a n k o ur L O R D J E S U S C H RI S T f or s e ei n g m e t hr o u g h o ut m y e d u c ati o n 

t o t hi s pi n n a cl e of m y a c a d e mi c c ar e er. M a y His n a m e b e pr ais e d. M y si n c er e t h a n ks g o  t o m y 

r es e ar c h a d vis or Dr. Vir gil S ol o m o n f or his p ati e n c e, s u p p ort, a n d g ui d a n c e t hr o u g h o ut t hi s 

a c a d e mi c j o ur n e y wit h o ut w h o m t hi s P h. D. w o ul d n’t b e p ossi bl e. I w o ul d als o li k e t o t h a n k all m y 

c o m mitt e e m e m b ers Dr. Cl o vi s Li n k o us, Dr. T o m O d er, Dr. D o n al d Pri o ur a n d Dr. M att h e w 

C a p ut o f or p erf e cti n g t hi s w or k t hr o u g h t h eir c a n di d a n d ess e nti al criti q u e s.  

I w o ul d li k e t o s h o w m y a p pr e ci ati o n t o t h e C e nt er of E x c ell e n c e i n M at eri als S ci e n c e a n d 

E n gi n e eri n g at Y S U f or pr o vi di n g t h e r es e ar c h as sist a nts hi p s c h ol ars hi p f or t h e e ntir e d ur ati o n of 

t hi s w or k. T h e s a m e g o es t o t h e C e nt er f or I n n o v ati o n i n A d diti v e M a n uf a ct uri n g, t h e wi d e B a n d  

G a p S e mi c o n d u ct or l a b or at or y i n t h e P h ysi cs a n d Astr o n o m y d e p art m e nt at  Y S U f or t h e 

o p p ort u nit y t o us e t h eir e q ui p m e nt a n d f a cilit y.  

Dr. Br ett C o n n er, I s a y a bi g t h a n k y o u f or pr o vi di n g t h e f u n ds t h at e n a bl e d t h e p ur c h as e of t h e 

Ni -M n -G a all o y i n g ot. T o Drs. J eff er y Di c k, Ti m ot h y W a g n er, P e dr o C ort es a n d H oll y M arti n, I 

a m t h a n kf ul f or y o ur i n v al u a bl e s u p p ort b y gr a nti n g a c c ess t o us e y o ur l a b s a n d e q ui p m e nt.  

 M y i n d e bt e d n ess t o Mr. & Mrs. Dr e w Hirt, a n d Mrs. R ic h el K us ni c at M R L f or gr a nti n g a c c ess t o 

t h eir f a cilit y a n d h el pi n g wit h t h e a u g er el e ctr o n s p e ctr os c o p y a n al ysi s is o v er w h el mi n g a n d I a m 

utt erl y gr at ef ul.  

T o Mr. R a y H off, t h a n k y o u f or assi sti n g a n d tr ai ni n g m e o n all t h e r el e v a nt e q ui p m e nt at 

C h e mi str y d e p art m e nt w hi c h h as c o ntri b ut e d t o t h e s u c c ess of t his pr oj e ct.  

T o m y r es e ar c h c oll e a g u e at S o ut h D a k ot a Mi n es & T e c h n ol o g y, N a n a A n s a h A d o o, I w o ul d li k e 

t o r e c o g ni z e y o ur eff ort a n d c o ntri b uti o n i n t hi s r es e ar c h a n d d at a a n al ysi s a n d I a m tr ul y gr at ef ul.  
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T o m y offi c e a n d l a b c oll e a g u es, Mr. St e p h e n Is a c c o a n d Mr. E d u ar d o V e g a, t h a n k y o u f or all t h e 

h el p a n d assi st a n c e t hr o u g h o ut m y e ntir e st a y a n d r es e ar c h p eri o d at t h e Y S U. I a m g oi n g t o miss 

y o u.  

T o m y l o v el y wif e a n d c hil dr e n , I s ei z e t hi s o p p ort u nit y t o e x pr ess m y si n c er e a n d pr of o u n d 

gr atit u d e f or t h e b or n e s a crifi c es a n d e n c o ur a g e m e nt t hr o u g h t h e e ntir et y of t his w or k. T h a n k y o u 

f or b ei n g a p art of t hi s s u c c ess st or y.  
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P R E F A C E  

G e n e r al O v e r vi e w a n d R es e a r c h P u r p o s e  

A d diti v e m a n uf a ct uri n g ( A M) is a g e o m etr y -i n d e p e n d e nt pr o c ess of pri nti n g p arts b y a d di n g 

m at eri als i n l a y ers fr o m a 3 D m o d el [ 1– 3] . M at eri als pr o c ess e d usi n g A M t ec h ni q u e, u n d er g o 

c o m pl e x t h er m al pr o c essi n g c y cl es w hi c h d o es n ot g u ar a nt e e a tr a nsf er of i n h er e nt pr o p erti es of 

t h e e nj oi ni n g el e m e nts t o t h e m a n uf a ct ur e d p arts. T his p h e n o m e n o n is e vi d e nt i n t h e a n al ysi s of 

t h e mi cr ostr u ct ur e a n d p ost pr o c ess es es p e ci ally i n t h e s h a p e m e m or y all o y fi el d. N e v ert h el ess, 

bi n d er j etti n g ( BJ), o n e of t h e pr o mi n e nt m et alli c A M t e c h ni q u es h as b e e n s u c c essf ull y us e d t o 

pr o d u c e s yst e m p arts o ut of Ni -M n -G a, C o p p er, 3 1 6 L st ai nl ess st e el, c er a mi cs a n d s o m e n o v el 

all o ys a n d m et als l a t el y [ 2, 4– 1 3] . T his is a co n c e pt f arf et c h e d a n d n e v er tri e d i n t h e pr o d u cti o n of 

s p utt eri n g t ar g ets f or t hi n fil ms, m ost i m p ort a ntl y at a ti m e w h e n d e m a n d f or s u c h pr o d u cts is at 

it s p e a k. S p utt eri n g t ar g et is a n i m p ort a nt c o m p o n e nt i n a m a g n etr o n s p utt eri n g s yst e m us e d as a 

st arti n g m at eri al f or t hi n fil m f a bri c ati o n. M a g n etr o n s p utt eri n g t e c h ni q u e is t h e m ost c o m m o n 

t e c h ni q u e us e d i n t h e t hi n fil m t e c h n ol o g y i n d ustr y w hi c h utili z es pl as m a t o g e n er at e e n er g eti c 

p ositi v e i o ns t o ej e ct at o ms fr o m a t ar g et m at eri al a n d tr a ns p ort t h e a t o ms b y diff usi o n o nt o a 

s u bstr at e m at eri al. O n e c a n c o n cl u d e t h at, t h e t ar g et m at eri al is a n ess e nti al c o m p o n e nt of t h e 

s p utt eri n g pr o c ess w hi c h r e q uir es s eri o us att e nti o n. T h e q u alit y a n d d e v el o p m e nt of Ni -M n -G a 

t hi n fil ms d e p e n d l ar g el y o n t h e t ar g et q u alit y w hi c h is a n i m p ort a nt a n d e x p e nsi v e c o m p o n e nt of 

t h e s p utt eri n g d e positi o n pr o c ess. D es pit e t h e a d v a nt a g es of bi n d er j et a d diti v e m a n uf a ct uri n g 

( BJ A M), s u c h as r el ati v e si m pl e e q ui p m e nt, l o w pr o d u cti o n c ost, a n d si m pl e m o u nt w hi c h r e q uir es 

n o s u p p ort str u ct ur es t h e t e c h ni q u e is als o c h all e n gi n g i n t er ms of cr e ati n g hi g hl y  d e ns e pr o d u cts 

[ 1 4]. I n eff e ct, t h e r el ati v e pa c ki n g d e nsit y of t h e as -pri nt e d p arts fr o m BJ A M ar e us u all y l o w [ 1 5]. 

H o w e v er, t h er e ar e pr o v e n s ol uti o ns t o a d dr ess d e nsifi c ati o n pr o bl e ms a s r e p ort e d b y diff er e nt 
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r es e ar c h gr o u ps [ 8], [ 9], [ 1 6]. T h es e a ut h ors a n d ot h ers h a v e s h o w n t h at BJ A M t e c h ni q u e is a 

vi a bl e t e c h ni q u e f or b uil di n g m et al p arts wit h c o m pl e x a n d c ust o mi z e d d e si g ns.  

T h e m ai n p ur p os e of t hi s r es e ar c h w as t o i n v esti g at e t h e f e asi bilit y of e m pl o yi n g BJ A M i n Ni -

M n -G a all o y s p utt eri n g t ar g et m a n uf a ct uri n g a n d t o e xt e n d t ar g et lif e b y pr o p osi n g a n o pti mi z e d 

t ar g et d esi g ns c a p a bl e of i n cr e asi n g t ar g et utili z ati o n a n d c ost r e d u cti o n. As a pr o of of c o n c e pt, 

s p utt eri n g t ar g ets wit h v ari o us g e o m etri es o bt ai n e d b y 3 D bi n d er j et pri nti n g fr o m C u a n d 3 1 6 L 

st ai nl ess st e el p o w d ers h a v e als o b e e n pr o d u c e d a n d i n v esti g at e d i n t hi s r es e ar c h. It is e x p e ct e d 

t h at t h e c o m pl e x g e o m etr y t ar g et will pr o vi d e a b ett er m at eri al utili z ati o n, a s c o m p ar e d t o t h e fl at 

cir c ul ar t ar g ets. I n a d diti o n, a n ot h er p ur p os e of t his w or k is t o f a bri c at e t hi n fil ms fr o m 3 D bi n d er 

j et pri nti n g t ar g ets a n d t o c o m p ar e t h eir m or p h ol o g y, cr yst all o gr a p hi c, a n d c h e mi c al c h ar a ct eristi cs 

t o t h at of t h e t hi n fil ms o bt ai n e d fr o m c o n v e nti o n al t ar g ets as r e p ort e d i n lit er at ur e. F urt h er m or e, 

eff e ct of d e p ositi o n p ar a m et ers s u c h as t h e dis c h ar g e c urr e nt a n d s u bstr at e t e m p er at ur es o n t h e 

s urf a c e m or p h ol o g y, c o m p ositi o n, a n d cr yst al str u ct ur e of t hi n fil ms o bt ai n e d i n t hi s r es e ar c h 

w o ul d b e i n v esti g at e d.  
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C H A P T E R 1  

T hi n Fil ms a n d S p utt e ri n g T a r g ets  

T his c h a pt er will bri efl y r e vi e w t hi n fil m m a n uf a ct uri n g, as w ell as a n i m p ort a nt c o m p o n e nt of 

t hi s pr o c ess, n a m el y s p utt eri n g t ar g ets. Aft er r e vi e wi n g t h e s p utt eri n g t ar g ets m a n uf a ct uri n g 

pr o c ess es a n d t h e f a ct or s i nfl u e n ci n g t h e q u alit y of t h es e c o m p o n e n ts, a g e n er al r e vi e w of t h e 

t ar g ets of i nt er est o n t hi s r es e ar c h will b e pr o vi d e d. T y pi c al t ar g et m a n uf a ct uri n g pr o c ess es s u c h 

as c asti n g a n d p o w d er m et all ur g y t e c h ni q u es will b e bri efl y dis c uss e d. T h e c urr e nt st at us of t hi n 

fil m m a n uf a ct uri n g usi n g m at erials of i nt er est i n t his r es e ar c h ( Ni -M n -G a, C u, a n d 3 1 6 L st ai nl ess 

st e el) will als o b e i ntr o d u c e d.  

1. 0  I nt r o d u cti o n t o t hi n fil m d e p ositi o n  

T h er e ar e s e v er al t hi n fil m f a bri c ati o n t e c h ni q u es a v ail a bl e f or d e p ositi o n of m et als a n d 

s e mi c o n d u ct or m at eri als. T h e m ost c o m m o n a m o n g t h e m is s p utt er d e p ositi o n. S p utt er d e p ositi o n 

i n v ol v es ej e cti o n of at o ms fr o m a t ar g et m at eri al b y e n er g eti c i o ns tr a ns p ort e d o nt o a s u bstr at e 

m at eri al. S e v er al i nt er a cti o ns o c c ur d uri n g s p utt er d e p ositi o n w hi c h i n cl u d es i o n i m pl a nt ati o n, 

r efl e cti o n, s p utt eri n g, s e c o n d ar y el e ctr o n e mi ssi o n, c h e mi c al r e a cti o n s, a n d a ds or pti o n as 

s c h e m ati c all y r e pr es e nt e d i n Fi g ur e 1. 1. T h e m ost i m p ort a nt i nt er a cti o ns d uri n g s p utt er d e p ositi o n 

ar e s p utt eri n g a n d s e c o n d ar y el e ctr o n e mi ssi o n [ 1 7], [ 1 8]. 



2  

 

 

Fi g ur e 1. 1  E n er g eti c i o ns -t ar g et at o m i nt er a cti o n. 

 

S p utt eri n g is b asi c all y a c hi e v e d t hr o u g h t h e b o m b ar d m e nt of a s oli d s urf a c e wit h hi g h -e n er g y 

p arti cl es s u c h as ar g o n, x e n o n, a n d et c. w hi c h ar e s c att er e d b a c k w ar d as a r es ult of t h e c ollisi o n 

wit h t h e t ar g et s urf a c e [ 1 8]. I n a c as e w h er e t h e s c att er e d at o m s fr o m t h e hi g h-e n er g y p arti cl e 

b o m b ar d m e nt g et tr a ns mitt e d t hr o u g h t h e m at eri al, t h e p h e n o m e n o n is c all e d tr a ns mi ssi o n 

s p utt eri n g. T h er e ar e diff er e nt s p utt eri n g t y p es b as e d o n d esi g n f or t hi n -fil m d e p ositi o n lik e dir e ct 

c urr e nt ( D C) di o d e, r a di o -fr e q u e n c y ( R F) di o d e, m a g n etr o n s p utt eri n g, a n d i o n b e a m s p utt eri n g.  

D C di o d e s p utt eri n g s yst e m is t h e si m pl est t e c h ni q u e a n d it is s h o w n s c h e m ati c all y i n Fi g ur e 1. 2. 

T h e D C di o d e s p utt eri n g s yst e m c o m pris es a l o w pr ess ur e ar g o n -fill e d c h a m b er wit h a p air of 

pl a n ar el e ctr o d es o n e of w hi c h is a c ol d c at h o d e b e ari n g t h e t ar g et m at eri al(s) t o b e d e p osit e d o n 

t h e s urf a c e a n d a n a n o d e o n w hi c h t h e s u bstr at e is pl a c e d. At hi g h e n o u g h p ot e nti al b et w e e n t h e 

el e ctr o d es, Ar +  i o ns i n t h e pl as m a st at e ar e g e n er at e d m o vi n g at hi g h s p e e ds t o w ar ds t h e t ar g et 
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s urf a c e. T h e Ar +  i o ns h a v e s uffi ci e nt e n er g y t o disl o d g e t ar g et at o m s w hi c h ar e tr a ns p ort e d b y 

diff usi o n o nt o a s u bstr at e m at eri al w h er e t h e y a c c u m ul at e b uil di n g t hi n -fil m l a y ers. Mai n 

dr a w b a c k of D C di o d e s p utt eri n g t e c h ni q u e is l o w d e p ositi o n r at e. D C di o d e s p utt eri n g t e c h ni q u e 

is us u all y s uit a bl e f or m et al or all o y t ar g ets. I ns ul at or or s e mi c o n d u ct or t ar g ets ar e n ot s uit a bl e i n 

t h e D C di o d e s p utt eri n g s yst e m d u e t o b uil d-u p of el e ctr ost ati c c h ar g es hi n d eri n g t h e s ust e n a n c e 

of t h e gl o w dis c h ar g e d uri n g s p utt eri n g. T h e r e m e d y f or s u c h sit u ati o n is t o e m pl o y alt er n ati n g 

c urr e nt ( A C) or r a di o -fr e q u e n c y ( R F) v olt a g e. T h e s p utt eri n g s yst e m wit h t h e R F v olt a g e is c all e d 

R F di o d e s p utt eri n g.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 1. 2  S c h e m ati c di a gr a m of D C di o d e s p utt eri n g s yst e m.  

I n m a g n etr o n s p utt eri n g, t h e pl as m a dis c h ar g e is i n d u c e d b y m a g n eti c fi el d s u p er p os e d o n t h e 

c at h o d e a n d p ar all el t o t h e c at h o d e s urf a c e as s h o w n i n Fi g ur e 1. 3. T h e m a g n etr o n s p utt eri n g 

s yst e m is d esi g n i n a si mil ar f as hi o n li k e t h e D C di o d e s p utt eri n g. T h e o nl y a d diti o n is a m a g n et 

( p er m a n e nt or t e m p or al) pl a c e d b e hi n d t h e c at h o d e t ar g et f or el e ctr o n tr a p pi n g. I n t hi s s p utt eri n g 

P o w er 
S u p pl y  
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s yst e m, t h e el e ctr o ns i n t h e pl as m a dis c h ar g e m o v e i n a c y cl oi d al m oti o n i n t h e dir e cti o n of t h e 

el e ctri c ( E) a n d m a g n eti c ( B) fi el ds, E × B a n d drift v el o cit y of E/ B [ 1 9]. T h e el e ctr o ns f oll o w a 

p at h i n t h e dir e cti o n of t h e m a g n eti c fi el d ori e nt ati o n i n a cl os e d l o o p. T his or bit al r estri cti o n 

c a us es a n i n cr e as e d c ollisi o n fr e q u e n c y b et w e e n t h e el e ctr o ns a n d s p utt eri n g g as m ol e c ul es i n a 

p h e n o m e n o n c all e d el e ctr o n tr a p pi n g eff e ct w hi c h all o ws t h e s p utt eri n g g as pr ess ur e t o b e r e d u c e d 

[ 1 8]. T h e pl as m a d e nsit y is als o c o ntr oll e d b y t h e m a g n eti c fi el d w hi c h b e ars a c as c a di n g eff e ct 

o n t h e c urr e nt d e nsit y at t h e c at h o d e t ar g et. B y i n cr e asi n g t h e m a g n eti c fi el d, t h e pl as m a d e nsit y 

als o i n cr e as es c urr e nt d e nsit y a n d ulti m at el y t h e s p utt eri n g r at e at t h e t ar g et. At l o w o p er ati n g g as 

pr ess ur es, c ollisi o n b e t w e e n s p utt er e d p arti cl es is eff e cti v el y c o ntr oll e d r es ulti n g i n a n i n cr e as e d 

d e p ositi o n r at e.  

 

Fi g ur e 1. 3  S c h e m ati c di a gr a m of D C m a g n etr o n s p utt eri n g s yst e m.  

It is i m p ort a nt t o n ot e t h at t h e s o ur c e m at eri al i n all t h e s p utt eri n g t e c h ni q u es is t h e s p utt eri n g 

t ar g et. T hi n fil m p erf or m a n c e l ar g el y d e p e n ds o n s p utt eri n g t ar g et a n d t h e d e p ositi o n p ar a m et ers. 

N  S  N  
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It is i m p ort a nt t o h a v e t h e ri g ht pr o p erti es i n t h e s p utt eri n g t ar g et t o g et q u alit y t hi n fil ms as 

e x pl ai n e d i n t h e s u b c h a pt ers b el o w.  

1. 1  I nt r o d u cti o n t o s p utt e ri n g t a r g ets  

M a n uf a ct u ri n g of s p utt e ri n g t a r g ets  

Tr a diti o n all y, s p utt eri n g t ar g ets ar e pr o d u c e d b y c asti n g m et all ur g y a n d p o w d er m et all ur g y [ 2 0]. 

C asti n g m et all ur g y r e q uir es v ari o us t y p es of f ur n a c es s u c h as i n d u cti o n m elti n g, v a c u u m i n d u cti o n 

m elti n g, el e ctr o n b e a m m elti n g a n d v a c u u m ar c m elti n g. P o w d er m et all ur g y i n v ol v es p o w d er 

pr o c essi n g, bl e n di n g, si nt eri n g a n d h ot pr essi n g o r h ot is ost ati c pr essi n g ( HI P). T h e p erf or m a n c e 

of s p utt eri n g t ar g ets d e p e n ds o n t h e f oll o wi n g f a ct ors [ 2 0]: 

•  C h e mi c al c o m p ositi o n or p urit y of t ar g et  

•  Gr ai n si z e  

•  Cr yst all o gr a p hi c t e xt ur e  

•  S urf a c e r o u g h n ess  

•  Cl e a nli n ess of s p utt eri n g s urf a c e  

C h e mi c al C o m p ositi o n  

T h e s p utt eri n g t ar g et us e d f or t hi n fil m f a bri c ati o n ar e of hi g h p urit y. T hi s m ust b e als o tr u e f or 

Ni -M n -G a t hi n fil m w h er e t h e tr a nsf or m ati o n t e m p er at ur es ar e v er y s e nsiti v e t o c o m p ositi o n. 

C o ntr olli n g t ar g et c o m p ositi o n d uri n g m a n uf a ct uri n g is v er y i m p ort a nt. T ar g et m at eri als 

c o m m o nl y us e d ar e p ur e m et als, m et alli c all o ys or c o m p o u n ds, a n d s e mi c o n d u ct ors. It is e x p e ct e d 

t h at t h e c h e mi c al c o m p ositi o n of t ar g ets is tr a nsf err e d t o t h e d e p osit e d fil m. H o w e v er, i n m ost 

c as es it is n ot s o, t hi s is l ar g el y d e p e n d e nt o n a n u m b er of f a ct ors s u c h as t h e d e p ositi o n c o n diti o ns 

a n d t h e p urit y of t h e st arti n g m at eri al. C o ntr olli n g t h e c o m p ositi o n of a m ulti c o m p o n e nt or a 

c o m p o u n d t ar g et is m or e c o m pli c at e d t h a n a si n gl e or el e m e nt al t ar g et d u e t o pr ef er e nti al 



6  

s p utt eri n g. c o -s p utt eri n g t e c h ni q u e w hi c h i n v ol v es firi n g diff er e nt t ar g ets si m ult a n e o usl y is 

s o m eti m es e m pl o y e d t o eff e cti v el y t ail or fil m c o m p ositi o n. It is i m p ort a nt t o n ot e t h at, si g nifi c a nt 

d e vi ati o n fr o m t ar g et c o m p ositi o n c a n aff e ct fil m pr o p erti es s u c h as t h e cr yst al str u ct ur e a n d t h e 

mi cr ostr u ct ur e.  

G r ai n si z e  

T ar g et gr ai n si z e is  a n ot h er f e at ur e t h at pl a ys a k e y r ol e i n o bt ai ni n g a u nif or m fil m t hi c k n ess. 

T ar g et wit h fi n e gr ai n si z e e n a bl es hi g h er d e p o siti o n r at es t h a n t ar g et wit h c o ars e gr ai n si z e 

b e c a us e dis c o nti n uiti es at t h e gr ai n b o u n d ari es ar e m or e r e a dil y att a c k e d d uri n g s p utt eri n g [ 2 1]. 

B o u c h ar d et al.  r e p ort e d t h at fi n e gr ai n si z e i m pr o v e fil m u nif or mit y w h er e as c o ars e gr ai n si z e 

d e gr a d e fil m u nif or mit y [ 2 2]. L e y b o vi c h et al. h a v e s h o w n t h at c h a n gi n g t ar g et gr ai n si z e c a n 

si g nifi c a ntl y a ff e ct t h e st a bilit y of t h e pl as m a, d e p ositi o n r at e a n d fil m u nif or mit y [ 2 3]. D u nl o p et 

al.  dis cl os e d i n t h e P at. N o. 5 8 0 9 3 9 3 a c orr el ati o n b et w e e n gr ai n si z e a n d fil m u nif or mit y as s h o w n 

i n t h e Fi g ur e 1. 4 [ 2 1]. A li n e ar r el ati o ns hi p is o bs er v e d b et w e e n fil m u nif or mit y a n d t ar g et gr ai n 

si z e i n Fi g ur e 1. 4 f or gr ai n si z e r a n g e b et w e e n 1 0 0 µ m t o 1 5 0 µ m. Mi c h al u k et al . als o r e p ort e d 

t h at  t h e u nif or mit y of hi g h-p urit y al u mi n u m a n d tit a ni u m fil ms is i n v ers el y pr o p or ti o n al t o t h e 

t ar g et gr ai n si z e gr e at er t h a n 1 0 0 µ m [ 2 4]. Mi c h al u k pr o p os e d a m o d el e q u ati o n w hi c h c o n n e cts 

t h e ti m e r e q uir e d t o c o ns u m e a m o n ol a y er of a gr ai n of a p ol y cr yst alli n e t a nt al u m t ar g et a n d t h e 

s p utt eri n g yi el d of ori e nt ati o n f or eff e cti v e s p utt eri n g gi v e n b y e q u ati o n ( 1. 1):  

𝑡 ( ℎ 𝑘𝑙 ) =
𝐴 𝑒 ( ℎ 𝑘𝑙 )

2

𝑆 ( ℎ 𝑘𝑙 )
       ( 1. 1) 

W h er e 𝐴 𝑒 ( ℎ 𝑘𝑙 )
2   r e pr es e nts eff e cti v e ar e a of cr yst al a n d 𝑆 ( ℎ 𝑘𝑙 )  r e pr es e nts t h e s p utt eri n g yi el d of ( h kl) 

ori e nt ati o n. T his t h e or eti c al m o d el c o n n e ct t h e g ai n si z e a n d t h e cr yst all o gr a p hi c t e xt ur e of t h e 

t a nt al u m t ar g et w hi c h w as us e d t o d e m o nstr at e t h e er osi o n b e h a vi or of t h e t ar g et d uri n g s p utt eri n g.  
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Fi g ur e 1. 4  V ari ati o n of fil m u nif or mit y as a f u n cti o n of t ar g et gr ai n si z e [ 2 1]. 
 

C r yst all o g r a p hi c t e xt u r e  

Cr yst all o gr a p hi c ori e nt ati o n of s p utt eri n g t ar g et aff e cts t h e a n g ul ar e mi ssi o n di stri b uti o n a n d t h e 

s p utt eri n g yi el d of t h e s p utt er e d at o m s. S e v er al r es e ar c h ers h a v e r e p ort e d t h e eff e ct of 

cr yst all o gr a p hi c ori e nt ati o n o n t h e ej e ct e d at o m s w h er e t h e y s h o w e d t h at ej e ct e d s p utt er e d at o m s 

o c c urr e d pr ef er e nti all y al o n g cl os e d p a c k e d dir e cti o ns i n t h e t ar g et [ 2 5]. Ts u g e et al.   h a v e s h o w n 

t h at h e a v y at o m s s u c h a s A u, ar e pr ef er e nti all y ej e ct e d fr o m cl os e d-p a c k e d dir e cti o n e v e n at 

o bli q u e i n ci d e n c e [ 2 6]. Z h a n g et al.  h a v e r e p ort e d t h at c h a n g es i n t h e t ar g et cr yst all o gr a p hi c 

ori e nt ati o n fr o m ( 1 1 1 ) t o ( 1 0 0) t o ( 1 1 0) aff e ct t h e s p utt eri n g yi el d i n t a nt al u m t ar g et [ 2 7]. H o o n 

C h o s h o w e d t h at pr o p er c o ntr ol of cr yst all o gr a p hi c t e xt ur e of s p utt eri n g t ar g et c a n pr o d u c e b ett er 

u nif or m fil m t hi c k n ess [ 2 8]. 

S u rf a c e r o u g h n ess  

T h e s urf a c e fi nis h of a s p utt eri n g t ar g et als o aff e cts t h e p erf or m a n c e of t h e t ar g et. It h as b e e n 

s h o w n t h at i n cr e as e d s urf a c e r o u g h n ess r es ult s i n a n i n cr e as e d t hi c k n ess o f d ef or m e d l a y er [ 2 9]. 
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T h e pr es e n c e of t h e d ef or m e d l a y er r es ult s i n u n d esir a bl e fil m pr o p erti es s u c h as l o w fil m 

u nif or mit y [ 2 9]. Hi g h s urf a c e r o u g h n ess c a n als o i nitiat e n o d ul e f or m ati o n d uri n g t ar g et er osi o n. 

T his c a n b e a p ossi bl e c h all e n g e f or 3 D pri nt e d s p utt eri n g t ar g ets, d u e t o t h e i n h er e nt hi g h 

r o u g h n ess of t h e fr e e s urf a c es of a 3 D bi n d er j et pri nt e d p arts [ 3 0]. N ot wit hst a n di n g, t h e s urf a c e 

r o u g h n ess c a n b e i m pr o v e d b y pr o p er s el e cti o n of p ar a m et ers f oll o w e d b y s u rf a c e p oli s hi n g.    

Cl e a nli n ess of t a r g et s u rf a c e  

S urf a c e cl e a ni n g is r e q uir e d i n or d er t o r e m o v e all f or ms of c o nt a mi n ati o ns w hi c h m a y tri c kl e 

d o w n i nt o t h e f or m ati o n of fil m c o m pr o misi n g t hi n fil m pr o p erti es. S urf a c e cl e a ni n g pl a ys a n 

ess e nti al r ol e i n o bt ai ni n g a hi g h p urit y t hi n fil m [ 3 1].  

1. 2  M et all u r gi c al d ef e cts o n s p utt e ri n g t a r g et  

M ost t ar g et m a n uf a ct uri n g t e c h ni q u es ar e pr o n e t o m et all ur gi c al d ef e cts. C o nsi d er a bl e eff ort is 

r e q uir e d t o li mit m et all ur gi c al d ef e cts t o t h e b ar est mi ni m u m. T h e f oll o wi n g ar e t h e m ost c o m m o n 

d ef e cts f o u n d i n s p utt eri n g t ar g ets [ 2 0]: 

•  P or osit y or v oi ds  

•  I n cl usi o ns 

•  N o d ul es  

P o r osit y o r v oi d s  

I n t ar g et m a n uf a ct uri n g, p or es c a n d e v el o p d u e t o eit h er g as e ntr a p m e nt or i n a d e q u at e si nt eri n g or 

i n c o m pl et e i nt er-diff usi o n of t ar g et m at eri als [ 2 0]. F u n g et al.  h a v e s h o w n t h at v oi ds al o n g t h e 

gr ai n b o u n d ari es i n s p utt eri n g t ar g ets m a y a ct as p arti cl e s o ur c e t o l o w er s p utt eri n g yi el d [ 3 2]. It 

h as b e e n r e p ort e d t h at u nif or ml y distri b ut e d fi n e p or es ar e l ess h ar mf ul t h a n l ar g e, is ol at e d p or es. 

N ari z u k a et al.  dis cl os e d i n P at. N o. 5 3 2 0 7 2 9 t h at v oi ds i n s p utt eri n g t ar g et h as t h e t e n d e n c y of 
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c a usi n g a l o c ali z e d gl o w dis c h ar g e d uri n g s p utt eri n g cr e ati n g i nst a biliti es i n t h e el e ctri c dis c h ar g e 

[ 3 3]. L o a n d Gil m a n  r e p ort e d o n t h e q u alit y of W -Ti t hi n fil ms d e p osit e d usi n g t ar g ets m a d e b y 

p o w d er m et all ur g y t e c h ni q u es [ 3 3]. T h e p arti cl es g e n er at e d d uri n g t h e s p utt eri n g pr o c ess a n d 

aff e cti n g t h e q u alit y of t h e t hi n fil m ar e r el at e d t o b ot h r e d e p osit e d s p h eri c al n o d ul es l o c at e d at t h e 

t ar g et v oi ds a n d pr e ci pit at e d W-ri c h p arti cl es. 

I n cl u si o n s 

P o or pr o c essi n g d uri n g m a n uf a ct uri n g of t ar g et c a n i ntr o d u c e c o nt a mi n a nts s u c h as i n cl usi o ns. 

I n cl usi o ns ar e d ef e cts w hi c h c a n n ot b e pr e di ct e d a c c ur at el y a n d i n a d diti o n v ar y i n si z es. 

I n cl usi o ns of l ar g e si z e s h a v e s h o w n t o cr e at e el e ctri c al ar c d uri n g s p utt eri n g. T h er ef or e,  

pr e c a uti o n ar y m e as ur es ar e n e c ess ar y t o mi ni mi z e i n cl usi o ns f or m ati o n [ 2 0]. 

N o d ul es  

N o d ul es ar e d ef e cts t h at ar e g e n er at e d b y i m p urit y at o m s i n t h e s p utt eri n g c h a m b er or b y 

r e d e p osit e d t ar g et at o m s. T h es e d ef e cts ar e u n d esir a bl e b e c a us e t h eir f or m at i o n c a n r es ult i n l o w 

s p utt eri n g yi el d a n d d e p ositi o n r at e. N o d ul e f or m ati o n is v er y c o m m o n i n i n di u m ti n o xi d e (I T O) 

wit h a c o n e -li k e m or p h ol o g y as s h o w n i n Fi g ur e 1. 5  [ 3 4]. T o miti g at e t h eir gr o wt h t h e f oll o wi n g 

m e as ur es ar e r e q uir e d : r o uti n e cl e a ni n g of t h e s p utt eri n g c h a m b er t o mi ni mi z e c o nt a mi n a nts, 

pr o p er c o oli n g s yst e m a v ai l a bl e t o c o ol t h e t ar g et d uri n g s p utt eri n g a n d us e of p o w er s u p pl y e q ui p 

wit h r eli a bl e ar c d et e cti n g c a p a bilit y [ 3 4]. 

 

 

 

 

 

 



1 0  

 

 

 

 

 

 

Fi g ur e 1. 5  ( a) S E M i m a g e s h o wi n g m or p h ol o g y of n o d ul es; ( b) Bl a c k n o d ul es o n I T O s p utt eri n g 

t ar g et; ( c) N o d ul es o n Si s p utt eri n g t ar g et [ 3 4]. 

1. 3  T a r g et utili z ati o n  

A dr a w b a c k of m a g n etr o n s p utt eri n g t ar g et i s t h e n o n -h o m o g e n o us i o n c urr e nt di stri b uti o n a cr oss 

t h e t ar g et s urf a c e c a us e d b y tr a p pi n g of s e c o n d ar y el e ctr o ns i n t h e m a g n eti c fi el d r es ultin g i n a 

n o n -u nif or m er osi o n of t h e t ar g et s urf a c e i n a f or m a r a c etr a c k as s h o w n i n Fi g ur e 1. 6 ( a) a n d ( b) 

[ 3 7]. D u e t o t h e n o n-u nif or m et c hi n g of t h e t ar g et s urf a c e, m a t eri al utili z ati o n is li mit e d t o a b o ut 

2 5 -3 0 % [ 3 6]. I n t h e c as e of pr e ci o us m et al t ar g ets s u c h as g ol d, sil v er, a n d pl ati n u m w hi c h ar e 

v er y e x p e nsi v e, m a k es it w ors e.  

 

 

 

 

 

 

 

 

Bl a c k n o d ul e  

1 0 µ m  2 0 m m  2 0 m m  
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Fi g ur e 1. 6  T ar g et utili z ati o n : ( a) G ol d m a g n etr o n s p utt er e d t ar g et s h o wi n g n o n -u nif or m er osi o n 

i n t h e s h a p e of a r a c etr a c k [ 3 7], T ar g et di a m et er is a b o ut 5 2 m m;  ( b) S c h e m ati c r e pr es e nt ati o n 

of t h e m a g n eti c fi el d di stri b uti o n i n a cr oss -s e cti o n al t ar g et a n d its r el ati o ns hi p wit h t h e t ar g et 

er osi o n pr ofil e.  

G e n er all y, it is d esir a bl e t o h a v e a f ull -f a c e t ar g et er osi o n t o c o ntr ol t h e d e p ositi o n r at e a n d t o 

e xt e n d t h e t ar g et lif eti m e. S e v er al r es e ar c h ers h a v e att e m pt e d t o i m pr o v e t ar g et utili z ati o n b y 

f o c usi n g o n t h e m a g n eti c c o nfi g ur ati o n of t h e m a g n etr o n s p ut t eri n g. O n e of t h e first att e m pt s t o 

i m pr o v e t h e utili z ati o n of m at eri al w as t h e i nt er p ol es t ar g et-h oll o w m a g n etr o n s h o w n i n Fi g ur e 

1. 7 [ 3 8]. It w as r e p ort e d t h at t h e er osi o n z o n e w a s br o a d e n e d wit h m a g n eti c fi el d p ar all el t o t h e 

t ar g et w hi c h r es ult e d i n a b o ut 6 0 % i n cr e as e i n m at eri al utili z ati o n  [ 3 9]. A n ot h er d esi g n s ol uti o n 

f or i m pr o vi n g t h e t ar g et utili z ati o n is t h e us e of r ot at a bl e p arts [ 3 7]. T his o pti o n is m ost us e d wit h 

c yli n dri c al t ar g ets. I n t his c as e t h e m a g n etr o n h as a si mil ar c o nfi g ur ati o n t o a r e ct a n g ul ar 

m a g n etr o n, b ut t h e t ar g et is a h oll o w c yli n d er t h at r ot at es ar o u n d t h e m a g n etr o n, s o t h e er osi o n is 

u nif or m o n t h e s urf a c e of t h e c yli n d er [ 3 6]. T his m et h o d is us u all y a p pli e d f or hi g h -ar e a r ot at a bl e 

s u bstr at es, b ut als o fi n d s o m e us e i n pl a n ar m a g n etr o ns [ 3 7]. C h arl es G arr ett r e p ort e d i n U S P at. 

( a) 

( b) 
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N o. 4 4 4 4 6 4 3 t h at t ar g et utili z ati o n c a n b e i m pr o v e d b y usi n g m o v a bl e m a g n eti c s o ur c e. T h e 

m a g n eti c s o ur c e is h y dr a uli c all y m o v e d wit h r es p e ct t o t h e t ar g et a n d s u bstr at e i n s u c h a w a y t h at 

t h e li n es of m a g n eti c fl u x ar e p ar all el t o t h e t ar g et s urf a c e. M or e o v er, t h e li n es of m a g n eti c fl u x 

ar e s w e pt a cr oss t h e t ar g et s urf a c e d uri n g s p utt eri n g pr o c ess [ 4 0]. T h e c h all e n g e wit h G arr ett’s 

a p pr o a c h is a r eli a bl e d e vi c e f or pr o vi di n g a u nif or m m e c h a ni c al m oti o n. T h er ef or e, G arr ett’s 

a p pr o a c h is q uit e c o m pli c at e d.  S e v er al c o m pl e x m a g n eti c fi el d c o nfi g ur ati o ns h a v e b e e n us e d t o 

o pti mi z e t h e m a g n etr o n s p utt eri n g b ut b as e d o n t h e lit er at ur e r es e ar c h, s o f ar v er y f e w r es e ar c h ers 

h a v e c o nsi d er e d o pti mi zi n g t h e s p utt eri n g t ar g et it s elf. L a m o nt i n t h e U S P at. N o 4 4 5 7 8 2 5 

dis cl os e d t h e us a g e of a n a n n ul ar s h a p e d s p utt eri n g t ar g et wit h i n w ar d sl o pi n g f a c e li k e t h e fr ust u m 

of a c o n e, i n a n att e m pt t o o pti mi z e t ar g et utili z ati o n [ 4 1]. Cl ass et al.  als o dis cl os e d i n U S P at. 

N o. 4 8 4 2 7 0 3 of usi n g a b o wl -s h ap e d c o n c a v e d t ar g et as t h eir s o ur c e of s p utt eri n g m at eri al t o 

br o a d e n t h e er osi o n pr ofil e at t h e s a m e ti m e a c hi e vi n g u nif or m fil m t hi c k n ess [ 4 2]. 

 
 

 

 

 

 

 

 

 

 

 

Fi g ur e 1. 7   T h e i nt er p ol e s t ar g et -h oll o w m a g n etr o n i n cr e as es t ar g et m at eri al utili z ati o n b y 6 0 % 
[ 3 8]. 



1 3  

1. 4  I nfl u e n c e of d e p ositi o n p a r a m et e rs o n fil m p r o p e rti es  

S u b st r at e t e m p e r at u r e  

G e n er all y, fil ms d e p osit e d at r o o m t e m p er at ur e i n m ost c as es ar e a m or p h o us or p arti all y 

cr yst alli n e. T his h a p p e ns b e c a us e at l o w s u bstr at e t e m p er at ur es, a d at o m s h a v e l o w ki n eti c e n er g y 

w hi c h is n ot s uffi ci e nt e n o u g h t o e n h a n c e m o bilit y a n d s urf a c e diff usi o n. T h e a d at o m s u n d er t hi s 

c o n diti o n ar e u n a bl e t o mi gr at e t o f a v or a bl e n u cl e ati o n sit e t o pr o m ot e gr ai n gr o wt h. I n m ost c as es, 

fil m d e p osit e d at r o o m t e m p er at ur e s h o w s m o ot h a n d f e at ur el ess m or p h ol o g y u n d er c ert ai n 

d e p ositi o n c o n diti o ns [ 4 3]– [ 4 5]. H o w e v er, at hi g h er s u bstr at e t e m p er at ur es, a d at o m s g ai n 

s uffi ci e nt ki n eti c e n er g y w hi c h m a k es t h e m m or e m o bil e t o l o c at e f a v or a bl e n u cl e ati o n sit e f or 

gr ai n gr o wt h. N ot e t h at,  i n cr e asi n g s u bstr at e t e m p er at ur e i n cr e as es s urf a c e diff usi o n of a d at o m s 

w hi c h r es ult s i n i n cr e asi n g gr ai n si z e. T h e a b o v e ass erti o n is s u p p ort e d b y e q u ati o ns ( 1. 2) [ 4 6] a n d 

( 1. 4) [ 4 7]: 

𝑡 = 𝑘 𝑙 𝐴 𝑒 𝑘 (
− ∆ 𝑙

𝑆 𝑘 𝑙
)        (1. 2)  

𝐴 𝑒 =
2 𝑘 𝑙 𝑆

ℎ
                                                                                ( 1. 3) 

𝑘 𝑙 − 𝐷 𝑜
𝑛 = 𝐾 ( 𝑇 ) 𝑡         ( 1. 4) 

W h er e υ is t h e s urf a c e diff usi o n r at e, υ o  is t h e at o m fr e q u e n c y of vi br ati o n, KB  is B olt z m a n n 

c o nst a nt, h is t h e Pl a n c k’s c o nst a nt, T is t h e s u bstr at e t e m p er at ur e, Δ E is t h e a cti v ati o n e n er g y, D 

is t h e gr ai n di a m et er, Do  is t h e i niti al gr ai n di a m et er, n is t h e gr o wt h e x p o n e nt, K( T) is t h e gr ai n 

gr o wt h c o nst a nt gi v e n b y  

 𝐾 ( 𝑇 ) = 𝐴 ∙ 𝑒
− ∆ 𝐸

𝐾 𝐵 𝑇         ( 1. 5)      

W h er e A is a pr e -e x p o n e nti al f a ct or.  
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E q u ati o ns ( 1. 2) a n d ( 1. 4) i n d e e d s h o w t h at t h e gr ai n si z e a n d s urf a c e diff usi o n i n cr e as e 

e x p o n e nti all y wit h s u bstr at e t e m p er at ur e. It is n ot s ur pris e d t h at, s e v er al a ut h ors h a v e  r e p ort e d 

a b o ut t h e f a ct t h at, i n cr e a si n g s u bstr at e t e m p er at ur e pr o d u c es l ar g e gr ai ns a n d hi g h fil m t hi c k n ess 

as s e e n i n Fi g ur e 1. 8 [ 1 8]. 

Fi g ur e 1. 8 ( a) s h o w t h at, i niti all y gr ai n si z e i n cr e as es e x p o n e nti all y wit h s u bstr at e t e m p er at ur e 

u ntil a c ert ai n t hr es h ol d is r e a c h e d w h er e a d e cli n e i n gr ai n si z e is o bs er v e d as s u bstr at e 

t e m p er at ur e i n cr e as es. It h as b e e n e x pl ai n e d t h at at hi g h er s u bstrat e t e m p er at ur e, ki n eti c e n er g y of 

t h e i n ci d e nt i o ns i n cr e a s es wit h i n cr e asi n g m o bilit y of a d at o m s r es ulti n g i n l ar g e gr ai n si z e. 

H o w e v er, at a c ert ai n t hr es h ol d ki n eti c e n er g y, t h e m o bilit y of a d at o ms d e cr e as es d u e t o 

i m pi n g e m e nt of i n ci d e nt i o ns o n t h e su bstr at e t h er e b y r e d u ci n g gr ai n si z e of a d at o m s as s e e n i n 

Fi g ur e 1. 8 ( c) [ 1 8].  
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Fi g ur e 1. 8   Gr ai n si z e as a f u n cti o n of : ( a) S u bstr at e t e m p er at ur e; ( b) Fil m t hi c k n ess; ( c) Ki n eti c 

e n er g y of i n ci d e nt i o ns [ 1 8]. 

D e p ositi o n p r ess u r e  

T h e w or ki n g g as c o m m o nl y us e d i n D C m a g n etr o n s p utt eri n g is ar g o n. Ar g o n is us e d b e c a us e it 

is i n ert a n d h e a v y e n o u g h t o c a us e s p utt eri n g. T h e pr ess ur e of ar g o n g as pl a ys i m p ort a nt r ol e 

d uri n g s p utt eri n g a n d fil m f or m ati o n. At l o w d e p ositi o n pr ess ur e, f e w c ollisi o ns o c c ur b et w e e n 

t h e ar g o n i o ns a n d t h e s p utt er e d at o m s t h er ef or e l ess t h er m ali z ati o n of s p utt er e d at o m s. I n t hi s 

w a y, m or e s p utt er e d at o ms w o ul d fi n d t h eir w a y o nt o t h e s u bstr at e i n cr e asi n g d e p ositi o n r at e. T h e 

m e a n fr e e p at h w hi c h is t h e dist a n c e tr a v ell e d b et w e e n c ollisi o ns is i n cr e as e d. I n cr e asi n g t h e 

d e p ositi o n p r ess ur e g e n er at es m or e ar g o n at o m s a n d t h er ef or e i n cr e as es c ollisi o n b et w e e n ar g o n 

( a) ( b) 

( c) 
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i o ns a n d t h e s p utt er e d at o m s d u e t o r e d u c e d m e a n fr e e p at h ( λ).  T h e m e a n fr e e p at h ( λ) is r el at e d 

t o t h e g as pr ess ur e b y t h e e q u ati o n [ 4 8] : 

𝑡 =
𝑘 𝑙

√ 2  𝐴 𝑒 𝑘 2        ( 1. 6) 

W h er e p is t h e g as pr ess ur e, d is t h e di a m et er of at o m, k is t h e g as c o nst a nt, T is t h e t e m p er at ur e. 

Fr o m e q u ati o n ( 1. 4), it is s e e n t h at t h e m e a n fr e e p at h is i n v ers el y pr o p orti o n al t o t h e g as pr ess ur e, 

w hi c h m e a ns i n cr e asi n g g as pr ess ur e c orr es p o n ds t o d e cr e as e m e a n fr e e p at h w hi c h s u g g est t h at 

m or e c ollisi o ns a n d t h er m ali z ati o n of s p utt er e d at o m s. D e p ositi o n r at e i n t hi s c as e w o ul d r e d u c e 

b e c a us e it is p ossi bl e m ost of t h e s p utt er e d at o m s w o ul d b e s c att er e d a w a y fr o m t h e s u bstr at e. Als o 

d u e t o t h e  t h er m ali z ati o n, t h e s p utt er e d at o m s h a v e l ess ki n eti c e n er g y t o i n cr e as e d e p ositi o n r at e. 

T h e w or k b y H el m er et al.  s h o w e d t h at f or g as pr e ss ur e gr e at er t h a n 1 0 m T orr, t h e d e p ositi o n r at e 

v ari es i n v ers el y wit h pr ess ur e [ 4 9]. 

 

S p utt e ri n g p o w e r  

I n or d er t o pr o d u c e a gl o w dis c h ar g e i n t h e s p utt eri n g s yst e m, a c ert ai n mi ni m u m p o w er is r e q uir e d 

s o t h at t h e ar g o n i o ns b et w e e n t h e c at h o d e a n d t h e a n o d e c a n h a v e s uffi ci e nt e n er g y gr e at er t h a n 

t h e bi n di n g e n er g y of t h e t ar g et at o m s t o disl o d g e at o m s fr o m t h e t ar g et. I n cr e asi n g t h e p o w er, 

i n cr e as es t h e gl o w dis c h ar g e f or m e d o n t h e c at h o d e (t ar g et). At hi g h er s p utt eri n g p o w er, ar g o n 

i o ns g ai n hi g h er ki n eti c e n er g y d u e t o m o m e nt u m tr a nsf er. T h e c urr e nt d e nsit y or fl u x (J) is r el at e d 

t o t h e D C a p pli e d v olt a g e ( VD C ) gi v e n b y: 

𝑙 =
4 𝑆 𝑘

9 𝑙 2
√

2 𝐴

𝑒
𝑘 𝑙 𝑆

3

2      ( 1. 7) 
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W h er e D is t h e dist a n c e b et w e e n t h e c at h o d e a n d t h e a n o d e, m is m ass of Ar i o n, e is t h e el e ctr o ni c 

c h ar g e, ε o  is t h e p er mitti vit y of fr e e s p a c e. T his e q u ati o n is c all e d t h e C hil d-L a n g m uir r el ati o n. 

S o m e a ut h ors h a v e o bs er v e dir e ct li n e ar r el ati o ns hi p b et w e e n s p utt eri n g p o w er a n d d e p ositi o n r at e 

[ 5 0], [ 5 1].It h as als o b e e n s h o w n t h at t h e s p utt eri n g p o w er h as i nfl u e n c e o n fil m mi cr ostr u ct ur e, 

c o m p ositi o n, cr yst alli nit y, a n d ot h er p h ysi c al pr o p erti es [ 5 2]– [ 5 4]. 

1. 5  Ni -M n -G a t a r g ets a n d t hi n fil m s  

1. 5. 1  B a c k g r o u n d  

Ni -M n -G a H e usl er all o y h as b e e n wi d el y st u di e d o v er t h e p ast t w o d e c a d es d u e t o o n e of it s u ni q u e 

f u n cti o n al pr o p ert y c all e d m a g n eti c fi el d i n d u c e d str ai n ( M FI S) [ 5 5]. T h e M FI S w as first a c hi e v e d 

i n 1 9 9 6 b y Ull a k k o et al.   w h er e a m a g n eti c fi el d of 8 k O e w as a p pli e d t o a si n gl e cr yst al Ni 2 M n G a 

all o y at 2 6 5 K i n d u ci n g a str ai n of a b o ut 0. 2 % [ 5 5]. T his w as gr o u n d br e a ki n g r es e ar c h a n d h as 

attr a ct e d a l ot m or e r es e ar c h i n i m pr o vi n g t h e M FI S i n t hi s m at eri al [ 5 6]. T his e x c e pti o n al pr o p ert y 

of Ni -M n -G a all o y m a k e s it a g o o d c a n di d at e f or i n d ustri al a p pli c ati o ns s u c h as a ct u at ors, s e ns ors, 

a n d M E M S d e vis es [ 5 7], [ 5 8]. M art e nsiti c p h as e tr a nsf or m ati o n is o n e of t h e i m p ort a nt crit eri a 

r e q uir e d i n Ni-M n -G a all o y t o e x hi bit M FI S [ 5 9]. M art e nsiti c p h as e tr a nsf or m ati o n i n Ni-M n -G a 

all o y is c o m p ositi o n s e nsiti v e [ 6 0]. C h er n e n k o et al.  i n v esti g at e d t h e eff e ct of c o m p ositi o n of Ni-

M n -G a  all o y o n t h e m art e nsiti c st art tr a nsf or m ati o n t e m p er at ur e [ 6 1]. T h e r es ult s fr o m t h eir 

fi n di n gs s h o w e d t h at f or a c o m p ositi o n w h er e M n c o nt e nt is h el d c o nst a n t, a n i n cr e as e i n G a 

c o nt e nt r es ult e d i n l o w er m art e nsiti c p h as e st art tr a nsf or m ati o n t e m p er at ur e ( M s). Als o, f or a 

c o m p ositi o n w h er e b y Ni c o nt e nt is h el d c o nst a nt, a n i n cr e as e i n M n c o nt e nt s h o ws a n i n cr e as e i n 

M s [ 6 1]. Ts u c hi y a et al.  als o i n v esti g at e d t h e c o m p ositi o n d e p e n d e n c e of m art e nsiti c 

tr a nsf or m ati o n o n p ol y cr yst alli n e Ni-M n -G a all o y. T h eir r es ult s s h o w e d t h at t h er e is a str o n g 

c orr el ati o n b et w e e n t h e  m art e nsiti c tr a nsf or m ati o n t e m p er at ur e a n d  t h e v al e n c e el e ctr o n 
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c o n c e ntr ati o n, e/ a [ 6 2]. Z h o u et al.  r e c e ntl y d em o nstr at e d t h at c o m bi n at ori al a p pr o a c h w as a n 

eff e cti v e m et h o d t o i n v e sti g at e t h e c o m p ositi o n d e p e n d e n c e o n m art e nsiti c p h as e tr a nsf or m ati o n 

[ 6 3]. B as e d o n t h e w or k of s e v er al r es e ar c h ers i n t hi s fi el d, it h as b e e n est a blis h e d t h at t h e c h e mi c al 

c o m p ositi o n a n d el e ctr o n c o n c e ntr ati o n, e/ a , of Ni-M n -G a all o y i nfl u e n c e t h e m art e nsiti c 

tr a nsf or m ati o n te m p er at ur e. T his s u g g est t h at t o o bs er v e s h a p e m e m or y eff e ct a n d m a g n eti c fi el d 

i n d u c e d str ai n ( M FI S) i n Ni-M n -G a all o y a c ar ef ul c o ntr ol of t h e c h e mi c al c o m p ositi o n is 

ess e nti al.  

D es pit e t h e e x c e pti o n al pr o p erti es of t hi s all o y, t h er e ar e s o m e dr a w b a c ks w hi c h hi n d er it 

s uit a bilit y f or i n d ustri al a p pli c ati o n. F or i nst a n c e, si n gl e cr yst al Ni -M n -G a all o ys e x hi bit t h e 

hi g h est m a g n eti c fi el d i n d u c e d str ai n v al u e of 1 0 % a n d g o o d m e c h a ni c al pr o p erti es. H o w e v er, 

f a bri c ati o n of si n gl e cr yst al Ni-M n -G a is v er y c o m p li c at e d, ti m e c o ns u mi n g , e x p e nsi v e a n d pr o n e 

t o c h e mi c al s e gr e g ati o n d uri n g cr yst al gr o wt h [ 6 4]– [ 6 6]. P ol y cr yst alli n e Ni-M n -G a all o y o n t h e 

ot h er h a n d ar e c h e a p er a n d si m pl er t o pr o d u c e [ 6 7]. H o w ev er, p ol y cr yst alli n e Ni -M n -G a all o y 

s h o w l o w er M FI S ( a b o ut 0. 1 %) d u e t o t h e pr es e n c e of gr ai n b o u n d ari es w hi c h hi n d er t wi n 

b o u n d ar y m oti o n [ 6 8]. A n ot h er li mit ati o n of t h e p ol y cr yst alli n e Ni-M n -G a all o y is it s i ntri nsi c 

brittl e n at ur e m a ki n g it diffi c ult t o pl asti c all y d ef or m i nt o ot h er s h a p es. It h as b e e n  r e p ort e d t h at, 

r e d u c e d si z e d Ni-M n -G a all o y s a m pl es s u c h as wir es, ri b b o ns a n d t hi n fil ms h a v e b ett er pr o p erti es 

a n d t h er ef or e h a v e p ot e nti al f or pr a cti c al a p pli c ati o n. A m o n g t h e r e d u c e d si z e d s a m pl es, Ni -M n -

G a t hi n fil ms h a v e attr a ct e d a l ot of att e nti o n  d u e t o it s uit a bilit y f or a p pli c ati o n i n mi ni at uri z e d 

a ct u at ors, s e ns ors, a n d mi cr o el e ctr o m e c h a ni c al s yst e ms ( M E M S) d e vi c es. Ni -M n -G a t hi n fil ms 

ar e m or e d u ctil e t h a n t h e b ul k p ol y cr yst alli n e all o y [ 6 9]. 

F or Ni -M n -G a t hi n fil m t o b e us e d f or pr a cti c al a p pli c ati o n, t w o pri m ar y f u n cti o n al pr o p erti es 

n e e d e d ar e f err o m a g n eti c a n d s h a p e m e m or y b e h a vi ors w hi c h str o n gl y d e p e n d o n t h eir c h e mi c al 
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c o m p ositi o n a n d t h eir f a bri c ati o n t e c h ni q u es [ 6 9]. S e v er al f a bri c ati o n t e c h ni q u es s u c h as p uls e d 

l as er d e p ositi o n ( P L D) [ 7 0]– [ 7 3], m ol e c ul ar b e a m e pit a x y ( M B E) [ 7 4], fl as h e v a p or ati o n [ 7 5], i o n 

b e a m s p utt eri n g [ 7 6], a n d m a g n etr o n s p utt eri n g [ 6 9], [ 7 7]– [ 8 1]  h a v e b e e n us e d t o gr o w Ni -M n -

G a t hi n fil ms. A m o n g t h es e t e c h ni q u es, dir e ct c urr e nt ( D C) a n d r a di o fr e q u e n c y ( R F) m a g n etr o n 

s p utt eri n g h a v e b e e n wi d el y us e d. T his is b e c a us e it h as s e v er al a d v a nt a g es s u c h as hi g h d e p ositi o n 

r at e, g o o d a d h esi o n t o s u bstr at e, hi g h p urit y fil ms, a n d u nif or m t hi n fil m as c o m p ar e d t o t h e ot h er 

t e c h ni q u es [ 8 2]. I n m a g n etr o n s p utt eri n g s yst e m, ar g o n at o m s ar e i o ni z e d a n d a c c el er at e d t o w ar d 

t h e t ar g et m at eri al b y a p pli e d n e g ati v e v olt a g e t o s p utt er Ni, M n a n d G a at o m s w hi c h ar e d e p osit e d 

o n t h e s u bstr at e t o f or m Ni -M n -G a t hi n fil m. T h e m art e nsiti c tr a nsf or m ati o n t e m p er at ur es w hi c h 

bri n g a b o ut t h e s h a p e m e m or y eff e ct ar e v er y s e nsiti v e t o f a ct ors s u c h as c o m p ositi o n, 

c o nt a mi n ati o n, a n n e ali n g, s p utt eri n g p o w er, g as pr ess ur e, all o y t ar g et, c o -s p utt eri n g m ulti -t ar g ets, 

d e p ositi o n t e m p er at ur e, s u bstr at e t o t ar g et dist a n c e, s u bstr at e t y p e a n d s u b str at e c o n diti o n. M ost 

of t h e r es e ar c h o n Ni -M n -G a t hi n fil m h a v e b e e n f o c us e d o n t h e eff e cts of s p utt eri n g p ar a m et ers 

w hi c h i n cl u d e s u bstr at e t e m p er at ur e, a n n e ali n g t e m p er at ur e, g as pr ess ur e, s p utt eri n g p o w er, fil m 

t hi c k n ess, s u bstr at e t y p e a n d p o w er s o ur c e ( D C or R F). H o w e v er, t h e s p utt eri n g t ar g et b ei n g t h e 

pri m ar y m at er i al s o ur c e f or t h e d e p ositi o n pr o c ess, n ot m u c h h as b e e n r e p ort e d o n t h e pr o p erti es 

of Ni -M n -G a t ar g ets. S p utt eri n g t ar g ets pl a y a k e y r ol e i n t h e f or m ati o n a n d t h e pr o p erti es of t h e 

t hi n fil m. T h er ef or e, t h e m et h o d of m a n uf a ct uri n g, s urf a c e fi nis h a n d h a ndli n g of t ar g ets m ust b e 

a criti c al c o n c er n.  

1. 5. 2  Ni -M n -G a t a r g ets  

T h e t w o m ai n m et h o ds f or pr o d u ci n g Ni -M n -G a all o y t ar g ets r e p ort e d i n lit er at ur e ar e c asti n g a n d 

p o w d er m et all ur g y [ 7 7], [ 8 3]– [ 8 6]. T h e c asti n g m et all ur g y a p pr o a c h i n v ol v es ar c m elti n g r a w 

m at eri als of hi g h p urit y ni c k el, m a n g a n es e a n d g al li u m i n g ot s u n d er ar g o n at m os p h er e a n d 
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h o m o g e ni zi n g t o a c hi e v e u nif or m c o m p ositi o n. T h e m elt i s c ast i nt o a t ar g et m ol d a n d all o w e d t o 

c o ol, aft er w ar ds is m a c hi n e d t o t h e r e q uir e d g e o m etr y f or us e i n a m a g n etr o n s p utt eri n g s yst e m. 

M a c hi ni n g of t h e t ar g ets cr e at e w ast e (t h o u g h t h e w ast e m at eri al c a n b e r e c o v er e d a n d r e pr o c ess 

f or m a ki n g n e w t ar g ets), w hi c h i n cr e as es t h e pr o d u cti o n ti m e of t h e e ntir e m a n uf a ct uri n g pr o c ess. 

D u e t o t h e brittl e n at ur e of Ni -M n -G a all o y, a c ar ef ul m a c hi ni n g of t h e t ar g et is r e q ui r e d t o a v oi d 

cr a c ks a n d d ef e cts. S o f ar, c asti n g t e c h ni q u e h a s b e e n wi d el y us e d i n Ni -M n -G a all o y t ar g et 

m a n uf a ct uri n g. H o w e v er, it h as s o m e li mit ati o ns. O n e of w hi c h is t h e i n a bilit y t o o bt ai n n e ar -n et 

s h a p e aft er c asti n g. T h e p ol y cr yst alli n e Ni -M n -G a all o y is i n h er e ntl y brittl e a n d t h er ef or e 

m a c hi ni n g t o a c hi e v e s p utt eri n g t ar g ets wit h c o m pl e x g e o m etri es w o ul d b e c h all e n gi n g.  

S e v er al r es e ar c h ers h a v e i m pl e m e nt e d t h e c asti n g t e c h ni q u e i n m a ki n g s p utt eri n g t ar g ets f or Ni -

M n -G a f or t hi n fil m f a bri c ati o n. Li u et al.  i n v esti g at e d t h e eff e cts of d e p ositi o n pr ess ur e a n d 

s p utt eri n g p o w er o n t h e c o m p ositi o n of Ni -M n -G a t hi n fil ms usi n g c ast t ar g et [ 8 7]. T h eir a n al ysi s 

s h o w e d t h at M n a n d Ni c o nt e nts h a v e str o n g d e p e n d e n c e o n t h e d e p ositi o n pr ess ur e w hil e G a 

c o nt e nt b ar el y c h a n g e d. W u et al.  als o r e p ort e d o n t h e cr yst alli z ati o n b e h a vi or of r a di o fr e q u e n c y 

s p utt er e d Ni -M n -G a t hi n fil ms usi n g Ni 2 M n G a c ast t ar g et [ 8 5]. T h eir r es ult s s h o w e d t h at as-

d e p osit e d Ni 5 1. 4 5 M n 2 5. 3 0 G a 2 3. 2 5  t hi n fil ms w er e p arti all y cr yst alli n e o n Si ( 1 0 0) s u bstr at e. C o m pl e x 

tr a nsf or m ati o n b e h a vi or of fr e e st a n di n g e pit a xi al Ni-M n -G a fil ms usi n g Ni 4 6 M n 3 2 G a 2 2  t ar g et 

pr e p ar e d b y c asti n g m et all ur g y w as r e p ort e d b y Y e d ur u et al.  [ 7 7]. T h e y o bs er v e d t w o st a g e 

tr a nsf or m ati o n b e h a vi or i n t e m p er at ur e r a n g es 4 0°C t o 8 0 °C a n d 1 4 0 °C t o 1 6 0 °C.  

P o w d er m et all ur g y o n t h e ot h er h a n d, i n v ol v es pr e p ar ati o n of p o w d ers, bl e n di n g a n d mi xi n g of 

p o w d ers, c o m p a cti o n of p o w d ers i n a t ar g et m ol d b y  h ot pr essi n g or h ot is ost ati c pr essi n g, 

si nt eri n g, m a c hi ni n g, a n d p oli s hi n g. U nli k e c asti n g, p o w d er m et all ur g y is m or e effi ci e nt i n 

m at eri al utili z ati o n a n d a c hi e vi n g n e ar n et s h a p e. H o w e v er, f or v er y c o m pl e x g e o m etri es, it 
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b e c o m es a c h all e n g e t o m a n uf a ct ur e p arts usi n g p o w d er m et all ur g y, t h o u g h m a n y s p utt eri n g 

t ar g ets of si m pl e g e o m etri es fr o m m et als, m et alli c all o ys, s e mi c o n d u ct ors, a n d c er a mi cs h a v e b e e n 

pr o d u c e d. F e w a ut h ors h a v e r e p ort e d usi n g p o w d er m et all ur g y t o m a n uf a ct ur e Ni -M n -G a 

s p utt eri n g t ar g e ts f or t hi n fil m f a bri c ati o n [ 8 6], [ 8 8].  

O bs er v ati o n fr o m lit er at ur e, s h o ws t h at t ar g et pr o p erti es c a n i nfl u e n c e t hi n fil m pr o p erti es. T his 

i m pli es t h at t h e q u alit y a n d t h e m et h o d of m a n uf a ct uri n g of s p utt er t ar g et h a v e dir e ct i nfl u e n c e o n 

t h e pr o p erti es of t h e t hi n fil ms pr o d u c e d. It is w ell esta bli s h e d t h at m art e nsiti c tr a nsf or m ati o n 

t e m p er at ur es of Ni-M n -G a all o ys ar e c o m p ositi o n s e nsiti v e [ 6 0]. It is us u all y a c h all e n g e i n 

c o ntr olli n g t h e c o m p ositi o n of Ni -M n -G a t hi n fil m usi n g Ni -M n -G a all o y t ar g et i n m a g n etr o n 

s p utt eri n g s yst e m. C o ntr olli n g t h e c o m p ositi o n of t h e t hi n fil m is a n ess e nti al p art of t h e f a bri c ati o n 

pr o c ess. O n e m et h o d pr o p os e d t o c o ntr ol t h e c o m p ositi o n of Ni -M n -G a t hi n fil ms is b y e m pl o yi n g 

c o -s p utt eri n g m et h o d w hi c h utili z es t hr e e s e p ar at e t ar g ets Ni, M n, a n d G a or b y c o -s p utt eri n g Ni -

M n -G a all o y t ar g et wit h a n ot h er M n t ar g et. Tilli er et al.  s u c c es sf ull y c o -s p utt er e d Ni -M n -G a all o y 

t ar g et wit h a m a n g a n es e t ar g et t o gr o w Ni-M n -G a e pit a xi al t hi n fil ms o n M g O ( 1 0 0) s u bstr at e 

[ 8 9]. T h eir r es ult s s h o w e d pr e cis e c o ntr ol of t h e c h e mi c al c o m p ositi o n of t h e Ni-M n -G a e pit a xi al 

t hi n fil m d uri n g d e p ositi o n at hi g h t e m p er at ur e [ 8 9]. H o w e v er, t h er e ar e f e w li mit ati o ns ass o ci at e d 

wit h c o -s p utt eri n g t e c h ni q u e, s u c h as cr oss c o nt a mi n ati o n of t ar g ets w hi c h m a y r e q uir e p eri o di c 

cl e a ni n g of t h e t ar g ets [ 9 0].  

N e arl y t w o d e c a d es a g o, T a k e u c hi a n d c o -w or k ers e m b ar k o n usi n g t h e m et h o d of t hi n fil m 

c o m p ositi o n al s pr e a d t o fi n d n e w c o m p ositi o ns w hi c h will r es ult s i n f e rr oi c m at eri al h a vi n g 

pr o p erti es s u c h as f err o el e ctri c, f err o m a g n eti c a n d f err o el asti c [ 9 1].  I n t h eir w or k, t h e y fir e d t hr e e 

s p utt eri n g t ar g ets Ni, M n a n d Ni 2 G a 3  usi n g b ot h dir e ct c urr e nt a n d r a di ofr e q u e n c y s p utt eri n g 

t e c h ni q u es w h er e t h e y d e p osit e d Ni-M n -G a t hi n fil m o n 3 -i n c h di a m et er Si ( 1 0 0) w af er. T h e y 
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o bs er v e d t h at r e gi o ns wit h ri c h M n c o nt e nt a n d d efi ci e nt i n G a s h o w hi g h tr a nsiti o n t e m p er at ur es. 

A t y pi c al c o m p ositi o n f o u n d i n t hi s r e gi o n w as Ni 4 3 M n 4 7 G a 1 0  [ 9 1]. T h e y als o o bs er v e d l ar g e 

r e gi o ns o utsi d e n e ar H e u sl er c o m p ositi o n s h o wi n g f err o m a g n eti c a n d r e v ersi bl e m art e nsit e. Ni -

M n -G a t ar g ets or el e m e nt al t ar g ets ar e q uit e s c ar c e a n d e x p e nsi v e t o a c q uir e d u e t o t h e c o m pl e xit y 

i n v ol v e d i n t h e m a n uf a ct uri n g. A l ot of eff ort is p ut i n pl a c e t o c o ntr ol t h e p urit y a n d 

mi cr ostr u ct ur al pr o p erti e s of t h e s p utt er t ar g et. S e v er al all o y t ar g et c o m p ositi o ns of Ni -M n -G a 

t ar g ets h a v e b e e n r e p ort e d i n lit er at ur e f or Ni-M n -G a t hi n fil m f a bri c ati o n a s s h o w n i n T a bl e 1. 1.  
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T a bl e 1. 1  A t a bl e of c o m p ositi o n of all o y t ar g et a n d t hi n fil m of Ni -M n -G a a n d s u bstr at e us e d b y v ari o us a ut h ors. R e p ort e d d e p ositi o n 

c o n diti o ns ar e: d e p ositi o n pr e ss ur e ( P a, m b ar, or m T orr), d e p ositi o n t e m p er at ur e ( ° C), s p utt eri n g p o w er ( W), d e p ositi o n r at e ( n m/s).   

T a r g et m a n uf a ct u ri n g  
T a r g et C o m p ositi o n  

( at %) 

Fil m c o m p ositi o n  

( at %) 
S u bst r at e  D e p ositi o n c o n diti o n  R ef e r e n c e  

H ot pr e ssi n g p o w d er  Ni 5 0 M n 2 5 G a 2 5  Ni 5 5 M n 2 3 G a 2 2  Si ( 1 0 0)   [ 8 6] 

V a c u u m ar c m elti n g  Ni 5 4 M n 2 5 G a 2 1  Ni 5 3. 9 7 M n 2 5. 6 7 G a 2 0. 3 6  Si ( 1 0 0)  0. 4 P a, 2 0 o C, 2 5 0 W  [ 8 7] 

H ot pr e ssi n g p o w d er  Ni 5 4 M n 2 0 G a 2 6  Ni 5 4 M n 1 8 G a 2 8  Al 2 O 3   [ 9 2] 

H ot pr e ssi n g p o w d er  Ni 4 9. 5 M n 2 8 G a 2 2. 5  Ni 5 1. 4 M n 2 8. 3 G a 2 0. 3  Al 2 O 3  5 0  o C, 2 0 0 W  [ 8 8] 

H ot pr e ssi n g p o w d er  Ni 5 2 M n 2 4 G a 2 4  Ni 5 3. 5 M n 2 3. 8 G a 2 2. 7  Al 2 O 3  5 0 o C, 2 0 0 W  [ 8 8] 

H ot pr e ssi n g p o w d er  Ni 4 5. 9 M n 3 1. 4 G a 2 2. 7  Ni 4 6. 7 M n 3 0. 1 G a 2 3. 2  M g O ( 0 0 1)  0. 0 2 6 m b ar, 1 5 0 W  [ 9 3] 

C a sti n g m et all ur g y  
Ni 4 9. 3 M n 2 7. 8 G a 2 2. 9  Ni 5 2. 5 9 M n 1 9. 5 7 G a 2 8. 0 5  M g O ( 1 0 0)  0. 0 1 2 m b ar, 4 2 0 o C  [ 9 4] 

Ni 4 6 M n 3 2 G a 2 2  Ni 5 0 M n 3 0 G a 2 0  M g O ( 1 0 0)   [ 9 5] 

Ar c -m elt e d a n d c a st  
Ni 5 0 M n 2 5 G a 2 5  Ni 5 1. 2 M n 2 4. 6 G a 2 4. 2  M g O ( 0 0 1)  3 5 0 o C  [ 8 3] 

Ni 4 9. 9 M n 2 7. 8 G a 2 2. 3  Ni 5 2. 2 M n 2 6. 8 G a 2 1  M g O ( 0 0 1)   [ 9 6] 

C a st m et all ur g y  Ni 5 4 M n 2 0 G a 2 6  Ni 5 4. 1 M n 1 8. 1 G a 2 8. 2  Al 2 O 3  4 7 o C, 2 0 0 W, 0. 3 n m/s  [ 9 7] 

V a c u u m ar c m elti n g  Ni 5 0. 2 2 M n 2 4. 7 7 G a 2 5. 0 1  Ni 5 1. 4 5 M n 2 5. 3 0 G a 2 3. 2 5  Si ( 1 0 0)   [ 8 5] 

V a c u u m i n d u cti o n 

m elti n g  

Ni 5 0 M n 3 0 G a 2 0  Ni 5 5. 5 M n 2 6. 5 G a 1 8  Si ( 1 0 0)  0. 0 0 5 m b ar, 2 0 o C, 3 6 W  [ 6 9] 

Ni 4 9. 9 M n 2 7. 8 G a 2 2. 3  Ni 5 2. 2 M n 2 6. 8 G a 2 1  Si N x  0. 0 2 6 m b ar, 5 0 0 o C, 2 0 0 W  [ 9 8] 

H ot pr e ssi n g p o w d er  Ni 4 9. 9 M n 2 7. 8 G a 2 2. 3  Ni 5 3. 5 M n 2 3. 8 G a 2 2. 7  M o f oil  5 0 o C, 2 0 0 W  [ 9 9] 

C a sti n g m et all ur g y  Ni 4 9. 5 M n 3 0. 3 G a 2 0. 2  Ni 5 1. 0 9 M n 3 0. 4 3 G a 1 8. 4 8  Si O 2  2. 5 8 m T orr, 2 0 o C, 4 0 0 W  [ 1 0 0] 

C a sti n g m et all ur g y  Ni 4 6 M n 3 2 G a 2 2  Ni 4 7. 7 M n 3 1. 1 G a 2 1. 2  M g O ( 1 0 0)  0. 6 8 n ms -1 , 4 0 0 o C  [ 7 7] 

V a c u u m ar c m elti n g  Ni 4 9. 6 M n 3 0. 6 G a 1 9. 8  Ni 4 9. 7 M n 3 0. 4 G a 1 9. 9  Si ( 1 0 0)  1 0 m T orr, 2 0 o C, 1 0 0 W  [ 1 0 1] 

I n d u cti o n ar c m elti n g Ni 5 2 M n 2 4 G a 2 4  Ni 5 2. 5 M n 2 3. 8 G a 2 3. 7  M g O ( 1 0 0)  4 0 0 o C, 1 0 0 W, 0. 7 4 n m/s  [ 1 0 2] 

I n d u cti o n ar c m elti n g Ni 5 2 M n 2 4 G a 2 4  Ni 5 2. 8 M n 2 3. 6 G a 2 3. 6  M g O ( 1 0 0)  5 0 0 o C, 1 0 0 W, 0. 7 4 n m/s  [ 1 0 2] 

I n d u cti o n ar c m elti n g Ni 5 2 M n 2 4 G a 2 4  Ni 5 2. 8 M n 2 3. 9 G a 2 3. 3  M g O ( 1 0 0)  6 0 0 o C, 1 0 0 W, 0. 7 4 n m/s  [ 1 0 2] 

I n d u cti o n ar c m elti n g Ni 5 2 M n 2 4 G a 2 4  Ni 5 3. 1 M n 2 3. 4 G a 2 3. 5  M g O ( 1 0 0)  6 5 0 o C, 1 0 0 W, 0. 7 4 n m/s  [ 1 0 2] 
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1. 5. 3  Ni -M n -G a t hi n fil m s f o r M E M S a p pli c ati o ns  

T h e t e c h n ol o g y a n d d esi g n of M E M S is l ar g el y b as e d o n mi cr o -el e ctr o -m e c h a ni c al e n gi n e eri n g 

w hi c h f o c us es o n a f a bri c ati o n t e c h ni q u e alr e a d y est a blis h e d i n t h e Si b as e d i nt e gr at e d cir c uit 

(I C) t e c h n ol o g y [ 1 0 3]. M E M S d e vi c e as d efi n e d b y G ar d n er et al.  is a d e vi c e m a d e u p of 

e xtr e m el y s m all c o m p o n e nts ( i e. mi cr o p arts) [ 1 0 4]. Q uit e a si g nifi c a nt n u m b er of M E M S 

d e v i c es h a v e b e e n d e v el o p e d b as e d o n Si t e c h n ol o g y f or s p e cifi c p ur p os es s u c h as mi cr o-

a ct u at ors, mi cr o -s e ns ors, mi cr o -fl ui di c d e vi c es, e n er g y h ar v est er, mi cr o-c h e mi c al r e a ct or, 

mi cr o -mirr or, a n d et c [ 1 0 3]. I n c or p or ati n g f u n cti o n alit y t o M E M S d e vi c e w her e a ct u ati o n a n d 

s e nsi n g is p ossi bl e, i m pr o v es p erf or m a n c e effi ci e n c y [ 1 0 5]. T h e m ai n f a bri c ati o n pr o c ess es of 

M E M S d e vi c es ar e t hi n fil m d e p ositi o n, p h ot olit h o gr a p h y, a n d et c hi n g ( w et or dr y). F or 

e x a m pl e, M E M S  of mi cr o -a ct u at ors ar e m a n uf a ct ur e d t hr o u g h a c o m bi n ati o n of ot h er f u n cti o n al 

m o difi e d d e vi c es li k e pi e z o el e ctri c c er a mi c c a ntil e v ers t o a c hi e v e a n i nt e gr at e d m ultif u n cti o n al 

a ct u at or s yst e m [ 1 0 3]. T his is a c hi e v e d t hr o u g h t hi n fil m t e c h n ol o g y c o nstit uti n g f err o el e ctri cs, 

pi e z o el e ctri cs, m a g n eti c s h a p e m e m or y all o y a n d s e v er al ot h er f u n cti o n al m at eri als r es ulti n g i n 

mi cr o -Si d e vi c es [ 1 0 3]. M at eri als s u c h as Ni-M n -G a all o y wit h hi g h a ct u ati o n str ai n o ut p ut 

w o ul d b e s uit a bl e f or  M E M S a p pli c ati o ns [ 1 0 6]. I nt e gr ati o n of Ni-M n -G a all o y f or M E M S 

a p pli c ati o n is still u n d er d e v el o p m e nt. A f e w f a bri c ati o n r o ut e f or i nt e gr ati n g Ni -M n -G a all o y 

i nt o M E M S d e vi c es  h a v e b e e n pr o p os e d [ 1 0 7]. O n e of s u c h is t h e s a crifi ci al l a y er a n d b o n d 

tr a nsf er t e c h n ol o g y w hi c h b e gi ns with d e p ositi n g a s a crifi ci al l a y er of f e w n a n o m et ers o n a 

si n gl e cr yst al s u bstr at e, f oll o w e d b y e pit a xi al Ni -M n -G a t hi n fil m e x hi biti n g m art e nsiti c 

str u ct ur es at r o o m t e m p er at ur e. N e xt, t h e s a crifi ci al l a y er is s el e cti v el y r e m o v e d t hr o u g h 

p h ot olit h o gr a p h y a n d w et c h e mi c al et c hi n g. Fi n all y, Ni -M n -G a e pit a xi al fil m is tr a nsf err e d a n d 

b o n d e d t o a t ar g et s u bstr at e f or  mi cr os yst e m i nt e gr ati o n [ 1 0 8].  
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1. 6  C o p p e r t a r g ets a n d t hi n fil m 

1. 6. 1  C o p p e r t a r g ets  

F e w d e c a d es a g o, al u mi n u m w as t h e m ai n c o n d u cti n g m at eri al or i nt er c o n n e cts us e d i n i nt e gr at e d 

cir c uit t o tr a nsf er el e ctri c al si g n als fr o m o n e tr a nsist or t o t h e ot h er d u e t o it g o o d el e ctri c al 

c o n d u cti vit y a n d a bilit y t o f or m o h mi c c o nt a ct wit h sili c o n s u b str at e [ 1 0 9], [ 1 1 0]. H o w e ver, f or 

hi g h p erf or m a n c e sili c o n c hi p, al u mi n u m i nt er c o n n e cts ar e li mit e d d u e t o t h eir hi g h r esisti vit y a n d 

el e ctr o mi gr ati o n r esist a n c e. As mi ni at uri z ati o n of el e ctr o ni c c o m p o n e nts i n cr e as es p o w er d e nsit y 

als o i n cr e as es t h er e b y i n cr e asi n g c h a n c es of el e ctr o mi gr ati o n pr o bl e ms.  El e ctr o mi gr ati o n o c c urs 

u n d er t h e i nfl u e n c e of el e ctri c fi el d i n v ol vi n g m o m e nt u m tr a nsf er b et w e e n c o n d u cti n g el e ctr o ns 

a n d m et al i o ns i n t h e cr yst al l atti c e of t h e i nt er c o n n e ct m at eri al. El e ctr o mi gr ati o n i n m et al 

i nt er c o n n e cts c a n r esult i n v oi d cr e ati o n a n d hill o c ks f or m ati o n. T h es e d ef e cts c a n a m o u nt t o 

f ail ur e i n t h e d e vi c e w hi c h p os es r eli a bilit y pr o bl e ms f or t h e c hi p m a n uf a ct uri n g i n d ustr y. F or 

t h es e r e as o ns, al u mi n u m w as r e pl a c e d wit h c o p p er as a n i nt er c o n n e ct i n hi g h p erf or m a n c e 

s e mi c o n d u ct or d e vi c es. C o p p er w as s el e ct e d as a n alt er n ati v e b e c a us e it h as b ett er pr o p erti es s u c h 

as l o w el e ctri c al r esisti vit y, hi g h el e ctr o mi gr ati o n r esist a n c e, hi g h m elti n g p oi nt a n d t h er m al 

st a bilit y [ 1 1 1], [ 1 1 2]. Alt h o u g h sil v er h as  b ett er el e ctri c al c o n d u cti vit y t h a n c o p p er, n o n et h el ess 

c o p p er is m u c h c h e a p er a n d als o i n a b u n d a n c e t h a n  sil v er [ 1 1 3].  C o p p er as a n i nt er c o n n e ct 

m at eri al is m a d e t hr o u g h t hi n fil m f a bri c ati o n t e c h ni q u es. C o p p er t hi n fil ms h a v e b e e n pr o d u c e d 

b y v ari eti es of d e p ositi o n t e c h ni q u es i n cl u di n g r e a cti v e p uls e d l as er d e p ositi o n ( R P L D) [ 1 1 4], 

dir e ct c urr e nt ( D C) a n d r a di o fr e q u e n c y ( R F) m a g n etr o n s p utt eri n g [ 1 1 5]– [ 1 2 2], at o mi c l a y er 

d e p ositi o n ( A L D) [ 1 2 3], c h e mi c al v a p or d e p ositi o n [ 1 2 4], hi g h p o w er i m p uls e m a g n etr o n 

s p utt eri n g [ 1 2 5], [ 1 2 6], s u p er criti c al fl ui d d e p ositi o n t e c h ni q u e [ 1 2 7], el e ctr o n b e a m e va p or ati o n 

[ 1 2 8], a n d i o ni z ed b e a m d e p ositi o n [ 1 2 9]. D C a n d R F m a g n etr o n s p utt eri n g t e c h ni q u es a p p e ar t o 

b e t h e m ost f a v or a bl e a m o n g t h e l ot s. C o p p er t hi n fil ms m a d e b y m a g n etr o n s p utt eri n g oft e n us e 
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c o p p er s p utt eri n g t ar g ets. S p utt eri n g t ar g ets i nfl u e n c es t h e q u alit y a n d p erf or m a n c e of t hi n fil ms, 

t h er ef or e h o w t h e y ar e m a n uf a ct ur e d is ess e nti al. C urr e nt m a n uf a ct uri n g t e c h ni q u e f or c o p p er 

t ar g ets ar e c ol d s pr a y [ 1 3 0], c asti n g m et all ur g y [ 1 3 1], [ 1 3 2], a n d  p o w d er m et all ur g y [ 1 3 3]. M ost 

of t h e f o c us i n c o p p er t ar g et m a n uf a ct uri n g h as b e e n c h a n n el e d t o i m pr o vi n g  p urit y l e v el, gr ai n 

si z e r efi n e m e nts, cr yst all o gr a p hi c t e xt ur e c o ntr ol, a n d r e d u cti o n i n el e ctri c al r esisti vit y [ 1 3 4]–

[ 1 3 6].  A t y pi c al gr ai n si z e of c o p p er t ar g et is ar o u n d 5 0 μ m [ 1 3 1], [ 1 3 5], [ 1 3 7]. C h o et al.  

e m pl o y e d t h e t e c h ni q u e of c ol d s pr a y t o m a n uf a ct ur e c o p p er s p utt eri n g m at eri al b y d e p ositi n g a 

l ar g e t hi c k l a y er of c o p p er o n Al 6 0 6 1 [ 1 3 0]. A t y pi c al c ol d s pr a y pr o c ess is a s oli d-st at e pr o c ess 

i n v ol vi n g t h e a c c el er ati o n of p o w d er p arti cl es i n a str e a m of s u p ers o ni c g as j et. I n t h eir st u d y, t he y 

us e d p ur e c o p p er p o w d er of a v er a g e p arti cl e si z e of 2 0 µ m wit h nitr o g e n g as t e m p er at ur e of 6 0 0 o C 

a n d s pr a y dist a n c e of 3 0 m m a n d s u c c essf ull y d e p osit e d 2 0 m m t hi c k c o p p er fil m s h o w n i n Fi g ur e 

1. 9.  

 
 

 

 

 

 

 

 

 

 

 

Fi g ur e 1. 9  C ol d s pr a y d e p osit e d c o p p er c o ati n g us e d as a s p utt eri n g t ar g et [ 1 3 0]. 

 

T h e 2 0 m m t hi c k c o p p er fil m w as us e d as a t ar g et f or t h e fil m d e p ositi o n. T h eir r es ult s s h o w e d a 

p urit y l e v el of 9 9. 4 6 9 9 % w hi c h w as c o m p ar a bl e t o t h e st arti n g c o p p er p o w d er of p urit y 9 9. 5 %. 

5 0 m m  
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O n e a d v a nt a g e wit h c ol d s pr a y pr o c ess is t h at t h er e is virt u all y n o o xi d ati o n pr es e nt [ 1 3 0]. T o 

ass ess t h e pr o p erti es of t h e c o p p er t hi c k fil m, p ost -h e at tr e at m e nt w as c o n d u ct e d at t e m p er at ur e s 

1 0 0 o C, 2 0 0 o C, 3 0 0 o C a n d 4 0 0 o C i n ar g o n at m os p h er e. T h eir el e ctr o n b a c ks c att er e d diffr a cti o n 

( E B S D) a n al ysi s s h o w e d a n o n-u nif or m gr ai n t e xt ur e a n d a v er a g e gr ai n si z e of 1. 8 3 μ m. T h o u g h 

t h e c ol d s pr a y t e c h ni q u e h as s h o w n g o o d t ar g et pr o p erti es f or c o p p er, n o n et h el ess, f or m ass 

pr o d u cti o n w o ul d b e ti m e c o ns u mi n g a n d e x p e nsi v e a n d m a y n ot b e a p pli c a bl e f or ot h er t ar g et 

m at eri als a n d s u bstr at es. K ar d o k us et al.  als o a d o pt e d a m et h o d w hi c h a v oi d e d m elti n g a n d c asti n g 

b ut r at h er m a c hi n e d r e ct a n g ul ar s h e et of hi g h p urit y c o p p er pl at e  a n d t h e n st a c k e d t h e m o n e o n 

t o p of t h e ot h er i n a n ass e m bl y p att er n [ 1 3 7]. T h e st a c k e d c o p p er pl at e w as h e at e d at 5 0 0o C u n d er 

ar g o n at m os p h er e a n d t h e n f or g e d t o bri n g d o w n t h e t hi c k n ess. Aft er w ar ds, f urt h er h e at tr e at m e nt 

w as c o n d u ct e d t o r efi n e d t h e gr ai n si z e a n d c o ntr ol t h e gr ai n t e xt ur e. T h e t ar g et pr o d u c e d b y t hi s 

t e c h ni q u e w as utili z e d i n el e ctr o d e p ositi o n t o m a k e hi g h p urit y c o p p er t hi n fil m. H o w e v er, t hi s 

t e c h ni q u e m a y n ot b e a p pli c a bl e t o brittl e m at eri als li k e c er a mi cs. 

Fr o m t h e lit er at ur e, it is o bs er v e d t h a t t h er e is m u c h q u est t o d e v el o p a c o p p er s p utt eri n g t ar g et 

wit h i m pr o v e d pr o p erti es at s a m e ti m e effi ci e nt a n d e c o n o mi c al.  

1. 6. 2  C o p p e r t hi n fil m  

R e g ar di n g c o p p er t hi n fil ms, m u c h r es e ar c h h a s b e e n c o n d u ct e d o n t h e eff e ct of s p utt eri n g 

p ar a m et ers o n fil m pr o p er ti es i n cl u di n g s urf a c e m or p h ol o g y [ 1 2 0], [ 1 2 1], [ 1 2 3], [ 1 2 6], [ 1 3 8]–

[ 14 0] , mi cr ostr u ct ur e [ 1 2 3], [ 1 4 1]– [ 1 4 3], cr yst al str u ct ur e a n d t e xt ur e [ 1 1 8], [ 1 2 1], [ 1 2 3], [ 1 4 4], 

[ 1 4 5], el e ctri c al r esisti vit y [ 1 19] – [ 1 2 1], [ 1 2 5], [ 1 4 5]– [ 1 4 7], h ar d n ess a n d Y o u n g’s m o d ul us [ 1 1 5], 

[ 1 4 1], [ 1 4 8]– [ 1 5 0] a n d fil m t hi c k n ess [ 1 2 0], [ 1 2 1]. 
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1. 6. 2. 1  S u rf a c e m o r p h ol o g y  

Fil m m or p h ol o g y h as si g nifi c a nt eff e ct o n t h e fil m q u alit y a n d p erf or m a n c e. F or i nst a n c e, fil ms 

wit h mi cr o - cr a c ks or v oi d e d b o u n d ari es a n d hi g h s urf a c e r o u g h n ess c a n i n cr e as e t h e r esisti vit y of 

t h e fil m m a ki n g it u nr eli a bl e f or a p pli c ati o n [ 1 5 1]. D e p ositi o n c o n diti o ns us e d d uri n g fil m 

f a bri c ati o n h a v e hi g h i nfl u e n ce o n t h e s urf a c e m or p h ol o g y of t h e fil m. Cr ai g et al. i n v esti g at e d t h e 

i nfl u e n c e of ar g o n pr ess ur e a n d s u bstr at e t e m p er at ur e o n t h e s urf a c e m or p h ol o g y of s p utt er e d 

c o p p er fil ms wit h t hi c k n ess es 0. 5 µ m, 3. 0 µ m a n d 1 0 µ m [ 1 5 1]. I n o n e s e cti o n of t h eir st u d y, t h e 

ar g o n pr ess ur e w as v ari e d fr o m 6. 5 -9 7. 5 P a w hil e s u bstr at e t e m p er at ur e w a s fi x e d. T h e y o bs er v e d 

c h a n g es i n fil m m or p h ol o g y fr o m fi n e gr ai ns t o c o ars e gr ai ns as t h e ar g o n pr ess ur e i n cr e as e d. At 

hi g h er ar g o n pr ess ur es, m a n y mi cr o -cr a c ks e m er g e d wit h hill o c ks s pr e a d o ut o n t h e fil m s urf a c e 

r es ulti n g i n hi g h s urf a c e r o u g h n ess. I n f a ct, th e i n cr e as e i n t h e mi cr o -cr a c ks r es ult e d i n a n i n cr e as e 

i n r esisti vit y of t h e fil ms. T h e y c o n cl u d e d t h at t h e ar g o n pr ess ur e c o ntr ols t h e m e a n fr e e p at h a n d 

t h e ki n eti c e n er g y of t h e s p utt er e d at o m s. Y a n g et al.  als o r e p ort e d o n t h e i m p a ct  of s u bstr at e 

s urf a c e a n d fil m t hi c k n e ss o n t h e s urf a c e e v ol uti o n of c o p p er s p utt er e d t hi n fil ms [ 1 3 8]. T h e y 

o bs er v e d a d e cr e asi n g tr e n d i n t h e s urf a c e r o u g h n ess d uri n g t h e i niti al gr o wt h st a g e of t h e fil m 

f or m ati o n i n a t hi c k n ess r a n g e b et w e e n 1 3 0 n m a n d 1 6 0 n m, w hi c h t h e y attri b ut e d t o t h e i nfl u e n c e 

of t h e r o u g h n ess m or p h ol o g y of t h e s u bs tr at e. H o w e v er, as t h e fil m t hi c k n ess gr e w p ast 1 6 0 n m, 

a u nif or m fil m m or p h ol o g y wit h a p e b bl e -li k e gr ai ns a n d i n cr e asi n g s urf a c e r o u g h n ess w er e 

o bs er v e d. C h a n et al.  als o st u di e d t h e eff e ct of s p utt eri n g p o w er o n t h e s urf a c e m or p h ol o g y of 

c o p p er t hi n fil ms d e p osit e d b y D C m a g n etr o n s p utt eri n g [ 1 5 2]. R es ult s s h o w e d s m all er gr ai ns wit h 

v oi d e d b o u n d ari es dis p er s e d o n t h e fil m s urf a c e at l o w er s p utt eri n g p o w er. H o w e v er, at hi g h er 

s p utt eri n g p o w er c o ars e gr ai ns wit h l ess v oi d e d b o u n d ari es w er e o bs er v e d. T h e y e x pl ai n e d t h at, 

at hi g h er s p utt eri n g p o w er, ar g o n at o m s ar e e n er gi z e d w hi c h is tr a nsf err e d t o t h e c o p p er at o m s i n 
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a f or m of ki n eti c e n er g y r es ulti n g i n hi g h er s urf a c e m o bilit y of a d at o m s r e q uir e d f or c o nti n u o us 

fil m f or m ati o n. 

1. 6. 2. 2  C r yst alli nit y a n d t e xt u r e  

G e n er all y, t h e cr yst alli nit y a n d t e xt ur e of m ost t hi n fil ms ar e e n h a n c e d b y i n cr e asi n g t h e s u bstr at e 

t e m p er at ur e an d s p utt eri n g p o w er [ 1 4 0], [ 1 5 2]– [ 1 5 4]. X-r a y diffr a cti o n i s t h e t e c h ni q u e us u all y 

us e d f or e x a mi ni n g t h e cr yst alli nit y a n d t h e t e xt ur e of t hi n fil ms [ 1 1 8], [ 1 2 3], [ 1 4 0]. T h e r efl e ct e d 

i nt e nsit y p e a ks us u all y o bs er v e d i n X-r a y diffr a cti o n s p e ctr u m f or c o p p er t hi n fil ms ar e ( 1 1 1), 

( 2 0 0), ( 2 2 0) a n d ( 3 1 1) [ 1 1 5], [ 1 5 5]. W ei et al.  r e p ort e d o n t h e d e v el o p m e nt of < 1 1 0 > t e xt ur e i n 

c o p p er t hi n fil ms f or c orr osi o n r esist a nt a p pli c ati o n [ 1 4 4]. T h e y d e m o nstr at e d a tr a nsiti o n of 

< 1 1 1 > t e xt ur e t o < 1 1 0 > t e xt ur e as t h e c o p p er fil m gr e w fr o m t hi n t o t hi c k er fil ms. Cr yst all o gr a p hi c 

t e xt ur e i nfl u e n c es t h e p h ysi c al a n d c h e mi c al pr o p erti es of c o p p er fil m. F or i nst a n c e, < 1 1 1 > t e xt ur e 

i n c o p p er t hi n fil ms h el ps t o i n cr e as e t h e el e ctr o mi gr ati o n r esist a n c e [ 1 5 6] a n d o xi d ati o n r esist a n c e 

[ 1 2 3]. C h a n et al.  i n v esti g at e d t hi c k n ess d e p e n d e n c e o n t he str u ct ur e a n d el e ctri c al pr o p erti es of 

c o p p er s p utt er e d fil ms [ 1 2 1]. T h e y f o u n d t h at t h e cr yst alli nit y of t h e fil ms i n cr e as e d as t hi c k n ess 

i n cr e as e d h a vi n g t h e ( 1 1 1) i nt e nsit y p e a k as t h e m ost d o mi n a nt p e a k.  

1. 6. 2. 3  El e ct ri c al r esisti vit y  

F or c o p p er t o b e s uit a bl e f or i nt er c o n n e cts, t h e s e mi c o n d u ct or i n d ustr y r e q uir es r e d u cti o n i n 

el e ctri c al r esisti vit y. T h e d e p ositi o n p ar a m et ers us e d i n s p utt eri n g c a n i nfl u e n c e t h e el e ctri c al 

r esisti vit y of c o p p er fil ms. T h e el e ctri c al r esisti vit y of c o p p er s p utt er e d fil ms h as b e e n st u di e d t o 

a gr e at e xt e nt [ 1 2 0], [ 1 2 1], [ 1 2 7], [ 1 4 0], [ 1 4 5], [ 1 5 3], [ 1 5 7]– [ 1 6 0]. L e et al. i n v esti g at e d t h e 

i nfl u e n c e of s p utt eri n g p o w er o n t h e el e ctri c al r esisti vit y of c o p p er fil m d e p osit e d b y m a g n etr o n 

s p utt eri n g usi n g f o ur p oi nt pr o b e [ 1 4 0]. T h e y o b s er v e d hi g h r esisti vit y v al u e of 0. 0 6 μ Ω m at a 

d e p ositi o n p o w er fl u x of 5 5 0 0 W m -2  w hi c h t h e y attri b ut e d t o l o w s urf a c e m o bilit y of a d at o m s 
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c o ntri b uti n g t o l o w fil m cr yst alli nit y. At hi g h er d e p ositi o n p o w er of 2 7 4 0 0 W m -2 , a l o w er 

r esisti vit y of 0. 0 1 8 6 μ Ω m w as o bs er v e d d u e t o a c q uisiti o n of s uffi ci e nt ki n eti c e n er g y of a d at o m s 

w hi c h i n cr e as e d t h eir s urf a c e m o bilit y. T h e y als o o bs er v e d t h at, a b o v e 1 0 0 n m fil m t hi c k n ess, 

c h a n g es i n t h e gr ai n si z e as w ell as  fil m t hi c k n ess di d n ot aff e ct t h e r esisti vit y. S hi et al.  st u di e d 

t h e el e ctri c al r esisti vit y of c o p p er t hi n fil ms pr e p ar e d b y filt er e d c at h o di c v a c u u m ar c t e c h ni q u e 

[ 1 6 1]. T h eir st u d y s h o w e d t h e hi g h est r esisti vit y v al u e of 0. 0 3 6 μ Ω m at a fil m t hi c k n ess of 2 5 n m 

a n d l o w est v al u e of 0. 0 1 8 μ Ω m at 1 5 0 n m fil m t hi c k n ess. H oj a bri et al.  als o r e p ort e d t h e hi g h est 

r esisti vit y v al u e of 0. 1 3 7 μ Ω m wit h fil m t hi c k n ess 5 0 n m a n d l o w est v al u e 0. 0 2 2 μ Ω m wit h fil m 

t hi c k n ess 2 2 0 n m [ 1 2 0]. M u k h erj e e et al.  als o i n v esti g at e d t h e el e ctri c al r esisti vit y of 

n a n o cr yst alli n e c o p p er fil ms d e p osit e d usi n g a n o di c v a c u u m ar c t e c h ni q u e a n d r e p ort e d hi g h 

r esisti vit y v al u es f or fil ms t hi n n er t h a n 1 0 0 n m [ 1 5 8]. 

1. 7  3 1 6 L St ai nl ess St e el t a r g et a n d t hi n fil m s  

St ai nl ess st e els ( S S) ar e e n gi n e eri n g m at eri als t h at fi n ds a l ot of a p pli c ati o ns i n t h e ar e a of 

c o nstr u cti o n, oil a n d g as, a er os p a c e, p h ar m a c e uti c al a n d c h e mi c al pr o c ess i n d ustr y d u e t o t h eir 

hi g h c orr osi o n a n d o xi d ati o n r esist a nt pr o p erti es [ 1 6 2]– [ 1 6 5]. St ai nl ess st e els c a n b e cl assifi e d i nt o 

fi v e m ai n c at e g ori es b as e d o n t h eir cr yst al str u ct ur e [ 1 6 6]. T h e y ar e a ust e niti c, f erriti c, d u pl e x, 

m art e nsiti c a n d pr e ci pit ati o n -h ar d e ni n g st ai nl ess st e el.  A m o n g t h e c at e g ori es of st ai nl ess st e el, 

a ust e niti c st ai nl ess st e els ar e t h e m ost wi d el y us e d d u e t o t h eir e x c ell e nt c orr osi o n r esist a nt i n 

h ars h e n vir o n m e nt, g o o d f or m a bilit y a n d w el d a bilit y [ 1 6 7]– [ 1 6 9]. T h e i nt er est t o a p pl y a ust e niti c 

st ai nl ess st e els as a pr ot e cti v e c o ati n g  d at e b a c k i n t h e 1 9 7 0s [ 1 7 0]. O v er t h e y e ars, s e v er al 

t e c h ni q u es h a v e b e e n e m pl o y e d i n f a bri c ati n g a ust e niti c st ai nl ess st e el t hi n fil m w hi c h i n cl u d es 

i o n b e a m s p utt eri n g [ 1 6 8], [ 1 7 1], [ 1 7 2], m a g n etr o n s p utt eri n g [ 1 6 7], [ 1 7 3]– [ 1 7 7], t h er m al 

e v a p or ati o n [ 1 7 2], [ 1 7 8], [ 1 7 9], a n d ar c dis c h ar g e [ 1 8 0]. A m o n g t h e d e p ositi o n t e c h ni q u es, 
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m a g n etr o n s p utt eri n g is t h e m ost e x pl or e d d u e t o t h e f a ct t h at l ess i m p erf e cti o ns a n d  d ef e cts ar e 

f or m e d o n fil ms [ 1 8 1], a n d t h e  c a p a bilit y of tr a n s p orti n g  el e m e nts of a m ulti c o m p o n e nt t ar g et 

wit h littl e c h a n g es i n t h e fil m c o m p ositi o n [ 1 7 6], [ 1 8 2]. It h as lo n g  b e e n o bs er v e d t h at, s p utt er e d 

a ust e niti c st ai nl ess -st e el t ar g et d o n ot f or m a f a c e c e nt er e d c u bi c (f c c) fil ms at r o o m t e m p er at ur e 

b ut r at h er t h e y f or m f erriti c b o d y c e nt er e d c u bi c ( b c c) fil ms [ 1 7 5], [ 1 7 6], [ 1 8 3]– [ 1 8 6]. T his is a 

cl e ar d e vi ati o n fr o m t h e ori gi n al cr yst al str u ct ur e of t h e t ar g et. T h e f erriti c b c c is k n o w n t o e x hi bit 

l o w c orr osi o n r esist a nt  c o m p ar e d t o t h e f c c [ 1 8 2]. T his d e vi ati o n c a n b e attri b ut e d t o t h e diff er e nt 

s p utt eri n g yi el ds of t h e i n di vi d u al el e m e nts i n t h e m ulti c o m p o n e nt t ar g et. It is i m p ort a nt t o n ot e 

t h at, s p utt er t ar g et m a n uf a ct uri n g a n d pr o c essi n g c a n als o aff e ct t h e fil m pr o p erti es a n d c o ntri b ut e 

t o s u c h d e vi ati o n. M ost of t h e a ust e niti c st ai nl es s st e el t ar g ets ar e m a d e b y m elti n g a n d c asti n g 

m et all ur g y [ 1 7 5]– [ 1 7 7], [ 1 8 2], [ 1 8 7]. T o a d dr es s t h e d e vi ati o n of t h e cr yst al str u ct ur e of t h e 

s p utt er e d a ust e niti c st ai nl ess -st e el t ar g ets, it is n e c ess ar y t o e x pl or e ot h er m a n uf a ct u ri n g a n d 

pr o c essi n g t e c h ni q u e t o i m pr o v e fil m pr o p erti es. T h e m ost p o p ul ar a ust e niti c st ai nl ess st e el t hi n 

fil ms r e p ort e d i n lit er at ur e ar e 3 0 4 S S [ 1 6 8], [ 1 7 1], [ 1 7 3], [ 1 7 4], [ 1 7 8], [ 1 7 9], [ 1 8 7] , a n d 3 1 6 L S S 

[ 1 7 5]– [ 1 7 7], [ 1 8 2], [ 1 8 6], [ 1 8 8]– [ 1 9 0]. 3 1 6 L S S h as c o m par a bl e c h e mi c al c o m p ositi o n t o 3 0 4 S S 

b ut wit h a d diti o n al 2 % -3 % m ol y b d e n u m [ 1 9 1]. T h e a d d e d m ol y b d e n u m c o nt e nt t o 3 1 6 L S S m a k es 

it e x hi bit hi g h c orr osi o n a n d o xi d ati o n r esist a nt  [ 1 7 6]. It h as b e e n r e p ort e d t h at 3 1 6l S S t hi n fil ms 

s p utt er d e p osit e d o n s u b str at e t e m p er at ur e b el o w 3 7 5o C us u all y h a v e cr y st al str u ct ur e diff er e nt 

fr o m t h e s o ur c e m at eri al [ 1 7 7]. M al a v asi et al.  c o n d u ct e d a st u d y o n t h e str u ct ur e a n d 

cr yst all o gr a p h y t e xt ur e of s p utt er d e p osit e d t hi n fil m o n gl ass s u bstr at e  fr o m 3 1 6 l S S t ar g et wit h 

a n f c c cr yst al str u ct ur e [ 1 9 3]. T h e str u ct ur al a n al ysi s o n t hi n fil m s h o w e d  α-f errit e b c c cr yst al 

str u ct ur e a n d cr yst all o gr a p hi c t e xt ur e of < 1 1 0 > w hi c h t h e y attri b ut e d t o t h e c h a n g e i n fil m 

c o m p ositi o n. D a hl gr e n al s o c o n d u ct e d p h as e a n al ysis i n v esti g ati o n of 3 0 4 S S s p utt er d e p osits o n 
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c o p p er s u bstr at e at diff er e nt r a n g es of d e p ositi o n t e m p er at ur es [ 1 9 4]. R es ult s fr o m t h e a n al ysi s 

s h o w e d t h at b el o w s u bstr at e t e m p er at ur e of 3 7 5 o C, t h e fil m f or m e d  b c c cr yst al  str u ct ur e w hi c h 

a gr e es wit h pr e vi o us st u di es, w h er e as b et w e e n 3 7 5 o C a n d 5 0 0 o C fil m s h o w e d a mi xt ur e of b c c a n d 

f c c p h as es a n d at 8 0 0o C fil m s h o w e d f c c p h a s e. G o d b ol e et al.  e x a mi n e d t h e p h as es a n d 

mi cr ostr u ct ur e  of 3 1 6l S S s p utt er e d d e p osit e d fil ms d e p osit e d o n diff er e nt s u bstr at es usi n g X -r a y 

diffr a cti o n ( X R D) a n d tr a ns mi ssi o n el e ctr o n mi cr o s c o p e ( T E M) [ 1 7 5]. T h e s u bstr at es us e d i n t hi s 

st u d y w er e mi cr os c o p e sli d es, p oli s h e d o xi di z e d a n d o xi d e -fr e e 3 1 6l S S pl at es. P h as e a n al ysi s 

r es ult s s h o w e d fil ms d e p osit e d o n mi cr os c o p e sli d es a n d o xi di z e d S S c o nt ai n a mi xt ur e of b c c a n d 

a n or d er e d m o difi e d h e x a g o n al ε -p h as e w h er e as fil ms d e p osit e d o n o xi d e -fr e e S S pl at es c o nt ai n 

b c c p h as e wit h < 2 0 0 > t e xt ur e. Fil ms c o nt ai ni n g mi xt ur e of b c c a n d h e x a g o n al ε -p h as e tr a nsf or m e d 

t o p ur el y b c c p h as e aft er a n n e ali n g at 5 0 0o C a n d f urt h er tr a nsf or m e d fr o m b c c p h as e t o f c c p h as e 

at 6 0 0 o C. Fil ms mi cr ostr u ct ur e s h o w e d fi n e gr ai n str u ct ur e i n t h e si z e r a n g e 4 - 6 n m. R e c e ntl y, 

S c hr o e d er et al.  i n v esti g at e d t h e eff e ct of c h a n gi n g p uls e d fr e q u e n c y o n r el ati v e st a bilit y of b c c 

a n d f c c p h as es i n a ust e niti c S S s p utt er e d t hi n fil ms fr o m 3 1 6l S S t ar g et b y p uls e -d c m a g n etr o n 

s p utt eri n g [ 1 8 8]. T h e st u d y r e v e al e d st a bili z ati o n of t h e f c c p h as e w hi c h t h e y attri b ut e d t o 

i n cr e as e d a v er a g e a d at o m e n er g y. It is w ell est a blis h e d t h at nitr o g e n a d diti o n t o a ust e niti c st ai nl ess 

st e el st a bili z es t h e f c c cr yst al str u ct ur e a n d e n h a n c es  t h e m e c h a ni c al pr o p erti es a n d t h e c orr osi o n 

r esist a n c e [ 1 6 9], [ 1 9 5]– [ 1 9 8]. I n cr e asi n g nitr o g e n c o nt e nt i n a ust e niti c st ai nl ess st e el i m pr o v es t h e 

yi el d str e n gt h a n d pitti n g c orr osi o n r esist a n c e [ 1 9 9]. K a p p a nt h u et al.  st u di e d  t h e p h as e e v ol uti o n 

a n d m or p h ol o g y of s p utt er e d d e p osit e d st ai nl ess st e el t hi n fil ms d o p e d wit h nitr o g e n d e p osit e d o n 

h e at e d a n d u n h e at e d sili c o n s u bstr at es fr o m a ust e niti c 3 1 6l S S t ar g et i n a n ar g o n a n d nitr o g e n 

at m os p h er e b y r a di o -fr e q u e n c y ( R F) m a g n etro n s p utt eri n g [ 1 7 6]. T h e X-r a y diffr a cti o n s p e ctr u m 

of t h e a n al ysi s r e v e al t h at wit h i n cr e asi n g p er c e nt a g e of nitr o g e n i n t h e g as mi xt ur e t h e fil ms 
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d e p osit e d at el e v at e d t e m p er at ur es tr a nsf or m e d fr o m a b c c α f errit e t o a nitr o g e n st a bili z e a ust e ni t e 

f c c p h as e a n d f urt h er t o a dist ort e d e x p a n d e d a ust e nit e p h as e. Fil ms als o s h o w e d diff er e nt s urf a c e 

m or p h ol o g y wit h fi br o us gr o wt h.  
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C H A P T E R 2   

M at e ri als  a n d  E x p e ri m e nt al  M et h o ds  

2. 0      I nt r o d u cti o n  

As m e nti o n e d i n t h e pr e vi o us c h a pt er, p o w d ers of Ni -M n -G a, C o p p er, a n d 3 1 6 L S S w er e t h e 

st arti n g m at eri als us e d i n t hi s r es e ar c h. T h e st e ps i n v ol v e d i n p o w d er pr e p ar ati o n, t ar g et 

m a n uf a ct uri n g vi a 3 D bi n d er j et pri nti n g, a n d t hi n fil m f a bri c ati o n b y dir e ct c urr e nt ( D C) 

m a g n etr o n s p utt eri n g wil l b e el a b or at e d i n d et ail e d f or e a c h m at eri al. T h e p arti cl e si z e distri b uti o n, 

m or p h ol o g y, c h e mi c al c o m p ositi o n, cr yst al str u ct ur e a n d p h as e tr a nsf or m ati o n of p o w d ers w er e 

d et er mi n e d usi n g p arti cl e si z e a n al y z er, s c a n ni n g el e ctr o n mi cr os c o p e ( S E M), X -r a y en er g y 

dis p ersi o n s p e ctr os c o p y ( E D S), X -r a y diffr a cti o n ( X R D) a n d diff er e nti al s c a n ni n g c al ori m etr y 

( D S C). S urf a c e m or p h ol o g y, c h e mi c al c o m p ositi o n, cr yst al str u ct ur e a n d p h as e tr a nsf or m ati o n of 

t ar g ets w er e als o e x a mi n e d usi n g li g ht mi cr os c o p y ( L M), S E M, ED S, X R D, pr ofil o m etr y a n d 

diff er e nti al s c a n ni n g c al ori m etr y ( D S C). T hi n fil ms d e p ositi o n p ar a m et ers w er e o pti mi z e d 

es p e ci all y i n t h e c as e of Ni -M n -G a t o g et t h e fil m q u alit y. P ost -d e p ositi o n h e at tr e at m e nt w as 

p erf or m e d o n s o m e t hi n fil ms t o i m pr o v e t h eir p erf or m a n c e. T hi n fil ms w er e c h ar a ct eri z e d usi n g 

a d v a n c e d c h ar a ct eri z ati o n t e c h ni q u es s u c h as at o mi c f or c e mi cr os c o p y ( A F M), S E M, E D S, X R D, 

A u g er el e ctr o n s p e ctr os c o p y ( A E S), tr a ns mi ssi o n el e ctr o n mi cr os c o p y ( T E M), a n d f o ur -p oi nt 

pr o b e f or el e ctri c al r esis ti vit y m e as ur e m e nt. 

T his c h a pt er will f o c us o n t h e e x p eri m e nt al, a n al yti c al, a n d n u m eri c al m et h o ds us e d i n f a bri c ati o n 

a n d c h ar a ct eri z ati o n of Ni -M n -G a t ar g ets a n d t hi n fil ms. F or t h e C u a n d 3 1 6 L S S t ar g ets a n d t hi n 

fil ms t h e e x p eri m e nt al m et h o ds will b e pr es e nt e d i n t h e i n di vi d u al c h a pt ers d e di c at e d t o C u a n d 

3 1 6 L t ar g ets a n d t hi n fil ms.  
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2. 1  M at e ri al s  

Ni -M n -G a p o w d ers w er e o bt ai n e d b y b all milli n g of Ni -M n -G a i n g ot s wit h u nif or m c o m p ositi o n 

o bt ai n e d fr o m t w o diff er e nt s o ur c es. A p pr o xi m at el y o n e q u art er of t h e us e d Ni -M n -G a i n g ot s w er e 

pr o d u c e d i n t h e Y S U M at eri als E n gi n e eri n g & Pr o c essi n g l a b or at or y usi n g ar c m elti n g t e c h n ol o g y. 

I n di vi d u al i n g ot s of a p pr o xi m at el y 1 5 gr a ms h a v e b e e n o bt ai n e d fr o m hi g h p urit y Ni ( A C R O S 

Or g a ni cs, 9 9. 9 7 %), M n ( Alf a A es ar, 9 9. 9 5 %), a n d G a ( A C R O S Or g a ni cs, 9 9. 9 9 %) b y ar c m elti n g 

usi n g a n E d m u n d B u hl er M A M -1 s yst e m. T h e r est of  t h e i n g ot s h a v e b e e n or d er e d a n d p ur c h as e d 

fr o m A CI All o ys I n c.  

2. 2  E x p e ri m e nt al m et h o d  

2. 2. 1  Ni -M n -G a p o w d e r p r e p a r ati o n  

T h e p o w d er pr e p ar e d i n t h e l a b w as pr o d u c e d fr o m b all milli n g of t h e i n g ots m a d e t hr o u g h ar c 

m elti n g of hi g h p urit y ni c k el ( 9 9. 9 9 at %), m a n g a n e s e ( 9 9. 9 5 at %), a n d g alli u m ( 9 9. 9 9 at %) p ell ets 

usi n g E d m u n d B u hl er G m b H M A M 1 ar c m elti n g f ur n a c e u n d er ar g o n at m o s p h er e wit h s e v er al r e -

m elti n g t o i m pr o v e t h e h o m o g e n eit y of t h e i n g ot. T h e c h e mi c al c o m p ositi o n of t h e b all mill e d 

p o w d er o bt ai n e d i n t h e l a b or at or y w as Ni5 1 M n 3 0 G a 1 9  ( at %).  T h e s e c o n d p o w d er w as b all mill e d 

fr o m A CI All o y I n c. Ni-M n -G a p ell ets of c o m p o siti o n Ni 5 0 M n 3 0 G a 2 0  ( at %). As r e c ei v e d Ni-M n -

G a p ell ets w er e first m e c h a ni c all y cl e a n e d t o r e m o v e a n y o xi d e l a y er fr o m t h e s urf a c e t o a v o i d 

c o nt a mi n ati o n of t h e p o w d er. T h e cl e a n e d p ell ets w er e m e c h a ni c all y cr as h e d a n d t h e n l o a d e d i n a 

zir c o ni a c er a mi c vi al c o nt ai ni n g t w o ½ i n c h zir c o ni a b all s. T h e vi al w as pl a c e d i n t h e S P E X s a m pl e 

pr e p mi x er/ mill 8 0 0 0 M f or b all milli n g, as s h o w n i n Fi g ur e  2. 1. T h e b all m ass t o p o w d er m ass 

r ati o of 1 0: 1 w as c h os e n a n d w as k e pt c o nst a nt t hr o u g h o ut t h e e ntir e milli n g pr o c ess. T h e milli n g 

w as c arri e d o ut at a r ot ati o n s p e e d of 1 4 2 5 r p m f or 1 h o ur. T h e milli n g pr o c ess w as r e p e at e d f or 

s e v er al cr as h e d i n g ot wit h  all milli n g p ar a m et ers k e pt c o nst a nt u ntil Ni -M n -G a p o w d er w as 
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pr e p ar e d. T h e Ni -M n -G a p o w d er pr e p ar e d i n t h e l a b w as a d d e d t o t h e b all mill e d p o w d er pr o d u c e d 

fr o m t h e i n g ot s pr o c ur e d fr o m A CI All o y I n c. T h e mi xi n g of t h e t w o b at c h es of p o w d ers w as 

p erf or m e d i n or d er t o h a v e e n o u g h p o w d er f or t h e o p er ati o n of E x O n e I n n o v e nt + bi n d er j et 

pri nt er. T h e b uil di n g v ol u m e of t h e I n n o v e nt + pri nt er ( 6 7 6 c m 3    [ 2 0 0]) r e q uir es a si g nifi c a nt 

q u a ntit y of Ni -M n -G a p o w d er, w hi c h w as a c h all e n g e i n t hi s r es e ar c h, t a ki n g i nt o a c c o u nt, t h e Ni -

M n -G a p o w d er is n ot c o m m er ci all y a v ail a bl e. T h e sli g ht diff er e n c e i n t h e c h e mi c al c o m p ositi o n 

b et w e e n t h e p o w d er pr e p ar e d f or t h e h o m e m a d e i n g ots a n d t h e o n e pr e p ar e d f or t h e A CI all o y I n c. 

i n g ot s h a d n o si g nifi c a nt i nfl u e n c e o n t h e c h e mi c al c o m p ositi o n of t h e 3D pri nt e d t ar g et, as it will 

b e d e m o nstr at e d i n t h e f oll o wi n g c h a pt er.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fi g ur e 2. 1  S P E X 8 0 0 0 M b all milli n g m a c hi n e us e d i n pr e p ari n g Ni -M n -G a p o w d ers.  
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Aft er t h or o u g h mi xi n g of t w o p o w d ers, si e vi n g w as p erf or m e d usi n g 7 5 μ m st a n d ar d t est si e v e 

A S T M E -1 1 s p e cifi c ati o n wit h st ai nl ess st e el m es h m o u nt e d o n a si e v e s h a k er wit h a vi br at or y 

a cti o n t o s e p ar at e l ar g e p arti cl es fr o m s m all p arti cl es. T h e p ur p os e of t h e si e v e a n al ysi s w as t o 

o bt ai n w ell distri b ut e d fi n e p o w d er p arti cl es. A w ell distri b ut e d p arti cl e si z e of p o w d er e n h a n c es 

fl o w a bilit y a n d p a c ki n g d e nsit y of a d diti v e m a n uf a ct ur e d ( A M) p arts.  

M or e o v er, i n bi n d er j et 3 D pri nti n g, t h e p arti cl e si z e distri b uti o n a n d p arti cl e m or p h ol o g y ar e k e y 

f a ct ors i n d et er mi ni n g t h e pri nti n g p ar a m et ers n e e d e d f or a c c ur at e pri nti n g of p arts. F or e x a m pl e, 

t h e l a y er t hi c k n ess s h o ul d b e hi g h er t h a n t h e parti cl e si z e of t h e p o w d er.  

2. 2. 1. 1  P a rti cl e si z e a n al ysi s   

Pri or k n o wl e d g e of p arti cl e si z e distri b uti o n of p o w d ers f or bi n d er j et a d diti v e m a n uf a ct uri n g 

( BJ A M) is ess e nti al f or t h e o pti mi z ati o n of pri nti n g p ar a m et ers i n cl u di n g l a y er t hi c k n ess a n d 

bi n d er s at ur at i o n. I n c orr e ct s el e cti o n of t h e pri nti n g p ar a m et ers c a n aff e ct t h e b uil d pr o c ess a n d 

m a y i ntr o d u c e d ef e cts s u c h as cr a c ks, l ar g e p or es, a n d n o n -u nif or mit y i n t h e b uilt p art [ 2 0 1], [ 2 0 2]. 

T h e m ost p o p ul ar n o n -i m a gi n g p arti cl e si z e distri b uti o n t e c h ni q u e is l as er diffr a cti o n s p e ctr os c o p y 

[ 2 0 3]. L as er diffr a cti o n s p e ctr os c o p y ( L D S) i nstr u m e nt is r o b ust, e as y t o o p er at e a n d f ast t o 

a c q uir e d at a. L as er diffr a cti o n s p e ctr os c o p y t e c h ni q u e is b as e d o n t h e pri n ci pl e t h at li g ht b e a m ar e 

s c att er e d i n t h e f or w ar d dir e cti o n t hr o u g h diff er e nt s c att eri n g a n gl es b y dis p ers e d p o w d er p arti cl es 

e x p os e d t o t h e l as er b e a m. T h e s c att eri n g a n gl e a n d i nt e nsit y ar e d e p e n d e nt o n t h e p arti cl e si z e. 

S m all p arti cl es s c att er li g ht at l ar g e a n gl es a n d l ar g e p arti cl es s c att er li g ht at s m all a n gl es. T h e 

a n g ul ar distri b uti o n a n d i nt e nsit y of s c att er e d li g ht d et e ct e d ar e tr a nsl at e d b y Fr a u n h of er m o d el t o 

c al c ul at e t h e p arti cl e si z e distri b uti o n. Fi g ur e 2. 2 s h o ws a s c h e m ati c di a gr a m of l as er diffr a cti o n 

s et u p s h o wi n g t h e m ai n c o m p o n e nts of t h e i nstr u m e nt. L D S t e c h ni q u e ass u m es t h e dis p ers e d 

p arti cl es ar e s p h eri c al. H e n c e it a p pr o xi m at es all n o n -s p h eri c al p arti cl es as s p h eri c al.  
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Fi g ur e 2. 2 S c h e m ati c of l as er diffr a cti o n s yst e m f or p arti cl e si z e a n al ysi s [ 2 0 4]. 

T h e p arti cl es ar e dis p ers e d eit h er i n a li q ui d or g as m e di a. T h er e ar e t w o t y p es of m e di a i n w hi c h 

p arti cl es c a n b e dis p ers e d. T h e y ar e li q ui d a n d g as e o us m e di a. I n t hi s w or k, t h e Cil as 1 1 9 0, Fi g ur e 

2. 3, w as us e d t o d et er mi n e t h e p arti cl e si z e distri b uti o n. T h e dis p ersi o n m o d e us e d i n t hi s w or k 

w as t h e w et  m o d e.  First,  t h e ultr as o u n d w at er t a n k w as cl e a n e d  wit h  is o pr o p a n ol,  f oll o w e d b y 

cl e a ni n g  t h e  w at er  s u p pl y  s yst e m  b y  dr ai ni n g  a n d  r efilli n g  wit h  fr es h  w at er.  A  b a c k gr o u n d 

m e as ur e m e nt w as p erf or m e d t o e ns ur e q u alit y of d at a a c q uir e d. T h e p o w d er w as i ntr o d u c e d i nt o 

t h e ultr as o u n d w at er t a n k a n d m e as ur e m e nt w as c o n d u ct e d wit h o bs c ur ati o n l e v el r a n g e of 1 3- 2 0 

%.  T his w as r e p e at e d f or 5 m or e p o w d er s a m pl es a n d t h e a v er a g e p arti cl e si z e d et er mi n e d b as e d 

o n Fr a u n h of er t h e or y gi v e n b y t h e e q u ati o n [ 2 0 4]: 

𝑡 ( 𝑘 ) =
𝑙𝐴

2 𝑒 2 𝑘 2 𝑙 4 (
𝑆 1 ( 𝑘 𝑙𝐴 𝑒 𝑘 )

𝑙 𝑆𝑘 𝑙 𝐷
)           ( 2. 1)    

W h er e     𝑜 ( 𝑛 )  is t h e t ot al s c att er e d i nt e nsit y as a f u n cti o n of a n gl e θ i n t h e f or w ar d dir e cti o n, 𝐾𝑇  

r e pr es e nts ill u mi n ati n g i nt e nsit y, k is t h e w a v e n u m b er, a is t h e dist a n c e fr o m t h e s c att er er t o t h e 

d et e ct or, α is a di m e nsi o nl ess p ar a m et er. T h e Fr a u n h of er t h e or y i s us u all y a p pli c a bl e t o o p a q u e 
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o bj e cts w h os e p arti cl e si z e is at l e ast 1 0 ti m es gr e at er t h a n t h e w a v el e n gt h of l as er b e a m. P arti cl e 

si z e is m e as ur e d o nl y at s m all s c att eri n g a n gl e [ 2 0 4].  

A n ot h er t e c h ni q u e w hi c h w as als o e m pl o y e d t o d et er mi n e t h e p arti cl e si z e distri b uti o n w as t h e  

i m a g e a n al ysi s t e c h ni q u e. I m a g es o bt ai n e d fr o m t h e s c a n ni n g el e ctr o n mi cr os c o p e ( S E M) w er e 

i m p ort e d i nt o I m a g e J s oft w ar e a n d pr o c ess e d t o d et er mi n e t h e p arti cl e si z e a n d p arti cl e si z e 

distri b uti o n.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Fi g ur e 2. 3  Cil as 1 1 9 0 p arti cl e si z e a n al y z er us e d i n t his r es e ar c h.  

2. 2. 1. 2   H e at t r e at m e nt of as -mill e d Ni -M n -G a p o w d e rs  

T h e b all -mill e d Ni -M n -G a p o w d ers h a v e a n a m or p h o us str u ct ur e d u e t o t h e hi g h d e nsit y of 

l atti c e d ef e cts i n d u c e d b y t h e hi g h str ai n r at e of d ef or m ati o n [ 9]. I n or d er t o b e a bl e t o u n d er g o 

m art e nsiti c tr a nsf or m ati o n, t h e cr yst alli n e str u ct ur e of t h e p o w d er m ust b e r est or e d. T h er ef or e, 
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s m all a m o u nts of b all -mill e d p o w d ers w er e pr e p ar e d f or cr yst all o gr a p hi c a n d t h er m al 

i n v esti g ati o ns b y l o a di n g t h e p o w d ers i n q u art z t u b es, s e al e d u n d er ar g o n at m os p h er e. T h e 

q u art z a m p ul e w as a n n e al e d at 1 0 0 0 0 C f or 1 h o ur i n a T h er m ol y n e T y p e 4 8 0 0 0 f ur n a c e.  

2. 2. 1. 3  M o r p h ol o g y a n d c h e mi c al c o m p ositi o n  

It h as b e e n r e p ort e d t h at t h e m or p h ol o g y of p o w d er p arti cl es h as dir e ct i nfl u e n c e o n t h e fl o w a bilit y 

a n d m oi st ur e s or pti o n of A M p arts [ 2 0 5], [ 2 0 6]. Es p e ci all y p o w d ers wit h s p h eri c al m or p h ol o g y 

s h o ws i n cr e asi n g p a c ki n g d e n sit y [ 2 0 7]. T h e m or p h ol o g y als o pl a ys a k e y r ol e i n o pti mi zi n g t h e 

l a y er thi c k n ess a n d t h e d e nsit y of t h e pri nt e d p arts.  I n t hi s w or k t h e p o w d er m or p h ol o g y w as 

c h ar a ct eri z e d usi n g t h e s c a n ni n g el e ctr o n mi cr os c o p e ( S E M). T h e J E O L -JI B 4 5 0 0 M ulti B e a m 

S yst e m S E M/ FI B s h o w n i n Fi g ur e 2. 4 a n d J E O L J S M -7 6 0 0 F F E S E M w er e us e d t o st u d y  t h e 

m or p h ol o g y a n d c h e mi c al c o m p ositi o n of as -mill e d a n d a n n e al e d p o w d er s a m pl es. T h e p o w d er 

w as d e p osit e d o n c o n d u cti v e c ar b o n t a p es att a c h e d t o 1 2. 2 m m al u mi n u m st u bs m o u nt e d i n a 

m ulti pl e st u b h ol d er. S a m pl es i ntr o d u c e d i nt o t h e S E M s a m pl e c h a m b er w er e  e x a mi n e d at 

a c c el er ati o n v olt a g e of 1 5 k V a n d w or ki n g dist a n c e b et w e e n 1 0 -1 8 m m, usi n g b ot h s e c o n d ar y 

el e ctr o n a n d b a c ks c att er e d el e ctr o n m o d e f or i m a gi n g. X -r a y e n er g y dis p ersi v e s p e ctr o m etr y 

( E D S) t e c h ni q u e w as us e d f or c o m p ositi o n al a n al ysis. T h e E D S s p e ctr o m et ers us e d i n t hi s w or k 

w er e E D A X O ct a n e Pl us a n d E D A X A p oll o X V.  
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Fi g ur e 2. 4  J E O L JI B 4 5 0 0 M ulti B e a m S yst e m S E M/ FI B e q ui p p e d wit h E D A X A p oll o X V 

d et e ct or f or c h e mi c al a n al ysi s.  

2. 2. 1. 4  C r yst al st r u ct u r e  

T o d et er mi n e t h e cr yst al str u ct ur e or p erf or m p h as e i d e ntifi c ati o n a n al ysi s of cr yst alli n e m at eri als, 

X -r a y diffr a cti o n ( X R D) w as us e d. I n t hi s r es e ar c h, Br u k er A X S X 8 Pr o s p e ct or si n gl e cr yst al 

diffr a ct o m et er e q ui p p e d wit h a hi g hl y s e nsiti v e A p e x II c h ar g e d -c o u pl e d d e vi c e ( C C D) d et e ct or 

w as us e d f or i n v esti g ati n g t h e cr yst alli nit y, cr yst al str u ct ur e a n d p h as e i d e ntifi c ati o n of p o w d ers, 

t arg ets, a n d t hi n fil ms (s e e Fi g ur e 2. 5). T h e X -r a y diffr a ct o m et er us es a c o p p er s o ur c e wit h 
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w a v el e n gt h 0. 1 5 4 1 7 8 n m o p er ati n g at a c c el er ati o n v olt a g e of 4 5 k V. P o w d er s a m pl es w er e 

d e p osit e d o n c ar b o n t a p e affi x e d t o t h e t o p of g o ni o m et er h e a d a n d t h e n m o u nt e d  o n t h e 

diffr a ct o m et er. S a m pl es w er e c e nt er e d b y vi e wi n g t h e i nstr u m e nt’s m o u nti n g vi d e o c a m er a a n d 

a dj usti n g t h e X, Y, a n d Z dir e cti o ns usi n g a dj ust a bl e t o ol u ntil s a m pl e w er e pr o p erl y c e nt er e d. 

D at a f or p o w d er s a m pl es w er e c oll e ct e d b et w e e n 2 θ = 3 0 ° a n d 2 θ = 9 0 ° u n d er e x p os ur e ti m e of 

2 0 s e c o n ds p er fr a m e. T h e X R D p att er ns o bt ai n e d w er e a n al y z e d t o d et er mi n e t h e cr yst alli nit y a n d 

t h e p h as es pr es e nt usi n g DI F F R A C. E V A s oft w ar e fr o m Br u k er, c o m bi n e d wit h J C P S d at a b as e. 

X R D d at a w er e als o c oll e ct e d usi n g D 8 A d v a n c e P o w d er X -r a y Diffr a ct o m et er e q ui p p e d wit h 

V A N T E C -1 d et e ct or a n d C u r a di ati o n s o ur c e o p er ati n g at 4 0 k V a n d 4 0 m A. T h e d at a w er e 

c oll e ct e d at 2 θ v al u es b et w e e n 1 0 ° a n d 9 0 ° wit h a s c a n s p e e d of 0. 0 4 9 5 5 7 ° p er mi n a n d s c a n st e p 

si z e of 0. 0 1 6 5 1 9 °.  
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Fi g ur e 2. 5  Br u k er A X S X 8 Pr os p e ct or si n gl e cr y st al diffr a ct o m et er f or str u ct ur al a n al ysi s a n d 
p h as e i d e ntifi c ati o n.  

2. 2. 1. 5  T h e r m al a n al ysis  

I n or d er t o e x a mi n e t h e m art e nsiti c p h as e tr a nsf or m ati o n i n Ni-M n -G a m at eri als, a diff er e nti al 

s ca n ni n g c al ori m etr y ( D S C) a n al ysi s w as c o n d u ct e d o n t h e b ul k m at eri al (i niti al i n g ot), as -

mill e d, a n d a n n e al e d p o w d er. A P er ki n -El m er Di a m o n d diff er e nti al s c a n ni n g c al ori m etr y 
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c o n n e ct e d t o a c o m p ut er e q ui p p e d wit h P yris s oft w ar e w as us e d f or t h e t h er m al a n a l ysi s, as 

s h o w n i n Fi g ur e 2. 6. Ni -M n -G a s a m pl es w er e w ei g h e d a n d e n c a ps ul at e d i n al u mi n u m p a n. 

S a m pl es w ei g ht s w er e i n t h e r a n g e of 2 0 m g t o 6 0 m g. T h e e n c a ps ul at e d Ni -M n -G a s a m pl e 

w as pl a c e d o n t h e s a m pl e si d e of t h e s a m pl e h ol d er a n d a n e m pt y al u mi n u m p a n pl a c e d at t h e 

r ef er e n c e si d e of t h e s a m pl e h ol d er. S a m pl es w er e h e at e d fr o m -2 0 o C t o 3 0 0 o C a n d c o ol e d 

fr o m 3 0 0o C t o -2 0 o C at a r at e of 1 0 o C p er mi n a n d h ol di n g ti m e of 5 mi n ut es u n d er ar g o n 

at m os p h er e. T his pr o c ess w as r e p e at e d f or t hr e e c y cl es t o a fi n al st at e of 2 0o C.  

 

Fi g ur e 2. 6  P er k er -El m er Di a m o n d D S C f or i n v esti g ati n g p h as e tr a nsf or m ati o n.  

2. 2. 2  3 D P ri nti n g of Ni -M n -G a vi a bi n d e r j et  

Ni -M n -G a s p utt eri n g t ar g ets w er e o bt ai n e d vi a bi n d er j etti n g a d diti v e m a n uf a ct uri n g usi n g E x O n e 

I n n o v e nt + i nstr u m e nt s h o w n i n Fi g ur e 2. 7. T ar g et d esi g ns w er e cr e at e d usi n g a 3 D C A D pr o gr a m, 

S O LI D W O R K S ( D ass a ult s yst e m) pri or t o pri nti n g a n d u pl o a d e d t o t h e  pri nt er as a n S T L. fil e. 

T h e 3 D C A D m o d el d esi g n g e o m etr y f or a r e g ul ar dis c t ar g et i s s h o w n i n Fi g ur e 2. 8.  
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Fi g ur e 2. 7  E x O n e i n n o v e nt + 3 D pri nt er us e d i n t hi s r es e ar c h.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 2. 8  3 D C A D m o d el d esi g n f or s p utt eri n g t ar g et 3 D pri nt e d usi n g bi n d er j etti n g 

t e c h n ol o g y, di a m et er 6 3. 5 m m, t hi c k n ess 7. 6 2 m m. 

N e xt, Ni -M n -G a p o w d er w as i ntr o d u c e d i nt o t h e h o p p er of t h e E x O n e I n n o v e nt + bi n d er j etti n g 

m a c hi n e f or pri nti n g. T h e C A D m o d el d esi g n of a pl a n ar dis c t ar g et w as i m p ort e d i nt o t h e pri nti n g 

s oft w ar e of t h e pri nti n g m a c hi n e. T h e E x O n e I n n o v e nt + is e q ui p p e d wit h a h o p p er s yst e m h a vi n g 

a b uil d e n v el o p e of 1 6 0 m m x 6 5 m m x 6 5 m m. T h e b uil d pr o c ess st arts b y dis p e nsi n g of p o w d er 

fr o m t h e h o pp er b y ultr as o ni c vi br ati n g m e c h a nis m f oll o w e d b y a r ot ati n g r oll er w hi c h s pr e a ds 
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a n d s m o ot h e ns t h e p o w d er at a s p e cifi c l a y er t hi c k n ess o n t h e b uil d pl atf or m. Aft er w ar ds, t h e 

pri nt h e a d m o vi n g o n b ot h x a n d y a xis s el e cti v el y dr o ps bi n d er t o gl u e t h e p o w d e r p arti cl es a n d 

p att er ns t h e t ar g et d esi g n o nt o t h e p o w d er b e d. T h e p o w d er b e d w as t h e n l o w er e d t o m a k e w a y f or 

a n e w l a y er of p o w d er t o b e s pr e a d.  N e xt, t h e p o w d er b e d w as e x p os e d t o a h e ati n g l a m p t o c ur e 

t h e p arts as t h e h o p p er m o v es a cr oss t h e p o w d er b e d t o dis p e ns e a n d s pr e a d t h e n e xt l a y er of 

p o w d er. T his pr o c ess w a s r e p e at e d u ntil Ni -M n -G a gr e e n p arts w er e f or m e d. Fi g ur e 2. 9 s h o ws a 

s c h e m ati c di a gr a m of t h e pri nti n g pr o c ess of Ni -M n -G a t ar g ets. T h e pri nti n g p ar a m et ers us e d f or 

t h e b uil d pr o c ess ar e li st e d i n T a bl e 2. 4. O n c e t h e t ar g ets w er e pri nt e d, p ost-pr o c essi n g st e ps w er e 

t a ki n g t o i n cr e as e t h e m e c h a ni c al str e n gt h of t h e gr e e n p arts. 

T a bl e 2. 1  Pr o c ess p ar a m et ers f or 3 D pri nti n g of Ni -M n -G a p o w d er i n t h e E x O n e I n n o v e nt + 

m a c hi n e.  

P ri nti n g p a r a m et e rs  V al u es  

Bi n d er s at ur ati o n  6 0 %  

L a y er t hi c k n ess  1 1 0 µ m  

R e c o at s p e e d  1 0 m m/s  

Bi n d er  B A 0 0 5  

Bi n d er d e nsit y  1. 0 9 8 k g m -3  
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Fi g ur e 2. 9  S c h e m ati c di a gr a ms of t h e pri nti n g pr o c ess of Ni -M n -G a t ar g ets: ( a) I niti al s pr e a di n g 

of p o w d er -o n -p o w d er b e d; ( b) I nj e cti o n of bi n d er o n p o w d er b e d; ( c) Bi n d er d esi g n 

p att er n e d o n p o w d er b e d.  

H o p p er  

Pri nt h e a d  

H e at l a m p  

P o w d er b e d  

Ni -M n -G a 
p o w d er  

R oll er  I niti al s pr e a d of p o w d er  

Bi n d er dr o ps 
o n gr ai ns  

Pr oj e cti o n of bi n d er o n p o w d er  

 Bi n d er d esi g n p att er n e d  

D esi g n p att er n e d o n p o w d er b e d  

( a) 

( b) 

( c) 
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2. 2. 3  P ost -p r o c essi n g of bi n d e r j et 3 D p ri nt e d Ni -M n -G a t a r g ets: c u r i n g a n d 
si nt e ri n g  

C uri n g is t h e first p ost -pr o c essi n g st e p p erf or m e d ri g ht aft er t h e p arts ar e pri nt e d. T h e as -pri nt e d 

Ni -M n -G a t ar g ets w er e pl a c e d i n Y a m at o D X 4 0 2 C o v e n s et at 1 8 0 o C a n d h ol di n g ti m e of 6 h o urs. 

Aft er 6 h o urs h a d el a ps e d, it w as all o w e d t o c o ol n at ur all y t o r o o m t e m p er at ur e a n d t h e n r e m o v e d 

fr o m t h e o v e n. L o os e p o w d ers o n t h e c ur e d t ar g et s w er e br us h e d off a n d t h e n pl a c e d i n a st ai nl ess 

st e el p a n f or t h e n e xt p ost -pr o c essi n g st e p.  

Aft er c uri n g, t h e n e xt p ost -pr o c essi n g st e p r e q uir e d t o i m pr o v e t h e m e c h a ni c al str e n gt h of t h e 

pri nt e d p arts w as si nt eri n g. Si nt eri n g is a pr o c ess w hi c h i n v ol v es t h e b o n di n g of a dj a c e nt p arti cl es 

b y a p pl yi n g t h er m al e n er g y. Si nt eri n g w as p e rf or m e d t o d e nsif y a n d eli mi n at e as m a n y p or es as 

p ossi bl e. T h e si nt eri n g st e p w as c arri e d o ut i n a C ar b olit e t u b e f ur n a c e u n d er a pr ot e cti v e ar g o n 

at m os p h er e. T o pr ot e ct s a m pl es a g ai nst o xi d ati o n, fl a k es of M n g ett ers w er e pl a c e d ar o u n d t h e 

s a m pl e. I n or d er t o a c hi e v e g o o d v a c u u m f or t h e si nt eri n g pr o c ess, t h e e m pt y t u b e f ur n a c e w as 

first b a k e d f or si x h o urs u n d er v a c u u m. Aft er w ar ds, s a m pl es w er e pl a c e d i nsi d e t h e t u b e f ur n a c e 

a n d t h e n v a c u u m e d u p t o 1 0 m T orr b y a m e c h a ni c al p u m p, f oll o w e d b y b a c kfill ultr a -hi g h p urit y 

ar g o n g as t o 3 0 0 m T orr. T h e a b o v e pr o c ess w as r e p e at e d t hr e e ti m es t o e ns ur e pr ot e cti o n a g ai nst 

o xi d ati o n. E a c h pri nt e d t ar g et w as si nt er e d wit h a s a crifi ci al s a m pl e f or a n al ysi s. T h e 3 D pri nt e d 

dis c t ar g et w as 6 3. 5 m m i n di a m et er a n d 7. 6 m m i n t hi c k n ess. 3 D pri nt e d Ni-M n -G a dis c t ar g ets 

w er e si nt er e d f or 4 0 h o urs i n t h e t e m p er at ur e r a n g e of 1 0 6 5 o C -1 0 8 0 o C. Fi g ur e 2. 1 0 s h o ws a 

s c h e m ati c di a gr a m of t h e si nt eri n g pr o c ess of 3 D pri nt e d Ni -M n -G a t ar g et i n t h e t u b e f ur n a c e.  
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Fi g ur e 2. 1 0 C ust o mi z e d s et u p us e d f or t h e si nt eri n g e x p eri m e nt of t h e 3 D pri nt e d t ar g ets. 

Ni -M n - G a s a m pl es si nt er e d at 1 0 6 5 ° C, 1 0 7 0 ° C, 1 0 7 5 ° C, a n d 1 0 8 0 ° w er e l a b ell e d T ar g et 1, T ar g et 

2, T ar g et 3, a n d T ar g et 4 r es p e cti v el y. 

2. 2. 4  T a r g et P oli s hi n g 

P oli s hi n g of t h e s p utt eri n g t ar g ets w er e n e c ess ar y b e c a us e aft er t h e si nt eri n g pr o c ess, a t hi c k o xi d e 

l a y er f or ms all o v er t h e t ar g et s urf a c e. R e m o v al of t h e o xi d e l a y er will mi ni mi z e c o nt a mi n ati o n 

d uri n g s p utt er d e p ositi o n. P oli s hi n g of t h e t ar g ets als o s m o ot h e ns t h e t ar g et s urf a c e a n d a v oi ds 

el e ctri c dis c h ar g e or ar ci n g d uri n g s p utt eri n g [ 2 0 8].  

Aft er si nt eri n g, gri n di n g of Ni- M n - G a t ar g ets w as p erf or m e d o n sili c o n c ar bi d e a br asi v e p a p ers 

w et wit h r u n ni n g w at er. Sili c o n c ar bi d e a br asi v e p a p er wit h grit si z es 1 8 0, 3 2 0, 6 0 0, 1 0 0 0, 2 5 0 0 

w er e us e d r es p e cti v el y. Cl ot h p oli s hi n g w as als o c arri e d o ut usi n g c oll oi d al sili c a s us p e nsi o n t o 

M e c h a ni c al p u m p  C ar b olit e t u b e f ur n a c e  G as r e g ul at or  

Ni -M n -G a t ar g et  

Ar g o n t a n k  
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o bt ai n a mir r or li k e s urf a c e fi nis h e d. Fi g ur e 2. 1 1 s h o ws a n o v er all s p utt eri n g t ar g et m a n uf a ct uri n g 

pr o c ess b y bi n d er j etti n g a d diti v e m a n uf a ct uri n g.  

 

 

 

 

 

 

Fi g ur e 2. 1 1  S e q u e n c e of t ar g et m a n uf a ct uri n g pr o c ess b y bi n d er j etti n g a d diti v e m a n uf a ct uri n g.  

2. 2. 5  Ni -M n -G a t a r g ets c h a r a ct e ri z ati o n  

T h e si nt er e d Ni -M n -G a all o y dis c t ar g ets w er e e x a mi n e d usi n g a d v a n c e d c h ar a ct eri z ati o n 

t e c h ni q u es. T h e cr ystal str u ct ur e a n d p h as e i d e ntifi c ati o n a n al ysi s w er e p erf or m e d usi n g Br u k er 

pr os p e ct or C C D diffr a ct o m et er e q ui p p e d wit h C u r a di ati o n s o ur c e. T h e s urf a c e m or p h ol o g y, 

mi cr ostr u ct ur al a n d c h e mi c al a n al ysi s of as -si nt er e d a n d t h e p oli s h e d cr oss -s e cti o ns w er e 

e x a mi n e d b y b ot h J E O L JI B 4 5 0 0 M ulti -B e a m s c a n ni n g el e ctr o n mi cr os c o p e ( S E M) a n d J E O L 

J S M 7 6 0 0 F fi el d e mi ssi o n s c a n ni n g el e ctr o n mi cr os c o p e ( F E S E M). B ot h S E Ms w er e e q ui p p e d 

wit h X -r a y e n er g y dis p ersi o n s p e ctr o m et er ( X E D S) d et e ct ors. El e m e nt al a n al ysi s a n d m a p pi n g 

w er e p erf or m e d usi n g b ot h E D A X A p oll o X V a n d E D A X O ct a n e Pl us d et e ct or. Pi e c es of e a c h 

Ni -M n -G a dis c t ar g ets w er e c ut o ut f or diff er e nti al s c a n ni n g c al ori m etr y ( D S C) a n al ysi s usi n g 

P er ki n -El m er Di a m o n d D S C.  

T ar g et d e nsit y w as d et er mi n e d b y v ol u m e di s pl a c e m e nt m et h o d, usi n g t h e f oll o wi n g e q u ati o n:  

 𝑡 𝑘 𝑙 𝐴𝑒 𝑘 𝑙 =
𝑆 𝑘 𝑙 𝐴

𝑒 𝑘𝑙 𝑆 𝑘 𝑙
=

𝐷

𝑜 2 − 𝑛 1
      ( 2. 2) 

Ni -M n -G a p o w d er  Pri nti n g of t ar g et  A s -si nt er e d Ni -M n -G a  P olis h e d Ni -M n -G a  



5 1  

w h er e M  –  m ass, V 1  –  i niti al d e-i o ni z e d w at er v ol u m e, a n d V 2  –  fi n al w at er v ol u m e. M e as ur e m e nts 

w er e r e p e at e d 5 ti m es f or e a c h t ar g et.  

  T o r e v e al m art e nsiti c mi cr ostr u ct ur es o n t h e p oli s h e d cr oss -s e cti o n, t hr e e s a m pl es T ar g et 1, 

T ar g et 2, a n d T ar g et 3 w er e s u bj e ct e d t o ar g o n i o n b e a m et c hi n g f or 1 5 mi n ut es usi n g L ei c a E M 

TI C 3 X i o n b e a m c utt er s yst e m  o p er at e d at 7 K V a n d 2. 6 m A. T h e et c h e d s a m pl es w er e e x a mi n e d 

usi n g t h e L E C O 3 0 0 li g ht mi cr os c o p e e q ui p p e d wit h Diff er e nti al I nt erf er e n c e C o ntr ast ( DI C) 

t e c h ni q u e a n d S E M’s b a c ks c att er e d el e ctr o n ( B S E) i m a gi n g m o d e t o o bs er v e t h e cr yst all o gr a p hi c 

t wi n v ari a nts.  

2. 2. 6  S y nt h esis of Ni -M n -G a t hi n fil ms  

As m e nti o n e d i n t h e pr e vi o us c h a pt er, m a g n etr o n s p utt eri n g is t h e m ost p o p ul ar t e c h ni q u e f or t hi n 

fil m d e p ositi o n. It is t h e m ost r e p ort e d t e c h ni q u e us e d f or Ni-M n -G a t hi n fil m f a bri c ati o n. T hi n 

fil ms m a d e wit h m a g n etr o n s p utt eri n g t e c h ni q u e h a v e g o o d a d h esi o n t o s u bstr at e, pr o m ot es fil m 

u nif or mit y a n d p urit y. S p utt eri n g i n v ol v es t h e ej e cti n g of at o m s fr o m a t ar g et m at eri al ( c at h o d e) 

b y b o m b ar di n g wit h e n er g eti c ar g o n i o ns a n d t h e ej e ct e d at o m s ar e d e p osit e d o nt o a s u bstr at e 

m at eri al ( a n o d e). T h e m a g n etr o n s p utt eri n g s y st e m as dis c uss e d e arli er is d esi g n e d t o tr a p 

s e c o n d ar y el e ctr o ns cl os e d t o t h e t ar g et s urf a c e d uri n g s p utt eri n g. T h e el e ctr o n tr a p pi n g is as a 

r es ult of m a g n eti c c o nfi g ur ati o n s et u p b e n e at h t h e t ar g et. T h e el e ctr o ns e mitt e d ar e s u bj e ct e d t o 

b ot h el e ctri c a n d m a g n eti c f or c es. T h e i nfl u e n c e of t h es e t w o f or c es c a us es t h e el e ctr o ns t o s pir al 

al o n g t h e m a g n eti c fi el d li n es cl os e d t o t h e t ar g et s urf a c e.  As a r es ult of t h e el e ctr o n tr a p pi n g, 

hi g h i o ni z ati o n pl as m a o c c urs d u e t o r a pi d c ollisi o n b et w e e n el e ctr o ns a n d t h e w or ki n g g as at o m s. 

Us u all y, i n ert g as es s p e cifi c all y ar g o n is us e d a s t h e w or ki n g g as t o pr e v e nt r e a cti o n wit h t h e 

t ar g et. At all ti m es t h e ar g o n g as a n d t h e c o n n e cti n g t u b es m ust b e v oi d of c o nt a mi n a nts as w ell 

as l e a ks. I n t hi s r es e ar c h, dir e ct c urr e nt ( D C) m a g n etr o n s p utt eri n g s yst e m w as us e d f or t h e 
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d e p ositi o n of Ni -M n -G a t hi n fil ms. A c ust o mi z e d D C m a g n etr o n s p utt eri n g s yst e m e q ui p p e d wit h 

t hr e e c at h o d es, a c o oli n g s yst e m, t ur b o m ol e c ul ar Pf eiff er T C 4 0 0, a n d s u bstr at e h e at er sit u at e d at 

t h e s e mi c o n d u ct or l a b i n Y o u n gst o w n St at e U ni v ersit y w as us e d f or t h e f a bri c ati o n of Ni-M n -G a 

t hi n fil ms. A n i m a g e of t h e m a g n etr o n s p utt eri n g s yst e m us e d is s h o w n i n Fi g ur e 2. 1 2. T h e 

s u bstr at es us e d i n t his r es e ar c h ar e sili c o n ( Si) a n d s o di u m c hl o ri d e ( N a Cl). Si s u bstr at e w as us e d 

b e c a us e it is r el ati v el y c h e a p a n d als o g o o d s u bstr at e f or mi cr o -el e ctr o m e c h a ni c al s yst e ms 

( M E M S) a p pli c ati o ns. N a Cl s u bstr at e is w at er s ol u bl e, s o it w as e m pl o y e d t o pr o d u c e a 

fr e est a n di n g Ni-M n -G a t hi n fil m. T o i niti at e  t h e d e p ositi o n pr o c ess, first st e p w as t o p erf or m 

s u bstr at e cl e a ni n g. Si s u bstr at e w as first d e gr e as e -cl e a n e d wit h c ott o n s w a b s o a k e d i n a c et o n e f or 

f e w mi n ut es a n d t h e n b oil i n a c et o n e f or t e n mi n ut es, f oll o w e d b y b oili n g i n is o pr o p a n ol f or t e n 

mi n ut es a n d fi n all y ri nsi n g i n d e -i o ni z e d w at er. Aft er w ar ds, s u bstr at e w as b a k e d f or f e w h o urs a n d 

t h e n m o u nt e d o n a s u bstr at e h ol d er. N a Cl s u bstr at e w as cl e a n e d wit h a c et o n e a n d t h e n f oll o w e d 

b y is o pr o p a n ol. D e -i o ni z e d w at er w as n ot us e d i n t hi s c as e b e c a us e N a Cl r e a dil y diss ol v es i n 

w at er.  
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Fi g ur e 2. 1 2  M a g n etr o n s p utt eri n g s yst e m at Y o u n gst o w n St at e U ni v ersit y ( Y S U) us e d i n t his 

r es e ar c h. 

T w o s a m pl e h ol d ers h a v e b e e n us e d: o n e f or d e p ositi o n at r o o m t e m p er at ur e a n d t h e ot h er f or 

hi g h er s u bstr at e t e m p er at ur e. Aft er i nst alli n g t h e s u bstr at e a n d t h e A M t ar g et, t h e c h a m b er w as 

p u m p d o w n f or 2 4 h o urs u ntil a b as e pr ess ur e of ~ 2. 0 x 1 0 -7  T orr w as a c hi e v e d. N e xt, t h e c hill er 

w as t ur n e d o n t o cir c ul at e t h e c o ol a nt n e e d e d t o c o ol t h e c at h o d e. T h e p o w er s u p pl y w as t ur n e d 

o n wit h t h e g at e v al v e t o t h e t ur b o m ol e c ul ar p u m p pl a c e d i n t h e mi d dl e. Ar g o n g as w as r el e as e d 

i nt o t h e c h a m b er at a fl o w rat e of 1 0 s c c m. T h e g at e v al v e w as us e d t o s et t h e d e p ositi o n pr ess ur es. 

T h e d e p ositi o n pr ess ur es us e d i n t hi s w or k w er e i n t h e r a n g e of 2. 5 t o 6. 4 m T orr. S u bstr at e 

V a c u u m c h a m b e r  

C hill e r  

A r g o n t a n k  

T u r b o m ol e c ul a r 
p u m p  

M e c h a ni c al 
p u m p  
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t e m p er at ur es us e d w er e 2 0o C, 5 0 0 o C, 6 0 0 o C, a n d 7 0 0 o C. Dis c h ar g e c urr e nts w er e v ari e d b et w e e n 

0. 0 5 A t o 0. 1 5 A.  

2. 2. 7  C h a r a ct e ri z ati o n of Ni -M n -G a t hi n fil m s  

T h e cr yst alli nit y a n d t h e cr yst al str u ct ur e of t h e Ni -M n -G a t hi n fil ms w er e e x a mi n e d usi n g Br u k er 

Pr os p e ct or diffr a ct o m et er. T h e s urf a c e m or p h ol o g y a n d t h e mi cr ostr u ct ur e w er e i n v esti g at e d usi n g 

A gil e nt 5 5 0 0 at o mi c f or c e mi cr os c o p y ( A F M) s yst e m i n t h e c o nt a ct m o d e, Z eiss A xi o p h ot li g ht 

mi cr os c o p e ( L M), J E O L JI B 4 5 0 0 M ulti -B e a m S y st e m S E M/ FI B a n d J E O L J S M 7 6 0 0 F F E S E M. 

C h e mi c al a n al ysi s of t h e s urf a c e of Ni -M n -G a t hi n fil ms w er e c arri e d o ut i n F E S E M usi n g E D A X 

O ct a n e pl us d et e ct or c ali br at e d wit h si n gl e cr yst al Ni 5 0. 9 M n 2 9. 2 3 G a 1 9. 8 7  as a r ef er e n c e s a m pl e.  

C o m p ositi o n -d e pt h pr ofil e a n al ysi s w as p erf or m e d usi n g A u g er el e ctr o n s p e ctr os c o p y ( A E S) at 

M at eri als R es e ar c h L a b or at or y ( M R L. i n c., Str ut h ers, O hi o). T h e t hi n fil ms w er e i ns ert e d i nt o t h e 

a n al ysi s c h a m b er of a M o d el 6 6 0 s c a n ni n g A u g er s urf a c e a n al ysi s s yst e m m a n uf a ct ur e d b y 

P h ysi c al El e ctr o ni cs U S A of C h a n h ass e n, M N. T h e c h a m b er w as e v a c u at e d t o a b as e pr ess ur e of 

5 x 1 0 -9  T orr. A c yli n dri c al mirr o r el e ctr o n e n er g y a n al y z er w as us e d f or t h e el e ctr o n d et e cti o n. 

S urf a c e s p e ctr a w er e c oll e ct e d at t h e s urf a c e l e v el fr o m m ost s a m pl es t o ill ustr at e el e m e nt al 

c o m p ositi o ns. C o n c e ntr ati o n v ers us d e pt h pr ofil es w er e c oll e ct e d at v ari o u s et c hi n g r at es usi n g a 

h ot fil a m e nt i o n g u n o p er at e d at 1 k e V - 4 k e V or a d u o pl as m atr o n i o n g u n o p er at e d at 5 k e V -1 0 

k e V.  

Ni -M n -G a s p utt eri n g t ar g et w as als o e x a mi n e d usi n g t h e 3 D Pr ofil o m et er V R -5 0 0 0 b y K e y e n c e 

i n or d er t o m e as ur e t h e t ar g et er osi o n pr ofil e. A Ni-M n -G a t ar g et s p utt er e d f or 1 0 h o urs w as pl a c e d 

o n t h e s a m pl e st a g e a n d m o v e d t o t h e o bs er v ati o n p ositi o n wit h t h e h el p of a vi e w er s oft w ar e. T h e 

d at a a c q uisiti o n m o d e w as s el e ct e d t o m a p t h e ar e a of t h e s a m pl e t o b e a n al ys e d wit h l o w er 
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m a g nifi c ati o n. T h e s el e ct e d ar e a w a s s c a n f or 1 0 mi n ut es a n d d at a c oll e ct e d f or b ot h s urf a c e 

t o p o gr a p h y a n d d e pt h pr ofil e. T his pr o c ess w as r e p e at e d f or t ar g et s p utt er e d f or 3 0 h o urs. 

 

2. 3  M o nt e C a rl o C o m p ut e r Si m ul ati o n u si n g T RI M ( T r a n s p o rt of I o n s i n 

M att e r) C o d e  

A m o nt e C arl o si m ul ati o n c o d e c all e d T RI M ( Tr a ns p ort of I o ns i n M att er) d e v el o p e d b y J. F Zi e gl er 

a n d J. P. Bi ers a c k  [ 2 0 9] w as e m pl o y e d t o c al c ul at e t h e s p utt eri n g yi el ds of Ni, M n, a n d G a usi n g 

T ar g et 3 i n or d er t o u n d erst a n d t h e s p utt eri n g b e h a vi or of Ni -M n -G a all o y t ar g et. T RI M c o d e is 

p art of a s oft w ar e p a c k a g e i n a S RI M 2 0 0 8 pr o gr a m. T RI M c o d e us es t h e u ni v ers al p ot e nti a l 

e q u ati o n t o si m ul at es t h e i nt er a cti o n b et w e e n i n ci d e nt i o ns a n d t ar g et m at eri al [ 2 1 0]. T h e c o d e 

ass u m es a n a m or p h o us t ar g et. T h e u ni v ers al p ot e nti al e q u ati o n is gi v e n b y:  

𝑡 ( 𝑘 ) =
𝑙 1 𝐴 2 𝑒 2

4 𝑘 𝑙 𝑆 𝑘
𝑙 𝐴 𝑒 𝑘 (

𝑙

𝑆 𝑘 𝑙 𝐷
)     ( 2. 3)   

W h er e r is t h e i nt er at o mi c dist a n c e, Z 1  a n d Z 2  ar e at o mi c n u m b ers of t h e i n ci d e nt i o n a n d t ar g et 

m at eri al, e is t h e el e ctr o ni c c h ar g e, ε o  r e pr es e nt t h e p er mitti vit y of fr e e s p a c e, 𝑜 𝑛 𝐾 𝑇  is t h e s cr e e ni n g 

l e n gt h gi v e n b y:  

𝑡 𝐾 𝑇 𝐴 = 0 .8 8 5 3 𝑒 𝐸 ( 𝐾 1
0 .2 3 + 𝐵 2

0 .2 3 ) − 1       ( 2. 4) 

W h er e 𝑇 𝑜  is t h e B o hr r a di u s gi v e n b y 𝑎 𝑜 = 0 .5 2 9  Å  , 

𝛷 𝑍 𝐵 𝐿  is t h e s cr e e ni n g f u n cti o n gi v e n b y:  

𝛷 𝑍 𝐵 𝐿 (
𝑟

𝑎 𝑍 𝐵 𝐿
) = 0 .1 8 1 8 𝑒

− 3 .2
𝑟

𝑎 𝑍 𝐵 𝐿 + 0 .5 0 9 9 𝑒
− 0 .9 4 2 3

𝑟

𝑎 𝑍 𝐵 𝐿 + 0 .2 8 0 2 𝑒
− 0 .4 0 2 9

𝑟

𝑎 𝑍 𝐵 𝐿 +

0 .0 2 8 1 7 𝑒
− 0 .2 0 1 6

𝑟

𝑎 𝑍 𝐵 𝐿         ( 2. 5) 

 

T RI M si m ul ati o n w as p erf or m e d i n t h e s urf a c e s p utt eri n g m o d e wit h 5 0, 0 0 0 Ar i o ns f or t ar g et -i o n 

i nt er a cti o n.  Dis pl a c e m e nt e n er g y, l atti c e bi n di n g e n er g y, a n d s urf a c e bi n di n g e n er g y w er e a m o n g 
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t h e i n p ut p ar a m et ers us e d i n t h e si m ul ati o n. T h e v al u es us e d f or t h es e p ar a m et ers w er e c h os e n 

b as e d o n d ef a ult fr o m t h e T RI M c o d e (s e e T a bl e 2. 5). T h e s urf a c e bi n di n g e n er g y p ar a m et er pl a ys 

a n i m p ort a nt r ol e i n s p utt eri n g yi el d c al c ul ati o n [ 2 0 9]. Si n c e is t h e mi ni m u m e n er g y r e q uir e d b y 

t h e at o m s t o o v er c o m e t o es c a p e fr o m t h e t ar g et s urf a c e, it is i m p ort a nt t h e ri g ht v al u e is s el e ct e d 

t o i niti at e t h e s p utt eri n g pr o c ess a n d c ollisi o n c a s c a d e e v ol uti o n [ 2 1 0]. T w o s et of si m ul ati o ns 

w er e c o nsi d er e d f or c al c ul ati n g s p utt eri n g yi el d. T h e first w as p erf or m e d f or i o n e n er gi es b et w e e n 

1 0 0 e V –  1 0 0 0 e V at a n or m al i o n i n ci d e nt. F or t h e s e c o n d c as e, t h e i n ci d e nt a n gl e of t h e i o ns w as 

v ari e d fr o m 0 °  t o 8 0 ° w hil e k e e pi n g t h e i o n e n er g y at 1 0 0 0 e V. T h e s p utt eri n g yi el d w as 

i n v esti g at e d t o g ai n i nsi g ht i nt o h o w t h e i o n e n er g y a n d t h e i n ci d e nt a n gl e aff e ct t h e s p utt eri n g 

yi el d of Ni, M n, a n d G a.  

 

T a bl e 2. 2  T RI M i n p ut p ar a m et ers f or si m ul ati o n.  

 

 

 

 

 

 

 

 

 

 

 

 

 

El e m e nt  at %  
Dis p. E n er g y 

( e V) 

L atti c e 
bi n di n g 

e n er g y ( e V)  

S urf a c e 
bi n di n g 

e n er g y ( e V)  

Ni  5 3  2 5  3  4. 4 0  

M n  2 6  2 5  3  2. 9 8  

G a  2 1  2 5  3  2. 8 2  
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C H A P T E R 3   

C h a r a ct e ri z at i o n of N i-M n -G a  P o w d e r  

3. 0   I nt r o d u cti o n  

T his c h a pt er pr es e nts r es ult s of c h ar a ct eri z ati o n of Ni -M n -G a p o w d er o bt ai n e d fr o m b all milli n g. 

T h e dis c ussi o n f o c us es o n r es ult s o bt ai n e d fr o m p arti cl e si z e distri b uti o n a n al ysi s of p o w d er usi n g 

l as er diffr a cti o n a n d i m a g e a n al ysi s t e c h ni q u e, m or p h ol o g y a n d c h e mi c al c o m p ositi o n of as -mill e d 

a n d a n n e al e d p o w d er o bt ai n e d usi n g S E M/ E D S t e c h ni q u es, cr yst al str u ct ur e d et er mi n e d b y X R D 

a n d p h as e tr a nsf or m ati o n r es ult s o bt ai n e d fr o m D S C a n al ysi s. R es ult s fr o m p arti cl e si z e 

distri b uti o n a n d m or p h ol o g y w er e n e c ess ar y b e c a us e t h e p arti cl e si z e a n d it s distri b uti o n f or 

i nst a n c e aff e ct t h e p o w d er’s fl o w a bilit y a n d si nt er a bilit y. F or e k n o wl e d g e of t h e p arti cl e si z e w o ul d 

b e h el pf ul i n t h e s el e cti o n of t h e l a y er t hi c k n ess d uri n g pri nti n g. T h e p arti cl e m or p h ol o g y o n t h e 

o t h er h a n d als o aff e cts b ot h t h e gr e e n d e nsit y a n d t h e fi n al d e nsit y of t h e pri nt e d p arts. 

3. 1   P a rti cl e Si z e Dist ri b uti o n A n al ysis  

Fi g ur e 3. 1 s h o ws t h e v ol u m etri c p er c e nt f or as -mill e d Ni -M n -G a p o w d er s a m pl e m e as ur e d b y 

l as er diffr a cti o n t e c h ni q u e. T h e p arti cl e si z e distri b uti o n ( P S D) c ur v e s h o ws a bi m o d al distri b uti o n 

wit h p e a ks at 2 5 µ m ( v ol u m e p er c e nt a g e 0. 8 %) a n d 7 0 µ m ( v ol u m e p er c e nt a g e 7. 8 %). T h e bi m o d al 

distri b uti o n w as a c hi e v e d as a r es ult of mi xi n g t w o p o w d ers of diff er e nt p arti cl e si z e. It c a n b e 

o bs er v e d t h at t h e distri b uti o n is s k e w e d t o w ar ds t h e l ar g e p o w d er p arti cl e s. W hi c h s u g g est t h at 

t h e c o ars e p arti cl es d o mi n at e t h e fi n e p arti cl es. T his w a y, t h e v oi ds or t h e i nt erstiti als b et w e e n t h e 

c o ars e p arti cl es w o ul d b e o c c u pi e d b y t h e fi n e p arti cl es a n d t h at w o ul d e n h a n c e p a c ki n g d e nsit y.  

B ai et al.  a n d ot h er a ut h ors h a v e s h o w n t h at t h e us e of bi m o d al p o w d er mi xt ur es i m pr o v es p a c ki n g 

d e nsit y a n d s urf a c e fi nis h of p arts [ 2 1 1], [ 2 1 2]. A c c or di n g t o l as er diffr a cti o n t e c h ni q u e f or p arti cl e 
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si z e a n al ysi s, D 1 0 , D5 0 , a n d D9 0 r e pr es e nt t h e p er c e ntil e v al u es w h os e p arti cl e di a m et er is b el o w 1 0 

%, 5 0 %, a n d 9 0 % r es p e cti v el y. 

 

Fi g ur e 3. 1 P arti cl e si z e distri b uti o n of as- mill e d Ni- M n - G a p o w d er. 

T h e D 1 0  v al u e o bt ai n e d w as 2 3. 8 6 µ m w hi c h r e pr es e nts 1 0 % of p arti cl es di a m et er l ess t h a n t hi s 

v al u e, D 5 0  w as 6 7. 3 µ m r e pr es e nts 5 0 % of p arti cl es di a m et er l ess 6 7. 3 µ m, a n d D9 0  w as 1 0 5. 2 µ m 

r e pr es e nts 9 0 % of p arti cl es di a m et er l ess t h a n t hi s v al u e. T h e s p a n or wi dt h of t h e distri b uti o n, a n 

i n di c ati o n of h o w n arr o w or br o a d t h e distri b uti o n s h o w e d, it w as c al c ul at e d usi n g t h e e q u ati o n: 

𝑡 𝑘 𝑙 𝐴  =
𝑒 9 0 − 𝑘 1 0

𝑙 5 0
                                                                                ( 3. 1) 

T h e s p a n of t h e distri b uti o n c al c ul at e d fr o m t h e a b o v e e q u ati o n w as 1. 2 1. T his v al u e i n di c at es a 

br o a d p arti cl e si z e distri b uti o n w hi c h f a v ors p arti cl e p a c ki n g d e nsit y. 
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3. 2   P a rti cl e M o r p h ol o g y a n d C h e mi c al C o m p ositi o n  

 P o w d er m or p h ol o g y h a v e s h o w n t o h a v e dir e ct i nfl u e n c e o n t h e pri nti n g pr o c ess as w ell as 

si nt eri n g. F or e x a m pl e, it h as b e e n r e p ort e d t h at p o w d ers wit h s p h eri c al m or p h ol o g y d e m o nstr at e 

b ett er fl o w a bilit y a n d l ar g e t a p d e nsit y t h a n irr e g ul ar p a rti cl es d u e l o w i nt er-p arti cl e fri cti o n [ 2 1 3].  

A c c or di n g Ci m a et al.  p o w d ers wit h irr e g ul ar  m or p h ol o g y r e q uir e hi g h er bi n d er s at ur ati o n t h a n 

s p h eri c al p arti cl e [ 2 1 4]. Fi g ur e 3. 2 ( a) - ( b) s h o ws s e c o n d ar y a n d b a c ks c att er e d el e ctr o n 

mi cr o gr a p hs of as -mill e d Ni -M n -G a p o w d ers. A t y pi c al m or p h ol o g y of b all mill e d p o w d er is 

o bs er v e d. T h e p arti cl es ar e irr e g ul ar i n s h a p e wit h s o m e s h o wi n g s h ar p e d g es at t h e ti p. T h e 

p o w d er s h o ws c h e mi c al h o m o g e n eit y b as e d o n t h e b a c ks c att er e d el e ctr o n mi cr o gr a p h i n Fi g ur e 

3. 2 ( b) a n d E D S a n al ysi s i n Fi g ur e 3. 2 ( c).  

Q u a ntit ati v e E D S a n al ysi s w as p erf or m e d o n t h e b all mill e d p o w d er t o d et er mi n e it s c h e mi c al 

c o m p ositi o n. E D S d at a w as c oll e ct e d fr o m i n di vi d u al p arti cl es, as i n di c at e d b y t h e r e d cir cl e i n 

Fi g ur e 3. 2 ( b). Fi g ur e 3. 2 ( c) s h o ws t h e t y pi c al E D S s p e ctr u m c oll e ct e d fr o m b all mill e d Ni -M n -

G a p o w d er. T a bl e 3. 1 s h o ws q u a ntit ati v e E D S a n al ysi s p erf or m e d o n t h e p o w d er. D at a w as 

c oll e ct e d fr o m 6 diff er e nt p oi nts a n d t h e a v er a g e a n d st a n d ar d d e vi ati o ns w er e c o m p ut e d. R es ult s 

s h o w t h e pr es e n c e of Ni, M n, a n d G a el e m e nts, w hi c h is e x p e ct e d. H o w e v er, a w e a k sili c o n p e a k 

is als o s e e n w hi c h mi g ht b e a n artif a ct fr o m t h e d et e ct or. T h e at o mi c c o n c e ntr ati o ns of t h e 

i n di vi d u al el e m e nts of t h e p o w d er ar e n e arl y t h e s a m e as t h e n o mi n al c o m p ositi o n of t h e Ni-M n -

G a i n g ot.  

As o bs er v e d fr o m Fi g ur e 3. 2, t h er e w er e n o cr y st all o gr a p hi c t wi ns visi bl e o n t h e b all mill e d 

s a m pl e, w hi c h mi g ht s u g g est t h e l a c k of m art e nsiti c p h as e i n t h e mill e d p o w d er. T his mi g ht b e 

r el at e d t o t h e a m or p h o u s str u ct ur e of t h e b all-mill e d p o w d ers [ 2 1 5]. F or t h e mill e d Ni-M n -G a 

p o w d ers t o b e a bl e t o u n d er g o m art e nsiti c tr a nsf or m ati o n, t h e cr yst alli n e str u ct ur e m ust b e 
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r est or e d. T h er ef or e, t h e p o w d ers w er e s u bj e ct e d t o a n a n n e ali n g h e at tr e at m e nt, as pr es e nt e d i n 

C h a pt er 2: M at eri als a n d E x p eri m e nt al M et h o ds.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi g ur e 3. 2  ( a) S e c o n d ar y el e ctr o n ( S E) mi cr o gr a p h of as-mill e d Ni -M n -G a p o w d er; ( b) B S E of 

as -mill e d p o w d ers i n di c ati n g u nif or m c h e mi c al c o m p ositi o n; ( c) E D S s p e ctr a c oll e ct e d fr o m a n 

i n di vi d u al p arti cl e ( e n cir cl e d i n ( b)). 

 

 

 
 
 

( a) 

1 0 0 µ m  

( b) 

( c) 
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T a bl e 3. 1  Q u a ntit ati v e E D S a n al ysi s d at a f or b all mill e d Ni -M n -G a p o w d er.  

 

 

 
P ost b all milli n g a n n e ali n g tr e at m e nt w as p erf or m e d o n t h e mill e d p o w d ers t o i n v esti g at e t h e 

m art e nsiti c p h as e tr a nsf or m ati o n. Fi g ur e 3. 3 ( a) a n d ( b) s h o w t h e S E M mi cr o gr a p hs of a n n e al e d 

Ni -M n -G a p o w d er r e v e ali n g m art e nsiti c b a n ds e x hi biti n g diff er e nt ori e nt ati o ns. T h e m art e nsiti c 

t wi n mi cr ostr u ct ur e is n e c ess ar y f or s h a p e m e m or y eff e ct. 

 
 
 
 

 

 

 

 

Fi g ur e 3. 3  S E mi cr o gr a p hs of a n n e al e d Ni M n G a p arti cl es s h o wi n g t h e s p e cifi c m or p h ol o g y of 

t wi n n e d m art e nsit e: ( a) L o w m a g nifi c ati o mi cr o gr a p h; ( b) Hi g h m a g nifi c ati o n mi cr o gr a p h. 

 

3. 3   C r yst al St r u ct u r e  

Fi g ur e 3. 4 ( a) s h o ws X R D p att er n of Ni -M n -G a b ul k, as -mill e d, a n d a n n e al e d p o w d er. T h e b ul k 

(i n g ot) Ni-M n -G a s h o w s a n o n -m o d ul at e d ( N M) t etr a g o n al m art e nsit e wit h l atti c e p ar a m et ers 

a = 0. 3 8 7 6 n m, b = 0. 3 8 7 6 n m, a n d c = 0. 6 5 5 n m wit h s p a c e gr o u p I 4/ m m m [ 2 1 6]. T h e diffr a cti o n 

El e m e nt  at %  

Ni  5 1. 1 3 ± 1. 5 4  

M n  2 8. 2 4 ± 1. 2 0  

G a  2 0. 6 3 ± 0. 5 8  

(a ) 
(b )  

5 µ m  
T w i ns 

2 µ m  
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p e a ks o bs er v e d f or  t h e b ul k s a m pl e w er e ( 1 1 0), ( 1 1 2), ( 2 0 0), ( 2 0 2), ( 2 2 0), ( 2 0 4), a n d ( 3 1 2). T h e 

m ost i nt e ns e diffr a cti o n p e a k a m o n g t h e m is t h e ( 1 1 2) p e a k a n d it o c c urs at 2 θ = 4 2. 8 5 9 o .  Aft er 

b all milli n g f or 1 h o ur, t h e i nt e nsiti es of t h e diffr a cti o n p e a ks dr o p p e d, a n d s o m e e v e n dis a p p e ar e d. 

T h e p e a ks t h at r e m ai n e d ar e br o a d er as c a n b e s e e n fr o m t h e X R D p att er n. Si mil ar o bs er v ati o n 

w as r e p ort e d b y Ti a n et al.  [ 2 1 7]. Q uit e r e c e ntl y b y C a v a z zi ni et al.  als o o bs er v e d s a m e X R D 

p att er n at r o o m t e m p er at ur e aft er h a n d gri n di n g Ni 4 9. 4 M n 3 0. 3 G a 2 0. 3  i n g ot [ 2 1 8]. T h e br o a d e ni n g a n d 

dis a p p e ar a n c e of diffr a cti o n p e a ks is t y pi c al of b all mill e d m et al p o w d ers. T his h a p p e ns as a r es ult 

of c ollisi o n b et w e e n p o w d er p arti cl es a n d milli n g m e di a w hi c h c a us es l atti c e dist or ti o ns a n d 

t h er m al str ess b uil d-u p [ 2 1 7], [ 2 1 8]. T h er ef or e, t h e at o mi c or d er is i n dis arr a y. I n t hi s w or k, t h e 

b all milli n g pr o c ess s u p pr ess e d t h e N M t etr a g o n al m art e nsit e o bs er v e d i n t h e b ul k i n g ot e v e n 

t h o u g h t h e cr yst al str u ct ur e of t h e mill e d p o w d er still s h o ws a t etr a g o n al str u ct ur e. T o r el e as e t h e 

i nt er n al str ess i n d u c e d i n t h e b all mill e d p o w d ers a s a r es ult of t h e milli n g pr o c ess, t h e p o w d er w as 

a n n e al e d. T h e X R D p att er n of t h e a n n e al e d p o w d er r e v e al i n c o m m e n s ur at e 7 M m art e nsit e wit h a 

m o n o cli ni c cr yst al str u ct ur e. T h e l atti c e p ar a m et ers of t h e a n n e al e d s a m pl e w er e a = 0. 4 2 6 7 2 n m, 

b = 0. 5 5 0 7 4 n m, a n d c = 4. 2 2 2 8 n m, β = 9 3. 3 1 o  wit h s u p ers p a c e gr o u p I 2/ m [ 2 1 9]. T his 

cr yst all o gr a p hi c d at a c orr es p o n ds t o a M n -ri c h Ni-M n -G a all o y wit h str u ct ur al f or m ul a 

Ni 2 M n 1. 2 G a 0. 8 . Ri g hi et al.  w er e t h e first t o s h o w t h at 7 M m art e nsit e e x hi bit e d i n c o m m e ns ur at e 

m o d ul ati o n usi n g p o w d er X R D [ 2 1 9]. T h e y a c hi e v e d t h e m o d ul at e d cr yst al str u ct ur e b y r efi ni n g 

t h e X R D d at a t hr o u g h Ri et v el d m et h o d.  T h e X R D p att er n pr es e nt e d i n t hi s r es e ar c h f or t h e 

a n n e al e d Ni -M n -G a p o w d er s h o w e d t h e s a m e X R D p att er n o bs er v e d b y Ri g hi et al. . R e c e ntl y, 

C a v a z zi ni et al.  als o r e p ort e d a si mil ar X R D p att er n i n t h eir i n v esti g ati o n o n t h e str u ct ur al, 

m or p h ol o gi c al, a n d m a g n eti c pr o p erti es of as -mill e d a n d a n n e al e d mill e d Ni -M n -G a p o w d ers 
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[ 2 1 8]. T h eir i n v esti g ati o n s h o w e d t h at aft er a n n e ali n g mill e d p o w d er f or 2 h o urs at 6 3 0o C, t h e 7 M 

m art e nsit e w as r est or e d.  

 

 

 

 

 

 

 

 

Fi g ur e 3. 4  ( a) R o o m t e m p er at ur e X R D p att er ns f or Ni-M n -G a b ul k, b all mill e d p o w d er, a n d 

a n n e al e d p o w d er, a n d ( b) D et ail e d X R D p att er n of a n n e al e d Ni -M n -G a p o w d er.  

R efl e cti o n p e a ks o bs er v e d i n t h e X R D p att er n of a n n e al e d p o w d er c a n b e i n d e x e d as ( 2 0 0), ( -1 2 1), 

( 1 2 1), (-2 0 2), ( 2 0 2), ( 0 4 0), ( -1 2 3), ( 1 2 3), ( 0 4 2). T h e m ost pr o mi n e nt p e a k ( -1 2 1) is s urr o u n d e d b y 

si x s at ellit e p e a ks as s e e n i n Fi g ur e 3. 4 ( b).  

3. 4  T h e r m al A n al ysis  

T h er m al a n al ysi s of Ni -M n -G a b ul k a n d p o w d er w as p erf or m e d usi n g diff er e nti al s c a n ni n g 

c al ori m etr y ( D S C) i n or d er t o d et er mi n e t h e m art e nsiti c p h as e tr a nsf or m ati o n t e m p er at ur es.  

Fi g ur e 3. 5 s h o ws D S C c ur v es of b ul k, as -mill e d a n d a n n e al e d Ni -M n -G a p o w d er. B ot h b ul k Ni -

M n -G a i n g ot a n d a n n e al e d p o w d er s h o w e d str o n g p h as e tr a nsf or m ati o n b e h a vi or s as s e e n fr o m 

t h e pl ot. T h e e n d ot h er mi c a n d t h e e x ot h er mi c p e a ks s h o w t h e f or w ar d a n d r e v ers e tr a nsf or m ati o ns 

b et w e e n a ust e nit e a n d m art e nsit e p h as e. T h e tr a nsf or m ati o n p e a ks of t h e b ul k s a m pl e a p p e ar 

s h ar p er t h a n t h e a n n e al e d p o w d er w hi c h m a y p o ssi bl y b e  d u e t o s o m e r esi d u al i nt er n al str ess  

3 0 4 0 5 0 6 0 7 0 8 0 9 0

( 3 1 2)( 2 0 4)( 2 2 0)( 2 0 2)
( 2 0 0)

( 1 1 2)

I
nt

e
ns

it
y 

(
a.

u)

2 q( d e gr e e s)

( 1 1 2)

( 1 1 0)

( 2 0 0)

( 2 0 2)
( 2 2 0) ( 2 0 4) ( 3 1 2)

( 2 0 0)
(- 1 2 1)

( 2 0 2) (- 1 2 3)

B ul k

As- mill e d

A n n e al e d at

1 0 0 0  C f or 1 h o ur  

(- 2 0 2)

( 1 2 1)

( 0 4 0)

( 1 2 3)

( 0 4 2)

4 0 4 2 4 4 4 6 4 8

- 0. 2

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

1. 2

1. 4

In
te
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it

y(
co

un
ts

)

2 q ( D e gr e e)

( 2 0 0)

( 0 0 2) ( 12 1 )

( 1 2 1)

( a) 
( b) 
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[ 2 2 0]. A s hift t o w ar ds a hi g h er t e m p er at ur e w as o bs er v e d i n t h e p e a ks of t h e a n n e al e d p o w d er 

w hi c h c a n b e attri b ut e d t o i n d u c e d mi cr ostr u ct ur al c h a n g es a n d r el a x ati o n of i nt er n al str ess fr o m 

b all milli n g pr o c ess [ 2 2 1]. A n ot h er p ossi bl e r e as on f or t h e s hift i n tr a nsf or m ati o n t e m p er at ur e is 

d u e t o c o m p ositi o n al c h a n g es [ 6 1]. As w as o bs er v e d fr o m t h e X R D p att er n, a p h as e tr a nsf or m ati o n 

fr o m N M t etr a go n al m art e nsit e i n t h e b all mill e d p o w d er t o i n c o m m e ns ur at e 7 M m art e nsit e i n t h e 

a n n e al e d p o w d er w as s e e n.  

 

 

 

 

 

 

 

 

 

 

Fi g ur e 3. 5  D S C c ur v es of b ul k Ni -M n -G a i n g ot, b all mill e d p o w d er, a n d a n n e al e d p o w d er.  

T h e as -mill e d p o w d er s h o ws n o e vi d e n c e of tr a n sf or m ati o n. T his r es ult is c o nsist e nt wit h w or k 

r e p ort e d b y Ti a n et al . [ 2 1 7]. T a bl e 3. 2 s h o ws a li st of tr a nsf or m ati o n t e m p er at ur es f or b ul k, b all 

mill e d, a n d a n n e al e d p o w d er.  
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T a bl e 3. 2  Tr a nsf or m ati o n t e m p er at ur es fr o m D S C pl ot.  

 A s ( ° C) A f ( ° C) M s ( ° C) M f ( ° C) 

B ul k  6 2. 9  7 0. 2  5 5. 6  4 9. 5  

P o w d er  - - - - 

A n n e al e d  8 6. 6 9  9 5. 9 5  8 7. 7 4  7 3. 2 9  
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C H A P T E R 4   

C h a r a ct e ri z ati o n  of  N i-M n -G a  S p utt e ri n g  T a r g et  P r o d u c e d  b y  B i n d e r J etti n g  
A d diti v e  M a n u f a ct u ri n g 

4. 0   I nt r o d u cti o n  

T his c h a pt er pr es e nts r e s ult s o bt ai n e d fr o m a n al yti c al i n v esti g ati o n of a s -pri nt e d a n d si nt er e d 

s p utt eri n g t ar g ets. A s yst e m ati c st u d y w as c arri e d o ut t o i n v esti g at e t h e eff e cts of is ot h er m al 

si nt eri n g o n t h e gr e e n t ar g ets i n t h e t e m p er at ur e r a n g e 1 0 6 5 o C - 1 0 8 0 o C f or 4 0 h o urs u n d er ar g o n 

at m os p h er e. T h e as -si nt er e d a n d p oli s h e d t ar g ets w er e e x a mi n e d wit h S E M/ E D S t o i n v esti g at e t h e 

mi cr ostr u ct ur al e v ol uti o n a n d c h e mi c al c o m p ositi o n of t h e s a m pl e s. R es ult s o bt ai n e d fr o m t h e 

S E M, E D S, X R D a n d D S C a n al ysi s o n pri nt e d a n d si nt er e d t ar g ets ar e di s c uss e d as w ell as t h e 

m et all ur gi c al pr o p erti es of a d diti v e m a n uf a ct ur e d Ni -M n -G a t ar g et as r el at e d t o q u alit y of t hi n 

fil m. 

 

4. 1  C h e mi c al c o m p ositi o n, mi cr ostr u ct ur e, p h a s e i d e ntifi c ati o n, p h a s e 

t r a nsf or m ati o n, a n d s hri n k a g e of as-p ri nt e d a n d si nt er e d u n -p oli s h e d Ni -

M n -G a t ar g ets  

T ar g et c h ar a ct eri z ati o n w as i niti at e d b y i n v esti g ati n g t h e s urf a c e of a s -pri nt e d a n d si nt er e d 

s p e ci m e ns. Fi g ur e 4 . 1 ( a) s h o ws a n as-pri nt e d Ni -M n -G a t ar g et, w hil e Fi g ur e 4. 1 ( b) s h o ws t h e 

t ar g et aft er si nt eri n g at 1 0 7 50 C f or 4 0 h o urs ( T ar g et 3).  
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Fi g ur e 4. 1 ( a) As-pri nt e d Ni -M n -G a t ar g et; ( b) Ni -M n -G a t ar g et si nt er e d at 1 0 7 5 ° C f or 4 0 h o urs 

( T ar g et 3). 

I n or d er t o ass ess t h e mi cr os c o pi c m or p h ol o g y a n d c h e mi c al c o m p ositi o n of as -pri nt e d t ar g et 

s urf a c e, S E M a n d E D S i n v esti g ati o ns w er e p erf or m e d. Fi g ur e 4. 2 ( a) a n d ( b) s h o w B S E 

mi cr o gr a p h a n d E D S s p e ctr u m of as -pri nt e d Ni -M n -G a t ar g et, r es p e cti v el y. E D S d at a w as 

c oll e ct e d fr o m t h e r e d s q u ar e ar e a i n t h e B S E mi cr o gr a p h as s h o w n i n Fi g ur e 4. 2 ( a). T h e E D S 

s p e ctr u m s h o ws  t h e pr es e n c e of Ni, M n, a n d G a p e a ks. I n a d diti o n, s o m e w e a k p e a ks w er e als o 

d et e ct e d w hi c h c orr es p o n d t o C, O, a n d Si.  

 

 

 

 

 

( a) ( b) T ar g et  

Al u mi n a bl o c k  

S a crifi ci al 

s a m pl e  

O xi diz e d 

M n g ett ers  2 0 m m  



6 8  

 

 

 

 

 

 

 

Fi g ur e 4. 2  ( a) B S E mi cr o gr a p h c oll e ct e d fr o m t h e s urf a c e of as -pri nt e d Ni -M n -G a t a r g et, ( b) 

E D S s p e ctr u m c oll e ct e d fr o m t h e r e d s q u ar e ar e a.  

T h e r es ult i n di c at es t h e a p p ar e nt c o nt a mi n ati o n of t h e as -pri nt e d s a m pl e. T h e C is pr o b a bl y d u e t o 

t h e pr es e n c e of t h e bi n d er ( C4 H 4 O, f ur a n -b as e d bi n d er us e d i n t h e E x O n e pri nt ers). T h e Si a n d O 

p e a ks w er e i niti all y r el at e d t o a p ossi bl e t ar g et c o nt a mi n ati o n. H o w e v er, c ali br ati o n of t h e E D S 

d et e ct or usi n g k n o w n st a n d ar ds i n di c at e d t h at t h e pr es e n c e of t h e Si p e a k is a n i nstr u m e nt artif a ct 

of t h e S E M/ E D S i nstr u m e nt ati o n us e d i n t his e x p eri m e nt.  

Fi g ur e 4. 3 ( a) - ( b) s h o w l o w a n d hi g h m a g nifi c ati o n S E M mi cr o gr a p hs r e c or d e d fr o m t h e s urf a c e 

of Ni -M n -G a t ar g et si nt er e d at 1 0 6 5 o C f or 4 0 h o urs ( T ar g et 1). As c a n b e s e e n fr o m t h e 

mi cr o gr a p hs, p arti cl es h a vi n g a c u b e li k e m or p h ol o g y c o v ers t h e e ntir e s urf a c e of t h e si nt er e d 

t ar g et. I n or d er t o e x a mi n e t h e c u bi c-s h a p e d p arti cl es E D S a n al ysi s w as p erf or m e d o n t h e si nt er e d 

t ar g et. E D S s p e ctr u m c oll e ct e d fr o m t h e s urf a c e of t h e si nt er e d t ar g et i s s h o w n i n Fi g ur e 4. 3 ( c). 

T h e r es ult r e v e als t h e f or m ati o n of a m a n g a n es e o xi d e at t h e s urf a c e of si nt er e d t ar g et. F urt h er 

i n v esti g ati o n o n t h e t y p e of m a n g a n es e o xi d e usi n g X R D r e v e al e d t h e pr es e n c e of c o m pl e x o xi d e 

( a) 

(b ) 
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of m a n g a n es e c all e d h a us m a n nit e ( M n 3 O 4 ), as s h o w n i n Fi g ur e 4. 4. T h e hi g h M n c o n c e ntr ati o n at 

t h e s urf a c e of si nt er e d T ar g et 1 mi g ht b e d u e t o hi g h a m o u nt of M n g ett ers pl a c e d ar o u n d t h e 

s a m pl es, c o m bi n e d wit h t h e r esi d u al o x y g e n i n t h e f ur n a c e at m os p h er e. It h as b e e n r e p ort e d t h at 

hi g h M n c o n c e ntr ati o n c a n f a cilit at e s u bli m ati o n d u e t o hi g h p arti al v a p or pr ess ur e [ 2 2 2]. It is als o 

p ossi bl e t h at d u e t o t h e hi g h v a p or pr ess ur e of M n, d uri n g t h e si nt eri n g pr o c ess M n will diff us e  

o ut of t h e s a m pl e a n d r e a ct wit h o x y g e n t o f or m t h e m a n g a n es e o xi d e p arti cl es.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 4. 3  S E M i m a g e of t h e s urf a c e of 3 D pri nt e d Ni -M n -G a t ar g et si nt er e d at 1 0 6 5 o C f or 4 0 

h o urs: ( a) M or p h ol o g y of t h e si nt er e d t ar g et s urf a c e, ( b) Hi g h m a g nifi c ati o n mi cr o gr a p h of t h e 

M n 3 O 4  

( b) 

2 µ m  

( a) 

1 0 µ m  

(c ) 
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ar e a i n di c at e d i n ( a), s h o wi n g t h e pr es e n c e of M n 3 O 4 cr yst als at t h e s urf a c e of si nt er e d t ar g et, ( c) 

E D S s p e ctr u m c oll e ct e d fr o m t h e s urf a c e of si nt er e d Ni -M n -G a t ar g et.  

I n or d er t o a d dr ess t h e o xi d ati o n pr o bl e m f or t h e s u bs e q u e nt si nt eri n g, t h e m ass es of M n g ett ers 

w er e r e d u c e d fr o m 2. 3 2 g ( 1 0 6 5 ° C) t o 1. 6 g ( 1 0 7 0 ° C), 1. 2 g  ( 1 0 7 5 ° C), a n d 0. 8 g ( 1 0 8 0 ° C), 

r es p e cti v el y. It w as e ns ur e d t h e p ositi o n of t h e g ett ers w er e f e w milli m et ers a w a y fr o m t h e s a m pl e 

t o w ar ds t h e dir e cti o n of t h e m e c h a ni c al p u m p i n or d er t o li mit o xi d ati o n of Ni-M n -G a t ar g ets. T h e 

t u b e f ur n a c e w as e v a c u at e d an d t h e n b a c kfill e d wit h ultr a -hi g h p urit y ar g o n g as a n d pr o c ess 

r e p e at e d t hr e e ti m es. Si nt eri n g e x p eri m e nts w er e c arri e d o ut f or t hr e e a d diti o n al Ni -M n -G a t ar g ets 

f or t e m p er at ur es 1 0 7 0o C ( T ar g et 2), 1 0 7 5 o C ( T ar g et 3), a n d 1 0 8 0 o C ( T ar g et 4), f or 4 0 h o urs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 4. 4  X R D p att er n of as -si nt er e d Ni -M n -G a T ar g et 1.  
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F or eff e cti v e p art d e nsifi c ati o n, i niti al c o nt a ct b et w e e n p arti cl es w as n e c ess ar y t o f a cilit at e 

si nt eri n g a n d gr ai n gr o wt h. C o nt a cts b et w e e n p o w d er p arti cl es w er e a c hi e v e d d uri n g t h e pri nti n g 

a n d t h e c uri n g st a g es. T h e si nt eri n g st e p pr o m ot es b ot h d e nsifi c ati o n a n d gr ai n gr o wt h. H o w e v er, 

i n t ar g et m a n uf a ct uri n g d e nsifi c ati o n is pr ef err e d, w hil e gr ai n c o ars e ni n g is s o m e h o w u n d esir a bl e 

[ 2 2 3]. Fi g ur e 4. 5 ( a) - (f) s h o w t h e s urf a c e m or p h ol o g y of Ni-M n -G a t ar g ets si nt er e d at diff er e nt 

t e m p er at ur es. T ar g ets si nt er e d at 1 0 7 0o C ( T ar g et 2) a n d 1 0 7 5 o C ( T ar g et 3) s h o w si mil ar 

m or p h ol o g y, Fi g ur e 4. 5 ( a) - ( b) a n d ( c) - ( d), r es p e cti v el y. N e c k f or m ati o n a n d gr ai n b o u n d ari es 

w er e o bs er v e d o n t h e b as e si nt er e d m at eri al. Si mil ar t o T ar g et 1, m a n g a n es e o xi d e, c o nfir m e d b y 

E D S m a p pi n g s h o w n i n Fi g ur e 4. 5, w as o bs er v e d at t h e s urf a c e of s a m pl es. It m ust b e n ot e d, t h e 

a m o u nt of m a n g a n es e o xi d e f or m e d at t h e s ur f a c e is l ess i n t his c as e, c o m p ar e d t o T ar g et 1. T his 

mi g ht b e e x pl ai n e d b y b ot h r e p ositi o ni n g of t h e M n g ett ers i n t h e si nt eri n g f ur n a c e, a n d t o a 

d e cr e as e i n t h e v a p or pr ess ur e of m a n g a n es e i n t h e t u b e f ur n a c e d uri n g si nt eri n g d u e t o r e d u cti o n 

i n m ass of m a n g a n es e g ett ers.   Y et, cr yst all o gr a p hi c t wi ns ar e cl e arl y o bs er v e d g oi n g a cr oss t h e 

gr ai n b o u n d ari es i n di c ati n g t h e pr es e n c e of a l o w t e m p er at ur e ( m art e nsiti c) p h as e. T his r es ult is 

c o nsist e nt wit h w or k r e p ort e d b y T a yl or et al.  [ 2 2 4]. Fi g ur e 4. 5 ( e) - (f) s h o ws t h e s urf a c e 

m or p h ol o g y of Ni -M n -G a t ar g et si nt er e d at 1 0 8 0 o C ( T ar g et 4). T h e s a m pl e s h o ws mi ni m al 

o xi d ati o n, c o m p ar e d t o t h e pr e vi o us t hr e e. N e c k f or m ati o n is o bs er v e d, wit h p arti cl e -t o-p arti cl e 

b o n di n g i n all f o ur s p e ci m e ns. C r yst all o gr a p hi c t wi ns ar e als o o bs er v e d i n all s p e ci m e ns i n di c ati n g 

t h e e xist e n c e of t h e m art e nsiti c p h as e, irr es p e cti v e of si nt eri n g t e m p er at ur e. 
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Fi g ur e 4. 5  S E M mi cr o gr a p hs of Ni -M n -G a s a m pl es si nt er e d at diff er e nt t e m p er at ur es: ( a) - ( b) 

T ar g et 2, ( c) - ( d) T ar g et 3, ( e) - (f) T ar g et 4. 

Fi g ur e 4. 6 s h o ws t h e E D S c h e mi c al m a p pi n g r e c or d e d fr o m t h e s urf a c e of T ar g et 3. T h e B S E 

mi cr o gr a p h i n Fi g ur e 4. 6 ( a) i n di c at es a c h e mi c al s e gr e g ati o n at t h e t ar g et’s s urf a c e. B as e d o n t h e 

Ni a n d M n m a ps ( Fi g ur e 4. 6 ( b) a n d ( c)) t h e d ar k -gr a y p arti cl es o bs er v e d at t h e t ar g et s urf a c e i n 

Fi g ur e 4. 6 ( a) ar e M n -ri c h p arti cl es. T h e O m a p ( Fi g ur e 4. 6 ( e)) i n di c at es t h e p arti cl es ar e  

( e) 

1 0 µ m  

(f) 

5 µ m  

N e c ki n g  

T wi ns  

( d) 

2 µ m  

T wi n m art e nsit e  

M a n g a n es e 
o xi d e  

( a) 

1 0 µ m  

( b) 

T wi ns  5 µ m  

5 0 µ m  

( c) 
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m a n g a n es e o xi d e. T his r es ult s u g g ests t h e diff usi o n of M n t o w ar d t h e s a m pl e’s s urf a c e, i n di c ati n g 

a r e d u cti o n i n M n c o n c e ntr ati o n i n t h e t ar g et, as a r es ult of si nt eri n g. T his as p e ct will b e f urt h er 

i n v esti g at e d i n p oli s h e d t ar g ets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 4. 6  ( a) B S E mi cr o gr a p h of t h e T ar g et 3 s urf a c e; ( b) –  (f) Ni, M n, G a, O, a n d C E D S m a ps 

r e c or d e d fr o m t h e ar e a s h o w n i n ( a).  

Aft er si nt eri n g pr o c ess, li n e ar s hri n k a g e i n di a m et er a n d t hi c k n ess w er e c al c ul at e d f or all f o ur 

s p e ci m e ns usi n g e q u ati o ns ( 4. 1) a n d ( 4. 2): 

Ni  

M n  

C  O  

G a  

( a) 

(e ) 

(d ) (c ) 

(b ) 

(f) 
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Li n e a r  S h ri n k a g e  i n di a m et e r ( % ) =
𝑡 𝑘 − 𝑙 𝐴

𝑒 𝑘
𝑙 1 0 0    ( 4. 1) 

Li n e a r  S h ri n k a g e  i n t hi c k n e s s ( % ) =
𝑆 𝑘 − 𝑙 𝐴

𝑒 𝑘
𝑙 1 0 0    ( 4. 2) 

W h er e D B  is t h e di a m et er of t h e t ar g et b ef or e si nt eri n g, DA  is t h e t ar g et di a m et er aft er si nt eri n g, tB  

is t h e t ar g et t hi c k n ess b ef or e si nt eri n g, a n d tA  is t h e t ar g et t hi c k n ess aft er si nt eri n g. T h e t ar g et 

di a m et er a n d t hi c k n ess w er e m e as ur e d usi n g S T O R M di git al c ali p er t o esti m at e t h e di m e nsi o n al 

c h a n g e aft er si nt e ri n g. F or e a c h t ar g et, b ot h t h e di a m et er a n d t h e t hi c k n e ss w er e m e as ur e d fi v e 

ti m es, a n d t h e a v er a g e v al u es a n d st a n d ar d d e vi ati o n ar e pl ott e d i n Fi g ur e 4. 7. Fi g ur e 4. 7 s h o ws 

t h e eff e ct of si nt eri n g t e m p er at ur e o n li n e ar s hri n k a g e of t ar g et di a m et er a n d t hi c k n ess. R es ult 

s h o ws hi g h er s hri n k a g e i n t h e t hi c k n ess dir e cti o n w h er e as t h e r a di al dir e cti o n e x p eri e n c es a l o w er 

s hri n k a g e.  As e x p e ct e d t h e di m e nsi o n al s hri n k a g e is d e p e n d e nt o n si nt eri n g t e m p er at ur e. F or t h e 

l o w est si nt eri n g t e m p er at ur e ( 1 0 6 50 C) t h e di m e nsi o n al s hri n k a g e is a b o ut 6 %, w hil e f or 1 0 8 0 0 C 

t h e s hri n k a g e is a b o ut 1 6 %. T his i nf or m ati o n is criti c al f or m a n uf a ct uri n g Ni-M n -G a p arts usi n g 

3 D bi n d er j et pri nti n g.  T h e d at a fr o m Fi g ur e 4. 7 al s o s u g g ests t h at d e nsifi c ati o n w as m or e f a v or e d 

i n t h e t hic k n ess dir e cti o n t h a n t h e r a di al dir e cti o n. T his r es ult is c o nsist e nt wit h w or k r e p ort e d b y 

E n n eti et al.  [ 2 2 5]a n d B a oj u n et al.  [ 2 2 6]. 
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Fi g ur e 4. 7  S hri n k a g e of Ni -M n -G a t ar g ets at diff er e nt si nt eri n g t e m p er at ur es.  

4. 2  Mi cr ostr u ct ur e, d e nsit y, c o m p ositi o n, cr yst al st r u ct ur e, a n d p h a s e 
t r a nsf or m ati o n of si nt er e d p oli s h e d Ni-M n -G a  

4. 2. 1 Mi c r ost r u ct u r e of si nt e r e d Ni -M n -G a t a r g ets  

T h e si nt er e d t ar g ets s h o w a n irr e g ul ar s urf a c e, r el at e d t o t h e i n h er e nt s urf a c e r o u g h n ess of t h e 

s p e ci m e ns pr o d u c e d b y 3 D bi n d er j et pri nti n g [ 2 2 7], [ 2 2 8]. F or t h e t ar g ets t o b e us e d i n t h e 

s p utt eri n g d e p ositi o n pr o c ess, t h e t ar g et’s a cti v e s urf a c e m ust b e fl at, a n d n o m a n g a n es e o xi d e 

m ust b e pr es e nt. T h er ef or e, t h e si nt er e d t ar g ets w er e p oli s h e d usi n g v ari o u s gri ds sili c o n c ar bi d e 

p a p ers, u ntil a mirr or -li k e s urf a c e w as o bt ain e d. T his s u b -c h a pt er pr es e nts t h e r es ult s of 

a n al yti c al i n v esti g ati o n of p oli s h e d Ni -M n -G a t ar g ets.  

1 0 6 5 1 0 7 0 1 0 7 5 1 0 8 0
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1 0

1 5

2 0
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Fi g ur es 4. 8 ( a) - ( b) s h o w s i m a g es of p olis h e d 3 D pri nt e d Ni-M n -G a dis c t ar g ets pr e p ar e d i n t his 

r es e ar c h. I n Fi g ur e 4. 8 ( a) t h e s e c o n d t ar g et fr o m t h e l eft ( T ar g et 4) s h o ws t h e r a c etr a c k m ar ks 

(i n di c at e d b y arr o ws) f or m e d d uri n g t ar g et us a g e i n t h e m a g n etr o n s p utt eri n g d e p ositi o n pr o c ess.  

 

 

 

 

 

 

 

 

Fi g ur e 4. 8  ( a) P h ot o of p oli s h e d Ni-M n -G a t ar g et n a m e d T ar g et 1, T ar g et 2, T ar g et 3, a n d T ar g et 

4 aft er us e d, ( b) P h ot o of T ar g et 4 b ef or e us e.  

Fi g ur e 4. 9 ( a) - ( d) s h o w t h e mi cr ostr u ct ur es of p oli s h e d Ni-M n -G a t ar g ets si nt er e d at t e m p er at ur es 

1 0 6 5 o C, 1 0 7 0 o C, 1 0 7 5 o C, a n d 1 0 8 0 o C, T ar g et 1 t o 4, r es p e cti v el y.  Fi g ur e 4. 9 ( a) r e v e als l ar g e 

irr e g ul ar p or es i n T ar g et 1, of a v er a g e si z e 5 µ m, is ol at e d fr o m e a c h ot h er. T h e l ar g e p or es 

o bs er v e d i n t hi s t ar g et c a n p ossi bl y b e attri b ut e d t o i n h er e n t p or osit y of t h e p arts m a d e b y 3 D 

bi n d er j et pri nti n g [ 2 2 9]. I n cr e asi n g si nt eri n g t e m p er at ur e a n d r e d u ci n g t h e a m o u nt of M n g ett ers 

a c c el er at e d n e c k f or m ati o n a n d i m pr o v e d d e nsifi c ati o n i n s a m pl es si nt er e d at 1 0 7 0 o C, 1 0 7 5 o C, 

a n d 1 0 8 0 o C, r es p e cti v el y, as s e e n i n Fi g ur e 4. 9 ( b) - ( d).  At 1 0 8 0o C, t h e n u m b er of p or es a n d p or e 

si z es d e cr e as e d dr asti c all y, as s e e n i n Fi g ur e 4. 9 ( d).  T h e r es ult s s h o w t h at i n cr e asi n g si nt eri n g 

t e m p er at ur e aff e cts t ar g et mi cr ostr u ct ur e a n d i m pr o v es d e nsifi c ati o n t hr o u g h l atti c e or gr ai n 

b o u n d ar y diff usi o n [ 2 3 0]. Si mil ar d e nsifi c ati o n pr o c ess of 3 D pri nt e d Ni-M n -G a p arts h a v e b e e n 

2 0 m m  

T ar g et 1  T ar g et 2  T ar g et 4  T ar g et 3  
( a) ( b) 
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r e p ort e d b y C a p ut o et al.  i n t h eir i n v esti g ati o n of ti m e d e p e n d e n c y of  is ot h er m al si nt eri n g o n 

a d diti v e m a n uf a ct ur e d Ni -M n -G a s h a p e m e m or y all o y [ 1 1]. Th eir i n v e sti g ati o n r e v e al e d t h at 

p or o us a d diti v e m a n uf a ct ur e d Ni -M n -G a s a m pl es s h o w e d i n cr e as e d d e nsit y p er c e nt a g e fr o m ~ 7 4 

t o ~ 8 3 % f or s a m pl es si nt er e d at 1 0 8 0o C b et w e e n 1 0 t o 5 0 h o urs, r es p e cti v el y. D e nsit y p er c e nt a g e 

c o n c e pt is c o m m o nl y us e d f or c o m p ari n g t h e d e nsit y of a p or o us m at eri als wit h t h e or eti c al d e nsit y 

of t h e f ull s oli d. T h er ef or e, t h e d e nsit y p er c e nt a g e is t h e r ati o b et w e e n t h e m e as ur e d d e nsit y of t h e 

p or o us m at eri als a n d t h e d e nsit y of t h e f ull s oli d, m ulti pli e d wit h o n e h u n dr e d. T his w or k s h o ws 

sli g ht i n cr e as e i n t h e d e nsit y p er c e nt a g e of si nt er e d Ni -M n -G a m at eri al of a p pr o xi m at el y 8 7 % 

c o m p ar e d t o t h e v al u e of 8 2 % r e p ort e d b y C a p ut o et al . [ 1 1]. T h e d e nsit y d at a is pr es e nt e d i n 

T a bl e 4. 1. T h e i n cr e as e i n d e nsit y c o ul d b e attri b ut e d t o a n i n cr e as e i n gr e e n p art d e nsit y d u e t o 

bi m o d al p arti cl e si z e distri b uti o n of st arti n g p o w d er. T h e t h e or eti c al d e nsit y of t h e t ar g ets w er e 

c al c ul at e d us i n g e q u ati o n ( 4. 3) [ 2 3 1] 

𝑡 𝑘 =
𝑙 𝐴𝑒 𝑘 𝑙𝑆 + 𝑘 𝑙 𝐴 𝑒 𝑘 𝑙 + 𝑆 𝑘 𝑙 𝐷 𝑜 𝑛
𝐾 𝑇𝑡 𝐾 𝑇𝐴

𝑒 𝐸𝐾
+

𝐵 𝑇 𝑜 𝑎 𝑜 𝛷
𝑍 𝐵 𝐿

+
𝛷 𝑍 𝐵 𝐿 𝑟 𝑎

𝑍 𝐵 𝐿

                                                        ( 4. 3) 

W h er e C Ni , ANi , ρNi  r e pr es e nt t h e at o mi c c o m p ositi o n, at o mi c w ei g ht, a n d d e nsit y of Ni c o nt e nt, 

C M n , AM n , ρM n  r e pr es e nt t h e at o mi c c o m p ositi o n, at o mi c w ei g ht, a n d d e nsit y of M n c o nt e nt, C G a , 

A G a , ρG a  r e pr es e nt t h e at o mi c c o m p ositi o n, at o mi c w ei g ht, a n d d e nsit y of G a c o nt e nt. T h e 

t h e or eti c al d e nsit y v ari e d fr o m o n e t ar g et t o t h e ot h er d u e t o diff er e n c es i n at o mi c c o m p ositi o ns, 

s e e T a bl e 4. 2. A ct u al d e n sit y of t h e t ar g ets w as d et er mi n e d fr o m m ass a n d v ol u m e m e as ur e m e nts 

as m e nti o n e d i n C h a pt er 2. M ass a n d v ol u m e m e as ur e m e nts w er e r e p e at e d 5 ti m es f or e a c h t ar g et 

i n or d er t o a c c o u nt f or t h e r a n d o m err ors. 

Fi g ur e 4. 1 0 s h o ws d e nsit y p er c e nt a g e a n d p or osit y ( o bt ai n e d b y s u btr a cti n g d e nsit y p er c e nt a g e 

fr o m 1 0 0 %) of Ni-M n -G a t ar g ets as a f u n cti o n of si nt eri n g t e m p er at ur e. T h e r es ult s h o ws t h at t h e 

d e nsit y p er c e nt a g e i n cr e as es wit h i n cr e asi n g si nt eri n g t e m p er at ur e w h er e as p or osit y d e cr e as es 
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wit h i n cr e asi n g si nt eri n g t e m p er at ur e. T h e l o w est d e nsit y p er c e nt a g e ~ 7 0 % w as a c hi e v e d at 

si nt eri n g t e m p er at ur e of 1 0 6 5 o C, h o w e v er, at 1 0 8 0 o C, t h e m a xi m u m a c hi e v a bl e d e nsit y w as 

esti m at e d t o b e ~ 8 7 %.  

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 4. 9  S E M mi cr o gr a p hs of p olis h e d cr oss -s e cti o n of Ni -M n -G a t ar g et s si nt er e d at diff er e nt 

t e m p er at ur es: ( a) T ar g et 1, ( b) T ar g et 2, ( c) T ar g et 3, a n d ( d) T ar g et 4. 

 

T a bl e 4. 1  D e nsit y of 3 D pri nt e d Ni -M n -G a t ar g ets si nt er e d at t e m p er at ur es 1 0 6 5 ° C, 1 0 7 0 ° C, 

1 0 7 5 ° C, a n d 1 0 8 0 ° C.  

Si nt eri n g t e m p er at ur e ( ° C)  1 0 6 5  1 0 7 0  1 0 7 5  1 0 8 0  

M e as ur e d d e nsit y( g c m -3 ) 5. 5 2 0 ± 1. 7 5  5. 7 7 5 ± 1. 3 7  6. 1 3 3 ± 1. 4 5  6. 6 4 ± 1. 0 9  

T h e or eti c al d e nsit y( g c m -3 ) 7. 7 9 ± 0. 9 6 7  7. 5 4 ± 1. 5 1  7. 5 4 2 ± 1. 3 3  7. 5 6 ± 1. 6 5  

P er c e nt a g e d e nsit y ( %)  7 0. 8 6 ± 1. 7 9  7 6. 6 0 ± 1. 8 2  8 1. 3 2 ± 1. 2 9  8 7. 8 1 ± 1. 9 8  

 

( d) 

5 0 µ m  

( a) 

5 0 µ m  

P or es  

 

P or es  

 

5 0 µ m  

(c ) 

( b) 
P or es  

 

5 0 µ m  
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Fi g ur e 4. 1 0  D e nsit y p er c e nt a g e a n d p or osit y of 3 D pri nt e d Ni -M n -G a t ar g et si nt er e d at diff er e nt 

t e m p er at ur es. 

T o r e v e al t h e mi cr ostr u ct ur e of t h e p oli s h e d t ar g et s, T ar g et 1 t o 3 w er e s u bj e ct e d t o i o n milli n g 

usi n g t h e L ei c a E M TI C 3 X i o n b e a m c utt er s yst e m. Fi g ur e 4. 1 1 ( a) –  ( c) s h o ws t h e DI C 

mi cr o gr a p hs of t h e i o n mill e d cr oss -s e cti o ns of T ar g ets 1 a n d 3. T w o o bs er v ati o ns c a n b e m a d e. 

First, t h e p or osit y d e cr e a s es wit h i n cr e asi n g si nt eri n g t e m p er at ur e, fr o m T ar g et 1 t o T ar g et 3. F or 

T ar g et 1, l ar g e i nt er c o n n e cti n g p o r es c a n b e o bs er v e d. F or T ar g et 3, t h e p or e si z e d e cr e as es 

b el o w 1 0 µ m a n d t h e p or es s e e ms t o b e n o l o n g er i nt er c o n n e ct e d. S e c o n d, cr yst all o gr a p hi c t wi ns 

ar e visi bl e i n all t hr e e s a m pl es i n di c ati n g t h at t h e t ar g ets ar e i n m art e nsiti c p h as e at r o o m 

t e m p er atur e.  
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Fi g ur e 4. 1 1  DI C i m a g e of t ar g ets: ( a) T ar g et 1, ( b) T ar g et 2, ( c) T ar g et 3.  

T h e B S E mi cr o gr a p hs i n Fi g ur es 4. 1 2 ( a) t o ( c) c o nfir m t h e p or e distri b uti o n o bs er v e d b y li g ht 

mi cr os c o p y ( Fi g ur e 4. 1 1), as w ell as t h e pr es e n c e of cr yst all o gr a p hi c t wi ns.  

 

 

 

 

 

 

 

 

 

 

( a) ( b) 

( c) 

1 0 µ m  1 0 µ m  

1 0 µ m  
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Fi g ur e 4. 1 2  B S E mi cr o gr a p h of t ar g ets: ( a) T ar g et 1, ( b) T ar g et 2, ( c) T ar g et 3.  

 

4. 2. 2  F r a ct o g r a p h y of si nt e r e d t a r g ets  

F urt h er e x a mi n ati o n of t h e si nt er e d t ar g et mi cr o str u ct ur e w as p erf or m e d o n t h e m e c h a ni c all y 

fr a ct ur e d s urf a c e of t h e t ar g et, usi n g S E M, Fi g ur e 4. 1 3 ( a) –  ( d). Fi g ur e 4. 1 3 ( a) d e pi cts t h e fr a ct ur e 

s urf a c e of T ar g et 1. It a p p e ars t h at t h e s a m pl e fr a ct ur e d at t h e si nt eri n g n e c k, w hi c h mi g ht b e 

e x p e ct e d d u e t o t h e mi ni m al cr oss -s e cti o n of t h e si nt eri n g n e c k. T h er e is n o si g n of pl asti c 

d ef or m ati o n b ef or e fr a c t ur e. T h e brittl e fr a ct ur e is t y pi c al f or Ni-M n -G a m at eri als [ 2 3 2]. 

Cr yst all o gr a p hi c t w i ns ar e o bs er v e d at t h e fr a ct ur e d s urf a c e, i n di c ati n g t h e e xist e n c e of r o o m 

t e m p er at ur e m art e nsiti c p h as e i n t h e si nt er e d t ar g et. P or osit y d e cr e as e wit h i n cr e asi n g si nt eri n g 

t e m p er at ur e w as als o c o nfir m e d b y fr a ct o gr a p h y i n v esti g ati o ns. T h e p or es ar e r e d u ce d i n si z e f or 

( a) ( b) 

( c) 

1 0 µ m  

1 0 µ m  
1 0 µ m  
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T ar g et 4 (si nt er e d at 1 0 8 0 0 C, Fi g ur e 4. 1 3 ( d)), w hil e t h e cr oss -s e cti o n al ar e a of t h e si nt er e d n e c k 

s e e ms t o b e l ar g er, c o m p ar e d t o t h e ot h er s p e ci m e ns si nt er e d at l o w er t e m p er at ur es.  

Cr a c k i niti ati o n at t h e si nt er e d n e c k, as w ell as p or es a n d m art e nsiti c t wi ns wit hi n t h e gr ai ns ar e 

o bs er v e d i n T ar g ets 2 a n d 3, as i n di c at e d b y t h e y ell o w arr o ws. T ar g et 3 s h o ws a bl e n d of 

i nt er gr a n ul ar a n d cl e a v a g e fr a ct ur e wit h cr a c k pr o p a g ati o n al o n g t h e gr ai n b o u n d ari es. T ar g et 2 

a n d 4 e x hi bit i nt er gr a n ul a r brittl e fr a ct ur e wit h t wi n m art e nsit e visi bl e wit hi n t h e gr ai ns of t h e 

fr a ct ur e d s urf a c es. O v er all, i nt er gr a n ul ar brittl e fr a ct ur e wit h m art e nsiti c t wi ns is o bs er v e d i n all 

f o ur t ar g ets, as e x p e ct e d i n t h e c as e of brittl e Ni-M n -G a all o y [ 2 3 3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 4. 1 3  Fr a ct ur e d s urf a c es of 3 D pri nt e d Ni -M n -G a si nt er e d t ar g ets: ( a) T ar g et 1, ( b) T ar g et 

2, ( c) T ar g et 3, ( d) T ar g et 4.  

 

 

( d) 

1 0 µ m  

( c) 

1 0 µ m  

( b) 

1 0 µ m  

( a) 

1 0 µ m  

T wi ns  

T wi n s 

T wi ns  

Cl e a v a g e  

Cr a c k  

P or e  

Cr a c k  
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4. 2. 3  C o m p ositi o n of t a r g ets vi a S E M/ E D S  

As m e nti o n e d i n t h e i ntr o d u ct or y c h a pt er, i n t h e c as e of Ni -M n -G a all o ys, t h e m art e nsiti c 

tr a nsf or m atio n t e m p er at ur es ar e str o n gl y aff e ct e d b y t h e c o m p ositi o n of t h e m at eri al. S E M/ E D S 

a n al ysi s w as c arri e d o ut t o ass ess t h e c h e mi c al c o m p ositi o n of t h e p oli s h e d si nt er e d t ar g ets. F or 

a c c ur at e q u a ntit ati v e E D S a n al ysi s, a f ull y d e ns e h o m o g e n e o us Ni 5 0. 9 0 M n 2 9. 2 3 G a 1 9. 8 7 ( at %) si n gl e 

cr yst al r ef er e n c e s a m pl e w as us e d f or E D S c ali br ati o n. T a bl e 4. 2 pr es e nts t h e m e a n c h e mi c al 

c o m p ositi o ns a n d st a n d ar d d e vi ati o ns of E D S a n al ysis c arri e d o ut o n b all mill e d p o w d er a n d cr oss -

s e cti o ns of si nt er e d Ni -M n -G a t ar g ets t a k e n r a n d o ml y fr o m 2 0 s el e ct e d ar e as fr o m e a c h s a m pl e.  

T h e d at a fr o m T a bl e 4. 2 w as pl ott e d i n Fi g ur e 4. 1 4 f or b ett er vis u ali z ati o n of Ni, M n, a n d G a 

c o m p ositi o n al c h a n g e, a s f u n cti o n of si nt eri n g t e m p er at ur e. T h e r es ult s s h o w a st arti n g p o w d er 

c o m p ositi o n of Ni 5 1 M n 2 8 G a 2 1 . C o m p ari n g p o w d er c o m p ositi o n wit h t h at of t h e si nt er e d t ar g ets, it 

is o b vi o us s o m e v ari ati o ns i n t h e c o m p ositi o ns c a n b e s e e n. Si g nifi c a nt l oss i n G a a n d M n c a n b e 

s e e n i n t ar g et si nt er e d at 1 0 6 5 ° C, w hi c h is d u e t o t h e e v a p or ati o n of M n a n d G a. D u e t o t h e v ol atil e 

n at ur e of M n, at hi g h er t e m p er at ur e, it h as hi g h pr o p e nsit y t o e v a p or at e w hi c h aff e cts t h e 

c o m p ositi o n of t h e all o y [ 2 3 4]. As a r es ult, t h e at o mi c c o n c e ntr ati o n of Ni w e nt u p b y ~ 1 1 % 

m a ki n g t h e t ar g et Ni -ri c h. 

T a bl e 4. 2  C h e mi c al c o m p ositi o n of Ni -M n -G a p o w d er a n d si nt er e d t ar g ets.  

S a m pl e  Ni at %  M n at %  G a at %  

P o w d er  5 1. 1 3 ± 1. 5 4  2 8. 2 4 ± 1. 2 0  2 0. 6 3 ± 0. 5 8  

T ar g et 1 ( 1 0 6 5 o C)  6 2. 7 5 ± 0. 7 6  2 0. 6 3 5 ± 0. 9 5  1 6. 6 1 ± 0. 6 2  

T ar g et 2 ( 1 0 7 0 o C)  5 3. 3 9 3 ± 0. 6 0 8  2 4. 9 2 ± 0. 7 6 4  2 1. 6 8 5 ± 0. 5 5 2  

T ar g et 3 ( 1 0 7 5o C)  5 2. 5 7 ± 0. 9 7 0  2 6. 4 4 0 ± 2. 3 5 0  2 0. 9 8 0 ± 1. 6 0 0  

T ar g et 4 ( 1 0 8 0 o C)  5 2. 3 4 8 ± 0. 2 3 8  2 7. 6 4 0 ± 0. 2 7 1  2 0. 0 1 5 ± 0. 3 1 9  
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F or t ar g et si nt er e d at 1 0 7 0 o C, 1 0 7 5 o C a n d 1 0 8 0 o C, l ess d e vi ati o ns of at o mi c c o n c e ntr ati o ns of G a, 

M n a n d Ni w er e o bs er v e d, as s e e n i n T a bl e 4. 2 a n d Fi g ur e 4. 1 4. As e x p e ct e d, t h e si nt eri n g 

t e m p er at ur e h a v e si g nifi c a nt i m p a ct o n t ar g et c o m p ositi o n. T h e l ar g e r e d u cti o n of M n a n d G a i n 

t h e T ar g et 1 c o ul d p os si bl y b e d u e t o i m pr o p er c o ntr ol of si nt eri n g at m os p h er e l e a di n g t o 

e v a p or ati o n of M n a n d G a. T his mi g ht als o b e t h e c as e f or t h e T ar g et 2. F or t h e s p e ci m e ns si nt er e d 

at 1 0 7 5 ° C ( T ar g et 3) a n d 1 0 8 0 ° C ( T ar g et 4), Ni c o n c e ntr ati o n w as f airl y c o nst a nt a n d cl os e t o t h at 

of t h e st arti n g p o w d er. F or t h os e t w o s a m pl es, G a c o n c e ntr ati o n is al m ost i d e nti c al w it h t h e G a 

c o n c e ntr ati o n of t h e st arti n g p o w d ers, w hil e M n c o n c e ntr ati o n sli g htl y dr o p p e d, a b o ut 1. 8 at % f or 

s a m pl e si nt er e d at 1 0 7 5 0 C a n d 1. 6 at % f or t h e t ar g et si nt er e d at 1 0 8 0 0 C.  T his c o ul d p ossi bl y b e 

d u e t o pr o p er c o ntr ol of si nt eri n g at m os p h er e mi ni mi zi n g t h e s u bli m ati o n of M n.  

T o b ett er vis u ali z e t h e el e m e nt al distri b uti o n i n t h e p oli s h e d t ar g ets, E D S m a p pi n g w as c arri e d o ut 

o n t h e cr oss -s e cti o n of T ar g et 3, Fi g ur e 4. 1 5. T h e d at a s h o w t h e pr es e n c e of Ni, M n, a n d G a 

u nif or m di stri b ut e d i n t h e all o y w hi c h d e m o nstr at e c h e mi c al h o m o g e n eit y of t h e si nt er e d p art.  
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Fi g ur e 4. 1 4  Eff e ct of si nt eri n g t e m p er at ur e o n c o m p ositi o n of 3 D pri nt e d Ni -M n -G a t ar g ets.  
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Fi g ur e 4. 1 5  ( a) B S E mi cr o gr a p h f or a cr oss-s e cti o n ar e a of T ar g et 3; ( b) –  ( d) Ni, M n, G a 

S E M/ E D S m a ps c oll e ct e d fr o m t h e ar e a i n ( a).  

 

4. 2. 4  C r yst al st r u ct u r e a n d p h a s e t r a nsf o r m ati o n i n p oli s h e d Ni -M n -G a 
t a r g ets 

Si n gl e cr yst al X R D p att er n of p oli s h e d 3 D pri nt e d Ni -M n -G a t ar g ets at r o o m t e m p er at ur e ar e 

s h o w n i n Fi g ur e 4. 1 6. N ot e t h at, T ar g et 1, T ar g et 2, T ar g et 3, a n d T ar g et 4 ar e n a m es gi v e n t o Ni -

M n -G a t ar g ets si nt er e d at 1 0 6 5 ° C, 1 0 7 0 ° C, 1 0 7 5 ° C, a n d 1 0 8 0 ° C, r es p e cti v el y. T h e X R D p att er n 

f or T ar g et 1 a n d T ar g et 2 c a n b e i n d e x e d b y t etr a g o n al m art e nsiti c str u ct ur e b ut wit h diff er e nt 

s p a c e gr o u p a n d l atti c e p ar a m et ers. T h e T ar g et 1 diffr a cti o n c ur v e b el o n gs t o t h e s p a c e gr o u p 

F 4/ m m m a n d l atti c e p ar a m et ers a = 0. 5 4 4 0 n m, c = 0. 6 6 0 n m, a n d c/ a = 1. 2 1 3 2 4 [ 2 3 5], w h er e as 

T ar g et 2 b el o n gs t o I 4/ m m m s p a c e gr o u p wit h l atti c e p ar a m et ers a = 0. 3 8 6 5 n m, b = 0. 3 8 6 5 n m, c 

5 0 µ m  5 0 µ m  

Ni  

5 0 µ m  

G a  

5 0 µ m  

M n  

( a) 

(d ) (c ) 

(b ) 
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= 0. 6 5 9 6 n m a n d c/ a = 1. 7 0 6 6 [ P D F # 0 4 -0 1 1 -7 3 2 4]. T h e c/ a r ati o gr e at er t h a n 1 f or t h e t w o t ar g ets 

is e vi d e n c e of n o n-m o d ul at e d ( N M) m art e nsit e. I n Fi g ur e 4. 1 6, t h e diffr a cti o n p e a ks ass o ci at e d 

wit h n o n -m o d ul at e d ( N M) m art e nsit e ar e r e pr es e nt e d b y t h e h e ar t s y m b ol. I d e nti c al diffr a cti o n 

p att er ns o bs er v e d f or T ar g et 1 a n d T ar g et 2 c o ul d b e t h e r es ult of i n cr e as e d at o mi c c o n c e ntr ati o n 

of Ni, w hi c h t ur ns o ut t o st a bili z e t h e m art e nsiti c str u ct ur e [ 8 1]. T h e X R D p att er n f or T ar g et 3 a n d 

T ar g et 4 e x hi bit s plitti n g of p e a ks b et w e e n 2 θ = 4 0 ° a n d 2 θ = 4 5 °. T h e s plitti n g of p e a ks c o ul d b e 

a n i n di c ati o n of str u ct ur al tr a nsiti o n fr o m n o n -m o d ul at e d ( N M) m art e nsit e t o 7 M m art e nsit e [ 2 3 6], 

[ 2 3 7]. T h e str u ct ur al tr a n siti o n c a n b e attri b ut e d t o i n cr e as e at o mi c c o n c e ntr ati o n of M n r es ulti n g 

i n v ari ati o n i n u nit c ell v ol u m e [ 2 3 7]. T h e mi x e d p h as es o bs er v e d ar e i n a gr e e m e nt wit h arti cl e 

p u bli s h e d b y T a yl or et al.  [ 2 3 6] 

Fi g ur e 4. 1 7 s h o ws D S C c ur v es c oll e ct e d fr o m s a m pl es pr e p ar e d fr o m Ni -M n -G a si nt er e d t ar g ets. 

All t ar g ets e x hi b it si n gl e e x ot h er mi c p e a k o n h e ati n g a n d e n d ot h er mi c p e a k o n c o oli n g b et w e e n 

6 0 ° C a n d 1 5 0 o C, e x c e pt T ar g et 4, w hi c h s h o ws s plitti n g of p e a k. T h at mi g ht b e r el at e d t o t h e 

str u ct ur al tr a nsiti o n fr o m N M t etr a g o n al t o 7 M ort h or h o m bi c str u ct ur e, as o bs er v e d b y X R D 

i n v esti g ati o n. T h e s a m e p h as e tr a nsf or m ati o n b e h a vi or h as b e e n o bs er v e d a n d r e p ort e d b y T a yl or 

et al [ 2 2 9]. A s u m m ar y of t h e p h as e tr a nsf or m ati o n t e m p er at ur es of T ar g ets 1 t o 4 o bt ai n e d b y 

t a n g e nt m et h o d is s h o w n i n T a bl e 4. 3. G e n er all y, r es ult s s h o w a d e cr e asi n g tr e n d i n m art e nsiti c 

tr a nsf or m ati o n t e m p er at ur e fr o m T ar g et 1 t o T ar g et 4. T ar g et 1 s h o ws hi g h m art e nsiti c 

tr a nsf or m ati o n t e m p er at ur e ( Ms ) v al u e of 1 4 8. 1 0 ° C  w hi c h is d u e t o hi g h  Ni c o nt e nt a n d l o w G a 

c o nt e nt [ 6 1] . T ar g et 4 o n t h e ot h er h a n d, e x hi bit l o w m art e nsiti c tr a nsf or m ati o n t e m p er at ur e d u e 

t o l o w Ni c o nt e nt [ 6 1]. R es ult s fr o m t hi s r es e ar c h c o nfir ms t h e d e p e n d e n c y of m art e nsiti c 

tr a nsf or m ati o n t e m p er at ur e o n c o m p ositi o n of off st oi c hi o m etric Ni -M n -G a all o ys.  
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  Fi g ur e 4. 1 6  X R D p att er n of cr oss -s e cti o n of 3 D pri nt e d Ni -M n -G a t ar g ets si nt er e d at diff er e nt 

t e m p er at ur es. 

 
Fi g ur e 4. 1 7  D S C c ur v es r e c or d e d fr o m 3 D pri nt e d Ni -M n -G a t ar g ets si nt er e d at diff er e nt 

t e m p er at ur es, w h er e A s - a ust e niti c st art t e m p er at ur e, Ap  - p e a k t e m p er at ur e, A f -a ust e niti c fi ni s h 
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T ar g et 3  

T ar g et 2  

T ar g et 1  
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t e m p er at ur e, Ms - m art e n siti c st art t e m p er at ur e, M p  - m art e nsiti c p e a k t e m p er at ur e, a n d M f - 

m art e nsiti c fi ni s h t e m p er at ur e.  

T a bl e 4. 3  P h as e tr a nsf or m ati o n t e m p er at ur es o bt ai n e d fr o m D S C si nt er e d Ni -M n -G a t ar g ets.  

S a m pl e  A s ( ° C) A p  ( ° C) A f ( ° C) M s ( ° C) M p  ( ° C) M f ( ° C) 

T ar g et 1  1 3 6. 0 4  1 4 8. 3 4  1 6 7. 2 0  1 4 8. 1 0  1 3 4. 9 3  1 2 2. 8 6  

T ar g et 2  1 0 4. 1 0  1 1 3. 8 8  1 2 5. 0 8  1 1 1. 9 7  1 0 3. 3 5  9 0. 9 8  

T ar g et 3  8 5. 9 0  9 4. 6 0  1 1 5. 6 0  1 0 8. 3 0  8 6. 8 0  7 8. 5 6  

T ar g et 4  7 2. 5 7  7 8. 6 5  8 5. 9 1  7 3. 9 0  6 5. 5 5  5 9. 3 4  

 
 
 

4. 3  M et all ur gi c al p r o p erti es of a d diti v e m a n uf a ct ur e d Ni -M n -G a t a r g et s 
a s r el at e d t o t h e q u alit y of t hi n fil ms  

 

T h e m et all ur gi c al pr o p erti es of t ar g ets, s u c h as c h e mi c al c o m p ositi o n, gr ai n si z e, d e nsit y, a n d 

p or osit y dir e ctl y aff e ct t h e q u alit y of t h e t hi n fil ms o bt ai n e d fr o m t h e s p utt eri n g t ar g ets [ 1 3 0], 

[ 2 3 8], [ 2 3 9]. T his s u b-c h a pt er will i n v esti g at e t h e c h e mi c al c o m p ositi o n, gr ai n si z e, a n d t h e 

d e nsit y of si nt er e d Ni -M n -G a t ar g ets o bt ai n e d b y 3 D bi n d er j et pri nti n g. As m e nti o n e d b ef or e, t h e 

si nt er e d t ar g ets h a v e b e e n p oli s h e d b ef or e i nst all ati o n i n t h e D C m a g n etr o n s p utt eri n g m a c hi n e, i n 

or d er t o o bt ai n a mirr or -li k e s urf a c e o n t h e a cti v e s urf a c e of t h e t ar g et, a n d eli mi n at e t h e s urf a c e 

m a n g a n es e o xi d e f or m e d d uri n g si nt eri n g. As d e m o nstr at e d i n t h e pr e vi o us s u b -c h a pt er, t h e 

p oli s h e d Ni -M n -G a t ar g ets h a v e u nif or m c h e mi c al c o m p ositi o n a n d ar e i n t h e m art e nsiti c p h as e at 

r o o m t e m p er at ur e. 

 

4. 3. 1  C h e mi c al C o m p o siti o n  

It is w ell k n o w n t h at fil m c o m p ositi o n i n m ost c as es d e vi at es fr o m t h e c o m p ositi o n of a 

m ulti c o m p o n e nt t ar g et d u e t o pr ef er e nti al s p utt eri n g. R es ult s fr o m t hi s r es e ar c h c o nfir m t hi s 

k n o w n f a ct, as it will b e dis c uss e d i n C h a pt er 5. T ar g et 3, h a vi n g t h e c h e mi c al c o m p ositi o n of 

Ni 5 3 M n 2 6  G a 2 1  ( at %), w a s m ostl y us e d i n t hi s w or k f or d e p ositi o n o n Ni -M n -G a t hi n fil ms T h e 
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r a n ge of fil m c o m p ositi o ns o bt ai n e d fr o m T ar g et 3 ar e Ni ( 4 6 -5 2) at %, M n ( 2 6 -3 0) at %, G a ( 1 9 -

2 7) at %. It s h o ul d b e e m p h asi z e d t h at es p e ci all y f or Ni -M n -G a t hi n fil m, a s uit a bl e fil m 

c o m p ositi o n is n e c ess ar y f or a c hi e vi n g s h a p e m e m or y b e h a vi or. B er gstr o m et al.  i n v esti g at e d t h e 

ori gi n of c o m p ositi o n al c h a n g es i n s p utt er d e p osit e d T 1 -x W x  diff usi o n b arri er l a y ers usi n g 

c o m bi n ati o n of T RI M c al c ul ati o n a n d M o nt e C arl o g as tr a ns p ort  si m ul ati o ns c o u pl e d wit h 

e x p eri m e nt al d at a [ 2 4 0]. T h eir i n v esti g ati o n s h o w e d d efi ci e n c y i n Ti of t h e s p utt er e d fil m, w hi c h 

t h e y attri b ut e d t o pr ef er e nti al r e-s p utt eri n g of t h e gr o wi n g fil m b y e n er g eti c Ar i o ns of t h e 

dis c h ar g e. O n e of t h e k e y p ar a m et ers t h at c o ntr ol s t h e s p utt eri n g pr o c ess is t h e s p utt eri n g yi el d. 

Es p e ci all y, f or m ulti c o m p o n e nt t ar g et, t h e fil m c o m p ositi o n w o ul d v ar y d e p e n di n g o n t h e p arti al 

s p utt eri n g yi el ds of t h e i n di vi d u al c o m p o n e nts. I n t hi s w or k, s p utt er e d d e p osit e d Ni -M n -G a t hi n 

fil m s h o w e d sli g ht d e vi ati o n fr o m t h e c h e mi c al c o m p ositi o n of T ar g et 3, w hi c h is e x p e ct e d. O n e 

p ossi bl e r e as o n f or t h e d e vi ati o n mi g ht b e d u e t o diff er e n c es i n s p utt eri n g yi el d of Ni, M n, a n d G a. 

T his w as c o nfir m e d b y T RI M si m ul ati o n r es ult s ( s e e C h a pt er 5) w hi c h s h o w e d hi g h er s p utt eri n g 

yi el d f or Ni, f oll o w e d b y M n, a n d t h e n G a. T h e s p utt eri n g yi el d als o s h o w e d str o n g d e p e n d e n c e 

o n t h e i o n e n er g y a n d t h e a n gl e of i n ci d e n c e of t h e b o m b ar di n g s p e ci es. It s h o ul d b e n ot e d t h at 

T RI M c al c ul ati o ns d o n ot c o nsi d er t h e t o p o gr a p hi c al c h a n g es of t h e t ar g et d uri n g s p utt eri n g. 

H o w e v er, it pr o vi d es i nsi g ht i nt o t h e s p utt eri n g b e h a vi or of t h e all o y t ar g et.  

4. 3. 2 G r ai n Si z e  

Fi g ur e 4. 1 8 ( a) s h o ws t h e diff er e nti al i nt erf er e n c e c o ntr ast ( DI C) i m a g e of t h e cr oss -s e cti o n of 

T ar g et 3. Fi g ur e 4. 1 8 ( b) s h o ws S E M mi cr o gr a p h of t o p s urf a c e of Ni -M n -G a t hi n fil m d e p osit e d 

o n Si ( 1 0 0) s u bstr at e. Fr o m Fi g ur e 4. 1 8 ( a), t h e gr ai n si z e of t h e t ar g et li es i n t h e r a n g e of 2 0 µ m 

- 5 0 µ m w h er e as i n Fi g ur e 4. 1 8( b) t h e gr ai n si z e of t h e fil m li es i n t h e r a n g e of 1 0 0 n m - 5 0 0 n m. 

Fr o m t h e r es ult s o bt ai n e d, n o dir e ct r el ati o ns hi p b et w e e n t ar g et gr ai n si z e a n d fil m w as d et e ct e d. 
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T his r es ult s is c o nsis t e nt wit h w or k r e p ort e d b y R. S. B all e y [ 2 4 1]. I n his w or k, h e i n v esti g at e d t h e 

eff e ct of t ar g et mi cr ostr u ct ur e of al u mi n u m -b as e d all o y o n fil m pr o p ert i es a n d f o u n d n o eff e ct of 

t ar g et gr ai n si z e o n fil m pr o p erti es. R e z a et al.  als o f o u n d t h at t ar g et gr ai n si z e h a v e i nfl u e n c e o n 

t h e s p utt eri n g yi el d y et f o u n d n o c orr el ati o n b et w e e n t ar g et gr ai n si z e a n d fil m gr ai n si z e [ 2 4 2]. 

Mi c h al u k est a blis h e d t h at t h e d e p ositi o n r at e d ur i n g s p utt eri n g of t a nt al u m t ar g ets w er e i nfl u e n c e d 

b y t ar g et gr ai n si z e [ 2 4]. It h as als o b e e n f o u n d t h at, t h e s p utt eri n g r at e of t ar g et wit h s m all er gr ai n 

si z e is f ast er t h a n l ar g e gr ai n si z e t ar g ets [ 2 4 3]. T ar g ets wit h s m all er gr ai n si z e h a v e m or e gr ai n 

b o u n d ari es t h a n t ar g ets wit h l ar g e gr ai n si z e. Gr ai n b o u n d ari es ar e m or e pr o n e t o i o n 

b o m b ar d m e nt; t h er ef or e, m or e gr ai n b o u n d ari es i m pl y f ast er fil m f or m ati o n. T y pi c al gr ai n si z e of 

t ar g ets r a n g e fr o m f e w mi cr o ns t o milli m et ers [ 2 4 4]. It h as als o b e e n s h o w n t h at, u nif or m gr ai n 

si z e of s p utt eri n g t ar g ets h a v e dir e ct i nfl u e n c e o n fil m u nif or mit y [ 2 4 3]. H o w e v er, t h e t ar g et gr ai n 

si z e h as littl e i m p a ct o n fil m u nif or mit y.  

 

 

 

 

 

 

 

 

 

Fi g ur e 4. 1 8   ( a) DI C mi cr o gr a p h of t h e t ar g et s urf a c e, b ef or e s p utt eri n g; ( b) S E M i m a g e of Ni -

M n -G a t hi n fil m, o bt ai n e d fr o m a t ar g et h a vi n g t h e gr ai n si z e a n d m or p h ol o g y, as t h e t ar g et i n ( a).  

( b) 

5 µ m  

( a) 

2 0 µ m  
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4. 3. 3  D e nsit y  

E v e n t h o u g h t h e s p utt eri n g t ar g et us e d i n t hi s r es e ar c h is n ot f u ll y d e ns e h a vi n g a d e nsit y 

p er c e nt a g e m a xi m u m 8 8 %, y et t h e q u alit y of t h e fil ms w as n ot c o m pr o mis e d. A c c or di n g t o 

i n d ustr y st a n d ar d, a q u alit y t hi n fil m s h o ul d p oss ess t h e f oll o wi n g c h ar a ct eristi cs: u nif or m fil m 

t hi c k n ess [ 2 4 5], c o m p ar a bl e gr ai n si z e t o t h at o bt ai n e d i n lit er at ur e, gr ai n si z e u nif or mit y, p urit y, 

a n d d ef e ct fr e e fil m s urf a c e. All t h es e fil m q u aliti es ar e s e e n o n fil ms d e p osit e d i n t hi s r es e ar c h. 

H o w e v er, i t m ust b e st at e d t h at t h e d e nsit y p er c e nt a g e of s p utt eri n g t ar g ets h as a n i m p a ct o n fil m 

q u alit y. L o et al .  st u d y t h e eff e ct of s p utt eri n g t ar g et d e nsit y o n fil m pr o p erti es a n d f o u n d t h at 

d e ns er s p utt eri n g t ar g et e x hi bit hi g h er er osi o n r at e a n d fil m d e p os iti o n r at e [ 2 4 6]. T h e y als o 

c o n cl u d e d t h at v oi ds e xisti n g al o n g gr ai n b o u n d ari es ar e p ot e nti al s o ur c es of p arti cl e g e n er ati o n. 

V oi ds or p or es i n t ar g et ar e n ot d esir a bl e b e c a u s e t h e y c a n cr e at e el e ctri c dis c h ar g es d uri n g 

s p utt eri n g [ 2 4 7]. T h e a d diti v e m a n uf a ct ur e d t ar g et pr e p ar e d i n t hi s r es e ar c h, t h o u g h p or o us, y et 

n o el e ctri c al dis c h ar g e w as e x p eri e n c e d. T h at n ot wit hst a n di n g, t h e d e nsit y of t h e 3 D pri nt e d t ar g et 

c a n b e i m pr o v e d b y e m pl o yi n g v ari o us si z e d p o w d ers,  a n d b y o pti mi zi n g t h e pri nti n g a n d si nt eri n g 

p ar a m et ers.  

4. 4  D ef e cts i n us e d 3 D p ri nt e d Ni -M n -G a s p utt e ri n g t a r g ets  

D uri n g s p utt eri n g d e p ositi o n pr o c ess t h e m or p h ol o g y of t ar g et’s a cti v e s urf a c e (t h e s urf a c e 

e x p os e d t o i o n s p utt eri n g) c h a n g es. T h e s urf a c e m o difi c ati o ns ar e c o nsi d er e d t ar g et d ef e cts. 

T y pi c al d ef e cts ar e t h e f or m ati o n of a r a c e tr a c k pr ofil e a n d n o d ul e gr o wt h [ 2 4 8]. As pr es e nt e d i n 

C h a pt er 1 t h e r a c etr a c k pr ofil e is d u e t o n o n -u nif or m er osi o n of t ar g et s urf a c e c a us e d  b y n o n -

h o m o g e n e o us i o n c urr e nt distri b uti o n a cr oss t ar g et s urf a c e. T h e n o d ul es ar e d ef e cts g e n er at e d b y 

i m p urit y at o m s i n t h e s p utt eri n g c h a m b er or b y r e d e p osit e d t ar g et at o m s. T his s u b-c h a pt er pr es e nts 

t h e r es ult s of a n al yti c al i n v esti g ati o n of t h e d ef e ct s f or m e d i n t h e 3 D pri nt e d Ni-M n -G a t ar g ets.  
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Fi g ur e 4. 1 9 ( a) s h o ws a n o pti c al i m a g e of a us e d Ni -M n -G a t ar g et ( T ar g et 3). T h e i m a g e dis pl a ys 

t h e r a c etr a c k f or m ati o n aft er 2 0 h o urs of us a g e. T h e s urf a c e t o p o gr a p h y s h o ws diff er e nt c o ntr ast 

fr o m t h e p eri p h er y t o t h e c e nt er of t h e t ar g et. T h e t ar g et s urf a c e w as i n v esti g at e d wit h t h e S E M. 

T h e d ar k ar e a wit h r e d s q u ar e m ar k er is t h e d e e p est p art of t h e tr e n c h wit hi n t h e r a c etr a c k. Fi g ur e 

4. 1 9 ( b) s h o ws t h e mi cr ostr u ct ur e of t h e r a c etr a c k s urf a c e. T h e mi cr ostr u c t ur e r e v e al e d a 

pr otr usi o n of i nt er c o n n e ct e d gr o wt h of hill o c ks or n o d ul es al o n g t h e gr ai n b o u n d ari es wit hi n t h e 

t ar g et. T h e m e a n si z e of t h e hill o c ks or n o d ul es w er e esti m at e d t o b e a b o ut 1 5 µ m as s e e n fr o m 

t h e i ns et i n Fi g ur e 4. 1 9 ( c). Y et it is n ot cl e ar if t h e n o d ul e f or m ati o n w as d u e t o t h e p or osit y i n 

t h e t ar g et or c o nt a mi n ati o n fr o m t h e s p utt eri n g c h a m b er. T his m a y r e q uir e f urt h er i n v esti g ati o n t o 

u n c o v er t h e s o ur c e of n o d ul e f or m ati o n.  

 

 

 

 

 

 

 

 

 
 
 
Fi g ur e 4. 1 9  ( a) O pti c al i m a g e of a us e d Ni-M n -G a t ar g et ( T ar g et 3); ( b) S E M mi cr o gr a p h of t h e 

p orti o n of r a c etr a c k ar e a m ar k e d i n ( a); ( c) A n i ns et of hi g h m a g nifi c ati o n of n o d ul e gr o wt h i n 

( b). 

 

2 0 m m

m m  

( a) (b ) 

5 0 µ m  

( c) 



9 4  

Fi g ur e 4. 2 0 ( a) a n d ( b)  s h o ws t h e s urf a c e t o p o gr a p h y of Ni -M n -G a t ar g et s p utt er e d f or 1 0 h o ur s 

a n d 3 0 h o urs, r es p e cti v el y. T h e r es ult s s h o w e v ol uti o n of r a c etr a c k or er osi o n gr o o v e wit h t h e 

s p utt eri n g ti m e. It i s o bs er v e d t h at t h e er osi o n of t h e t ar g et s u rf a c e w as n ot u nif or m a n d t h e t ar g et 

w as m u c h er o d e d b et w e e n t h e p eri p h er y a n d t h e c e nt er of t h e t ar g et. T h e m a g n eti c fi el d c o m p o n e nt 

p ar all el t o t h e pl a n ar dis c t ar g et is m a xi m u m at w h er e t h e r a c etr a c k e v ol v e d. As a r es ult,  m or e 

m at eri al is c o ns u m e d i n t h e r e gi o n w h er e t h e r a c e tr a c k is cr e at e d, as l o n g as t h e dis c t ar g et is b e e n 

s p utt er e d.  

T h e r a c etr a c k m a xi m u m d e pt h w as a b o ut 5 0 0 μ m aft er 1 0 h o urs of s p utt eri n g, w hil e t h e t ar g et 

us e d f or 3 0 h o urs, s h o ws gr e at er er osi o n d e pt h, esti m at e d t o b e a b o ut 3 m m , Fi g ur e 4. 2 0 ( c). T ar g et 

di a m et er is 5 2. 9 2 m m a n d t ar g et t hi c k n ess is a b o ut 4 m m. B as e d o n t hi s d at a, t h e t ar g et er osi o n 

r at e c a n b e c al c ul at e d usi n g t h e r el ati o n: 

𝑡 𝑘 𝑙 𝐴𝑒 𝑘 𝑙  𝑆 𝑘 𝑙 𝐴 =
𝑒 𝑘 𝑙 𝑆𝑘 𝑙 𝐷  𝑜 𝑛 𝐾 𝑇 ℎ

𝑡 𝐾 𝑇 𝐴 𝑒 𝐸 𝐾 𝐵 𝑇  𝑜𝑎 𝑜 𝛷
    ( 4. 4) 

Fr o m t h e e q u ati o n a b o v e, t h e er osi o n r at e f or Ni -M n -G a t ar g et s p utt er e d f or 3 0 h o urs is 0. 1 m m/ hr. 

Fr o m  lit er at ur e, t h e er osi o n r at es esti m at e d f or c o p p er a n d al u mi n u m w er e 0. 1 6 4 m m/ hr a n d 0. 1 1 

m m/ hr, r es p e cti v el y [ 2 4 9]. T h e er osi o n b e h a vi or i n t hi s w or k c o m p ar es w ell wit h t h os e r e p ort e d i n 

lit er at ur e. 
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Fi g ur e 4. 2 0  3 D t o p o gr a p h y of Ni -M n -G a t ar g et ( 5 2. 9 2 m m i n di a m et er) aft er: ( a) 1 0 h o urs, a n d 

( b) 3 0 h o urs of s p utt eri n g; ( c) Er osi o n pr ofil e of Ni-M n -G a t ar g et s p utt er e d aft er 1 0 h o urs a n d 3 0 

h o urs.  

 

 

( a) ( b) 

( c) 
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C H A P T E R 5   

Ni -M n -G a T hi n  F il m C h a r a ct e ri z ati o n  

5. 0   I nt r o d u cti o n  

T his c h a pt er pr es e nts r es ult s o bt ai n e d fr o m Ni -M n -G a t hi n fil m d e p osit e d o n Si ( 1 0 0) a n d N a Cl 

s u bstr at es usi n g m a g n etr o n s p utt eri n g d e p ositi o n t e c h ni q u e. Sili c o n s u bstr at e w as s el e ct e d b e c a us e 

it is c h e a p a n d c a n e asil y b e i nt e gr at e d i nt o mi crof a bri c ati o n f or M E M S a p pli c ati o ns. N a Cl o n t h e 

ot h er h a n d w as s el e ct e d f or t h e p ur p os e of o bt ai ni n g fr e e st a n di n g Ni -M n -G a t hi n fil ms. T w o 

t ar g ets of n o mi n al c o m p ositi o ns Ni5 3 M n 2 6 G a 2 1 ( T ar g et 3) a n d Ni5 2 M n 2 8 G a 2 0  ( T ar g et 4) m a d e b y 

a d diti v e m a n uf a ct uri n g w er e e m pl o y e d i n t h e m a g n etr o n s p utt eri n g d e p ositi o n s yst e m f or Ni -M n -

G a t hi n fil m f a bri c ati o n. R es ult s o n t h e Ni -M n -G a fil m m or p h ol o g y, mi cr ostr u ct ur e, cr yst alli nit y, 

a n d c o m p ositi o n w o ul d b e dis c uss e d.  

5. 1   I niti al c h all e n g es of Ni -M n -G a t hi n fil m f a b ri c ati o n  

I niti al att e m pt t o d e p osit Ni-M n -G a t hi n fil m fr o m a d diti v e m a n uf a ct ur e d t ar g et w as m et wit h 

s o m e c h all e n g es. T his is n ot s ur prisi n g si n c e it is a first of it s ki n d. Ni -M n -G a t hi n fil ms w er e 

pr e p ar e d b y D C m a g n etr o n s p utt eri n g usi n g a d diti v e m a n uf a ct ur e d t ar g et of c o m p ositi o n 

Ni 5 2 M n 2 8 G a 2 0  w h os e di a m et er a n d t hi c k n ess w er e ~ 5 1 m m a n d ~ 5 m m r es p e cti v el y. T hi n fil ms 

w er e d e p osit e d o n cl e a n e d Si ( 1 0 0) a n d N a Cl s u bstr at es at r o o m t e m p er at ur e. T h e d e p ositi o n 

p ar a m et ers us e d i n t hi s first att e m pt w er e: dis c h ar g e c urr e nt of 0. 1 A, b as e pr ess ur e of 4. 0 x 1 0 -7  

T orr, ar g o n pr ess ur e of 6. 2 m T orr , s u bstr at e t o t ar g et dist a n c e of 8 c m, a n d d e p ositi o n ti m e of 6 0 

mi n ut es.  Vis u al i ns p e cti o n of as -d e p osit e d Ni -M n -G a/ Si ( 1 0 0) a p p e ar e d s m o ot h, wit h mirr or -li k e 

s urf a c e a n d t h at o n N a Cl s u bstr at e a p p e ar e d y ell o wis h -br o w n wit h a s hi ni n g l o o k. T h e mirr or -li ke 

a p p e ar a n c e of t h e as -d e p osit e d Ni -M n -G a t hi n fil ms i n di c at e a m or p h o us str u ct ur e [ 2 5 0]. At l o w er 
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s u bstr at e t e m p er at ur e, a d at o m s l a c k t h e r e q uir e d t h er m al e n er g y t o f a cilit at e m o bilit y a n d gr ai n 

gr o wt h. As a r es ult, t h e a d at o m s ar e n ot a bl e t o cr yst alli z e a n d t h er ef or e t h e str u ct ur e r e m ai ns 

a m or p h o us. A n i n v esti g ati o n o n t h e fil ms m or p h ol o g y a n d c h e mi c al c o m p ositi o n w er e c o n d u ct e d 

usi n g S E M/ E D S a n d A E S t e c h ni q u es.  

 

 

 

 

 

 

 

Fi g ur e 5. 1  Ni -M n -G a t hi n fil m d e p osit e d at r o o m t e m p er at ur e o n Si ( 1 0 0): ( a) S E M mi cr o gr a p h 

a n d ( b) E D S s p e ctr u m r e c or d e d fr o m t h e t hi n fil m.  

Fi g ur e 5. 1 ( a) a n d ( b) s h o w b a c ks c att er e d el e ctr o n mi cr o gr a p h a n d E D S s p e ctr u m of Ni -M n -G a 

t hi n fil m d e p osit e d o n Si ( 1 0 0) at r o o m t e m p er at ur e, r es p e cti v el y. B a c ks c att er e d el e ctr o n 

mi cr o gr a p h r e v e als r o c k y -li k e e q ui a x e d gr ai n m or p h ol o g y wit h p or es i n b et w e e n, as i n di c at e d b y 

t h e r e d arr o ws. T h e a v er a g e gr ai n si z e w as a b o ut 3 0 n m b y vis ual i ns p e cti o n of t h e mi cr o gr a p h. 

T h e E D S s p e ctr u m r e v e al e d hi g h o x y g e n c o nt a mi n ati o n wit h r e d u cti o n i n M n, G a, a n d Ni c o nt e nt. 

A q u a ntit ati v e E D S a n al ysi s o n t h e as -d e p osit e d Ni -M n -G a t hi n fil m o n Si ( 1 0 0) is s h o w n i n T a bl e 

5. 1.  

 

 

(b ) 

1 0 0 n m  

( a) 
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T a bl e 5. 1  E D S q u a ntit ati v e a n al ysi s of as -d e p osit e d Ni -M n -G a t hi n fil m o n Si ( 1 0 0).  

El e m e nt  wt %  at %  

O  1 0. 3 2  3 0. 2 2  

G a  2 3. 0 1  1 5. 4 6  

M n  2 0. 2 6  1 7. 2 8  

Ni  4 6. 4 1  3 7. 0 4  
 

Hi g h o x y g e n c o nt a mi n ati o n f o u n d i n Ni -M n -G a t hi n fil m w o ul d aff e ct m art e nsiti c p h as e 

tr a nsf or m ati o n a n d aff e ct t h e s h a p e m e m or y b e h a vi or [ 2 5 1]. A f urt h er a ss ess m e nt of t h e fil m 

c o m p ositi o n w as p erf or m e d b y c oll e cti n g d e pt h c o m p ositi o n pr ofil es at v ari o us et c hi n g r at es usi n g 

A E S. R es ult s d e pi ct e d i n Fi g ur e 5. 2 r e v e al A E S d e pt h c o m p ositi o n pr ofil e of Ni -M n -G a t hi n fil m 

d e p osit e d o n Si ( 1 0 0). It c a n b e o bs er v e d t h at t h e c o n c e ntr ati o ns of G a, M n, a n d Ni i n t h e fil m 

w er e a b o ut 1 9 - 2 2 at %, 1 7 -1 9 at %, a n d 3 0 - 3 5 at % i n a d diti o n t o o x y g e n c o nt a mi n ati o n wit h 

at o mi c c o n c e ntr ati o n of a b o ut 2 5 - 4 3 at %. T h e hi g h o x y g e n c o nt a mi n ati o n o bs er v e d i n Fi g ur e 5. 3 

c o nfir ms r es ult fr o m t h e E D S a n al ysi s. T o i d e ntif y t h e p h as es pr es e nt i n t h e as -d e p osit e d Ni -M n -

G a t hi n fil m, X R D a n al ysi s w as c arri e d o ut at r o o m t e m p er at ur e. Fi g ur e 5. 3 d e pi cts X R D p att er n 

of fil m d e p osit e d at r o o m t e m p er at ur e e x hi biti n g br o a d diffr a cti o n p e a k at 4 3. 3 o . T h e br o a d 

diffr a cti o n p e a k i n di c at e s dis or d er e d str u ct ur e [ 8 1], [ 2 5 2]. T h e r es ult is c o nsist e nt wit h w or k 

r e p ort e d b y W utti g et al.  [ 2 5 2]. O nl y a ust e niti c p h as e wit h a diffr a cti o n p e a k ( 2 2 0) at 2 θ = 4 3. 3 ° 

w as i d e ntifi e d w h er e as t h e o xi d e p h as e e x p e ct e d w as mi ssi n g b e c a us e it c o ul d n ot b e d et e ct e d b y 

t h e diffr a ct o m et er. T h e S E M a n al ysi s o n Ni-M n -G a t hi n fil m d e p osit e d o n N a Cl s u bstr at e, 

ill ustr at e d i n Fi g ur e 5. 4 r e v e al e d a tri a n g ul ar p yr a mi d-li k e gr ai n m or p h ol o g y of t h e t hi n fil m, a n d 

u nif or m c o m p ositi o n. T h e gr ai n si z e v ari e d fr o m a p pr o xi m at el y 6 0 n m t o 1 2 0 n m. A q u a ntit ati v e 

E D S a n al ysi s o n t h e t hi n fil m d e p osit e d o n N a Cl al s o s h o w e d hi g h o x y g e n c o nt a mi n ati o n of a b o ut 

~ 2 0 at % as s e e n i n T a bl e 5. 2. F urt h er X R D a n al y sis r e v e al e d a dis or d er e d str u ct ur e, as i n di c at e d 

b y t h e br o a d diffr a cti o n p e a k of ( 2 2 0) r e pr e s e nti n g a ust e niti c p h as e, Fi g ur e 5. 5. Hi g h o x y g e n 
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c o nt a mi n ati o n w as a hi n dr a n c e i n o bt ai ni n g Ni -M n -G a t hi n fil m e x hi biti n g m art e nsiti c p h as e 

tr a nsf or m ati o n. T h er ef or e, it b e c a m e n e c ess ar y t o t a k e st e ps t o r e d u c e or eli mi n at e o x y g e n 

c o nt a mi n ati o n.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 5. 2  A E S d e pt h c o m p ositi o n pr ofil e of Ni -M n -G a t hi n fil m as -d e p o sit e d at r o o m 

t e m p er at ur e o n Si ( 1 0 0) s u bstr at e. 

 

 

 

 

 

 

 



1 0 0  

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 5. 3  X R D p att er n of Ni -M n -G a t hi n fil m as -d e p osit e d at r o o m t e m p er at ur e o n Si ( 1 0 0) 

s u bstr at e.  

 

 

 

 

 

 

 

Fi g ur e 5. 4     B S E mi cr o gr a p hs of t o p vi e w of Ni -M n -G a t hi n fil m as -d e p o sit e d at r o o m 

t e m p er at ur e o n N a Cl s u b str at e: ( a) L o w m a g nifi c ati o n; ( b) Hi g h m a g nifi c ati o n.  

 

4 0 6 0 8 0

0
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Si( 4 0 0)

( a) (b ) 

1 µ m  1 0 0 n m  

p or es  



1 0 1  

 

T a bl e 5. 2  E D S q u a ntit ati v e a n al ysi s of as -d e p osit e d Ni -M n -G a t hi n fil m o n  N a Cl s u bstr at e.  

El e m e nt  wt %  at %  

O  6. 4 4  2 0. 4 9  

G a  2 2. 1 6  1 6. 1 8  

M n  2 3. 2 5  2 1. 5 5  

Ni  4 8. 1 5  4 1. 7 7  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 5. 5  X R D p att er n of Ni -M n -G a t hi n fil m as -d e p osit e d at r o o m t e m p er at ur e o n N a Cl 

s u bstr at e.  

 

2 0 4 0 6 0 8 0
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5. 2   R es ol vi n g o x y g e n c o nt a mi n ati o n p r o bl e m  

T o mi ni mi z e o x y g e n c o nt a mi n ati o n i n Ni -M n -G a t hi n fil ms, a cl e a n e d pi e c e of M n g ett er fl a k e 

w as e m pl o y e d a n d p ositi o n e d o n s u bstr at e h ol d er w hil e s u bstr at e m at eri al w as i n pl a c e. T h e 

m a g n etr o n s p utt eri n g c h a m b er w as p u m p e d d o w n u ntil a b as e pr ess ur e o n t h e or d er of 1 0 -7  T orr 

w as att ai n e d. It w as e ns ur e d t h at t h e c o n n e cti n g t u b e b et w e e n ar g o n t a n k a n d t h e s p utt eri n g 

c h a m b er w as w ell e v a c u at e d al o n gsi d e wit h t h e c h a m b er t o r e m o v e a n y r esi d u al o x y g e n tr a p p e d 

i n t h e t u b e. S u bstr at e h e ati n g w as c arri e d o ut i n or d er t o a cti v at e t h e M n g ett er t o r e d u c e o xi d ati o n 

of t hi n fil m d uri n g s p utt eri n g. T h e s p utt eri n g d e p ositi o n w as c o n d u ct e d u n d er ultr a -hi g h p urit y 

ar g o n g as ( 9 9. 9 9 9 9 %) at m os p h er e wit h a fl o w r at e of 1 0 s c c m. T h e d e p ositi o n pr ess ur e w as v ari e d 

fr o m 3. 2 m T orr t o 6. 2 m T orr. T ar g et c o m p ositi o n of Ni 5 3 M n 2 6 G a 2 1  ( T ar g et 3) w as us e d f or t h e 

d e p ositi o n. T ar g et t o s u b str at e dist a n c e w as a b o ut 4 c m. Pri or t o t h e d e p ositi o n, Ni -M n -G a t ar g et 

w as pr e -s p utt er e d f or 2 0 mi n ut es t o r e m o v e a n y s urf a c e c o nt a mi n ati o n. Ni -M n -G a t hi n fil ms w er e 

d e p osit e d o n si n gl e cr yst al sili c o n a n d s o di u m c hl ori d e s u bstr at es at s u bstr at e t e m p er at ur e o f 5 0 0o C 

a n d a dis c h ar g e c urr e nt of 0. 1 A, f or 6 0 mi n ut es. S u bstr at e t e m p er at ur e a n d dis c h ar g e c urr e nt w er e 

c o nst a nt w hil e v ar yi n g t h e ar g o n pr ess ur e. T his w a s d o n e i n or d er t o g et t h e o pti m u m g as pr ess ur e 

n e c ess ar y t o t ail or fil m c o m p ositi o n. Fi g ur e 5. 6 ( a ) - ( d) d e pi cts S E M mi cr o gr a p hs of Ni-M n -G a 

t hi n fil ms d e p osit e d o n sili c o n s u bstr at e at diff er e nt ar g o n pr ess ur es 3. 2 m T orr, 4. 2 m T orr, 5. 2 

m T orr, a n d 6. 2 m T orr r es p e cti v el y. R es ult s s h o w t h e s urf a c e m or p h ol o g y of fil ms e x hi biti n g 

i n cr e asi n g gr ai n si z e fro m l o w t o hi g h d e p ositi o n pr ess ur e c o ntr ar y t o w h at h as b e e n r e p ort e d i n 

lit er at ur e. T h e p ossi bl e e x pl a n ati o n is t h at, at 3. 2 m T orr t h e ki n eti c e n er g y of t h e a d at o m s is n ot 

s uffi ci e nt e n o u g h t o pr o d u c e l ar g e gr ai ns, b ut at 6. 2 m T orr t h e a d at o m s a c q uir e s uf fi ci e nt e n er g y 

t o f or m l ar g e gr ai ns, w hi c h m e a ns c ert ai n mi ni m u m d e p ositi o n pr ess ur e i s r e q uir e d i n or d er t o 

r e ali z e l ar g e gr ai ns [ 2 5 3], [ 2 5 4]. It is als o s e e n t h at fil m pr e p ar e d at 6. 2 m T orr e x hi bits p yr a mi d al -
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li k e m or p h ol o g y wit h d e ns el y p a c k e d gr ai ns. T h e t hi n fil m a p p e ars t o b e h o m o g e n e o us, 

irr es p e cti v e of t h e d e p ositi o n pr ess ur e. It h as b e e n s h o w n t h at m art e nsiti c tr a nsf or m ati o n 

t e m p er at ur e is d e p e n d e nt o n gr ai n si z e of f err o m a gn eti c s h a p e m e m or y all o ys [ 5 9], [2 5 5] .  A 

c ert ai n criti c al gr ai n si z e is r e q uir e d f or m art e nsiti c tr a nsf or m ati o n t o o c c ur [ 2 5 5], [ 2 5 6]. 

Mi cr o m et er -si z e d gr ai ns ar e d esir a bl e f or a c hi e vi n g m art e nsiti c tr a nsf or m ati o n i n Ni -M n -G a t hi n 

fil ms. H e n c e, it w as c o n cl u d e d t hat t h e o pti m u m d e p ositi o n pr ess ur e w as 6. 2 m T orr.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 5. 6  S E M mi cr o gr a p hs of pl a n e vi e w of Ni -M n -G a t hi n fil m d e p osit e d o n Si ( 1 0 0) 

s u bstr at e at diff er e nt ar g o n pr ess ur es: ( a) 3. 2 m T orr, ( b) 4. 2 m T orr, ( c) 5. 2 m T orr, ( d) 6. 2 m T orr.  

 
E D S a n al ysi s w as us e d t o v erif y t h e c h e mi c al c o m p ositi o n of t h e fil m, Fi g ur e 5. 7.   T h e a n al ysi s 

s h o w e d r e d u c e d o x y g e n c o nt a mi n ati o n, as s e e n i n Fi g ur e 5. 7 ( b), c o m p ar e d t o t h e pr e vi o us 

s a m pl es.  

1 µ m  

( a) ( b) 

( c) ( d) 

5 0 0 n m  

5 0 0 n m  5 0 0 n m  

5 0 0 n m  
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Fi g ur e 5. 8 d e pi cts o pti c al mi cr o gr a p h of t o p vi e w of Ni -M n -G a t hi n fil m d e p osit e d o n N a Cl 

s u bstr at e. T h e fil m a p p e ar e d cr u m pl e d u p o n c o oli n g w it h c o n n e ct e d b u m ps a n d v all e ys. T his 

b e h a vi or c o ul d b e attri b ut e d t o diff er e n c es i n t h er m al e x p a nsi o n c o effi ci e nt of Ni -M n -G a a n d N a Cl 

i n d u ci n g t h er m al str ess es [ 7 0], [ 2 5 7]. T h e cr u m pli n g b e h a vi or of t h e fil m d e p osit e d o n N a Cl m a k es 

it u ns uit a bl e f or a p pli c ati o n. X R D a n al ysis w as als o c arri e d o ut t o ass ess t h e t hi n fil m cr yst alli nit y. 

R es ult fr o m X R D s p e ctr u m s h o ws a ust e niti c c u bi c str u ct ur e wit h ( 2 2 0) diffr a cti o n p e a k w hi c h 

o c c urr e d at 4 3. 7 2 °, Fi g ur e 5. 9. T hr e e ot h er a d diti o n al p e a ks w er e d et e ct e d w hi c h ar e ass o ci at e d 

wit h N a Cl i n d e x e d as ( 2 0 0), ( 4 0 0) a n d ( 5 1 1). T h e m ost pr o mi n e nt a m o n g t h e p e a ks is ( 2 0 0).  B as e d 

o n t h es e r es ult s, it w as d e ci d e d t o us e sili c o n s u bstr at e f or t h e f oll o wi n g Ni -M n -G a t hi n fil m 

d e p ositi o ns.  

 

 

 

 

 

 

 

 

Fi g ur e 5. 7  ( a) S E M mi cr o gr a p h of Ni-M n -G a t hi n fil m d e p osit e d at 5 0 0 ° C o n Si ( 1 0 0), ( b) E D S 

s p e ctr u m of s el e ct e d r e gi o n m ar k e d i n r e d s q u ar e.  

 

 

 

 

( a) 
( b) 
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Fi g ur e 5. 8  O pti c al mi cr o gr a p h of Ni -M n -G a t hi n  fil m d e p osit e d o n N a Cl s u bstr at e at 5 0 0 ° C 

s u bstr at e t e m p er at ur e.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 5. 9  X R D s p e ctr u m of Ni -M n -G a t hi n fil m d e p osit e d o n N a Cl s u bstr at e at 5 0 0 ° C.  
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5. 3   Eff e ct of dis c h a r g e c u r r e nt o n c o m p ositi o n, s u rf a c e m o r p h ol o g y 
a n d mi c r ost r u ct u r e of Ni -M n -G a t hi n fil ms  

O n e of t h e i m p ort a nt d e p ositi o n p ar a m et ers i n m a g n etr o n s p utt eri n g t h at h as n ot b e e n e x pl or e d i n 

t h e f a bri c ati o n of Ni-M n -G a t hi n fil m is t h e dis c h ar g e c urr e nt. E v e n t h o u g h ot h er d e p ositi o n 

p ar a m et ers s u c h as s p utt eri n g p o w er [ 8 7], [ 2 5 8], [ 2 5 9], s u bstr at e t e m p er at ur e [ 8 1], d e p ositi o n 

pr ess ur e [ 8 7], [ 2 5 9], p o st-h e at tr e at m e nt [ 9 9], [ 2 6 0], t ar g et t o s u bstr at e dist a n c e [ 2 5 9], a n d 

d e p ositi o n ti m e [ 2 6 0] h a v e b e e n r e p ort e d y et n o st u d y h as b e e n c arri e d o ut o n t h e i nfl u e n c e of 

dis c h ar g e c urr e nt o n Ni -M n -G a t hi n fil m. T h e dis c h ar g e c urr e nt a n d dis c h ar g e v olt a g e w er e r e a d  

dir e ctl y fr o m t h e m et er r e a di n g of t h e s p utt eri n g m a c hi n e. It m a d e it e asi er t o v ar y t h e dis c h ar g e 

c urr e nt w hil e k e e pi n g ot h er d e p ositi o n c o n diti o ns c o nst a nt.  

I n t hi s s e cti o n, t h e i nfl u e n c e of dis c h ar g e c urr e nt o n t h e s urf a c e m or p h ol o g y a n d t h e mi cr ostr u c t ur e 

of t h e Ni -M n -G a t hi n fil ms will b e r e p ort e d. T h e t ar g et us e d f or t hi s i n v esti g ati o n w as T ar g et 3 

( Ni5 3 M n 2 6 G a 2 1  at %). T ar g et t o s u bstr at e dist a n c e w as 4 c m. S u bstr at e h e ati n g w as c o n d u ct e d at a 

r at e of 1 5o C/ mi n u ntil 5 0 0 o C t e m p er at ur e w as r e a c h e d. S p utt eri n g w as c o n d u ct e d wit h a n ar g o n 

pr ess ur e of 6. 2 m T orr f or 6 0 mi n ut es. S e v er al d e p o siti o ns w er e c o n d u ct e d b y v ar y i n g t h e dis c h ar g e 

c urr e nt fr o m 0. 0 5 A t o 0. 1 5 A i n st e ps of 0. 0 2 i e. ( 0. 0 5 A, 0. 0 7 A, 0. 0 9 A, 0. 1 1 A, 0. 1 3 A, a n d 

0. 1 5 A). T h e first t w o ( 0. 0 5 A a n d 0. 0 7 A) a n d t h e l ast t w o ( 0. 1 3 A a n d 0. 1 5 A) dis c h ar g e c urr e nts 

w er e s el e ct e d f or a n al ysi s b e c a us e t h e t w o s a m pl es 0. 0 9 A a n d 0. 1 1 A g ot d a m a g e w hil e 

tr a ns p orti n g it f or a n al y sis. T h e c o m p ositi o n of Ni-M n -G a t hi n fil ms wit h v ar yi n g dis c h ar g e 

c urr e nt, as o bt ai n e d b y E D S i n v esti g ati o n, is pr es e nt e d i n T a bl e 5. 3.  
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T a bl e 5. 3  C o m p ositi o n of Ni -M n -G a t hi n fil ms d e p osit e d at diff er e nt di s c h ar g e c urr e nt , S 1 t o S 

4 l a b eli n g i n di c at es s a m pl es o bt ai n e d at diff er e nt dis c h ar g e c urr e nt.  

 

 

 

 

 

 

 

T h e s a m pl es d e p osit e d at dis c h ar g e c urr e nts 0. 0 5 A, 0. 0 7 A, 0. 1 3 A a n d 0. 1 5 A w er e n a m e d S 1, 

S 2, S 3, a n d S 4, r es p e cti v el y. Fi g ur e 5. 1 0 pr es e nts t h e r es ult s o n t h e r el ati o ns hi p b et w e e n 

dis c h ar g e c urr e nt a n d fil m c o m p ositi o n. It c a n b e s e e n t h at Ni a n d M n c o nt e nt s h o w si mil ar tr e n d 

i niti all y as t h e dis c h ar g e c urr e nt i n cr e as es u p t o 0. 1 3 A. F or t h e hi g h est v al u e of t h e dis c h ar g e 

c urr e nt Ni c o nt e nt s h o w e d a n i n cr e as e w h er e as M n c o nt e nt s h o w e d a sli g ht d e cr e as e, w hi c h m a y 

b e d u e t o diff er e nt s p utt eri n g yi el ds. G a c o nt e nt o n t h e ot h er h a n d di d n’t s h o w a n y d efi nit e tr e n d. 

C o m p ari n g t ar g et c o m p ositi o n Ni 5 3 M n 2 6 G a 2 1  t o t hi n fil ms c o m p ositi o n, a sli g ht d e vi ati o n fr o m 

t ar g et c o mp ositi o n is o bs er v e d. It is s e e n t h at Ni c o nt e nt i n t hi n fil ms ar e g e n er all y l o w er t h a n t h at 

of t h e t ar g et w h er e as M n a n d G a c o nt e nts ar e hi g h er t h a n t h at of t h e t ar g et. T h e diff er e n c es c o ul d 

b e attri b ut e d t o diff er e n c es i n s p utt eri n g yi el ds of Ni, M n, a n d  G a [ 7 9]. It als o a p p e ars t h at s a m pl e 

S 4 of c o m p ositi o n Ni 4 9. 8 1 M n 2 6. 0 9 G a 2 4. 1 5  is t h e cl os est t o t h e t ar g et c o m p ositi o n Ni5 3 M n 2 6 G a 2 1 . T h e 

r es ult s u g g est t h at t h e dis c h ar g e c urr e nt h a v e dir e ct i nfl u e n c e o n t h e fil m c o m p ositi o n a n d t h er ef or e 

c o ul d b e v ari e d t o a dj ust t h e c h e mi c al c o m p ositi o n of t h e fil ms.  

I n a n att e m pt t o u n d erst a n d t h e c o m p ositi o n al c h a n g es i n Ni-M n -G a t hi n fil m wit h r es p e ct t o t h e 

t ar g et c o m p ositi o n a c o m p ut er si m ul ati o n w as p erf or m e d usi n g a M o nt e C arl o c o d e c all e d T RI M 

pr o gr a m [ 2 0 9]. T h e eff e ct of i o n e n er g y a n d a n gl e of i n ci d e n c e o n t h e s p utt eri n g yi el d of Ni-M n -

S a m pl e  
Dis c h ar g e 
c urr e nt ( A)  

Ni ( at %)  M n ( at %)  G a ( at %)  

S 1  0. 0 5  4 6. 1 9  2 6. 7 3  2 7. 0 9  

S 2  0. 0 7  5 1. 3 8  2 9. 2 4  1 9. 3 8  

S 3  0. 1 3  4 7. 5 5  2 6. 6 9  2 5. 7 6  

S 4  0. 1 5  4 9. 8 1  2 6. 0 9  2 4. 1 5  
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G a all o y w er e i n v esti g at e d. T h e s p utt eri n g yi el d is d efi n e d  as t h e a v er a g e n u m b er of s p utt er e d 

t ar g et at o m s p er i n ci d e nt i o n.  R es ult s fr o m T RI M si m ul ati o n s h o w t h at t h e s p utt eri n g yi el d of Ni, 

M n, a n d G a i n cr e as es wit h i o n e n er g y fr o m 1 0 0 e V t o 1 0 0 0 e V (s e e Fi g ur e 5. 1 1). Ni c o nt e nt 

s h o w e d t h e hi g h est s p utt eri n g y i el d a n d G a s h o w e d t h e l o w est s p utt eri n g yi el d. All t hr e e c ur v es 

s h o w si mil ar b e h a vi or. T h e diff er e n c es i n t h e s p utt eri n g yi el d of Ni, M n, a n d G a o bs er v e d i n Fi g ur e 

5. 1 1 c o nfir ms t h e c o m p o siti o n al c h a n g es i n t h e t hi n fil m. Ni is pr ef er e nti all y s p utt er e d fr o m t h e 

all o y t ar g et c o m p ar e d t o M n a n d G a. Si mil ar tr e n d h as b e e n r e p ort e d b y S h ar m a et al . i n t h eir 

i n v esti g ati o n of t h e eff e ct of s p utt eri n g p o w er o n t h e c o m p ositi o n of Ni-M n -G a t hi n fil m [ 7 9]. 

T h e y f o u n d t h at t h e diff er e n c es i n s p utt eri n g yi el d of Ni, M n, a n d G a i n cr e as es wit h s p utt eri n g 

p o w er. T h e y c o n cl u d e d t h at t h e fil m c o m p ositi o n is str o n gl y d e p e n d e nt o n t h e s p utt eri n g p o w er.  

Fi g ur e 5. 1 2 s h o ws t h e s p utt eri n g yi el d of Ni -M n -G a all o y b o m b ar d e d b y 1 0 0 0 e V of Ar +  i o ns at 

i n ci d e nt a n gl es fr o m 0 ° t o 8 0 °. B et w e e n 2 0 ° a n d 6 0 ° a n gl e of i n ci d e n c e, it is o bs er v e d t h at 

s p utt eri n g yi el d i n cr e as e s e x p o n e nti al l y. A b o v e 6 0 ° i n ci d e n c e a n gl e, a d e cli n e i n t h e s p utt eri n g 

yi el d is s e e n. A g ai n, all t hr e e c ur v es s h o w si mil ar b e h a vi or. O bs er v ati o n fr o m b ot h pl ot s s h o w 

str o n g d e p e n d e n c y of s p utt eri n g yi el d o n i o n e n er g y a n d i n ci d e nt a n gl e.  

B as e d o n t h e m o d eli n g r e s ult s , it is e x p e ct e d t h at t h e Ni c o nt e nt of t h e t hi n fil m will i n cr e as e, w hil e 

M n a n d G a c o nt e nt will d e cr e as e. H o w e v er, t hi s is n ot t h e c as e f or t h e Ni -M n -G a t hi n fil ms 

d e p osit e d i n t hi s w or k (s e e T a bl e 5. 3 a n d Fi g ur e 5. 1 0). M or e e x p eri m e nt al a n d m o d eli n g w or k is 

n e c ess ar y, i n or d er t o u n d erst a n d t h e i nfl u e n c e of dis c h ar g e c urr e nt o n t h e c h e mi str y of Ni -M n -G a 

t hi n fil ms. 
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Fi g ur e 5. 1 0  Eff e ct of dis c h ar g e c urr e nt o n c o m p o siti o n of Ni -M n -G a t hi n fil m.  

 

 

Fi g ur e 5. 1 1  S p utt eri n g yi el d as f u n cti o n of i o n e n er g y.  
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Fi g ur e 5. 1 2  S p utt eri n g yi el d as f u n cti o n of i n ci d e n c e a n gl e.  

Fi g ur e 5. 1 3 ( a) –  ( h) s h o w t h e S E M mi cr o gr a p hs of t h e pl a n e vi e w a n d cr oss -s e cti o ns of t h e Ni -

M n -G a t hi n fil ms d e p osit e d o n t h e Si ( 1 0 0) s u bstr at e at a dis c h ar g e c urr e nts of 0. 0 5 A, 0. 0 7 A, 

0. 1 3 A, a n d 0. 1 5 A f or 6 0 mi n ut es, s a m pl es S 1 t o S 4, r es p e cti v el y. T h e pl a n e vi e w i m a g es s h o w 

u nif or m gr ai n si z e a n d m or p h ol o g y, w hi c h i n di c at es a st a bl e d e p ositi o n pr o c ess. T h e i nfl u e n c e of 

t h e dis c h ar g e c urr e nt o n t h e fil m m or p h ol o g y s h o w e d si g nifi c a nt c h a n g e i n t h e gr ai n si z e as t h e 

dis c h ar g e c urr e nt i n cr e as e d fr o m 0. 0 5 A t o 0. 0 7 A. T his is a n i n di c ati o n t h at d uri n g t h e d e p ositi o n 

pr o c ess a n i n cr e as e i n di s c h ar g e c urr e nt i n cr e as es t h e d e p ositi o n r at e w hi c h e n a bl es i n cr e as e i n 

a d at o m s m o bilit y a n d e n h a n c es s urf a c e diff usi o n of t h e of t h e a d at o m s. F e w er v oi ds ar e o bs er v e d 

d u e t o  i n cr e as e i n a d at o m m o bilit y a n d s urf a c e diff usi o n d uri n g t h e gr o wt h pr o c ess b e c a us e of 

i n cr e as e dis c h ar g e c urr e nt. All s a m pl es s h o w el o n g at e d gr ai n m or p h ol o g y wit h a ri c e-li k e s h a p e. 

T h e wi dt h of t h e el o n g at e d gr ai ns is i n t h e r a n g e of 6 0 n m t o 1 0 0 n m a n d  t h e l e n gt h i n t h e r a n g e 

of 2 0 0 n m t o 4 5 0 n m. T h e cr oss -s e cti o n al mi cr o gr a p hs of t h e S 1, S 2, S 3, a n d S 4 s a m pl es s h o w 
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u nif or m fil m t hi c k n ess a n d c ol u m n ar mi cr ostr u ct ur e. It i s e vi d e nt t h at t h e dis c h ar g e c urr e nt aff e ct 

fil m t hi c k n ess. As t h e dis c h ar g e c urr e nt i n cr e as es, fil m t hi c k n ess i n cr e as es wit h n o p or es i n si g ht.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 5. 1 3  S E M mi cr o gr a p h of t o p a n d cr oss -s e cti o n of Ni -M n -G a t hi n fil m d e p osit e d at 

diff er e nt di s c h ar g e c urr e nt:  S 1 ( a, b), S 2 ( c, d), S 3 ( e, f), a n d S 4 ( g, h).  

 

 

( a) 

( c) 

( g) 

( d) 

( b) 

( h) 

(f) ( e) 

1 µ m  1 µ m  

1 µ m  1 µ m  

1 µ m  1 µ m  

1 µ m  1 µ m  
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Gr ai n si z e m e as ur e m e nt w as c arri e d o ut b y pr o c essi n g t h e pl a n e vi e w S E M mi cr o gr a p hs of 

s a m pl es i n I m a g eJ s oft w ar e. T h e a v er a g e gr ai n si z e a n d st a n d ar d d e vi ati o n s f or e a c h s a m pl e w er e 

c al c ul at e d.  

Fil m t hi c k n ess f or e a c h s a m pl e w as m e as ur e d fr o m cr oss -s e cti o n S E M i m a g es. T h e a v er a g e gr ai n 

si z e w as d et er mi n e d usi n g t h e m ai n li n e ar i nt er c e pt m et h o d, as d es cri b e d i n t h e A S T M st a n d ar d 

E 1 1 2 [ 2 6 1]. Fi v e m e as ur e m e nts w er e t a k e n f or e a c h s a m pl e a n d t h e a v er a g e, a n d t h e st a n d ar d 

d e vi ati o ns w er e c o m p ut e d. It c a n b e o bs er v e d fr o m Fi g ur e 5. 1 4 t h at, b ot h gr ai n si z e a n d fil m 

t hi c k n ess i n cr e as e wit h dis c h ar g e c urr e nt. E x c e pt f or s a m pl e S 4, 0. 1 5 A di s c h ar g e c urr e nt w h er e 

a dr o p i n b ot h gr ai n si z e a n d fil m t hi c k n ess w as o bs er v e d w hi c h m a y b e d u e t o s h ort er d e p ositi o n 

ti m e. T h e d e p ositi o n ti m e w as a b o ut 5 0 mi n ut es. 
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Fi g ur e 5. 1 4  V ari ati o n of fil m t hi c k n ess a n d gr ai n si z e wit h di s c h ar g e c urr e nt.  

 

Fil m u nif or mit y w as als o c al c ul at e d usi n g t h e r el ati o n b el o w [ 2 6 2]:  

%  𝑡 𝑘 𝑙  𝐴 𝑒𝑘 𝑙 𝑆 𝑘 𝑙𝐴 𝑒 𝑘 =
𝑙 𝑆 𝑘  𝑙𝐷𝑜 𝑛  𝐾ℎ 𝑇 𝑡 𝐾 𝑇 𝐴 𝑒 𝐸 − 𝐾𝐵 𝑇𝑜 𝑎 𝑜 𝛷  𝑍𝐵𝐿 𝛷  𝑍ℎ 𝐵 𝐿 𝑟 𝑎 𝑍 𝐵 𝐿

𝑒 𝑟 𝑎 𝑍 𝐵 𝐿 𝑒  𝑟𝑎𝑍 𝐵  𝐿 ℎ 𝑒 𝑟 𝑎 𝑍 𝐵 𝐿 𝑒
𝑟 1 0 0              ( 5 .1 )  

R es ult s fr o m t h e fil m u nif or mit y c al c ul ati o n as o bs er v e d fr o m T a bl e 5. 4 s h o w t h at, t h e fil m 

t hi c k n ess r a n g e f or t h e 4 s a m pl es v ari e d b et w e e n 0. 0 2 2 µ m t o 0. 0 7 µ m. S a m pl e S 4 s h o w e d t h e 

l o w est fil m n o n-u nif or mit y v al u e of 0. 9 4 9 % a n d S 1 s h o w e d t h e hi g h est fil m n o n -u nif or mit y of 

2. 6 8 2 % w hi c h s u g g est S a m pl e S 4 e x hi bit e d t h e hi g h est d e gr e e of fil m u nif or mit y.  

T a bl e 5. 4  Fil m t hi c k n ess m e as ur e m e nts a n d u nif or mit y c al c ul ati o ns f or  Ni -M n -G a t hi n fil ms 

d e p osit e d at diff er e nt di s c h ar g e c urr e nts  

Fil m t hi c k n ess ( µ m)  
L o c ati o n  S 1  S 2  S 3  S 4  

1  0. 9  1. 4 5 2  2. 5 9  2. 3 1  
2  0. 8 9 3  1. 4 7 5  2. 6 4  2. 3 3  
3  0. 8 9 6  1. 4 6 7  2. 6 6  2. 3 0 8  
4  0. 9 0 5  1. 4 5 9  2. 6  2. 3 2 6  
5  0. 8 8 1  1. 4 4 6  2. 6  2. 3 1 5  

A v e r a g e ( µ m)  0. 8 9 5  1. 4 5 9 8  2. 6 2 2  2. 3 1 7 8  
St a n d a r d d e vi ati o n  0. 0 0 9 0 2 8  0. 0 1 1 5 6  0. 0 2 8 6  0. 0 0 9 7 5 7  

R a n g e ( µ m)  0. 0 2 4  0. 0 2 9  0. 0 7  0. 0 2 2  
N o n -u nif o r mit y ( %)  2. 6 8 2  1. 9 8 7  2. 6 7 0  0. 9 4 9  

 

Fi g ur e 5. 1 5 s h o ws t h e X -r a y diffr a cti o n p att er n of Ni-M n -G a t hi n fil ms d e p osit e d at diff er e nt 

dis c h ar g e c urr e nt.  F or s a m pl e d e p osit e d at dis c h ar g e c urr e nt of 0. 0 5 A ( S 1), t h e d at a s h o ws a 

br o a d diffr a cti o n p e a k at 2 θ = 4 4. 2 o  w hi c h i n di c at es a dis or d er e d str u ct ur e [ 8 1], [ 2 5 8]. At l o w 

dis c h ar g e c urr e nt, a d at o ms h a v e l ess ki n eti c e n er g y a n d t h er ef or e h a v e r e d u c e d s urf a c e m o bilit y 

w hi c h aff e ct t h e cr yst alli nit y of t h e fil ms. H o w e v er,  b y i n cr e asi n g t h e  dis c h ar g e c urr e nt, a d at o m s 

w o ul d h a v e s uffi ci e nt ki n eti c e n er g y t o e n h a n c e s u rf a c e diff usi o n f or at o mi c or d eri n g [ 8 1]. At a 
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dis c h ar g e c urr e nt of 0. 0 7 A ( S 2), a s h ar p diffr a cti o n p e a k b e gi ns t o e m er g e at 2 θ = 4 4. 2 o . S a m pl es 

S 3 a n d S 4 e x hi bit s h ar p er diffr a cti o n p e a k wit h i n cr e asi n g i nt e nsit y w hi c h c orr es p o n ds t o b ett er 

cr yst alli nit y. T h e diffr a cti o n p e a k at 2 θ = 4 4 . 2o  is i n d e x e d as a ust e niti c c u bi c str u ct ur e ( 2 2 0) wit h 

l atti c e p ar a m et ers a = b = c = 0. 5 7 8 6 n m b el o n gi n g t o t h e F m -3 m  s p a c e gr o u p [ P D F 0 4 -0 1 5 -2 4 6 0]. 

R es ult o bt ai n e d is c o nsist e nt wit h w or k r e p ort e d b y K u m ar et al.  [ 1 0 1]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fi g ur e 5. 1 5  X R D s p e ctr u m of Ni -M n -G a t hi n fil m d e p osit e d at diff er e nt dis c h ar g e c urr e nt.  
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5. 4   Eff e ct of s u bst r at e t e m p e r at u r e o n c o m p o siti o n, s u rf a c e 
m o r p h ol o g y a n d st r u ct u r al e v ol uti o n of Ni -M n -G a t hi n fil m  

Ni -M n -G a t hi n fil ms h a v e b e e n o bt ai n e d b y D C m a g n etr o n s p utt eri n g of Ni -M n -G a t ar g ets 

m a n uf a ct ur e d b y 3 D bi n d er j et pri nti n g of pr e -all o y e d Ni -M n -G a p o w d ers. T h e t hi n fil ms h a v e 

b e e n gr o w n o n Si( 1 0 0) s u bstr at e h e at e d u p t o 5 0 0 0 C, 6 0 0 0 C, a n d 7 0 0 0 C f or 1 h o u rs. T h e f oll o wi n g 

s p utt eri n g p ar a m et ers w er e us e d i n t h e s p utt eri n g pr o c ess: dis c h ar g e c urr e nt 0. 1 1 A, t ar g et t o 

s u bstr at e dist a n c e 4 c m, a n d t h e ar g o n pr ess ur e w as 6. 2 m T orr. F or si m plifi c ati o n, t h e Ni -M n -G a 

t hi n fil ms o bt ai n e d b y d e p ositi o n at 5 0 00 C, 6 0 0 0 C, a n d 7 0 0 0 C f or 1 h o ur, a n d r e p ort e d i n t hi s 

s u b c h a pt er, ar e l a b el e d a s N M G 1, N M G 2, a n d N M G 3, r es p e cti v el y.   

5. 4. 1  C o m p ositi o n al a n al ysis  

C h e mi c al c o m p ositi o n a n al ysi s of t h e Ni -M n -G a t hi n fil ms d e p osit e d at 5 0 0 0 C, 6 0 0 0 C, a n d 7 0 0 0 C 

w as i n v esti g at e d usi n g t h e E D S a n d A E S t e c h ni q u es. T h e fil m c o m p ositi o n o bt ai n e d usi n g E D S 

s p e ctr os c o p y f or t h e v ari o us d e p ositi o n t e m p er at ur es ar e s h o w n i n T a bl e 5. 5. Fi g ur e 5. 1 6 s h o ws 

t h e S E M mi cr o gr a p hs r e c or d e d f or m t h e t o p s urf a c e of t h e fil ms a n d t h e c orr es p o n di n g E D S 

s p e ctr a c oll e ct e d fr o m t h e fil ms. T h e E D S s p e ctr a s h o w t h e pr es e n c e of Ni, M n, G a p e a ks a n d a 

w e a k o x y g e n p e a k. T h e pr es e n c e of t h e o x y g e n p e a k mi g ht b e d u e t o e x p os ur e of t h e t hi n fil ms t o 

t h e at m os p h eri c e n vir o n m e nt r es ulti n g i n s urf a c e o xi d es. O bs er v ati o n fr o m T a bl e 5. 5 s h o ws 

d e cr e asi n g at o mi c c o n c e ntr ati o n of o x y g e n c o nt a mi n a nts wit h i n cr e asi n g s u bstr at e t e m p er at ur e 

w hi c h s u g g est t h e s u bstr at e t e m p er at ur e h as si g nifi c a nt i nfl u e n c e o n t hi n fil m c o m p ositi o n.  
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T a bl e 5. 5  C h e mi c al c o m p ositi o n of t hi n fil ms d e p osit e d at diff er e nt s u bstr at e t e m p er at ur es  

S a m pl e  Ni ( at %)  M n ( at %)  G a ( at %)  O ( at %)  

N M G 1  4 6. 6 7  2 7. 9 1  1 9. 0 5  0 6. 3 7  

N M G 2  4 7. 4 5  2 8. 3 4  1 8. 9 2  0 5. 2 9  

N M G 3  4 7. 4 9  2 8. 4 1  1 9. 7 3  0 4. 3 7  
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Fi g ur e 5. 1 6  S E M mi cr o gr a p hs of t h e t hi n fil m a n d t h e c orr es p o n di n g E D S s p e ctr u m c oll e ct e d 

fr o m t h e fil m s urf a c e. 

Fi g ur e 5. 1 7 s h o ws fil m c o m p ositi o n as a f u n cti o n of s u bstr at e t e m p er at ur e o bt ai n e d b as e d o n t h e 

r es ult s fr o m E D S a n al ysi s. R es ult r e v e als t h e pr es e n c e of Ni, M n, a n d G a i n all t h e fil ms wit h n o 

( a) 

( d) 

( b) 

( c) 

( e) (f) 

5 0 0° C  5 0 0° C  

6 0 0° C  6 0 0° C  

7 0 0° C  7 0 0° C  
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si g nifi c a nt c h a n g e i n fil m c o m p ositi o n wit h s u bstr at e t e m p er at ur e. H o w e v er, fr o m t h e t ar g et 

c o m p ositi o n ( Ni 5 3 M n 2 6 G a 2 1 ) st a n d p oi nt, Ni c o nt e nt s h o w e d a d e cr e as e i n at o mi c c o n c e ntr ati o n 

w h er e as M n c o nt e nt s h o w e d a n i n c r e as e w hi c h c o ul d b e d u e t o t hr e e r e as o ns. T h e G a c o nt e nt i n 

t h e t hi n fil m is v er y cl os e d t o t h e t ar g et’s G a c o nt e nt. O n e r e as o n is t h at, M n wit h l o w er at o mi c 

w ei g ht  w o ul d b e e asi er t o s p utt er fr o m t h e t ar g et s urf a c e a n d d u e t o l o w er t ar g et t o s u bstr at e 

d ist a n c e M n w o ul d b e d e p osit e d f ast er wit h o ut b e e n s c att er e d b y r efl e ct e d Ar at o m s d uri n g t h e 

tr a ns p ort [ 2 6 3]. A n ot h er r e as o n m a y b e d u e t o diff er e n c es i n s p utt eri n g yi el ds of M n, G a a n d Ni 

[ 6 9]. As m e nti o n e d i n t h e pr e vi o us s e cti o n, t h e fil m c o m p ositi o n c a n b e aff e ct e d b y diff er e n c es i n 

s p utt eri n g yi el d of i n di vi d u al c o m p o n e nts. T h e T RI M c al c ul ati o ns s h o w t h at M n e x hi bit hi g h er 

s p utt eri n g yi el d t h a n G a, h e n c e t h e i n cr e as e at o mi c c o n c e ntr ati o n of M n. Fi n all y, r es p utt eri n g of 

t h e d e p osit e d fil m b y Ar i o n b o m b ar d m e nt c a n b e a p ossi bl e r e as o n f or t h e c o m p ositi o n al c h a n g es 

i n t h e t hi n fil m [ 2 6 4]. 
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Fi g ur e 5. 1 7  Eff e ct of s u b str at e t e m p er at ur e o n fil m c o m p ositi o n.  

F urt h er ass ess m e nt of t h e fil m c o m p ositi o n w as c arri e d o ut usi n g A u g er el e ctr o n s p e ctr os c o p y 

( A E S) t o m e as ur e t h e d e pt h pr ofil es of N M G 1, N M G 2, a n d N M G 3 s a m pl e s. A E S d e pt h pr ofil e of 

Ni -M n -G a fil m d e p osit e d at 5 0 0 o C is s h o w n i n Fi g ur e 5. 1 8. T h e A E S r es ult s h o ws a l oss i n Ni a n d 

M n c o nt e nt w hil e G a c o nt e nt r e m ai n e d c o nst a nt. T h e fil m c o m p ositi o n is diff er e nt c o m p ar e d t o 

t h e t ar g et c o m p ositi o n, o n e r e as o n b ei n g t h e o x y g e n c o nt a mi n ati o n. R es ult als o s h o w t h e pr es e n c e 

of o x y g e n c o nt a mi n ati o n of a b o ut 1 1 % at o mi c c o n c e ntr ati o n. At 6 0 0 o C as s e e n i n Fi g ur e 5. 1 9, Ni, 

M n, a n d G a c o nt e nt s h o w e d a c o nst a nt d e pt h pr ofil e fr o m t h e s urf a c e t o s u bstr at e i nt erf a c e. 

H o w e v er, a l oss i n Ni a n d M n c o nt e nt w er e o bs er v e d d u e t o t h e pr es e n c e of o x y g e n c o nt a mi n ati o n. 
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Fi n all y, at 7 0 0 o C, a si g nifi c a nt dr o p i n o x y g e n c o nt a mi n ati o n is o bs er v e d i n Fi g ur e 5. 2 0. Ni c o nt e nt 

i n t h e fil m w as a b o ut s a m e as t h at i n t h e t ar g et b ut M n a n d G a c o nt e nt s h o w e d a dr o p i n at o mi c 

c o n c e ntr ati o n.  

C o m p ari n g t h e E D S r es ult s t o t h e A E S d at a, M n c o nt e nt w as q uit e l o w i n t h e A E S r es ult s f or all 

t h e s a m pl es, Ni c o nt e nt i n 5 0 0 ° C a n d 6 0 0 ° C fr o m t h e A E S d at a w er e l o w er t h a n r es ult s fr o m t h e 

E D S d at a. Ni c o nt e nt i n t h e 7 0 0 ° C s a m pl e fr o m t h e A E S w er e cl os e t o t h e E D S d at a. G a c o nt e nt 

i n b ot h a n al ys es w er e cl o s e. T h o u g h t h er e is s o m e dis p arit y i n t h e r es ult s fr o m b ot h a n al ys es, y et 

b ot h a n al ys es s h o w e d d e cr e asi n g o x y g e n c o nt a mi n ati o n as t h e s u bstr at e t e m p er at ur e i n cr e as es.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 5. 1 8  A E S d e pt h pr ofil e Ni -M n -G a t hi n fil m d e p osit e d at 5 0 0 ° C s u bstr at e t e m p er at ur e.  
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Fi g ur e 5. 1 9  A E S d e pt h pr ofil e Ni -M n -G a t hi n fil m d e p osit e d at 6 0 0 ° C s u bstr at e t e m p er at ur e.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 5. 2 0  A E S d e pt h pr ofil e Ni -M n -G a t hi n fil m d e p osit e d at 7 0 0 ° C s u bstr at e t e m p er at ur e.  
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5. 4. 2  S u rf a c e a n d c r oss -s e cti o n al m o r p h ol o g y  

T h e m or p h ol o g y of t h e fil m pl a n ar s urf a c e a n d t h e a p p e ar a n c e of t h e cr oss -s e cti o n e d N M G 1, 

N M G 2, a n d N M G 3 t hi n fil ms ar e s h o w n i n Fi g ur e 5. 2 1. Fi g ur e 5. 2 1 ( a), ( c), a n d ( e) s h o ws t h e 

s e c o n d ar y el e ctr o n mi cr o gr a p hs of t h e N M G 1, N M G 2, a n d N M G 3 fil ms pl a n ar s urf a c e. T h e t hr e e 

mi cr o gr a p hs h a v e b e e n r e c or d e d at t h e s a m e m a g nifi c ati o n f or e as y c o m p aris o n of b ot h fil m 

m or p h ol o g y a n d gr ai n si z e. All t hr e e fil ms s h o w t h e s a m e m or p h ol o g y, c o nsisti n g of sli g htl y 

el o n g at e d gr ai ns, w hi c h s e e m t o f or m a n irr e g ul ar s urf a c e. T h e gr ai n si z e a n al ysi s w as p erf or m e d, 

a n d it is r e p ort e d i n Fi g ur e 5. 2 2. Fi g ur e 5. 2 1 ( b), ( d), a n d (f) s h o ws t h e s e c o n d ar y el e ctr o n 

mi cr o gr a p hs of t h e cr oss -s e cti o n e d N M G 1, N M G 2, a n d N M G 3 fil ms. C ol u m n ar gr ai ns, ori e nt e d 

p er p e n di c ul ar t o t h e s u bstr at e s urf a c e, ar e cl e arl y visi bl e i n all t hi n fil ms. F or N M G 1 a n d N M G 2 

t h e fil m t hi c k n ess is al m ost i d e nti c al, w hil e t h e N M G 3 is t hi n n er. R e d u c e d fil m t hi c k n ess at hi g h er 

s u bstr at e t e m p er at ur e mi g ht b e d u e t o r e -e v a p or ati o n of t h e fil m aft er s p utt er d e p ositi o n.  Si mil ar 

o bs er v ati o n h a v e b e e n r e p ort e d b y s o m e a ut h ors of w hi c h t h e y attri b ut e d t o t h e r e -e v a p or ati o n 

p h e n o m e n o n [ 2 6 5], [ 2 6 6]. J a b er et al.  d e p osit e d C a d mi u m S ulfi d e ( C d S) t hi n fil m b y t h er m al 

e v a p or ati o n at diff er e nt s u bstr at e t e m p er at ur es a n d o bs er v e d d e cr e asi n g fil m t hi c k n ess as t h e 

s u bstr at e t e m p er at ur e i n cr e as es [ 2 6 5]. T his t h e y attri b ut e d t o e n h a n c e m e nt of r e-e v a p or ati o n 

c o effi ci e nt of t h e a ds or b e d t hi n fil m m at eri al w hi c h r es ult e d i n d e cr e as e i n s urf a c e c o n c e ntr ati o n 

of t h e fil m m at eri al. Bil gi n et al.  als o o bs er v e d d e cr e asi n g fil m t hi c k n ess as t h e s u bstr at e 

t e m p er at ur e i n cr e as es i n t h e d e p ositi o n of C d S t hi n fil m b y ultr as o ni c s pr a y p yr ol ysis t e c h ni q u e 

[ 2 6 6]. W h e n t h e s u bstr at e t e m p er at ur e is t o o hi g h, t h e a d at o m s ki n eti c e n er g y i n cr e as es wit h 

c ollisi o ns wit h e a c h ot h er a n d c o ns e q u e ntl y r es ult s i n r e -e v a p or ati o n of t h e fil m m at eri al [ 2 6 7]. 

T h e gr ai n si z e a n al ysi s w as p erf or m e d usi n g t h e mi cr o gr a p hs of t h e fil m pl a n ar s urf a c e, Fi g ur e 

5. 2 1 ( a), ( c), a n d ( e), a n d t h e I m a g eJ s oft w ar e [ 2 6 8]. T h e a v er a g e gr ai n si z e w as d et er mi n e d usi n g 

t h e m e a n li n e ar i nt er c e pt m et h o d, as d es cri b e d i n t h e A S T M st a n d ar d E 1 1 2 [ 2 6 1]. T h e 
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m e as ur e m e nt of t h e a v er a g e gr ai n si z e a n d o bt ai ni n g gr ai n si z e distri b uti o n fr o m el e ctr o n 

mi cr o gr a p hs of t hi n fil ms b y usi n g t h e m e a n li n e ar i nt er c e pt m et h o d w as r e p ort e d b y s e v er al 

a ut h ors [ 2 6 9]– [ 2 7 1]. T h e gr ai n si z e a v er a g e a n d it s st a n d ar d d e vi ati o n f or e a c h t hi n fil m is pl ott e d 

i n Fi g ur e 5. 2 2, as f u n cti o n of s u bstr at e t e m p er at ur e. T h e fil m t hi c k n ess v ari ati on is als o pl ott e d i n 

Fi g ur e 5. 2 2.  
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Fi g ur e 5. 2 1  S e c o n d ar y el e ctr o n mi cr o gr a p hs of t h e Ni -M n -G a t hi n fil ms d e p osit e d o n Si( 1 0 0) 

s u bstr at e at 5 0 0 0 C ( N M G 1), 6 0 0 0 C ( N M G 2), a n d 7 0 0 0 C ( N M G 3). ( a), ( c), a n d ( e) M or p h ol o g y 

of t hi n fil ms pl a n ar s urf a c es. ( b), ( d), a n d (f) Mi cr o gr a p hs of t h e cr oss-s e cti o n e d fil ms.  

 

Fi g ur e 5. 2 2 s h o ws t h e eff e ct of s u bstr at e t e m p er at ur e o n gr ai n si z e a n d fil m t hi c k n ess. B ot h, t h e 

a v er a g e gr ai n si z e a n d fil m t hi c k n ess d e cr e as e wit h i n cr e asi n g s u bstr at e t e m p er at ur e.  T h e a v er a g e 

gr ai n si z e sli g htl y d e cr e a s es fr o m 2 5 8 n m of t h e N M G 1 t hi n fil m ( d e p osit e d at 5 0 00 C), t o 2 2 7 n m 

f or t h e N M G 3 t hi n fil m ( d e p osit e d at 7 0 0 0 C). T h e d e cr e as e i n gr ai n si z e wit h i n cr e asi n g s u bstr at e 
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t e m p er at ur e c o ntr a di ct w h at is l ar g el y r e p ort e d. T h e e x pl a n ati o n t o t hi s b e h a vi or c a n b e ass o ci at e d 

t o  t w o  p ossi bl e  r e as o ns:  t h e  first  r e as o n  is  t h at,  at  hi g h er  s u bstr at e  t e m p er at ur es,  a d at o m s  g ai n 

hi g h er ki n eti c e n er g y w hi c h i n cr e as es t h eir c ollisi o n wit h e a c h ot h er a n d c o n s e q u e ntl y r es ult i n r e-

e v a p or ati o n of t h e t hi n fil m m at eri al [ 2 6 7]. As a r es ult, a r e d u cti o n i n gr ai n si z e a n d fil m t hi c k n ess 

ar e o bs er v e d. T h e s e c o n d r e as o n mi g ht b e d u e t o v ari ati o n i n t h e c h e mi c al c o m p ositi o n of t h e t hr e e 

s a m pl es  as  c o nfir m e d  b y  b ot h  E D S  a n d  A E S  d at a.  T h e  o x y g e n  c o nt a mi n ati o n  mi g ht  als o  b e  a 

c o ntri b uti n g f a ct or t o t h e v ari ati o n i n gr ai n si z e as r e p ort e d b y V er g ar a et al  [ 2 7 2].   

 

Fi g ur e 5. 2 2 Eff e ct of s u bstr at e t e m p er at ur e o n gr ai n si z e a n d fil m t hi c k n es s. 

5. 4. 3  X R D a n al ysis 

Fi g ur e 5. 2 3 ill ustr at es t h e X R D p att er ns of Ni- M n - G a t hi n fil ms d e p osit e d at 5 0 0o C, 6 0 0 o C, a n d 

7 0 0 o C r es p e cti v el y. Fil m d e p osit e d at 5 0 0 o C h as t h e H e usl er L 2 1  c u bi c str u ct ur e h a vi n g t h e s p a c e 

gr o u p 𝑡 𝑘 3̅ 𝑙  a n d l atti c e p ar a m et er a = 0. 5 8 2 0 n m . T h e d o mi n a nt a ust e niti c p e a k o c c urr e d at 2 θ 
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= 4 4. 0 2 o . I n cr e asi n g t h e s u bstr at e t e m p er at ur e t o 6 0 0o C, r es ult e d i n t h e s plitti n g of t h e a ust e niti c 

p e a k ( 2 2 0) i nt o t hr e e diffr a cti o n p e a ks at 2 θ = 4 1. 9 4 o , 4 2. 9 3o , 4 4. 3 1 °. P e a k s plitti n g h as b e e n 

r e p ort e d as a n i n di c ati o n of m art e nsitic tr a nsf or m ati o n [ 7 7]. T h e diffr a cti o n p e a ks o bs er v e d ar e 

ass o ci at e d wit h t h e m o n o cli ni c m art e nsiti c str u ct ur e b el o n gi n g t o t h e I 2/ m s p a c e gr o u p h a vi n g 

l atti c e p ar a m et ers a = 0. 4 2 2 8 3 0 n m, b = 0. 5 5 7 5 2 n m, c = 2. 1 0 0 1 n m, β = 9 0. 3 2 5o [ 2 7 3]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 5. 2 3  X -r a y diffr a cti o n s p e ctr u m of Ni-M n -G a t hi n fil ms d e p osit e d at s u bstr at e 

t e m p er at ur es 5 0 0 ° C, 6 0 0 ° C, a n d 7 0 0 ° C. 

I n a d diti o n, a diffr a cti o n p e a k at 2 θ = 4 8. 6 6 ° w hi c h b el o n gs t o M n Ni p h as e w as s e e n w hi c h m a y 

b e d u e t o c h e mi c al s e gr e g ati o n as a r es ult of pr ef er e nti al s p utt eri n g. F urt h er i n cr e as e i n s u bstr at e 

2 0 4 0 6 0 8 0

In
te

ns
it

y 
(a

.u
)

2 q ( d e gr e e)

5 0 0 o C

6 0 0 o C

7 0 0 o C

•

•

¨

¨ ¨

¨¨ ¨ ¨
©

¨

¨ ¨¨
¨

¨

¨

©

*

•  M n Ni2 G a

*  Si

¨  M n1. 1 5 Ni 2 G a 0. 8 5

©  M n Ni



1 2 7  

t e m p er at ur e t o 7 0 0o C, s h o w e d si mil ar diffr a cti o n p att er n e x c e pt t h at t h e i nt e nsit y of t h e diffr a cti o n 

p e a k at 2 θ = 4 4. 3 1 ° is r e d u c e d.  

5. 5  P ost -h e at t r e at m e nt of as -d e p osit e d r o o m t e m p e r at u r e Ni -M n -G a t hi n fil m  

Ni -M n -G a t hi n fil m d e p osit e d at r o o m t e m p er at ur e w as s u bj e ct e d t o p ost -a n n e ali n g tr e at m e nt t o 

i n v esti g at e a n n e ali n g eff e ct o n t h e s urf a c e m or p h ol o g y a n d t h e cr yst al str u ct ur e. T h e h e at-

tr e at m e nt w as c arri e d o ut i n t h e C ar b olit e t u b e f ur n a c e us e d f or t h e tar g et si nt eri n g. T hi n fil m w as 

pl a c e i n al u mi n a cr u ci bl e s a m pl e h ol d er a n d g e ntl y tr a nsf err e d i nt o t h e t u b e f ur n a c e. T h e t u b e w as 

e v a c u at e d usi n g a m e c h a ni c al p u m p u ntil a b as e pr ess ur e of 5 m T orr w as att ai n e d a n d t h e n ultr a -

hi g h p urit y ar g o n g as w a s i ntr o d u c e d i nt o t h e t u b e at a pr ess ur e of 3 0 0 m T orr. T h e t u b e f ur n a c e 

w as s u bs e q u e ntl y p ur g e d t hr e e ti m es wit h ar g o n g as. T hi n fil m w as a n n e al e d at 6 0 0 o C f or 1 h o ur 

at h e ati n g r at e of 1 5 o C/ mi n. Fi g ur e 5. 2 4 ( a) - ( b) s h o ws 3 D at o mi c f or c e mi cr os c o p y ( A F M) 

mi cr o g r a p hs of Ni-M n -G a t hi n fil ms d e p osit e d at r o o m t e m p er at ur e a n d a n n e al e d. T h e as -

d e p osit e d fil m s e e n i n Fi g ur e 5. 2 4 ( a) r e v e al e d a s m o ot h s urf a c e m or p h ol o g y wit h s o m e n oti c e a bl e 

s p h eri c al gr ai ns of a b o ut 9 0 n m si z e. T h e a n n e al e d fil m o n t h e ot h er h a n d s h o w e d a m or p h ol o g y 

w h os e gr ai n str u ct ur e is q uit e r o c k y a n d r o u g h as s e e n i n Fi g ur e 5. 2 4 ( b). T h e fil m e x p eri e n c e d 

gr ai n gr o wt h wit h a n a v er a g e gr ai n si z e of a b o ut 2 0 0 n m. Fi g ur e 5. 2 5 s h o ws X R D s p e ctr u m of Ni -

M n -G a t hi n fil ms d e p osit e d at r o o m t e m p er at ur e a n d a n n e al e d at 6 0 0 o C.  
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Fi g ur e 5. 2 4  3 D At o mi c f or c e mi cr os c o p y ( A F M) i m a g e Ni -M n -G a t hi n fil ms: ( a) As -d e p osit e d; 

( b) A n n e al e d. 

T h e X R D s p e ctr u m f or t h e r o o m t e m p er at ur e fil m s h o ws a t y pi c al a ust e niti c p h as e wit h a ( 2 2 0) 

diffr a cti o n p e a k ass o ci at e d wit h t h e st oi c hi o m etri c Ni 2 M n G a. T h e a n n e al e d fil m o n t h e ot h er h a n d 

s h o w e d m u c h hi g h er ( 2 2 0) diffr a cti o n p e a k ass oi c at e d wit h t h e a ust e niti c p h as e a n d a d diti o n al 

p e a ks m at c h e d wit h Ni 0. 8 5 M n 0. 1 5  a n d G a 0. 2 5 M n 0. 7 5  a n d a n e xtr a p e a k wit h o ut a m at c h. T h e r es ult 

s h o w e d t h at t h e a n n e al e d fil m is m o r e cr yst alli n e t h a n t h e as-d e p osit e d fil m, h o w e v er, it als o 

e x p eri e n c e d c h e mi c al s e gr e g ati o n r es ulti n g i n c h e mi c al i n h o m o g e ni eti es.  

 

 

 

 

 

 

 

 

 

 

 

(b ) 
( a) 
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Fi g ur e 5. 2 5  X R D s p e ctr u m of Ni -M n -G a t hi n fil m d e p osit e d at r o o m t e m p er at ur e a n d a n n e al e d 

at 6 0 0 ° C.  
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C H A P T E R 6   

Bi n d e r j et 3 D p ri nti n g of c o m pl e x  g e o m et r y c o p p e r  s p utt e ri n g t a r g ets a n d 
c h a r a ct e ri z ati o n of o bt ai n e d t hi n fil ms 

6. 0   I nt r o d u cti o n  

M a g n etr o n s p utt eri n g t e c h ni q u e is a m o n g t h e m ost wi d el y us e d t e c h ni q u e f or t hi n fil m f a bri c ati o n 

d u e t o it s hi g h d e p ositi o n r at e, f or m ati o n of hi g h p urit y fil ms, hi g h r at e of fil m u nif or mit y a n d 

g o o d a d h esi o n t o s u bstr at e [ 3 6]. T his t e c h ni q u e em pl o ys m a g n etr o ns t o eff e cti v el y tr a p s e c o n d ar y 

el e ctr o ns  cl os e d t o t h e t ar g et s urf a c e t o e n h a n c e i o ni z ati o n effi ci e n c y at l o w g as pr ess ur e [ 2 7 4]. 

T h e s e c o n d ar y el e ctr o ns tr a p pi n g is a c hi e v e d b y t h e i nt er a cti o n of b ot h el e ctri c a n d m a g n eti c fi el ds 

[ 2 7 5].  T his i nt er a cti o n is g o v er n e d b y t h e L or e nt z f or c e e q u ati o n gi v e n b y e q u ati o n ( 6. 1). 

𝑡 = 𝑘 𝑙 + 𝐴 𝑒 × 𝑘                                                                   ( 6. 1) 

W h er e q is t h e el e ctri c c h ar g e o n el e ctr o n, E is t h e el e ctri c fi el d v e ct or, v is t h e v el o cit y of el e ctr o n, 

a n d B is t h e m a g n eti c fi el d v e ct or. T h e cr oss pr o d u ct b et w e e n t h e v el o cit y v e ct or a n d t h e m a g n eti c 

fi el d v e ct or o bs er v e d i n t h e s e c o n d t er m o n t h e ri g ht-h a n d si d e of e q u ati o n ( 6. 1) is a n i n di c ati o n 

t h at t h e m a g n eti c f or c e is p er p e n di c ul ar t o t h e dir e cti o n of t h e m o vi n g el e ctr o n a n d t h e m a g n eti c 

fi el d [ 2 7 6]. As a r es ult, t h e el e ctr o n tr a v ers es al o n g t h e m a g n eti c fi el d li n es f oll o wi n g a c ur v e p at h  

n e ar t h e t ar g et s urf a c e cr e ati n g m or e i o ni z ati o n of ar g o n g as  [ 2 7 6], [ 2 7 7]. T h us, t h e p ositi v e c h ar g e 

ar g o n i o ns ar e attr a ct e d at hi g h s p e e d t o w ar ds t h e c at h o d e (t ar g et) i n d u ci n g s p utt eri n g of t h e t ar g et 

m at eri al. T h e hi g h i o ni z ati o n of t h e ar g o n g as d u e t o t h e el e ctr o n tr a p pi n g c o nfi n e d t h e pl as m a 

l o c all y i n t h e vi ci nit y of str o n g m a g n eti c fi el d p ar all el t o t h e  t ar g et [ 2 7 8]. T h e pl as m a g e n er at e d 

is i nt e ns e at r e gi o ns w h er e t h e el e ctri c a n d m a g n eti c fi el ds ar e m ut u all y p er p e n di c ul ar [ 2 7 9]. T his 

l e a ds t o n o n-u nif or m er o si o n pr ofil e of t h e t ar g et w hi c h s u bs e q u e ntl y aff e ct t h e effi ci e n c y of t h e 

t ar g et (s e e Fi g ur e 6. 1) [ 2 8 0].  
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Fi g ur e 6. 1  S c h e m ati c pl a n ar m a g n etr o n s p utt eri n g wit h el e ctr o n tr a p pi n g.  

I n a t y pi c al pl a n ar m a g n etr o n s p utt eri n g s yst e m, t ar g et utili z ati o n r e p ort e d i n lit er at ur e is a b o ut 

2 0 -3 0 % [ 2 8 1]. T h e p o or t ar g et utili z ati o n of t h e pl a n ar m a g n etr o n s p utt eri n g m a k es t h e pr o c ess 

i n effi ci e nt a n d u n e c o n o mi c al [ 2 8 2] es p e ci all y f or hi g h c ost  t ar g et m at eri als li k e g ol d, i n di u m ti n 

o xi d e (I T O) [ 2 8 3] a n d Ni -M n -G a all o y. M a n y att e m pt s h a v e b e e n m a d e t o i m pr o v e t h e t ar g et 

utili z ati o n b y e m pl o yi n g t e c h ni q u es s u c h as i nt er p ol es t ar g et -h oll o w m a g n etr o n [ 3 9], a r ot at a bl e  

c yli n dri c al m a g n etr o n [ 2 8 4], a n d r ot ati n g tilt e d u n b al a n c e d y o k e m a g n et [ 2 8 5]. M ost of t h es e 

t e c h ni q u es ar e c o m pli c at e d a n d m a y b e diffic ult t o i m pl e m e nt o n t h e i n d ustri al s c al e. A si m plifi e d 

a p pr o a c h t o i m pr o v e t h e t ar g et utili z ati o n effi ci e n c y  h a v e b e e n pr o p os e d b y Ar a k el o v a et al.  [ 2 7 9]. 

T h e y pr o p os e d a n o n -pl a n ar t ar g et wit h a c o ni c al pr otr usi o n at t h e er osi o n r e gi o n b as e d o n t h e 

b allisti c tr a ns p ort m o d el. T h e i d e a w as t o cr e at e a t ar g et pr ofil e s u c h t h at t h e m a g n eti c fi el d 

g e n er at e d w o ul d b e dir e ct e d p ar all el t o t h e t a r g et s urf a c e f or u nif or m er osi o n d uri n g s p utt eri n g. 

R es ult s fr o m t h eir w or k s h o w e d i m pr o v e m e nt i n t ar g et utili z ati o n effi ci e n c y a n d b ett er fil m 

pr o p erti es i n t h e c as e of Z n O [ 2 7 9]. B ul k p ol y cr yst alli n e Ni-M n -G a all o y is v er y brittl e a n d 



1 3 2  

diffi c ult t o m a c hi n e i nt o c o m pl e x p arts. T o pr o d u c e Ni -M n -G a t ar g ets wit h c o m pl e x g e o m etri es, 

usi n g t h e e xisti n g t ar g et m a n uf a ct uri n g t e c h ni q u e s, it w o ul d b e  c h all e n gi n g d u e t o t h e brittl e n ess 

of t h e m at eri al. H o w e v er, bi n d er j et a d diti v e m a n uf a ct uri n g ( BJ A M) c o ul d b e t h e g a m e c h a n g er 

d u e t o t h e d esi g n fr e e d o m of m a ki n g c o m pl e x p arts, Fi g ur e 6. 2. T his is e vi d e nt i n t h e w or k of 

C a p ut o et al.  a n d M ost af a ei et al . of m a ki n g c o m pl e x p arts of Ni -M n -G a all o y t hr o u g h BJ A M.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 6. 2   Cl assifi c ati o n of t e c h n ol o gi es b as e d o n n u m b er of p arts a n d p art s c o m pl e xit y [ 2 8 6]. 

I n t hi s w or k, t h er e w as li mit e d q u a ntit y of Ni-M n -G a p o w d er a v ail a bl e t o e x pl or e c o m pl e x 

s p utt eri n g t ar g et g e o m etri es. H o w e v er, 1 5 5 A c o p p er a n d 3 1 6 L S S g as at o mi z e d p o w d ers w er e 

a v ail a bl e i n l ar g e q u a ntiti es. T h er ef or e, i n or d er t o d e m o nstr at e t h at n o n -pl a n ar t ar g ets h a vi n g a n 

i n cr e as e d lif e ti m e us a g e c a n b e easil y m a n uf a ct ur e d fr o m v ari o us m at eri als (i n cl u di n g brittl e o n es, 

s u c h as c er a mi cs a n d Ni -M n -G a all o ys) usi n g BJ A M, c o p p er p o w d er w as s el e ct e d, d u e t o it s 

a v ail a bilit y i n t h e Y o u n gst o w n St at e U ni v ersit y l a b or at or y. C o p p er t ar g ets of diff er e nt d esi g ns 

w er e  pr o p os e d i n t hi s w or k f or t ar g et utili z ati o n e n h a n c e m e nts. C o m p aris o n b et w e e n fl at a n d n o n -
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fl at t ar g ets er osi o n ass es s m e nt w er e c arri e d o ut t o esti m at e t ar g et lif e or utili z ati o n usi n g t h e 

f oll o wi n g e q u ati o n: 

T a r g et  Utili z ati o n  ( U L ) =
𝑡 𝑘 − 𝑙 𝐴

𝑒 𝑘
× 1 0 0          ( 6. 2) 

W h er e M I is t h e i niti al m ass of t ar g et a n d MF  is t h e fi n al m ass aft er t ar g et er osi o n. 

T his c h a pt er will pr es e nt t h e r es ult s o n bi n d er j etti n g 3 D pri nti n g of C u t ar g ets wit h pl a n ar a n d 

n o n -pl a n ar g e o m etri es, t h e r es ult s of a n al yti c al i n v esti g ati o ns of C u t hi n fil ms d e p osit e d usi n g t h e 

3 D pri nt e d t ar g ets, a n d t h e e v al u ati o n of t ar g et utili z ati o n f or b ot h pl a n ar a n d n o n -pl a n ar t ar g ets. 

T h e Si( 1 0 0) s u bstr at e h a v e b e e n us e d f or C u t hi n fil m d e p ositi o ns. T h e pri nt e d t ar g ets a n d t h e t hi n 

fil ms h a v e b e e n i nv esti g at e d usi n g s c a n ni n g a n d tr a ns mi ssi o n el e ctr o n mi cr os c o p y, at o mi c f or c e 

mi cr os c o p y, X -r a y diffr a cti o n, pr ofil o m etr y, a n d f o ur-p oi nt pr o b e el e ctri c al r esisti vit y 

m e as ur e m e nt.  

6. 1   M at e ri al s a n d M et h o ds  

6. 1. 1  C o p p e r P o w d e r  

C o p p er at o mi z e d p o w d er p ur c h as e d fr o m A C u P o w d er I nt er n ati o n al; L L C w as us e d i n t his 

r es e ar c h wit h c o m p ositi o n s h o w n i n T a bl e 6. 1. Si e vi n g w as p erf or m e d usi n g 7 5 µ m m es h si z e of 

si e v e. P arti cl e si z e distri b uti o n a n d p arti cl e m or p h ol o g y a n al ysi s w er e c arri e d  o ut usi n g p arti cl e 

si z e a n al y z er Cil as 1 1 9 0 a n d J E O L JI B -4 5 0 0 M ulti B e a m S yst e m S E M/ FI B.  

T a bl e 6. 1  C h e mi c al c o m p ositi o n of 1 5 5 A C u p o w d er.  

El e m e nt  C u  F e  

C o m p ositi o n ( wt %)  9 8. 5  1. 5  
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6. 1. 2  J u stifi c ati o n of t a r g et d esi g n s, B J A M p ri nti n g p r o c ess a n d p ost -p r o c es si n g  

T h e c o n v e nti o n al pl a n ar t ar g et i n a m a g n etr o n s p utt eri n g s yst e m er o d e n o n -u nif or ml y d u e t o t h e 

i nt er a cti o n b et w e e n t h e el e ctri c fi el d a n d t h e m a g n eti c fi el d. As a r es ult, a r a c etr a c k of a b o ut 3 0 

m m i n di a m et er is cr e at e d w hi c h aff e cts t h e t ar g et utili z ati o n. It b e c o m es e v e n m or e pr o bl e m ati c 

f or hi g h p urit y a n d e x p e nsi v e m at eri als si n c e it li mits t h e us a g e of t h e m at eri al. T his r es e ar c h is 

pr o p osi n g n e w t ar g et d e si g ns s u c h as t or oi d al, c o ni c al, a n d tr a p e z oi d al pr otr usi o n s at t h e t ar g et 

s urf a c e i n or d er t o a d dr es s t ar g et w ast a g e. T h e pr otr usi o ns ar e sit u at e d w h er e t h e r a c etr a c k of t h e 

pl a n ar t ar g et is f or m e d. D uri n g s p utt eri n g t h e pr otr usi o n ar e a is e x p os e d t o t h e m a g n eti c fi el d t o 

e n a bl e u nif or m er osi o n of t h e t ar g et a n d t h e s urf a c e p ar all el t o t h e h ori z o nt al c o m p o n e nt of t h e 

m a g n eti c fl u x d e nsit y. I n t hi s w a y, m at eri al utili z ati o n will b e e n h a n c e d, a n d m at eri al w ast a g e 

mi ni mi z e d. Fi g ur e 6. 3 ( a) –  ( c) s h o ws o n e of t h e pr o p os e d t ar g et d esi g ns wit h t h e t o p a n d cr oss -

s e cti o n a l vi e ws.   

I niti al att e m pt t o pri nt c o p p er t ar g et f ail e d b e c a us e t h e si z e of t h e m es h b e n e at h t h e h o p p er ( 1 5 0 

µ m) of t h e E x O n e I n n o v e nt + w as t o o l ar g e t o h ol d t h e c o p p er p o w d er i n t h e h o p p er. I n or d er t o 

pri nt t h e c o p p er t ar g et, a n e xtr a m es h of 7 5 µ m w as e m b e d d e d i nsi d e t h e h o p p er i n or d er t o h ol d 

t h e p o w d er i n pl a c e f or t h e pri nti n g pr o c ess. C o p p er t ar g ets w er e s u c c essf ull y pri nt e d wit h bi n d er 

s at ur ati o n r a n gi n g 5 0 % - 6 0 % a n d l a y er t hi c k n ess of 9 0 µ m. 3 D pri nt e d t ar g ets w er e t h e n c ur e d at 

1 8 0 o C f or si x h o urs usi n g Y a m at o D X 4 0 2 C o v e n. C ur e d t ar g ets w er e si nt er e d at t e m p er at ur e r a n g e 

1 0 7 5  -1 0 8 5 o C f or 3 h o urs u n d er ar g o n at m os p h er e usi n g C ar b olit e V S T 1 2/ 3 0 0 t u b e f ur n a c e. 

Si nt er e d c o p p er t ar g ets w er e c h ar a ct eri z e d f or t h eir mi cr ostr u ct ur e usi n g b ot h o pti c al m i cr os c o p y 

a n d S E M.  
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Fi g ur e 6. 3  ( a) T ar g et d esi g n cr e at e d i n S O LI D W O R K S; ( b) T o p vi e w of t ar g et; ( c) Cr oss -

s e cti o n al vi e w. T h e di m e nsi o ns ar e i n i n c h es.  

 

6. 1. 3  T hi n fil m f a b ri c ati o n of c o p p e r  

C o p p er t ar g ets pr e p ar e d b y 3 D pri nti n g w er e e m pl o y e d i n t h e D C m a g n etr o n s p utt eri n g s yst e m f or 

fil m de p ositi o n. Pri or t o t h e d e p ositi o n, Si ( 1 0 0) s u bstr at e w as pr e p ar e d b y f oll o wi n g st a n d ar d 

cl e a ni n g pr o c e d ur e s et o ut i n t h e s a m pl e pr e p ar ati o n:  cl e a ni n g i n a c et o n e, f oll o w e d b y 

is o pr o p a n ol, a n d t h e n ri nsi n g i n d ei o ni z e d w at er. C o p p er t hi n fil ms w er e pr e p ar e d usi n g t h e 

f oll o wi n g s p utt eri n g c o n diti o ns: 0. 1 A dis c h ar g e c urr e nt, 4. 5 m T orr ar g o n pr ess ur e, 4 x 1 0 -7  T orr 

b as e pr ess ur e, t w o t o t hr e e h o urs d e p ositi o n ti m e, 2 0 o C s u bstr at e t e m p er at ur e, a n d 8 c m t ar g et t o 

s u bstr at e dist a n c e. C o p p er fil ms d e p osit e d at r o o m t e m p er at ur e w er e f urt h er s u bj e ct e d t o p ost -h e at 

tr e at m e nt ( a n n e ali n g) i n ar g o n at m os p h er e usi n g r a pi d pr o c ess or ( R T P-3 0 0). T h e a n n e ali n g 

pr o c ess w as c arri e d o ut at t e m p er at ur es 1 5 0 o C, 2 0 0 o C, 2 5 0 o C, 3 0 0 o C, a n d 4 0 0 o C r es p e cti v el y f or 

( a) ( b) 

( c) 
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1 2 0 s e c o n ds. T hi n fil ms w er e c h ar a ct eri z e d f or t h eir m or p h ol o g y, mi cr ostr u ct ur e a n d c yst al 

str u ct ur e. S p utt er e d t ar g ets wit h er osi o n gr o o v e w er e als o e x a mi n e d usi n g 3 D pr ofil o m et er V R -

5 0 0 0 K e y e n c e t o esti m at e t h e d e pt h pr ofil es.  

6. 1. 4  C o p p e r t hi n fil m c h a r a ct e ri z ati o n  

6. 1. 4. 1  T r a n s missi o n el e ct r o n mi c r os c o p y ( T E M)  

Pri or t o T E M i n v esti g ati o n, el e ctr o n tr a ns p ar e nt c o p p er t hi n fil m s a m pl es of a b o ut 1 0 0 n m or l ess 

w er e pr e p ar e d usi n g t h e J E O L JI B -4 5 0 0 M u lti-B e a m ( S E M -FI B) s yst e m e q ui p p e d wit h g as 

i nj e cti o n s yst e m a n d a n a n o-m a ni p ul at or. T h e FI B g e n er at es a b e a m of g alli u m ( G a + ) i o ns w hi c h 

ar e a c c el er at e d t o w ar d a t ar g et ar e a f or milli n g or et c hi n g. First of all, t h e ar e a of i nt er est o n t h e 

s a m pl e w as vi e w e d wit h t h e S E M a n d t h e n tilt e d a n d vi e w e d wit h t h e FI B, u ntil t h e e u c e ntri c 

h ei g ht w as a c hi e v e d. T his w as f oll o w e d b y d e p ositi o n of c ar b o n at t h e ar e a of i nt er est as a 

pr ot e cti v e l a y er a g ai nst s urf a c e d a m a g e b y G a + i o ns. T w o tr e n c h es w er e c ut o ut o n b ot h si d e of t h e 

t ar g et ar e a b y i o n b e a m milli n g, f oll o w e d b y lift-o ut i n w hi c h t h e t hi n fil m l a m ell a w as w el d e d t o 

t h e ti p of a t u n gst e n n e e dl e a n d tr a nsf err e d t o t h e T E M gri d. T h e t hi n fil m l a m ell a w as w el d e d t o 

t h e T E M c o p p er gri d s u p p ort b y d e p ositi n g pl atin u m (s e e Fi g ur e 6. 4). F urt h er t hi n ni n g a n d 

p oli s hi n g of t h e l a m ell a w as p erf or m e d u ntil el e ctr o n tr a ns p ar e nt s a m pl e w as o bt ai n e d.  
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Fi g ur e 6. 4  T hi n fil m l a m ell a w el d e d t o T E M c o p p er gri d.  

T E M st u di es w er e p erf or m e d usi n g J O E L 2 1 0 0 s c a n ni n g tr a ns mi ssi o n el e ctr o n mi cr os c o p y 

( S T E M) at a c c el er ati o n v olt a g e of 2 0 0 K V. Bri g ht a n d d ar k fi el d i m a gi n g m o d es w er e us e d t o 

e x a mi n e t h e mi cr ostr u ct ur e of t h e cr oss -s e cti o n e d s a m pl es, w hil e t h e s el e ct e d ar e a diffr a cti o n 

( S A D) m o d e w as us e d f or cr yst all o gr a p hi c i n v esti g ati o n.  

6. 1. 4. 2  El e ct ri c al r esisti vit y m e as u r e m e nt  

T h e el e ctri c al r esisti vit y of t h e fil ms w as d et er mi n e d at r o o m t e m p er at ur e b y t h e f o ur -p oi nt pr o b e 

t e ch ni q u e w h er e t w o o ut er pr o b es w er e us e d f or t h e c urr e nt s o ur c e a n d t w o i n n er pr o b es f or v olt a g e 

m e as ur e m e nt. T h e pr o b es w er e p ositi o n e d o n t h e fil m at e q u al s p a ci n g of 2 0 0 µ m fr o m e a c h ot h er 

i n a li n e arl y m a n n er. T h e I nstr u m e nts us e d f or t h e el e ctri c al r esist a n c e m e as ur e m e nts w er e 

K eit hl e y pr e cisi o n c urr e nt s o ur c e a n d K eit hl e y n a n o v olt m et er 2 4 0 0 m o d el. T e n el e ctri c al 

r esist a n c e m e as ur e m e nts w er e p erf or m e d f or e a c h s a m pl e.  

A diff er e nti al el e ctri c al r esist a n c e f or t est s a m pl e is gi v e n b y:  

𝑡 𝑘 = 𝑙
𝐴 𝑒

𝑘
         ( 6. 3) 
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W h er e d x is a n i nfi nit esi m al l e n gt h of t est s a m pl e, ρ r e pr es e nts t h e r esisti vit y of t est s a m pl e, a n d 

A r e pr es e nts t h e cr oss -s e cti o n al ar e a of t h e t est s a m pl e. F or t h e c o p p er t hi n fil m, t h e cr oss -s e cti o n al 

ar e a is gi v e n b y 𝑡 = 2 𝑘 ∙ 𝑙 ∙ 𝐴  , w h er e t r epr es e nts fil m t hi c k n ess. I nt e gr ati n g e q u ati o n ( 6. 3) 

b e c o m es  

∫ 𝑒 𝑘 = ∫ 𝑙
𝑆 𝑘

2 𝑙 𝐴 𝑒

2 𝑘

𝑙
      ( 6. 4) 

W h er e S is t h e pr o b e s p a ci n g.  

𝑆 =
𝑘

2 𝑙 𝐷
[𝑜 𝑛( 𝐾 ) ]𝑇

2 𝑡       ( 6. 5) 

𝐾 =
𝑇

2 𝐴 𝑒
(  𝐸 𝐾( 2 𝐵 ) − 𝑇 𝑜( 𝑎 ) )      ( 6. 6) 

𝑜 =
𝛷

2 𝑍 𝐵
𝐿 𝛷2        ( 6. 7) 

𝑍 =
2 𝐵 𝐿 𝑟

𝑎 𝑍2
        ( 6. 8) 

El e ctri c al r esist a n c e R is gi v e n b y:  

𝐵 =
𝐿

2 𝑒
 , w h er e v r e pr es e nts v olt a g e a cr oss t h e i n n er pr o b es, a n d I is t h e c urr e nt fl o wi n g 

t hr o u g h t h e o ut er pr o b es. 

𝑟 =
𝑎 𝑍

𝐵 𝐿2
(

𝑒

𝑟
)        ( 6. 9) 

T h e fil m t hi c k n ess w as us e d f or t h e r esisti vit y c al c ul ati o ns i nst e a d of t h e pr o b e s p a ci n g b e c a us e 

t h e fil m t hi c k n ess w as f ar b el o w t h e pr o b e s p a ci n g. 

6. 2   R es ults a n d dis c us si o n  

6. 2. 1  P o w d e r c h a r a ct e ri z ati o n  

As -r e c ei v e d C u p o w d er w as e x a mi n e d f or it s p arti cl e si z e distri b uti o n a n d p arti cl e m or p h ol o g y 

usi n g l as er diffr a cti o n p arti cl e si z e a n al ysi s m et h o d a n d S E M. R es ult s fr o m l as er diffr a cti o n 

m et h o d ar e s h o w n i n T a bl e 6. 1 a n d Fi g ur e 6. 5. T h e D 1 0 , D5 0 , a n d D9 0  ar e t y pi c al st atisti c al 
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p ar a m et ers us e d i n d es cri bi n g si z e distri b uti o n of p o w d er p arti cl es w hi c h w er e f o u n d t o b e 2 5. 6 6 

µ m,  3 6. 8 8  µ m,  a n d  5 3. 3 0  µ m  r es p e cti v el y  as  s h o w n  i n  T a bl e  6. 2.  R es ult  s h o w n  i n  Fi g ur e  6. 5 

d e pi cts m o n o m o d al si z e distri b uti o n wit h a v er a g e p arti cl e si z e ar o u n d 3 7 µ m.  

T a bl e 6. 2 Distri b uti o n p er c e ntil e v al u es of C u p o w d er 

P o w d e r D 1 0  ( µ m) D 5 0  ( µ m) D 9 0  ( µ m) 

1 5 5 A C u  2 5. 6 6  3 6. 8 8  5 3. 3 0  
 

 
Fi g ur e 6. 5 P arti cl e si z e distri b uti o n of C u p o w d er. 

 

Fi g ur e  6. 6  s h o ws  S E M  mi cr o gr a p h  of  C u  p o w d er.  T h e  mi cr o gr a p h  s h o ws  t h e  s p h eri c al 

m or p h ol o g y  of  p o w d er  p arti cl es.  N o  a g gl o m er ati o ns  of  p o w d er  p arti cl es  ar e  o bs er v e d  w hi c h 

i n di c at es g o o d fl o w a bilit y. X R D a n al ysi s w a s als o p erf or m e d o n t h e C u p o w d er t o d et er mi n e it s 

cr yst al str u ct ur e.  
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Fi g ur e 6. 6  S E M mi cr o gr a p h of C u p o w d er.  

Fi g ur e 6. 7 s h o ws X R D p att er n of 1 5 5 A C u p o w d er i n di c ati n g diffr a cti o n p e a ks at 2 θ v al u es 4 3. 3 5 o , 

5 0. 4 9 o , 7 4. 1 9o , a n d 9 0. 0 3o  c orr es p o n d t o t h e cr yst all o gr a p hi c pl a n es ( 1 1 1), ( 2 0 0), ( 2 2 0), a n d ( 3 1 1) 

r es p e cti v el y. T h e r es ult s h o ws a t y pi c al X R D p att er n of c o p p er wit h f a c e c e nt er e d c u bi c str u ct ur e 

i n 𝑡 𝑘 3̅ 𝑙  s p a c e gr o u p h a vi n g l atti c e p ar a m et er a = 0. 3 6 1 2 2 n m [ P D F n o. 0 4 -0 0 1 -2 7 4 6].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 6. 7  X R D p att er n of C u p o w d er.  

 

5 0 µ m  

2 0 4 0 6 0 8 0

0

4 0 0

8 0 0

1 2 0 0

In
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y 
(
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ts
)

2 q ( D e gr e e)

( 1 1 1)

( 2 0 0)

( 2 2 0) ( 3 1 1)
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6. 2. 2  T a r g et m a n uf a ct u ri n g vi a bi n d e r j etti n g p r o c e ss  

Fi g ur e 6. 8 s h o ws 3 D pri nt e d pl a n ar a n d n o n -pl a n ar dis c t ar g ets aft er c uri n g. A d ar k gr e y c ol or of 

t h e c ur e d 3 D pri nt e d c o p p er t ar g et is o bs er v e d w hi c h m a y b e d u e t o t h e bi n d er r es p o n di n g t o 

c h a n g es i n t e m p er at ur e a s a r es ult of t h e h e at fr o m t h e o v e n. T h e di a m et er a n d t hi c k n ess of t h e 

dis c t ar g et m e as ur e d w er e 5 8. 8 0 m m a n d 4. 3 m m, r es p e cti v el y.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 6. 8  3 D pri nt e d dis c c o p p er t ar g ets aft er c uri n g ( a) Pl a n ar, ( b) N o n -pl a n ar.  

6. 2. 3  Si nt e ri n g a n d c h a r a ct e ri z ati o n of 3 D p ri nt e d t a r g ets  

T o f urt h er i n cr e as e t ar g et str e n gt h a n d b ur n o ut t h e bi n d er, t ar g et si nt eri n g w as c arri e d o ut i n a 

C ar b olit e f ur n a c e e q ui p p e d wit h a v a c u u m s yst e m, u n d er ar g o n at m os p h er e.  

Fi g ur e 6. 9 ( a) -( d) s h o w p h ot os of as-si nt er e d t ar g et s l a b el e d T C 1, T C 2, T C 3, a n d T C 4. B y vis u al 

i ns p e cti o n of t h e t ar g ets, it is s e e n t h at t h e si nt eri n g pr o c ess h a d si g nifi c a nt i nfl u e n c e o n t h e 

a p p e ar a n c e of t h e t ar g et. A c o m pl et e c ol or c h a n g e fr o m d ar k gr e y ( c ur e d t ar g ets) t o or a n g e r e d 

(si nt er e d t ar g ets) is o bs er v e d w hi c h is d u e t o p yr ol ysis of t h e  bi n d er at hi g h er t e m p er at ur e [ 2 8 7]. 

At hi g h er t e m p er at ur e, li q ui d bi n d er u n d er g o es d e c o m p ositi o n w hi c h m a y r es ult s i n t h e f or m ati o n 

( a) ( b) 
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of c o m b usti o n pr o d u cts. Aft er a c o m pl et e b ur n o ut of t h e bi n d er, d e nsifi c ati o n i s i niti at e d b y f usi o n 

of p o w d er p arti cl e w hi c h r es ult s i n n e c k f or m ati o n. T h e str u ct ur al i nt e grit y of si nt er e d t ar g ets 

r e m ai n e d i nt a ct si n c e n o g e o m etri c al d ef e cts or w ar pi n g w as s e e n. H o w e v er, a c o nsi d er a bl e li n e ar 

s hri n k a g e w as o bs er v e d i n t h e si nt er e d t ar g ets. T h e li n e ar s hri n k a g e w as d et er mi n e d fr o m t h e dis c 

di a m et er a n d t hi c k n ess of as -pri nt e d a n d si nt er e d t ar g ets. T e n m e as ur e m e nts w er e r e c or d e d f or 

b ot h di a m et er a n d t hi c k n ess i n or d er t o esti m at e t h e m e a n v al u e a n d st a n d ar d d e vi ati o n usi n g a 

S T O R M di g it al c ali p er. T h e li n e ar s hri n k a g e w as c al c ul at e d b y s u btr a cti n g t h e di a m et er or 

t hi c k n ess of t h e si nt er e d dis c fr o m t h e di a m et er or t hi c k n ess of t h e as-pri nt e d dis c t ar g et di vi d e d 

b y di a m et er or t hi c k n ess of as -pri nt e d dis c t ar g et e x pr ess e d as a p er c e nt a g e. T h e dis c t ar g et si nt er e d 

at 1 0 7 5 o C f or 3 h o urs e x hi bit e d a li n e ar s hri n k a g e of 1 6. 3 4 % ± 1. 9 3 w h er e as t ar g ets si nt er e d at 

1 0 8 5 o C f or 3 h o urs s h o w e d a li n e ar s hri n k a g e of 2 0. 8 0 % ± 2. 1 6. R es ult s s h o w e d d e p e n d e n c y of 

li n e ar s hri n k a g e o n si nt eri n g t e m p er at ur e. I n cr e asi n g si nt eri n g t e m p er at ur e a m o u nt t o i n cr e asi n g 

li n e ar s hri n k a g e d u e t o d e cr e asi n g p or e v ol u m e i n t h e t ar g et. R es ult s o bt ai n e d is c o nsist e nt wit h 

w or k r e p ort e d b y Ri c h m a wi et al.  [ 2 8 7]. 
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Fi g ur e 6. 9  P h ot o of s p utt eri n g t ar g ets: ( a) T C 1 pl a n ar t ar g et si nt er e d at 1 0 7 5 ° C f or 3 h o urs; 

N o n -pl a n ar t ar g et ( b) T C 2 si nt er e d at 1 0 7 5 ° C f or 3 h o urs, ( c) T C 3 si nt er e d at 1 0 8 0 ° C f or 3 

h o urs, ( d) T C 4 si nt er e d at 1 0 8 5 ° C f or 3 h o urs.  

Fi g ur e 6. 1 0 ( a) a n d ( b) s h o w S E M mi cr o gr a p hs of c o p p er t ar g ets si nt er e d at 1 0 7 5 o C a n d 1 0 8 5 o C 

f or 3 h o urs. I n Fi g ur e 6. 1 0 ( a), s o m e ar e as of t h e t ar g et s h o w p arti cl e t o p arti cl e c o nt a ct i n di c ati n g 

o ns et of n e c ki n g w h er e as ot h er ar e as dis pl a y si nt er e d n e c ks wit h v ar yi n g n e c k l e n gt hs. A c o m pl et e 

n e c k f or m ati o n s e e n i n t h e i ns et is e vi d e n c e of d e nsifi c ati o n. D uri n g t h e p eri o d of si nt eri n g, m ass 

tr a ns p ort o c c urs b y at o mi c diff usi o n c a usi n g p arti cl es t o f us e or b o n d t o g et h er a n d e v ol v es i nt o 

si nt er e d n e c ks. R a pi d gr o wt h of si nt er e d n e c ks i n cr e as es d e nsifi c ati o n a n d mi ni mi z es p or e v ol u m e. 

F or t h e s p e ci m e n si nt er e d at 1 0 8 5 o C, t h e t ar g et e x hi bits hi g h gr ai n gr o wt h wit h t h e eli mi n ati o n of 

n e c ks a n d r e d u c e d p or e v ol u m e, Fi g ur e 6. 1 0 ( b).  

( a) ( b) 

( c) ( d) 

T C 1  T C 2  

T C 4  T C 3  
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Fi g ur e 6. 1 1 s h o ws o pti c al mi cr o gr a p h of cr oss -s e cti o n of c o p p er t ar g et si nt er e d at 1 0 8 5 o C 

r e v e ali n g it s mi cr ostr u ct ur e aft er et c hi n g wit h t h e f oll o wi n g r e a g e nt: 2. 0 g p ot assi u m di c hr o m at e 

diss ol v e i n 1 0 0 m L of distill e d w at er a n d mi x e d wit h 8 m L of s ulf uri c a ci d.  

 

 

 

 

 

 

Fi g ur e 6. 1 0  S E M mi cr o gr a p h of c o p p er t ar g et si nt er e d at: ( a) 1 0 7 5 o C a n d ( b) 1 0 8 5 o C.  

T h e p ol y cr yst alli n e t ar g et c o nsists of e q ui a x e d gr ai ns a n d u nif or m distri b ut e d p or es. T h e p or es ar e 

l ar g el y cir c ul ar i n s h a p e a n d ar e s e e n al o n g t h e gr ai n b o u n d ari es.  A n n e ali n g t wi ns ar e visi bl e i n 

s e v er al gr ai ns. A n n e ali n g t wi ns us u all y o c c ur aft er r e cr y st alli z ati o n a n d gr ai n gr o wt h i n f a c e 

c e nt er e d c u bi c ( F C C) m et als wit h l o w st a c ki n g f a ult e n er g y [ 2 8 8]. Gr ai n b o u n d ar y mi gr ati o n b y 

c ur v at ur e r e d u cti o n is a n ot h er m e c h a nis m f or t h e o c c urr e n c e of a n n e ali n g t wi ns [ 2 8 9].  

 

 

 

 

 

 

 

 

( a) ( b) 

1 0 0 µ m  1 0 0 µ m  

1 0 µ m  

n e c ki n g  
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Fi g ur e 6. 1 1  O pti c al mi cr o gr a p h of cr oss -s e cti o n of c o p p er t ar g et.  

6. 2. 4  E r osi o n a n d d e pt h p r ofil e of pl a n a r a n d n o n -pl a n a r t a r g ets us e d i n D C 

m a g n et r o n s p utt e ri n g  

A s u btl e w a y t o i m pr o v e t h e t ar g et lif e i n t hi s r es e ar c h w as t o i n cr e as e t h e a m o u nt of m at eri al i n 

t h e t ar g et r e gi o n w h er e m a xi m u m er osi o n o c c urs or w h er e t h e h ori z o nt al c o m p o n e nt of t h e 

m a g n eti c fi el d ( B H ) is m a xi m u m a n d r e d u c e m at eri al at r e gi o ns w h er e er osi o n is l o w. A 

distri b uti o n of m a g n eti c fi el d li n es c a n b e o bs er v e d n e ar t h e s urf a c e of t h e pr o p os e d t ar g et d esi g n 

i n Fi g ur e 6. 1 2. It is a nti ci p at e d t h at, t h e pr o p os e d t ar g et w o ul d h a v e l o n g er t ar g et lif e t h a n t h e 

r e g ul ar fl at t ar g et d u e t o m or e m at eri al at er osi o n r e gi o n. A c o m p ar ati v e st u d y w as c arri e d o ut 

b et w e e n fl at ( T C 1) a n d n o n -fl at ( T C 4) t ar g et t o estim at e t h e r at e of m ass s p utt er e d a n d d e pt h 

pr ofil e. T ar g et m ass w a s m e as ur e d b ef or e a n d aft er e a c h d e p ositi o n t o d et er mi n e a m o u nt of 

m at eri al s p utt er e d as s e e n i n T a bl e 6. 2. E a c h t ar g et w as s p utt er e d f or 3 h o urs at a dis c h ar g e c urr e nt 

of 0. 1 3 A. T h e r es ult s  s h o w e d t h at wit hi n 3 h o urs of s p utt eri n g, t h e fl at t ar g et l oss es 1. 2 8 % of 

m at eri al w h er e as t h e n o n -fl at t ar g et l oss es 0. 7 3 3 %. R es ult s s u g g est t h at l ess m at eri al is s p utt er e d 

P or es  

A n n e ali n g T wi ns  
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B
V
 

B
H
 

fr o m t h e n o n-fl at t ar g et t h a n t h e fl at t ar g et w hi c h i m pli es n o n-fl at t ar g et w o ul d l ast m u c h l o n g er 

t h a n t h e fl at t ar g et. I n or d er w or ds, t ar g et utili z ati o n is i m pr o v e d usi n g t h e n o n-fl at t ar g et. 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 6. 1 2  Distri b uti o n of m a g n eti c fi el d li n es n e ar s urf a c e of pr o p os e d t ar g et d esi g n.  

 

T a bl e 6. 3  M ass of fr es h t ar g ets m e as ur e d b ef or e a n d aft er 3 h o urs of s p utt eri n g.  

T a r g et  Fl at ( T C 1)  N o n -Fl at ( T C 4)  

I niti al m ass ( g) 7 0. 3 7 8  8 0. 5 3 5  

Fi n al m ass ( g)  6 9. 4 7 4  7 9. 9 4 4 5  

M ass l oss ( g)  0. 9 0 4  0. 5 9 0 5  

T ar g et utili z e d ( %)  1. 2 8  0. 7 3 3  

 

I n or d er t o e x a mi n e t h e s urf a c e e v ol uti o n of r a c etr a c k a n d t h e d e pt h pr ofil e, a 3 D pr ofil o m et er V R -

5 0 0 0 K e y e n c e w as e m pl o y e d. Fi g ur e 6. 1 3 ( a) a n d ( b) s h o w o pti c al i m a g es of t ar g ets s p utt er e d 

aft er 3 h o urs. R es ult s s h o w h o w t h e r a c etr a c k p att er n e v ol v e d b et w e e n t h e c e nt er a n d t h e p eri p h er y 

of t h e t ar g ets. T h e r a c etr a c k r e gi o n c o nfir ms w h er e t h e i o n c urr e nt d e nsit y w as hi g h. Fi g ur e 6. 1 4 
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s h o ws t h e d e pt h pr ofil e of b ot h fl at a n d n o n -fl at t ar g ets. It c a n b e s e e n t h at f or t h e fl at t ar g et t h e 

er osi o n m ostl y o c c urr e d b et w e e n t h e t ar g et r a di us w h er e as f or t h e n o n -fl at t ar g et t h e er osi o n 

o c c urr e d o n t h e si d e w all s of t h e c a vit y. O bs er v ati o n of t h e s urf a c e er osi o n of t h e n o n -fl at t ar g et 

is v er y i nt er esti n g a n d m a y r e q uir e m or e d e p ositi o n s t o esti m at e t ar g et effi ci e n c y. T h e pr eli mi n ar y 

r es ult i n t hi s r es e ar c h h as l ai d t h e f o u n d ati o n f or f urt h er i n v esti g ati o n i nt o i m pr o vi n g t ar g et 

utili z ati o n usi n g diff er e nt t ar g et g e o m etri es.  

 

 

 

 

 

 

Fi g ur e 6. 1 3  O pti c al i m a g e of t ar g ets aft er 3 h o urs of d e p ositi o n ( a) Pl a n ar ( b) N o n -pl a n ar.  

 

 

 

 

 

 

 

 

 

 

 

 
 

( a) ( b) 

2 0 m m  2 0 m m  
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Fi g ur e 6. 1 4  Er osi o n d e pt h pr ofil e of pl a n ar a n d n o n -pl a n ar t ar g et.  

 

6. 2. 5  C h a r a ct e ri z ati o n of C o p p e r t hi n fil ms  

6. 2. 5. 1  S u rf a c e m o r p h ol o g y of as -d e p osit e d c o p p e r t hi n fil m f r o m T C 1 t a r g et  

 T h e s urf a c e m or p h ol o g y of t h e c o p p er fil m w as e x a mi n e d usi n g A gil e nt 5 5 0 0 at o mi c f or c e 

mi cr os c o p y ( A F M) wit h a s c a n ar e a of 5 µ m x 5 µ m at a s c a n r at e of 0. 2 i n/ s i n t h e c o nt a ct m o d e. 

Fi g ur e 6. 1 5 s h o ws 2 D A F M i m a g e of as -d e p osit e d c o p p er t hi n fil m.  T h e r es ult d e pi cts a s urf a c e 

m or p h ol o g y wit h e q ui a x e d gr ai n str u ct ur e wit h n o visi bl e cr a c k. T h e a v er a g e gr ai n si z e w as f o u n d 

t o b e a b o ut 3 0 n m. 
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- 6

- 4

- 2

0

2

4

Er
os

io
n 

de
pt

h 
(

m
m)

P o siti o n o n t ar g et ( m m)

 I niti al Pl a n ar t ar g et
 I niti al N o n- pl a n ar t ar g et
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Fi g ur e 6. 1 5  2 D A F M i m a g e of c o p p er t hi n fil m d e p osit e d at r o o m t e m p er at ur e.  
 

6. 2. 5. 2  Mi c r ost r u ct u r e of r a pi d t h e r m al a n n e al e d c o p p e r t hi n fil m s  

C o p p er t hi n fil ms d e p osit e d at r o o m t e m p er at ur e w er e f urt h er s u bj e ct e d t o p ost -h e at tr e at m e nt 

usi n g r a pi d t h er m al a n n e ali n g a n d t h eir cr yst alli nit y a n d mi cr ostr u ct ur e w as i n v esti g at e d usi n g 

X R D a n d T E M r es p e cti v el y.  

6. 2. 5. 2. 1  C r yst al st r u ct u r e  

X R D p att er n of as -d e p o sit e d a n d a n n e al e d c o p p er t hi n fil ms ar e ill ustr at e d i n Fi g ur e 6. 1 6. T h e 

X R D p att er n r e v e al t h at t h e C u t hi n fil ms ar e p ol y cr yst alli n e a n d h a v e c u bi c str u ct ur e. T h e as -

d e p osit e d a n d a n n e al e d fil m s s h o w e d str o n g diffr a cti o n p e a k al o n g t h e ( 1 1 1) pl a n e o bs er v e d at 2 θ 

= 4 3. 3 4 o  a n d s m all er diffr a cti o n p e a ks ( 2 0 0), ( 2 2 0), a n d ( 3 1 1) at 2 θ = 5 0. 5 4 o , 7 4. 1 0o , a n d 9 0. 0 2° 

r es p e cti v el y, w hi c h is e x p e ct e d si n c e C u h as a f a c e c e nt er e d c u bi c ( F C C) str u ct ur e. T his s u g g ests 

t h at t h e C u t hi n fil ms h a v e a pr ef err e d ori e nt ati o n i n [ 1 1 1] dir e cti on. N o si g nifi c a nt diff er e n c e w as 

f o u n d i n t h e i nt e nsit y p e a ks f or fil ms a n n e al e d fr o m 1 5 0 o C t o 2 5 0 o C w hi c h m a y b e attri b ut e d t o 

l ess t h er m al e n er g y n e c e ss ar y t o r e cr yst alli z e t h e fil ms. At 3 0 0o C a n d b e y o n d, a s h ar p i n cr e as e i n 
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( 1 1 1) diffr a cti o n p e a k is o bser v e d wit h r e d u c e d p e a k br o a d e ni n g w hi c h s u g g est t h at e n o u g h 

t h er m al e n er g y w as a c q uir e d b y virt u e of i n cr e as e d t e m p er at ur e f or r e cr yst alli z ati o n of t h e fil ms. 

6. 2. 5. 2. 2  C r yst allit e si z e a n d mi c r ost r ai n  

T o g ai n m or e i nsi g ht i nt o t h e mi cr ostr u ct ur e of t h e C u t hi n fil ms, t h e cr yst allit e si z e a n d 

mi cr ostr u ct ur al p ar a m et ers s u c h as mi cr ostr ai n a n d disl o c ati o n d e nsit y w er e c al c ul at e d fr o m t h e 

X R D d at a. T h e d o mi n a nt X -r a y diffr a cti o n p e a k ( 1 1 1) f or e a c h fil m w as fitt e d usi n g t h e G a ussi a n 

s h a p e i n a fitti n g s oft w ar e c all e d Ori gi n Pr o 2 0 2 1 b (st u d e nt v ersi o n).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g ur e 6. 1 6  X R D p att er n of as -d e p osit e d a n d a n n e al e d c o p p er t hi n fil m s.  
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T h e fitti n g a n al ysi s w as us e d t o c al c ul at e t h e f ull wi dt h at h alf m a xi m u m ( F W H M). T h e F W H M 

v al u es w er e c o n v ert e d i nt o r a di a ns a n d t h e n us e d i n t h e S c h err er e q u ati o n b el o w, t o d et er mi n e t h e 

cr yst allit e si z e.  

𝑡 =
𝑘 𝑙

𝐴 𝑒 𝑘 𝑙 𝑆
       ( 6. 1 0) 

W h er e D is t h e cr yst allit e si z e, λ  is t h e X-r a y w a v el e n gt h ( 0. 1 5 4 0 6 n m), β  is t h e wi dt h of t h e p e a k 

( F W H M) aft er c orr e cti n g f or i nstr u m e nt al p e a k br o a d e ni n g (β  e x pr ess e d i n r a di a ns),  θ  is t h e Br a g g 

a n gl e a n d  K  is a di m e nsi o nl ess n u m b er of t h e or d er of u nit y k n o w n as t h e S c h err er c o nst a nt [ 2 9 0]. 

T h e S c h err er c o nst a nt ( K) us e d i n t hi s w or k is 0. 9 4. T h e disl o c ati o n d e nsit y a n d t h e mi cr ostr ai n 

w er e als o d et er mi n e d usi n g t h e e q u ati o ns ( 6. 1 1) a n d ( 6. 1 2) r es p e cti v el y.  

𝑘 =
1

𝑙 2         ( 6. 1 1) 

𝐴 =
𝑒

4 𝑘 𝑙 𝑆 𝑘
        ( 6. 1 2)  

W h er e δ = disl o c ati o n d e nsit y, ε = mi cr ostr ai n. T a bl e 6. 3 pr es e nts c al c ul at e d v al u es f or cr yst allit e 

si z e, disl o c ati o n d e nsit y a n d mi cr ostr ai n. T h e hi g h est cr yst allit e si z e of 1 4 n m o c c urr e d at 3 0 0 o C 

wit h c orr es p o n di n g mi cr ostr ai n of 0. 0 0 7 0 0 1.  

T a bl e 6. 4  Esti m ati o n of cr yst allit e si z e, disl o c ati o n d e nsit y, a n d mi cr ostr ai n f or as -d e p osit e d a n d 

a n n e al e d c o p p er t hi n fil ms.  

S a m pl e  2 θ  Cr yst allit e si z e ( n m)  
Disl o c ati o n 

d e nsit y ( n m -2 ) 
Mi cr ostr ai n  

R T  4 3. 3 4  1 0. 2 5  0. 0 0 9 5  0. 0 0 9 5 6 1  

1 5 0 o C  4 3. 3 3  1 0. 0 5  0. 0 0 9 9  0. 0 0 9 7 5 9  

2 0 0 o C  4 3. 3 0  1 0. 0 0  0. 0 1  0. 0 0 9 8 1 2  

2 5 0 o C  4 3. 3 5  1 0. 6 0  0. 0 0 8 9  0. 0 0 9 2 4 5  

3 0 0 o C  4 3. 3 7  1 4. 0 0  0. 0 0 5 1  0. 0 0 7 0 0 1  

4 0 0 o C  4 3. 3 8  1 2. 7 8  0. 0 0 6 1  0. 0 0 7 6 6 7  
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Fi g ur e 6. 1 7 s h o ws a pl ot of cr yst allit e si z e a n d mi cr ostr ai n as a f u n cti o n of a n n e ali n g t e m p er at ur e. 

T h e cr yst allit e si z e w as r el ati v el y c o nst a nt fr o m 2 0 o C t o 2 0 0 o C b ut at 2 5 0 o C a s h ar p ris e i n t h e 

cr yst allit e si z e is o bs er v e d. A n o p p osit e tr e n d o c c urr e d i n t h e c as e of t h e mi cr ostr ai n. I n cr e as e i n 

a n n e ali n g t e m p er at ur e pr o m ot es r e cr yst alli z ati o n a n d gr ai n gr o wt h t h er e b y i n cr e asi n g t h e a v er a g e 

cr yst allit e si z e of  t h e fil ms. Hi g h er cr yst allit e si z e mi g ht b e attri b ut e d t o d e cr e as e i n d ef e cts s u c h 

as gr ai n b o u n d ari es, l atti c e dist orti o ns, di sl o c ati o ns, f a ult s, a n d i n h o m o g e n eiti es.  

 

 

 

 

 

 

 

 

  

Fi g ur e 6. 1 7  Cr yst allit e si z e a n d mi cr ostr ai n as a f u n cti o n of a n n e ali n g t e m p er at ur e.  

6. 2. 5. 2. 3       Mi c r ost r u ct u r e vi a T E M  

Fr o m t h e X R D r es ult s, it w as s h o w n t h at s a m pl es a n n e al e d at 3 0 0 ° C a n d 4 0 0 ° C e x hi bit e d hi g h er 

cr yst allit e si z e, t h er ef or e, a f urt h er mi cr ostr u ct ur al ass ess m e nt w as c arri e d o ut usi n g tr a ns mi ssi o n 

el e ctr o n mi cr os c o p y ( T E M). Fi g ur es 6. 1 8 s h o ws bri g ht fi el d T E M  i m a g e a n d s el e ct e d ar e a 

0 1 0 0 2 0 0 3 0 0 4 0 0
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diffr a cti o n p att er ns ( S A D P) of c o p p er t hi n fil ms a n n e al e d at 4 0 0 ° C. B ot h fil ms r e v e al c ol u m n ar 

gr ai ns, ori e nt e d wit h t h e l o n g er a xis p er p e n di c ul ar t o t h e s u bstr at e. N a n ot wi ns ar e visi bl e wit hi n 

s o m e gr ai ns, as i n di c at e d b y t h e y ell o w arr o w i n Fi g ur e 6. 1 8. F e w visi bl e p or es ar e o bs er v e d 

b et w e e n t h e c ol u m n ar gr ai ns. T h e fil m t hi c k n ess f or 3 0 0 ° C a n d 4 0 0 ° C s a m pl es ar e 5 0 0 n m a n d 

4 0 0 n m r es p e cti v el y. T h e s el e ct e d ar e a diffr a cti o n p att er n ( S A D P) s h o ws diffr a cti o n ri n gs 

c orr es p o n di n g t o ( 1 1 1), ( 2 0 0), ( 2 2 0), a n d ( 3 1 1) pl a n es w hi c h c o nfir ms r es ult s o bt ai n e d fr o m t h e 

X R D.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fi g ur e 6. 1 8  Bri g ht fi el d T E M a n d s el e ct e d ar e a diffr a cti o n p att er n ( S A D P) of c o p p er fil m 

a n n e al e d at 4 0 0 ° C.  

 

6. 2. 5. 3  El e ct ri c al r esisti vit y  

T h e el e ctri c al pr o p ert y of c o p p er t hi n fil m d e p osit e d at r o o m t e m p er at ur e a n d r a pi d a n n e al e d w er e 

i n v esti g at e d usi n g f o ur-p oi nt pr o b e. T h e el e ctri c al pr o p ert y of i nt er est i n t his w or k is t h e el e ctri c al 

r esisti vit y. R es ults o bt ai n e d fr o m t h e el e ctri c al r esi sti vit y m e as ur e m e nts ar e s h o w n i n Fi g ur e 6. 1 9. 

T h e r es ult s s h o w t h at fil m d e p osit e d at r o o m t e m p er at ur e e x hi bits a n a v er a g e r esisti vit y  v al u e of 

5 0 n m  
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6 µ o h m -c m w hi c h is hi g h er t h a n t h e b ul k r esisti vit y of 1. 6 8 µ o h m -c m [ 2 9 1]. H o w e v er, t h e r o o m 

t e m p er at ur e s a m pl e h a v e l o w er r esisti vit y t h a n 3 0 0 ° C a n d 4 0 0 ° C s a m pl es. A p ossi bl e r e as o n m a y 

b e d u e t o o x y g e n c o nt a mi n ati o n w hi c h mi g ht h a v e o c c urr e d d uri n g t h e a n n e ali n g pr o c ess of t h e 

t w o s a m pl es. T h e a v er a g e r esisti vit y of s a m pl es a n n e al e d at 3 0 0o C a n d 4 0 0 o C ar e a b o ut 1 3. 5 

µ o h m -c m a n d 1 9 µ o h m -c m r es p e cti v el y. T hi s is b e c a us e t h e 3 0 0 o C s a m pl e e x hi bits g o o d 

cr yst alli nit y a n d hi g h er cr yst allit e si z e t h a n s a m pl e a n n e al e d at 4 0 0 o C. I n a d diti o n, t h e X R D r es ult s 

s h o w e d t h at t h e 3 0 0 o C s a m pl e e x hi bits l o w er l atti c e str ai n or mi cr ostr ai n t h a n t h e 4 0 0 o C s a m pl e 

w hi c h s u g g est t h at t h e 3 0 0 o C s a m pl e h as l ess i m p uriti es a n d d ef e cts t h a n t h e 4 0 0 o C, h e n c e l o w er 

r esisti vit y. 

 

 

 

 

 

 

 

 

 

 

 

 
Fi g ur e 6. 1 9  Eff e ct of r a pi d t h er m al a n n e ali n g o n el e ctri c al r esisti vit y of c o p p er t hi n fil m s.  
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6. 2. 5. 4  C o m p a ris o n b et w e e n t h e t hi n fil m s d e p osit e d b y fl at ( T C 1) a n d n o n -
fl at ( T C 4) t a r g ets 

6. 2. 5. 4. 1 S u rf a c e M o r p h ol o g y  

T h e s urf a c e m or p h ol o g y of fil ms s p utt er e d fr o m b ot h T C 1 a n d T C 4 t ar g ets h a v e b e e n 

i n v esti g at e d. Fi g ur e 6. 2 0 ( a) a n d ( b) ill ustr at e t h e S E M of t h e t o p vi e w of c o p p er fil ms d e p osit e d 

at r o o m t e m p er at ur e b y pl a n ar a n d n o n -pl a n ar t ar g ets, r es p e cti v el y. R es ul t f or t h e fil m d e p osit e d 

b y t h e pl a n ar (fl at) t ar g et s h o ws o p e n cr a c ks wit hi n t h e fil m. D uri n g d e p ositi o n at r o o m 

t e m p er at ur e, d u e t o li mit e d t h er m al e n er g y, it is p ossi bl e t h e a d at o m s l a c k s uffi ci e nt ki n eti c e n er g y 

t o n u cl e at e a n d mi gr at e t o ot h er a d at o m s f or c o al es c e n c e of isl a n ds f or t h e f or m ati o n of c o nti n u o us 

fil ms. As a r es ult, mi cr o-cr a c ks ar e g e n er at e d a n d t h at w o ul d aff e ct fil m pr o p erti es. T his cr a c k -

li k e mi cr ostr u ct ur e i n C u t hi n fil m w as first r e p ort e d b y J o h et al.  w h e n t h e y w er e i n v esti g ati n g 

th e eff e cts of t h e d e p ositi o n pr ess ur e o n t h e mi cr ostr u ct ur e of C u t hi n fil m [ 2 9 2]. T h e y attri b ut e d 

t h e o p e n b o u n d ar y mi cr ostr u ct ur es t o s h a d o wi n g eff e ct w hi c h o c c urr e d at hi g h d e p ositi o n pr ess ur e. 

H o w e v er, fil m d e p osit e d b y n o n -fl at t ar g et s h o w diff er e nt s urf a c e m or p h ol o g y as c a n b e s e e n i n 

Fi g ur e 6. 2 1 ( b).  T h e s urf a c e m or p h ol o g y a p p e ars gr ai ni er a n d n o mi cr o cr a c ks. D u e t o t h e 

pr otr usi o n of t h e t ar g et, d uri n g d e p ositi o n, t h e C u at o m s ar e s p utt er e d fr o m diff er e nt a n gl es of t h e 

pr otr u d e d ar e a cr e ati n g u nif or m distri b uti o n of a d at o m s o n t h e s urf a c e of t h e s u bstr at e [ 2 7 9]. I n 

a d diti o n, t h e s p utt er e d at o ms fr o m t h e n o n -fl at t ar g et a c q uir e d hi g h er t h er m al e n er g y b y virt u e of 

it s g e o m etr y ( pr otr usi o n r e gi o n cl os er t o t h e s u bstr at e), pr o m ot e s urf a c e diff usi o n a n d a d at o m 

m o bilit y.  

6. 2. 5. 4. 2   C r yst al St r u ct u r e  

Fi g ur e 6 . 2 2 s h o ws X R D p att er n of c o p p er t hi n fil ms s p utt er e d fr o m T C 1 a n d T C 4 t ar g ets.  R es ult 

fr o m Fi g ur e 6. 2 2 s h o ws t h at fil m s p utt er e d fr o m T C 4 s h o w hi g h er i nt e nsit y p e a k at ( 1 1 1), ( 2 0 0), 

( 2 2 0), a n d ( 3 1 1) t h a n fil m s p utt er e d fr o m T C 1. H e n c e, T C 4 fil m s h o w b ett er cr yst alli nit y t h a n 
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T C 1 fil m. I n a d diti o n, T a bl e 6. 4 s h o ws v al u es of cr yst allit e si z e, disl o c ati o n d e nsit y, a n d 

mi cr ostr ai n f or fil ms s p utt er e d fr o m b ot h fl at a n d n o n -fl at t ar g ets. R es ult s s h o w hi g h er cr yst allit e 

si z e a n d l o w er mi cr ostr ai n f or t h e f il m o bt ai n e d fr o m t h e n o n-fl at t ar g et w hi c h m a y b e d u e t o 

d e cr e as e i n l atti c e d ef e ct s [ 2 9 3]. 

 

 

 

 

 

 

 

 

 

Fi g ur e 6. 2 0  S E M mi cr o gr a p h of t h e t o p vi e w of c o p p er fil ms s p utt er e d fr o m diff er e nt t ar g ets: ( a) 

Fl at a n d ( b) N o n -fl at. 
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Fi g ur e 6. 2 1  X R D p att er n of c o p p er fil ms s p utt er e d fr o m diff er e nt t ar g ets: ( a) Fl at a n d ( b) n o n -

fl at. 

T a bl e 6. 5  Esti m ati o n of cr yst allit e si z e, disl o c ati o n d e nsit y a n d mi cr ostr ai n of c o p p er fil ms fr o m 

fl at a n d n o n-fl at t ar g et. 

Fil m s  2 θ  
C r ys t allit e si z e 

( n m) 
Disl o c ati o n d e n sit y 

( n m-2 ) 
Mi c r ost r ai n  

Fl at t ar g et  4 3. 3 4  1 0. 2 5 4 9 5 2 5 6  0. 0 0 9 5 0 9  0. 0 0 9 5 6 1  

N o n -fl at t ar g et 4 3. 4 6  1 0. 8 9 2 7 9 6 8 2  0. 0 0 8 4 2 8  0. 0 0 8 9 7 7  
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C H A P T E R 7   

3 1 6 L S t ai nl ess S t e el T a r g et  M a d e  V i a B i n d e r J etti n g  A d diti v e  M a n uf a ct u ri n g  
a n d  T hi n  F il m F a b ri c ati o n  b y  M a g n et r o n  S p utt e ri n g  

7. 0   I nt r o d u cti o n  

It w as m e nti o n e d at t h e b e gi n ni n g of t h e pr e vi o us c h a pt er, i n or d er t o i n v esti g at e t h e p ossi bilit y of 

m a n uf a ct uri n g c o m pl e x g e o m etr y s p utt eri n g t ar g ets vi a 3 D bi n d er j et t e c h ni q u es, t w o r e a dil y 

a v ail a bl e p o w d ers h a v e b e e n us e d: c o p p er p o w d ers a n d 3 1 6 L st ai nl ess st e el ( S S) p o w d ers. T his 

c h a pt er will pr es e nt t h e r es ult s of i n v esti g ati n g t h e 3 D pri nti n g of s p utt eri n g t ar g ets fr o m 3 1 6 L S S 

p o w d ers. Als o, t h e pr eli mi n ar y r es ult s o n t h e c h ar a ct eri z ati o n of t hi n fil ms o bt ai n e d fr o m t h e 

st ai nl ess -st e el t ar g ets will b e i ntr o d u c e d.  

7. 1  M at e ri als a n d M et h o ds  

7. 1. 1  3 1 6 L S S p o w d e r  

G as at o mi z e d 3 1 6 L S S p o w d er p ur c h as e d fr o m E x O n e w as us e d as t h e st arti n g m at eri al f or pr o of 

of c o n c e pt. T h e c o m p ositi o n of t h e 3 1 6 L S S us e d i n t hi s r es e ar c h is s h o w n i n T a bl e 7. 1. Si e vi n g 

w as p erf or m e d  usi n g a 4 5 µ m m es h si z e of si e v e. P arti cl e si z e distri b uti o n a n d p arti cl e m or p h ol o g y 

a n al ysi s w er e c arri e d o ut usi n g p arti cl e si z e a n al y z er Cil as 1 1 9 0 a n d J E O L JI B -4 5 0 0 M ulti B e a m 

S yst e m S E M/ FI B. P h as e str u ct ur e a n al ysi s w as c o n d u ct e d usi n g Br u k er -N o ni us D 8 A d v a n c e d 

P o w d er X -r a y Diffr a ct o m et er e q ui p p e d wit h C u k α r a di ati o n s o ur c e.  

T a bl e 7. 1  C h e mi c al c o m p ositi o n of 3 1 6 L S S p o w d er ( pr o c ur e d fr o m E x O n e).  

El e m e nt  F e  C r  Ni  M o  M n  Si  C  

C o m p ositi o n 

( wt %) 
B al  1 6 -1 8  1 0 -1 4  2 -3  2  1  0. 0 3  
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7. 1. 2  Bi n d e r j et p ri nti n g a n d p ost -p r o c essi n g  

A dis c of di a m et er 5 5. 8 8 m m ( 2. 2 i n c h es) a n d t hi c k n ess 6. 3 5 m m ( 0. 2 5 i n c h es) w as cr e at e d i n 

S oli d w or ks  (s e e Fi g ur e 7. 1( a)) a n d i m p ort e d t o t h e pri nti n g s oft w ar e of t h e pri nt er. T h e t ar g et w as 

pri nt e d usi n g E x o n e I n n o v e nt + bi n d er j etti n g 3 D pri nt er wit h pri nti n g p ar a m et ers s h o w n i n T a bl e 

7. 2.  

 

 

 

 

 

 

 

 

Fi g ur e 7. 1  ( a) S oli d w or k s d esi g n f or dis c t ar g et, di a m et er 5 5. 8 8 m m, t hi c k n ess 6. 3 5 m m, ( b) 3 D 

pri nt e d 3 1 6 L S S s p utt eri n g t ar g ets.  

 
T a bl e 7. 2  Pri nti n g p ar a m et ers us e d f or 3 1 6 L S S t ar g et.  

P ri nti n g p a r a m et e rs  V al u es  

Bi n d er s at ur ati o n  5 0 %  

L a y er t hi c k n ess  5 0 µ m  

R e c o at s p e e d  1 5 0 m m s -1  

R oll er r ot ati o n s p e e d  2 5 0 r p m  

R oll er tr a v ers e s p e e d  3 m m s -1  

 

( a) ( b) 
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Aft er w ar ds t ar g et w as c ur e d at 1 8 0 o C f or si x h o urs usi n g Y a m at o D X 4 0 2 C o v e n. Aft er c uri n g, t h e 

gr e e n p art w as si nt er e d at 1 2 0 0 o C f or 1 2 h o ur s wit h a r a m p r at e of 1 0 o C/ mi n u n d er ar g o n 

at m os p h er e f or d e nsifi c ati o n, usi n g a T e v T e c h v a c u u m f ur n a c e. I n or d er t o o bt ai n a s m o ot h 

s urf a c e d t ar g et, si nt er e d t ar g et w as gr o u n d a n d p oli s h e d t o o bt ai n a mirr or li k e s urf a c e. As -si nt er e d 

a n d cr oss -s e cti o n of 3 1 6 L S S t ar g et w er e e x a mi n e d f or t h eir m or p h ol o g y a n d c h e mi c al 

c o m p ositi o n usi n g S E M/ E D S. T h e cr yst al str u ct ur e i n v esti g ati o n w as p erf or m e d usi n g Br u k er -

N o ni us D 8 A d v a n c e d P o w d er X -r a y Diffr a ct o m et er wit h a C u kα r a di ati o n s o ur c e. T h e d e nsit y of 

t h e t ar g et w as d et er mi n e d usi n g Ar c hi m e d es m et h o d.  E q u ati o n ( 7. 1) w as e m pl o y e d t o c al c ul at e 

t h e d e nsit y. 

D e n sit y =
𝑡 𝑘

𝑙 𝐴
      ( 7. 1) 

W h er e M T  is t h e m ass of t ar g et a n d VT  t h e v ol u m e of t ar g et. T h e v ol u m e of t h e t ar g et w as m e as ur e d 

b y i m m ersi n g t h e t ar g et i n a gr a d u at e d c yli n d er fill e d wit h d e -i o ni z e d w at er a n d r e c or di n g v ol u m e 

of w at er dis pl a c e d.   I m a g e a n al ysi s s oft w ar e I m a g eJ w as als o us e d t o esti m at e t h e p or osit y a n d 

th e d e nsit y.  

 

7. 1. 3  T hi n fil m f a b ri c ati o n of 3 1 6 L S S  

Si ( 1 0 0) s u bstr at e w as pr e p ar e d b y cl e a ni n g usi n g a c et o n e, al c o h ol, a n d d e -i o ni z e d w at er. 3 D 

pri nt e d t ar g et t o g et h er wit h t h e Si ( 1 0 0) s u bstr at e w er e l o a d e d i n t h e v a c u u m c h a m b er a n d p u m p e d 

d o w n t o 5. 0 x 1 0 -7  T orr. 3 1 6l S S t hi n fil ms w er e pr e p ar e d u n d er ar g o n at m os p h er e usi n g dir e ct 

c urr e nt ( D C) m a g n etr o n s p utt eri n g s yst e m. S e v er al d e p ositi o n tri al e x p eri m e nts w er e c o n d u ct e d 

i n or d er t o o pti mi z e t h e d e p ositi o n p ar a m et ers f or b ett er fil m q u alit y. T h e d e p ositi o n co n diti o ns 

us e d f or t h e s p utt eri n g pr o c ess w er e as f oll o ws: ar g o n pr ess ur e = 4 m T orr, fl o w r at e = 1 0 s c c m, 

dis c h ar g e c urr e nt = 0. 1 A, s u bstr at e t e m p er at ur e s = 2 0 o C, 2 0 0 o C, 3 0 0 o C, 4 0 0 o C, a n d d e p ositi o n 
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ti m e = 1 0 mi n ut es. T h e s urf a c e m or p h ol o g y, c h e mi c al c o m positi o n, a n d cr yst al str u ct ur e of t h e 

t hi n fil ms w er e i n v esti g at e d usi n g a d v a n c e d c h ar a ct eri z ati o n t e c h ni q u es s u c h as A gil e nt 

T e c h n ol o gi es 5 5 0 0 A F M, S E M/ E D S J E O L i nstr u m e nt, a n d Br u k er -N o ni us D 8 a d v a n c e d p o w d er 

X -r a y diffr a ct o m et er. 

7. 2   R es ults a n d dis c us si o n  

7. 2. 1  P o w d e r c h a r a ct e ri z ati o n  

Fi g ur e 7. 2 s h o ws a bi m o d al si z e distri b uti o n pl ot f or 3 1 6 L S S p o w d er w h er e a s m all fr a cti o n of 

fi n e p arti cl es wit h a distri b uti o n r a n gi n g fr o m 0. 1 µ m t o 0. 5 µ m c orr es p o n ds t o 8 % v ol u m e 

fr a cti o n. A l ar g e fr a cti o n of t h e p o w d er is distri b ut e d i n r a n g e of 1 µ m t o 2 0 µ m c orr es p o n di n g t o 

a b o ut 9 2 % v ol u m e fr a cti o n. T h e m e a n di a m et er of t h e p o w d er is a b o ut 9 µ m. T h e st atisti c al 

distri b uti o n p ar a m et ers D 1 0 , D5 0 ( m e di a n), a n d D9 0  o bt ai n e d f or t h e p o w d er ar e 4. 7 5 µ m, 1 1. 0 2 µ m, 

a n d 1 9. 6 6 µ m r es p e cti v el y.  

Fi g ur e 7. 3 ( a) s h o ws s e c o n d ar y el e ctr o n i m a g e r e c or d e d fr o m t h e 3 1 6 L S S p o w d er. R es ult s h o ws 

b ot h fi n e a n d c o ars e p arti cl es h a vi n g s p h eri c al m or p h ol o g y a n d s o m e f e w irr e g ul ar p arti c l es. T h e 

fi n e p arti cl es f or m a g gl o m er at es,  a n d t h e c o ars e p arti cl es s h o w att a c h m e nt of s at ellit e p arti cl es. 

Y us uf et al.  r e p ort e d si mil ar p o w d er m or p h ol o g y of a g gl o m er at es of s at ellit e p arti cl es att a c h e d t o 

t h e c o ars e p arti cl es [ 2 9 4].  Fi g ur e 7. 3 ( b) s h o ws E D S s p e ctr u m c oll e ct ed fr o m t h e 3 1 6 L S S p o w d er, 

r e d s q u ar e r e gi o n i n Fi g ur e 7. 3 ( a). R es ult s h o ws t h e pr es e n c e of F e, Cr, Ni, M n, a n d M o s a m e as 

t h e n o mi n al c o m p ositi o n of 3 1 6 L S S p o w d er s p e cifi e d b y t h e s u p pli er.  
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Fi g ur e 7. 2 P arti cl e si z e a n al ysi s of 3 1 6 L S S. 

 

 

 

 

 

 

 

Fi g ur e 7. 3 3 1 6 L S S p o w d er: ( a) S E M mi cr o gr a p h a n d ( b) E D S s p e ctr u m. 

Fi g ur e 7. 4 s h o ws X R D p att er n of 3 1 6 L S S p o w d er c o nt ai ni n g a mi xt ur e of a ust e nit e ( γ- F e) a n d 

d elt a f errit e ( δ- F e) p h as es. T h e d elt a f errit e p h as e c o nstit ut es a s m all fr a cti o n of t h e mi xt ur e e vi d e nt 

b y t h e w e a k diffr a cti o n p e a k. T h e s m all fr a cti o n of t h e d elt a f errit e pr e v e nt s h ot cr a c ki n g d uri n g 

w el d  s oli difi c ati o n  [ 2 9 5].  T h e  a ust e nit e  p h as e  d o mi n at es  wit h  hi g h  i nt e nsit y  p e a ks  w hi c h 

c orr es p o n d t o ( 1 1 1), ( 2 0 0), a n d ( 2 2 0). 

( a) 
D o 

(b ) 
D o 
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Fi g ur e 7. 4  X R D p att er n of 3 1 6 L S S p o w d er.  

 

7. 2. 2  T a r g et c h a r a ct e ri z ati o n  

T h e mi cr ostr u ct ur e a n d cr yst al str u ct ur e of t h e si nt er e d t ar g et w as i n v esti g at e d usi n g S E M/ E D S 

a n d X R D t e c h ni q u es. Fi g ur e 7. 5 s h o w S E M mi cr o gr a p hs of 3 1 6 L S S t ar g et si nt er e d at 1 1 0 0 o C f or 

1 2 h o urs u n d er ar g o n at m os p h er e. N e c k f or m ati o n is o bs er v e d as t h e p arti cl es b o n d t o g et h er wit h 

r e d u c e d p or e v ol u m e.  T his a p p ar e nt g o o d d e nsifi c ati o n is t h e r es ult of bi m o d al si z e distri b uti o n 

of t h e st arti n g p o w d ers. T h e fi n e p arti cl es fill e d w ell t h e s p a c e b et w e e n t h e l ar g e o n es. Si mil ar 

o bs er v ati o n w as r e p ort e d b y S h a n et al.  i n t h eir i n v esti g ati o n of f ast d e nsifi c ati o n m e c h a nis m of 

Al O N p o w d er wit h a bi m o d al p arti cl e si z e distri b uti o n u n d er pr ess ur el e ss si nt eri n g c o n diti o n 

[ 2 9 6]. S h a n et al.  a c hi e v e d a r el ati v e d e nsit y of 9 6 . 3 3 % u n d er si nt eri n g h el d at 1 7 0 0o C f or 3 0 mi n. 

T h e f ast d e nsifi c ati o n a n d gr ai n gr o wt h w er e attri b ut e d t o t h e r e -arr a n g e m e nt of n e ar -s p h eri c al 
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p arti cl es i n t h e bi m o d al p arti cl e si z e distri b uti o n.  T h e d e nsit y of t h e 3 1 6 L S S t ar g et w as f o u n d t o 

b e 7. 7 6 9 g c m -3  w hi c h is 9 7. 1 1 % of t h e t h e or eti c al d e nsit y. T h e li n e ar s hri n k a g e f oll o wi n g t h e 

si nt eri n g w as esti m at e d t o b e 1 3. 6 4 %.  

 

 

 

 

 

 

 

Fi g ur e 7. 5  S E M mi cr o gr a p hs of as -si nt er e d t ar g et: ( a) L o w m a g nifi c ati o n a n d ( b) Hi g h 

m a g nifi c ati o n.  

Fi g ur e 7. 6 ( a) a n d ( b) s h o w S E M mi cr o gr a p h a n d E D S s p e ctr u m of p oli s h e d cr oss -s e cti o n of 3 1 6 L 

S S t ar g et. T h e S E M mi cr o gr a p h s h o ws s m all o p e n p or es r a n d o ml y distri b ut e d. T h e p or osit y 

d et er mi n e d b y I m a g eJ w as f o u n d t o b e 2. 3 8 8 %. E D S s p e ctr u m c oll e ct e d fr o m a s e cti o n i n Fi g ur e 

7. 6 ( a) s h o ws t h e pr es e n c e of F e, Cr, Ni, M n, a n d M o as s e e n i n Fi g ur e 7. 6 ( b). T a bl e 7. 3 s h o ws 

at o mi c c o n c e ntr ati o ns of el e m e nt pr es e nt i n 3 1 6 L S S  t ar g et o bt ai n e d fr o m t h e E D S q u a ntit ati v e 

a n al ysi s. R es ult a gr e es wit h c o m p ositi o n of st arti n g p o w d er i n di c ati n g l ess c o nt a mi n ati o n d uri n g 

si nt eri n g pr o c ess.  

 

 

 

 

( a) (b ) 
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Fi g ur e 7. 6  P oli s h e d cr oss -s e cti o n of 3 1 6 L S S t ar g et: ( a) S E M a n d ( b) E D S s p e ctr u m c oll e ct e d 

fr o m t h e r e d s q u ar e ar e a i n ( a). 

 

T a bl e 7. 3  E D S q u a ntit ati v e a n al ysi s of 3 1 6 L S S t ar g et.  

El e m e nt  at %  

M o  1. 9 0  

M n  1. 3 4  

Ni  1 0. 6 3  

Cr  1 8. 8 6  

F e  6 7. 2 7  

 

Fi g ur e 7. 7 s h o ws X R D p att er n of 3 1 6 L S S t ar g et wit h diffr a cti o n p e a ks c orr es p o n di n g t o t h e 

a ust e niti c p h as e. T h er e ar e n o s e c o n d ar y p h as es pr es e nt. N o e vi d e n c e of o xi d ati o n w as s e e n d u e 

t o t h e i n ert at m os p h er e u s e d d uri n g t h e si nt eri n g pr o c ess. 

 

 

 

 

( b) ( a) 
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Fi g ur e 7. 7  X R D p att er n of 3 1 6 L S S t ar g et.  

7. 2. 3 T hi n fil m c h a r a ct e ri z ati o n  

Fi g ur e 7. 8 s h o ws A F M i m a g e of 3 1 6 L S S t hi n fil m d e p osit e d at r o o m t e m p er at ur e. T h e fil m 

s urf a c e s h o ws f e w p or es wit h n o visi bl e cr a c ks. T h e gr ai ns s h o w s p h eri c al m or p h ol o g y wit h 

u nif or m c o m p ositi o n. T h e a v er a g e gr ai n si z e is a b o ut 1 5 n m. Fi g ur e 7. 9 ( a) a n d  ( b) s h o w S E M 

mi cr o gr a p h a n d E D S s p e ctr u m of cr oss -s e cti o n of 3 1 6 L S S t hi n fil m s a n d wi c h i n a pl asti c h ol d er 

e m b e d d e d i n e p o x y. D u e t o i m pr o p er c utti n g of t h e fil m s e cti o n, t h e S E M mi cr o gr a p h dis pl a ys 

br o k e n pi e c es of fil m cr oss -s e cti o n. T h e E D S a n al ysi s o f t h e t hi n fil m s h o ws t h e pr es e n c e of all 

e x p e ct e d el e m e nts as s e e n i n Fi g ur e 7. 9 ( b). T a bl e 7. 4 s h o ws at o mi c c o n c e ntr ati o ns of i n di vi d u al 

el e m e nt pr es e nt i n t h e fil m cr oss -s e cti o n. Ot h er p e a ks s u c h C, O, a n d Si w er e d et e ct e d b y t h e E D S 

d et e ct or w hi c h p oss i bl y m a y b e c o mi n g fr o m t h e e p o x y a n d s u bstr at e.  C o m p ari n g t h e c o m p ositi o n 

of t h e p o w d er, t ar g et, a n d t h e fil m, n o si g nifi c a nt v ari ati o n c a n b e s e e n w hi c h is a n i n di c ati o n of 

l ess c o nt a mi n ati o n t hr o u g h o ut t h e pr o c ess.   
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Fi g ur e 7. 8  A F M i m a g e of as -d e p osit e d 3 1 6 L S S t hi n fil m.  

 

 

 

 

 

 

 

Fi g ur e 7. 9  ( a) Cr oss-s e cti o n of 3 1 6 L S S t hi n fil m pl a c e d i n a pl asti c h ol d er e m b e d d e d i n e p o x y 

a n d c orr es p o n di n g E D S s p e ctr u m ( b).  

 
 
 
 
 

( a) 
(b ) 

Pl asti c h ol d er  

E p o x y  

5 µ m  

Si K a  

O  K a  

C K a  
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T a bl e 7. 4  E D S q u a ntit ati v e a n al ysi s of cr oss s e cti o n of 3 1 6 L S S t hi n fil m.  

El e m e nt  at %  

M o  2. 3 3  

M n  1. 3 9  

Ni  1 1. 0 1  

Cr  1 8. 8 0  

F e  6 6. 4 7  

Fi g ur e 7. 1 0 s h o ws X R D p att er n of as -d e p osit e d 3 1 6 L S S t hi n fil m o n Si ( 1 0 0) s u bstr at e. T w o 

diffr a cti o n p e a ks ar e o bs er v e d, o n e c orr es p o n ds t o t h e fil m a n d t h e ot h er t o t h e s u bstr at e. T h e 

diffr a cti o n p e a k f or t h e fil m w as i n d e x e d as ( 1 1 1) w hi c h c orr es p o n ds t o t h e a ust e niti c p h as e. N o 

s e c o n d ar y p h as e or pr e ci pit at es w er e d et e ct e d. R e s ult s h o w c o nsist e n c y wit h X R D p att er n 

o bt ai n e d f or t h e t ar g et.  
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Fi g ur e 7. 1 0  X R D p att er n of as -d e p osit e d 3 1 6 L S S t hi n fil m.  
 

Fi g ur e 7. 1 1 ( a) -( c) s h o w t o p vi e w S E M mi cr o gr a p hs of 3 1 6 L S S t hi n fil m d e p osit e d at s u bstr at e 

t e m p er at ur es 2 0 0o C, 3 0 0 o C, a n d 4 0 0 o C. T h e S E M mi cr o gr a p h of fil m d e p osit e d at 2 0 0 o C s h o ws 

n a n o -si z e gr ai ns wit h s p h eri c al m or p h ol o g y. At 3 0 0 o C s u bstr at e t e m p er at ur e, a s hift fr o m s p h eri c al 

t o tri a n g ul ar-p yr a mi d al m or p h ol o g y is o bs er v e d wit h i n cr e as e d gr ai n si z e of a b o ut 3 0 n m. At m u c h 

hi g h er s u bstr at e t e m p er at ur e, t h e gr ai n m or p h ol o g y r e m ai n e d u n c h a n g e d b ut wit h i n cr e as e d gr ai n 

si z e as s e e n i n Fi g ur e 7. 1 1( c). Fi g ur e 7. 1 1 ( d) s h o ws cr oss -s e cti o n vi e w of 3 1 6 L S S t hi n fil m 

d e p osit e d at 4 0 0 o C. T h e t hi c k n ess of t h e fil m w as m e as ur e d a n d f o u n d t o b e 7 0 n m.  
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Fi g ur e 7. 1 1  S E M mi cr o gr a p hs of t o p a n d cr oss -s e cti o n vi e w of 3 1 6 L S S t hi n fil ms at diff er e nt 

s u bstr at e t e m p er at ur es: ( a) 2 0 0 ° C, ( b) 3 0 0 ° C, ( c) 4 0 0 ° C, a n d ( d) 4 0 0 ° C.  

 

 

 

 

 

 

 

( a) 

(d ) (c ) 

(b ) 2 0 0 o C  3 0 0 o C  

4 0 0 o C  4 0 0 o C  

1 0 0 n m  

1 0 0 n m  

1 0 0 n m  

1 0 0 n m  
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C H A P T E R 8  

C O N C L U SI O N A N D F U T U R E W O R K  

8. 0   C o n cl usi o n  

T h e c o n cl usi o n dr a w n fr o m t his r es e ar c h ar e s u m m ari z e d as f oll o ws: 

C h a pt er 3 pr es e nt e d r es ult s o bt ai n e d fr o m p o w d er c h ar a ct eri z ati o n of b all mill e d Ni -M n -G a 

p o w d er. P arti cl e si z e a n al ysi s r es ult s h o w e d a bi m o d al p arti cl e si z e distri b uti o n c h ar a ct eri z e d b y 

t h e st ati sti c al p ar a m et er v al u es D 1 0  = 2 3. 8 6 µ m, D 5 0  = 6 7. 3 µ m, a n d D 9 0  = 1 0 5. 2 µ m. T h e p o w d er 

s h o w e d a n irr e g ul ar p o w d er m or p h ol o g y wit h h o m o g e n o us c o m p ositi o n. T h e t h er m al a n al ysi s 

p erf or m e d o n t h e as -mill e d p o w d er s h o w e d n o m art e nsiti c tr a nsf or m ati o n d u e t o i n d u c e d str ess 

c o mi n g fr o m m e c h a ni c al c ollisi o ns b et w e e n p o w d er p a rti cl es. T o r eli e v e t h e i n d u c e str ess a n d t o 

r est or e t h e m art e nsiti c tr a nsf or m ati o n, a n n e ali n g e x p eri m e nt w as c arri e d o ut o n t h e p o w d er. S E M 

r es ult s h o w e d t h e pr es e n c e of m art e nsiti c t wi n mi cr ostr u ct ur e. D S C r es ult of t h e a n n e al e d p o w d er 

s h o w e d m art e nsiti c  tr a nsf or m ati o n at 8 7. 7 ° C. 

C h a pt er 4 pr es e nt e d r es ult s o bt ai n e d fr o m t h e c h ar a ct eri z ati o n of pri nt e d a n d si nt er e d t ar g et of Ni -

M n -G a all o y. Ni -M n -G a t ar g ets w er e s u c c essf ull y pri nt e d usi n g BJ A M. O bs er v ati o n fr o m t h e as -

pri nt e d t ar g et s h o w e d b ett er gr e e n d e nsit y esti m at e d t o b e ~ 5 7 % w hi c h is a n i m pr o v e m e nt of w h at 

w as r e p ort e d i n lit er at ur e. T h e i m pr o v e m e nt of t h e gr e e n d e nsit y of t h e as -pri nt e d t ar g et w as d u e 

t o t h e bi m o d al p arti cl e si z e distri b uti o n of t h e st arti n g p o w d er. Ni-M n -G a t ar g ets w er e si nt er e d f or 

d e nsifi c ati o n a n d m e c h a ni c al str e n gt h e ni n g. It w as f o u n d t h at t h e mi cr ostr u ct ur al e v ol uti o n of t h e 

m art e nsiti c t wi n str u ct ur es w as i nfl u e n c e d b y t h e si nt eri n g c o n diti o ns w h er e b y a tr a nsf or m ati o n 

fr o m t etr a g o n al ( T ar g et 1 a n d T ar g et 2) f or l o w si nt eri n g t e m p er at ur es t o ort h or h o m bi c str u ct ur e 

( T ar g et 3 a n d T ar g et 4) f or hi g h si nt eri n g t e m p er at ur es w er e o bs er v e d. O xi d ati o n of t h e t ar g ets 

w er e r e d u c e d b y e m pl o yi n g fl a k es of m a n g a n es e g ett ers.  
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Li n e ar s hri n k a g e of t ar g ets si nt er e d at diff er e nt t e m p er at ur es w er e als o e x a mi n e d i n b ot h r a di al 

a n d a xi al dir e cti o n. It w a s f o u n d t h at as t h e si nt eri n g t e m p er at ur e i n cr e as es s hri n k a g e i n t h e a xi al 

(t hi c k n ess) dir e cti o n w as hi g h er t h a n i n t h e r a di al ( di a m et er) dir e cti o n w hi c h s u g g est t h at p arti cl es 

p a c k e d i n t h e pri nti n g  dir e cti o n ( v erti c al) f us e f ast er t h a n t h e r a di al dir e cti o n.  

P or osit y of t h e t ar g ets d e cr e as e d as t h e si nt eri n g t e m p er at ur e i n cr e as e d. T h e m a xi m u m a c hi e v e d 

d e nsit y p er c e nt a g e of t h e t ar g et w as a b o ut 8 8 % w hi c h o c c urr e d at a si nt eri n g t e m p er at ur e of 

1 0 8 0 o C.  T h e c o m p ositi o n of T ar g et 2, T ar g et 3, a n d T ar g et 4 w er e cl os e d t o t h e p o w d er 

c o m p ositi o n wit h v ari ati o n wit hi n a 3 % li mit wit h t h e e x c e pti o n of T ar g et 1. T ar g et 1 s h o w e d 

si g nifi c a nt v ari ati o n i n b ot h Ni a n d M n c o nt e nts, a r es ult of hi g h m a n g a n e s e e v a p or a ti o n d uri n g 

si nt eri n g. X R D r es ult s s h o w e d t h at T ar g et 1 a n d T ar g et 2 h a v e t etr a g o n al m art e nsiti c str u ct ur e b ut 

diff er e nt s p a c e gr o u p a n d l atti c e p ar a m et ers, w hi c h c o ul d b e attri b ut e d t o v ari ati o n i n c h e mi c al 

c o m p ositi o n. T ar g et 3 a n d T ar g et 4 s h o w e d mi x e d p h as es of 7 M m art e nsit e a n d n o n -m o d ul at e d 

m art e nsit e str u ct ur es. T h e m art e nsiti c tr a nsf or m ati o n t e m p er at ur es of t h e t ar g ets w er e o bs er v e d t o 

b e c o m p ositi o n d e p e n d e nt, t h at is, it w as s e e n t h at as t h e at o mi c c o n c e ntr ati o n of Ni c o nt e nt 

d e cr e as e d t h e m art e ns iti c tr a nsf or m ati o n t e m p er at ur e als o d e cr e as e d. T ar g et 1 e x hi bit e d t h e 

hi g h est m art e nsiti c tr a nsf or m ati o n t e m p er at ur e at ~ 1 4 8 o C a n d t h e l o w est m art e nsiti c 

tr a nsf or m ati o n t e m p er at ur e at ~ 7 4o C w as s e e n i n T ar g et 4.  

I n C h a pt er 5, t h e eff e ct of dis c h ar g e c urr ent a n d s u bstr at e t e m p er at ur e o n t h e s urf a c e m or p h ol o g y, 

c o m p ositi o n a n d cr yst al str u ct ur e of Ni -M n -G a t hi n fil ms d e p osit e d o n Si ( 1 0 0) s u bstr at e w as 

i n v esti g at e d. As t h e dis c h ar g e c urr e nt i n cr e as e d, t h e fil m s h o w e d i n cr e as e d gr ai n si z e. T h e gr ai n 

m or p h ol o g y, as a p p e ar e d fr o m t h e i n v esti g ati o n of t h e fil m pl a n ar s urf a c e w as of el o n g at e d gr ai ns. 

T h e fil m cr yst alli nit y als o i n cr e as e wit h i n cr e as e d dis c h ar g e c urr e nt, as pr o v e d b y X R D 

i n v esti g ati o ns.  
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T h e m ost i m p ort a nt eff e ct of m ai nt ai ni n g t h e dis c h ar g e c urr e n t v al u e c o nst a nt a n d i n cr e asi n g t h e 

s u bstr at e t e m p er at ur e w a s t h e c h a n g e i n c h e mi str y a n d cr yst all o gr a p h y of t h e o bt ai n e d Ni -M n -G a 

t hi n fil ms. T h e fil m d e p osit e d at 7 0 00 C s h o w e d t h e cl os est c h e mi c al c o m p ositi o n t o t h e t ar g et 

c o m p ositi o n. F or t h e ot h er s u bs tr at e t e m p er at ur es, t h e hi g h o x y g e n c o nt a mi n ati o n, d u e p er h a ps t o 

n ot -s o-o pti m u m d e p ositi o n c o n diti o ns, dr asti c all y alt er e d t h e fil m c o m p ositi o n. B y i n cr e asi n g t h e 

s u bstr at e t e m p er at ur e, t h e fil m cr yst al str u ct ur e c h a n g e d fr o m H e usl er L 2 I c u bi c ( hi g h t e m p e r at ur e 

p h as e) t o m o n o cli ni c (l o w t e m p er at ur e p h as e).  

I n C h a pt ers 6 a n d 7, it w as d e m o nstr at e d, usi n g s p utt eri n g t ar g ets 3 D pri nt e d fr o m C u a n d 3 1 6 L 

S S p o w d ers, t h at s p utt eri n g t ar g ets of diff er e nt d esi g n g e o m etri es s u c h as tr a p e z oi d al, c o ni c al 

pr otr usi o ns c o ul d b e m a n uf a ct ur e d b y BJ A M wit h i m pr o v e d t ar g et utili z ati o n effi ci e n c y c o m p ar e d 

t o r e g ul ar dis c t ar g et. It w as als o s h o w n t h at t hi n fil ms s p utt er e d fr o m t h es e 3 D pri nt e d t ar g ets 

h a v e si mil ar m or p h ol o gi c al, c h e mi c al, a n d cr yst all o gr a p hi c c h ar a ct eristi cs t o t h e fil ms m a d e usi n g 

cl assi c al m a n uf a ct uri n g t e c h ni q u es, s u c h as c asti n g, m a c hi ni n g, a n d HI P.  

M or e o v er, t hi n fil ms s p utt er e d fr o m bi n d er j et 3 D pri nt e d n o n -pl a n ar t ar g et s e x hi bit e d l ess mi cr o -

cr a c ks as c o m p ar e d t o fil ms pr o d u c e d fr o m fl at t ar g ets. Hi g h er cr yst allit e si z e a n d l o w er mi cr o-

str ai n w as o bs er v e d f or fil m s s p utt er e d fr o m n o n -pl a n ar t ar g ets, w hi c h is a n i n di c ati o n of i m pr o v e d 

cr yst alli nit y.  

8. 1 F ut u r e w o r k  

T his r es e ar c h h as d e m o nstr at e d t h at Ni -M n -G a all o y s p utt eri n g t ar g ets c a n b e m a n uf a ct ur e d b y 

bi n d er j etti n g a d diti v e m a n uf a ct uri n g t e c h ni q u e. I n a d diti o n, Ni -M n -G a t hi n fil ms h a v e b e e n 

f a bri c at e d fr o m t h e bi n d er j etti n g a d diti v e m a n uf a ct ur e d t ar g ets wit h fil m pr o p erti es c o m p ar a bl e 

t o t h os e r e p ort e d i n lit er at ur e. Y et t h er e is still m or e w or k t o b e d o n e. F or f ut ur e w or k t h e f oll o wi n g 

ar e r e c o m m e n d e d:  
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•  T o a c hi e v e f ull t ar g et d e n sit y, m u c h fi n er p arti cl e si z e p o w d er is r e c o m m e n d e d as a st arti n g 

m at eri al f or t h e 3 D pri nti n g. I n a d diti o n, si nt eri n g c o n diti o ns s h o ul d b e o pti mi z e d t o 

e n h a n c e d e nsifi c ati o n a n d r e d u c e p or osit y.  

•  T h e t ar g et d esi g ns pr o p o s e d i n t hi s w or k s h o ul d b e i m pl e m e nt e d t o m a k e m or e t ar g ets of 

Ni -M n -G a all o y wit h diff er e nt g e o m etri es t o r e ali z e hi g h er t ar g et utili z ati o n effi ci e n c y.  

•  F urt h er i n v esti g ati o n s h o ul d b e c arri e d  o ut o n Ni -M n -G a t hi n fil ms d e p osit e d at s u bstr at e 

t e m p er at ur es of 6 0 0o C a n d 7 0 0 o C usi n g hi g h r es ol uti o n S E M or T E M t o c o nfir m 

m art e nsiti c mi cr ostr u ct ur es o bs er v e d fr o m t h e X R D s p e ctr a.  

•  T ar g et m a n uf a ct uri n g b y BJ A M s h o ul d b e e xt e n d e d t o c er a mi c a n d s e mi c o n d u ct or 

m at eri als.  
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1 0. 1 0 1 6/j. c er a mi nt. 2 0 1 7. 0 3. 1 4 6.  

 


		2022-05-04T11:33:30-0400
	Youngstown State University




