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St r e n gt h e ni n g eff e ct s i n m at eri al s b o n d e d b y t h e hi g h str ai n r at e pl a sti c d ef or m ati o n pr o c e s s, Ultr a s o ni c A d diti v e 

M a n uf a ct uri n g ( U A M), w er e i n v e sti g at e d. Al u mi n u m ( Al 6 0 6 1) w a s pr etr e at e d b y t e m p eri n g a n d a n n e ali n g pri or 

t o b o n di n g t hr o u g h U A M. F oll o wi n g U A M, m ulti s c al e m at eri al c h ar a ct eri z ati o n w a s p erf or m e d. T e n sil e t e sti n g i n 

t h e r olli n g ( x) dir e cti o n d e m o n str at e d t h e m at eri al b e c a m e h ar d er aft er t h e U A M pr o c e s s, a n d n a n oi n d e nt ati o n 

d e m o n str at e d t h e f oil-f oil i nt erf a c e s b e c a m e h ar d er t h a n t h e b ul k f oil m at eri al. T h e str e n gt h e ni n g eff e ct s ar e a 

r e s ult of mi cr o str u ct ur e c h a n g e s at t h e i nt erf a c e s a n d i n t h e b ul k f oil r e gi o n s w hi c h w er e c h ar a ct eri z e d u si n g X- 

r a y  diffr a cti o n,  s c a n ni n g  el e ctr o n  mi cr o s c o p y,  tr a n s mi s si o n  el e ctr o n  mi cr o s c o p y,  a n d  e n er g y  di s p er si v e  s p e c -

tr o s c o p y.  T h e s e  mi cr o str u ct ur e  c h a n g e s  r e s ult  fr o m  d y n a mi c  r e cr y st alli z ati o n,  d y n a mi c  r e c o v er y,  a di a b ati c 

h e ati n g, a n d pr e ci pit at e di s s ol uti o n. T hi s st u d y si g ni fi e s t h e m et all ur gi c al f e at ur e s cr e ati n g m e c h a ni c al str e n gt h 

i n cr e a s e s, r at h er t h a n d e cr e a s e s, i n U A M b uil d s.   

1. I nt r o d u cti o n 

Ultr a s o ni c  a d diti v e  m a n uf a ct uri n g  ( U A M)  i s  a  s oli d- st at e  a d diti v e 

m a n uf a ct uri n g b o n di n g pr o c e s s t h at r eli e s o n ultr a s o ni c w el di n g t o j oi n 

t hi n  f oil s  ( ~ 1 5 0 µ m)  at  r el ati v el y  l o w  t e m p er at ur e s.  A  t hr e e- 

di m e n si o n al p art c a n b e cr e at e d b y w el di n g n e w f oil l a y er s o n t o p of 

t h e pr e vi o u s l a y er s a n d s el e cti v el y m a c hi ni n g a w a y u n w a nt e d m at eri al s 

[ 1, 2 ] .  T h e  U A M  pr o c e s s  i s  hi g hl y  attr a cti v e  d u e  t o  it s  a bilit y  t o  j oi n 

di s si mil ar or dif fi c ult-t o- w el d m at eri al s s u c h a s Al- Ti [ 3 – 6 ] , Al- C u [ 7, 8 ] , 

St e el- Ni [ 9 ] , St e el- T a [ 1 0 ] , a n d Ni- A u [ 8, 1 1 ] , w hil e al s o cr e ati n g u ni q u e 

e n gi n e eri n g c o m p o n e nt s s u c h a s str e n gt h e n e d c o m p o sit e s [ 1 2 ] , u ni q u e 

c o oli n g c h a n n el s [ 1 3 ] , a n d str u ct ur e s wit h e m b e d d e d s e n s or s [ 1 4, 1 5 ] . 

U A M  b o n di n g  o c c ur s  t hr o u g h  a  hi g h str ai n  r at e  ( 1 0 5 s − 1 ) [ 1 6, 1 7 ] 

s e v e r e pl a sti c d ef or m ati o n pr o c e s s. S h e ar d ef or m ati o n i s a p pli e d fr o m a n 

ultr a s o ni c w el di n g h or n, k n o w n a s a s o n otr o d e. T h e s o n otr o d e a p pli e s a 

f or c e t o t h e t o p of t h e f oil a n d o s cill at e s at a hi g h fr e q u e n c y ( 2 0 k H z). 

T h e h or n t h e n tr a v el s d o w n t h e l e n gt h of t h e m at eri al b o n di n g t h e t w o 

f oil s (Fi g. 1 ). T h e s h e ar d ef or m ati o n c a u s e s s urf a c e a s p eriti e s t o yi el d 

a n d c oll a p s e a n d br e a k s u p s urf a c e o xi d e s. O n c e t h e m ati n g s urf a c e s ar e 

at o mi c all y cl e a n, t h e y c a n b o n d at r el ati v el y l o w t e m p er at ur e s. A f ull 

d e s cri pti o n of t h e U A M pr o c e s s c a n b e f o u n d i n t h e A S M h a n d b o o k [ 1, 

2 ] . 

T h e m et h o d s of e xtr a cti n g t h e m e c h a ni c al pr o p erti e s of U A M c o m -

p o n e nt s i n cl u d e s h e ar [ 4, 1 8 ] , t e n sil e [ 1 7, 1 9 ] , mi cr o h ar d n e s s [ 2 0 – 2 2 ] , 

a n d n a n oi n d e nt ati o n t e sti n g [ 1 0, 2 3, 2 4 ] . S h e ar t e st s ar e oft e n u s e d f or 

i niti al i n v e sti g ati o n s of U A M b o n di n g str e n gt h, a s r e c o m m e n d e d b y t h e 

A m eri c a n  W el di n g  S o ci et y  f or  br a z e d  a n d  b o n d e d  j oi nt s [ 2 5 ] .  B uil d 

( z- dir e cti o n) U A M t e n sil e t e st s ar e e xtr e m el y ti m e c o n s u mi n g t o f a bri -

c at e, wit h o ut pr o vi di n g a n y a d diti o n al i nf or m ati o n t h a n s h e ar t e st s, a s 

t h e y o nl y eff e cti v el y t e st t h e w e a k e st i nt erf a c e [ 2 6 ] . T e n sil e t e sti n g i n 
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t h e  l o n git u di n al  dir e cti o n  (r olli n g,  x- dir e cti o n)  pr o vi d e s  t h e  m o st 

d et ail e d  i nf or m ati o n  of  t h e  t ot al  b uil d  m e c h a ni c al  pr o p erti e s [ 1 7, 1 9, 

2 7 ] . I n d e nt ati o n st u di e s c o u pl e d wit h mi cr o s c o p y st u di e s (i n i m a gi n g 

a n d / or diffr a cti o n m o d e) pr o vi d e v al u a bl e l o c ali z e d i nf or m ati o n a b o ut 

U A M f oil-f oil i nt erf a c e s. I n d e nt ati o n t e sti n g h a s f o u n d t h at U A M b uil d s 

t y pi c all y  h a v e  a  l o c al  i n cr e a s e  i n  str e n gt h  at  w ell  b o n d e d  f oil-f oil  i n -

t erf a c e s [ 1 0 ] al o n g wit h a d e cr e a s e i n t h e p att er n q u alit y fr o m el e ctr o n 

b a c k s c att er  diffr a cti o n ( E B S D) [ 2 1, 2 2 ] . T h e d e cr e a s e i n E B S D p att er n 

q u alit y  i s  a s s o ci at e d  wit h  a  d y n a mi c  r e cr y st alli z e d  str u ct ur e  at  t h e 

i nt erf a c e. T h e d y n a mi c r e cr y st alli z e d str u ct ur e r e s ult s i n r e d u c e d gr ai n 

si z e s  a n d  el e v at e d  di sl o c ati o n  d e n siti e s [ 1 6, 1 7, 2 8 ] .  Fi nit e  el e m e nt 

m o d eli n g h a s al s o s u g g e st e d t h e i m p o s e d pl a sti c d ef or m ati o n r e fi n e s t h e 

gr ai n str u ct ur e a n d i n cr e a s e s di sl o c ati o n d e n sit y [ 2 9 ] . T h e f or c e fr o m 

t h e s o n otr o d e o n t h e t o p s urf a c e of a f oil c o ul d al s o f urt h er i n cr e a s e t h e 

di sl o c ati o n  d e n sit y  a s  c o m p ar e d  t o  t h e  b ott o m  of  a  f oil [ 3 0 ] .  R e c e nt 

st u di e s s u g g e st t h at o b s er v e d n a n o m et er si z e d v oi d s at U A M i nt erf a c e s 

[ 8, 2 4 ] c o ul d  p ot e nti all y  al s o  i n cr e a s e  t h e  str e n gt h  t hr o u g h  di s p er s e d 

di sl o c ati o n b arri er eff e ct s [ 3 1 ] . 

Pr e vi o u s t e n sil e t e sti n g of U A M b uil d s fr o m Al 6 0 6 1  H- 1 8 w a s r e -

p ort e d b y Sri d h ar a n et al. [ 1 9 ] . T h e t e n sil e t e st s w er e p erf or m e d i n t h e 

b uil d ( z) dir e cti o n a n d t h e i n- pl a n e ( x or y) dir e cti o n, t h e n c o m p ar e d 

a g ai n st b ul k pr o p erti e s. T h e a ut h or s o b s er v e d a 2 5 % r e d u cti o n i n yi el d 

str e s s i n t h e i n- pl a n e dir e cti o n a s w ell a s a n 8 4 % r e d u cti o n of yi el d str e s s 

i n  t h e  b uil d  dir e cti o n,  a n d  t h er ef or e,  s u g g e st e d  t h at  s h e ar  b a n d s  a n d 

mi cr o v oi d s w er e cr e at e d at t h e i nt erf a c e s. W h e n t h e i nt erf a c e e x p eri -

e n c e s a t e n sil e l o a d, t h e mi cr o v oi d s c o al e s c e, cr e at e v oi d s, a n d cr a c k, 

r e s ulti n g i n brittl e f ail ur e. S c hi c k et al. [ 1 7 ] r e p ort e d o n Al 3 0 0 3  H- 1 8 

t e n sil e  t e sti n g  p erf or m e d  i n  t h e  i n- pl a n e  dir e cti o n.  T hi s  r e v e al e d  a 

d e cr e a s e  i n  b uil d  str e n gt h  a s  c o m p ar e d  t o  b ul k  v al u e s.  T h e  a ut h or s 

s u g g e st e d t h at t h e str e n gt h d e cr e a s e w a s r el at e d t o a l ar g e fr a cti o n of 

n o n- c o nt a ct p ar a b ol a s h a p e d v oi d s. T h e v oi d s r e d u c e t h e l o a d b e ari n g 

cr o s s- s e cti o n  a n d  i n cr e a s e  t h e  str e s s  c o n c e ntr ati o n  i nt e n sit y  f a ct or. 

T e n sil e t e sti n g i n t hi s c urr e nt st u d y i s p erf or m e d i n t h e r olli n g ( x) di -

r e cti o n t o c o m p ar e wit h t h e s e pr e vi o u sl y r e p ort e d r e s ult s. T h e ori e nt a -

ti o n of t h e t e n sil e d o g b o n e s, wit h r e s p e ct t o t h e s o n otr o d e a n d f oil-f oil 

i nt erf a c e s, i s s h o w n i n Fi g. 1 . 

A d diti o n all y, t h e hi g h str ai n r at e pl a sti c d ef or m ati o n U A M pr o c e s s 

c a n  pr o d u c e  si g ni fi c a nt  c h a n g e s  t o  t h e  mi cr o str u ct ur e  of  str u ct ur al 

m at eri al s.  D uri n g  pl a sti c  d ef or m ati o n,  t h e  cr e ati o n  of  di sl o c ati o n 

str u ct ur e s a n d p oi nt d ef e ct v a c a n ci e s h a v e b e e n cl a s si c all y p o st ul at e d b y 

Fri e d el [ 3 2 ] , S eti z [ 3 3 ] , a n d ot h er s [ 3 4 ] , alt h o u g h t h er e h a s b e e n a l a c k 

of str o n g e x p eri m e nt al e vi d e n c e r e g ar di n g t h e f or m ati o n of v a c a n ci e s i n 

m at eri al s  d uri n g  si g ni fi c a nt  pl a sti c  d ef or m ati o n.  U A M  pr o vi d e s  a 

c o n v e ni e nt  v e hi cl e  f or  st u d yi n g  t h e  mi cr o str u ct ur e  e v ol uti o n  a n d  p o -

t e nti al v a c a n c y cr e ati o n d uri n g hi g h str ai n r at e d ef or m ati o n. C h e n et al. 

[ 3 5 ] p erf or m e d ultr a s o ni c w el di n g o n a T 4 t e m p er e d Al 6 1 1 1 str u ct ur e. 

U si n g m o d eli n g, h ar d n e s s m e a s ur e m e nt s, a n d el e ctr o n mi cr o s c o p y, t h e 

a ut h or s o b s er v e d a h e at aff e ct e d z o n e a n d pr e ci pit at e str u ct ur e at t h e 

f oil-f oil i nt erf a c e s t h at i n cr e a s e d d uri n g a n 8- m o nt h p eri o d. T h e a ut h or s 

n ot e d  t h at  t h e  p o st  w el d  a gi n g  o c c urr e d  m u c h  f a st er  t h a n  e x p e ct e d, 

w hi c h c orr e s p o n d s t o a c o n c e ntr ati o n of l atti c e p oi nt d ef e ct v a c a n ci e s 

o v er 1 0 0 ti m e s l ar g er t h a n e x p e ct e d. Ot h er a ut h or s i n v e sti g ati n g U A M 

b o n di n g  h a v e  n ot e d  l ar g e  v a c a n c y  c o n c e ntr ati o n s  at  t h e  i nt erf a c e s, 

w hi c h c a n l e a d t o si g ni fi c a nt eff e ct s s u c h a s e n h a n c e d el e m e nt al i nt er -

diff u si o n  a n d  i nt erf a c e  str e n gt h e ni n g  eff e ct s [ 8, 2 4 ] .  L atti c e  d ef e ct 

c h a n g e s  d uri n g  U A M  h a v e  n ot  y et  b e e n  a s s o ci at e d  wit h  l ar g e  s c al e 

m e c h a ni c al  pr o p erti e s  s u c h  a s  t e n sil e  t e sti n g.  A d diti o n all y,  v ari o u s 

st at e s of pr etr e ati n g m at eri al, f oll o wi n g A S M st a n d ar d s [ 3 6 ] , pri or t o 

U A M h a v e y et t o b e c h ar a ct eri z e d. T h e s e pr etr e at m e nt s, r a n gi n g fr o m 

a n n e ali n g t o T 4 t e m p eri n g, c a n alt er t h e t h er m o m e c h a ni c al e n er g y st at e 

of  t h e  m at eri al  a n d  gr o w  e n er g eti c all y  f a v or a bl e  pr e ci pit at e s.  T hi s 

r e s e ar c h  att e m pt s  t o  a d dr e s s  h o w  v ari o u s  pr etr e at m e nt s  aff e ct  t h e 

mi cr o str u ct ur e  of  m at eri al  cr e at e d  b y  U A M,  a n d  h o w  t h e s e  mi cr o -

str u ct ur e c h a n g e s aff e ct t h e b uilt m at eri al ’s m e c h a ni c al str e n gt h. 

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

2. 1.  Al u mi n u m ( Al 6 0 6 1 ) a n d U A M pr o c essi n g 

Al 6 0 6 1 f oil s w er e i niti all y r e c ei v e d i n t h e H- 1 8 c o n diti o n, pri or t o 

t h e w el di n g pr etr e at m e nt. T h e c o m p o siti o n m a s s p er c e nt pr o vi d e d b y 

t h e  s u p pli er  i s:  9 8 %  Al,  1 % ± 0. 2 %  M g,  0. 6 % ± 0. 2 %  Si,  0. 1 9 5 % 

± 0. 1 5 5 %  Cr,  0. 1 5 %  m a x  M n,  0. 7 %  m a x  F e,  0. 2 7 5 % ± 0. 1 2 5 %  C u, 

0. 1 5 % m a x Ti, 0. 2 5 % m a x Z n. T h e al u mi n u m w a s a n n e al e d i nt o t h e “ O ” 

c o n diti o n f oll o wi n g A S M st a n d ar d s f or h e at tr e at m e nt of Al 6 0 6 1 [ 3 6 ] 

b y  i n cr e a si n g  it s  t e m p er at ur e  t o  4 1 5 ◦ C  f o r  t h r e e  h o ur s,  t h e n  sl o wl y 

c o oli n g t o r o o m t e m p er at ur e ( wit h a r at e of − 1 0 ◦ C / h o u r). T h e s e f oil s 

ar e n o w r ef err e d t o a s O F oils . T hi s sl o w c o oli n g all o w s t h e al u mi n u m t o 

r e a c h  a n  e q uili bri u m  p h a s e  di stri b uti o n  at  r o o m  t e m p er at ur e.  A d di -

ti o n al Al 6 0 6 1 s a m pl e s w er e t e m p er e d i nt o t h e “ T 4 ′′ c o n diti o n. P er A S M 

st a n d ar d s [ 3 6 ] , T 4 t e m p eri n g w a s a c hi e v e d b y i n cr e a si n g t h e t e m p er a-

t ur e  t o  a p pr o xi m at el y  5 3 0 ◦ C,  h ol di n g  it  f or  o n e  h o ur,  f oll o w e d  b y 

q u e n c hi n g i n w at er. T hi s s h o ul d l o c k t h e p h a s e di stri b uti o n at ~ 5 3 0 ◦ C. 

T h e s e f oil s ar e n o w r ef err e d t o a s T 4 F oils . 

T h e pr etr e at e d f oil s ( ~ 1 5 0 µ m t hi c k a n d 1 i n. ( 2 5. 4 m m) wi d e) w er e 

b o n d e d t o a n Al 6 0 6 1 T 4 c o n diti o n b a s e pl at e u si n g a S o ni c L a y er 4 0 0 0 

U A M s y st e m, wit h a v a c u u m c h u c k u s e d t o s e c ur e t h e w el d s u b str at e. 

B ef or e U A M w el di n g, t h e b a s e pl at e w a s fir st r e c o v er e d u si n g a n e n d mill 

t o e n s ur e a fl at b uil d s urf a c e a n d t h e n cl e a n e d wit h al c o h ol t o r e m o v e 

p o s si bl e c o nt a mi n ati o n. T e xt uri n g w a s t h e n a p pli e d t o t h e b a s e pl at e t o 

h el p i m pr o v e w el di n g q u alit y. T hi s w a s p erf or m e d b y r olli n g t h e s o n o -

tr o d e  o v er  t h e  s urf a c e  w hil e  a p pl yi n g  ultr a s o ni c  vi br ati o n s  wit h o ut  a 

f oil. T h e pr o c e s s p ar a m et er s f or b o n di n g t h e s a m pl e s w er e s el e ct e d t o 

o pti mi z e t h e w el di n g f or e a c h tr e at m e nt. F or w el di n g t h e O F oils , t h e 

U A M pr o c e s si n g p ar a m et er s u s e d a n or m al f or c e of 4 0 0 0  N, a w el d s p e e d 

of 2 0 0 i n. / mi n ( 8 4. 7  m m / s e c), a n a m plit u d e of 3 3 µ m, a n d a b a s e pl at e 

t e m p er at ur e of 2 4 ◦ C. F o r t h e T 4 F oils , t h e U A M pr o c e s si n g p ar a m et er s 

u s e d a n or m al f or c e of 4 0 0 0  N, a w el d s p e e d of 1 0 0 i n. / mi n ( 4 2. 3  m m / 

s e c), a n a m plit u d e of 3 6 µ m, a n d a b a s e pl at e t e m p er at ur e of 6 6 ◦ C. 

T h e t e n sil e s a m pl e s w er e s u b si z e d o g b o n e s ( g a u g e l e n gt h 4 i n. ( 1 0 1. 6 

m m)) m a c hi n e d o ut u si n g a 0. 1 2 5 i n. ( 3. 1 7 5  m m) di a m et er e n d mill i n 

t h e x- dir e cti o n ori e nt ati o n (Fi g. 1 ). T o a c hi e v e a n o mi n al t e n sil e s a m pl e 

t hi c k n e s s t ar g et of 0. 0 5 i n. ( 1. 2 7  m m), t h e T 4 U A M d o g b o n e s c o nt ai n e d 

t w el v e  b o n d e d T 4  F oils ,  a n d  t h e O  U A M d o g b o n e s  c o nt ai n e d  fift e e n 

b o n d e d O F oils . T h e diff er e n c e i n n u m b er of f oil s i s d u e t o t h e r e d u cti o n 

of f oil t hi c k n e s s d uri n g U A M f or t h e t w o t e m p er s. T h e s p e ci m e n s w er e 

m a c hi n e d  o ut  e ntir el y  wit hi n  t h e  b o n d e d  f oil  r e gi o n s.  All  t e st s  w er e 

p erf or m e d  at  r o o m  t e m p er at ur e  o n  a n  M T S  C 4 3. 5 0 4  l o a d  fr a m e  i n 

c o nj u n cti o n  wit h  M T S  w e d g e  gri p s.  T h e  l o a d  fr a m e  w a s  o p er at e d  i n 

di s pl a c e m e nt c o ntr ol m o d e at a cr o s s h e a d s p e e d of 1. 2 7  m m / mi n (i niti al 

str ai n r at e of 2. 1 × 1 0 − 4 s − 1 ). T h e a xi al l o a d w a s m e a s ur e d b y a 5 k N 

Fi g. 1. S c h e m ati c o v er vi e w of U A M b o n di n g al o n g wit h t h e t e n sil e d o g b o n e s. 

I n di vi d u all y b o n d e d f oil l a y er s c a n b e s e e n i n t h e o pti c al o v er vi e w i m a g e. 
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r a n g e l o a d c ell. T o m e a s ur e d o g b o n e str ai n, a di git al i m a g e c orr el ati o n 

( DI C)  s y st e m  b y  C orr el at e d  S ol uti o n s  I n c.  w a s  u s e d  wit h  a  virt u al 

e xt e n s o m et er  of  1 i n.  ( 2 5. 4  m m)  s urr o u n di n g  t h e  br e a k.  F o ur  t e n sil e 

s a m pl e s w er e u s e d f or e a c h c a s e, a n d t h e r e s ult s ar e s h o w n i n Fi g. 2 . 

I d e nti c al  s a m pl e s  w er e  cr e at e d  t o  e xtr a ct  t e n sil e  s p e ci m e n s  a n d  pr e-

s er v e d f or mi cr o str u ct ur e a n al y si s. T h e r e m ai ni n g mi cr o str u ct ur e c h ar -

a ct eri z ati o n s, a s d e s cri b e d b el o w, w er e p erf or m e d i n t h e s a m e s a m pl e s 

at a dj a c e nt l o c ati o n s f or b ot h t h e O U A M a n d T 4 U A M c o n diti o n s. 

2. 2.  N a n oi n d e nt ati o n 

N a n oi n d e nt ati o n  e x p eri m e nt s  b et w e e n  t h e  1 st  a n d  2 n d  f oil  l a y er s 

w er e p erf or m e d o n a K L A i Mi cr o i n str u m e nt u si n g a B er k o vi c h i n d e n -

t ati o n  ti p  wit h  t h e  s h all o w  d e pt h  n a n o blit z  m et h o d [ 3 7 ] .  T h e  n a n o-

i n d e nt ati o n s u s e d a p e a k l o a d of 1. 1 5 m N. T hi s c orr e s p o n d s t o a p e a k 

i n d e nt ati o n  d e pt h  of  1 2 0– 2 0 0 n m,  d e p e n di n g  o n  t h e  l o c ati o n  a n d 

h ar d n e s s  i n  t h e  m at eri al.  T h e  t hr e e- di m e n si o n al  n a n o blit z  h ar d n e s s 

c o nt o ur pr o fil e s w er e c o n v ert e d i nt o a v er a g e h ar d n e s s li n e pr o fil e s b y 

a v er a gi n g  t h e  m e a s ur e d  h ar d n e s s  at  r e g ul ar  i nt er v al s  a w a y  fr o m  t h e 

f oil-f oil i nt erf a c e s. T h e y- err or b ar s o n t h e h ar d n e s s li n e pr o fil e s r e pr e-

s e nt o n e st a n d ar d d e vi ati o n fr o m t h e a v er a g e h ar d n e s s, a n d t h e x- err or 

b ar s r e pr e s e nt t h e i n d e nt s p a ci n g. 

L ar g e d e pt h n a n oi n d e nt ati o n s w er e p erf or m e d u si n g t h e c o nti n u o u s 

stiff n e s s m et h o d ( C S M) [ 3 8 – 4 0 ] i n t h e mi d dl e of t h e 1 st b o n d e d f oil a n d 

at  t h e  i nt erf a c e  b et w e e n  t h e  1 st  a n d  2 n d  f oil.  T h er e  w er e  at  l e a st 

t w e nt y- fi v e C S M i n d e nt s p erf or m e d i n t h e b ul k f oil r e gi o n s, a n d t h eir 

a v er a g e  a n d  st a n d ar d  d e vi ati o n  ar e  r e p ort e d.  T h er e  w a s  dif fi c ult y  i n 

a c c ur at el y i n d e nti n g o n t h e i nt erf a c e d u e t o it s s m all wi dt h. I n d e nt ar -

r a y s w er e p erf or m e d n e ar t h e i nt erf a c e a n d t h e i n d e nt s wit h a hi g h er 

h ar d n e s s ar e r e p ort e d a s t h e i nt erf a c e. T h e C S M i n d e nt s w er e p erf or m e d 

a p pr o xi m at el y  si x  m o nt h s  aft er  t h e  str u ct ur al  i n v e sti g ati o n  b y  tr a n s -

mi s si o n el e ctr o n mi cr o s c o p y ( T E M), t h er ef or e s o m e n at ur al a gi n g of t h e 

al u mi n u m mi g ht h a v e o c c urr e d. All C S M i n d e nt s w er e p erf or m e d u si n g 

a B er k o vi c h ti p t o a p e a k l o a d of 2 0 m N, u si n g a str ai n r at e of 0. 2 0 s − 1 , 

a n  o s cill ati o n  fr e q u e n c y  of  1 1 0  H z,  a n d  a n  o s cill ati o n  a m plit u d e  of 

2 n m. All i n d e nt s w er e p erf or m e d wit h s uf fl ci e nt s p a ci n g b et w e e n i n -

d e nt s t o r e d u c e o v erl a p of t h eir pl a sti c str ai n fi el d s [ 4 1 ] . 

2. 3.  Mi cr ostr u ct ur al c h ar a ct eri z ati o n 

C o m p ut ati o n al  t h er m o d y n a mi c s  of  t h e  m at eri al s  w er e  p erf or m e d 

u si n g t h e T h er m o- C al c ® pr o gr a m [ 4 2 ] . S a m pl e s f or mi cr o s c o p y a n al y si s 

w er e  pr e p ar e d  b y  c ol d  m o u nti n g  i n  e p o x y  f oll o w e d  b y  m e c h a ni c al 

p oli s hi n g u si n g st a n d ar d m et all o gr a p h y t e c h ni q u e s. O pti c al mi cr o s c o p y 

w a s p erf or m e d o n a L ei c a D M 4 0 0 0 M u si n g bri g ht fi el d m o d e wit h di git al 

i m a g e stit c hi n g. F or el e ctr o n mi cr o s c o p y, c h ar gi n g eff e ct s w er e r e d u c e d 

b y s p utt eri n g a f e w n a n o m et er s of c ar b o n c o ati n g o nt o t h e s urf a c e of t h e 

s a m pl e s. S c a n ni n g el e ctr o n mi cr o s c o p y ( S E M) i m a g e s w er e t a k e n u si n g 

a Z ei s s E v o wit h a L a B 6 fil a m e nt. F o r fr a ct o gr a p h y, t h e S E M w or ki n g 

di st a n c e w a s m a xi mi z e d t o i n cr e a s e t h e d e pt h of fi el d ( D O F) a cr o s s t h e 

s urf a c e [ 4 3 ] . 

S a m pl e s f or X-r a y diffr a cti o n ( X R D) w er e pr e p ar e d u si n g a l o w- s p e e d 

s a w. F or t h e U A M b o n d e d s a m pl e s, a cr o s s s e cti o n of a p pr o xi m at el y fi v e 

f oil s w a s s e cti o n e d f or a n al y si s. X-r a y diffr a cti o n w a s p erf or m e d at t h e 

1 1 B M b e a mli n e at t h e A d v a n c e d P h ot o n S o ur c e ( A P S) ( λ = 0. 4 5 8 1 n m) 

[ 4 4 ] u si n g  D e b y e- S c h err er  g e o m etr y,  a n d  a n al y si s  of  t h e  s c a n s  w a s 

p erf or m e d u si n g st a n d ar d Ri et v el d R e fi n e m e nt t e c h ni q u e s [ 4 5, 4 6 ] . 

S a m pl e s f or tr a n s mi s si o n el e ctr o n mi cr o s c o p y ( T E M) w er e e xtr a ct e d 

fr o m t h e b o n d e d m at eri al at i nt erf a c e s b et w e e n t h e fir st a n d s e c o n d f oil 

l a y er s, a n d at l o c ati o n s di st a nt fr o m a n y o b vi o u s b o n di n g v oi d s. T h e s e 

T E M l a m ell a s a m pl e s w er e pr e p ar e d u si n g a f o c u s e d i o n b e a m ( FI B) / 

S E M Z ei s s A uri g a u si n g st a n d ar d pr o c e d ur e s wit h a g alli u m-i o n b e a m at 

v olt a g e s  fr o m  3 0 k V  t o  5 k V  a n d  wit h  a  b e a m  c urr e nt  pr o gr e s si v el y 

d e cr e a si n g fr o m 2 n A t o 5 0 p A. Fi n all y, t h e T E M l a m ell a e w er e lift e d 

fr o m t h e s a m pl e s urf a c e u si n g a n O m ni Pr o b e a n d w el d e d t o a c o p p er 

gri d f or f urt h er T E M a n al y si s. T h e mi cr o str u ct ur e of t h e FI B l a m ell a e 

w a s a n al y z e d i n a T h er m o Fi s h er Tit a n 6 0 – 3 0 0 S c a n ni n g Tr a n s mi s si o n 

El e ctr o n Mi cr o s c o p e ( S T E M) o p er at e d at 3 0 0 k V. T h e i m a g e s w er e t a k e n 

wit h  a  c a m er a  l e n gt h  of  4 6 0  m m  wit h  a n  H A A D F  c oll e cti o n  a n gl e  of 

2 1 – 1 3 6 mr a d. A S u p er- X ™ e n er g y di s p er si v e x-r a y s p e ctr o m et er ( E D S) 

w a s u s e d t o o bt ai n c o m p o siti o n al m a p s. T h e s p e ctr u m i m a g e s o bt ai n e d 

w er e  q u a nti fi e d  u si n g  t h e  V el o x ™ s oft w ar e.  T h e  gr ai n  si z e  fr o m  t h e 

S T E M i m a g e w a s c al c ul at e d u si n g t h e H e y n ’s li n e i nt er c e pt m et h o d [ 4 7 ] , 

a n d t h e di sl o c ati o n d e n sit y w a s d et er mi n e d u si n g t h e li n e- c ut m et h o d 

[ 4 8 ] . It s h o ul d b e n ot e d t h at t h e T E M a n al y si s w a s p erf or m e d a p pr o xi-

m at el y t w o m o nt h s aft er ot h er c h ar a ct eri z ati o n s. T h er ef or e, a d diti o n al 

n at ur al a gi n g of t h e al u mi n u m c o ul d h a v e o c c urr e d r e s ulti n g i n sli g htl y 

l ar g er pr e ci pit at e si z e s. A d diti o n all y, it s h o ul d b e n ot e d t h at t h e T E M 

s a m pl e s w er e n ot t a k e n dir e ctl y b el o w t h e n a n oi n d e nt ati o n s. T hi s m e a n s 

m at eri al  v ari ati o n s  a n d  u n c ert ai nti e s  ar e  pr e s e nt,  a n d  t h e y  s h o ul d  b e 

c o n si d er e d w h e n c o m p ari n g t h e r e s ult s. 

3.  R e s ult s 

3. 1.  T e nsil e t esti n g 

T hi s st u d y d e m o n str at e s t h at c o n si d er a bl e str e n gt h e ni n g c a n d e v el o p 

i n  m at eri al s  cr e at e d  b y  ultr a s o ni c  a d diti v e  m a n uf a ct uri n g  ( U A M).  A s 

di s c u s s e d pr e vi o u sl y, U A M cr e at e s str u ct ur e s b y b o n di n g f oil s t o g et h er. 

T o di s c u s s t h e m at eri al c h a n g e s t h at d e v el o p, m at eri al s c h ar a ct eri z e d 

Fi g. 2. T e n sil e t e sti n g r e s ult s a) Al 6 0 6 1 O , b) Al 6 0 6 1 T 4 .  
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prior to the UAM process will be referred to as foil material, and ma
terials characterized after bonding will be referred to as being in the 
UAM geometry. 

Individual tensile stress-strain curves (from the x-direction) are 
shown in Fig. 2 for the O Foil samples, the O UAM samples, the T4 Foil 
samples, and the T4 UAM samples. The tensile testing numbers for each 
sample represent the sequential number for each sample used in tensile 
testing. Engineering stress, which uses the original cross-sectional area, 
was used for the tensile testing mechanical property analysis. Therefore, 
any small differences in cross-sectional area are normalized during 
analysis. The stress-strain curves demonstrate that the initial Al 6061-T4 
material is harder than the initial Al6061-O material. Additionally, the 
UAM bonding causes an increase in strength for both sets of material. 
This is in direct contrast to the decrease in strength due to UAM in Al 
6061 H-18 material observed by Sridharan et al. [19]. The ration
alization of the increase in strength after UAM bonding is the focus of 
this work. 

Mechanical properties from the tensile testing are summarized in  
Table 1. The average and standard deviation from each set of samples is 
listed along with standard reference values. Notably, the strain hard
ening coefficient from the O UAM samples and the T4 UAM samples, as 
determined using Consid�ere�s criteria [49], is quite low. This indicates 
the materials have near perfect plastic deformation prior to failure. The 
elastic moduli of the O UAM and T4 UAM samples are within 10% of the 
standard values for Al 6061, indicating these tests are valid within 
reasonable experimental error [50,51]. The elastic modulus is quite low 
for the foil samples demonstrating the difficulty in tensile testing thin 
foil samples. It should be noted that these tensile properties might not 
have perfect comparison with the published literature of standard Al 
6061 temper tensile properties [52�54]. This is due to several factors 
including the geometry of the subsize tensile bars that were used in this 
experiment. Additionally, the standards for aluminum temper designa
tions describe that annealing processes should remove all prior heat 
treatment or cold rolling [52]. As shown in the sections below, some 
distinct microstructure features remain from the foil rolling process 
prior to UAM bonding. However, as noted previously, the purpose of this 
study is to understand how the mechanical properties of these materials 
changed due to the UAM process, and to understand the microstructures 
that created these property changes. 

3.2. Characterization of Al 6061 O Foil (before UAM) 

The baseline O Foil material was analyzed using scanning trans
mission electron microscopy (STEM). Fig. 3 is a STEM high angle 
annular dark field (HAADF) image of the Al 6061 O Foil. A dislocation 
cell wall structure (cell size approximately 1 �m) is observed by the 
higher contrast spaghetti lines (dislocations). The cell walls contain a 
significant concentration of dislocations, while cell interiors have a low 
density of dislocations. A dislocation cell structure is often associated 
with microstructures after significant plastic deformation [57]. The cell 
wall structure could be present due to the rolling processing which was 
required to roll the aluminum into a thin foil (~150 �m). The subse
quent annealing process (to create the O condition) might not have been 
sufficient to remove the dislocation network. From Fig. 3a, the dislo
cation density is 1.06 � 1010 cm�2 which is representative of a typical 

dislocation density for moderately cold worked materials. 
In addition to the observed dislocation network, precipitates of 

various sizes and a single grain boundary are observed. In the STEM 
image (Fig. 3a), a grain boundary ��from the top left towards the bottom 
right �� can be identified. Since the viewing window is approximately 
60 �m2, the grain size must be quite large (>> 100 �m2). The bright 
high-contrast objects in this HAADF-STEM image are likely the pre
cipitates (with a high combined atomic number of Z ˆ 38) in the 
aluminum matrix (atomic number Z ˆ 13). These precipitate objects are 
mostly located in the center of dislocation cell walls and grain bound
aries. Fig. 3b is a magnification of the central grain boundary, as high
lighted in Fig. 3a. The grain boundary cuts through the center of a large 
precipitate. In this viewing window the precipitates��chemical compo
sitions were identified using energy dispersive X-ray spectroscopy (EDS) 
analysis (see Supplementary Fig. S1). Some of these precipitates contain 
magnesium and silicon, suggesting a Mg2Si precipitate. Other pre
cipitates contain concentrations of iron, manganese, and chromium. The 
quantified spectrum images indicate that the precipitates pinning 
dislocation cell walls are Mg2Si. These precipitates are spherical and 
ellipsoidal in shape, with a characteristic Feret diameter of approxi
mately 200 nm and an average spacing L of 1.02 �m. The volume frac
tion vf of the precipitates can be approximated as the volume of each 
precipitate divided by the three-dimensional average spacing between 
each particle. 

�� ˆ
	

 ��


�
 (1) 

The volume fraction of Mg2Si precipitates is 0.00396. Using the EDS 
spectrum across the entire imaging window, the calculated composition 
mass percent with associated fit error is 98.3 � 0.1% Al, 1.4 � 0.4% Mg, 
0.1 � 0.4% Si, 0.1 � 0.6% Cr, 0 � 4% Mn, 0 � 0.7% Fe. This composi
tion is slightly varied from the standard composition of Al 6061 [58] and 
that provided by the supplier (Section 2). 

3.3. Characterization of Al 6061 O UAM 

3.3.1. Microstructure and mapping of elemental compositions using STEM- 
EDS 

An overview image of the bonded O Foils to create the O UAM sample 
can be seen in Fig. 1. Low magnification optical image stitching was 
performed to show the entire cross-section of the sample. After UAM 
bonding of the O Foils, the microstructure was significantly altered. A 
thin lamella of the O UAM interface is shown below (Fig. 4). The 
interface between two O Foils is indicated with the arrow in Fig. 4a. 
Although there is pronounced grain refinement within ~100 nm of the 
interface, regions located > 200�300 nm from the interface show a 
relatively large grain structure. The microstructure at regions > 0.3 �m 
away from the interface exhibit large grains with an average size of 
620 nm � 300 nm with large pinning precipitates, mostly at grain 
boundaries. 

The interface microstructure was examined using HAADF-STEM 
(Fig. 4b) and TEM bright field (BF) imaging (Fig. 4c). The refined 
grain structure is clear at the interface, as extremely fine grains (100 nm 
� 70 nm) are present within a region approximately 115�800 nm in 
width. The refined grain size is likely the result of a dynamic recrys
tallization event previously described at UAM interfaces [16,20]. In 
addition to the refined grain structures, there are regions of dark circles 
in the HAADF image and bright circles in the BF image. These regions 
could be voids or vacancy clusters. Vacancy clusters are present at the 
interface on grain boundaries and inside a large grain on one side of the 
interface. The vacancy clusters, which are preferential on only one side 
of the interface, could also be related to the non-uniform hardness in
crease across the interface observed through nanoindentation, as shown 
below. 

It should be noted that the voids present could potentially be 
explained as a results of TEM sample preparation using FIB as well. 

Table 1 
Mechanical properties from tensile testing.  

Sample Yield 
Stress 
(MPa) 

Ultimate Tensile 
Stress (MPa) 

n n[55] E 
(GPa) 

E (GPa) 
[56] 

O Foil 46 � 5.1 126 � 3.0  0.13  0.158 22  68.9 
O UAM 127 � 2.1 150 � 2.3  0.01   64  68.9 
T4 Foil 137 � 1.4 277 � 1.9  0.07  0.069 32  68.9 
T4 

UAM 
210 
� 18.2 

270 � 20.1  0.02   75  68.9  
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H o w e v er,  v oi d s  ar e  n ot  o b s er v e d  f ar  a w a y  fr o m  t h e  i nt erf a c e  r e gi o n. 

A d diti o n all y,  t h er e i s  el e m e nt al  mi gr ati o n,  a s d e s cri b e d  b el o w.  Gi v e n 

t hi s, t h e v oi d s w o ul d m or e li k el y b e a s s o ci at e d wit h e x c e s s p oi nt d ef e ct 

l atti c e  v a c a n ci e s,  w hi c h  pr o d u c e d  e n h a n c e d  at o mi c  diff u si o n,  t h e n 

c o m bi n e d i nt o l ar g er v a c a n c y cl u st er s. V a c a n c y cl u st er s a n d a c c el er at e d 

diff u si o n h a v e b e e n o b s er v e d a s a r e s ult of s e v er e pl a sti c d ef or m ati o n [ 8, 

5 9, 6 0 ] a n d r a di ati o n eff e ct s [ 6 1 – 6 3 ] . T h er ef or e, it i s hi g hl y li k el y t h at 

t h e v oi d s ar e a s s o ci at e d wit h t h e U A M b o n di n g pr o c e s s. 

T h e pr e ci pit at e s h a v e a pl at e-li k e m or p h ol o g y, a p p e ari n g r o d-li k e i n 

t h e t w o- di m e n si o n al r e pr e s e nt ati o n s h o w n. T h e el e m e nt di stri b uti o n i n 

t h e s e pr e ci pit at e s i n t h e i nt erf a c e r e gi o n c a n b e i d e nti fi e d u si n g E D S, 

s h o w n i n Fi g. 5 a n d Fi g. 6 . E D S m a p s i d e ntif y m a g n e si u m, sili c o n, ir o n, 

m a n g a n e s e, a n d c hr o mi u m c o nt e nt. Fi g. 6 a i s a c o m bi n e d E D S m a p of 

t h e  i nt erf a c e  wit h  t w o  E D S  li n e  pr o fil e s  a s  i n di c at e d. Fi g.  6 b  d e m o n -

str at e s t h e l o c al c o n c e ntr ati o n of el e m e nt s at t h e t o p ri g ht pr e ci pit at e. 

T hi s c o n c e ntr ati o n of el e m e nt s s u g g e st s a M g Si or M g 2 Si c o m p o siti o n. 

M a g n e si u m a n d sili c a h a v e o nl y a s m all diff er e n c e i n c h ar a ct eri sti c X- 

r a y e n er g y, t h er ef or e  sli g ht o v erl a p pi n g of t h e  t ail s c o ul d o c c ur. T hi s 

sli g ht e n er g y o v erl a p a n d X-r a y a b s or pti o n eff e ct s c o ul d c o n v ol ut e t h e 

e x a ct  c o m p o siti o n [ 6 4 ] .  Si n c e  t h e  M g2 Si  st r u ct u r e  i s  t h e  o nl y  st a bl e 

M g- Si  c o n fi g ur ati o n [ 6 5 ] ,  it  c a n  b e  c o n fi d e ntl y  a s s u m e d  t h at  t h e s e 

pr e ci pit at e s  ar e  M g 2 Si. Fi g. 6 c d e m o n str at e s t h at t h e  b ott o m l eft pr e -

ci pit at e  h a s  a  l o c al  c o n c e ntr ati o n  of  el e m e nt s  t h at  tr e n d  t o w ar d s  a 

c o n fi g ur ati o n of a n Al 9 F e 2 Si 2 a n d / o r Al 1 3 C r 4 Si 4 p r e ci pit at e. B ot h t h e s e 

st oi c hi o m etri e s ar e t h er m o d y n a mi c all y st a bl e i n t h e Al 6 0 6 1 O c o n di -

ti o n [ 4 2 ] . T h e i nt er m et alli c ir o n or c hr o mi u m pr e ci pit at e s r e s ult fr o m 

i m p uriti e s i n t h e al u mi n u m c a sti n g pr o c e s s, a n d t h e y d o n ot si g ni fl c a ntl y 

c o ntri b ut e t o str e n gt h e ni n g [ 6 6 ] . 

Alt h o u g h t h e n o n- str e n gt h e ni n g pr e ci pit at e s of ir o n, m a n g a n e s e, a n d 

c hr o mi u m  a p p e ar  m o stl y  u n aff e ct e d  b y  t h e  U A M  pr o c e s s,  t h e  M g 2 Si 

p r e ci pit at e s a p p e ar si g ni fi c a ntl y diff er e nt. T h er e ar e f e w er M g 2 Si p r e -

ci pit at e s pr e s e nt aft er b o n di n g, a n d o nl y o n e r e m ai n s wit hi n 1 µ m of t h e 

i nt erf a c e. T h e m a g n e si u m a p p e ar s br o k e n u p a n d di s s ol v e d b a c k i nt o t h e 

al u mi n u m at t h e i nt erf a c e, w hil e s e v er al l ar g e p o c k et s of sili c o n r e m ai n. 

T hi s s u g g e st s t h at t h e m a g n e si u m diff u s e d a n d di s s ol v e d m or e q ui c kl y 

t h a n t h e sili c o n. 

3. 3. 2. F ail ur e a n al ysis aft er t e nsil e t esti n g usi n g fr a ct o gr a p h y 

T h e fr a ct ur e s urf a c e of t h e O U A M s a m pl e ( Fi g. 7 ) c a n s h e d m or e 

li g ht o n t h e d ef or m ati o n r e s p o n s e of t hi s m at eri al. T h e o v er vi e w i m a g e 

(Fi g.  7 a)  d e m o n str at e s  a p pr o xi m at el y  fift e e n  f oil s  w er e  u s e d  i n  t h e 

t e n sil e t e sti n g. F urt h er m a g ni fi c ati o n s o n t h e fr a ct ur e s urf a c e s (Fi g. 7 b & 

Fi g. 7 c) s h o w t h at d u ctil e fr a ct ur e i s pr e s e nt d uri n g d ef or m ati o n. Si g -

ni fi c a nt r e d u cti o n of ar e a o c c ur s pri or t o fr a ct ur e, a n d t h e fi n al fr a ct ur e 

a p p e ar s n e ar t h e c e nt er of t h e f oil. T h e c hi s el e d g e / k nif e e d g e fr a ct ur e 

o c c ur s wit hi n e a c h of t h e fift e e n i n di vi d u al ori gi n al f oil s. Di m pl e s ar e 

Fi g. 3. S T E M H A A D F i m a g e of t h e Al 6 0 6 1 O F oil mi cr o str u ct ur e. a) Di sl o c ati o n c ell str u ct ur e, b) Gr ai n b o u n d ar y / pr e ci pit at e fr o m hi g hli g ht e d r e gi o n.  

Fi g. 4. S T E M / T E M a n al y si s of Al 6 0 6 1 O U A M mi cr o str u ct ur e: a) S T E M H A A D F i m a g e of t h e l a m ell a, b) S T E M H A A D F of t h e i nt erf a c e, c) T E M B F of t h e i nt erf a c e.  
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pr e s e nt t hr o u g h o ut t h e fr a ct ur e s urf a c e s, w hi c h ar e t y pi c all y a s s o ci at e d 

wit h d ef or m ati o n at pr e ci pit at e s or ot h er i n cl u si o n s [ 6 7, 6 8 ] . 

A s n ot e d i n t h e str e s s- str ai n c ur v e s, t h e O U A M s a m pl e s h a d si g nif -

i c a nt n e c ki n g pri or t o f ail ur e. Si n c e t h e mi d dl e of t h e f oil n e c k e d m or e 

t h a n t h e  i nt erf a c e s, it  i s  li k el y t h e  i nt erf a c e w a s  h ar d er  wit h r e d u c e d 

d u ctilit y. T hi s c a u s e d it t o f ail f a st er, t h e n u p o n f urt h er l o a di n g t h e f oil s 

c o nti n u e d t o d ef or m a n d n e c k u ntil t h e y ulti m at el y fr a ct ur e d. T h e f oil s 

d o n ot a p p e ar t o h a v e s e p ar at e d fr o m e a c h ot h er; t h er ef or e, t h e p ot e nti al 

i n cr e a s e i n h ar d n e s s at t h e i nt erf a c e w a s n ot si g ni fi c a nt e n o u g h t o c a u s e 

s e p ar ati o n. 

Fi g. 5. S T E M / E D S m a p of t h e Al 6 0 6 1 O U A M i nt erf a c e. a) S T E M H A A D F i m a g e, b) E D S m a p of al u mi n u m, c) E D S m a p of m a g n e si u m, d) E D S m a p of sili c o n, e) E D S 

m a p of ir o n, f) E D S m a p of c hr o mi u m, h) E D S m a p of o x y g e n. 

Fi g. 6. S T E M / E D S li n e s c a n of Al 6 0 6 1 O U A M i nt erf a c e. a) C o m bi n e d E D S m a p s wit h i n di c at e d li n e s c a n s, b) E D S li n e s c a n of t o p ri g ht M g2 Si p r e ci pit at e, c) E D S 

li n e s c a n of b ott o m ri g ht F e- Si- Cr- M n pr e ci pit at e. 
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3. 3. 3. Sit e-s p e ci fi c h ar d n ess m e as ur e m e nts usi n g n a n oi n d e nt ati o n 

T o  q u a ntif y  t h e  l o c al  m e c h a ni c al  pr o p erti e s,  n a n oi n d e nt ati o n  w a s 

p erf or m e d.  T h e  h ar d n e s s  w a s  c o m p ar e d  a cr o s s  t h e  i nt erf a c e  u si n g  a 

s h all o w d e pt h n a n o blit z arr a y a n d l ar g e d e pt h c o nti n u o u s stiff n e s s m o d e 

( C S M) arr a y at t h e i nt erf a c e a n d b ul k f oil r e gi o n ( Fi g. 8 ). T h e n a n o blit z 

h ar d n e s s c o nt o ur ( Fi g. 8 a) i s r ot at e d f or vi s u al ai d s o t h at t h e t o p of t h e 

b uil d i s l o c at e d at t h e t o p of t h e i m a g e. T h e c o nt o ur d e m o n str at e s t h at 

t h e i nt erf a c e i s m u c h h ar d er t h a n t h e b ul k f oil r e gi o n. A n or m ali z e d li n e 

of  t h e  i n d e nt s  ( Fi g.  8 b)  i s  pr o vi d e d  t o  d e m o n str at e  t h e  a v er a g e  a n d 

st a n d ar d d e vi ati o n of t h e h ar d n e s s. T h e S E M i m a g e of t h e i n d e nt arr a y 

(Fi g. 8 c) i s r ot at e d t o c orr e s p o n d t o t h e h ar d n e s s c o nt o ur pl ot. T h e si z e s 

of t h e i n d e nt s (fr o m t h e S E M i m a g e) ar e a p pr o xi m at el y 3 0 % s m all er at 

t h e  i nt erf a c e  a s  c o m p ar e d  t o  t h e  b ul k  f oil  r e gi o n s.  Si n c e  h ar d n e s s  i s 

i n v er s el y pr o p orti o n al t o t h e i n d e nt ar e a, t hi s i n di c at e s t h e i nt erf a c e i s 

h ar d er t h a n t h e b ul k f oil r e gi o n s, alt h o u g h t h e i n d e nt si z e eff e ct s h o ul d 

al s o  b e  c o n si d er e d  f or  d et ail e d  q u a ntit ati v e  h ar d n e s s  a n al y si s.  T h e 

i nt erf a c e  b et w e e n  t h e  f oil s,  a s  vi e w e d  fr o m  n a n oi n d e nt ati o n,  a p p e ar s 

a s y m m etri c. T h er e i s a gr a d u al ri s e of h ar d n e s s o n t h e t o p of t h e b ott o m 

f oil, t h e n a s h ar p er d e cr e a s e i n h ar d n e s s o n t h e b ott o m of t h e t o p f oil. 

T h e r e gi o n of t h e  m at eri al wit h t h e hi g h e st h ar d n e s s i s  t h e i nt erf a c e. 

Fr o m t h e n a n oi n d e nt ati o n s p ati al m a p pi n g, it h a s a wi dt h of a p pr o xi -

m at el y 1 2 µ m ± 2 µ m. T h e C S M i n d e nt ati o n s p erf or m e d o n t h e i nt erf a c e 

a n d i n t h e b ul k f oil r e gi o n s ar e s h o w n i n Fi g. 8 d. Alt h o u g h t h e i nt erf a c e 

i s h ar d er t h a n t h e b ul k f oil r e gi o n, t h er e i s al s o a d e pt h d e p e n d e n c e t o 

t h e n a n oi n d e nt ati o n h ar d n e s s v al u e s. A d diti o n al a n al y si s m u st b e p er -

f or m e d  t o  q u a ntif y  t h e  h ar d n e s s  diff er e n c e  at  t h e  i nt erf a c e  a n d  b ul k 

r e gi o n s.  T hi s  i s  di s c u s s e d  f urt h er  i n  t h e  s e cti o n  b el o w.  S e v er al  w hit e 

p arti cl e s ar e o b s er v e d o n t h e s a m pl e s urf a c e i n Fi g. 8 c. T h e i n d e nt ati o n 

p att er n  o n  t h e  al u mi n u m  s a m pl e  i s  u n d er n e at h  t h e  w hit e  p arti cl e s, 

w hi c h i n di c at e s t h e s e p arti cl e s ar e n ot a pr e ci pit at e s p h a s e t h at i s p art of 

t h e al u mi n u m. T h e s e c o nt a mi n a nt p arti cl e s li k el y f ell o nt o t h e s urf a c e of 

t h e m at eri al d uri n g s a m pl e tr a n sf er b et w e e n t h e n a n oi n d e nt ati o n t e sti n g 

a n d t h e mi cr o s c o p y c h ar a ct eri z ati o n. 

3. 3. 4.  V ari ati o ns i n cr yst all o gr a p h y usi n g X R D 

Cr y st all o gr a p hi c  str ai n  c a n  b e  u n d er st o o d  u si n g  X-r a y  diffr a cti o n 

( X R D).  T h e  diffr a cti o n  p att er n s  c o m p ari n g  t h e O  F oil a n d O  U A M 

s a m pl e s ar e s h o w n b el o w i n Fi g. 9 . T h e al u mi n u m a n d t h e M g2 Si p h a s e s 

a r e i d e nti fi e d i n Fi g. 9 a. T h e e xi st e n c e of t h e s e p h a s e s c orr e s p o n d s t o t h e 

pr e vi o u s  r e s ult s  s h o w n  a b o v e.  T h e  X R D  s c a n  of  t h e O  U A M s a m pl e s 

e n c o m p a s s e d  a  r el ati v el y  l ar g e  ar e a,  a cr o s s  at  l e a st  fi v e  f oil s  a n d  i n -

t erf a c e s. T h er ef or e, a n y p ot e nti al p h a s e c h a n g e s t h at c o ul d o c c ur at t h e 

i nt erf a c e s w o ul d b e t o o s m all t o b e o b s er v a bl e. It s h o ul d b e n ot e d t h at 

t h e diffr a cti o n p att er n i s pl ott e d o n a l o g arit h mi c s c al e. M o st diffr a cti o n 

p e a k s ar e l a b el e d, a n d t h e r e m ai ni n g u nl a b el e d p e a k s ar e s o s m all i n 

i nt e n sit y t h at t h eir p h a s e fr a cti o n i s n e gli gi bl e. 

Alt h o u g h  l o c al  p h a s e  c h a n g e s  at  t h e  i nt erf a c e s  w o ul d  b e  i m p er -

c ei v a bl e, diffr a cti o n br o a d e ni n g fr o m l atti c e str ai n i n t h e m at eri al s c a n 

b e  o b s er v e d.  A n  ar bitr ar y  p e a k  i s  c h o s e n  t o  o b s er v e  t h e  diffr a cti o n 

br o a d e ni n g.  T h e  al u mi n u m  { 1 1 1 }  p e a k  i s  c h o s e n  b e c a u s e  it  i s  t h e 

str o n g e st p e a k. T h e al u mi n u m { 1 1 1 } p e a k fr o m t h e O F oil a n d O U A M 

s a m pl e s  ar e  s h o w n  n or m ali z e d  a n d  s u p eri m p o s e d  t o  d e m o n str at e  t h e 

diffr a cti o n br o a d e ni n g t h at o c c ur s ( Fi g. 9 b). T h e O U A M s a m pl e h a s a 

br o a d er  al u mi n u m  p e a k  t h a n  t h e O  F oil s a m pl e.  T hi s  i n di c at e s  t h e O 

U A M s a m pl e  h a s  m or e  cr y st all o gr a p hi c  l atti c e  str ai n  t h a n  t h e O  F oil 

s a m pl e. A d diti o n all y, f oll o wi n g Ri et v el d r e fi n e m e nt o n t h e O F oil a n d O 

U A M s a m pl e s, t h e g e n er ali z e d m e a n mi cr o str ai n v al u e s ar e 1 0 3 6 a n d 

1 6 0 7, r e s p e cti v el y. T hi s i n di c at e s t h at t h e al u mi n u m h a s a n i n cr e a s e i n 

l atti c e str ai n aft er t h e U A M pr o c e s s, li k el y fr o m a d diti o n al l atti c e di s-

t orti o n s s u c h a s di sl o c ati o n s. 

3. 4.  C h ar a ct eri z ati o n of Al 6 0 6 1 T 4 F oil ( b ef or e U A M ) 

A S T E M i m a g e s h o wi n g t h e t y pi c al mi cr o str u ct ur e of t h e T 4 F oil pri or 

t o U A M b o n di n g i s s h o w n i n Fi g. 1 0 a. T h e b ott o m h alf of t h e l a m ell a 

s e e m s  sli g htl y  t o o  t hi c k  f or  el e ctr o n  tr a n s p ar e n c y,  i n di c at e d  b y  w e a k 

c o ntr a st c h a n g e s b et w e e n mi cr o str u ct ur e f e at ur e s. T h e t o p h alf of t h e 

l a m ell a s h o w s di sl o c ati o n t a n gl e s a n d s e v er al pr e ci pit at e s wit h a pl at e or 

r o d  li k e  m or p h ol o g y. Fi g.  1 0 b,  w hi c h  i s  a  m a g ni fi e d  i m a g e  of  t h e 

hi g hli g ht e d ar e a s h o w n i n Fi g. 1 0 a, s h o w s o n e l ar g e pr e ci pit at e, s e v er al 

s m all er pr e ci pit at e s, a n d di sl o c ati o n t a n gl e s h o m o g e n o u sl y di stri b ut e d 

t hr o u g h o ut  t h e  s a m pl e.  Fr o m Fi g.  1 0 a,  t h e  di sl o c ati o n  d e n sit y  i s 

1. 6 8 × 1 0 1 0 c m − 2 . T h e p r e ci pit at e’s c h e mi c al c o m p o siti o n, u si n g E D S 

a n al y si s ( S u p pl e m e nt ar y Fi g. S 2 ) d e m o n str at e s s e v er al l ar g e r e gi o n s of 

Fi g. 7. T e n sil e fr a ct ur e s urf a c e of t h e O U A M s a m pl e. a) O v er vi e w of t h e e ntir e fr a ct ur e s urf a c e, b) M a g ni fl c ati o n of s e v er al f oil s, c) F urt h er m a g ni fi c ati o n of t w o f oil s 

a n d t h eir i nt erf a c e. 
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Fi g. 8. N a n oi n d e nt ati o n h ar d n e s s m a p of t h e O U A M b uil d. a) N a n o blit z h ar d n e s s m a p, b) A v er a g e h ar d n e s s li n e, c) S E M i m a g e of t h e i n d e nt arr a y, d) H ar d n e s s v s 

d e pt h f or C S M i n d e nt s. 

Fi g. 9. X R D of t h e O F oil a n d O U A M s a m pl e s. a) Diffr a cti o n p att er n s, b) C o m p ari s o n of Al { 1 1 1 } p e a k s.  
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m a g n e si u m a n d sili c o n s u g g e sti n g a M g 2 Si p r e ci pit at e. T h er e ar e f e w er 

pr e ci pit at e s i n t h e l o w er h alf of t h e i m a g e, alt h o u g h t hi s i s li k el y d u e t o 

t h e l a m ell a b ei n g t o o t hi c k, a s n ot e d pr e vi o u sl y. T h e l ar g e M g 2 Si p r e -

ci pit at e s  h a v e  a  s p h eri c al  or  elli p s oi d al  m or p h ol o g y.  T h e T 4  F oil h a s 

f e w er pr e ci pit at e s t h a n t h e O F oil , alt h o u g h t h e pr e ci pit at e s ar e l ar g er 

( F er et di a m et er of 2 3 0 n m) wit h a n a v er a g e s p a ci n g of 1. 7 0 µ m a n d a 

v ol u m e fr a cti o n of 0. 0 0 1 4 8. A d diti o n all y, si n c e t h e T 4 F oil i s q u e n c h e d 

fr o m a hi g h t e m p er at ur e, it i niti all y h a s a hi g h er v a c a n c y c o n c e ntr ati o n 

t h a n t h e O c o n diti o n. T hi s c a n l e a d t o sl o w n at ur al a gi n g of t h e s ol ut e 

p h a s e [ 3 6, 5 5, 6 9 ] . 

3. 5.  C h ar a ct eri z ati o n of Al 6 0 6 1 T 4 U A M 

3. 5. 1.  Mi cr ostr u ct ur e a n d m a p pi n g of el e m e nt al c o m p ositi o ns usi n g S T E M- 

E D S 

Aft er t h e U A M b o n di n g pr o c e s s of t h e T 4 F oils , t h e mi cr o str u ct ur e 

w a s a n al y z e d u si n g S T E M ( Fi g. 1 1 ). T h e e ntir e T E M l a m ell a i s s h o w n i n 

Fi g. 1 1 a. T h e mi cr o str u ct ur e s e v er al mi cr o n s a w a y fr o m t h e i nt erf a c e i s 

a n e q ui a x e d gr ai n str u ct ur e ( 6 1 0 n m ± 2 9 0 n m). T h e i nt erf a c e b et w e e n 

t h e T 4 F oils i s hi g hli g ht e d a n d m a g ni fi e d u si n g a H A A D F- S T E M i m a g e 

(Fi g.  1 1 b)  a n d  a  T E M  B F  i m a g e  ( Fi g.  1 1 c).  T h e  i nt erf a c e  e x hi bit s  a 

r e fi n e d  gr ai n  str u ct ur e  ( 1 2 0 n m ± 8 0 n m)  wit hi n  a  r e gi o n  t h at  i s 

2 1 0 – 4 5 0 n m  i n  wi dt h.  T h e  gr ai n  si z e  of  t h e T 4  U A M s a m pl e  at  t h e 

i nt erf a c e a n d i n t h e b ul k f oil r e gi o n s i s st ati sti c all y i d e nti c al t o t h e gr ai n 

Fi g. 1 0. S T E M i m a g e of Al 6 0 6 1 T 4 F oil mi cr o str u ct ur e. a) H A A D F i m a g e of e ntir e l a m ell a, b) H A A D F of hi g hli g ht e d di sl o c ati o n n et w or k.  

Fi g. 1 1. S T E M / T E M of Al 6 0 6 1 T 4 U A M mi cr o str u ct ur e. a) S T E M H A A D F i m a g e of t h e l a m ell a, b) S T E M H A A D F of t h e i nt erf a c e, c) T E M B F of t h e i nt erf a c e.  
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si z e  of  t h e  i nt erf a c e  a n d  b ul k  f oil  r e gi o n s  i n  t h e O  U A M s a m pl e  ( s e e 

Fi g. 4 ). T h e T 4 U A M s a m pl e h a s f e w er i d e nti fi e d pr e ci pit at e s cl o s e t o t h e 

i nt erf a c e,  a s  c o m p ar e d  t o  b ef or e  t h e  U A M  b o n di n g.  T h e  r e m ai ni n g 

pr e ci pit at e s h a v e a pl at e-li k e m or p h ol o g y ( a p p e ar r o d-li k e i n t h e t w o- 

di m e n si o n al vi e w). At t h e i nt erf a c e, t h er e ar e al s o v oi d s / v a c a n c y cl u s -

t er s  al o n g  gr ai n  b o u n d ari e s  a n d  i n si d e  of  gr ai n s,  alt h o u g h  t h er e  ar e 

f e w er v oi d s t h a n i n t h e O U A M s a m pl e. 

T h e  c o m p o siti o n  of  t h e  i nt erf a c e  r e gi o n  i s  s h o w n  i n  E D S  m a p s  i n  

Fi g.  1 2 .  T h e  n o n- str e n gt h e ni n g  F e- M n- Cr  pr e ci pit at e s  a p p e ar  m o stl y 

u n aff e ct e d. T h e c o m p o siti o n al f e at ur e m o st n ot a bl e i s t h at t h e i nt erf a c e 

i s  str o n gl y  e nri c h e d  i n  m a g n e si u m  a n d  o x y g e n.  T h e  f e w  M g2 Si  p r e -

ci pit at e s i n t h e f oil pri or t o U A M b o n di n g a p p e ar c o m pl et el y di s p er s e d 

i nt o  t h e  al u mi n u m  aft er  b o n di n g.  T h e  i nt erf a c e  a p p e ar s  a s  a  si n k  f or 

m a g n e si u m  s e gr e g ati o n.  It  i s  li k el y  t h at  l o c al  sili c o n-ri c h  r e gi o n s  ar e 

pr e vi o u s  M g 2 Si  p r e ci pit at e s.  T h e  M g 2 Si  p r e ci pit at e s  c o ul d  h a v e  di s -

s ol v e d, t h e m a g n e si u m diff u s e d a w a y, a n d t h e sili c o n l eft b e hi n d. T hi s 

c o m p o siti o n of t h e T 4 U A M s a m pl e i s q u alit ati v el y si mil ar t o t h e O U A M 

s a m pl e.  T h e  M g 2 Si  p r e ci pit at e  d e c o m p o s e d,  a n d  M g  s e gr e g ati o n 

o c c urr e d t o w ar d t h e i nt erf a c e. U nli k e t h e O U A M s a m pl e, i n t h e T 4 U A M 

s a m pl e o x y g e n w a s al s o d et e ct e d at t h e i nt erf a c e, alt h o u g h it s h o ul d b e 

n ot e d t h at o x y g e n i s dif fi c ult t o d et e ct u si n g E D S t e c h ni q u e s [ 4 3, 6 4 ] . 

3. 5. 2. F ail ur e a n al ysis aft er t e nsil e t esti n g usi n g fr a ct o gr a p h y 

T h e o v er vi e w fr a ct ur e s urf a c e i m a g e ( Fi g. 1 3 a) d e m o n str at e s t h er e 

w er e a p pr o xi m at el y t w el v e T 4 F oils c o nt ai n e d i n t h e g a g e r e gi o n f or t h e 

t e n sil e t e sti n g. F urt h er m a g ni fi c ati o n s of t h e fr a ct ur e s urf a c e s ( Fi g. 1 3 b 

& Fi g. 1 3 c) s h o w d u ctil e fr a ct ur e w a s pr e s e nt d uri n g d ef or m ati o n. A s i n 

t h e  c a s e  of  t h e O  U A M s a m pl e,  t h e T 4  U A M s a m pl e  h a s  di m pl e s 

t hr o u g h o ut  t h e  fr a ct ur e  s urf a c e  s u g g e sti n g  pr e ci pit at e s  w er e  pr e s e nt. 

Alt h o u g h t h er e a p p e ar s t o b e r e d u cti o n of ar e a pri or t o fr a ct ur e, it i s l e s s 

pr o n o u n c e d t h a n i n t h e O U A M s a m pl e, w hi c h i s al s o i n di c at e d b y t h e 

str e s s- str ai n c ur v e s ( Fi g. 2 ) a n d w or k h ar d e ni n g c o ef fi ci e nt. 

U nli k e t h e O U A M s a m pl e, t h e T 4 U A M fr a ct ur e s urf a c e s h o w s t h at 

t h e f oil s s e p ar at e d. T h e s e p ar ati o n of t h e s e f oil s aft er fr a ct ur e s u g g e st s 

t h e i nt erf a c e s w er e m u c h h ar d er t h a n t h e b ul k f oil r e gi o n s. A s t h e t ot al 

c o m p o sit e m at eri al d ef or m e d, t h e i nt erf a c e r e gi o n s li k el y r e a c h e d t h eir 

yi el d p oi nt a n d pl a sti c all y d ef or m e d b ef or e t h e mi d dl e of t h e f oil. A s t h e 

m at eri al c o nti n u e d t o d ef or m, t h e f oil s br o k e a w a y fr o m e a c h ot h er t o 

c o nti n u e pl a sti c all y d ef or mi n g. 

3. 5. 3. Sit e-s p e ci fi c h ar d n ess m e as ur e m e nts usi n g n a n oi n d e nt ati o n 

N a n oi n d e nt ati o n w a s p erf or m e d o n t h e T 4 U A M s a m pl e ( Fi g. 1 4 ). 

T h e l o w d e pt h n a n o blit z h ar d n e s s c o nt o ur ( Fi g. 1 4 a) i s r ot at e d f or vi s u al 

ai d s o t h e t o p of t h e b uil d i s ori e nt e d o n t h e t o p of t h e i m a g e. Li k e t h e O 

U A M i nt erf a c e (Fi g. 8 ), t h e T 4 U A M i nt erf a c e i s h ar d er t h a n t h e b ul k f oil 

r e gi o n s.  T h e  n or m ali z e d  h ar d n e s s  li n e  pr o fll e  ( Fi g.  1 4 b)  s h o w s  t h e 

a v er a g e  a n d  st a n d ar d  d e vi ati o n  of  t h e  n a n o blit z  h ar d n e s s  v al u e s. 

C o m p ar e d wit h t h e O U A M s a m pl e ( Fi g. 8 b) t h e T 4 U A M s a m pl e a n d 

i nt erf a c e s ar e cl e arl y h ar d er t h a n t h o s e i n t h e O U A M s a m pl e. T h e S E M 

i m a g e  of  t h e  i n d e nt  arr a y  (Fi g.  1 4 c)  i s  r ot at e d  t o  c orr e s p o n d  t o  t h e 

h ar d n e s s c o nt o ur pl ot. Fr o m t h e i m a g e, t h e i n d e nt s n e ar t h e i nt erf a c e 

a p p e ar  s h all o w er  t h a n  t h e  i n d e nt s f urt h er  a w a y  i nt o  t h e  b ul k  f oil  r e -

gi o n s. T h er ef or e, t h e h ar d n e s s d e pt h d e p e n d e n c e s h o ul d b e a d dr e s s e d. 

Li k e t h e O U A M i nt erf a c e, t h e n a n oi n d e nt ati o n i nf or m ati o n fr o m t h e T 4 

U A M i nt erf a c e  d e m o n str at e s  a s y m m etr y.  T h er e  i s  a  gr a d u al  h ar d n e s s 

i n cr e a s e  g oi n g  fr o m  t h e  b ott o m  f oil  t o  t h e  i nt erf a c e,  t h e n  a  s h ar p er 

h ar d n e s s  d e cr e a s e  g oi n g  i nt o  t h e  t o p  f oil.  T h e  i nt erf a c e  wi dt h,  a s 

d et er mi n e d b y n a n oi n d e nt ati o n, i s a p pr o xi m at el y 1 0 µ m ± 2 µ m. T h e 

C S M i n d e nt ati o n s o n t h e i nt erf a c e a n d t h e f oil b ul k r e gi o n ( Fi g. 1 4 d) 

d e m o n str at e  t h at  t h e  h ar d n e s s  al s o  h a s  a n  i n d e nt ati o n  d e pt h  d e p e n -

d e n c e.  E v al u ati o n  of  t h e  h ar d n e s s  i n cr e a s e  at  t h e  i nt erf a c e  w hil e 

r e m o vi n g t h e d e pt h d e p e n d e n c e will b e di s c u s s e d i n t h e s e cti o n b el o w. 

Li k e t h e O U A M i n d e nt ati o n arr a y, s e v er al w hit e c o nt a mi n a nt p arti cl e s 

ar e pr e s e nt o n t h e i m a g e i n Fi g. 1 4 c, alt h o u g h t h e y di d n ot aff e ct t h e 

t e sti n g. 

3. 5. 4.  V ari ati o ns i n cr yst all o gr a p h y usi n g X R D 

T h e  diffr a cti o n  fr o m  t h e T 4  F oil a n d T 4  U A M s a m pl e s  h a v e  b e e n 

o b s er v e d u si n g X R D ( Fi g. 1 5 ). T h e diffr a cti o n p att er n s of t h e s e s a m pl e s 

ar e  s h o w n  b el o w  i n Fi g.  1 5 a  wit h  t h e  al u mi n u m  a n d  M g 2 Si  p h a s e s 

i d e nti fi e d.  Li k e  t h e  X R D  r e s ult s  di s c u s s e d  a b o v e,  t h e  l ar g e  s a m pli n g 

v ol u m e  h er e  m a k e s  di sti n g ui s hi n g  p h a s e  diff er e n c e s  b et w e e n  t h e 

i nt erf a c e a n d b ul k f oil r e gi o n s v er y c h all e n gi n g. 

T h e diffr a cti o n br o a d e ni n g of t h e al u mi n u m p h a s e c a n b e o b s er v e d 

Fi g. 1 2. S E M / E D S m a p of Al 6 0 6 1 T 4 U A M mi cr o str u ct ur e. a) S T E M H A A D F i m a g e, b) E D S m a p of al u mi n u m, c) E D S m a p of m a g n e si u m, d) E D S m a p of sili c o n, e) 

E D S m a p of ir o n, f) E D S m a p of m a n g a n e s e, g) E D S m a p of c hr o mi u m, h) E D S m a p of o x y g e n. 
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b y f o c u si n g o n a m ai n al u mi n u m p e a k. T h e al u mi n u m { 1 1 1 } p e a k of t h e 

T 4  F oil a n d  t h e T 4  U A M s a m pl e  i s  n or m ali z e d  a n d  s u p eri m p o s e d  t o 

d e m o n str at e  t h e  br o a d e ni n g  b et w e e n  t h e  s a m pl e s  ( Fi g.  1 5 b).  T h e T 4 

U A M s a m pl e h a s a br o a d er al u mi n u m p e a k t h a n t h e T 4 F oil s a m pl e. T hi s 

m e a n s t h er e i s m or e cr y st all o gr a p hi c str ai n i n t h e b o n d e d s a m pl e t h a n i n 

t h e f oil s a m pl e. A d diti o n all y, t h e g e n er ali z e d m e a n mi cr o str ai n v al u e s of 

t h e  al u mi n u m  i n  t h e T 4  F oil a n d T 4  U A M s a m pl e,  a s  c al c ul at e d  b y 

Ri et v el d  R e fi n e m e nt,  ar e  1 8 1 3  a n d  2 6 0 0,  r e s p e cti v el y.  T hi s  d e m o n -

str at e s t h e m at eri al ’s cr y st al l atti c e i s i n a m or e str ai n e d st at e f oll o wi n g 

U A M b o n di n g, li k el y d u e t o it s i n cr e a s e d di sl o c ati o n d e n sit y. 

4.  Di s c u s si o n 

T h e  r e s ult s  pr e s e nt e d  h er e  h a v e  d e m o n str at e d  t h at  si g ni fi c a nt 

c h a n g e s o c c urr e d i n m at eri al s f oll o wi n g t h e U A M b o n di n g pr o c e s s. T o 

u n d er st a n d  t hi s,  t h e  mi cr o str u ct ur e  e v ol uti o n  of  t h e  m at eri al s  c a n  b e 

r ati o n ali z e d. 

4. 1.  Mi cr ostr u ct ur e e v ol uti o n 

A s o b s er v e d i n t h e S T E M i m a g e s of t h e f oil s a m pl e s ( Fi g. 3 & Fi g. 1 0 ), 

t h e m at eri al s b ef or e b o n di n g h a v e a l ar g e gr ai n str u ct ur e wit h t a n gl e d 

di sl o c ati o n s,  li k el y  fr o m  t h e  r olli n g  pr o c e s s  t o  m a k e  t h e  f oil s.  T h e 

ori gi n al O  F oil mi cr o str u ct ur e  h a s  a  di sl o c ati o n  c ell  str u ct ur e 

(ρ = 1. 0 6 × 1 0 1 0 c m − 2 )  a n d  a  0. 0 0 3 9 6 v ol  fr a cti o n  of  M g 2 Si  p r e -

ci pit at e s,  a n d  t h e T 4  F oil mi cr o str u ct ur e  h a s  di sl o c ati o n  t a n gl e s 

(ρ = 1. 6 8 × 1 0 1 0 c m − 2 )  wit h  a  0. 0 0 1 4 8 v ol  fr a cti o n  of  M g 2 Si  p r e -

ci pit at e s. Aft er t h e U A M b o n di n g pr o c e s s ( Fi g. 4 & Fi g. 1 1 ), t h e b ul k f oil 

r e gi o n s h a v e r el ati v el y l ar g e gr ai n s ( ~ 6 0 0 n m) w hil e t h e i nt erf a c e s h a v e 

e xtr e m el y  s m all  gr ai n s  ( ~ 1 0 0 n m).  T hi s  s u g g e st s  t h e  U A M  pr o c e s s 

c a u s e d si g ni fi c a nt pl a sti c d ef or m ati o n t o t h e i nt erf a c e s d uri n g b o n di n g, 

r e fi ni n g  t h e  gr ai n  str u ct ur e.  D e s pit e  t h e  diff er e nt  st arti n g  mi cr o str u c -

t ur e s b et w e e n t h e t w o m at eri al s, t h e U A M pl a sti c d ef or m ati o n r e fi n e d 

t h e m at eri al s i n a si mil ar m a n n er. 

T h e  S T E M- E D S  r e s ult s  ( Fi g.  5 & Fi g.  1 2 )  s u g g e st  t h at  t h e  M g 2 Si 

p r e ci pit at e s  ar e  n o  l o n g er  pr e s e nt  n e ar  t h e  U A M  i nt erf a c e s.  I n st e a d, 

cl u st er s  of  sili c o n  ar e  pr e s e nt,  a n d  t h e  i nt erf a c e  i s  e nri c h e d  wit h 

m a g n e si u m. T hi s s u g g e st s t h e at o m s wit hi n t h e pr e ci pit at e d e b o n d e d, 

a n d  t h e  m a g n e si u m  at o m s  diff u s e d  t o w ar d s  t h e  i nt erf a c e.  F or  t h e  Al 

6 0 6 1 all o y, t h e c o v al e ntl y b o n d e d M g 2 Si p r e ci pit at e h a s a n e q uili bri u m 

s ol u bilit y  li mit  of  a p pr o xi m at el y  5 9 5 ◦ C [ 7 0 ] .  T h e r ef or e,  b el o w  t hi s 

s ol u bilit y t e m p er at ur e, t h e m a g n e si u m a n d sili c a i n t h e Al 6 0 6 1 all o y 

s h o ul d e xi st i n a st a bl e M g 2 Si p r e ci pit at e p h a s e wit hi n t h e al u mi n u m 

m atri x.  If  t h e  al u mi n u m  all o y  i s  br o u g ht  a b o v e  t hi s  t e m p er at ur e  a n d 

r a pi dl y c o ol e d, s u c h a s i n t h e h e at aff e ct e d z o n e of TI G w el di n g, a s oli d 

s ol uti o n of s ol ut e el e m e nt s c a n b e cr e at e d [ 7 1, 7 2 ] . If t h e m at eri al i s n ot 

br o u g ht  a b o v e  t hi s  s ol u bilit y  li mit,  it  i s  c urr e ntl y  u n k n o w n  h o w  t h e 

pr e ci pit at e s c o ul d h a v e di s s ol v e d. T o t h e a ut h or s ’ k n o wl e d g e, t h e o nl y 

ot h er k n o w n st u di e s of M g 2 Si p r e ci pit at e s di s s ol vi n g at l o w t e m p er at ur e 

ar e t h e r e s ult of a n a ci di c c orr o si v e e n vir o n m e nt f or s e v er al h o ur s [ 7 3, 

7 4 ] . It i s h y p ot h e si z e d t h at t h e pl a sti c d ef or m ati o n fr o m t h e U A M pr o-

c e s s  r e s ult e d  i n  t h e  di s s ol uti o n  of  t h e  pr e ci pit at e s  a n d / or  c o ul d  h a v e 

d e cr e a s e d t h e s ol u bilit y li mit. 

O n c e t h e el e m e nt s d e b o n d e d, t h er e w a s el e m e nt al diff u si o n of t h e 

m a g n e si u m t o w ar d s t h e i nt erf a c e. T o r ati o n ali z e t h e diff u si o n of m a g -

n e si u m, tr a diti o n al diff u si o n e x pr e s si o n s u si n g Fi c k ’s L a w s a n d Br o w -

ni a n m oti o n c a n b e c o n si d er e d. Pr e vi o u s U A M st u di e s wit h e m b e d d e d 

t h er m o c o u pl e s a n d t h er m al i m a gi n g c a m er a s h a v e b e e n u s e d t o e sti m at e 

t h er m al  pr o fll e s  d uri n g  U A M  b o n di n g [ 3 5, 7 5 – 7 9 ] .  Gi v e n  t h e  c urr e nt 

U A M  pr o c e s si n g  c o n diti o n s,  a  p e a k  t e m p er at ur e  c o ul d  b e  ar o u n d 

2 0 0 ◦ C,  alt h o u g h  t h er m o d y n a mi c  c al c ul ati o n s  of  al u mi n u m  U A M 

b o n di n g s u g g e st t e m p er at ur e s c o ul d ri s e u p t o 3 0 0 ◦ C [ 2 2 ] . T h e e x a ct 

t h er m al pr o fil e h er e i s dif fi c ult t o d et er mi n e d u e t o t h e r a pi d n at ur e of 

t h e U A M b o n di n g pr o c e s s. Gi v e n t h e s e c o n si d er ati o n s, a p e a k t e m p er -

at ur e of 2 5 0 ◦ C c a n b e a s s u m e d h er e, a n d t h e t ot al t h er m al pr o fil e ti m e t, 

i n cl u di n g h e ati n g u p a n d c o oli n g d o w n, i s 0. 5 s. A s s u mi n g t h e t h er m al 

pr o fil e  a s  n ot e d,  t h e  l atti c e  diff u si vit y D of  m a g n e si u m  i n  al u mi n u m 

fr o m t h e Si gli et al. [ 8 0 ] r e vi e w arti cl e i s 1 0 − 1 4 c m 2 / s. 

A s s u mi n g t h e cl u st er s of sili c o n i n Fi g. 5 & Fi g. 1 2 ar e pr e vi o u s M g 2 Si 

p r e ci pit at e s,  t h e  di st a n c e  fr o m  a  sili c o n  cl u st er  t o  t h e  m a g n e si u m 

e nri c h e d  i nt erf a c e  c o ul d  b e  c o n si d er e d  a s  a  diff u si o n  di st a n c e x .  T h e 

diff u si o n di st a n c e h er e i s a p pr o xi m at el y 1 µ m. Gi v e n t h e e sti m at e d t ot al 

b o n di n g ti m e of 0. 5 s, Fi c k ’s 2 n d l a w, x ∼
̅̅ ̅̅
D

√
t, c a n b e u s e d t o fi n d a n 

a p pr o xi m at e  diff u si vit y  of  t h e  m a g n e si u m  ( 2 × 1 0 − 8 c m 2 / s).  T h e 

Fi g. 1 3. T e n sil e fr a ct ur e s urf a c e of t h e T 4 U A M s a m pl e. a) O v er vi e w of t h e e ntir e fr a ct ur e s urf a c e, b) M a g ni fi c ati o n of s e v er al f oil s, c) F urt h er m a g ni fi c ati o n of t w o 

f oil s a n d t h eir i nt erf a c e. 

M. P a g a n et al.                                                                                                                                                                                                                                  



A d diti v e M a n uf a ct uri n g 6 0 ( 2 0 2 2 ) 1 0 3 2 2 8

1 2

Fi g. 1 4. N a n oi n d e nt ati o n h ar d n e s s m a p of t h e T 4 U A M b uil d. a) H ar d n e s s m a p, b) A v er a g e h ar d n e s s li n e, c) S E M i m a g e of t h e i n d e nt arr a y, d) H ar d n e s s v s d e pt h f or 

C S M i n d e nt s. 

Fi g. 1 5. X R D of t h e T 4 F oil a n d T 4 U A M s a m pl e s. a) Diffr a cti o n p att er n s, b) C o m p ari s o n of Al { 1 1 1 } p e a k s.  
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A d diti v e M a n uf a ct uri n g 6 0 ( 2 0 2 2 ) 1 0 3 2 2 8

1 3

e x p eri m e nt al diff u si vit y h er e i s 6 or d er s of m a g nit u d e l ar g er t h a n t h e 

diff u si vit y pr e di ct e d fr o m t h e t h er m al pr o fil e. Cl e arl y t h er m al diff u si o n 

c a n n ot  d e s cri b e  t h e  o b s er v e d  at o mi c  m oti o n  a n d  a d diti o n al  diff u si o n 

pr o c e s s e s ar e m o st li k el y pr e s e nt. 

A s P a g a n et al. [ 8 ] s u g g e st e d, a c c el er at e d diff u si o n c o ul d b e p o s si bl e 

at U A M i nt erf a c e s fr o m e n h a n c e d p oi nt d ef e ct v a c a n c y c o n c e ntr ati o n s 

c a u s e d  b y  t h e  s e v er e  pl a sti c  d ef or m ati o n.  T o  c al c ul at e  t h e  e n h a n c e d 

v a c a n c y  c o n c e ntr ati o n  pr e s e nt,  Br o w ni a n  m oti o n  diff u si o n  c a n  b e 

c o n si d er e d, a s s h o w n i n E q. 2 . H er e a 0 i s t h e l atti c e c o n st a nt, X v i s t h e 

v a c a n c y c o n c e ntr ati o n, ν i s t h e D e b y e fr e q u e n c y of t h e at o mi c vi br ati o n s 

o n  it s  l atti c e  sit e, E m i s  t h e  v a c a n c y  mi gr ati o n  e n er g y  ( 0. 6 1 e V  i n  Al 

[ 8 1 ] ), k i s  t h e  B olt z m a n n  c o n st a nt  ( 8. 6 1 7 × 1 0 − 5 e V / K),  a n d T i s  t h e 

a b s ol ut e t e m p er at ur e [ 8 2 – 8 4 ] . 

D = a 0
2 X v ν • e x p

(

−
E m

k T

)

( 2) 

T o  r ati o n ali z e  t h e  o b s er v e d  el e m e nt al  diff u si o n,  v a c a n c y  c o n c e n -

tr ati o n s c a n b e c al c ul at e d at t h e U A M i nt erf a c e a s s u mi n g t h e t h er m al 

pr o fil e, a s n ot e d a b o v e. T h e s e c a n b e c o m p ar e d wit h t h e s ol u bilit y li mit 

t e m p er at ur e of t h e M g2 Si p r e ci pit at e a n d t h e t h er m al e q uili bri u m c o n -

c e ntr ati o n of v a c a n ci e s ( T a bl e 2 ). T hi s s u g g e st s a l ar g e c o n c e ntr ati o n of 

v a c a n ci e s w a s cr e at e d fr o m t h e pl a sti c d ef or m ati o n a s s o ci at e d wit h t h e 

U A M pr o c e s s. T h e pl a sti c d ef or m ati o n a n d e n h a n c e d v a c a n c y c o n c e n -

tr ati o n c o ul d h a v e al s o d e cr e a s e d t h e s ol u bilit y li mit of t h e M g 2 Si p r e -

ci pit at e, r e s ulti n g i n t h e pr e ci pit at e di s s ol vi n g. 

I n a d diti o n t o el e v at e d v a c a n c y c o n c e ntr ati o n s, ot h er s h ort cir c uit 

diff u si o n p at h w a y s c o ul d al s o b e pr e s e nt. T h e U A M pr o c e s s i s k n o w n t o 

c a u s e d y n a mi c r e cr y st alli z ati o n at t h e i nt erf a c e s [ 1, 1 7, 2 0, 2 8 ] . R e cr y s-

t alli z ati o n o c c ur s a s l ar g e pl a sti c str ai n s d ef or m t h e cr y st al s u ntil t h e y 

r e ori e nt  i nt o  n e w  l o w er  e n er g y  cr y st al s.  T h e  r e cr y st alli z e d  gr ai n s  ar e 

oft e n s e p ar at e d b y hi g h a n gl e gr ai n b o u n d ari e s ( mi s ori e nt ati o n > 1 5 ◦ ) 

[ 5 7 ] w hi c h s w e e p a cr o s s t h e m at eri al d uri n g t h e r e cr y st alli z ati o n e v e nt, 

s o m eti m e s  m or e  t h a n  o n c e.  S e v er al  U A M  st u di e s  i n v e sti g ati n g  gr ai n 

b o u n d ar y r e fi n e m e nt h a v e f o u n d a si g ni fi c a nt i n cr e a s e i n t h e c o n c e n -

tr ati o n of hi g h a n gl e gr ai n b o u n d ari e s at i nt erf a c e s, a n d m or e hi g h a n gl e 

gr ai n b o u n d ari e s ar e o b s er v e d d uri n g hi g h er e n er g y U A M [ 3 0, 7 6 ] . I n 

t h e pr e s e nt st u d y, t h e hi g h a n gl e gr ai n b o u n d ari e s c o ul d pr o vi d e a d di -

ti o n al diff u si o n p at h w a y s f or t h e m a g n e si u m t o tr a v el. Fi n all y, a s n ot e d 

i n t h e X-r a y diffr a cti o n r e s ult s, hi g h di sl o c ati o n d e n siti e s c o ul d b e pr e-

s e nt i n t h e s a m pl e s. Pi p e diff u si o n t hr o u g h di sl o c ati o n c or e s c o ul d al s o 

o c c ur d uri n g U A M b o n di n g. 

T h e  eff e cti v e  diff u si o n  t hr o u g h  t h e s e  ot h er  s h ort  cir c uit  diff u si o n 

p at h w a y s  c a n al s o b e c o n si d er e d  f or c o m p ari s o n.  T h e a p p ar e nt diff u -

si vit y i n c or p or ati n g gr ai n b o u n d ar y diff u si o n i s c o n si d er e d a s: 

D a p p = D l +
δ

d
D b ( 3) 

H e r e D a p p i s t h e a p p a r e nt diff u si vit y, D l i s t h e l atti c e diff u si vit y, δ i s 

t h e gr ai n b o u n d ar y wi dt h ( 0. 5 n m), d i s t h e gr ai n si z e, a n d D b i s t h e g r ai n 

b o u n d ar y diff u si vit y. T h e t ot al diff u si vit y i s t h e diff u si vit y t hr o u g h t h e 

l atti c e  s u m m e d  wit h  t h e  gr ai n  b o u n d ar y  diff u si vit y  a s  a  fr a cti o n  of 

a v ail a bl e gr ai n b o u n d ari e s. Gr ai n b o u n d ar y diff u si o n i n m at eri al s i s a 

wi d el y  r e c o g ni z e d  p h e n o m e n a  b ut  i s  p o orl y  c h ar a ct eri z e d  f or  m o st 

m et al s. T h er e ar e o nl y a f e w e x p eri m e nt al c al c ul ati o n s of gr ai n b o u n d -

ar y diff u si vit y v al u e s. T h er ef or e, e sti m at e s of t h e v al u e s i n al u mi n u m 

c a n o nl y b e c o n si d er e d h er e b y r ef er e n ci n g gr ai n b o u n d ar y diff u si vit y 

Arr h e ni u s  pl ot s  at  v ari o u s  h o m ol o g o u s  t e m p er at ur e s  i n  t y pi c al  F C C 

m et al s [ 8 5, 8 6 ] . A r e p ort e d v al u e of δ D b at t h e h o m ol o g o u s t e m p er at ur e 

of  0. 4 3 T m c o n si d e r e d  h er e  i s  a p pr o xi m at el y  1 0 − 2 4 m 3 / s [ 8 7 ] .  T hi s 

v al u e, al o n g wit h t h e a p pr o xi m at e i nt erf a c e gr ai n si z e ( ~ 1 2 0 n m), c a n 

b e u s e d t o e sti m at e t h e a p p ar e nt diff u si vit y i n cl u di n g gr ai n b o u n d ar y 

diff u si o n.  H er e  t h e  diff u si vit y  i n cr e a s e s  fr o m  1 × 1 0 − 1 4 c m 2 / s  t o 

8. 4 × 1 0 − 1 4 c m 2 / s. Cl e a rl y t h er e i s r o u g hl y o nl y o n e or d er of m a g nit u d e 

i n cr e a s e  i n  diff u si vit y  b y  c o n si d eri n g  gr ai n  b o u n d ar y  diff u si o n  at  t h e 

i nt erf a c e.  T h e  gr ai n  b o u n d ar y  diff u si o n  c o n si d er e d  hi g h  a n gl e  gr ai n 

b o u n d ari e s,  w hi c h  off er  t h e  l ar g e st  ori e nt ati o n  diff er e n c e  b et w e e n 

gr ai n s a n d o p e n s p a c e a v ail a bl e f or diff u si n g at o m s. A t a n gl e d di sl o c a -

ti o n  d e n sit y  r e pr e s e nt s  a  s h ort  cir c uit  diff u si o n  p at h w a y  t h at  i s  l e s s 

ef fi ci e nt t h a n c o n n e ct e d gr ai n b o u n d ari e s. T h er ef or e, di sl o c ati o n pi p e 

diff u si o n  w o ul d  n ot  r ai s e  t h e  diff u si vit y  a b o v e  t h at  gr ai n  b o u n d ar y 

diff u si o n. 

F oll o wi n g t h e e n h a n c e d diff u si o n, li k el y t hr o u g h el e v at e d v a c a n c y 

c o n c e ntr ati o n s, ot h er mi cr o str u ct ur e f e at ur e s al o n g t h e O U A M a n d T 4 

U A M i nt erf a c e s c a n b e e x pl or e d b y S T E M. T h er e a p p e ar t o b e h ol e s i n 

t h e s a m pl e s al o n g gr ai n b o u n d ari e s a n d i n t h e mi d dl e of gr ai n s dir e ctl y 

at t h e i nt erf a c e s. T h e s e c o ul d b e artif a ct s d u e t o T E M s a m pl e pr e p ar ati o n 

u si n g  FI B,  alt h o u g h  t h e y  ar e  o nl y  pr e s e nt  at  t h e  i nt erf a c e s.  It  i s  al s o 

p o s si bl e t h e s e f e at ur e s c o ul d b e v a c a n c y cl u st er s or v oi d s r el at e d t o t h e 

e n h a n c e d  v a c a n c y  c o n c e ntr ati o n s.  T h e  h y p ot h e si z e d  U A M  b o n di n g 

t m p er at ur e  i s  2 5 0 ◦ C.  T h e  o n s et  t e m p er at ur e  f or  v a c a n c y  mi gr ati o n 

( st a g e III r e c o v er y) h a s b e e n t h or o u g hl y r e vi e w e d i n m o st m et al s u si n g 

i s o c hr o n al a n n e ali n g f oll o wi n g p arti cl e irr a di ati o n s, a n d t h e a c c e pt e d 

v al u e  i n  al u mi n u m  i s − 7 3 ◦ C [ 6 2 ] .  A b o v e  t hi s  t e m p er at ur e, 

m o n o- v a c a n ci e s b e c o m e m o bil e a n d c a n c o al e s c e i nt o v a c a n c y cl u st er s. 

T h er ef or e, it i s r e a s o n a bl e t o a s s u m e t h at t h e e n h a n c e d c o n c e ntr ati o n of 

m o n o- v a c a n ci e s  ( w hi c h  a c c el er at e d  t h e  m a g n e si u m  diff u si o n)  al s o 

r e s ult e d i n m o n o v a c a n ci e s c o al e s ci n g i nt o vi si bl e v a c a n c y cl u st er s. 

T h e n e xt f u n d a m e nt al q u e sti o n i s w h y t h er e i s pr ef er e nti al e n h a n c e d 

diff u si o n f or m a g n e si u m at o m s. T hi s c a n b e a d dr e s s e d b y c o n si d eri n g 

t h e fr e e e n er g y of t h e c o m p o n e nt s i n t h e U A M m at eri al s. A n Elli n g h a m 

di a gr a m of t h e fr e e e n er g y of M g 2 Si, Si O 2 , Al2 O 3 , a n d M g O c a n q u a ntif y 

t h eir li k eli h o o d of f or m ati o n (Fi g. 1 6 ). T h e s e fr e e e n er gi e s w er e c al c u -

l at e d a s s u mi n g a fr e e g a s e n vir o n m e nt, a s o p p o s e d t o pr e ci pit at e s i n si d e 

a n al u mi n u m m atri x. T h er ef or e, t h e v al u e s o nl y a p pr o xi m at el y r e pr e -

s e nt f or m ati o n of t h e s e s p e ci e s wit hi n a r e a s o n a bl e m ar gi n of err or. I n 

Elli n g h a m  di a gr a m s,  t h e  st a n d ar d  r ef er e n c e  st at e  of  a n  el e m e nt  i s 

c al c ul at e d a s it r e a ct s t o f or m a p ot e nti al c o m p o u n d ( e. g., o xi d e, c ar bi d e, 

nitri d e,  or  i nt er m et alli c).  T h e  Gi b b s  fr e e  e n er g y  of  f or m ati o n  f or  a n 

el e m e nt i n it s r ef er e n c e st at e i s z er o. T h er ef or e, if a n el e m e nt h a s a n 

af fl nit y t o f or m a c o m p o u n d, t hi s will r e s ult i n a d e cr e a s e i n t h e o v er all 

fr e e  e n er g y  of  t h e  s y st e m.  W h e n  c o m p ari n g  m ulti pl e  r e a cti o n s,  t h e 

c o m p o n e nt wit h t h e l ar g e st d e cr e a s e i n Gi b b s fr e e e n er g y will b e t h e 

m o st  li k el y  t o  f or m [ 8 8 ] .  C o n si d eri n g  t h e  Elli n g h a m  di a gr a m  of  t h e 

e v al u at e d c o m p o u n d s, M g O h a s t h e gr e at e st st a bilit y w h er e a s M g 2 Si h a s 

T a bl e 2 

V a c a n c y c o n c e ntr ati o n s cr e at e d at t h e U A M i nt erf a c e c o m p ar e d wit h t h er m al 

e q uili bri u m.  

T e m p er at ur e ( ◦ C)  X v ( T h e r m al e q uili b ri u m)  X v ( U A M i nt e rf a c e) 

2 5 0 6. 0 × 1 0 − 7 2. 3 × 1 0 − 1 

5 9 5 1. 6 × 1 0 − 4 1. 5 × 1 0 − 3  Fi g. 1 6. Elli n g h a m di a gr a m of p ot e nti al s p e ci e s i n Al 6 0 6 1 d e m o n str ati n g M g O 

i s m o st pr ef er a bl e t o f or m. 
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the least. This suggests that once the magnesium separated from silicon, 
MgO could be preferentially formed. Although Ellingham diagrams do 
not provide guidance for reaction kinetics, the thermodynamic calcu
lations demonstrate the feasibility of the magnesium and oxygen that are 
observed at the interface. Since the diffusivity of magnesium and silicon 
in an aluminum matrix are approximately equivalent [80], the kinetic 
process for preferable atomic movement of magnesium over silicon is 
currently unknown. The potential dissolution and diffusion of precipi
tate atoms during UAM should be considered by future researchers. 

4.2. Evaluation of strengthening 

The overall strength of the Al 6061 material is determined by several 
factors in the bulk foil regions and at the foil-foil interfaces. As noted 
from the EDS analysis, the Mg2Si precipitates are present everywhere 
except the interfaces. Since these precipitates are several hundred 
nanometers in diameter, strengthening would occur as mobile disloca
tions bow around the precipitates, as opposed to shearing them. The 
classical approach for dislocation bowing strength [89] can be used. 

�������� ˆ
���


�
h

�
���

��=
 � �
i (4) 

Here M is the Taylor factor (~3.06 for equiaxed FCC and BCC ma
terials), G is the shear modulus, b is the magnitude of the Burgers vector 
of the gliding dislocation, r is the radius of the precipitate, and vf is the 
volume fraction of the precipitates in the matrix. Considering the 
observed size and spacing of the Mg2Si precipitates, the dislocation 
bowing strengths would be approximately 27.8 MPa and 15.6 MPa in 
the O UAM bulk foil region and the T4 UAM bulk foil region, 
respectively. 

Additionally, the materials contained a significant number of dislo
cations with densities of 1.06 � 1010 cm�2 in the O Foil, and 1.68 � 1010 

cm�2 in the T4 Foil. Strain hardening can occur in materials as dislo
cation tangles interact with each other. This Frank-Read dislocation 
interaction can result in strain hardening and dislocation multiplication. 
The traditional equation for dislocation strain hardening [89] is: 

�� ! ˆ �"��
•••�p

(5) 

M is the Taylor Factor, "	 is approximately 0.1, G is the shear 
modulus, b is the magnitude of the mobile dislocation Burgers vector, 
and �	 is the dislocation density. Using the dislocation density deter
mined previously, the strain hardening prior to UAM bonding could be 
23.4 MPa and 29.5 MPa for the O UAM and the T4 UAM bulk foil regions, 
respectively. These are approximately equivalent within experimental 
error. As noted from the X-ray diffraction data, the lattice strain 
increased after the UAM bonding, which could increase the strain 
hardening at the interfaces further. The utilization of the potential in
crease in strain hardening will be discussed further in the following 
section. 

At the foil-foil interfaces, the grain sizes became significantly 
smaller. Hall [90] and Petch [91] described yield strength increase ��HP 
from smaller grains d as a result from dislocations that pile up against 
grain boundaries. The specific material strength of a grain boundary to 
dislocations, ky, has been thoroughly studied. As shown in the Cordero 
et al. review article, the commonly accepted ky value for aluminum is 
90 MPa �m1/2 [92]. This allows for the Hall-Petch equation to be used to 
rationalize the increased strength near the bonded interfaces from the 
reduced grain sizes, as determined earlier. 

��!# ˆ �$���=
 (6) 

For the O UAM condition, the grain boundary strength at the inter
face would be 283 MPa, while the grain boundary strength in the bulk 
foil region would be 114 MPa. Therefore, the O UAM strength increase 
attributable to reduced grain sizes at the interface is 169 MPa. In a 
similar manner, the T4 UAM grain boundary strength at the interface is 

254 MPa, while the grain boundary strength in the bulk foil region is 
115 MPa. Therefore, the T4 UAM yield strength increase from reduced 
grain sizes at the interface is 139 MPa. The grain boundary strength
ening at the interfaces of the O UAM sample and the T4 UAM sample 
increase by approximately a factor of two and are nearly equivalent 
within experimental error. 

The vacancy clusters at the UAM interfaces could also contribute to 
strengthening. As migrating dislocations interact with vacancy clusters, 
they interact with the elastic strain field created by the clusters. The 
strain field from the empty lattice space is due to the volumetric dilation 
from the surrounding atoms. This strain field is proportional to the 
concentration of vacancy defects [31,93]. For large clusters acting as 
strong dislocation obstacles, the dispersed barrier Seeger model [31] can 
be used. 
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M is the Taylor factor, ��is the defect cluster barrier strength which 
depends on the size of the voids (~1.0 for the present voids [94]), %	is 
the shear modulus, b is the magnitude of the Burgers vector of the 
gliding dislocation, N is the cluster density, and d is the cluster diameter. 
Another potential model for describing the hardening from vacancy 
clusters is the weak barrier Friedel-Kroupa-Hirsch (FKH) model [95,96], 
in which the strength is proportional to dN2/3. An estimate of the va
cancy clusters size from the STEM images is ~10 nm for both the O UAM 
interface and the T4 UAM interface. The cluster density, within the 
radius of the low-depth indentation plastic zone field, is ~9.1 � 1014 

cm�3 for the O UAM interface and 2.3 � 1014 cm�3 for the T4 UAM 
interface. Using the Seeger strengthening model, this results in a pre
dicted strength increase of 69 MPa for the O UAM interface and a 
strength increase of 34 MPa for the T4 UAM interface. Finally, it should 
be noted that the voids observed could have originated from vacancy 
clusters and been further expanded by TEM sample preparation. 
Therefore, the cluster sizes and strengths should be considered as upper 
limits rather than exact values. Additionally, it is possible that with large 
fractions of voids or cavities, mechanical softening can occur as opposed 
to hardening [97]. For voids well beyond 10 nanometers in size, soft
ening has been attributed to the annihilation of dislocations as the large 
cavities act as dislocation sinks rather than dislocation obstacles [98]. 

Studies of UAM bonded Al 3003 H-18 [17] and Al 6061 H-18 [19] 
observed a decrease in bulk tensile strength, not an increase. To un
derstand these differences, Sojiphan [20] hypothesized that UAM ma
terials can be considered as a function of the overall stored energy. A 
cold rolled material (H-18 condition) has a higher initial energy state 
than an annealed material. This is due to the work hardening, grain 
deformation, and dislocation network created from cold rolling. If a cold 
rolled material is annealed, the stored energy will decrease as static 
recrystallization occurs. Alternatively, if a low energy annealed material 
is hot worked, the stored energy will increase due to the deformation 
process. 

Sojiphan [20] further hypothesized that UAM structures are the 
result of the combination of dynamic recrystallization and dynamic re
covery. A material will decrease in stored energy when static recrys
tallization dominates during bonding, while a material will increase in 
stored energy if dynamic recrystallization and dynamic recovery 
through adiabatic heating dominate during bonding. This causes 
recrystallization to occur slower, and the material ends up in a lower 
energy state [20]. A similar mechanism could be occurring in this pre
sent study. It is hypothesized that the tempered and annealed materials 
were in a low energy state prior to UAM bonding. After bonding, dy
namic recrystallization occurred along with dynamic recovery and 
adiabatic heating. This hypothesis could also be connected to the 
microstructure features observed. The initial foils had intricate dislo
cation tangles and cell structures. After bonding, the foil bulk regions 
had relatively large grain structures without the dislocation cell wall 
structures. Additionally, the region with refined grain sizes is very small 
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A d diti v e M a n uf a ct uri n g 6 0 ( 2 0 2 2 ) 1 0 3 2 2 8

1 5

(< 1 µ m)  c o m p ar e d  t o  t h e  wi dt h  of  ot h er  U A M  i nt erf a c e s  wit h  gr ai n 

r e fi n e m e nt (t e n s of µ m) [ 7, 1 0, 1 6, 2 2, 2 8, 7 7, 9 9 ] . T hi s c o ul d i n di c at e t h at 

d y n a mi c  r e cr y st alli z ati o n  w a s  li mit e d  w hil e  d y n a mi c  r e c o v er y  a n d 

a di a b ati c  h e ati n g  o c c urr e d.  T h e  a n n e al e d  a n d  t e m p er e d  m at eri al s 

i n cr e a s e d t h eir e n er g y st at e fr o m t h e U A M b o n di n g. T hi s r e s ult e d i n t h e 

o b s er v e d mi cr o str u ct ur al c h a n g e s a n d t h e i n cr e a s e d t e n sil e str e n gt h. 

T h e n a n oi n d e nt ati o n d at a ( Fi g. 8 & Fi g. 1 4 ) d e m o n str at e s t h e O U A M 

a n d T 4  U A M i nt erf a c e s  w er e  h ar d er  t h a n  t h e  b ul k  f oil  m at eri al s, 

alt h o u g h t h e i n d e nt d e pt h s w er e al s o diff er e nt. Si n c e t h er e i s a d e pt h 

d e p e n d e n c e  t o  n a n oi n d e nt ati o n  h ar d n e s s,  t h e  i n d e nt ati o n  si z e  eff e ct 

m u st b e c o n si d er e d. T h e i n d e nt ati o n si z e eff e ct r ef er s t o w h e n s h all o w 

d e pt h  n a n oi n d e nt ati o n  h ar d n e s s  v al u e s  ar e  l ar g er t h a n  b ul k  h ar d n e s s 

v al u e s  a s  d et er mi n e d  u si n g  tr a diti o n al  i n d e nt ati o n  t e c h ni q u e s 

[ 1 0 0 – 1 0 6 ] . T h e Ni x- G a o t e c h ni q u e [ 1 0 7 ] i s t h e m o st p o p ul ar m et h o d t o 

o bt ai n  e sti m at e s  f or  b ul k  e q ui v al e nt  h ar d n e s s  fr o m  d e pt h- d e p e n d e nt 

h ar d n e s s  d at a.  Alt h o u g h  it  h a s  r e c ei v e d  criti ci s m [ 1 0 8 – 1 1 0 ] ,  it  i s 

c urr e ntl y  t h e  b e st  a v ail a bl e  m et h o d  t h at  c a n  g ui d e  u s.  T h e  Ni x- G a o 

e q u ati o n c al c ul at e s t h e b ul k e q ui v al e nt h ar d n e s s H 0 a n d t h e c h a r a ct er -

i sti c  si z e  eff e ct  l e n gt h  s c al e h * u si n g  t h e  h ar d n e s s  v al u e s H at  t h eir 

r e s p e cti v e d e pt h s h [ 1 0 7 ] . 

H

H 0

=

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅

1 +
h ∗

h

√

( 8) 

W h e n t h e h ar d n e s s s q u ar e d i s pl ott e d a g ai n st t h e r e ci pr o c al of d e pt h, 

t h e i nt er c e pt of t h e li n e cr e at e d i s H 0
2 a n d t h e sl o p e i s r el at e d t o h *. T h e 

Ni x- G a o h ar d n e s s pl ot s u si n g t h e C S M i n d e nt ati o n t e c h ni q u e of t h e b ul k 

f oil r e gi o n a n d t h e i nt erf a c e f or t h e O U A M a n d T 4 U A M s a m pl e s ar e 

s h o w n i n Fi g. 1 7 a. T h e b ul k e q ui v al e nt h ar d n e s s of t h e O U A M s a m pl e i n 

t h e b ul k f oil i s 0. 8 9  G P a wit h a h * l e n gt h p ar a m et er of 6 6. 4 n m, w hil e 

t h e i nt erf a c e h a s a n e q ui v al e nt h ar d n e s s of 1. 6 2  G P a a n d h * of 2 7 9 n m. 

T h e b ul k e q ui v al e nt h ar d n e s s of t h e T 4 U A M s a m pl e i n t h e b ul k f oil i s 

1. 1 6  G P a  wit h h * of  3 2. 7 n m,  a n d  t h e  i nt erf a c e  h a s  a n  e q ui v al e nt 

h ar d n e s s  of  1. 8 5  G P a  wit h h * of  5 4 9 n m.  B y  c o m p ari n g  t h e  b ul k 

e q ui v al e nt h ar d n e s s f or t h e b ul k f oil t o t h e i nt erf a c e ( Fi g. 1 7 b), cl e arl y 

t h e i nt erf a c e s ar e h ar d er f or b ot h s a m pl e s. Alt h o u g h t h e U A M i nt erf a c e s 

h a v e  a  h ar d n e s s  i n cr e a s e  u si n g  d e pt h  d e p e n d e nt  h ar d n e s s  m e a s ur e -

m e nt s, t h e Ni x- G a o a p pr o xi m ati o n d e m o n str at e s t h at t h e i nt erf a c e s h a v e 

a v er y w e a k d e pt h- d e p e n d e nt h ar d n e s s i n cr e a s e. T hi s o b s er v ati o n c a n b e 

u s e d  f or  m or e  a c c ur at e  d et er mi n ati o n  of  t h e  i nt erf a c e  str e n gt h e ni n g 

c h ar a ct eri sti c s. 

T h e  T a b or  r el ati o n s hi p H ∼ 3 σ y [ 1 1 1, 1 1 2 ] i s  c o m m o nl y  u s e d  t o 

c o m p ar e t h e tr a diti o n al Vi c k er s h ar d n e s s t o yi el d str e n gt h. Z h u et al. 

[ 1 1 3 ] r e c e ntl y d e m o n str at e d t h e T a b or r el ati o n s hi p d o e s n ot c o n si d er 

i n d e nt ati o n  s urf a c e  pil e u p  eff e ct s  a n d  c o ul d  o v er e sti m at e  t h e  yi el d 

str e n gt h d et er mi n e d fr o m n a n oi n d e nt ati o n. T h er ef or e, a m or e a d v a n c e d 

m o d el  f or  c o m p ari n g  t h e  Ni x- G a o  b ul k  e q ui v al e nt  h ar d n e s s  t o  n a n o -

i n d e nt ati o n yi el d str e n gt h i s σ NI
y = 0 .2 8 5 H 0 . F o r t h e O U A M s a m pl e, t h e 

n a n oi n d e nt ati o n yi el d str e n gt h i s 2 5 0  M P a i n t h e b ul k f oil a n d 4 6 0  M P a 

at  t h e  i nt erf a c e.  T h e T 4  U A M s a m pl e  h a s  a  n a n oi n d e nt ati o n  yi el d 

str e n gt h of 3 3 0  M P a i n t h e b ul k f oil a n d 5 3 0  M P a at t h e i nt erf a c e. 

4. 3.  C o m p osit e m o d el of h ar d e ni n g 

A s  d e s cri b e d  pr e vi o u sl y,  t h e  U A M  pr o c e s s  r e s ult e d  i n  a  c o m pl e x 

mi cr o str u ct ur e e v ol uti o n a n d a n arr a y of v ari o u s di sl o c ati o n o b st a cl e s. 

T e n sil e t e sti n g fr o m t h e U A M b uil d o c c urr e d wit h a l o a d a p pli e d p ar all el 

t o  t h e  f oil-f oil  i nt erf a c e.  T hi s  i s  a  cl a s si c  i s o- str ai n  c o n diti o n  ( V oi gt 

c o n diti o n)  a s  d e s cri b e d  b y  C o urt n e y [ 1 1 4 ] a n d  ill u str at e d  i n Fi g.  1 8 . 

Si n c e  t h e  t e n sil e  a xi s  i s  p ar all el  t o  t h e  i nt erf a c e  a xi s,  t h e  t ot al  str e s s 

e x ert e d o n t h e m at eri al σ c i s t h e s u m of t h e f or c e s e x p eri e n c e d b y e a c h of 

t h e  m at eri al  s e cti o n s  (σ f oil a n d σ i nt erf a c e)  m ulti pli e d  b y  t h eir  r el ati v e 

v ol u m e fr a cti o n ( V f oil a n d V i nt erf a c e) [ 1 1 4 ] . 

σ c = σ f oilV f oil + σ i nt erf a c eV i nt erf a c e ( 9) 

A s  d et e r mi n e d  b y  t h e  S T E M- E D S  a n al y si s,  t h e  b ul k  f oil  r e gi o n  i s 

str e n gt h e n e d b y di sl o c ati o n b o wi n g a n d di sl o c ati o n f or e st i nt er a cti o n s. 

T h e  S T E M  a n d  X R D  a n al y si s  d e m o n str at e  t h at  t h e  i nt erf a c e s  h a v e 

di sl o c ati o n  o b st a cl e s  of  r e d u c e d  gr ai n  si z e s,  v a c a n c y  cl u st er s,  a n d 

i n cr e a s e d l atti c e str ai n, li k el y fr o m el e v at e d di sl o c ati o n d e n siti e s. Si n c e 

t h e s e  mi cr o str u ct ur e  o b st a cl e s  ar e  c o n si d er e d  l o n g-r a n g e  di sl o c ati o n 

o b st a cl e s wit h c o m p ar a bl e str e n gt h s, it i s a p pr o pri at e t o c o m bi n e t h e m 

at e a c h l o c ati o n u si n g a r o ot m e a n s q u ar e s u p er p o siti o n a p pr o a c h [ 8 9, 

1 1 5, 1 1 6 ] .  T h e  o v er all  U A M  b uil d  c a n  b e  d e s cri b e d  a s  a  c o m p o sit e 

str u ct ur e  u si n g  a  c o m bi n ati o n  of  t h e  mi cr o str u ct ur e  f e at ur e s  at  t h e 

Fi g. 1 7. A n al y si s of i n d e nt ati o n h ar d n e s s i n cr e a s e. a) Ni x- G a o r el ati o n s hi p f or t h e O U A M a n d T 4 U A M c o n diti o n s, b) B ul k e q ui v al e nt h ar d n e s s v al u e s i n t h e b ul k f oil 

i nt eri or a n d at t h e i nt erf a c e s. 

Fi g. 1 8. V oi gt i s o- str ai n c o n diti o n of t h e f oil s a n d i nt erf a c e.  
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The strengthening contribution at the interface from grain bound
aries is much larger than contributions from vacancy clusters or addi
tional dislocation densities. Using the upper limit approximation of 
vacancy cluster strengthening, the contribution would be less than 8% of 
the composite strength. Although cluster strengthening values were 
calculated earlier, it should be repeated that these values represent 
liberal maximums since FIB damage could have exaggerated their size. 
Therefore, their potential contribution to the overall strengthening 
should be considered as near the maximum limit. In a similar manner, 
considering if the dislocation density at the interface reached as high as 
1012 cm�2 (the maximum achievable limit), the contribution from 
Frank-Read type interactions could contribute less than 4% to the 
overall strengthening. Since these two dislocation obstacles provide 
negligible contributions to the strengthening, they can be safely ignored 
in this present analysis. Therefore, the composite strengthening equa
tion can be considered as: 
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If an estimate of the volume fraction of the interfaces to the volume 
fraction of the foil were determined by the ratio of the width of the 
refined grains at the interfaces to the width of the bonded foils, the 
volume fraction of the foil would be 99% and the interfaces would be 
1%. Using the previous calculations of strain hardening, dislocation 
bowing, and Hall-Petch strength, the �UAM is approximately 37.6 MPa 
for the O UAM sample and 34.4 MPa for the T4 UAM sample. These 
calculations would signify that the interface has negligible contributions 
to the overall strength of the material. This is not the case, and it con
tradicts the previous experimental results. The interfaces became harder 
than the bulk material and they significantly increased the strength of 
the overall composite material. Instead, the Voigt model estimates the 
interfaces are only a small component of the composite strength. 

The Voigt model also does not capture if the interface and foil regions 
enter plastic deformation at different applied displacements. As shown 
from the tensile testing results, the foils have a lower yield strength than 
the built structure. Therefore, if the built structure is a composite of the 
foil regions and the interfaces, it is likely that the foil regions reached 
their yield strength and began plastic deformation prior to the interfaces 
reaching their yield point. This is also supported by the differences in the 
bulk equivalent hardness values of the interfaces and bulk foil regions. 
During tensile testing, there is a simultaneous combination of elastic and 
plastic deformation in the interfaces and foil regions. This is a non-trivial 
consideration that the Voigt model cannot predict. This could have 
contributed to the strength differences found between the tensile testing 
and the composite model. 

4.4. Experimental uncertainties and future considerations 

Finally, the spatial location and errors of the analysis regions should 
be considered. During UAM bonding, the rolling and vibrating sonotrode 
induces a nonuniform distribution of plastic deformation. The distri
bution of induced plastic strain is due to several factors including the 
surface roughness of the sonotrode, the surface roughness of the bonding 
foil, and the spatial location and angle of each with respect to the other. 
These factors induce plastic deformation differences at various loca
tions, which can then alter the observed microstructure. The refined 
microstructure features observed here were less than 0.5 �m in width. 
Variations in the microstructure could exist at different spatial locations, 
which low-resolution techniques like SEM cannot detect. A thorough 
high-resolution examination of all spatial locations in three dimensions 
could be a valuable study to capture the range of developed features, 

although this is not practical within this scope of study. 
Additionally, although UAM bonding is a shear deformation process, 

crystallographic texture changes were not considered here, like they 
have been elsewhere [6,20,27,30,117]. Texture analyses of UAM 
bonded aluminum have demonstrated that foil-foil interfaces can 
change from mostly an S3 texture to a rotated cube texture, while re
gions of material outside the interface are mostly unaffected [20]. 
Although texture development during bonding of pretreated aluminum 
could potentially differ from literature, the effect on mechanical 
strengthening would be secondary or tertiary. Strength differences due 
to crystallographic orientation are calculated through the Schmid factor. 
For each grain, the Schmid factor can range between 0 and 0.5 
depending on the orientation of a grain�s slip plane and direction with 
respect to the orientation of the applied stress [89]. The significant in
crease in observed tensile yield strength could only come if new dislo
cation obstacles were created at the interfaces. Individual crystal 
orientations, that provide only a small strength difference, would pro
vide minimal strength changes. The small strength differences due to 
texture are comparable with the various experimental errors described 
in the text. 

Bonding process parameters were also not categorically examined in 
this study. Settings were used to optimize the welding, while other 
studies have more carefully examined UAM process parameters [5,26, 
118�121]. The microstructures before and after bonding were provided 
to describe the observed effects. A full parameter window that creates 
the observed features has not yet been established. It is considered here 
that the pretreated materials increased their internal stored strain dur
ing the plastic deformation bonding. The plastic deformation resulted in 
lattice defect creation, atomic migration, and grain structure refine
ment. A potential process window for future researchers includes 
varying the magnitude of plastic deformation through changing the 
induced plastic strain rate, bonding temperature, or the material�s in
ternal strain energy. 

5. Summary and conclusion 

Microstructure evolution and strengthening effects from Ultrasonic 
Additive Manufacturing (UAM) were evaluated here. Al 6061 was pre
treated into the annealed O and tempered T4 conditions, then after UAM 
bonding, tensile testing (in the rolling x-direction) revealed the bonded 
material became significantly stronger. Nanoindentation characteriza
tion revealed that the foil-foil interfaces of the bonded materials became 
much stronger than the bulk foil regions. Significant crystal lattice 
changes occurred at the interface regions that resulted in the overall 
strengthening. This includes an increase in aluminum lattice strain, 
Mg2Si precipitates dissolving, creation of point defect vacancies, 
enhanced diffusion of magnesium atoms, mono-vacancies coalescing 
into vacancy clusters, and refinement of grain sizes. These microstruc
ture changes occurred from dynamic recrystallization, dynamic recov
ery, and adiabatic heating of the material. 
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