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Sina Naddaf Dezfuli 



Propositions 

Accompanying the thesis 

By Sina NaddafDezfuli 

1. Future research projects should focus on in-vivo behavior of existing 

iVIg-based composites before attempting to design and fabricate 

new ones. 

2. Having a daily routine is important to be productive and breaking 

one is important to be inventive. 

3. A mandatory educational program for PhDs would improve their 

knowledge and skills more than an elective educational program. 

4. PhD candidates should not be evaluated based on the number but 

on the quality of their publications. 

5. Ambit ion is the key element of being a renowned scholar. 

6. Project-based research improves technology but does not do justice 

to curiosity-driven science. 

7. Open-access journal publishers should shift their library to a block-

chain based platform to make their articles available to everyone 

everywhere. 

8. Morali ty is a result of human experience of immorality. 

9. The only way to intellectually compete wi th Al in the future is to 

integrate our brain with Al. 

These propositions are regarded as opposable and defendable, and have 

been approved as such by the supervisor and promoter. Dr. Jie Zhou and 

Prof dr. F.C.Tvan der Helm. 
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Introduction 



1.1. Background 

Bone re la ted diseases such as os teopo ros i s a f f e c t m i l l i ons o f p e o p l e w o r l d w i d e , 

caus ing m o r e t h a n 9 m i l l i on f r ac tu res annua l l y , w h i c h means an o s t e o p o r o t i c 

f r a c t u r e eve ry 3 seconds [1 ] . In 2 0 1 0 , a b o u t 30 m i l l i on w o m e n a n d 7.5 m i l l i o n m e n 

in t h e Eu ropean U n i o n a n d t h e U n i t e d States had os teopo ros i s [ 2 -4 ] . By 2 0 5 0 , 

os teopo ros i s a n d its assoc ia ted f rag i l i t y f r a c t u r e s such hip a n d v e r t e b r a l f r a c t u r e s in 

m e n and w o m e n are e x p e c t e d t o increase by 3 1 0 % and 2 4 0 % c o m p a r e d t o yea r 

1990 , respec t i ve ly [ 5 ] . O s t e o p o r o s i s - r e l a t e d f rag i l i t y f r ac tu res i m p o s e a m a j o r pub l i c 

h e a l t h b u r d e n in i ndus t r i a l and d e v e l o p e d c o u n t r i e s . In 2010 , f o r e x a m p l e , pub l i c 

hea l t h b u r d e n r e l a t e d t o f rag i l i t y f r ac tu res In Be lg i um, N e t h e r l a n d s a n d G e r m a n y 

was a b o u t € 10 b i l l i on , w h i c h is e s t i m a t e d t o inc rease by 25% in 2025 , exceed ing € 

12 b i l l i on [6 ] . 

N u m e r o u s b o n e f r a c t u r e s need t o be t r e a t e d by us ing e i t h e r p e r m a n e n t or 

t e m p o r a r y ( b i odeg radab le ) f i x t u r e s . For l o a d - b e a r i n g app l i ca t i ons , me ta l l i c 

ma te r ia l s play an i m p o r t a n t ro le as b i o m a t e r i a l s t o p r o v i d e necessary s u p p o r t f o r 

t h e d a m a g e d b o n e t i ssue t o repa i r a n d r e m o d e l i tse l f [7 ] . C o m p a r e d t o t h e i r 

ce ram ic - and p o l y m e r - b a s e d c o u n t e r p a r t s , me ta l l i c b i o m a t e r i a l s are m o r e su i tab le 

choices due t o t h e i r exce l l en t c o m b i n a t i o n o f h igh mechan ica l s t r e n g t h and f r a c t u r e 

t o u g h n e s s [7 ] . C o m m o n l y used p e r m a n e n t m e t a l - b a s e d b i o m a t e r i a l s i nc lude 

sta in less s tee ls , t i t a n i u m a n d c o b a l t - c h r o m i u m a l loys , w h i c h are nea r l y i ne r t in v i v o , 

m e a n i n g t h a t t h e y do n o t ac t i ve ly i n te rac t w i t h b io log ica l sys tems and t h e y r e m a i n 

as p e r m a n e n t f i x t u res . A l t h o u g h s o m e a n i m a l and c l in ica l s tud ies sugges t t h e 

e f fec t i veness o f t h e s e ma te r i a l s f o r o r t h o p e d i c app l i ca t i ons [ 8 -10 ] , o t h e r re t r i eva l 

s tud ies d e m o n s t r a t e d sever cases o f co r ros i on , g e n e r a t i n g tox ic m e t a l ions in t h e 

v i c in i t y o f t hese i m p l a n t s , w h i c h enab les i n f l a m m a t o r y cascades o f t h e body , 

i nvo l v ing m a c r o p h a g e s in t h e process , caus ing b o n e r e s o r p t i o n a n d os teo lys is , 

w h i c h u l t i m a t e l y resu l ts in i m p l a n t l oosen ing a n d t i ssue loss [ 1 1 - 1 6 ] . T h e r e b y , 

p e r m a n e n t f i x t u res m u s t be r e m o v e d by a second surgical p r o c e d u r e a f t e r t h e t issue 

has hea led su f f i c i en t l y . 

Dur ing t h e past 20 years , o r t h o p e d i c i m p l a n t s , based on b i o d e g r a d a b l e me ta l s [ 17 ] , 

have been d e v e l o p e d and s t u d i e d as p o t e n t i a l a l t e rna t i ves t o p e r m a n e n t f i x t u res , 

h o p i n g t o ach ieve t h e des i red ab i l i t y o f p r o v i d i n g t e m p o r a r y s u p p o r t f o r f r a c t u r e d 

b o n e a n d s i m u l t a n e o u s l y , d isso lv ing a t a ra te t h a t m a t c h e s n e w t i ssue f o r m a t i o n 

[18 ] . 

M a g n e s i u m has b e c o m e p o p u l a r as a b i o d e g r a d a b l e i m p l a n t m a t e r i a l due t o its 

b i o d e g r a d a b l e n a t u r e , h igh s t r e n g t h - t o - d e n s i t y ra t i o , a n d mechan i ca l p rope r t i e s 

s imi la r t o t h o s e o f t h e h u m a n b o n e , w h i c h makes i t s u p e r i o r t o ex is t ing 

b i o d e g r a d a b l e ma te r i a l s such as p o l y m e r s and ce ramics in l o a d - b e a r i n g app l i ca t i ons 

[19 ] . 
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1.2. Problem statement and hypothesis 

Desp i te n u m e r o u s advan tages o f IVlg-based mate r ia l s , e x t r e m e l y h igh d e g r a d a t i o n 

ra te o f c o m m e r c i a l l y p u r e m a g n e s i u m in t h e phys io log ica l e n v i r o n m e n t i m p o s e s 

severe l im i t a t i ons in c l in ical app l i ca t i ons . M a g n e s i u m d isso lves read i l y in a q u e o u s 

so lu t i ons , espec ia l ly t h o s e c o n t a i n i n g c h l o r i d e i o n , l ead ing t o rap id re lease o f 

h y d r o g e n gas a n d resu l t i ng in t h e f o r m a t i o n o f s u b c u t a n e o u s b u b b l e s a n d 

d e t e r i o r a t i o n o f t h e m e c h a n i c a l i n t e g r i t y o f t h e i m p l a n t b e f o r e c o m p l e t e hea l i ng o f 

i n j u r e d b o n e t i ssue [ 17 ] . 

C o m m o n l y k n o w n m a g n e s i u m a l loys , i n c l u d i n g A Z 3 1 , A Z 9 1 a n d W/E43, have b e e n 

i nves t i ga ted f o r b o n e i m p l a n t app l i ca t i ons as a l t e rna t i ves t o m o n o l i t h i c m a g n e s i u m 

m e t a l , because o f t h e i r re la t i ve l y l o w e r d e g r a d a t i o n ra tes a n d h i g h e r m e c h a n i c a l 

s t r e n g t h s . It has b e e n d e m o n s t r a t e d t h a t all t h e a b o v e m e n t i o n e d a l loys w e r e in 

d i r ec t c o n t a c t w i t h t h e s u r r o u n d i n g b o n e t i ssue a f t e r i m p l a n t a t i o n , a n d b o n e mass 

s u r r o u n d i n g t h e i m p l a n t s w a s f o u n d t o be e n h a n c e d d u r i n g d e g r a d a t i o n [ 20 ] . 

Desp i te t h e e n c o u r a g i n g p r e l i m i n a r y o u t c o m e s o f t h e in -v i vo s tud ies on gu inea pigs, 

i t has been s h o w n t h a t c o m m o n a l l oy ing e l e m e n t s o f m a g n e s i u m such as a l u m i n u m 

m i g h t have l a t e n t t o x i c e f f ec t s o n t h e h u m a n b o d y , caus ing neu ro log i ca l d i so rde r o r 

e v e n cancer [ 2 1 , 2 2 ] . 

M a g n e s i u m - b a s e d c o m p o s i t e s , hav ing b ioac t i ve ce ram ic par t i c les i n c o r p o r a t e d i n t o 

t h e m o n o l i t h i c m a g n e s i u m m a t r i x c o u l d be an exce l l en t a l t e r n a t i v e t o t h e i r a l l oyed 

c o u n t e r p a r t s . As a n e w g e n e r a t i o n o f b i o m a t e r i a l s , m a g n e s i u m - b a s e d c o m p o s i t e s 

can p r o v i d e a c o m b i n a t i o n o f u n i q u e charac te r i s t i cs i nc lud ing ad jus tab le m e c h a n i c a l 

p r o p e r t i e s ( i .e., s t r e n g t h , d u c t i l i t y and e last ic m o d u l u s ) , c o r r o s i o n res is tance a n d 

b ioac t i v i t y by t h e a p p r o p r i a t e se lec t i on o f t h e r e i n f o r c e m e n t m a t e r i a l w i t h o u t t h e 

need o f us ing a l l oy ing e l e m e n t s so as t o avo id any k n o w n o r u n c e r t a i n c l in ical s ide 

e f fec ts [ 23 -25 ] . The s u p e r i o r b i oac t i v i t y o f m a g n e s i u m - b a s e d c o m p o s i t e s as 

c o m p a r e d w i t h t h e i r a l l oyed c o u n t e r p a r t s has b e e n p r o v e n in p rev i ous s tud ies by 

d e m o n s t r a t i n g t h e ab i l i t y o f t h e c o m p o s i t e s t o i nduce t h e f o r m a t i o n o f b i oac t i ve 

c a l c i u m - a n d p h o s p h a t e - c o n t a i n i n g c o m p o u n d s , w h i c h leads t o e n h a n c e d 

p r o l i f e r a t i o n a n d d i f f e r e n t i a t i o n o f os teob las t i c cel ls [26 , 2 7 ] . 

When choos ing a ce ram ic r e i n f o r c e m e n t , it is c r i t i ca l ly i m p o r t a n t t o cons ide r a n d 

fu l f i l l t h e basic, and at t h e s a m e t i m e , essent ia l r e q u i r e m e n t s o f a b i o c e r a m i c phase 

in m a g n e s i u m m a t r i x c o m p o s i t e s f o r o r t h o p e d i c p u r p o s e s , w h i c h a re 

b i o c o m p a t i b i l i t y , b i o d e g r a d a b i l i t y , b i oac t i v i t y a n d mechan i ca l p r o p e r t i e s . To d a t e , 

m o s t o f t h e chosen b i oce ram ics , such as h y d r o x y l a p p e t i t e (HA) a n d 15-Tricalcium 

p h o s p h a t e (15-TCP) have o n e o r m o r e de f i c ienc ies . For e x a m p l e , HA is a 

o s t e o c o n d u c t i v e c e r a m i c h o w e v e r , o f t e n r e g a r d e d as a p e r m a n e n t b i o m a t e r i a l 

because it p o o r l y resorbs in t h e b o d y , l i m i t i n g t h e process o f b i o m a t e r i a l i n t e g r a t i o n 

vi/ith t h e s u r r o u n d i n g b o n e t i ssue , espec ia l ly w i t h i n a f e w w e e k s a f t e r i m p l a n t a t i o n . 
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w h i c h cou ld lead t o t h e f o r m a t i o n o f f i b r o u s t i ssue a r o u n d t h e i m p l a n t , b e i n g 

suscep t ib le t o l o n g - t e r m fa i l u re [ 28 ] . 15-TCP on t h e o t h e r hand resorbs m u c h f as te r 

t h a n HA bu t par t ia l l y conve r t s t o HA w h e n i m p l a n t e d in t h e b o d y [ 29 ] , l eav ing s l o w l y 

a b s o r b i n g f r a g m e n t s o f HA a t i m p l a n t a t i o n s i te . M o r e o v e r , HA and f5-TCP b o t h are 

n o t o s t e o i n d u c t i v e , m e a n i n g t h a t t h e y c a n n o t i nduce t h e process o f n e w b o n e 

f o r m a t i o n , m a i n l y because t h e y lack s i l icon t h a t is d i rec t l y i n v o l v e d in t h e 

m i n e r a l i z a t i o n process o f b o n e g r o w t h [30 ] . The b i o c e r a m i c o f cho ice in o u r research 

( B r e d i g i t e - C a 7 M g S i 4 0 1 6 ) is a b i o d e g r a d a b l e S i -con ta in ing ce ram ic in t h e 

CaO M g O Si02 f a m i l y , w i t h a p r o v e n s t i m u l a t i n g e f f ec t on os teob las t p r o l i f e r a t i o n 

[ 3 1 , 32 ] and mechan i ca l p r o p e r t i e s c lose t o t h o s e o f cor t i ca l b o n e [ 33 ] . The s u p e r i o r 

b ioac t i v i t y and m e c h a n i c a l p r o p e r t i e s o f b red ig i t e c o m p a r e d t o t r a d i t i o n a l l y used 

c a l c i u m - p h o s p h a t e - b a s e d c o m p o u n d s makes i t a m o r e su i tab le o p t i o n f o r 

o r t h o p e d i c app l i ca t i ons , w h e r e mechan i ca l l oad is app l ied on t h e i m p l a n t [ 33 ] . 

A d d i t i o n a l l y , b red ig i t e has a p o t e n t i a l ab i l i t y t o f o r m a chemica l b o n d i n g w i t h t h e 

m a g n e s i u m m a t r i x [24 ] , w h i c h d i f f e r e n t i a t e s t h e b ioce ramics in t h e CaO-S i02 -MgO 

s y s t e m f r o m t h e o t h e r m a g n e s i u m - m a t r i x c o m p o s i t e s t h a t have so fa r been s t u d i e d 

p o t e n t i a l l y f o r o r t h o p e d i c app l i ca t i ons . 

Fabr ica t ion m e t h o d o f b i o c e r a m i c - r e i n f o r c e d m a g n e s i u m m a t r i x c o m p o s i t e s is as 

cr i t ica l ly i m p o r t a n t as t h e cho ice o f a su i tab le r e i n f o r c e m e n t . To d a t e , m o s t o f t h e 

m a g n e s i u m - b a s e d c o m p o s i t e s have been m a n u f a c t u r e d by p o w d e r m e t a l l u r g y 

m e t h o d s [23, 34 ] . P o w d e r m e t a l l u r g y is a u n i q u e l o w - t e m p e r a t u r e m a n u f a c t u r i n g 

process, w h i c h a l l ows e f f ec t i ve c o n t r o l ove r f a b r i c a t i o n p a r a m e t e r s , conserves 

ene rgy and enab les h o m o g e n o u s d ispers ion o f r e i n f o r c i n g par t ic les in t h e me ta l l i c 

ma t r i x , t h e r e b y i m p r o v i n g t h e mechan i ca l p r o p e r t i e s as w e l l as t h e co r ros i on 

res is tance. H o w e v e r , m o s t o f p o w d e r m e t a l l u r g y p rocessed M g - m a t r i x c o m p o s i t e s 

su f f e r f r o m excessive po ros i t y and i n t e r - pa r t i c l e f r a c t u r e u n d e r l oad ing [23 , 35] - an 

issue t h a t w e a t t e m p t e d t o address in th is research . This issue is o f c r i t ica l 

i m p o r t a n c e because p o r o s i t y a n d mechan i ca l cracks cou ld lead t o i n tense loca l ized 

co r ros ion a n d p r e m a t u r e mechan i ca l f a i l u re , p r o d u c i n g b r o k e n p ieces a n d deb r i s , 

d a m a g i n g t h e s u r r o u n d i n g t i ssue and increas ing t h e risk o f c l in ical c o m p l i c a t i o n s 

[19 ] . 

For l oad -bea r i ng b i o d e g r a d a b l e i m p l a n t s , it is cons i de red ideal if t h e mechan i ca l 

s t r e n g t h o f t h e f a b r i c a t e d m a t e r i a l g radua l l y decreases as b o n e de fec t s are rep laced 

by n e w t issue. In th i s p rocess , t h e f a b r i c a t e d M g - b r e d i g i t e c o m p o s i t e shou ld be ab le 

t o w i t h s t a n d t h e app l i ed mechan i ca l loads d u r i n g t h e hea l ing process (3 - 6 m o n t h s ) . 

To ach ieve mechan i ca l f u n c t i o n as long as c l in ica l ly r e q u i r e d , t h e r e is a s t r o n g need 

t o u n d e r s t a n d t h e d e g r a d a t i o n m e c h a n i s m s in r e l a t i on t o t h e g radua l losses o f t h e 

mechan ica l p r o p e r t i e s o f m a g n e s i u m - b r e d i g i t e c o m p o s i t e s in o r d e r t o d r a w a 

c o m p r e h e n s i v e o u t l o o k on t h e c o m p o s i t e ' s b e h a v i o r d u r i n g t h e course o f 

d e g r a d a t i o n . 
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1.3. Objectives of the research 

Tak ing thie a b o v e m e n t i o n e d issues a b o u t t h e c u r r e n t IVlg-based c o m p o s i t e s i n t o 

accoun t , o u r m a i n ob jec t i ve w a s f i r s t t o f a b r i c a t e b i o d e g r a d a b l e m a g n e s i u m - b a s e d 

c o m p o s i t e s us ing a p o w d e r m e t a l l u r g y m e t h o d w i t h ca re fu l se lec t i on o f t h e 

b i oce ram ic pa r t o f t h e c o m p o s i t e s as a r e i n f o r c i n g phase t o sa t is fy t h e 

a b o v e m e n t i o n e d r e q u i r e m e n t s , a n d t h e n a i m i n g a t o p t i m i z i n g t h e process 

p a r a m e t e r s f o r p o w d e r m e t a l l u r g y m a g n e s i u m - b a s e d c o m p o s i t e s t o l i m i t t h e 

p r o b l e m o f excessive po ros i t y and avo id p r e m a t u r e i n t e r p a r t i c l e f r a c t u r e , w h i l e 

i m p r o v i n g t h e d e g r a d a t i o n behav io r . S u b s e q u e n t l y , w e a i m e d at d e t e r m i n i n g t h e 

re l a t i onsh ip b e t w e e n t h e d e g r a d a t i o n b e h a v i o r and t h e loss o f t h e m e c h a n i c a l 

p r o p e r t i e s o f m a g n e s i u m - b r e d i g i t e c o m p o s i t e s . 

When b i oac t i ve par t i c les are a d d e d t o t h e m a g n e s i u m m a t r i x t o p r o d u c e 

m a g n e s i u m m a t r i x c o m p o s i t e s , t h e y pa r t i c i pa te in chemica l reac t i ons , in a d d i t i o n t o 

m a g n e s i u m , by c o n t i n u o u s l y re leas ing b ioac t i ve agen ts i n t o t h e s u r r o u n d i n g s , w h i c h 

w i l l idea l ly resu l t in f o r m i n g a p r o t e c t i v e layer and s t i m u l a t i n g a p p e t i t e f o r m a t i o n 

t h r o u g h o u t t h e w h o l e cou rse o f d e g r a d a t i o n [ 36 ] . 

To c la r i f y t h e u n d e r l y i n g ro les o f each pa r t o f t h e c o m p o s i t e ( m a g n e s i u m + b r e d i g i t e ) , 

w e f i r s t i n ves t i ga ted t h e m e c h a n i s m s a f f ec t i ng t h e d e g r a d a t i o n o f m o n o l i t h i c 

m a g n e s i u m in a pseudo -phys i o l og i ca l s o l u t i o n a n d t h e n , t h e c o m p o s i t e as a w h o l e 

w a s i nves t i ga ted w i t h pa r t i cu l a r a t t e n t i o n t o u n d e r s t a n d i n g t h e ro le t h a t s i l i con -

c o n t a i n i n g b red ig i t e p layed in c o r r o s i o n and b i oac t i v i t y m e c h a n i s m s . 

1.4. Outline of the research 

This thes is t r ies t o address t h e c u r r e n t issues r e g a r d i n g t h e app l i cab i l i t y o f 

b i o d e g r a d a b l e m a g n e s i u m - b a s e d c o m p o s i t e s f o r successfu l c l in ical t r i a l s . 

In th i s r ega rd , c h a p t e r 2 exp lo res t h e d e g r a d a t i o n b e h a v i o r o f p o w d e r m e t a l l u r g y 

p rocessed m o n o l i t h i c m a g n e s i u m in a pseudo -phys i o l og i ca l s o l u t i o n . 

Chap te r 3 exp lo res t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m - b r e d i g i t e c o m p o s i t e s , 

w i t h pa r t i cu la r a t t e n t i o n t o t h e ro le o f t h e b r e d i g i t e b i o c e r a m i c in d e g r a d a t i o n a n d 

b ioac t i v i t y m e c h a n i s m s . 

Chap te r 4 a t t e m p t s t o es tab l i sh a c lear c o r r e l a t i o n b e t w e e n t h e c o r r o s i o n m o d e 

a n d ra te , and t h e loss o f t h e mechan i ca l p r o p e r t i e s d u r i n g d e g r a d a t i o n in a p e s u e d o -

phys io log ica l s o l u t i o n . 
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Chap te r 5 a ims a t address ing t h e c o m m o n issues o f m a g n e s i u m - b a s e d c o m p o s i t e s , 

i.e., i n t e r p a r t i c l e f r a c t u r e u n d e r l oad ing and i n tense loca l ized c o r r o s i o n , by e x p l o r i n g 

t h e feas ib i l i t y o f es tab l i sh ing a chem ica l b o n d i n g b e t w e e n p o w d e r par t i c les , as an 

a d d i t i o n a l b o n d i n g m e c h a n i s m t o t h e mechan ica l i n t e r l ock i ng . 

C h a p t e r 6 c r i t i ca l ly exam ines t h e f i nd ings in t h e l igh t o f t h e p rev ious chap te rs and 

p rov ides p rac t i ca l gu ide l i nes f o r f u r t h e r research on t h e sub jec t . 
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CHAPTER 

Influence of HEPES buffer on the local pH and 

formation of surface layer during in vitro 

degradation of magnesium in DMEM 

This c h a p t e r is pub l i shed as: 

N a d d a f D e z f u l i , S., H u a n , Z., M o l , J .M.C. , Chang , J., Z h o u , J., 2014 . I n f l uence o f HEPES 

b u f f e r on t h e local pH a n d f o r m a t i o n o f su r face layer d u r i n g in v i t r o d e g r a d a t i o n o f 

m a g n e s i u m in D M E M . Progress in Na tu ra l Sc ience: M a t e r i a l s I n t e r n a t i o n a l 24 , 5 3 1 -

5 3 8 . 
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Abstract 

The h u m a n b o d y is a b u f f e r e d e n v i r o n m e n t w h e r e pH is e f f ec t i ve i y m a i n t a i n e d . 

HEPES is a b io log ica l b u f f e r o f t e n used t o m i m i c t h e b u f f e r i n g ac t i v i t y o f t h e b o d y in 

in v i t r o s tud ies o n t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m . H o w e v e r , t h e i n f l uence 

o f HEPES o n t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m in t h e D M E M p s e u d o -

phys io log ica l s o l u t i o n has n o t y e t been d e t e r m i n e d . The research a i m e d at 

e l uc i da t i ng t h e d e g r a d a t i o n m e c h a n i s m s o f m a g n e s i u m in D M E M w i t h a n d w i t h o u t 

HEPES. The m o r p h o l o g i e s and c o m p o s i t i o n s o f su r face layers f o r m e d d u r i n g in v i t r o 

d e g r a d a t i o n tes ts f o r 15 - 3 6 0 0 s w e r e cha rac te r i zed . The e f f e c t o f HEPES o n t h e 

e l e c t r o c h e m i c a l b e h a v i o r and c o r r o s i o n t e n d e n c y was d e t e r m i n e d by p e r f o r m i n g 

e l e c t r o c h e m i c a l t es t s . HEPES i n d e e d re ta i ned t h e local p H , l ead ing t o i n tense 

i n t e r g r a n u l a r / i n t e r p a r t i c l e c o r r o s i o n o f m a g n e s i u m m a d e f r o m p o w d e r and an 

inc reased d e g r a d a t i o n ra te . This w a s a t t r i b u t e d t o an i n t e r c o n n e c t e d n e t w o r k o f 

cracl<s f o r m e d at t h e o r ig ina l p o w d e r par t i c le b o u n d a r i e s and g ra in b o u n d a r i e s in 

t h e su r face layer , w h i c h p r o v i d e d p a t h w a y s f o r t h e co r ros i ve m e d i u m t o i n t e r a c t 

c o n t i n u o u s l y w i t h t h e i n t e r n a l sur faces a n d p r o m o t e d f u r t h e r d i s s o l u t i o n . Sur face 

analysis revea led s ign i f i can t l y r e d u c e d a m o u n t s o f p r e c i p i t a t e d ca l c i um p h o s p h a t e s 

d u e t o t h e b u f f e r i n g ac t i v i t y o f HEPES so t h a t m a g n e s i u m b e c a m e less w e l l p r o t e c t e d 

in t h e b u f f e r e d e n v i r o n m e n t . 
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2.1. Introduction 

B iodeg radab le ce ramics o r p o l y m e r s are n o t rea l ly su i t ab le i m p l a n t m a t e r i a l s f o r 

app l i ca t i ons a t t h e l o a d - b e a r i n g si tes o f t h e h u m a n body , because o f a lack o f 

s u f f i c i e n t mechan i ca l p r o p e r t i e s [ 37 , 3 8 ] , a n d t h e r e f o r e t h e y are o f t e n used t o f i l l 

up t h e cav i t ies o f t h e d a m a g e d b o n e t i ssue [ 3 9 ] . M o r e su i t ab le b i o d e g r a d a b l e 

ma te r i a l s f o r t h e r epa i r o f l o a d - b e a r i n g de fec ts are t h e me ta l l i c ones t h a t have 

h igher f r a c t u r e t o u g h n e s s and d u c t i l i t y t h a n b io -ce ram ics and h igher s t r e n g t h a n d 

e last ic m o d u l u s t h a n b i o - p o l y m e r s . M a g n e s i u m a n d its a l loys r e p r e s e n t t h e m o s t 

i n t e r e s t i n g b i o d e g r a d a b l e m a t e r i a l s . These ma te r i a l s possess dens i t i es a n d e last ic 

m o d u l i c loser t o t h o s e o f t h e h u m a n b o n e t h a n o t h e r me ta l l i c b i o m a t e r i a l s f o r 

p e r m a n e n t i m p l a n t s such as s ta in less s tee l , c o b a l t - c h r o m i u m al loys a n d t i t a n i u m 

al loys [40 ] , w h i c h makes t h e m p r o m i s i n g cand ida tes f o r o r t h o p e d i c a p p l i c a t i o n s a t 

t h e l o a d - b e a r i n g s i tes o f t h e h u m a n b o d y [ 4 1 , 4 2 ] . H o w e v e r , advances t o w a r d s t h e 

c l in ical app l i ca t i ons o f t h e s e m a t e r i a l s have been ser ious ly h a m p e r e d by t o o rap id 

d e g r a d a t i o n a n d p r e m a t u r e loss o f mechan i ca l i n t e g r i t y in phys io log ica l 

e n v i r o n m e n t s . A l t h o u g h a g r e a t deal o f research has been d i r e c t e d t o w a r d 

u n d e r s t a n d i n g t h e i r c o r r o s i o n b e h a v i o r a n d seek ing measu res t o s l o w d o w n 

d e g r a d a t i o n , t h e u n d e r l y i n g c o r r o s i o n m e c h a n i s m s o f m a g n e s i u m a n d i ts a l loys in 

re l a t i on t o c o m p l e x phys io log ica l m e d i a u n d e r in vitro and in vivo t e s t c o n d i t i o n s 

have n o t been fu l l y u n d e r s t o o d . Clear ly , f u r t h e r e f f o r t s are n e e d e d t o revea l t h e 

n a t u r e o f t h e i n t e r a c t i o n s b e t w e e n m a g n e s i u m a n d phys io log ica l m e d i a . 

In in vitro s tud ies o n t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m a n d i ts a l loys , t h e 

cho ice o f a su i t ab le t e s t m e d i u m is o f c r i t ica l i m p o r t a n c e . M a n y t y p e s o f p s e u d o -

phys io log ica l so l u t i ons t h a t m i m i c t h e c o m p o s i t i o n o f b o d y f l u i ds , such as 0.9 w t . % 

NaCI s o l u t i o n , c o n v e n t i o n a l s i m u l a t e d b o d y f l u i d (c-SBF), rev ised s i m u l a t e d b o d y 

f l u i d (r-SBF), Hank 's ba lanced sal t s o l u t i o n , Du lbecco 's m o d i f i e d Eagle's m e d i u m 

( D M E M ) and p h o s p h a t e b u f f e r e d sa l ine (PBS) have b e e n used . A m o n g t h e s e , D M E M 

is o n e o f t h e cel l c u l t u r e so lu t i ons t h a t has been p r o v e n t o p r o d u c e an a p p r o p r i a t e 

phys io log ica l c o n d i t i o n f o r in vitro d e g r a d a t i o n tes ts o f m a g n e s i u m [ 4 3 - 4 5 ] . M a j o r 

i no rgan i c sal ts in D M E M , such as s o d i u m b i c a r b o n a t e , t u r n m a g n e s i u m ions i n t o 

m a g n e s i u m c a r b o n a t e s , r esu l t i ng in su r face pass iva t ion [ 46 ] . C a r b o n d i o x i d e also 

t r i gge rs t h e f o r m a t i o n o f m a g n e s i u m c a r b o n a t e s . In t h e p resence o f c a r b o n d iox ide 

in a q u e o u s so lu t i ons , ca rbon i c ac id f o r m s , w h i c h is t h e i n g r e d i e n t f o r MgCOs 

f o r m a t i o n [ 46 -48 ] . The f o r m a t i o n o f a c a r b o n a t e d layer is t h o u g h t t o e n c o u r a g e 

f u r t h e r p r e c i p i t a t i o n o f t h e m o s t i m p o r t a n t i no rgan ic c o n s t i t u e n t s o f b io log ica l ha rd 

t issues - ca lc ium p h o s p h a t e phases [47 ] , w h i c h is o f b io log ica l and med ica l 

s ign i f i cance. 
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As soon as m a g n e s i u m is in c o n t a c t withi a s i m u l a t e d phys io log ica l s o l u t i o n , 

co r ros i on tal<es p lace, l ead ing t o t h e changes in t h e c h e m i s t r y o f t h e m a g n e s i u m 

sur face a n d t h e s u r r o u n d i n g s o l u t i o n . It has been o b s e r v e d d u r i n g in vitro i m m e r s i o n 

tes ts t h a t co r ros ion o f m a g n e s i u m leads t o t h e local f o r m a t i o n o f h y d r o x y l ions a n d 

t h e i r leach ing i n t o t h e s u r r o u n d i n g s o l u t i o n , w h i c h a l te rs t h e pH o f t h e s o l u t i o n 

t h r o u g h local a l ka l i za t ion [ 19 ] . In t h e h u m a n b o d y , h o w e v e r , pH c a n n o t inc rease 

s ign i f i can t l y , as it is ac t i ve ly r e g u l a t e d t h r o u g h va r i ous b i ochem ica l reac t i ons [ 49 ] . 

T h e r e f o r e , t h e a d d i t i o n o f a b u f f e r t o t h e i m m e r s i o n so l u t i on p rov ides m a g n e s i u m 

w i t h a real is t ic d e g r a d a t i o n e n v i r o n m e n t , as it c lose ly m im ics t h e in vivo s i t u a t i o n . 

In t h e in vivo s i t u a t i o n , t h e pH o f b o d y f lu ids is r e g u l a t e d 39 % by t h e r e s p i r a t o r y 

s y s t e m , i.e., t h e COa /b i ca rbona te s y s t e m , a n d 6 1 % by b i ochem ica l b u f f e r s , e.g. , 

p ro te ins (exc lud ing t h e k idneys t h a t have a l o n g - t e r m b u f f e r i n g e f f ec t on pH) . In 

o t h e r w o r d s , t h e b i o c h e m i c a l bu f f e r s p lay a d o m i n a n t ro le in r egu la t i ng t h e pH o f 

t h e phys io log ica l e n v i r o n m e n t s in t h e b o d y , re la t i ve t o t h e b i c a r b o n a t e b u f f e r i n g 

s y s t e m [50 ] . Thus , t o m i m i c t h e in vivo e n v i r o n m e n t s , t h e bu f f e r chosen f o r in vitro 

t es ts shou ld have a g r e a t e r b u f f e r i n g capac i t y t h a n t h e COa /b i ca rbona te s y s t e m . 

In p r e c e d i n g in vitro d e g r a d a t i o n tes ts o f m a g n e s i u m and its a l loys, d i f f e r e n t 

b u f f e r i n g agents o f va r ious c o n c e n t r a t i o n s have been a d d e d t o d i f f e r e n t p s e u d o -

phys io log ica l so l u t i ons . As t h e c o r r o s i o n b e h a v i o r o f m a g n e s i u m a n d i ts a l loys is 

h igh ly sens i t i ve t o t h e aggress ive e n v i r o n m e n t , t h e t y p e and c o n c e n t r a t i o n o f 

b u f f e r i n g agents can d rama t i ca l l y change t h e i r d e g r a d a t i o n behav io r . Due t o t h e use 

o f d i f f e r e n t pseudo -phys io log i ca l so l u t i ons and b u f f e r i n g agen ts , m a n y i ncons i s ten t 

resu l ts have been o b t a i n e d f r o m in vitro and in vivo s tud ies on t h e d e g r a d a t i o n 

b e h a v i o r o f m a g n e s i u m and its a l loys, w h i c h makes t h e c o m p a r i s o n s b e t w e e n in 

vitro t e s t resul ts and b e t w e e n in vitro and in vivo t e s t resu l ts d i f f i cu l t . HCI -con ta in ing 

b u f f e r sys tems , f o r e x a m p l e , have s h o w n t h e i r ab i l i t ies t o i n t r o d u c e c h l o r i d e ions 

i n t o t h e s o l u t i o n , w h i c h in t u r n a t t ack t h e su r face layer o f m a g n e s i u m [51 ] . 

Phospha te -based bu f f e r s a l te r t h e chem ica l p r o p e r t i e s o f t h e co r ros i on layer , as 

t h e y p r o v i d e p h o s p h a t e ions in a q u e o u s s o l u t i o n s , t h e r e b y p r o d u c i n g inso lub le salts 

w i t h m a g n e s i u m ions a n d e v e n t u a l l y p r e c i p i t a t i n g on t h e su r face [48 , 5 2 ] . In 

a d d i t i o n , p h o s p h a t e - b a s e d b u f f e r s c o n t r i b u t e t o regu la t i ng t h e pH o f t h e b o d y , 

a l t h o u g h th is c o n t r i b u t i o n is o f t e n n e g l e c t e d d u e t o t h e i r sma l l c o n c e n t r a t i o n s in 

t h e b l o o d p lasma [50 ] . HEPES ( N - 2 - H y d r o x y e t h y l p i p e r a z i n e - N ' - 2 - e t h a n e s u l f o n i c 

Ac id) is one o f Good ' s b io log ica l b u f f e r s t h a t o f fe rs a g rea te r b u f f e r i n g capac i ty t h a n 

t h e b i c a r b o n a t e bu f f e r s [53] and t h u s cou ld be a su i tab le c a n d i d a t e t o be c o u p l e d 

w i t h t h e b i c a r b o n a t e bu f f e r s t h a t are p r e s e n t in D M E M . HEPES is w a t e r - s o l u b l e and 

a t m o s p h e r e - i n d e p e n d e n t . It has s h o w n t o have negl ig ib le a f f i n i t y t o me ta l l i c ions 

f o u n d in t h e b l o o d p lasma [54 ] . Prev ious s tud ies have p r o v i d e d a basic 

u n d e r s t a n d i n g o f i h e in f luer iLe o f HEPES o n t h e d e g r a d a t i o n o f m a g n e s i u m in 
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s o d i u m c i i l o r i de so lu t i ons [55 , 5 6 ] , b u t th i s u n d e r s t a n d i n g m a y n o t necessar i l y be 

app l i cab le t o t h e D M E M s o l u t i o n , because o f t h e d i f f e rences in t h e su r face layer 

f o r m e d as a resu l t o f t h e i n t e r a c t i o n s b e t w e e n m a g n e s i u m a n d t h e t e s t s o l u t i o n . A 

b e t t e r u n d e r s t a n d i n g o f t h e i n f l uence o f HEPES b u f f e r i n g on t h e d e g r a d a t i o n 

b e h a v i o r o f m a g n e s i u m in t h e D M E M cell c u l t u r e m e d i u m is o f f u n d a m e n t a l 

i m p o r t a n c e f o r u n d e r s t a n d i n g t h e c o r r e l a t i o n s b e t w e e n t h e e x p e r i m e n t a l resu l ts 

o b t a i n e d f r o m in vitro a n d in vivo t es t s , because b o d y f lu ids t h e m s e l v e s are a 

b u f f e r e d e n v i r o n m e n t . 

The p r e s e n t research a i m e d a t e l u c i d a t i n g t h e c o r r o s i o n m e c h a n i s m s o f p u r e 

m a g n e s i u m in t h e D M E M so lu t i ons w i t h and w i t h o u t t h e HEPES bu f f e r . D e g r a d a t i o n 

t es t s in a pseudo -phys io l og i ca l c o n d i t i o n (E lec t ro l y te = D M E M ; T = 37 °C; pH = 7.45) 

f o r 15 s a n d f o r up t o 3 6 0 0 s w e r e p e r f o r m e d . The m o r p h o l o g i e s and c o m p o s i t i o n s 

o f su r face layers f o r m e d w e r e cha rac te r i zed and t h e i r co r re l a t i ons w i t h t h e 

d e g r a d a t i o n ra te w e r e d e t e r m i n e d . P o t e n t i o d y n a m i c Po la r i za t ion (PDP) and O p e n 

Ci rcu i t Po ten t i a l (OCP) tes ts w e r e ca r r i ed o u t t o e v a l u a t e t h e i n f l uence o f t h e HEPES 

b u f f e r in D M E M o n t h e e l e c t r o c h e m i c a l b e h a v i o r a n d c o r r o s i o n t e n d e n c y o f 

m a g n e s i u m . 

2.2. Materials and methods 

2.2 .1 . Mater ia l 

M a g n e s i u m p o w d e r (o f 9 9 . 9 8 % p u r i t y ) w i t h a m e d i u m par t i c le size o f 90 p m w a s 

un i -ax ia l l y p ressed in a cy l ind r i ca l d ie at 3 5 0 °C a n d u n d e r a p ressure o f 5 0 0 M P a t o 

y ie ld f u l l y c o n s o l i d a t e d s p e c i m e n s f o r t h e research , i ns tead o f cast m a g n e s i u m 

s p e c i m e n s w i t h i nev i t ab le p o r o s i t y t h a t w o u l d a f f e c t c o r r o s i o n behav io r . 

C o m p a c t e d m a g n e s i u m pe l le ts w i t h a d i a m e t e r o f 13 m m w e r e cu t i n t o sl ices w i t h 

a th i ckness o f 8 m m . A c o p p e r w i r e w i t h a w a t e r p r o o f i so la t ion layer w a s a t t a c h e d 

t o t h e sl ices. The c o n d u c t i v e s p e c i m e n s w e r e t h e n m o u n t e d in an e p o x y res in w i t h 

on l y t h e t o p su r face be ing e x p o s e d t o t h e i m m e r s i o n m e d i a f o r d e g r a d a t i o n t es t s . 

The m o u n t e d spec imens w e r e t h e n g r o u n d us ing SIC g r i n d i n g pape r t o 2 4 0 0 g r i t a n d 

u l t rason ica l l y c leaned in a c e t o n e f o r 3 m i n . 

2.2.2. Degradat ion tests 

A c o r r o s i o n cell o p e r a t i n g a t 37 °C w a s used t o car ry o u t all t h e d e g r a d a t i o n t es t s . 

The t e m p e r a t u r e o f t h e cel l w a s m a i n t a i n e d us ing a t h e r m o s t a t i c w a t e r b a t h . D M E M 
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( D 1 1 4 5 , S igma-A ld r i ch ) was used as t h e base i m m e r s i o n m e d i u m . HEPES (391338 , 

Ca lb i ochem) w a s a d d e d t o DIVIEM t o reach a c o n c e n t r a t i o n o f 25 mlVl ( r e f e r r e d t o 

as t h e HEPES-buf fered so l u t i on h e r e a f t e r ) t o d e t e r m i n e t h e i n f l uence o f t h e 

b u f f e r i n g a g e n t on t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m . The ra t i o o f s o l u t i o n 

v o l u m e t o s p e c i m e n sur face area (SV/SA) was 3 7 8 m l / c m ^ be ing m u c h la rger t h a n 

t h e cr i t ica l v a l u e o f 67 m l / c m ^ [57] in o r d e r t o p r e v e n t ions in t h e s o l u t i o n f r o m 

a c c u m u l a t i o n a n d t h e bu l k s o l u t i o n f r o m a lka l i za t i on . Local pH changes d u r i n g t h e 

i m m e r s i o n tes ts w e r e reg i s te red by us ing a m i c r o pH m e t e r (S220 S e v e n C o m p a c t , 

M e t t l e r To ledo ) p laced a p p r o x i m a t e l y 1 m m a b o v e t h e s p e c i m e n su r face . A n o t h e r 

pH m e t e r w a s p laced ove r a la te ra l d i s tance o f 90 m m a w a y f r o m t h e s p e c i m e n 

sur face t o m e a s u r e t h e bu lk p H , c o n s i d e r i n g t h e poss ib i l i t y t h a t t h e bu lk pH m i g h t 

n o t be r e p r e s e n t a t i v e o f t h e pH a t t h e s p e c i m e n sur face and m i g h t va r y by severa l 

pH un i t s [19 , 5 8 ] . Data logg ing w a s ca r r ied o u t eve ry 60 s. 

2.2.3. Surface analysis 

M a g n e s i u m spec imens w e r e i m m e r s e d in t h e D M E M so lu t i on a n d in t h e HEPES-

b u f f e r e d s o l u t i o n f o r 15, 300 and 3 6 0 0 s t o d e t e r m i n e t h e e f f ec t o f t h e b u f f e r o n t h e 

m o r p h o l o g y and c o m p o s i t i o n o f su r face layer f o r m e d . A t t h e s e t i m e po in t s , 

spec imens w e r e r e m o v e d f r o m t h e so lu t i ons , r insed in e t h a n o l f o r 30 s and t h e n air 

d r i e d . The m o r p h o l o g i e s and chem ica l c o m p o s i t i o n s o f su r face layers f o r m e d w e r e 

cha rac te r i zed us ing a JEOLJSM-6500F Scann ing E lec t ron M i c r o s c o p e (SEM) w o r k i n g 

a t an acce le ra t ing v o l t a g e o f 15 kV a n d e q u i p p e d w i t h an Energy Dispers ive 

S p e c t r o m e t e r (EDS). 

2.2.4. Electrochemical tests 

The t h r e e e l e c t r o d e c o n f i g u r a t i o n was a d o p t e d t o p e r f o r m t h e po la r i za t i on tes ts . A 

S a t u r a t e d Ca lome l E lec t rode (SCE) w a s used as t h e re fe rence e l e c t r o d e a n d a 

p l a t i n u m m e s h as t h e c u r r e n t e l e c t r o d e . The e l e c t r o c h e m i c a l ac t i v i t y o f m a g n e s i u m 

spec imens in t h e D M E M so lu t i ons w i t h a n d w i t h o u t HEPES at 37 °C w e r e d e t e r m i n e d 

by m e a s u r i n g t h e O p e n Ci rcu i t Po ten t i a l (OCP) d u r i n g i m m e r s i o n us ing a So la r t r on 

1 2 5 0 / 1 2 5 5 p o t e n t i o s t a t . P o t e n t i o d y n a m i c Po la r iza t ion (PDP) tes ts w e r e p e r f o r m e d 

i m m e d i a t e l y a f t e r t h e OCP tes ts at an in i t ia l p o t e n t i a l o f - 0.2V vs OCP inc reas ing t o 

+0 .5V vs OCP a t a scan ra te o f 0.2 m V / s . 
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2.3. Results and discussion 

2.3 .1 . Effect o f HEPES on t he M g ( 0 H ) 2 layer f o rmed 

Fig. 1 s h o w s t h e m o r p h o l o g i e s o f s p e c i m e n sur faces a f t e r i m m e r s i o n in t h e HEPES-

b u f f e r e d s o l u t i o n f o r 15, 3 0 0 a n d 3 6 0 0 s. A f t e r i m m e r s i o n f o r 15 s, t h e o r ig ina l 

g r i n d i n g marks w e r e st i l l v i s ib le , i nd i ca t i ng t h a t t h e in i t ia l sur face layer w a s y e t ve r y 

t h i n at th is s tage (Fig. l a ) . In t h e su r face layer, t h e o r ig ina l p o w d e r pa r t i c le 

b o u n d a r i e s and g ra in b o u n d a r i e s , i nd i ca ted by w h i t e a r r o w s in Fig. l a 

( backsca t t e red image ) , w e r e o u t l i n e d . O b s e r v a t i o n o f t h e square box in Fig. l a a t a 

h i ghe r m a g n i f i c a t i o n revea led t h a t a n a n o s t r u c t u r e d layer w i t h g ra in sizes b e t w e e n 

10 - 100 n m w a s f o r m e d o n t h e su r face a n d t h e su r face layer c o n t a i n e d nano-s i zed 

cracks w i t h l eng ths o f less t h a n 100 n m . EDS p o i n t scans s h o w e d t h e p resence o f t h e 

e l e m e n t s o f m a g n e s i u m a n d o x y g e n on t h e su r face , sugges t i ng t h a t t h e n a n o ­

s t r u c t u r e d layer w a s ma in l y c o m p o s e d o f M g O / M g ( O H ) 2 . 

A f t e r i m m e r s i o n f o r 300 s, t h e th i ckness o f t h e su r face layer s l igh t l y i nc reased and 

larger cracks ( w i t h a m a x i m u m l e n g t h o f 1 p m ) a p p e a r e d m o s t l y a t t h e gra in 

b o u n d a r i e s (Fig. l b ) . Obv ious l y , such a c racked sur face layer cou ld n o t e f f e c t i v e l y 

p r o t e c t t h e su r face f r o m f u r t h e r c o r r o s i o n , because in e f f e c t it p r o v i d e d p a t h w a y s 

f o r t h e i m m e r s i o n s o l u t i o n t o s tay in d i r ec t c o n t a c t w i t h t h e m a g n e s i u m sur face and 

t h u s acce le ra ted t h e d e g r a d a t i o n [ 59 ] . As a resu l t , t h e d i sso lu t i on o f m a g n e s i u m 

c o n t i n u e d , in sp i te o f t h e f o r m a t i o n o f t h e su r face layer. D u r i n g f u r t h e r i m m e r s i o n 

tes ts t i l l t h e f i na l t i m e p o i n t ( 3600 s), t h e s e cracks s ign i f i can t l y g r e w a l m o s t 5 0 0 

t i m e s (up t o a m a x i m u m l e n g t h o f 5 0 p m ) f r o m t h e i r in i t ia l sizes. These g r o w n 

sur face cracks w e r e m o s t l y d e v e l o p e d a long t h e or ig ina l p o w d e r par t i c le b o u n d a r i e s 

a n d g ra in b o u n d a r i e s w h e r e an i n t e r c o n n e c t e d n e t w o r k o f cracks t h r o u g h o u t t h e 

su r face w a s f o r m e d (Fig. 2a) . A u n g and Z h o u [60] cons i de red t h e f o r m a t i o n o f 

su r face cracks as an i n d i c a t i o n o f a h i ghe r d i sso lu t i on ra te in s o m e reg ions on t h e 

su r face . A g ra in b o u n d a r y can be r e g a r d e d as an area o f de fec t s in t h e c rys ta l 

s t r u c t u r e w i t h a c o n f i g u r a t i o n o f d i s l oca t i ons . It is w e l l k n o w n t h a t a n o d i c m e t a l 

d i sso lu t i on w o u l d be acce le ra ted in t h e v i c i n i t y o f d i s loca t ions [61 ] . D u r i n g t h e 

i m m e r s i o n t es t s o f m a g n e s i u m m a d e f r o m p o w d e r , t h e o r ig ina l p o w d e r pa r t i c le 

b o u n d a r i e s a n d g ra in b o u n d a r i e s b e c a m e a n o d e and p r e f e r e n t i a l l y c o r r o d e d , 

bu i l d i ng up local ga lvan ic c o u p l i n g w i t h t h e s u r r o u n d i n g gra ins . S u b s e q u e n t l y , 

m a g n e s i u m gra ins b e c a m e c a t h o d e re la t i ve t o t h e o r ig ina l p o w d e r pa r t i c le 

b o u n d a r i e s a n d g ra in b o u n d a r i e s a n d ga lvan ica l l y p r o t e c t e d (Fig. 2a). This 

e x p l a n a t i o n is y e t t o be c o n f i r m e d by us ing t h e e l e c t r o c h e m i c a l m i c r o c e l l t e c h n i q u e 

and scann ing v i b r a t i n g e l e c t r o d e t e c h n i q u e t o revea l local ga lvan ic c o u p l i n g 

b e t w e e n t h e i n t e rna l s t r u c t u r a l b o u n d a r i e s and n e i g h b o r i n g g ra in i n t e r i o r on a 

m i c r o scale. 
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In con t ras t , a f t e r i m m e r s i o n t es t s in DIVIEM w i t h o u t t h e b u f f e r f o r 3 6 0 0 s, t h e 

o r ig ina l p o w d e r par t ic les c o u l d st i l l be i d e n t i f i e d us ing SEM b a c k s c a t t e r e d i m a g i n g . 

These are h igh l i gh ted in Fig. 2b f o r c o m p a r i s o n w i t h t h e sur face m o r p h o l o g y a f t e r 

i m m e r s i o n in t h e HEPES-buf fered so l u t i on also f o r 3 6 0 0 s (Fig. 2a) . F r o m t h e 

c o m p a r i s o n , i t is c lear t h a t in D M E M w i t h o u t HEPES, i n te rpa r t i c l e and i n t e r g r a n u l a r 

co r ros i on d id n o t t a k e p lace and t h e su r face was less e l ec t rochem ica l l y ac t i ve . It also 

suggests t h a t t h e d e g r a d a t i o n o f m a g n e s i u m in t h e HEPES-buf fered s o l u t i o n w o u l d 

p r o c e e d cons ide rab l y f as te r t h a n t h a t in D M E M . 

It is w e l l k n o w n t h a t t h e pH o f a s o l u t i o n s t r o n g l y in f luences t h e n a t u r e a n d s tab i l i t y 

o f t h e p r o t e c t i v e h y d r o x i d e layer [47 , 5 1 ] . The h y d r o x i d e layer is m o r e s tab le in an 

a lka l ine s o l u t i o n [ 16 ] . The h ighe r d e g r a d a t i o n ra te o f m a g n e s i u m in t h e HEPES-

b u f f e r e d s o l u t i o n cou ld be assoc ia ted w i t h t h e l i m i t e d a lka l i za t ion o f t h e s o l u t i o n on 

a c c o u n t o f t h e b u f f e r i n g ac t i v i t y o f HEPES. Dur ing t h e i m m e r s i o n t es t s , t h e bu lk pH 

o f b o t h o f t h e e l ec t ro l y t es ( D M E M and HEPES-buf fered D M E M ) r e m a i n e d c o n s t a n t 

a t 7 .45, c o n f i r m i n g t h a t t h e ve r y large SV/SA ra t io i ndeed p r e v e n t e d t h e so lu t i ons 

f r o m bu lk a l ka l i za t i on , as o b s e r v e d by Yang and Zhang [ 57 ] . Of m o r e i n t e r e s t w e r e 

t h e changes o f t h e local p H . It w a s f o u n d t h a t w h i l e t h e bu lk pH r e m a i n e d s tab le 

d u r i n g t h e i m m e r s i o n tes ts , t h e local pH changed t o a lka l ine va lues , as s h o w n in Fig. 

3. The local pH of D M E M c o n t i n u o u s l y i nc reased f r o m 7.45 t o 7.65 in 3 6 0 0 s, 

exceed ing t h e pH range o f 7.4 - 7.6 in t h e n o r m a l phys io log ica l e n v i r o n m e n t s , w h i l e 

on l y a s h o r t pos i t i ve sh i f t w i t h a m a x i m u m pH va lue o f 7.55 in t h e local pH o f t h e 

HEPES-buf fered s o l u t i o n o c c u r r e d and qu i ck l y t h e local pH r e t u r n e d t o t h e in i t ia l 

va lue o f 7.45. It d e m o n s t r a t e d t h a t t h e local a lka l i za t ion i n d e e d t o o k p lace desp i t e 

t h e large SV/SA ra t io a n d t h e a lka l i za t ion r e m a i n e d local t h r o u g h o u t t h e tes ts 

w i t h o u t a f f e c t i n g t h e pH of t h e w h o l e s o l u t i o n . It is lil<ely t h a t t h e local pH 

m e a s u r e m e n t s are a f f e c t e d by t h e d is tance b e t w e e n t h e pH e l e c t r o d e p l a c e m e n t 

and t h e c o r r o d i n g su r face . In o t h e r w o r d s , t h e local pH m e a s u r e m e n t s o f t h e 

s o l u t i o n at c loser spo ts , e.g. , a f e w m i c r o m e t e r s a w a y f r o m t h e su r face , m i g h t have 

s h o w n even h igher va lues [ 19 ] . The exac t c o r r e l a t i o n o f t h e local pH w i t h t h e 

d is tance f r o m t h e m a g n e s i u m su r face , y e t t o be es tab l i shed by m e a n s o f pH m i c r o -

sensors , is o f m a j o r s ign i f i cance , because it is t h e m i c r o e n v i r o n m e n t a t t h e s o l i d -

l iqu id i n t e r f ace t h a t m a i n l y d e t e r m i n e s t h e c o r r o s i o n b e h a v i o r o f m a g n e s i u m . 

F rom Fig. 3, i t is c lear t h a t t h e local a lka l i za t ion was less severe f o r m a g n e s i u m in 

t h e HEPES-buf fered so l u t i on t h a n in D M E M . This suggests t h a t HEPES n e u t r a l i z e d an 

excess n u m b e r o f local 0 H ' ions in t h e s o l u t i o n and p r o v i d e d a n e u t r a l e n v i r o n m e n t , 

w h i c h w o u l d e n h a n c e t h e d e g r a d a t i o n ra te . O t h e r researchers p r o p o s e d t h a t a 

c o m p l e x m i g h t have f o r m e d b e t w e e n Mg^ ' " and HEPES, w h i c h e f f ec t i ve l y r e m o v e d 

M g ca t ions f r o m t h e s o l u t i o n , t h e r e b y d i s t u r b i n g t h e e q u i l i b r i u m a n d lead ing t o 

fu iL l ier d issuluLion [47 ] , a l t l i o u g l i such a c o m p l e x p r o b a b l y w o u l d n o t f o r m at t h e 
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phys io log ica l c o n c e n t r a t i o n o f Mg^ '^ ions [ 4 7 ] , T h e r e f o r e , t h e l o w e r local pH in t h e 

HEPES-buf fe red s o l u t i o n m i g h t have had a d o m i n a n t e f f e c t o n t h e d e g r a d a t i o n o f 

m a g n e s i u m . In t h e p r e s e n t i m m e r s i o n e x p e r i m e n t s , add i ng HEPES t o D M E M 

inc reased t h e d e g r a d a t i o n ra te o f m a g n e s i u m t h r o u g h i n tense d i s s o l u t i o n a t t h e 

o r ig ina l p o w e r par t i c le b o u n d a r i e s a n d g ra in b o u n d a r i e s , caus ing t h e f o r m a t i o n o f 

in i t ia l l y nano-s ized a n d t h e n m ic ro - s i zed cracks in t h e su r face layer , as t h e 

d e g r a d a t i o n p r o c e e d e d f u r t h e r . The h i e ra r chy o f t h e cracks bu i l t up an o p e n 

s t r u c t u r e o f t h e su r face layer , w h i c h a l l o w e d t h e i m m e r s i o n s o l u t i o n t o s tay in d i rec t 

c o n t a c t w i t h t h e m a g n e s i u m su r face , t h e r e b y p r o m o t i n g f u r t h e r d e g r a d a t i o n . As a 

resu l t , t h e m a g n e s i u m su r face b e c a m e less p r o t e c t e d and e x h i b i t e d a s t r o n g e r 

t e n d e n c y o f c o r r o s i o n in t h e HEPES-buf fe red s o l u t i o n . 

Fig. 1 Sur face m o r p h o l o g i e s o f m a g n e s i u m spec imens a f t e r i m m e r s i o n in t h e 

HEPES-buf fe red s o l u t i o n f o r (a) 15 , (b) 3 0 0 a n d (c) 3 6 0 0 s. Black a r r o w s in Fig. l a 

s h o w t h e p resence o f nano -s i zed cracl<s in t h e in i t ia l su r face layer , w h i l e w h i t e 

a r r o w s i nd i ca te t h e f o r m a t i o n (Fig. l a ) a n d g r o w t h o f cracks (Fig. l b a n d c) in t h e 

su r face layer a l o n g t h e o r ig ina l p o w d e r pa r t i c le b o u n d a r i e s and g ra in b o u n d a r i e s . 
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Fig. 2 Sur face m o r p h o l o g i e s o f spec imens a f t e r i m m e r s i o n in (a) t h e HEPES-buf fe red 

s o l u t i o n and (b) t h e D M E M s o l u t i o n f o r 3 6 0 0 s. Black and w h i t e a r r o w s in Fig. 2a 

s h o w an i n t e r c o n n e c t e d n e t w o r k o f cracks a long t h e gra in b o u n d a r i e s and o r ig ina l 

p o w d e r par t i c le b o u n d a r i e s , respec t i ve ly . 
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Fig. 3 Local pH va r ia t i ons w i t h t i m e d u r i n g i m m e r s i o n tes ts in t h e D M E M so lu t i on 

and in t h e HEPES-buf fered s o l u t i o n . 

2.3.2. Effect of HEPES on the precip i tat ion of calcium phosphates 

A f t e r i m m e r s i o n in D M E M f o r 3 6 0 0 s, co lon ies o f a g g l o m e r a t e d spher ica l 

p rec ip i t a tes w e r e o b s e r v e d on s p e c i m e n sur faces (Fig. 2b) . EDS l ine scan analysis 
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revea led t h a t t h e spher i ca l p rec i p i t a t es c o n t a i n e d t h e e l e m e n t s o f c a l c i u m a n d 

p h o s p h o r u s (Fig. 4 ) . Phys io log ica l so l u t i ons are k n o w n f o r i n d u c i n g t h e f o r m a t i o n o f 

ca lc ium p h o s p h a t e p rec i p i t a t es on t h e m a g n e s i u m sur face o w i n g t o s u p e r -

s a t u r a t i o n [ 62 ] . These p r e c i p i t a t e s are t h o u g h t t o be m a i n l y a m o r p h o u s ca l c i um 

p h o s p h a t e phases a g g l o m e r a t e d t o f o r m spher ica l par t i c les [ 63 ] . T h e ca l cu la ted 

Ca/P ra t io o f spher ica l p r e c i p i t a t e s w a s a r o u n d o n e , m e a n i n g t h a t t h e s e p r e c i p i t a t e s 

w e r e d e f i c i e n t in ca l c i um . The c o n t r i b u t i o n o f m a g n e s i u m ca t ions in t h e D M E M 

s o l u t i o n t o spher i ca l a g g l o m e r a t e s m i g h t be t h e cause f o r t h e ca l c i um de f i c i ency , as 

m a g n e s i u m ca t ions c o u l d reac t w i t h ca l c i um a n d p h o s p h a t e ions in t h e s o l u t i o n t o 

f o r m inso lub le p rec i p i t a t es [57 ] . These p r e c i p i t a t e s have s h o w n t o i m p r o v e t h e 

b i o c o m p a t i b i l i t y and o s t e o c o n d u c t i v i t y o f m a g n e s i u m - b a s e d i m p l a n t s , in 

c o m p a r i s o n w i t h h y d r o x y a p a t i t e [ 64 ] . 

By con t ras t , t h e sur faces o f s p e c i m e n s a f t e r i m m e r s i o n in t h e HEPES-bu f fe red 

s o l u t i o n f o r 3 6 0 0 s s h o w e d n o v is ib le ca lc ium p h o s p h a t e p rec ip i t a tes (Fig. 2a) . It is 

genera l l y a c k n o w l e d g e d t h a t t h e a lka l i za t ion o f t h e so l u t i on as a resu l t o f an 

increase in OH" c o n c e n t r a t i o n t h r o u g h r e d u c t i o n reac t ions a t t h e s p e c i m e n sur face 

encou rages t h e p r e c i p i t a t i o n o f ca l c i um p h o s p h a t e phases [57 , 6 5 ] . T h e r e f o r e , t h e 

l o w e r local pH a l m o s t w i t h o u t s o l u t i o n a l ka l i za t i on , caused by t h e HEPES b u f f e r , 

m u s t have p r e v e n t e d t h e ca l c i um p h o s p h a t e p r e c i p i t a t i o n f r o m t a k i n g p lace. The 

Tris b u f f e r , o f t e n used t o r e g u l a t e t h e pH o f t h e s i m u l a t e d body f l u i d (SBF), is 

n o t o r i o u s f o r l i m i t i n g t h e p r e c i p i t a t i o n o f ca l c i um p h o s p h a t e s [ 66 ] . I t is be l i eved t h a t 

t h e Tris b u f f e r l owe rs t h e local pH a n d also f o r m s so lub le c o m p l e x e s w i t h ca l c i um 

ions, w h i c h f u r t h e r reduces t h e c o n c e n t r a t i o n o f f r e e Ca^"^ r e q u i r e d t o f o r m ca l c ium 

p h o s p h a t e p rec ip i t a tes [ 56 ] . In t h e HEPES-buf fe red s o l u t i o n used in t h e p r e s e n t 

s t udy , h o w e v e r , such c o m p l e x e s w i t h ca l c i um ions w o u l d un l i ke l y f o r m [67 ] . Thus , 

t h e t e n d e n c y o f t h e HEPES-buf fe red s o l u t i o n t o p r e c i p i t a t e ca l c i um p h o s p h a t e s w a s 

r e d u c e d , as t h e local pH o f t h e s o l u t i o n w a s m a i n t a i n e d a t a l o w e r level by t h e b u f f e r 

[68 ] . 
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Fig. 4 EDS l ine scan o n m a g n e s i u m s p e c i m e n sur face a f t e r i m m e r s i o n in DIVIEM 

f o r 3 6 0 0 s. W h i t e spher ica l par t i c les ( le f t image ) w e r e ca lc ium p h o s p h a t e 

a g g l o m e r a t e s p r e c i p i t a t e d d i rec t l y f r o m t h e s o l u t i o n . 

2.3.3. Corrosion behavior of magnesium dur ing PDP and OCP tests 

The c o r r o s i o n t e n d e n c i e s o f m a g n e s i u m in t h e D M E M w i t h and w i t h o u t t h e HEPES 

b u f f e r w a s d e t e r m i n e d by p e r f o r m i n g OCP tes ts f o r 3 6 0 0 s (Fig. 5a) . The OCP va lue 

o f m a g n e s i u m in D M E M w a s cons ide rab l y e l e v a t e d t o m o r e pos i t i ve va lues , sho r t l y 

a f t e r i m m e r s i o n ( f r o m -1 .76 V t o -1 .62 V a f t e r 5 0 0 s) and inc reased w i t h t i m e ( -1.54 

V a f t e r 3 6 0 0 s) , i nd i ca t i ng t h e i m m e d i a t e f o r m a t i o n and m a t u r a t i o n o f t h e 

p r o t e c t i v e layer. Such a s t r o n g sh i f t t o pos i t i ve va lues was h o w e v e r n o t o b s e r v e d f o r 

m a g n e s i u m in t h e HEPES-buf fe red s o l u t i o n ; OCP inc reased s m o o t h l y and g radua l l y 

f r o m -1 .86 V t o -1 .83 V a f t e r 3 6 0 0 s. A f t e r 5 0 0 s, t h e OCP va lue o f m a g n e s i u m in t h e 

HEPES-buf fered s o l u t i o n w a s 200 m V sma l le r t h a n t h a t in t h e D M E M so lu t i on and 

a f t e r 3 6 0 0 s t h e d i f f e r e n c e b e c a m e even larger (300 m V ) . It sugges ted t h a t 

m a g n e s i u m sur face was b e t t e r p r o t e c t e d by a h y d r o x i d e layer in D M E M at t h e ear ly 

s tage o f i m m e r s i o n and t h e in i t ia l l y f o r m e d layer was m o r e rap id l y m a t u r e d , as 

c o m p a r e d t o t h a t in t h e HEPES-buf fe red s o l u t i o n [55 ] . This is in l ine w i t h t h e 

o b s e r v a t i o n s o f t h e su r face layer o f m a g n e s i u m in t h e p resence o f HEPES (Figs. 1 

and 2) , w h e r e cracks a p p e a r e d such t h a t t h e su r face w a s c o n t i n u o u s l y exposed t o 

t h e i m m e r s i o n s o l u t i o n . The m u l t i p l e f l u c t u a t i o n s o f t h e OCP cu rve o f m a g n e s i u m in 

D M E M (Fig. 5a) cou ld be an i nd i ca t i on o f m e t a s t a b l e sur face b r e a k d o w n . A p rev ious 

s t u d y c o n d u c t e d by Xin and Chu [69] o n t h e e f f e c t o f t h e TRIS b u f f e r on m a g n e s i u m 

co r ros ion s h o w e d a s im i la r i n d i c a t i o n f o r p i t t i n g at t h e ear ly s tages o f i m m e r s i o n . 

H o w e v e r , such an i n d i c a t i o n was absen t in t h e OCP cu rve o f m a g n e s i u m in t h e 

HEPES-buf fered s o l u t i o n , as s h o w n in Fig. 5a. 
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Fig. 5b s h o w s t h e p o t e n t i o d y n a m i c po la r i za t i on curves o f m a g n e s i u m in t h e D M E M 

s o l u t i o n and in t h e HEPES-buf fe red s o l u t i o n . The c o r r o s i o n p o t e n t i a l o f m a g n e s i u m 

in D M E M (-1.53 V) s h o w e d a m o r e pos i t i ve va lue t h a n in t h e HEPES-bu f fe red 

s o l u t i o n (-1.77 V) , m e a n i n g t h a t t h e su r face was m o r e e f f ec t i ve l y p r o t e c t e d by t h e 

in i t ia l l y f o r m e d su r face layer. As a c o n s e q u e n c e , t h e c o r r o s i o n c u r r e n t dens i t i es in 

b o t h ca thod i c a n d anod i c reg ions ( b e f o r e su r face b r e a k d o w n ) w e r e h ighe r in t h e 

HEPES-buf fered s o l u t i o n (Fig. 5d ) . In D M E M , h o w e v e r , t h e co r ros i on c u r r e n t dens i t y 

s u d d e n l y inc reased dras t ica l l y a t re la t i ve ly l o w a n o d i c o v e r - p o t e n t i a l s (+50 m V vs 

co r ros i on p o t e n t i a l ) , as a resu l t o f t h e sur face b r e a k d o w n . On t h e c o n t r a r y , n o such 

sur face b r e a k d o w n o c c u r r e d f o r m a g n e s i u m w h e n HEPES w a s a d d e d as a b u f f e r t o 

D M E M and w i t h inc reas ing o v e r - p o t e n t i a l t h e c o r r o s i o n c u r r e n t r e m a i n e d a t a 

h igher b u t c o n s t a n t leve l . Fig. 5c dep ic t s t h e m e a s u r e d va lues o f t h e local pH as a 

f u n c t i o n t i m e in t h e PDP tes t s . With i nc reas ing anod i c p o t e n t i a l , a local acid ic 

e n v i r o n m e n t d e v e l o p e d ove r t h e su r face o f m a g n e s i u m and its m a g n i t u d e w a s 

s ign i f i can t l y h i ghe r in D M E M . Inc reas ing anod i c p o t e n t i a l caused t h e rap id 

d i sso lu t i on o f m a g n e s i u m , lead ing t o a large a m o u n t o f Mg^"^ m i g r a t i n g t o t h e 

s o l u t i o n . Baes a n d M a s m e r [70] s h o w e d t h a t t h e h igh c o n c e n t r a t i o n o f M g ^ ^ ca t ions 

w o u l d e v e n t u a l l y reac t w i t h w a t e r and p r o d u c e p r o t o n s t h a t w o u l d ac id i f y t h e local 

e n v i r o n m e n t (Eq. 1) . 

4 M g ^ " (aq) + 4H2O (I) ^ M g 4 ( O H ) 4 ' ' ' ( a q ) + 4 H ^ a q ) E q . l 

Subsequen t l y , t h e su r face layer w o u l d b e c o m e m o r e uns tab le in t h e p resence o f a 

h igher c o n c e n t r a t i o n o f p r o t o n s and e v e n t u a l l y b r e a k d o w n w o u l d t a k e p lace 

acco rd ing t o t h e f o l l o w i n g reac t i on 

M g ( 0 H ) 2 (s) + 2H+ (aq) ^ 4H2O (I) + Mg2^ (aq) Eq. 2 

The local ac id i f i ca t i on as a resu l t o f t h e hydro lys is o f m a g n e s i u m ca t ions w a s f i rs t 

m e n t i o n e d by Rob inson and Geo rge [71] a n d t h e n a d o p t e d t o exp la in t h e 

d e g r a d a t i o n m e c h a n i s m s of m a g n e s i u m [72 ] . H o w e v e r , o t h e r s tud ies sugges ted t h a t 

t h e poss ib le a n o d i c ac id i f i ca t i on o f m a g n e s i u m su r face w o u l d n o t be s ign i f i can t 

e n o u g h t o i n f l uence t h e pH o f t h e s o l u t i o n [ 73 ] . In t h e p resen t s t udy , h igh 

ac id i f i ca t ion o f t h e local e n v i r o n m e n t was d e t e c t e d d u r i n g anod i c p o l a r i z a t i o n . The 

ca t i on hydro lys is cou ld be e v e n m o r e s ign i f i can t ins ide an i so la ted p i t o r a crack 

w h e r e t h e a n o d i c d i sso lu t i on w a s d o m i n a n t a n d t h e r e f o r e t h e c o n c e n t r a t i o n o f Mg^"^ 

m i g h t be e x t r e m e l y h igh . Fig. 5c s h o w s t h a t t h e ca t i on hydro lys is b e c a m e m o r e 

s ign i f i can t w i t h inc reas ing a n o d i c c u r r e n t dens i t y . This ind ica tes t h a t t h e m a g n i t u d e 

o f t h e local ac id i f i ca t i on is d e p e n d e n t on t h e ac t i v i t y o f t h e local anodes , e.g. , g ra in 

b o u n d a r i e s . In o t h e r w o r d s , t h e s t r o n g e r t h e ga lvan ic c o u p l i n g , t h e g r e a t e r t h e local 

ac id i f i ca t ion o n t h e local anodes . HEPES n e u t r a l i z e d an excess n u m b e r o f p r o t o n s 

and t hus l i m i t e d t h e m a g n i t u d e o f su r face ac id i f i ca t i on , as s h o w n in Fig 5c. The 
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sur face layer cou ld be m o r e i m m u n e t o p r o t o n s as a resu l t o f t h e b u f f e r i n g ac t i v i t y 

o f HEPES. H igh ly aggress ive an ions such as ch lo r ides cou ld also be respons ib l e f o r 

t h e sur face b r e a k d o w n , because t h e y w o u l d even tua l l y a t t ack a n d d e s t r o y t h e 

p r o t e c t i v e layer [ 42 ] . Since t h e so lu t i ons used in t h e p r e s e n t s t u d y w e r e i den t i ca l 

w i t h respec t t o t h e base chem ica l c o m p o s i t i o n (e.g. , ch lo r ide ions) a n d t h e o n l y 

d i f f e r e n c e b e t w e e n t h e t w o so lu t i ons was t h e p resence and absence o f t h e HEPES 

bu f f e r , it w a s m o s t l ike ly t h a t t h e b u f f e r i n g ac t i v i t y o f HEPES i n f l u e n c e d t h e a n o d i c 

d i sso lu t i on o f m a g n e s i u m . 
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2.4. Conclusions 

In t h e p r e s e n t research , i m m e r s i o n t es t s , e l e c t r o c h e m i c a l tes ts a n d sur face 

c h a r a c t e r i z a t i o n w e r e p e r f o r m e d t o d e v e l o p an u n d e r s t a n d i n g o f t h e e f f e c t o f t h e 

b u f f e r i n g ac t i v i t y o f HEPES in D M E M on t h e d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m . 

This u n d e r s t a n d i n g is o f f u n d a m e n t a l i m p o r t a n c e , because it w i l l he lp u n d e r s t a n d 

t h e co r re l a t i ons b e t w e e n e x p e r i m e n t a l resu l ts o b t a i n e d f r o m in v i t r o and in v i v o 

tes ts . It w i l l a l l o w t h e f u r t h e r research t o be f o c u s e d on o t h e r m a j o r f a c t o r s , such as 

t h e c i r cu la t i on o f pseudo -phys i o l og i ca l so l u t i ons t h a t c o n t i n u o u s l y ca r r y ions a w a y 

in a d y n a m i c m a n n e r t o a c c o u n t f o r t h e d i f f e rences b e t w e e n s ta t i c in v i t r o t e s t 

resu l ts and in v i t r o t e s t resu l ts . The f o l l o w i n g conc lus ions have b e e n d r a w n f r o m t h e 

p resen t research . 

1 . W i t h t h e a d d i t i o n o f t h e HEPES b u f f e r t o D M E M , t h e local pH c lose t o t h e 

m a g n e s i u m sur face w a s large ly m a i n t a i n e d , l ead ing t o i n tense i n t e r g r a n u l a r a n d 

i n t e r p a r t i c l e c o r r o s i o n a n d t h u s a h igher d e g r a d a t i o n ra te o f m a g n e s i u m . 

2. A h igher d i sso lu t i on ra te o f m a g n e s i u m a t t h e o r ig ina l p o w d e r pa r t i c le b o u n d a r i e s 

and g ra in b o u n d a r i e s r esu l t ed in an i n t e r c o n n e c t e d n e t w o r k o f cracks in t h e su r face 

layer, t h e r e b y p r o v i d i n g p a t h w a y s f o r t h e i m m e r s i o n s o l u t i o n t o s tay in d i r ec t 

c o n t a c t w i t h t h e m a g n e s i u m sur face a n d p r o m o t i n g f u r t h e r d i s s o l u t i o n . 

3. In t h e HEPES-buf fe red s o l u t i o n , t h e c a t h o d i c a n d anod i c c u r r e n t dens i t i es in t h e 

PDP tes ts w e r e h ighe r a n d t h e OCP va lues w e r e m o r e nega t i ve d u e t o t h e p resence 

o f su r face cracl<s, as c o m p a r e d t o t h o s e in D M E M w i t h o u t t h e bu f f e r . 

4 . The p r e c i p i t a t i o n o f ca l c i um p h o s p h a t e s in t h e HEPES-buf fe red w a s l i m i t e d d u e 

t o t h e b u f f e r i n g ac t i v i t y o f HEPES. 

5. The a d d i t i o n o f t h e HEPES b u f f e r t o t h e D M E M s o l u t i o n used in in v i t r o s tud ies on 

t h e b i o d e g r a d a t i o n b e h a v i o r o f m a g n e s i u m p r o v i d e d a ha rshe r e n v i r o n m e n t f o r 

m a g n e s i u m t o resist rap id c o r r o s i o n , b u t it is necessary , as t h e b o d y f l u ids are also 

a b u f f e r e d e n v i r o n m e n t . 
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Abstract 

The p r e s e n t research was a i m e d at d e v e l o p i n g m a g n e s i u m - m a t r i x c o m p o s i t e s t h a t 

c o u l d a l l ow e f f ec t i ve c o n t r o l ove r t h e i r p h y s i o c h e m i c a l a n d m e c h a n i c a l responses 

w h e n in c o n t a c t w i t h phys io log ica l so l u t i ons . A b i o d e g r a d a b l e , b i oac t i ve c e r a m i c -

b red ig i t e w a s chosen as t h e r e i n f o r c i n g phase in t h e c o m p o s i t e s , based o n t h e 

hypo thes i s t h a t t h e s i l i con - a n d m a g n e s i u m - c o n t a i n i n g ce ram ic c o u l d p r o t e c t 

m a g n e s i u m f r o m fas t co r ros i on a n d a t t h e s a m e t i m e s t i m u l a t e cel l p r o l i f e r a t i o n . 

M e t h o d s t o p r e p a r e c o m p o s i t e s w i t h i n t e g r a t e d m i c r o s t r u c t u r e s - a p r e r e q u i s i t e t o 

ach ieve c o n t r o l l e d b i o d e g r a d a t i o n w e r e d e v e l o p e d . A sys tema t i c e x p e r i m e n t a l 

a p p r o a c h w a s t a k e n in o r d e r t o e l uc ida te t h e in v i t r o b i o d e g r a d a t i o n m e c h a n i s m s 

and k inet ics o f t h e c o m p o s i t e s . It was f o u n d t h a t t h e c o m p o s i t e s w i t h 2 0 - 4 0 % 

h o m o g e n o u s l y d i spe rsed b red ig i t e par t i c les , p r e p a r e d f r o m p o w d e r s , c o u l d i n d e e d 

s ign i f i can t l y dec rease t h e d e g r a d a t i o n ra te o f m a g n e s i u m by up t o 24 t i m e s . S low 

d e g r a d a t i o n o f t h e c o m p o s i t e s resu l ted in t h e r e t e n t i o n o f t h e mechan i ca l i n t eg r i t y 

o f t h e c o m p o s i t e s w i t h i n t h e s t r e n g t h range o f co r t i ca l b o n e a f t e r 12 days o f 

i m m e r s i o n in a cel l c u l t u r e m e d i u m . Cell a t t a c h m e n t , c y t o t o x i c i t y a n d b ioac t i v i t y 

tes ts c o n f i r m e d t h e s t i m u l a t o r y e f fec ts o f b r e d i g i t e e m b e d d e d in t h e c o m p o s i t e s on 

t h e a t t a c h m e n t , v iab i l i t y and d i f f e r e n t i a t i o n o f b o n e m a r r o w s t r o m a l cel ls. Thus , t h e 

m u l t i p l e bene f i t s o f a d d i n g b red ig i t e t o m a g n e s i u m in e n h a n c i n g d e g r a d a t i o n 

behav io r , mechan i ca l p r o p e r t i e s , b i o c o m p a t i b i l i t y and b ioac t i v i t y w e r e o b t a i n e d . 

The resul ts f r o m th i s research s h o w e d t h e exce l l en t p o t e n t i a l o f t h e b r e d i g i t e -

c o n t a i n i n g c o m p o s i t e s f o r b o n e i m p l a n t app l i ca t i ons , t h u s w a r r a n t i n g f u r t h e r in 

v i t r o and in v i vo resea rch . 
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3.1. Introduction 

O v e r t h e last decade , m a g n e s i u m has a t t r a c t e d m u c h a t t e n t i o n in t h e f i e l d o f 

b i o m a t e r i a l s o n a c c o u n t o f its b i o d e g r a d a b l e n a t u r e a n d h igh s t r e n g t h - t o - d e n s i t y 

ra t io . In a d d i t i o n , m a g n e s i u m in its ion ic f o r m ( M g ^ * ) is t h e m o s t a b u n d a n t b i va len t 

ca t i on w i t h i n t h e cel ls a n d t h e f o u r t h m o s t a b u n d a n t e l e m e n t in v e r t e b r a t e s [74 ] . 

A r o u n d 6 4 % o f t h e t o t a l Mg^"^can be f o u n d in b o n e , 3 5 % in o t h e r t i ssue 

c o m p a r t m e n t s a n d 1 - 2 % in p lasma a n d e x t r a c e l l u l a r f l u i d s [ 75 ] . Because o f t h e g o o d 

b i o c o m p a t i b i l i t y a n d m e c h a n i c a l c o m p a t i b i l i t y o f m a g n e s i u m t o h u m a n b o n e , 

ex tens i ve research has been p e r f o r m e d t o e x p l o r e t h e poss ib i l i t i es o f us ing 

m a g n e s i u m - b a s e d ma te r i a l s f o r o r t h o p e d i c i m p l a n t s [ 76 -78 ] . H o w e v e r , up t i l l n o w , 

c l in ical app l i ca t i ons o f m a g n e s i u m - b a s e d i m p l a n t s have b e e n r a t h e r scarce. Too fas t 

d e g r a d a t i o n o f m a g n e s i u m - b a s e d ma te r i a l s in phys io log ica l so l u t i ons c o n t a i n i n g 

i no rgan ic salts [ 79 ] , l ead ing t o rap id re lease o f h y d r o g e n gas, p r e m a t u r e loss o f 

mechan i ca l p r o p e r t i e s a n d i m p l a n t f a i l u r e , has r e m a i n e d t o be a f u n d a m e n t a l 

p r o b l e m h i n d e r i n g t h e i r w i d e s p r e a d app l i ca t i ons . 

M a n y research e f f o r t s have b e e n m a d e t o r e d u c e t h e d e g r a d a t i o n ra te o f 

m a g n e s i u m by a l loy ing . A l t h o u g h m u c h p rogress has b e e n m a d e , a l m o s t all s e c o n d 

phases f o r m e d as a resu l t o f exceed ing so lub i l i t y l im i ts in t h e m a g n e s i u m sol id 

s o l u t i o n have been r e p o r t e d t o p r o m o t e m ic ro -ga l van i c c o r r o s i o n , caus ing loca l ized 

anod ic d i sso lu t i on o f t h e a d j a c e n t m a g n e s i u m m a t r i x [ 80 ] . Consequen t i a l l y , m o s t 

m a g n e s i u m al loys e x h i b i t c o r r o s i o n ra tes e v e n g r e a t e r t h a n p u r e m a g n e s i u m [81 ] . 

In a d d i t i o n , cons t ra i n t s have b e e n e n c o u n t e r e d in us ing a l l oy ing e l e m e n t s , because 

o f k n o w n o r u n c e r t a i n l o n g - t e r m cl in ical e f f ec t s o f t h e s e e l e m e n t s . A l u m i n u m , a 

c o m m o n l y used a l l oy ing e l e m e n t t o e n h a n c e t h e s t r e n g t h and co r ros i on res is tance 

o f m a g n e s i u m , f o r e x a m p l e , has been r e p o r t e d t o cause neu ro log i ca l d i s o r d e r [ 2 2 ] , 

w h e n its c o n c e n t r a t i o n in p lasma exceeds 3 p M [82 ] . Z i r c o n i u m , an e l e m e n t in t h e 

ZK m a g n e s i u m a l loy f a m i l y , has been f o u n d t o be assoc ia ted w i t h l iver cancer , l ung 

cancer , b reas t cance r a n d n a s o p h a r y n g e a l cancer , w h e n its p resence in p lasma 

exceeds 1 m M [21 ] . Undes i r ab l e e f fec t s o f a l l oy ing e l e m e n t s as such have large ly 

l i m i t e d t h e a d o p t i o n o f t h e a l l oy ing a p p r o a c h . Sur face coa t i ng t o f o r m a 

b i o d e g r a d a b l e layer has been t r i e d as a use fu l a p p r o a c h t o de lay ing t h e onse t o f t h e 

b i o d e g r a d a t i o n o f t h e m a g n e s i u m s u b s t r a t e by p r e v e n t i n g t h e co r ros i ve l i qu id f r o m 

reach ing t h e s u b s t r a t e . Obv ious ly , t h e f u n c t i o n a l i t y o f t h e su r face coa t i ng is l i m i t e d 

on l y t o t h e ear l y s tages o f i m m e r s i o n in phys io log ica l so l u t i ons [ 83 ] , b u t n o t d u r i n g 

t h e w h o l e course o f d e g r a d a t i o n , because on l y t h e e x p o s e d sur faces o f an i m p l a n t 

can be t r e a t e d w h i l e t h e bu l k r e m a i n s u n t r e a t e d . M o r e o v e r , m o s t b i o d e g r a d a b l e 

coa t ings t e n d t o f l ake o f f , once a c o a t e d i m p l a n t is u n d e r mechan i ca l l oad ing , w h i c h 

resu l ts in local ized c o r r o s i o n o f t h e s u b s t r a t e at an acce le ra ted ra te . 
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Ideal ly , a b i o d e g r a d a b l e o r t h o p e d i c i m p l a n t is also b ioac t i ve and can p rese rve its 

f u n c t i o n a l i t y ove r t h e w h o l e hea l ing pe r i od o f d e f e c t e d b o n e ( i dea l l y 3 -

6 m o n t h s ) [84 ] . M a g n e s i u m m a t r i x c o m p o s i t e s c o n t a i n i n g b i o d e g r a d a b l e and 

b ioac t i ve par t i c les e m b e d d e d in t h e bu lk m a y b e ab le t o expose t h e s e pa r t i c les , f o r m 

a p r o t e c t i v e layer a n d s t i m u l a t e a p p e t i t e f o r m a t i o n t h r o u g h o u t t h e w h o l e cou rse o f 

b i o d e g r a d a t i o n . H o w e v e r , desp i t e t h e p r o m i s i n g p o t e n t i a l o f m a g n e s i u m m a t r i x 

c o m p o s i t e s f o r o r t h o p e d i c app l i ca t i ons , u p t i l l n o w , t h e r e have been on l y a f e w 

inves t iga t ions on t h e sub jec t [ 23 ] . 

A t t e m p t s have been m a d e t o use h y d r o x y a p a t i t e (HA) a n d P- t r i ca lc ium p h o s p h a t e 

(P-TCP) [85 , 86 ] as t h e r e i n f o r c i n g phases t o s l ow d o w n t h e d e g r a d a t i o n o f 

m a g n e s i u m al loys a n d i m p r o v e t h e i r b i oac t i v i t y , m a i n l y c o n s i d e r i n g t h e c lose 

chemica l s im i la r i t i es o f t h e s e b ioce ram ics w i t h t h e i no rgan ic c o m p o n e n t o f b o n e . It 

is t h e a u t h o r s ' p o i n t o f v i e w t h a t t h e choices o f t h e s e b ioce ramics w e r e n o t f i r m l y 

based on c o m p r e h e n s i v e cons ide ra t i ons t o fu l f i l l t h e r e q u i r e m e n t s o f t h e 

b i oce ram ic phase in m a g n e s i u m m a t r i x c o m p o s i t e s , i nc lud ing b i o c o m p a t i b i l i t y , 

b i odeg radab i l i t y , b i oac t i v i t y , mechan i ca l p r o p e r t i e s and b o n d a b i l i t y w i t h t h e 

m a g n e s i u m ma t r i x . As a resu l t , t h e chosen b ioce ramics have o n e o r m o r e 

de f i c ienc ies . For e x a m p l e , HA lacks b i o d e g r a d a b i l i t y , as c l in ical t es t s have s h o w n 

t h a t i t does n o t d e g r a d e s ign i f i can t l y in t h e b o d y a n d r e m a i n s as a p e r m a n e n t 

f i x t u r e , be ing suscep t ib le t o l o n g - t e r m fa i l u re [ 28 ] . (5-TCP o n t h e o t h e r h a n d is 

b i o r e s o r b a b l e , b u t its b i oac t i v i t y leaves m u c h t o be des i r ed , ma in l y because it lacks 

s i l icon t h a t is d i rec t l y i nvo l ved in t h e m i n e r a l i z a t i o n process o f b o n e g r o w t h [30 ] . 

Thus , t h e i n c o r p o r a t i o n o f s i l i con i n t o Ca-P b ioce ramics is c o n s i d e r e d a m u s t , if 

e n h a n c e d b ioac t i v i t y is des i red [87 , 8 8 ] . 

Bred ig i te (CayMgSlAOie) is a b i odeg radab le a n d b ioac t i ve ce ram ic in t h e CaO-SiOz-

M g O s y s t e m . This s i l i con -con ta i n i ng b i oce ram ic has s h o w n rap id HA m i n e r a l i z a t i o n , 

exce l len t c y t o c o m p a t i b i l i t y [ 32 ] , a s t r o n g s t i m u l a t i n g e f f e c t o n o s t e o b l a s t 

p r o l i f e r a t i o n [31] a n d h igh os teogen i c p o t e n t i a l [ 89 ] . The mechan i ca l p r o p e r t i e s o f 

b red ig i t e are c lose t o t h o s e o f co r t i ca l b o n e [ 3 1 , 3 3 ] , e n a b l i n g b red ig i t e t o bear 

mechan ica l load ove r a sus ta ined p e r i o d o f t i m e a f t e r i m p l a n t a t i o n , w h i c h makes 

b red ig i t e a m o r e su i tab le o p t i o n t h a n t h e p rev ious l y used c a l c i u m - p h o s p h a t e - b a s e d 

c o m p o u n d s such as t r i c a l c i u m p h o s p h a t e s (TCP). One u n i q u e p r o p e r t y o f b red ig i t e 

lies in its ab i l i t y t o f o r m chem ica l b o n d i n g w i t h t h e m a g n e s i u m m a t r i x t h r o u g h a 

h igh ly e x o t h e r m i c r eac t i on b e t w e e n Si — 0 bonds o f b red ig i t e and m a g n e s i u m [ 9 0 ] , 

t h e r e b y p r o d u c i n g M g O and MgzSi a t t h e M g - b r e d i g i t e i n te r f ace . It is t h i s p r o p e r t y 

t h a t d i f f e r e n t i a t e s t h e c o m p o s i t e s w i t h t h e b ioce ram ics in t h e CaO-S i02-MgO 

s y s t e m f r o m t h e o t h e r m a g n e s i u m - m a t r i x c o m p o s i t e s t h a t have so f a r been s t u d i e d 

p o t e n t i a l l y f o r o r t h o p e d i c app l i ca t i ons a n d s h o w n a lack o f p r o p e r b o n d i n g b e t w e e n 

c o m p o s i t e c o n s t i t u e n t s [ 26 ] . In o ther w o r d s , b r e d i g i t e was cons ide red a b e t t e r 
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cho ice t h a n HA o r TCP in m e e t i n g t h e f i ve r e q u i r e m e n t s o f an ideal b i o c e r a m i c phase 

f o r b i o d e g r a d a b l e m a g n e s i u m - m a t r i x c o m p o s i t e s . 

In th i s s t u d y , w e a i m e d at d e v e l o p i n g m a g n e s i u m m a t r i x c o m p o s i t e s c o n t a i n i n g 

h o m o g e n o u s l y d i spe rsed b red ig i t e par t i c les a n d hav ing i n t e g r a t e d m i c r o s t r u c t u r e s 

in o r d e r t o (i) s l o w d o w n t h e d e g r a d a t i o n o f m a g n e s i u m , (ii) t o e x t e n d t h e d u r a t i o n 

o f its mechan i ca l f u n c t i o n a l i t y and (ii i) t o e n h a n c e its b i oac t i v i t y at t h e s a m e t i m e . 

Par t i cu la r a t t e n t i o n w a s pa id t o u n d e r s t a n d i n g t h e ro le t h a t s i l i c o n - c o n t a i n i n g 

b red ig i t e p layed in b i o d e g r a d a t i o n and b i oac t i v i t y m e c h a n i s m s . 

3.2. Materials and methods 

3.2 .1 . Mater ia l preparat ion 

In th is resea rch , a p o w d e r m e t a l l u r g y r o u t e w a s chosen t o p r e p a r e m o n o l i t h i c 

m a g n e s i u m a n d c o m p o s i t e spec imens . M a g n e s i u m ( w i t h a p u r i t y o f 9 9 . 8 6 % , 

320 p p m Fe and 160 p p m N i , d e t e r m i n e d by m e a n s o f an X-ray F luorescence 

Spec t roscope - XRF) and b red ig i t e (CaTMgSinOie) p o w d e r s w i t h m e d i a n pa r t i c le sizes 

o f 90 p m and 10 p m , respec t i ve ly , w e r e chosen as t h e s t a r t i n g ma te r i a l s . I r regu la r 

b red ig i t e p o w d e r par t i c les w e r e m i x e d w i t h spher i ca l m a g n e s i u m p o w d e r par t ic les 

a t 20 a n d 40 v o l % us ing a r o t a r y m i x e r f o r 12 h t o o b t a i n h o m o g e n o u s m i x t u r e s . 

S u b s e q u e n t l y , t h e m i x e d p o w d e r s w i t h 20 and 40 v o l % b r e d i g i t e par t ic les w e r e 

h e a t e d in a cy l ind r i ca l d ie t o 3 5 0 °C u n d e r a p re -p ressu re o f 100 IVlPa and t h e n 

c o m p a c t e d a t 5 0 0 M P a . A s i n t e r i n g s tep f o r 2 h u n d e r t h e c o m p a c t i o n load w a s 

t a k e n t o ensu re b o n d i n g b e t w e e n p o w d e r par t i c les . 

The va lue o f bu lk d e n s i t y (P) was d e r i v e d f r o m t h e m e a s u r e d w e i g h t a n d v o l u m e o f 

each s a m p l e by us ing A r c h i m e d e s ' p r i nc ip le acco rd i ng t o A S T M B962-15 . 

The m i c r o s t r u c t u r e s and sur face m o r p h o l o g i e s o f t h e ma te r i a l s w e r e cha rac te r i zed 

us ing a JEOL JSM-6500F Scann ing E lec t ron M i c r o s c o p e (SEM) w o r k i n g a t an 

acce le ra t i ng v o l t a g e o f 15 kV and e q u i p p e d w i t h an Energy Dispers ive S p e c t r o m e t e r 

(EDS). EDS e l e m e n t a l m a p p i n g was c o n d u c t e d t o s t u d y t h e e l e m e n t a l c o m p o s i t i o n s 

o f samp le sur faces b e f o r e a n d a f t e r t h e i m m e r s i o n tes ts as desc r ibed b e l o w . 

3.2.2. Mechanical propert ies 

M l c r o h a r d n e s s (Vickers ha rdness ) va lues o f t h e ma te r i a l s w e r e o b t a i n e d by m i c r o -

i n d e n t a t i o n w i t h a s q u a r e - b a s e d p y r a m i d a l - s h a p e d d i a m o n d i n d e n t e r hav ing an 
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ang le o f 136° a n d w i t h a d w e l l i n g t i m e o f 12 s, acco rd ing t o t h e s t a n d a r d t e s t 

m e t h o d (ASTM E384-99) . Samples w e r e i n d e n t e d a t 1 kgf. I n d e n t a t i o n w a s r e p e a t e d 

a t a m i n i m u m of 15 t i m e s t o ensu re a re l iab le m e a n va lue . The bu lk m e c h a n i c a l 

p r o p e r t i e s o f t h e ma te r i a l s w e r e d e t e r m i n e d by p e r f o r m i n g c o m p r e s s i o n t es t s a t a 

c rosshead speed o f 0.5 m m / m i n . Compress ion tes ts w e r e s t o p p e d w h e n t h e 

compress i ve load d r o p p e d by > 20%. The h e i g h t t o d i a m e t e r ra t io o f t h e samp les 

w a s o n e , acco rd i ng t o ASTM E9. C o m p o s i t e samp les w e r e s u b j e c t e d t o c o m p r e s s i o n 

tes ts b e f o r e and a f t e r i m m e r s i o n in t h e Du lbecco 's M o d i f i e d Eagle's M e d i u m 

( D M E M ) s o l u t i o n f o r 1 , 3, 6 , 1 2 days . 

3.2.3. In v i t ro degradat ion tests 

To m i m i c t h e s i t ua t i ons in vivo, d e g r a d a t i o n tes ts w e r e c o n d u c t e d in a c o r r o s i o n cell 

o p e r a t i n g at 37 °C us ing D M E M (D1145 , S igma-A ld r i ch ) as a co r ros i ve e n v i r o n m e n t . 

HEPES ( 4 - ( 2 - h y d r o x y e t h y l ) - l - p i p e r a z i n e e t h a n e s u l f o n i c acid - 3 9 1 3 3 8 , 

Ca lb iochem) - an a t m o s p h e r e - i n d e p e n d e n t b io log ica l b u f f e r was a d d e d t o D M E M 

(25 m M ) t o m a i n t a i n a ce r ta i n deg ree o f e l e c t r o l y t e a lka l in i t y d u r i n g t h e d e g r a d a t i o n 

tes ts . A n an t i - bac te r i a l and a n t i - f u n g u s a g e n t (A5955 , S igma-A ld r i ch ) w a s a d d e d t o 

D M E M by 1 % t o p r e v e n t bac te r ia l and f ung i g r o w t h . The ra t i o o f s o l u t i o n v o l u m e t o 

s a m p l e sur face area (SV/SA) was 30 m l / c m ^ acco rd i ng t o ASTM G31 - 72 . Be fo re t h e 

i m m e r s i o n t es t s , t h e expos ing sur faces o f m a g n e s i u m and c o m p o s i t e samp les w e r e 

g r o u n d us ing SIC s a n d p a p e r up t o 2400 gr i t , w a s h e d in an u l t rason ic e t h a n o l ba th 

f o r 5 m i n a n d d r i e d by a h o t air b l o w e r . The d e g r a d a t i o n ra tes o f t h e ma te r i a l s w e r e 

d e t e r m i n e d f r o m t h e a m o u n t s o f h y d r o g e n gas re leased and mass losses. The 

c o n c e n t r a t i o n s o f ion ic co r ros i on p roduc t s in t h e i m m e r s i o n so l u t i on w e r e 

m e a s u r e d by t h e I nduc t i ve C o u p l e d Plasma (ICP) t e c h n i q u e . The changes o f t h e pH 

o f t h e co r ros i ve s o l u t i o n d u r i n g i m m e r s i o n w e r e m o n i t o r e d using a m i c r o pH m e t e r 

(S220 SevenCompac t , M e t t l e r T o l e d o ) . A f t e r t h e i m m e r s i o n tes ts , t h e co r ros ion 

p roduc t s w e r e r e m o v e d f r o m t h e samp les by using a c h r o m i c ac id s o l u t i o n 

c o m p o s e d o f CrOs (200 g / l ) a n d AgNOa (10 g / l ) , a cco rd i ng t o ASTM G l - 9 0 . 

3.2.4. Electrochemical tests 

Spec imens w i t h a d i a m e t e r o f 13 m m w e r e cu t i n t o slices and m o u n t e d in e p o x y 

res in w i t h on ly t h e t o p su r face t o be exposed t o t h e e l e c t r o l y t e , f o l l o w e d by g r i nd i ng 

w i t h SiC s a n d p a p e r t o 2 4 0 0 g r i t . The exposed su r face area w a s 1.33 cm^ . The slices 

w e r e t h e n m a d e c o n d u c t i v e by a c o p p e r w i r e w i t h an i so la t ion layer (also sh ie ld ing 

t h e c o n n e c t i o n area) . The t h r e e e l e c t r o d e c o n f i g u r a t i o n acco rd ing t o ASTM G 5-94 
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was a d o p t e d t o p e r f o r m po la r i za t i on t es t s . A S a t u r a t e d Ca lome l E lec t rode (SCE) was 

used as t h e re fe rence e l e c t r o d e and a p l a t i n u m m e s h as t h e c o u n t e r e l e c t r o d e . 

O p e n Ci rcu i t Po ten t i a l (OCP) m e a s u r e m e n t s d u r i n g i m m e r s i o n up t o 24 h w e r e 

d e t e r m i n e d us ing a S o l a r t r o n 1 2 5 0 / 1 2 5 5 p o t e n t i o s t a t . P o t e n t i o d y n a m i c 

po la r i za t i on (PDP) tes ts w e r e p e r f o r m e d i m m e d i a t e l y a f t e r t h e OCP m e a s u r e m e n t s 

a t an in i t ia l p o t e n t i a l o f - 0.2 V versus OCP inc reas ing t o + 0.5 V versus OCP a t a scan 

ra te o f 1 m V / s . 

3.2.5. In v i t ro responses o f rat bone nnarrow st romal cells 

3 .2.5.1. Cell a t tachment assay 

Rat b o n e m a r r o w s t r o m a l cells ( rBMSCs) w e r e used t o assess cell a t t a c h m e n t t o t h e 

ma te r i a l s . In b r ie f , cells w e r e r e s u s p e n d e d in t h e cell c u l t u r e m e d i u m a n d t h e n 

s e e d e d on t o t h e sur faces o f pu re M g a n d M g - 2 0 % b red ig i t e c o m p o s i t e samp les w i t h 

a seed ing dens i t y o f 2 x l O " cel ls per w e l l in 2 4 - w e l l t i ssue c u l t u r e p la tes . A f t e r an 

i n c u b a t i o n p e r i o d o f 6 h, spec imens w e r e co l l ec ted f r o m t h e cell c u l t u r e p la tes and 

r insed w i t h p h o s p h a t e - b u f f e r e d sal ine (PBS), w h i c h a l l o w e d t h e r e m o v a l o f n o n ­

a d h e r e n t cel ls . The a d h e r e n t cells w e r e t h e n f i xed us ing 4 % p a r a f o r m a l d e h y d e 

s o l u t i o n f o r 30 m i n . Subsequen t l y , t h e s p e c i m e n s w e r e t r e a t e d w i t h 0 . 1 % T r i t o n X-

100 in PBS and b locked w i t h 1 % bov ine s e r u m a l b u m i n (BSA) f o r 20 m i n . The ac t in 

c y t o s k e l e t o n s o f t h e cel ls w e r e labe l led in red by i n c u b a t i n g w i t h Pha l lo id in TRITC 

(Sigma, USA) f o r 30 m i n and in c o n t r a s t t h e cel l nuc le i w e r e labe l led in b lue by 4 0 , 6 -

d i a m i d i n o - 2 - p h e n y l i n d o l e d i h y d r o c h l o r i d e (DAPl , S igma, USA) [91 ] . The cel l 

m o r p h o l o g y w a s t h e n o b s e r v e d by us ing a con foca l laser scann ing m i c r o s c o p e 

(CLSM, Leica, G e r m a n y ) . 

3.2.5.2. Cytotoxic i ty tests 

M o n o l i t h i c a n d c o m p o s i t e ex t rac t s w e r e p r e p a r e d w i t h a m e t h o d es tab l i shed in 

p rev ious s tud ies [92 ] . Br ie f ly , m a g n e s i u m a n d M g - 4 0 % b red ig i t e discs w i t h a 

d i a m e t e r o f 13 m m a n d a th i ckness o f 2 m m w e r e soaked in Du lbecco 's M o d i f i e d 

Eagle's M e d i u m ( D M E M , GIBCO) w i t h a su r face area t o v o l u m e ra t i o o f 1 m l / c m ^ a n d 

i n c u b a t e d in a h u m i d i f i e d i n c u b a t o r a t 37 °C a n d 5% COz f o r 24 h. The s u p e r n a t a n t 

f l u i d w a s w i t h d r a w n a n d c e n t r i f u g e d a t 1 2 0 0 x g f o r 5 m i n a t r o o m t e m p e r a t u r e . To 

o b t a i n des i red c o n c e n t r a t i o n s o f t h e ex t rac t s , t h e ex t rac ts w e r e d i l u t e d w i t h 

D M E M + 1 0 % PBS (Fetal Bov ine Se rum) (HyClone) + 1 % P/S ( p e n i c i l l i n / s t r e p t o m y c i n ) 



at ra t ios o f 1 /2, 1/4, 1/8 a n d 1/16, and t h e y w e r e t h e n s te r i l i zed t h r o u g h a f i l t e r 

( M i l l i p o r e , 0 .22 m ) and s t o r e d at 4 °C ( ISO10993-1) . 

rBMSCs w e r e a d o p t e d t o eva lua te t h e c y t o t o x i c i t y o f t h e ma te r i a l s . Cells w e r e 

i so la ted , e x p a n d e d using an es tab l i shed m e t h o d w i t h m i n i m u m m o d i f i c a t i o n s [93] 

and c u l t u r e d in D M E M , 1 0 % Fetal Bov ine S e r u m (FBS), 100 U / m l pen ic i l l i n and 

l O O m g / m l s t r e p t o m y c i n a t 37 °C in a h u m i d i f i e d a t m o s p h e r e o f 5% CO2. 

Cy to tox i c i t y tes ts w e r e ca r r ied o u t by i nd i rec t c o n t a c t a n d t h e c o n t r o l g r o u p s 

i nvo l ved t h e use o f D M E M as t h e nega t i ve c o n t r o l . Cells w e r e i n c u b a t e d in 9 6 - w e l l 

cel l c u l t u r e p la tes a t 2 x 10^ ce l l s / 100 pl m e d i u m in each we l l and i n c u b a t e d f o r 2 4 h 

t o a l l o w a t t a c h m e n t . The m e d i u m w a s t h e n rep laced w i t h 100 p l o f ex t rac t s 

p r e p a r e d as a f o r e m e n t i o n e d . The n u m b e r o f v i ab le cells was q u a n t i t a t i v e l y assessed 

by t h e M T T t e s t [94 ] . M T T (Sigma) [ 3 - ( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 2 , 5 - d i p h e n y l 

t e t r a z o l i u m b r o m i d e ] is a y e l l o w t e t r a z o l i u m sal t t h a t can be e n z y m a t i c a l l y 

c o n v e r t e d by a l iv ing cel l t o a p u r p l e f o r m a z a n p r o d u c t . The i n tens i t y o f t h e c o l o r 

p r o d u c e d is t h e r e f o r e d i r ec t l y p r o p o r t i o n a l t o t h e n u m b e r o f v iab le cells in c u l t u r e 

and t h u s t o t h e i r p r o l i f e r a t i o n in vitro. The a b s o r b a n c e o f t h e co lo r can be m e a s u r e d 

at 590 n m (A590) . In t h e p r e s e n t t es t s , a f t e r i n c u b a t i n g at 37 °C a n d in an 

a t m o s p h e r e w i t h 5% CO2 f o r 1 , 3 and 6 days , 100 pl o f t h e 0.5 m g / m l M T T s o l u t i o n 

was a d d e d t o t h e w e l l p la te a n d i n c u b a t e d at 37 °C f o r 4 h. T h e n , 100 pl o f d i m e t h y l 

su l fox ide w a s a d d e d t o each w e l l and t h e p l a te w a s shaken f o r 5 m i n . The op t i ca l 

dens i t y (OD) a t 5 9 0 n m was m e a s u r e d w i t h an e n z y m e - l i n k e d i m m u n o a d s o r b e n t 

assay p la te reade r (ELX800, Bio-TEK). The resu l ts w e r e c o m p a r e d in OD un i t s . 

3.2.5.3. Alkal ine phosphate act iv i ty assay 

The o r ig ina l ex t rac ts and t h o s e d i l u t e d at ra t ios o f 1/4 a n d 1/16 w e r e se lec ted f o r 

t h e assessment o f a lka l ine p h o s p h a t e (ALP) ac t i v i t y . rBMSCs w e r e c u l t u r e d f o r 

7 days u n d e r t h e s a m e c u l t u r e c o n d i t i o n s as desc r i bed above . ALP ac t i v i t y w a s 

q u a n t i t a t i v e l y d e t e r m i n e d by an assay based o n t h e hydro lys is o f p - n i t r o p h e n y l 

p h o s p h a t e t o p - n i t r o p h e n o l us ing t h e m e t h o d o f L o w r y e t a l . [ 95 ] . Cells w e r e 

e x t r a c t e d f r o m t h e ex t rac ts and p e r m e a b i l i z e d w i t h t h e use o f 0 . 1 % T r i t o n X-100 

s o l u t i o n (Sigma). Cell lysate f r o m each samp le was t h e n used f o r a lka l ine 

phospha tase assays. The abso rbance was m e a s u r e d at 405 n m us ing a 

s p e c t r o p h o t o m e t e r ( U V - v i s 8 5 0 0 , Shangha i , Ch ina) and ALP ac t i v i t y was ca l cu la ted 

f r o m a s t a n d a r d cu rve a f t e r n o r m a l i z i n g t o t h e t o t a l p r o t e i n c o n t e n t . The resu l ts 

w e r e expressed as n a n o m o l e s o f p - n i t r o p h e n o l p r o d u c e d pe r m i n u t e per m i c r o g r a m 

o f p r o t e i n . ALP ac t i v i t y o f cel ls c u l t u r e d in t h e m e d i u m s u p p l e m e n t e d w i t h 1 0 % FCS 

w i t h o u t any a d d i t i o n o f ex t rac ts se rved as t h e c o n t r o l . Data w e r e exp ressed as 

30 



m e a n ± s t a n d a r d d e v i a t i o n (SD). Thiree i n d e p e n d e n t e x p e r i m e n t s w e r e ca r r i ed o u t 

a n d at least f i ve samp les pe r each t e s t w e r e t a k e n f o r s ta t is t i ca l analys is . 

A o n e - w a y analys is o f va r i ance (ANOVA) w i t h Tukey ' s post tioc test w a s used f o r 

s ta t i s t i ca l analysis o f m u l t i p l e c o m p a r i s o n s . S ign i f i cant d i f f e r e n c e w a s c o n s i d e r e d 

w h e n p < 0 .05 . 

3.3. Results and discussion 

3.3 .1 . M ic ros t ruc tu re and mechanical propert ies of the composi tes 

To ach ieve r e d u c e d b i o d e g r a d a t i o n ra tes and e x t e n d e d mechan i ca l f u n c t i o n a l i t y o f 

m a g n e s i u m - m a t r i x c o m p o s i t e s , i t is a p r e r e q u i s i t e t o p r e p a r e t h e c o m p o s i t e s w i t h 

m i n i m u m m i c r o s t r u c t u r a l de fec t s , m a i n l y po res , and a h o m o g e n e o u s d i s t r i b u t i o n o f 

b i o c e r a m i c par t i c les , espec ia l ly w h e n t h e v o l u m e f r a c t i o n exceeds 2 0 % . A 

f a b r i c a t i o n t e c h n i q u e s h o u l d be care fu l l y chosen and process c o n d i t i o n s m u s t be 

o p t i m a l l y set , w h i c h is cha l l eng ing , g iven t h e p y r o p h o r i c n a t u r e o f m a g n e s i u m 

p o w d e r s w i t h a h igh a f f i n i t y t o oxygen [ 96 ] . W e chose a so l i d - s ta te p o w d e r 

m e t a l l u r g y r o u t e i ns tead o f a l i q u i d - s t a t e p rocess ing r o u t e , t h e r e b y l i m i t i n g t h e 

reac t i v i t y o f m a g n e s i u m d u r i n g p rocess ing and m i n i m i z i n g bu lk p o r o s i t y t h a t w o u l d 

i nev i t ab l y be i n t r o d u c e d by app l y i ng cas t ing t e c h n i q u e s [96 ] . Fig. 1 s h o w s t h e SEM 

m i c r o g r a p h s o f t h e m o n o l i t h i c m a g n e s i u m , M g - 2 0 % b red ig i t e c o m p o s i t e (by 

v o l u m e ) a n d M g - 4 0 % b r e d i g i t e c o m p o s i t e a f t e r p rocess ing by means o f Pressure 

Ass is ted S in te r ing (PAS). The gray dark c o l o r a n d w h i t e co lo r in t h e SEM m i c r o g r a p h s 

c o r r e s p o n d t o t h e m a g n e s i u m m a t r i x and b r e d i g i t e par t i c les , respec t i ve l y . These 

m i c r o g r a p h s s h o w h igh ly d e n s i f i e d , i n t e g r a t e d m i c r o s t r u c t u r e s a n d , in g e n e r a l , 

h o m o g e n e o u s d i spe rs ion o f b r e d i g i t e par t i c les e v e n at an unusua l l y h igh v o l u m e 

f r a c t i o n o f 4 0 % . It shou ld be n o t e d t h a t ach iev ing such dens i f i ed m i c r o s t r u c t u r e s 

w o u l d n o t be poss ib le by p rocess ing at r o o m t e m p e r a t u r e because o f l i m i t e d 

duc t i l i t y o f m a g n e s i u m hav ing an i nsu f f i c i en t n u m b e r o f o p e r a b l e sl ip sys tems [97 ] . 

H o w e v e r , w h e n m a g n e s i u m is h e a t e d a b o v e 225 °C, m o r e sl ip sys tems b e c o m e 

o p e r a t i v e , l ead ing t o a s t e e p dec rease in t ens i l e s t r e n g t h t o < 10 M P a a t 350 °C [98 ] . 

This suggests t h a t a t t h e press ing t e m p e r a t u r e used in th i s s t udy , i.e., 3 5 0 °C, t h e 

m a g n e s i u m m a t r i x w a s cons ide rab l y duc t i l e , capab le o f f us i ng i n t o pores and 

cav i t ies t o f i l l v a c a n t spo ts in t h e m i c r o s t r u c t u r e (Fig. l b and c). W i t h t h e a id o f PAS, 

t h e c o m p o s i t e s w i t h a h igh v o l u m e f r a c t i o n o f b i o c e r a m i c par t ic les (40 vo l .%) c o u l d 

be successfu l ly p rocessed w i t h a m i n i m u m a m o u n t o f po ros i t y . The m i c r o s t r u c t u r e s 

o f t h e c o m p o s i t e s in t h i s research w e r e m o r p h o l o g i c a l l y d i f f e r e n t f r o m t h o s e o f t h e 

c o m p o s i t e s t h a t w e r e p r e p a r e d by us ing t h e e x t r u s i o n t e c h n i q u e . The e x t r u d e d 

m a g n e s i u m - m a t r i x c o m p o s i t e s w e r e s h o w n t o have an i so t rop i c m i c r o s t r u c t u r e s 
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w i t h c e r a m i c par t i c les be ing a l i gned in t h e e x t r u s i o n d i r e c t i o n [23 , 26 ] . The 

m i c r o s t r u c t u r e s o f t h e p resen t c o m p o s i t e s , h o w e v e r , d id n o t s h o w any d e p e n d e n c y 

on t h e c o m p a c t i o n d i r e c t i o n , b u t w e r e i so t rop i c w i t h spher i ca l M g p o w d e r par t i c les 

s u r r o u n d e d by h o m o g e n o u s l y d i spersed smal l b red ig i t e par t ic les (Fig. 1). 

Fig. 1 . M i c r o s t r u c t u r e s o f t h e c o m p o s i t e s c o n t a i n i n g (a) 0, (b) 20 and (c) 4 0 v o l % 

b red ig i t e par t i c les . 

In a d d i t i o n , w i t h t h e e x t r u s i o n t e c h n i q u e , shear f o r ces , be ing a p p l i e d t o p o w d e r 

par t ic les d u r i n g p rocess ing , w o u l d be m u c h l a r g e r t h a n t h o s e in PAS and t h e y w o u l d 

i n t r o d u c e a d d i t i o n a l pores t o t h e m i c r o s t r u c t u r e , pa r t i cu la r l y a t m e t a l - c e r a m i c 

in te r faces [26] due t o possib le m i c r o s t r u c t u r e i n h o m o g e n e i t y , such as c lus te r i ng o f 

ce ram ic par t i c les [ 2 3 ] , m i s m a t c h at i n t e r f ace [ 9 4 ] a n d d i f f e r e n t d e f o r m a t i o n 

m e c h a n i s m s o f me ta l s and ceramics [99 ] . Thus , t h e PAS t e c h n i q u e w o u l d be m o r e 

a p p r o p r i a t e f o r f a b r i c a t i n g M g - m a t r i x c o m p o s i t e s w i t h h igh v o l u m e f r a c t i o n s o f 

b i oce ram ic par t i c les ( 2 0 - 4 0 v o l % , be ing a t least 2 0 % m o r e t h a n m o s t o f t h e M g -

m a t r i x c o m p o s i t e s p rev ious ly d e v e l o p e d w i t h t h e e x t r u s i o n t e c h n i q u e [23 , 43 , 100 , 

101 ] ) . A d d i n g a large v o l u m e f r a c t i o n o f (> 20 vo l%) o f b ioac t i ve ce ram ic par t i c les 

i n t o t h e M g m a t r i x w o u l d be h igh ly des i rab le , because it cou ld s ign i f i can t l y r educe 

t h e d e g r a d a t i o n ra te o f M g and increase its b i oac t i v i t y at t h e s a m e t i m e . The on l y 

c o n c e r n w o u l d be t h e nega t i ve i n f l uence o f ce ram ic par t ic les on t h e mechan i ca l 

b e h a v i o r o f t h e c o m p o s i t e s . 

Tab le 1 c o m p a r e s t h e mechan ica l p rope r t i e s o f t h e m o n o l i t h i c m a g n e s i u m and 

c o m p o s i t e s w i t h t h o s e o f t h e h u m a n b o n e . A d d i n g 20 v o l . % b red ig i t e par t ic les t o 

M g inc reased t h e m i c r o - h a r d n e s s and u l t i m a t e compress i ve s t r e n g t h (UCS) o f M g 

by 68 and 6 7 % , respec t i ve ly . The compress i ve s t r e n g t h s o f t h e c o m p o s i t e s w e r e 

c o m p a r a b l e t o t h o s e o f t h e h u m a n b o n e (Tab le 1). The s u p e r i o r mechan i ca l 

s t r e n g t h s o f t h e c o m p o s i t e c o u l d be exp la i ned by t h e h o m o g e n o u s d i spe rs ion o f 

ha rd b red ig i t e par t ic les t h r o u g h o u t t h e M g m a t r i x , i m m o b i l i z i n g d is loca t ions a n d 
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t h u s caus ing e n h a n c e d res is tance t o d e f o r m a t i o n [ 1 0 2 - 1 0 5 ] . In a d d i t i o n , i r r egu la r 

b red ig i t e par t i c les w i t h m u l t i p l e sha rp edges es tab l i shed s t r o n g e r in te r faces w i t h 

m a g n e s i u m by d i s r u p t i n g t h e p re -ex i s t i ng ox ide layer on m a g n e s i u m p o w d e r 

par t ic les [106 , 107 ] w h e n t h e y w e r e c o m p r e s s e d aga ins t t h e m a t r i x d u r i n g PAS, 

w h i c h c o n t r i b u t e d t o t h e i m p r o v e d s t r e n g t h and hardness o f t h e c o m p o s i t e (Table 

1) . H o w e v e r , a f u r t h e r inc rease in t h e v o l u m e f r a c t i o n o f b red ig i t e f r o m 20 t o 

40 v o l . % n o t on l y d id n o t c o n t r i b u t e m u c h t o a f u r t h e r i m p r o v e m e n t o f t h e s t r e n g t h 

o f t h e M g - 2 0 v o l . % b red ig i t e c o m p o s i t e b u t a lso d e t e r i o r a t e d t h e d u c t i l i t y (Table 1) 

as a c o n s e q u e n c e o f t h e c l us te r i ng o f ce ram ic par t i c les ( b r e d i g i t e ) , caus ing pores 

and w e a k b o n d i n g a m o n g b r i t t l e ce ram ic par t i c les w i t h i n t h e c lus ters a n d / o r 

b e t w e e n t h e m a t r i x a n d c l us te red par t ic les [ 1 0 8 , 1 0 9 ] . The large s t a n d a r d dev ia t i ons 

o f t h e m e c h a n i c a l p r o p e r t y da ta o f t h e M g - 4 0 v o l . % c o m p o s i t e sugges ted t h e 

re la t i ve i n h o m o g e n e i t y in its m i c r o s t r u c t u r e , caus ing its mechan i ca l p r o p e r t i e s t o 

dev ia te m u c h m o r e t h a n t h o s e o f t h e c o m p o s i t e w i t h a sma l l e r v o l u m e f r a c t i o n o f 

b i oce ram ic par t i c les . 
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Table 1 . M e c h a n i c a l p r o p e r t i e s o f t h e m o n o l i t h i c m a g n e s i u m and c o m p o s i t e s in 

c o m p a r i s o n w i t h t h e s t r e n g t h s o f h u m a n ' s t ib ia a n d f e m u r . 

M a t e r i a l Compress i ve U l t i m a t e M i c r o - E longa t i on t o 

s t r e n g t h (MPa) compress i ve hardness f r a c t u r e (%) 

s t r e n g t h (MPa) (HVi.o) 

Me 90 ± 3 . 8 114.27 ± 2 . 4 38.2 ± 0 . 1 6 .1 ± 0 . 9 

M g - 2 0 % 

b red ig i t e 

135.0 ± 6 . 2 190 ± 6.0 64 .05 ± 5 . 8 13.9 ± 1 . 8 

M g - 4 0 % 

b red ig i t e 

140.0 ± 7.8 1 9 2 . 6 1 12.2 72.8 ± 9 . 7 9.8 ± 3 . 1 

Cor t ica l 

b o n e [110 , 

111] 

1 3 0 - 1 8 0 

F e m u r [112 ] 167 

Tibia [112 ] 159 

The overa l l po ros i t y o f t h e s p e c i m e n s , be ing fu l l y dens i f i ed at t h e core and s e m i -

po rous at t h e edges , w a s n o t l a r g e r t h a n 5% f o r t h e M g - 4 0 v o l . % b red ig i t e c o m p o s i t e 

(Table 2) . S o m e m i c r o - p o r e s a n d cracks w e r e o b s e r v e d m o s t l y a l o n g t h e side wa l l 

and c lose t o t h e b o t t o m o f cy l indr ica l spec imens t h a t w e r e in d i rec t c o n t a c t w i t h t h e 

d ie d u r i n g s ing le -ac t i on un iax ia l ho t p ress ing . Dur ing c o m p a c t i o n , m i x e d par t ic les in 

t h e bu lk u n d e r p ressure cou ld easi ly f l o w , w h i l e t h o s e at t h e i n te r face w o u l d be 

locked by a large f r i c t i o n f o r c e at t h e d i e - m a t e r i a l i n t e r f ace . Dur ing s u b s e q u e n t 

e j e c t i o n , a large f r i c t i o n f o r c e a t t h e d i e - m a t e r i a l i n te r face t e n d e d t o cause t h e 

c o n t a c t i n g layer o f t h e s p e c i m e n t o be d i s i n t e g r a t e d f r o m t h e bu lk . The obse rved 

i n h o m o g e n e i t y in m i c r o s t r u c t u r e f r o m t h e core t o t h e sur face nega t i ve l y a f f e c t e d 

t h e b i o d e g r a d a t i o n behav io r , w h i c h w i l l be d iscussed in t h e f o l l o w i n g sec t ions . 
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Table 2. Poros i t y va lues o f t h e ma te r i a l s PASed a t 350 °C. 

M a t e r i a l Bulk p o r o s i t y (%) 

M g 0 

IVIg-20% b r e d i g i t e 3 

M g - 4 0 % b r e d i g i t e 5 

3.3.2. Degradat ion rates of the composi tes 

Fig. 2 s h o w s t h e d e g r a d a t i o n p ro f i l es o f t h e c o m p o s i t e s and t h e a c c o m p a n i e d pH 

changes d u r i n g i m m e r s i o n in D M E M ove r d i f f e r e n t t i m e s up t o 12 days , in 

c o m p a r i s o n w i t h t h o s e o f t h e m o n o l i t h i c m a g n e s i u m also p r e p a r e d f r o m t h e 

p o w d e r . It s h o u l d be n o t e d t h a t t h e mass loss va lues o f all t h e samp les b e f o r e 24 h 

o f I m m e r s i o n w e r e c o n v e r t e d f r o m t h e m e a s u r e m e n t s o f h y d r o g e n e v o l u t i o n 

because t h e mass loss m e a s u r e m e n t s w e r e i naccu ra te a t l o w d e g r a d a t i o n ra tes in 

t h e f i r s t phase o f i m m e r s i o n . The o t h e r d a t a p o i n t s w e r e d i rec t l y t a k e n f r o m mass 

loss m e a s u r e m e n t s . F rom Fig. 2, it is c l e a r t h a t all t h e samp les d e g r a d e d ve r y s l o w l y 

d u r i n g t h e f i r s t 24 h a n d t h e n d e g r a d a t i o n acce le ra ted un t i l day 6 a n d d e c e l e r a t e d 

f r o m day 6 t o day 12. Desp i te t h e s im i la r t r e n d s o f d e g r a d a t i o n b e t w e e n t h e 

m o n o l i t h i c m a g n e s i u m and t h e c o m p o s i t e s , t h e f o r m e r w a s c o m p l e t e l y c o r r o d e d by 

day 12, caus ing i n t ense a lka l i za t ion o f t h e s o l u t i o n t o reach a pH va lue o f 9 .8 , desp i t e 

t h e p resence o f HEPES as a pH b u f f e r (see t h e b lack dashed l ine in Fig. 2) . The 

ave rage d e g r a d a t i o n ra te o f t h e m o n o l i t h i c m a g n e s i u m (Table 3 ) , i.e., 

3 1 . 4 1 mg /cmVday d e t e r m i n e d by m e a s u r i n g t h e mass loss a f t e r 12 -day i m m e r s i o n 

per 1.33 c m ^ o f t h e exposed a rea , w a s in g o o d a g r e e m e n t w i t h t h a t d e t e r m i n e d in 

p rev ious s tud ies o n cast m a g n e s i u m s p e c i m e n s ( 1 9 - 4 4 m g / c m ^ / d a y ) [ 2 1 ] . By 

c o n t r a s t , t h e M g - 2 0 % b red ig i t e and M g - 4 0 % b r e d i g i t e c o m p o s i t e s had m a r k e d l y 

r e d u c e d ave rage d e g r a d a t i o n ra tes o f 1.26 and 2.65 mg/cmVday, respec t i ve l y . 

Thus , a subs tan t i a l r e d u c t i o n in d e g r a d a t i o n ra te by up t o a f a c t o r o f 24 was ach ieved 

by a d d i n g b r e d i g i t e par t i c les t o m a g n e s i u m . 
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O 2 4 6 8 in 12 14 

Immersion time (day) 

Fig. 2. IVlass losses o f samp les and pH changes d u r i n g i m m e r s i o n in D M E M f o r 

12 days . 

Tab le 3. Ca lcu la ted ave rage d e g r a d a t i o n ra tes o f t h e ma te r i a l s a f t e r 12 days o f 

i m m e r s i o n in HEPES-buf fered D M E M . 

M a t e r i a l D e g r a d a t i o n ra te (mg /cm7day ) 

M g 3 1 . 4 1 

M g - 2 0 % b red ig i t e 1.26 

M g - 4 0 % b red ig i t e 2.65 

The d e g r a d a t i o n o f t h e c o m p o s i t e s w a s s l o w e r t h a n t h a t o f cast ZE41 a n d A Z 9 1 

al loys a t ave rage d i sso lu t i on ra tes o f 7 . 7 1 and 6.95 m g / c m ^ / d a y in b u f f e r e d Hank 's 

s o l u t i o n , respec t i ve l y [ 1 1 3 ] . A c c o r d i n g t o t h e l i t e r a t u r e , t h e a m o u n t o f 

M g ^ ^ re leased f r o m t h e b r e d i g i t e - c o n t a i n i n g m a g n e s i u m - m a t r i x c o m p o s i t e s is 

t o l e r a b l e f o r t h e b o d y ( 1 9 - 4 4 mg/cmVday, as l ong as t h e total sur face area o f a 

3 6 



m a g n e s i u m i m p l a n t is < 9 cm^) a l t h o u g h t h e a m o u n t o f t h e e q u i v a l e n t h y d r o g e n 

e v o l u t i o n f o r such a mass loss is st i l l n o t t o l e r a b l e f o r t h e body ( t o l e r a b l e l eve l : 

0 . 0 1 m l / c m V d a y ) [21 ] . A d i s t i nc t a d v a n t a g e o f t h e m a g n e s i u m - m a t r i x c o m p o s i t e 

w i t h a large v o l u m e f r a c t i o n o f b r e d i g i t e par t i c les lies in a r e d u c e d a m o u n t o f 

l i be ra ted h y d r o g e n , w h i c h is n o t e q u i v a l e n t t o t h e t o t a l mass loss a n y m o r e , because 

par t ia l d i s s o l u t i o n o f b r e d i g i t e par t i c les a lso c o n t r i b u t e s t o t h e t o t a l mass loss. In 

o t h e r w o r d s , because pa r t i a l d i s s o l u t i o n o f b r e d i g i t e par t i c les does n o t p r o d u c e 

a d d i t i o n a l h y d r o g e n , t h e overa l l gas e v o l u t i o n o f t h e c o m p o s i t e w o u l d be less t h a n 

m o n o l i t h i c M g , hav ing t h e s a m e e x p o s e d a rea . For e x a m p l e , t h e M g - 2 0 % b r e d i g i t e 

c o m p o s i t e t h a t loses w e i g h t at a ra te o f 1.26 m g / c m V d a y t h e o r e t i c a l l y l i be ra tes 

h y d r o g e n gas a t a r a te o f 1.01 m l / cm7day , w h i c h is 0.25 m l / c m V d a y less t h a n t h e 

m o n o l i t h i c m a g n e s i u m hav ing t h e s a m e w e i g h t a t t h e s t a r t o f i m m e r s i o n . 

3.3.3. Electrochemical degradat ion of the composi tes 

3.3.3.1. Open circuit degradat ion o f the composi tes 

W h e n m a g n e s i u m is e x p o s e d t o w a t e r , it qu i ck l y ox id izes t o f o r m m a g n e s i u m 

ca t ions ( M g ^ * ) by g i v ing up t w o va lence e l ec t rons (Eq. 1). W a t e r o n t h e o t h e r h a n d 

takes up f r e e e lec t rons a t c a t h o d i c s i tes and chemica l l y reduces t o h y d r o x y l an ions 

and h y d r o g e n gas (Eq. 2) . W i t h t h e a c c u m u l a t i o n o f Mg^"" ions in t h e s o l u t i o n , t h e r e 

w i l l be m o r e ca t i ons r eac t i ng w i t h O H ' g r o u p s t o f o r m M g ( 0 H ) 2 t h a t has a l o w 

so lub i l i t y (12 m g / l ) in w a t e r a n d p rec i p i t a t es o u t in t h e m e d i u m e v e n t u a l l y [ 5 2 , 1 1 4 ] . 

M g ( s ) - > Mg^"^(aq) + 2e " E q . l Anod i c reac t i on 

HzOd) + 2 e " OH"(aq) + H2(g) Eq. 2 Ca thod ic reac t i on 

Mg^^ laq) + 2 0 H " ( a q ) - > Mg(0H)2(s ) Eq. 3 P roduc t f o r m a t i o n 

A M g ( 0 H ) 2 layer f o r m e d o n t h e m a g n e s i u m su r face (Eq. 3) m a y be t h o u g h t t o ac t as 

a ba r r i e r aga ins t f u r t h e r d i sso lu t i on by p r e v e n t i n g mass d i f f u s i o n b e t w e e n t h e 

m a g n e s i u m s u b s t r a t e and t h e s o l u t i o n [55 ] . In e l e c t r o c h e m i s t r y , t h e f o r m a t i o n o f 

th i s layer sh i f t s t h e O p e n C i rcu i t Po ten t i a l (OCP) o f m a g n e s i u m t o m o r e pos i t i ve 

va lues [ 1 1 5 ] . OCP va lue e v o l u t i o n s o f t h e m o n o l i t h i c m a g n e s i u m a n d t h e 

c o m p o s i t e s ove r 24 h are p r e s e n t e d in Fig. 3. The s lopes o f t h e OCP cu rves , 

i nd i ca t i ve o f t h e ra tes , a t w h i c h t h e s u r f a c e layer f o r m e d o v e r t i m e , w e r e s im i l a r 

d u r i n g t h e f i r s t h o u r o f i m m e r s i o n . H o w e v e r , t h e d i f f e r e n c e s b e c a m e larger as 

d e g r a d a t i o n p r o c e e d e d f r o m 1 t o 2 4 h. Fig. 3 s h o w s t h a t in t h e case o f t h e 

m o n o l i t h i c m a g n e s i u m a su r face layer w a s rap id l y f o r m e d . S o l u t i o n a l ka l i za t i on , 

w h i c h occurs a long w i t h m a g n e s i u m d i s s o l u t i o n , encou rages t h e f o r m a t i o n o f a 
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par t ia l l y p r o t e c t i v e h y d r o x i d e layer (Eq. 3) . In t h e case o f t h e c o m p o s i t e s , h o w e v e r , 

t h e ra te o f t h e su r face layer f o r m a t i o n b e c a m e l o w e r w i t h inc reas ing v o l u m e 

f r a c t i o n o f b r e d i g i t e par t ic les (Fig. 3) . Cons ide r i ng t h e fac t t h a t b r e d i g i t e par t i c les 

w e r e p r e s e n t in t h e c o m p o s i t e s at t h e expense o f t h e m a g n e s i u m m a t r i x o n t h e 

w h o l e su r face , t h e de layed and i n c o m p l e t e d e v e l o p m e n t o f a h y d r o x i d e su r face 

layer o n c o m p o s i t e samp les cou ld be d u e t o t h e i r l o w ab i l i t y t o reach a c e r t a i n 

deg ree o f s o l u t i o n a lka l in i t y (Fig. 2 - dashed l ines) . It a lso i nd i ca ted t h a t w i t h i n 24 h 

b red ig i t e par t i c les d id n o t pos i t i ve ly c o n t r i b u t e t o sur face pass iva t ion . 

— M l i — M s JOUR —^1K-40BR 

•lA •-

•1 t 1 1 1 1 h 

0 5 10 IB 20 25 

Time (h) 

Fig. 3. O p e n Ci rcu i t Po ten t i a l (OCP) curves o f t h e ma te r i a l s i m m e r s e d in HEPES-

b u f f e r e d D M E M f o r 24 h. 

The q u e s t i o n as t o if b red ig i t e rea l ly p a r t i c i p a t e d in t h e d e g r a d a t i o n process d u r i n g 

t h e f i rs t 24 h cou ld be a n s w e r e d by d e t e c t i n g s i l icon in t h e so l u t i on and in t h e 

su r face layer , because on l y b red ig i t e con ta ins th i s e l e m e n t . EDS p o i n t scans cou ld 

n o t i d e n t i f y t h e p resence o f s i l icon in t h e su r face layer o f c o r r o d e d samp les . 

F u r t h e r m o r e , ICP analysis (Fig. 4) s h o w e d ve r y l i m i t e d a m o u n t s o f s i l i con , i.e., 

< 3 p p m in t h e s o l u t i o n a f t e r o n e day o f i m m e r s i o n , m e a n i n g t h a t b red ig i t e s t ayed 

a l m o s t i n e r t d u r i n g t h e f i r s t day o f i m m e r s i o n , t h u s n o t c o n t r i b u t i n g t o t h e c h e m i s t r y 

o f t h e su r face layer by d isso lv ing . It c o n f i r m e d t h a t t h e par t ia l l y p r o t e c t i v e su r face 

layer was m a i n l y f o r m e d d u r i n g t h e f i r s t 24 h d u e t o t h e chemica l i n t e r a c t i o n 

b e t w e e n t h e m a g n e s i u m m a t r i x and D M E M . Thus , m o n o l i t h i c m a g n e s i u m samp les , 

hav ing a la rger e x p o s e d m a g n e s i u m sur face area as c o m p a r e d t o c o m p o s i t e 
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s a m p l e s , c o u l d f o r m a h o m o g e n o u s , c o m p l e t e su r face layer m o r e qu ick l y t h a n t h e 

c o m p o s i t e s (Table 4) as a resu l t o f a g r e a t e r e x t e n t o f i n t e r a c t i o n b e t w e e n 

m a g n e s i u m and D M E M . 

0.5 1 3 6 12 
Immersion time (day) 

Fig. 4 . C o n c e n t r a t i o n s o f s i l i con re leased f r o m t h e c o m p o s i t e s t o D M E M as a 

f u n c t i o n o f i m m e r s i o n t i m e . 
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Table 4 . Sur face s tab i l i za t i on po ten t i a l s a n d e lapsed t i m e s f o r t h e ma te r i a l s 

i m m e r s e d in HEPES-buf fered D M E M . 

M a t e r i a l S tab i l i za t ion 

p o t e n t i a l Es {VSCE) 

Elapsed t i m e t i l l 

s tab i l i za t i on Ts [h) 

M g - 1.43 10 .56 

M g - 2 0 % 

b red ig i t e 

- 1.44 12.48 

M g - 4 0 % - 1.47 1 3 . 0 1 

b red ig i t e 

3.3.3.2. Degradat ion under forced polar izat ion condi t ions 

P o t e n t i o d y n a m i c po la r i za t i on (PDP) curves o f t h e c o m p o s i t e s at 1 and 24 h o f 

i m m e r s i o n (Fig. 5 a - d ) s h o w e d an a l m o s t 230 m V increase in co r ros i on 

p o t e n t i a l E (Vscc) (v is ib le by c o m p a r i n g t h e c o r r o s i o n po ten t i a l s in Fig. 5a t o t h e ones 

in Fig. 5c) as a resu l t o f t h e g radua l f o r m a t i o n o f a par t ia l l y p r o t e c t i v e su r face layer 

a long w i t h i m m e r s i o n t i m e . The g r a d u a l f o r m a t i o n o f t h e sur face layer caused t h e 

ca thod i c ac t i v i t y o f all t h e samp les t o dec l ine w i t h i n 24 h (Fig. 5b and d, f r o m 0 t o 

250 s). This sugges ted t h a t t h e f o r m a t i o n o f a su r face layer i n h i b i t e d w a t e r 

r e d u c t i o n o n t h e m a g n e s i u m sur face . On t h e o t h e r h a n d , t h e a n o d i c ac t i v i t y o f 

samp les r e m a i n e d a l m o s t u n c h a n g e d , desp i t e t h e p resence o f t h e su r face layer (Fig. 

5b and d , f r o m 250 s o n w a r d s ) , m e a n i n g t h a t t h e f o r m a t i o n o f t h e su r face layer 

e x e r t e d a sma l l e r i m p a c t o n t h e a n o d i c ac t i v i t y t h a n o n t h e ca thod i c ac t i v i t y . This 

c o u l d be because anod i c c u r r e n t s w e r e d e r i v e d f r o m severa l h igh ly i n tense anod ic 

reg ions , o c c u p y i n g a re la t i ve l y smal l p r o p o r t i o n o f t h e scanned area, w h i l e c a t h o d i c 

va lues w e r e o b t a i n e d f r o m a m u c h larger f r a c t i o n o f t h e w o r k i n g area [ 1 1 6 ] . In 

a d d i t i o n , t h e n u m b e r a n d i n t ens i t y o f t h e local anodes w e r e s h o w n t o increase w i t h 

t i m e in p r o p o r t i o n t o t h e area o f t h e exposed local c a t h o d e [ 61 ] . In o t h e r w o r d s , 

loca l ized co r ros i on in c o m p o s i t e samp les p rog ressed u n d e r ca thod i c c o n t r o l . Thus, 

p H , a f f e c t e d by t h e ca thod i c r e a c t i o n , m u s t have had a s ign i f i can t e f f ec t o n t h e 

m a g n i t u d e o f t h e c o r r o s i o n c u r r e n t . I t w a s f o u n d ear l i e r by t h e p r e s e n t a u t h o r s t h a t 

in b u f f e r e d so lu t i ons t h e ca thod i c and anod i c c u r r e n t dens i t ies in t h e P D P t e s t s w e r e 

h igher t h a n t h o s e in D M E M w i t h o u t t h e b u f f e r and t h e OCP va lues w e r e m o r e 

nega t i ve t h a n t h o s e in D M E M w i t h o u t t h e b u f f e r due t o t h e pH m a i n t e n a n c e e f f e c t 

o f t h e b u f f e r [ 79 ] . 
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Fig. 5. Po ten t io (dynamic po la r i za t i on (PDP) curves at 1 h (a and b) and 24 h (c and d) 

o f i m m e r s i o n . N o t e t h a t d u r i n g t h e PDP tes ts t h e OCP changed w i t h exposu re t i m e 

f r o m 1 t o 24 h (pane ls a a n d c) ; t h e s a m e p o t e n t i a l range o f 0.7 V f r o m - 0.2 Vocp t o 

0.5 VOCP was app l i ed at b o t h e x p o s u r e t i m e s . 

A t anod ic o v e r - p o t e n t i a l s , b o t h t h e m o n o l i t h i c m a g n e s i u m and t h e c o m p o s i t e s w e n t 

t h r o u g h sur face b r e a k d o w n s , w h i c h is v is ib le f r o m a s u d d e n increase in c o r r o s i o n 

c u r r e n t (Fig. 5a a n d b - i nd i ca ted by a r r o w s ) , m e a n i n g t h a t p i t t i n g c o r r o s i o n t o o k 

p lace as o n e o f t h e c o r r o s i o n m e c h a n i s m s i n v o l v e d . 

3.3.4. Degradat ion mechanisms o f t h e composi tes 

3.3.4.1. Homogenous vo lumet r ic degradat ion 

SEM m i c r o g r a p h s o f c o r r o d e d samp les (Fig. 6 a - f , c o r r e s p o n d i n g t o an i m m e r s i o n 

t i m e o f 0.5 day) s h o w e d t h a t t h e d i sso lu t i on o f m o n o l i t h i c m a g n e s i u m samp les and 

t h a t o f t h e m a g n e s i u m m a t r i x in c o m p o s i t e samp les m o s t l y p r o c e e d e d t h r o u g h 

p a t h w a y s a long g ra in and p r i o r p o w d e r par t i c le b o u n d a r i e s . Gra in b o u n d a r i e s are 

k n o w n as t h e d i s t o r t e d areas w i t h h igh i n t e rna l ene rgy , as c o m p a r e d t o t h e gra in 
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i n t e r i o r , and can be r ega rded as an area o f de fec t s in t h e crysta l s t r u c t u r e w i t h a 

c o n f i g u r a t i o n o f d i s loca t ions a n d crys ta l la t t i ce m i s m a t c h . It is w e l l k n o w n t h a t 

anod ic m e t a l d i s so lu t i on w i l l be acce le ra ted in t h e v i c in i t y o f d i s loca t i ons [ 1 1 7 ] . In 

o u r p rev ious s t u d y o n m a g n e s i u m m a d e f r o m p o w d e r , it was o b s e r v e d t h a t g ra in 

and p r i o r p o w e r pa r t i c le b o u n d a r y d i sso lu t i on o c c u r r e d qu i ck l y a f t e r 15 s 

i m m e r s i o n , caus ing nano-c racks , < 100 n m long , t o appea r on t h e su r face [79 ] . 

These nano-c racks g r e w fas t in size, up t o 500 t i m e s larger t h a n t h e in i t ia l l e n g t h 

w i t h i n 1 h. The f u r t h e r d e v e l o p m e n t o f t h e su r face c rack- l i ke f e a t u r e s c r e a t e d an 

i n t e r c o n n e c t e d n e t w o r k o f su r face cav i t ies , p r o p a g a t i n g t r ansve rse l y (Fig. 7) ove r 

t h e sur face and l ong i t ud i na l l y i n t o t h e su r face , w h i c h b r o u g h t t h e e l e c t r o l y t e 

( D M E M ) in c o n t a c t w i t h t h e f resh su r face , caus ing f u r t h e r d i s s o l u t i o n . Because t h e 

su r face crack- l ike f e a t u r e s , o r in o t h e r w o r d s , g ra in a n d p r i o r p o w d e r par t i c le 

b o u n d a r i e s w e r e d i s t r i b u t e d even l y on t h e su r face , i t r e s u l t e d in h o m o g e n o u s 

d i sso lu t i on o f t h e m a g n e s i u m ma t r i x , as s h o w n in Fig. 7a. The c ross-sec t ion 

m i c r o g r a p h o f t h e M g - 2 0 % b r e d i g i t e c o m p o s i t e a f t e r six days o f i m m e r s i o n in D M E M 

revea led a h o m o g e n o u s i n w a r d d e v e l o p m e n t o f t h e d i sso lu t i on f r o n t , as t h e 

m a g n e s i u m m a t r i x w a s t r a n s f o r m e d i n to t h e h y d r o x i d e f o r m [ 1 1 7 ] . The i n w a r d 

d e v e l o p m e n t o f t h e c o r r o s i o n layer was c o n f i r m e d by t h e p resence o f t r a p p e d , 

und isso lved b red ig i t e par t i c les w i t h i n t h e t r a n s f o r m e d layer a f t e r six days o f 

i m m e r s i o n . T h e r e f o r e , g ra in and p r i o r p o w d e r par t i c le b o u n d a r y c o r r o s i o n t h a t 

i n i t i a t ed i m m e d i a t e l y a f t e r i m m e r s i o n p r o v i d e d a h o m o g e n o u s s l ow p a t t e r n o f 

d e g r a d a t i o n t h r o u g h t h e v o l u m e . Given t h a t t h e t h i ckness o f t h e t r a n s f o r m e d layer 

w a s a p p r o x i m a t e l y h o m o g e n o u s (Fig. 7a) , t h e genera l d e g r a d a t i o n ra te , m a i n l y 

d e t e r m i n e d by g ra in a n d p r i o r p o w d e r par t i c le b o u n d a r y d i sso l u t i on , exc lud ing 

p i t t i n g c o r r o s i o n , cou ld be ca l cu la ted by m e a s u r i n g t h e average th i ckness o f t h e 

su r face layer at a g i ven t i m e o f i m m e r s i o n , w h i c h resu l t ed in an ave rage d e g r a d a t i o n 

ra te o f 0.43 mg/cmVday f o r t h e M g - 2 0 % b red ig i t e c o m p o s i t e . A s im i la r d e g r a d a t i o n 

ra te w a s ca lcu la ted f o r m a g n e s i u m samp les , t e s t e d in D M E M and in McCoy 's 5 A - 5 % 

Fetal Bov ine S e r u m (FBS) m e d i u m [118 , 119 ] . This ca l cu la ted d e g r a d a t i o n ra te is 

cons ide rab l y l o w e r t h a n t h e average d e g r a d a t i o n ra te d e t e r m i n e d f r o m t h e mass 

loss (Fig. 2) , sugges t ing t h a t a n o t h e r co r ros i on m e c h a n i s m m u s t have p layed a m o r e 

dec is ive ro le . In o t h e r w o r d s , g ra in and p r i o r p o w d e r par t i c le b o u n d a r y d i sso lu t i on 

was on ly o n e o f t h e ac t ive d e g r a d a t i o n m e c h a n i s m s and d u e t o its s l o w ra te , i t c o u l d 

n o t be respons ib le f o r t h e t o t a l d i s i n t e g r a t i o n o f m a g n e s i u m samp les w i t h a mass 

o f 3 g in t w e l v e days (Figs. 2 a n d 6) . 
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Mg Mg-20BR _ Mg-40BR 

Fig. 6. SEiVl bacl<-scat tered m i c r o g r a p l i s o f t h e ma te r i a l s c o n t a i n i n g O ( the f i r s t 

c o l u m n ) , 20 ( t he second c o l u m n ) and 40 v o l . % ( t he t h i r d c o l u m n ) b red ig i t e par t i c les , 

s h o w i n g d i f f e r e n t responses o f t hese ma te r i a l s t o D M E M d u r i n g i m m e r s i o n t h r o u g h 

a p e r i o d o f 12 days. The insets r e p r e s e n t b o t t o m , s ide, a n d t o p o f t h e samp les f r o m 

le f t t o r igh t . 
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Fig. 7. SEIVl bacl<-scat tered images o f t h e cross sec t i on o f IVIg-20% b r e d i g i t e 

c o m p o s i t e samp les a f t e r 6 days o f i m m e r s i o n , (a) s h o w s t h e h o m o g e n o u s 

d e v e l o p m e n t o f t h e co r ros ion layer, (b) s h o w s t h e b red ig i t e par t ic les b l ock i ng p i t t i n g 

p a t h w a y s across t h e m a g n e s i u m ma t r i x . 

3.3.4.2. Localized p i t t ing corrosion 

Pi t t ing was a n o t h e r p h e n o m e n o n o b s e r v e d in c o r r o d e d samples (Fig. 6 g - n - t h e 

insets) . In t h e p r e c e d i n g subsec t i on on t h e e l e c t r o c h e m i c a l t es ts , t h e s u d d e n 

increases in c o r r o s i o n c u r r e n t dens i t y , m o s t l y a t a n o d i c o v e r p o t e n t i a l (Fig. 5b , 

i nd i ca ted by t h e a r r o w ) , i nd i ca ted t h e f o r m a t i o n o f ear l y p i ts . These p i ts a p p e a r e d 

w i t h i n t h e f i r s t t h r e e days o f i m m e r s i o n and g r e w i n to large c o r r o s i o n cav i t ies , 

appea r i ng m o s t l y on t h e s ide wa l l s and b o t t o m o f samp les , w h i l e t h e t o p su r face o f 

t h e s e samp les r e m a i n e d in tac t (Fig. 6 g - n - t h e inse ts ) . This cou ld be d u e t o t h e 

p resence o f s t r u c t u r a l d i s i n teg r i t y and cracks a t t h e edges o f samp les f o r m e d d u r i n g 

e jec t i on s u b s e q u e n t t o PAS, as d iscussed ear l ie r . W h e n samp les w e r e i m m e r s e d in 

D M E M , t h e bu lk m a t r i x b e c a m e u n d e r m i n e d as pi ts (or cracks) p r o v i d e d f e e d i n g 

p a t h w a y s f o r t h e co r ros i ve m e d i u m t o m o v e f o r w a r d t h r o u g h t h e anod ic d i sso lu t i on 

o f crack t i ps [ 19 ] . Ea r l i e r s tud ies on m a g n e s i u m par ts p rocessed t h r o u g h t h e p o w d e r 

m e t a l l u r g y r o u t e also i nd i ca ted h igher d i sso lu t i on o f samp les m o s t l y at t h e edges , 

because o f t h e p resence o f d i s i n teg r i t y i n t r o d u c e d d u r i n g t h e m a t e r i a l 

p rocess ing [ 118 ] . P i t t ing co r ros i on caused t h e d e g r a d a t i o n ra tes o f all t h e samp les 

t o exceed t h e d e g r a d a t i o n ra te d u e t o g ra i n and p r i o r p o w d e r par t i c le b o u n d a r y 

co r ros ion {i.e. 0.43 m g / c m ^ / d a y ) by a f a c t o r o f 73 , 2.93 and 6 f o r t h e m o n o l i t h i c 

m a g n e s i u m , M g - 2 0 % b red ig i t e a n d M g - 4 0 % b r e d i g i t e c o m p o s i t e s , respec t ive ly . It is 

t h u s c lear t h a t p i t t i n g c o r r o s i o n , once i n i t i a t e d , plays a m o r e i m p o r t a n t ro le t h a n 

t h e gra in and p o w d e r par t i c le b o u n d a r y d e g r a d a t i o n m e c h a n i s m a n d d o m i n a t e s t h e 

d e g r a d a t i o n process . In a d d i t i o n t o t h e edge e f f e c t , t h e p resence o f i m p u r i t i e s 

b e y o n d t h e i r t o l e r a n c e l im i ts m a y have c o n t r i b u t e d t o p i t t i n g c o r r o s i o n as w e l l . XRF 

analysis o f t h e m a g n e s i u m p o w d e r used , hav ing a p u r i t y o f 99 .86%, revea led 3 2 0 
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and 160 p p m of i ron a n d nicl<el, respec t i ve l y , w f i i c f i w e r e h igher t h a n t h e i r t o l e r a n c e 

l im i ts (170 a n d 5 p p m , respec t i ve ly ) [ 120 ] . These i m p u r i t i e s have ve r y l o w so l ub i l i t y 

l im i ts in t h e m a g n e s i u m so l id s o l u t i o n , l ead ing t o p r e c i p i t a t i o n a f t e r so l i d i f i ca t i on or 

PAS m o s t l y a l ong t h e g ra in b o u n d a r i e s . The p rec ip i t a tes g e n e r a t e s t r o n g m i c r o -

ga lvan ic c o u p l i n g w i t h m a g n e s i u m , caus ing i n t ens i ve anod i c d i sso lu t i on o f t h e 

m a g n e s i u m sol id s o l u t i o n in t h e v i c i n i t y o f t h e p rec i p i t a t es . 

W h e n p i t t i n g occurs , t h e d e g r a d a t i o n ra te is e x p e c t e d t o dec l i ne a f t e r a w h i l e , s ince 

t h e d i sso lu t i on process p r o d u c e s an a lka l ine e n v i r o n m e n t t h a t w i l l s tab i l i ze 

m a g n e s i u m h y d r o x i d e as a p r o t e c t i v e su r face layer . H o w e v e r , in m o n o l i t h i c 

m a g n e s i u m samp les , p i t t i n g c o r r o s i o n o c c u r r e d at t h e b e g i n n i n g o f i m m e r s i o n and 

e v e n acce le ra ted in a lka l ine e n v i r o n m e n t s (pH b e t w e e n 8 a n d 8.9 , Fig. 2 ) . I t 

sugges ted t h a t once ear ly p i ts w e r e i n i t i a t e d , t h e y cou ld a u t o n o m o u s l y g r o w , 

s h o w i n g no sign o f pass iva t ion . The PDP curves also i nd i ca ted t h a t su r face 

pass iva t ion d id n o t e f f ec t i ve l y t a k e p lace a f t e r t h e su r face b r e a k d o w n as t h e 

co r ros i on c u r r e n t s in all t h e samp les i nc reased w i t h t i m e (Fig. 5b - a r r o w ) . P i t t i ng is 

basical ly an i n tens i ve a n o d i c d i sso lu t i on process , l ead ing t o t h e a c c u m u l a t i o n o f 

m a g n e s i u m ca t ions in t h e s o l u t i o n nex t t o t h e c o r r o d i n g sur face . In th i s m a n n e r , 

hydro lys is o f m a g n e s i u m ca t ions w i t h w a t e r w i l l be poss ib le [17 , 72 , 7 9 ] , r esu l t i ng in 

t h e f o r m a t i o n o f h y d r o g e n p r o t o n s , ac id i f y i ng t h e anod ic reg ions (Eq. 4 ) . 

4Mg^-^(aq) + 4H20( i ) ^ Mg40H4 ' ' ' (aq) + 4 H ^ a q ) Eq. 4 

The f o r m a t i o n o f h y d r o g e n p r o t o n s is c a t a s t r o p h i c t o t h e d e g r a d a t i o n o f t h e 

m a g n e s i u m m a t r i x , because i t can d i rec t l y a t t ack t h e h y d r o x i d e layer , p r o d u c i n g 

w a t e r a n d m a g n e s i u m ca t ions , as exp ressed in Eq. 5. 

Mg(0H)2(s ) + 2 H ^ a q ) ^ 2H20( i ) + Mg^+oq) Eq. 5 

The p r o d u c t s o f h y d r o g e n a t t ack (Eq. 5) can be c o n s u m e d in t h e hydro lys is r e a c t i o n 

(Eq. 4 ) , ac id i f y i ng t h e reg ion aga in . In a d d i t i o n , h y d r o g e n p r o t o n s t o g e t h e r w i t h 

m a g n e s i u m ca t ions e lec t ros ta t i ca l l y a t t r a c t ch l o r i de ions t o t h e r eg ion , p r o d u c i n g 

h y d r o c h l o r i c ac id a t t a c k i n g t h e s u b s t r a t e , p r o d u c i n g h igh ly so lub le M g C b and 

h y d r o g e n gas (Eqs. 6 a n d 7) . 

Mg(s) + 2HCI(aq) ^ MgCl2(aq) + H2(B) Eq. 6 

Mg(0H)2(s ) + 2Cr (aq ) ^ MgCl2(s) + 2 0 H - ( a q ) Eq. 7 

The a b o v e m e n t i o n e d reac t i ons i nd i ca te t h a t once p i ts ge t i n i t i a t e d , t h e m a g n e s i u m 

m a t r i x c a n n o t re -es tab l i sh a p r o t e c t i v e layer , l ead ing t o se l f - d r i ven i n t ense p i t 

d e v e l o p m e n t , a n d f i na l l y t o t h e t o t a l d i s i n t e g r a t i o n o f cy l indr ica l m a g n e s i u m 

samp les by day 12 desp i t e t h e h igh level o f a l ka l i n i t y (Fig. 2 ) . In t h e case o f t h e 
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c o m p o s i t e s , a second p i iase w\th m o r e res is tance t o H""- and C l " -d r iven attacl<s, suc l i 

as b red ig i t e , can l i m i t t h e i n tense p i t p r o p a g a t i o n by b lock ing p i t t i n g p a t h w a y s , 

g iv ing t i m e t o t h e m a t r i x t o re -es tab l i sh a su r face layer. The cross s e c t i o n o f 

c o r r o d e d c o m p o s i t e samp les a f t e r 6 days o f i m m e r s i o n in D M E M i n d e e d s h o w e d 

t h e b lock ing o f p i t t i n g p a t h w a y s by b red ig i t e par t i c les , once t h e i n w a r d l y d e v e l o p e d 

p i t f r o n t reached t hese par t i c les (Fig. 7b ) . The r e m a i n d e r s o f b r e d i g i t e par t i c les 

w i t h i n t h e b o d y o f t h e su r face layer a p p e a r e d t o be par t ia l l y d i sso lved ones , 

m e a n i n g t h a t t h e y d e g r a d e d at a s l o w e r ra te t h a n t h e m a g n e s i u m ma t r i x . 

3.3.4.3. Surface morpho logy and chemistry of cor roded composi te 

samples 

The in i t ia l h y d r o x i d e l a y e r s h o w e d an is land- l i ke f e a t u r e because o f t h e l o n g i t u d i n a l 

and t ransve rsa l sur face cracks t h a t s e p a r a t e d t h e is lands (Fig. 6 d - f ) . Fig. 8 s h o w s t h e 

co -ex is tence o f p h o s p h o r u s ( f r o m D M E M ) a long w i t h ca lc ium a n d s i l icon on t h e 

c o r r o d i n g sur faces o f t h e c o m p o s i t e s . B ioac t ive b e h a v i o r i n i t i a tes w h e n t h e s e ions 

reac t w i t h each o t h e r a n d / o r reac t w i t h o t h e r ions , o r i g i n a t i n g f r o m D M E M , such as 

ca l c i um and p h o s p h a t e ions, p r o d u c i n g i nso lub le i no rgan ic c o m p o u n d s p r e c i p i t a t e d 

o n t h e sur faces (Figs. 8 and 9) . 
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Fig. 8. EDX e l e m e n t a l m a p p i n g o f t h e c o m p o s i t e c o n t a i n i n g 4 0 v o l % b red ig i t e 

par t i c les , s h o w i n g t h e g r a d u a l p r e c i p i t a t i o n o f Si, Ca and P on t h e su r face as a 

f u n c t i o n o f i m m e r s i o n t i m e . 



Fig. 9. Sc i iemat i c o f thie b i o d e g r a d a t i o n process o f t h e c o m p o s i t e s a f t e r 1 day (a) and 

6 days (b) o f i m m e r s i o n in DIVIEIVI. 

Phospha te ions p r e f e r e n t i a l l y b o n d w i t h Ca^^and Mg^"" [30] t o f o r m w h i t e 

c o m p o u n d s o f m a g n e s i u m - c o n t a i n i n g a p a t i t e on t h e c o r r o d i n g sur faces (Figs. 7 d - i 

and 9) . The i n v o l v e m e n t o f m a g n e s i u m in ca l c i um phospha tes as a c o r r o s i o n layer 

decreases t h e deg ree o f c rys ta l l i n i t y and enhances t h e d e g r a d a t i o n ra te o f c a l c i u m -

and p h o s p h a t e - c o n t a i n i n g c o m p o u n d s , w h i c h , as c o m p a r e d t o HA, br ings a b o u t 

b e t t e r b ioac t i v i t y [ 1 2 1 ] . Mg-CaP is essent ia l f o r e x h i b i t i n g g o o d b i o c o m p a t i b i l i t y and 

b ioac t i v i t y because p r o t e i n s , such as f i b r o n e c t i n and v i t r o n e c t i n t h a t ac t as cel l 

a t t a c h m e n t - p r o m o t i n g p r o t e i n s , can be b e t t e r a d s o r b e d in t h e p resence o f C a - M g -

P p rec ip i t a tes [ 122 ] . The in i t ia l M g - C a P - c o n t a i n i n g layer, a p p e a r i n g as t h e w h i t e 

spo ts e m b e d d e d in t h e g r a y - c o l o r e d h y d r o x i d e layer (un t i l day 3 - Fig. 6 g - l ) g radua l l y 

e x p a n d e d over t h e w h o l e su r face un t i l i t f u l l y c o v e r e d t h e su r face , t h u s a p p e a r i n g 

as a w h i t e M g - C a P - c o n t a i n i n g layer ( 6 t h day-Figs. 6n and 9) . The re la t i ve a m o u n t o f 

p h o s p h o r u s d e p o s i t i o n w a s o b s e r v e d t o be larger on t h e m a g n e s i u m m a t r i x 

(~ 1 1 at .%) t h a n on b r e d i g i t e par t ic les (2 .61 a t .%) by day 3 o f i m m e r s i o n (Fig. 8 ) . This 

is m a i n l y because t h e m a g n e s i u m m a t r i x d issolves f as te r t h a n b red ig i t e par t i c les and 

t h e local pH va lue w i l l be ra ised n e a r t h e c o r r o d i n g m a g n e s i u m sur face , poss ib ly w e l l 

a b o v e 10 [ 79 ] , t h e r e b y e n c o u r a g i n g t h e p r e c i p i t a t i o n o f Ca- and P-con ta in ing 

phases [117 ] . 

E lemen t m a p p i n g o n c o m p o s i t e samp le sur faces s h o w e d negl ig ib le d e p o s i t i o n o f 

s i l i con by day 3 (Fig. 8 ) . H o w e v e r , its i n v o l v e m e n t in t h e sur face layer , y e t b e l o w 

1 a t .%, was i den t i f i ed by day 6 a n d 12 o f i m m e r s i o n . One reason f o r re la t i ve l y l o w 

s i l icon d e p o s i t i o n is t h a t ca lc ium ions f r o m b red ig i t e are re leased p r e f e r e n t i a l l y t o 

s i l icon ions by ion exchange w i t h H^ [ 123 ] . Thus, m o s t o f s i l i con in b red ig i t e w o u l d 

s tay w i t h i n t h e u n r e a c t e d pa r t , f o r m i n g a nega t i ve l y c h a r g e d sur face w i t h t h e 

f u n c t i o n a l g r o u p ( = S i — 0 " ) [ 1 2 3 ] , w h i c h e lec t ros ta t i ca l l y a t t r ac t s m a g n e s i u m a n d 

ca lc ium ca t ions (Figs. 8 and 9) . S o m e co lon ies o f s i l icon v is ib le o n t h e sur face a f t e r 
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6 days of immersion (Figs. 8 and 9) were actually the un-reacted parts o f the ceramic 

retained within the body of the corrosion layer. Thus, by day 12, the simple 

hydroxide surface layer was transformed into a compact mixture of unreacted 

bredigite particles embedded within a layer of Mg, Ca, P and Si-containing 

compounds (Fig. 9). 

With the addition of the HEPES buffer to DMEM, the local pH close to the 

magnesium surface could be largely maintained, which would result in slower 

formation of a surface hydroxide layer as well as faster progression and more 

intensive micro galvanic activities [116]. In addit ion, the tendency of calcium 

phosphates to precipitate f rom the HEPES-buffered DMEM solution would be 

significantly reduced, as the local pH o f t h e solution was maintained at a relatively 

low level by the buffer [68, 79]. In other words, degradation rates derived f rom this 

research would have been lower and calcium phosphate precipitation would have 

been more intensive if the buffering agent had not been added to DMEM. 

3.3.5. Mechanical propert ies of the composi tes in relat ion to 

b iodegradat ion 

Degradation of the composites in DMEM affected their mechanical behavior, 

causing the UCS to decrease gradually f rom 190 MPa to about 130 MPa in 

12 days. Fig. 11 shows that mechanical cracks were preferably initiated at the 

corrosion pits during compression tests, deteriorating the mechanical strength as 

well as the ductil ity o f t h e composites. On the other hand, there were no significant 

differences between the micro-hardness values, before and after immersion in 

DMEM (Fig. 10b). In the previous section we showed that pitt ing corrosion, as the 

dominant mechanism of degradation, mostly initiated at the edges of the sample 

and its penetration towards the core was l imited by the blocking effect of bredigite 

particles. Thus, the core o f t h e samples would still remain intact and thus showed 

the same values of micro-harness as before the immersion tests. The gradual loss of 

the compressive strength was also related to preventing the pitt ing corrosion f rom 

reaching the core o f t h e samples. 
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Fig. 10. Ultimate compressive strength (a) and micro-hardness (b) o f the composites 

as a function of immersion t ime in DMEM. 

U Delft Stereo Miuoicape 2mm - TUDeKl Stereo Microscope 2mm • 

Fig. 11. Morphologies of the Mg-20% bredigite composites before immersion (a), 

after immersion for 12 days (b) and after the compression tests (c), showing 

corrosion pits (black arrows) and mechanical cracks initiating at the pits (red 

arrows). 

Fig. 12. Confocal microscopy images of the surfaces of pure Mg (a) and Mg-20% 

bredigite composite (b) samples after cell seeding for 6 h. 
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Fig. 13. (a) IVITT assay of rBIVISCs cultured in monolithic magnesium and Mg-

40%bredigite extracts at different di lution ratios. The ratio of 1/1 stands for the 

original extract wi thout diluting. The symbols * and # represent significant 

difference (p < 0.05) as compared wi th the control and with the magnesium extract, 

respectively, (b) ALP activity of rBMSCs in the presence of monolithic magnesium 

and Mg-40% bredigite composite extracts at the dilution ratios of 1/4 and 1/16. The 

asterisk (*) indicates that the ALP activity of the Mg-40% bredigite group was 

significantly higher than that o f t h e magnesium group (p < 0.05). 
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Fig. 14. Concentrations of ionic products in composite extracts after 24 h of 

immersion. 
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The mechanical properties o f t h e composites after 12 days of immersion in DMEM 

were still in the range of those of femur and tibia (Table 1), confirming the 

mechanical functionality of the composites within the first two weeks of 

implantation. Our positive results on the short- term mechanical tests warrant 

further investigations on the degradation behavior and mechanical properties o f the 

composites in the in vivo situations. 

3.3.6. B iocompat ib i l i ty and bioact iv i ty o f t h e composi tes in relat ion 

t o b iodegradat ion 

3.3.6.1. Cell a t tachment 

The morphologies of rBMSCs seeded on pure Mg and Mg-20% bredigite composite 

samples after incubation for 6 h are presented in Fig. 12. It is clear that the cell 

morphology on the Mg-20% bredigite composite (Fig. 12b) differed f rom that on 

pure Mg (Fig. 12a). The filopodia of the cells attached on pure Mg were hardly 

discernible. By contrast, the Mg-20% bredigite composite showed an enhanced 

ability of early cell attachment, as evidenced by the appearance of cytoplasmic 

extensions. 

It is widely accepted that cell attachment is a desirable cellular response at the cell-

material interface, as it promotes the cellular response to the implant surface [124]. 

However, pure Mg possesses a poor ability to support cell attachment due to 

extensive evolution of H2 bubbles and rapid elevation of pH at its surface, which 

results in a hostile surface microenvironment, thereby inhibiting the attachment of 

cells [125]. In the present study, it was clear that the presence of bredigite in the 

composite led to improved cell attachment as compared wi th pure Mg. On the one 

hand, the enhanced cell attachment could be related to the fact that the 

degradation o f t h e composite was significantly lower than that of pure Mg, which 

would result in much less H2 evolution and lessened surface pH increase, thus 

presenting a more favorable surface condition for cellular response. On the other 

hand, the fast Ca-P deposition induced by the presence of bredigite (although not 

as a compact layer) [31], might have helped improve the initial cell attachment, as 

demonstrated in previous studies [125,126]. The exact mechanism, however, is still 

unclear and wor th further investigating in our fo l low-up studies. Nevertheless, it is 

reasonable to assume that, wi th an enhanced ability to support cell attachment, the 

Mg-20% bredigite composite would exhibit superior performance as compared wi th 

pure Mg, especially at the eady stage right after implantation. 
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3.3.6.2. Cell pro l i fera t ion and d i f fe ren t ia t ion in the presence of the 

ionic products f r o m the materials 

A high degradation rate of magnesium causes the accumulation of ionic products in 

the vicinity o f t he corroding surface. In in vitro situations, the proliferation of cells is 

closely related to the ionic environment of the culture medium [127]. For Mg-based 

materials designed for biomedical applications, the extracts o f t h e samples after a 

certain t ime of immersion in a corrosive solution are collected and then stored at 

4 °C prior to the cytotoxicity test, which is l<nown as the indirect cytotoxicity test [26, 

128-134]. The extraction procedure is often conducted in the DMEM solution [132-

135], which closely mimics the chemical composition o f the blood plasma [136]. Our 

results f rom the indirect cytotoxicity tests on monolithic Mg samples confirmed that 

cell proliferation was significantly inhibited by the original (undiluted) magnesium 

extracts, whereas diluting the extracts led to enhanced proliferation of cells (Fig. 

13a). 

In contrast to the monolithic magnesium group, the extracts of the Mg-40% 

bredigite composite exhibited much higher abilities to stimulate the proliferation of 

rBMSCs. Considering the fact that magnesium ion concentrations in the extracts of 

the Mg-40% bredigite composite and those after dilution were lower than those in 

the magnesium group (Fig. 14), the stimulatory effect could only be attr ibutable to 

the presence of silicon ions that were released from the bredigite component inside 

the composite material. Previous studies showed that silicon-containing ionic 

products from the degradation of silicate-based ceramics stimulated cell 

proliferation [127, 137]. It should be noted that for the Mg-40% bredigite 

composite, there might be a synergistic effect of silicon and magnesium ions on the 

proliferation of cells, as indicated by the previous studies on Ca-Mg-Si bioceramics 

including bredigite [33]. This inference needs to be confirmed in further 

investigation. Nevertheless, it is clear that the incorporation of bredigite into the 

magnesium matrix could lead to stimulated cell proliferation and thus enhanced 

bone regeneration, which is highly desirable for the clinical application of 

biodegradable implants [138]. 

The osteogenic differentiat ion of rBMSCs was investigated using an ALP assay on 

magnesium and Mg-40% bredigite extracts at dilutions of 1/4 and 1/16, and the 

results are presented in Fig. 13b. A quantitative study showed that Mg-40% 

bredigite composite extracts induced a higher ALP activity than the magnesium 

group. Further comparison between Mg-40% bredigite extracts wi th dif ferent 

diluting ratios, namely 1/4 and 1/16, revealed that the differences between the ALP 

activities of cells in these groups were not statistically significant (p > 0.05). 
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Osteogenic differentiation of BIVISCs is one of the l<ey steps to determining the 

success in bone regeneration and ALP is one of the widely recognized markers of 

osteogenic dif ferentiat ion, which regulates phosphate metabolism [139]. Previous 

research showed that magnesium and silicon ion release during the degradation of 

silicate-based bioceramics, e.g., bredigite, played an important role in raising ALP 

expression in BMSCs by providing a favorable ionic situation [89] and recent studies 

have demonstrated that silicon or magnesium ions alone at a certain concentration 

enhance the ALP expression of BMSCs [140]. In our study, it was diff icult to make an 

assertive conclusion as to whether it was one kind of ions alone or their combination 

that was responsible for the enhanced ALP expression of the Mg-40% bredigite 

composite, as compared wi th that o f t h e monolithic magnesium. Nevertheless, it 

was clear f rom our results that the presence of silicon ions in the Mg-40% bredigite 

composite, wi th even a minor portion in the extract, contributed to a significantly 

enhanced ability to induce osteogenic differentiation and thus to an improved rate, 

quality and progression of bone healing, as has been demonstrated in the in vivo 

studies on Si-substituted materials [141]. 

3.4. Conclusions 

1. Magnesium-matrix composites containing up to 40 vol.% bredigite particles and 

possessing strengths in the strength range of cortical bone could be successfully 

produced by using the PAS technique. 

2. The addition of bredigite to magnesium could significantly slow down the 

biodegradation rate of magnesium by up to 24 t imes, due to the blocking effect of 

bredigite particles in the pitt ing pathways of the magnesium matrix and the 

embedding of slowly degrading bredigite in a surface layer of Mg, Ca, P and Si-

containing compounds. 

3. The mechanical functionality of magnesium could be extended from 3 days to 

> 12 days. The strengths of the composites could be retained at a strength level of 

cortical bone after 12 days of immersion. 

4. Bredigite-containing magnesium-matrix composites could improve the viability 

and proliferation of rat bone marrow stromal cells, while monolithic magnesium 

extracts wi thout dilution were cytotoxic. 

5. The magnesium-bredigite composites developed could have a great potential as 

a new generation of biodegradable and bioactive materials for orthopedic 

applications. The achieved simultaneous improvements in degradation behavior. 
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mechanical properties, biocompatibi l i ty and bioactivity prompted fu r the r /n 

vitro and in vivo investigations. 
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composites and their mechanical properties prior 

to and during in vitro degradation 
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Abstract 

In our previous study, we developed Mg-matrix composites with bredigite as the 

reinforcing phase and achieved improved degradation resistance in companson 

wi th Mg. However, the effects of materials processing method and process 

parameters on the mechanical behavior of the composites before and during 

degradation were still unknown. This research was aimed at determining the 

mechanical properties of Mg-bredigite composites prior to and during degradation. 

It was found that by optimizing the process parameters of Pressure Assisted 

Sintering (PAS), low-porosity Mg-bredigite composites with strong interfaces 

between homogeneously distributed bredigite particles and the Mg matrix could be 

fabricated. By reinforcing Mg wi th 20 vol% bredigite particles, the ult imate 

compressive strength and ducti l i ty of Mg increased by 67% and 111%, respectively. 

The in vitro degradation rate of the Mg-20% bredigite composite in a cell culture 

medium was 24 times lower than that of monolithic Mg. As a result of retarded 

degradation, the mechanical properties o f the composite after 12 days of immersion 

in the cell culture medium were comparable to those of cortical bone. The 

encouraging results of this research warrant fur ther investigations on the in vivo 

degradation behavior and mechanical properties of the composites. 
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4.1. Introduction 

Magnesium is a l igi it-weiglit metallic material w i th a density of 1.74 g/cm^ and its 

mechanical properties are similar to those of the human bone [142]. The 

combination of excellent biomechanical compatibil i ty and proven biodegradability 

in physiological environments has encouraged biomaterials scientists to make great 

efforts to gain a clear understanding of biodegradable Mg-based materials [17, 23, 

79] for potential clinical applications, particularly for orthopaedic applications. 

In the light of previous researches [23], Mg-matrix composites were introduced as a 

new generation of orthopaedic biomaterials, challenging the existing medical grade 

Mg alloys, mainly to avoid any known or uncertain clinical side effect that often 

comes with common alloying elements associated with magnesium e.g. zirconium 

[21]. The Mg-matrix composites studied have shown the possibilities of adjusting 

degradation properties and enhancing bioactivity [23, 43], although the issues 

related to their mechanical behavior along wi th degradation have not been 

addressed. 

Degradation in a physiological solution wil l disrupt the structural integrity of Mg-

matrix composites, especially when pitt ing corrosion is involved, which is often the 

dominant mechanism o f t h e degradation of Mg and Mg-based alloys even wi thout 

a ceramic phase [17]. Pitting corrosion, penetrating f rom the surface into the core, 

affects the mechanical behavior of Mg-matrix composites to a much greater extent 

than homogenous layer-by-layer corrosion, even at similar degradation rates. As a 

result of pitt ing corrosion, it is diff icult to maintain the mechanical integrity over a 

certain period of t ime needed for orthopedic implants to bear a specific amount of 

load in a highly corrosive environment wi th in the body [143]. Despite the strong 

need for experimental data, only a few studies on the mechanical properties of Mg 

alloys along wi th degradation have been conducted [43,144] and, to the best of our 

knowledge, none on bioceramic-containing Mg-matrix composites. 

From a biomedical point of view, incorporating a large volume fraction of bioactive 

reinforcing particles into the Mg matrix is highly desirable, considering the 

contributions of these particles to enhancing the bioactivity. Although, it may 

negatively affect the mechanical properties by increasing the chance of particle 

agglomeration in the Mg matrix and poor bonding at the interfaces, resulting in 

excessive embri t t lement and premature failure [43,145]. In the previous studies on 

P/M processed Mg-bioglass, Mg-calcium and Mg-hydroxyapatite (HA) composites, 

the volume fractions of reinforcing particles were limited to 10-20 wt.% (20 wt.% of 

HA with a density of 3.16 g/cm^ being equal to 12 vol.%) so as to avoid excessive 

porosity [23, 43,101] . 
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We selected bredigite bioceramic particles in the CaO.MgO.SiOz family as a 

reinforcing phase added to magnesium, in large volume fractions, namely 20 and 

40 vol.% (i.e., 28 and 57 wt.%, respectively). Bredigite has been proven to be 

cytocompatible [32] and bioactive by showing rapid hydroxyapatite (HA) 

mineralization and a strong stimulating effect on osteoblast proliferation [31]. The 

incorporation of silicon into Ca-P bioceramics together wi th their relatively high 

degradation rates has accounted for their superior bioactivity to HA ceramics [28, 

87, 88]. The mechanical properties of bredigite are close to those of cortical bone 

[31, 33], enabling bredigite to bear mechanical load over a sustained period of t ime 

after implantation, which makes bredigite a more suitable option than the typically 

used calcium-phosphate-based compounds such as HA and tricalcium phosphate 

(TCP) in Mg-matrix composites. 

The mechanisms o f the degradation o f t he Mg-bredigite composites were proposed 

in our previous work. However, another critically important issue, i.e., their 

mechanical properties in relation to degradation behavior was not addressed. The 

present research was first aimed at developing a viable fabrication method for 

structurally integrated bioceramic-containing Mg-matrix composites, wi th a large 

extension in the range of the volume fractions of incorporated reinforcing particles 

to 40 vol.%. 

Secondly, their mechanical properties in the as-fabricated state and during 

degradation in a cell culture medium over a period of 12 days were evaluated. It was 

expected that an understanding of the degradation mechanisms and degradation 

rate in relation to the gradual losses of the mechanical properties of the Mg-

bredigite composites would improve the control of the degradation-related 

mechanical properties of the Mg-matrix composites, which would be of critical 

importance for the clinical applications of these advanced biomaterials. 

4.2. Materials and methods 

4 . 2 .1 . Mater ia ls and composi te fabr icat ion 

Magnesium (with a purity of 99.86%, 320 ppm Fe and 160 ppm Ni and a mean 

particle size of 90 pm, provided by the Shanghai Institute of Ceramics) and bredigite 

(Ca7MgSi40i6, BR, provided by the Shanghai Institute of Ceramics) powders were 

chosen as the starting materials. The as-fabricated irregular bredigite powder was 

sieved with mean particle size of 10 pm. 
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To evaluate the effect of the fabrication method on the integrity of composite 

structure and porosity, specimens were fabricated using two techniques, namely (i) 

Pressure Assisted Sintering (PAS) and (ii) cold compaction fol lowed by high-

temperature sintering. With the PAS technique, the powder mixtures wi th 20 and 

40 vol.% bredigite particles in a cylindrical die with an inner diameter of 13 mm were 

first heated under a pre-pressure of 100 MPa and then uniaxially compacted at 

500 MPa. A sintering step at 150, 250 or 350 °C for 1, 2 or 4 h under the compaction 

pressure of 500 MPa was tal<en to search for an opt imum processing condit ion, 

leading to high densification. After sintering, specimens were air-cooled to room 

temperature. An illustration o f t h e PAS technique is presented in Fig. 1. With the 

cold compaction and sintering technique, the mixed powders were first compacted 

at 500 MPa and at room temperature and then sintered at 500 or 600 °C for 2 h in a 

tube furnace under a protective atmosphere (high-purity argon). The value of bulk 

density was determined using Archimedes' principle according to ASTM B962 - 15, 

2015. 

Fig. 1. Schematic il lustration of the processing steps for the Mg-matrix composites 

developed in this research. 

Samples for microstructure examination were sectioned and mounted in epoxy 

resin. Their cross sections were ground by using 2400 and 4000 grit sandpapers and 

then polished to attain a smooth surface. 

61 



4.2.2. Thermal propert ies 

STA is a combination of Differential Scanning Calorimetric analysis (DSC) and 

Thermogravimteric analysis (TGA). During STA, the events that lead to the exchange 

of thermal energy wi th the surroundings and the changes in sample mass could be 

registered. 

The thermal response of the monolithic Mg or the composites was monitored by 

heating a 60 mg of each sample in a Simultaneous Thermal Analyser (Netzsch STA 

409). The samples were heated at a rate of 20 °C/min to the melting temperature of 

magnesium (i.e., 650 °C) under argon gas f low at a rate of 20 ml /min. 

4.2.3. Mic ros t ruc ture and chemical analysis 

The microstructures of the monolithic Mg and composite specimens were 

characterized by using a KEYENCE VHX-5000 Series-Digital Stereo Microscope (DSM) 

and a JEOL JSM-6500F Scanning Electron Microscope (SEM) working at an 

accelerating voltage of 15 kV. 

Phase identification of the magnesium powder before and after sintering at 600 °C 

for 2 h was performed by using a Bruker D8 Advance X-ray dif fractometer w i th 

monochromatic Cu radiation (Ka l A=0.154056 nm) over a 20-angle range between 

10° and 130° and a step size of 0.020 degree. Data analysis was carried out wi th the 

Bruker program EVA. The chemical compositions o f t h e surfaces o f t h e composites 

subsequent to immersion tests in Dulbecco's Modif ied Eagle's medium (Sigma -

DMEM) were obtained by elemental X-ray mapping using an Energy Dispersive X-

ray Spectroscope (EDS) in a JEOL JSM-6500F Scanning Electron Microscope. 

4.2.4. Mechanical propert ies pr ior t o degradat ion tests 

The mlcrohardness (Vickers hardness) values o f t h e monolithic Mg and composites 

were obtained by microindentation with a square-based pyramidal-shaped 

diamond indenter having an angle of 136° and at a dwelling t ime of 12 s, according 

to the standard test method ASTM E384-99, 1999 using a Vickers diamond micro-

indenter (Leica VMHT). To evaluate the effect of indentation load and diagonal (i.e., 

a measure of the area covered by the indenter) on the hardness values of the 

materials, monolithic Mg samples were indented at 0.01, 0.49 and 9.8 N, while 

composite samples were indented at 0.49, 1.96, 2.94 and 9.8 N. Bredigite powder 

particles embedded in the Mg matrix were indented at 0.10 N. Indentation was 
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repeated at a min imum of 15 times to ensure a reliable mean value. After 

indentation, the affected area was observed by using DSM. 

The bulk mechanical properties o f t h e as-fabricated monolithic Mg and composites 

were determined by performing compression tests at a crosshead speed of 

0.5 mm/min in an INSTRON universal testing machine using a 50 kN load cell. The 

height to diameter ratio o f t h e samples were one, according to ASTM E9-09, 2009. 

The tests were stopped when a significant drop of compression load (>20% load) 

occurred. 

To understand the effect of the structural imperfections at the edges of the as-

fabricated specimens on the mechanical properties o f t h e materials, a surface layer 

with a thickness of 1 mm that was in direct contact wi th the compaction die during 

fabrication was machined off f rom the PAS specimens containing 20% bredigite. 

Then, the machined specimens were subjected to the compression tests under the 

same condit ion. 

4.2.5. Degradat ion tests 

Degradation tests were conducted in a corrosion cell operating at 37 °C using DMEM 

as a corrosive environment. A HEPES (4-(2-hydroxyethyl)- l-

piperazineethanesulfonic acid - 391338, Calbiochem) buffer was added to DMEM 

(25 mM) to maintain the solution pH during the tests. An anti-bacterial and anti-

fungus agent (A5955, Sigma-Aldrich) was added to DMEM by 1% to prevent bacterial 

and fungi f rom growth. The ratio of solution volume to sample surface area (SV/SA) 

was 30 ml/cm^ according to ASTM G31-72, 2004. The samples meant for the 

hydrogen liberation test were mounted in an epoxy resin with the top surface 

exposing. The exposing surface was then ground by using 2400 grit SiC sand paper, 

washed in an ultrasonic acetone bath for 3 min and dried by a hot air blower. After 

grounding, the samples were placed in a water jacketed beaker running at 37 °C 

filled with DMEM for a day. The liberated hydrogen was collected by a long-stem 

funnel inside a graduated burette, which was placed over the exposing surface of 

the specimens. The amount of hydrogen liberation then could be calculated by 

measuring the difference between the levels of the graduated burette as the 

degradation proceeds. 

For the mass loss tests (long term tests), specimens were not mounted in epoxy to 

emphasize the effect of geometry on the degradation behavior o f t h e specimens. 

Therefore, all the exposed surfaces were ground and washed with acetone. 

Subsequently, specimens were transferred to beakers filled wi th DMEM 
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(30 ml/cm^), which were placed within a thermostatic water bath to maintain the 

temperature at 37 °C for 1, 3, 6 and 12 days. After the immersion tests, samples 

were dried at room temperature for two days inside an atmosphere-controlled 

glove box. 

4.2.6. Mechanical propert ies along mth degradat ion 

After immersion in the DIVIEM solution for 1, 3, 6 and 12 days, magnesium and 

composite samples were subjected to compression tests under the same condition 

as described eadier (subsection 2.4). 

4.3. Results and discussion 

4 .3 .1 . Processing o f t h e Mg-bred ig i te composi tes 

Fig. 2 shows the SEM micrographs of cold-compacted monolithic Mg specimens, 

sintered at 600 °C for 2 h. It is clear that densification during sintering did not 

effectively take place, as evidenced by a large number of micropores remaining in 

the microstructure after sintering. From the figure it appeared that inter-particle 

diffusion between powder particles was hindered, preventing densification f rom 

taking place. This could be attr ibuted to the presence of a thermodynamically stable 

oxide layer on the surfaces of Mg powder particles [19, 146], disrupting the direct 

contact between neighboring Mg particles [147, 148]. When a magnesium powder 

is exposed to air wi th a high relative humidity, an amorphous hydroxide surface 

layer, i.e., Mg(0H)2, will be formed instead of MgO [149]. 
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Fig. 2. SEIVl micrographs of Mg specimens cold-compacted at 500 MPa before (a) 

and after (b) sintering at 600 °C for 2 h. 

Fig. 3a-b shows the XRD spectra o f t h e monolithic Mg before and after sintering at 

600 °C for 2 h, respectively. As indicated in Fig. 3a, only diffraction patterns of Mg 

(PDF 00-035-0821 - red dots) were visible before sintering. The absence of the 

diffraction patterns of hydroxide was due to the amorphous nature of the 

atmosphere-induced surface layer on Mg powder particles, as found by Nordlien et 

al. (1997) using TEM [149]. 
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Fig. 3. X-ray diffraction spectra of IVlg before (a) and after sintering at 600 °C for 2 h 

(b). Thermal profile o f t h e magnesium powder obtained f rom STA (c). Morphology 

of the surface of Mg sample after sintering at 600 °C for 2 h (d), showing the 

thermally-formed oxide layer (white arrows). (For interpretation o f t h e references 

to color in this figure, the reader is referred to the web version of this article.) 

In the case of Mg-bredigite composite, the formation of magnesium oxide was not 

the only thermal event that took place during heating. When a cold-compacted Mg-

bredigite composite was heated to 600 °C, a highly exothermic peak initiated around 

550 °C and reached a peak at 592 °C, which was associated wi th a sudden mass loss, 

as shown in the TGA curve (Fig. 4a). The corresponding DSM micrograph o f t he Mg-

20% bredigite composite suggested that the sudden mass loss in the TGA curve 

might be related to the evaporation of the local Mg matrix at the Mg-bredigite 

interface, as a result o f t h e intense exothermic reaction between Mg and bredigite 

particles, producing cavities at the metal-ceramic interface (Fig. 4b - local cavities 

are indicated by white arrows). It indicated that a solid-state fabrication process, 

operating at temperatures higher than 550 °C, such as sintering at 600 °C, or any 

liquid-phase processing, would not be applicable to the Mg-bredigite composites. 

Thus, we decreased the sintering temperature f rom 600 to 500 °C so as to avoid the 

exothermic reaction between Mg and bredigite. 
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Fig. 4. STA curves of t l ie IVlg-20% bredigite composite, showing its thermal response 

from room temperature to the melting temperature of Mg (650 °C) (a). 

Microstructure of the Mg-20% bredigite composite after sintering at 600 °C for 2 h 

(b), indicating local evaporation o f t h e Mg matrix (white arrows). 

Adding ceramic particles to the Mg powder may have a double-sided effect on the 

porosity and structural integrity of the composites. On the one hand, adding 

bredigite particles to Mg may develop additional pores in the microstructure due to 

structure inhomogeneity, mismatch at the interface and dif ferent deformation 

responses o f t he metal and the ceramic [96]. On the other hand, pressing sharp and 

irregular ceramic particles against Mg powder particles during compaction can 

break up the oxide layer on the surfaces of Mg powder particles, which will facilitate 

surface diffusion during the sintering process. The values of bulk porosity as a 

function o f t h e volume fraction of bredigite particles after sintering are given in Fig. 

5. It was found that the bulk porosity of the cold-compacted and then sintered 

composites dramatically increased from 6% for pure Mg to 35% for the Mg-40 vol% 

bredigite composite and, once again, sintering at 500 °C could not annihilate the 

excessive porosity in the microstructure. It suggested that mechanical pressure 

should be applied during the sintering o f t h e Mg-bredigite composites, such as PAS, 

in order to achieve higher bulk densities. Fig. 5 shows the density values of the 

PASed materials. These are indeed much higher than those of the cold-compacted 

and sintered ones. 
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Fig. 5. Bull< density of cold compacted and tfien sintered composites at 500 °C, and 

PASed composites as a function of bredigite volume fraction. 

The oxide layer can be disrupted during PAS (at 350 °C) because IVlg becomes 

considerably ductile, when heated above 225 °C [98], and the enhanced plasticity of 

IVlg powder particles would aid in breaking up the surface oxide layer due to its 

limited deformabil i ty, thereby allowing surface diffusion to take place during 

subsequent sintering. 

The microstructures o f t h e monolithic Mg specimens PASed at 150, 250 and 350 °C 

for 1, 2 and 4 h are shown in Fig. 6. The microstructures o f the Mg specimens PASed 

at 150 °C (Fig. 6 - the first column) were quite similar to the microstructure of the 

cold-compacted and sintered specimen (Fig. 2b), containing a large number of 

micropores. When the PAS temperature was increased from 150 to 250 °C (Fig. 6 -

the second column) and further to 350 °C (Fig. 6 - the third column), the number 

and sizes of pores (white arrows in Fig. 6) in the microstructure decreased to a point 

that full densification was achieved for the Mg specimens PASed at 350 °C. It is well 

known that surface diffusion is a t ime-dependent process. Thus, increasing sintering 

t ime under a mechanical pressure will positively contribute to the densification of 

the specimens. Fig. 6 also shows the effect of sintering t ime on the microstructures 

of the PASed Mg specimens (1 h - the first row, 2 h - the second row and 4 h - the 

third row). It was concluded that densification needed two hours and holding the 
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Mg specimens at 350 °C for a longer period of t ime (e.g., 4 h) did not have a strong 

effect on reducing the porosity level further. 

1 OH nn 

Fig. 6. SEM micrographs of monolithic Mg specimens PASed at 150 (the first 

column), 250 (the second column) and 350 °C (the third column) for 1 (the first row), 

2 (the second row) and 4 h (the third row). 

The microstructures of the Mg-20 vol% composites PASed at 150, 250 and 350 °C 

for 2 h are shown in Fig. 7a-c. Similar to the monolithic Mg specimens, increasing 

the PAS temperature f rom 150 to 350 °C resulted in a better integrated 

microstructure. The effect of sintering t ime on the porosity o f t he PASed composites 

(at 350 °C) is shown in Fig. 8. Once again, opt imum densification for the composite 

was achieved after two hours and a longer sintering period (4 h) did not significantly 

influence the porosity level. Under an opt imum PAS condition (at 350 °C for 2 h), the 

highly ductile Mg matrix was able to fuse into pores and fill vacant spots in the 
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microstructure, yielding well-integrated composites wi th unusually large amounts 

of bredigite (e.g., 40 vol.% - Fig. 7d- f ) . 
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Fig. 7. Microstructures o f t he Mg-20% bredigite composite PASed at 150 (a), 250 (b) 

and 350 °C (c), and microstructure o f t h e PASed Mg-40 vol.% bredigite at 350 °C (d). 

(e) and (f) illustrate the microstructure of the Mg-40 vol.% bredigite composite at 

higher magnifications. 
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Under the opt imum PAS condit ion, the porosity level significantly decreased from 

25% to 3% and f rom 35% to 5% for Mg-20% bredigite and Mg-40% bredigite 

composites, respectively, in comparison wi th the values of cold compacted and then 

sintered composites (Fig. 5). The remaining pores were mostly located at the edges 

o f t h e specimens (Fig. 8b-c) , which were in direct contact wi th the compaction die 

and thus experienced the highest fr ict ion. Although most of the P/M techniques, 

including PAS and extrusion, come wi th a disadvantage of having localized porosity 

close to the edges of composite specimens, also known as the edge effect, it has an 

advantage over the casting techniques that are notorious for introducing pores 

throughout the bulk, e.g., gas cavities, which cannot be removed by machining off 
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the outer layer. The PAS technique developed in this research for the Mg-bredigite 

composites wi th high volume fractions of bioceramic particles (20-40 vol.%) 

showed another advantage, when compared to the extrusion technique that led to 

anisotropic microstructures aligned in the extrusion direction [23]. Moreover, it 

allowed the addition of larger volume fractions of bredigite particles to Mg as 

compared with the extrusion technique [23,43,100,101] . It is of critical importance, 

because a larger volume fraction of bioactive particles contributes more to the 

enhancement of the bioactivity of magnesium, needed for bone regeneration. 

4.3.2. Mechanical propert ies 

4 .3 .2 .1 . Mechanical propert ies o f monol i th ic magnesium 

It is l<nown that the mechanical properties of metallic materials processed by the 

(P/M) route are affected by the state of the surfaces of initial powder particles, 

which are often covered by an oxide layer [106, 107, 147, 148](Chang and Zhao, 

2013; Esen, 2011; Krishnamurthy et al., 1991; Muhammad et al., 2011). As 

mentioned earlier, the oxide layer disrupts the direct contact between neighboring 

Mg particles [147] and hinders the diffusion between Mg powder particles during 

PAS [148], thus resulting in poor inter-particle bonding and pre-mature inter-particle 

fracture under loading [107]. The effect of the surface oxide layer on the mechanical 

behavior of monolithic Mg can be revealed by indentation at different loads and 

thus different indentation diagonal sizes. Table 1 presents the mlcrohardness values 

of monolithic Mg samples using indentation loads of 0.10, 0.49 and 9.8 N. With 

increasing indentation load, mlcrohardness decreased by almost 9%, indicating that 

the mlcrohardness of monolithic magnesium was higher when no prior powder 

particle boundaries were involved in indentation. Fig. 9a shows tha t the indentation 

zone related to the 9.8 N load, covering a number of original powder particles and 

their boundaries because the diagonal o f t h e indentation zone (220 pm) was larger 

than the mean particle size of Mg powder particles, i.e., 90 pm. 



Table 1. Effect of Indentation load on the mlcrohardness of monolithic Mg samples. 

Indentation load (N) Indentation diagonal (pm) Mlcrohardness (HV) 

9.8 220.42i0.36 38.210.14 

0.49 47.05±0.97 41.3±1.05 

0.10 22.06i0.76 41.9i0.57 

TUDel f t DSM SOtim 1 T U D e l f t DSM lOMm 

Fig. 9. Microstructures of PASed Mg specimens after indentation at 9.8 (a) and 

0.10 N (b). 

On the other hand, 0.49 and 0.10 N indentation loads resulted in smaller diagonals 

of 47.05 and 22 pm (Table 1), respectively, allowing the measurement of 

mlcrohardness in the interior of one single Mg powder particle, containing grain 

boundaries but no prior powder particle boundaries. Fig. 9b shows the indentation 

zone resulting f rom the 0.10 N indentation load, covering only the interior of a Mg 

powder particle. 

Fig. 10 shows the stress-strain curve of a monolithic Mg sample and Fig. 

11 illustrates the phenomenon of inter-particle fracture In monolithic magnesium 

samples under a compressive load, separating neighboring powder particles. The 
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plastic region in the stress-stress curve of the monolithic magnesium sample 

appeared to be flat, showing a negligible strain-hardening effect. Despite the 

plateau region, monolithic Mg did not exhibit a high ductility (Table 2) but failed at 

a low strain because o f t h e early inter-particle fracture and surface delamination, 

which caused pre-mature failure (Fig. l l a - b ) . 
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Fig. 11. IVlonolitliic IVlg samples subjected to compression tests, showing 

delamination close to the edges (a). While the edges went through inter-particle 

fracture (b), the core went through plastic deformation by forming twin bands (c -

black arrows). 



Table 2. Yield Compressive Strength (YCS) and Ultimate Compressive Strength (UCS), 

Mlcrohardness (MV) at 9.8 N and Strain at Fracture (sf) of pure Mg and the Mg-

matrix composites wi th different volume fractions of bredigite particles. 

Ultimate Micro- Elongation 
Compressive 

Material compressive hardness till fracture 
strength (MPa) 

strength (MPa) (HV) 

130-240 [42, 1.07-2.10 
cortical bone ^^^^^^^^ 28-59 [150] ^^^^ 

Cancellous 1.7-10.44 [151, 32.9±6.6 l . l l i O . 6 3 
bone 2-12 [110, 111] ^^^^ ^^^3^ ^^^^^ 

Mg 90+13.8 114.27±21.4 38.2±0.1 6.1±0.9 

Mg-20 vol.% 

bredigite 135.0±7.8 190. ±12.2 64.05+5.8 13.9±1.8 

(28 wt.%) 

Mg-20 vol.% 

bredigite"^ 145.0±4.4 240.5±5.3 64.0515.8 14.910.7 

(28 wt.%) 

Mg-40 vol.% 

bredigite 140.016.2 192.616.0 72.819.7 9.812.1 

(57 wt.%) 

m - a surface layer o f t he specimen was machined off. 

Inter-particle fracture occurring during compressive tests was dominant at the 

edges of the sample (Fig. l l a - b ) , which resulted in surface delamination and 

produced shells with poor bonding to the core o f t he sample. The delamination was 

related to the high friction between the compaction die and powder particles at the 

hot pressing step of PAS, which resulted in poor densification close to the edges of 

the specimens, while the core went through plastic deformation as evidenced by 

extensive twinning in the cross-section microstructure of Mg samples (Fig. 11c). In 

polycrystalline Mg, the constraints applied by neighboring grains produce strain 
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incompatibil i ty at grain boundaries, introducing additional stresses to maintain 

strain compatibil i ty at these areas [155]. At room temperature, these compatibi l i ty 

stresses may activate non-basal dislocations (e.g. <c+a>) as well as twins [155]. 

When the amount of stress incompatibil ity is relatively low, twinning has the 

privilege to initiate since the critical resolved shear stress (CRSS) for the <c+a> slip 

(40 MPa) [156] is much higher than that for twining (2-3 MPa) [157]. Thus, the 

plateau plastic region of monolithic Mg in the stress-strain curve (Fig. 10) can be 

explained by the format ion of tw in bands that are capable of freely re-orienting the 

interior of grains to accommodate plastic strains wi th almost zero strain hardening 

[158]. There are two main twining systems, i.e., 101-2 and 101-1 that are often 

associated wi th the plastic deformation of polycrystalline magnesium [98]. 101-2} 

twins have a privilege to form, as compared to 101-1 twins, because the former can 

be formed wi thout any relation to the direction of the applied load [55]. Moreover, 

the CRSS for 01-2} twining is only 2-3 MPa [157], while that for 101-1} twins requires 

114 MPa [159]. Further detailed analysis of twining occurring in the Mg matrix of 

the composites during compression tests and the relation of twins to the direction 

and quantity of the applied load requires a separate systematic study by means of 

Electron Backscatter Diffraction (EBSD). 

4.3.2.2. Mechanical propert ies o f t he magnes ium-bred ig i te 

composi tes 

From the results o f t h e compression and hardness tests (Table 2), it could be stated 

that hard bredigite particles, being homogenously dispersed throughout the Mg 

matrix (Fig. 7c-d) , were most probably responsible for the higher strengths o f t h e 

composites by the fol lowing mechanisms. Firstly, the higher hardness of bredigite 

(365117 HVo.oi measured in this research would increase the overall hardness o f t he 

composites through dispersion hardening according to the rule of mixtures [104]. 

Secondly, as described in previous studies [106, 107], irregular bredigite particles 

wi th multiple edges could disrupt the pre-existing oxide layer on magnesium 

powder particle surfaces by being pressed against the matrix during PAS. This 

strengthened the interface wi th the Mg matrix so that the composites were more 

resistant to fracture under load. Thirdly, bredigite particles acted as obstacles to the 

free movement of dislocations within the Mg matrix (Fig. 12), causing larger 

resistance to deformation, which resulted in the enhancements o f t h e compressive 

yield and ult imate strengths of the composites. It is wel l-known that plastic 

deformation is a result of active dislocation motion on a crystallographic plane. 

According to the Hall-Petch theory, grain boundaries act as the obstacles to 

dislocation mot ion, which results in the piling up of lattice dislocations at grain 
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boundaries along wi t l i plastic deformation [160], as shown in Fig. 12a (black arrows). 

Subsequently, hard bredigite particles pin the colliding dislocation lines along wi th 

plastic deformation (Fig. 12b) and this enhances the resistance to deformation, 

resulting in significant enhancements of the overall mechanical properties of the 

composites. 

Fig. 12. Surface morphology of the plastic zone close to the indentation area, 

showing dense dislocation lines (black arrows) located at grain boundaries (blue 

arrows - a), b shows dislocation lines pinned by bredigite particles. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

The role of bredigite particles in enhancing the deformation resistance of the 

composites could be better observed in Fig. 13. It illustrates the indentation zones 

of an individual magnesium powder particle (grey in color) surrounded by bredigite 

particles (black in color) under three different indentation loads. As the indentation 

diagonal became larger at a greater load, the distance between the plastic zone and 

hard bredigite particles became shorter (see the distance between the sharp edges 

o f t h e indentation zone and the black bredigite particles), corresponding to higher 

mlcrohardness, confirming that the deformation o f t he Mg matrix close to bredigite 

particles was indeed more restricted. 
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Fig. 13. IVlicroliardness of an individual Mg powder particle surrounded by bredigite 

particles in the microstructure o f t h e Mg-20 vol% bredigite composite as a function 

of indentation load. 

The characteristics o f the failure o f t he composites during the compression tests are 

shown in Fig. 14. Longitudinal cracks were observed along the side walls of 

specimens, which propagated in the same direction as the applied force. 

Subsequently, similar to monolithic Mg specimens, local instability and crack growth 

led to the global instability of composite specimens, producing delaminated shells 

under compression, as found in other composites [155, 161, 162]. Microscopic 

images of the delaminated region (Fig. 14b-c) confirmed that surface cracks 

propagated along both the Mg-Mg and Mg-bredigite interfaces. 
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Fig. 14. Cracl< propagation and delamination o f t h e Mg-20 vol% bredigite composite 

under compressive load (a). Inter-particle fracture was the dominant mechanism of 

failure (b), which occurred at both Mg-Mg and Mg-bredigite interfaces (c - white 

arrows). 

Surface delamination is typical of P/M materials, especially P/M composites [163], 

most probably due to weaker bonding between the constituents close to the edges 

o f t he compaction die (Fig. 8c, indicated by white arrows) where high fr ict ion occurs 

at the die-material interface [164, 165]. To confirm this explanation, we performed 

the same compressive tests o f the composite samples with an outer layer machined 

off. Indeed, the surface delamination delayed, which resulted in a higher ult imate 

compressive strength (Fig. 10). Thus, to achieve better mechanical properties, the 

outer layer of the P/M processed Mg-based composites should be machined off to 

remove the disintegrity remaining in the microstructure close to the edges. 

In the case o f t h e composites, inter-particle fracture was delayed to higher strains, 

allowing the Mg matrix to go through larger plastic deformation before the final 

failure occurred by inter-particle fracture and resulting in the higher ductil ity values 

of the composites up to 111% (Table 2). The interesting phenomenon of the 

increased ducti l i ty values of Mg-matrix composites with hard ceramic 

reinforcements has recently been documented [100, 102, 104, 105]. Ceramic 

reinforcements were held responsible to activate non-basal dislocations during the 

plastic deformation of the magnesium matrix, leading to higher ductil ity of the 

composites [105]. Hard bredigite particles introduce additional stresses to the 

adjacent Mg matrix, generating more strain incompatibil i ty at grain boundaries 

close to reinforcing particles [102]. Subsequently, non-basal dislocations, necessary 

for the ductile behavior of the Mg matrix [166], can be activated in the area close to 

ceramic particles, which brings about better ductility at room temperature 

[155]. Fig. 12b shows activated dislocation lines close to bredigite particles. As can 

be seen in the microstructure, the dislocation lines were curvy, which was a 

morphological characteristic of non-basal dislocations [103]. V\/hen the non-basal 

<c+a> dislocations face an obstacle, such as a hard reinforcing particle, they tend to 
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split into sessile <c> and glissile <a> components and the immobile <c> component 

will cause a strain-hardening effect, while the mobile <a> component will introduce 

additional strain [156]. This can produce both higher ductil ity and a stronger strain-

hardening effect at the same t ime, as seen in the Mg-bredigite composites (Fig. 

10 and Table 2). 

An increase in the volume fraction of bredigite particles f rom 20 to 40 vol.% did not 

contribute much to a further improvement of the strength but deteriorated the 

ductil ity (Table 2 and Fig. 10). Munitz et al. reported the same phenomenon in the 

case of TiC-reinforced Mg-matrix composites when the volume fraction of TIC 

particles increased from 20 to 30 vol.% [108]. It could be a consequence of the 

clustering of ceramic particles at a larger volume fraction, causing pores and weal< 

bonding between brittle ceramic particles wi th in the clusters and/or between the 

matrix and clustered particles. This resulted In a lack of load transfer f rom the matrix 

to ceramic clusters and thus the yielding behavior o f t h e composites fol lowed that 

o f t h e matrix that contained the defects [109]. 

4.3.3. Mechanical proper t ies as a func t ion of degradat ion t ime 

Fig. 15 shows the degradation profiles o f t h e Mg-bredigite composites as a function 

of immersion t ime for 12 days in DMEM (solid lines). Monolithic Mg samples were 

completely corroded over 12 days at an average degradation rate of 

31.41 mg/cmVday, being consistent with the in vitro degradation rates of cast Mg 

determined in previous studies (19-44 mg/cmVday) [21]. The Mg-20% bredigite 

and Mg-40% bredigite composites degraded at significantly reduced degradation 

rates of 1.26 mg/cmVday and 2.65 mg/cmVday, respectively. The morphologies of 

corroded samples are illustrated in Fig. 15a. Pitting corrosion as the dominating 

mechanism initiated at the side walls and bot tom of samples (Fig. 16a), progressing 

towards the core, which caused total disintegration of monolithic Mg samples in 12 

days. Bredigite particles contributed to slowing down the degradation mainly by 

blocking the pitt ing pathways of the matrix by dissolving at a lower rate and by 

establishing a protective surface layer, l imiting the corrosive solution (DMEM) from 

reaching the fresh surface of magnesium. Fig. 16b-c shows the SEM micrographs 

taken on the cross section of a Mg-20% bredigite composite sample after 6 days of 

immersion in DMEM, showing a progressive corrosion pit in the Mg matrix, being 

arrested when it reached the bredigite particles (dark arrows). Some of the 

unreacted bredigite particles (white arrows in Fig. 16c) being entrapped in the 

corrosion layer could still be observed after 6 days of immersion, confirming the 

lower degradation rate of bredigite relative to the Mg matrix. The X-ray elemental 

mappings of the surface of Mg-20% bredigite composite sample after 6 days of 
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immersion are illustrated in Fig. 6dg. The presence of Ca and particularly P, 

originating from DMEM, in the chemistry o f t h e surface layer confirmed the ability 

of the composites to encourage the format ion and subsequent adsorption of 

bioactive CaP-containing salts such as Hydroxyapatite (HA). The silicon-rich regions 

in the x-ray chemical mapping (Fig. 16d) was due to the presence of unreacted 

bredigite particles in the corrosion layer, as illustrated in Fig. 16b-c. During the 

dissolution of bredigite particles, Ca ions are released preferentially to silicon ions 

by ion exchange with H*. Thus, most of silicon in bredigite wil l stay within the 

unreacted part, forming a negatively charged surface wi th the functional group ( e S I -

0"), which electrostatically attracts magnesium and calcium cations (Fig. 16d-g). 

Thus, when Mg is present in the microenvironment close to the corroding surface 

(Fig. 16g), it will be attracted by the negatively charged (ESi -0" ) functional group 

and then penetrate through the HA lattice by ionic exchange with Ca cations. Then, 

a calcium-deficient. Si- and Mg-containing HA is formed (Fig. 16d-g), which is more 

bioactive than the stoichiometric HA [123]. 

•Mg-'IOBR-Mass «fvle-Mass •Mg'lOBRStrength 

éMg-Strength •Mg-20BR-Stfength •fv1g-20BR-Mas5 
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Fig. 15. Ultimate compressive strengths (UCS) and mass losses o f t he composites as 

a function of immersion t ime. 
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Fig. 16. IVlorpiiologies of corroded composite samples as a function of immersion 

t ime (a). SEM cross-section micrograph o f t h e Mg-20% bredigite after degradation 

in DMEM for 6 days (b), showing unreacted bredigite particles blocking the pitt ing 

pathways of the matrix (c, black arrows) and remaining in the corrosion layer (c, 

whi te arrows), (d-g) illustrate the X-ray chemical mappings of the corrosion layer 

after 6 days of immersion. 

Fig. 15 (dashed lines) shows the influence of degradation on the strength of the 

composites over a period of 12 days in DMEM. Monolithic Mg sample lost its 

mechanical integrity within 6 days due to a high degradation rate. However, the Mg-

bredigite composites showed gradual losses of mechanical properties by dissolving 
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at slower rates. After 12 days, their strengths fell into the strength range of cortical 

bone (130-180 MPa [167, 168]). The morphologies of degraded composites 

subjected to immersion tests in DMEM and then compression tests showed that 

mechanical cracks nucleated at large corrosion pits (Fig. 17). Thus, pitt ing corrosion 

was mainly responsible for the gradual loss of the mechanical strengths of the 

composites. Thus, if mechanical cracks appear first, they will encourage the 

initiation and further growth of corrosion pits. However, if corrosion pits appear 

first, they wil l act as nucleation sites for the further development of mechanical 

cracks. 

Fig. 17. Stereo-microscope micrographs of Mg and the Mg-20 vol% bredigite 

composite before (a and d, respectively) and after immersion testing (b and e, 

respectively) for 12 days. Mechanical cracks initiated at corrosion pits (c) and (f) in 

Mg and the Mg-20% bredigite composite, respectively. 

Despite the differences in degradation rate between the Mg-20% bredigite and Mg-

40% bredigite composites, they showed similar UCS values after 12 days (Fig. 15), 

because corrosion pits were limited to the edge of the samples (Fig. 16a). Different 

degradation rates butsimilar mechanical strengths of the Mg-20% bredigite and Mg-

40% bredigite composites allowed us to adjust the degradation rate by changing the 

volume fraction of bredigite according to the requirements o f t h e implantation site 

where a low or a high degradation rate would be needed with similar mechanical 

strengths (Table 2). 
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The mechanical properties of the Mg-bredigite composites, being close to those of 

cortical bone (Table 2) suggest adequate biomechanical compatibil i ty. However, 

long-term in-vitro degradation tests, e.g., longer than 3 months, are still needed to 

determine the long-term degradation behavior of these composites. In addit ion, the 

biodegradability of the composites could be further improved by inhibiting inter­

particle fracture at weal< spots in the structure, as explained above. This would 

positively affect the mechanical and degradation properties o f t h e composites at 

the same t ime. 

Further improvement of the structural integrity of the composition is a new 

challenge. High temperature sintering of the composites under a compaction load 

could be an appropriate approach to eliminating the disintegrity in the 

microstructure o f t h e PASed composites through enhanced inter-particle diffusion. 

As mentioned earlier, the major obstacle to the sintering of the Mg-bredigite 

composites would be the maximum temperature at which the composites could be 

heat-treated because heating the composites close to a desired sintering 

temperature of Mg (i.e., around 600 °C) would result in an exothermic reaction 

between the constituents and local evaporation of the adjacent matrix. If the 

exothermic reaction could be suppressed, then a proper heat t reatment of the Mg-

bredigite composites, preferably under mechanical load, could enhance surface 

diffusion across prior powder particle boundaries, resulting in a better integrated 

microstructure. 

4.4. Conclusions 

Our worl< demonstrated the critical importance of the processing method and 

process parameters for the mechanical properties and degradation behavior for the 

fabricated Mg-matrix composites. PAS at 350 °Cfo r2 h under a pressure of 500 MPa 

was found to be an opt imum condition for the processing of the Mg-matrix 

composites wi th high volume fractions of bredigite particles. The PASed Mg-

bredigite composites were shown to be promising biomaterials for load-bearing 

orthopedic applications. The presence of bredigite particles improved the 

mechanical strengths of Mg both before and after degradation. The reduced 

degradation rates of the Mg-bredigite composites led to the slower losses of the 

mechanical properties into the strength range of cortical bone after 12 days of 

immersion in DMEM. High-temperature sintering of the composites under an 

isostatic mechanical pressure could be useful to annihilate the weal< spots in the 

microstructure. Further in vivo studies are necessary to evaluate the behavior of 

these newly developed composites in a real biological environment in order to 

establish a clear correlation between the in vi tro and in vivo results. 
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CHAPTER 

Biodegradation and mechanical behavior of an 

advanced bioceramic-containing Mg matrix 

composite synthesized through in-situ solid-state 

oxidation 

This chapter is published as: 
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Biodegradation and mechanical behavior of an advanced bioceramic-containing Mg 

matrix composite synthesized through in-situ solid-state oxidation. Journal of the 

mechanical behavior of biomedical materials 80, 209-221. 
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Abstract 

Recent studies iiave si iown great potential of Mg matrix composites for 

biodegradable orthopedic devices. However, the poor structural integrity of these 

composites, which results in excessive localized corrosion and premature 

mechanical failure, has hindered their widespread applications. In this research, an 

in-situ Powder Metallurgy (PM) method was used tofabr icate a novel biodegradable 

Mg-bredigite composite and to achieve enhanced chemical interfacial locl<ing 

between the constituents by triggering a solid-state thermochemical reaction 

between Mg and bredigite particles. The reaction resulted in a highly densified and 

integrated microstructure, which prevented corrosion pits f rom propagating when 

the composite was immersed in a physiological solution. In addit ion, chemical 

inteHocl<ing between the constituents prohibited interparticle fracture and 

subsequent surface delamination during compression testing, enabling the 

composite to withstand larger plastic deformation before mechanical failure. 

Furthermore, the composite was proven to be biocompatible and capable of 

maintaining its ult imate compressive strength in the strength range of cortical bone 

after 25-day immersion in DMEM. The research provided the necessary information 

to guide further research towards the development of a next generation of 

biodegradable Mg matrix composites with enhanced chemical interlocking. 
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5.1. Introduction 

Magnesium, being among the lightest structural materials, is considered one of the 

biggest investment opportunities of this century [169]. Magnesium is 75 % lighter 

than steel, 50 % lighter than t i tanium, and 33 % lighter than aluminum [170, 171]. 

In the biomedical f ield, particularly in orthopedics, Mg stands out o f t h e rest o f t h e 

metals in the periodic table due to its biodegradable nature, high strength-to-

density ratio and mechanical properties comparable to those of human bone [172]. 

However, Mg actively dissolves in physiological solutions at an undesirably high rate 

[79], leading to premature structure disintegration and subsequent loss of 

mechanical properties before the damaged bone is fully recovered. Lowering the 

degradation rate of Mg has been one of the most studied subjects in pursuit of 

clinically applicable Mg-based materials [173]. 

Most o f the previous attempts to slow down the biodegradation of Mg were focused 

on adding alloying elements such as aluminum and zirconium to Mg [174-176], and 

quite a few, on developing Mg-matrix composites with bloactlve particles 

embedded throughout the Mg matrix [23, 34, 101]. Mg matrix composites use 

monolithic Mg as the metallic matrix so as to avoid possible toxic complications 

caused by alloying elements [21]. In addit ion, the chemical and mechanical 

properties of Mg matrix composites are adjustable by controll ing matenal 

parameters such as bioceramic type, particle shape, sizes and distribution as well as 

processing conditions [24]. 

In the previous research, Powder Metallurgy (PM) Mg matrix composites containing 

up to 40 vol.% of bredigite were developed and these composites had integrated 

and homogenous microstructures and mechanical properties similar to those of 

human bone [24, 177]. However, the Mg matnx composites still suffered f rom 

premature inter-partlcle fracture and surface delamination under compressive 

loading [24], causing the outer layer of specimen to be disintegrated f rom its core, 

which would be fatal in clinical cases. Inter-partlcle fracture and surface 

delamination were identified to be the two dominating failure mechanisms of the 

Mg matnx composites under mechanical loading, indicating that mechanical 

interlocking between Mg and bioceramic powder particles was not sufficiently 

strong to resist inter-particle fracture [24]. Inter-particle fracture became even more 

intense after the composites had been immersed in a physiological solution and 

suffered f rom localized corrosion at the edges of specimens. These localized 

corrosion sites in the Mg-matrix composites would provide nucleation sites for 

mechanical cracking, thereby reducing their durability if they were used for implants 

[18]. 
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With the recognition of the weak spots in the composites developed earlier, there 

was a strong desire to improve the composites in terms of structural integrity, 

degradation behavior and mechanical properties. Improving the integrity of the IVIg-

bioceramic interface is a challenge because metals generally do not bond strongly 

wi th ceramics due to the differences in the nature of atomic bonding in metals and 

in ceramics [178]. Nevertheless, there is a possibility to strengthen the metal-

ceramic interface in Mg matrix composites, if an intedayer is formed, which allows 

chemical interlocking between the constituents. One way to achieve this is to tngger 

a thermochemical reaction at the Mg-bioceramic interface, causing atoms f rom 

both sides to swap by diffusion and forming an intermediate layer as a product of 

the reaction. The first critenon to achieve this would be the ability of magnesium to 

reduce oxide phases in bioceramic (e.g., Si02) into their elemental constituents (e.g.. 

Si) through a solid state reaction. The second criterion would be the diffusivity of 

bioceramic elemental constituents into Mg crystal to establish a chemically 

integrated interface. 

With these two criteria in mind, in this research, micro-sized bredigite powder 

particles was used (bredigite being a biodegradable ceramic in the CaO-MgO-SiOz 

family and known as a bioactive material wi th mechanical properties close to those 

of cortical bone and a stimulatory effect on osteoclast proliferation [31, 32]), 

considering the fact that Mg is able to react wi th bredigite through a solid state 

oxidation reaction [24], and the possible elemental products o f t h e reaction (such 

as Si and Ca) are able to diffuse into Mg crystal [34,179]. 

The goal of this study was to fabricate biodegradable Mg-bredigite composites wi th 

chemical bonding between powder particles, as an additional bonding mechanism 

to mechanical interlocking to prolong their service life by avoiding premature inter-

partlcle fracture and delamination. Microstructure, mechanical and degradation 

behavior, in-vitro cytotoxicity and bioactivity of the newly developed composite 

were evaluated. 

5.2. Materials and Methods 

5.2.1. In-situ synthesis of Mg matrix composite 

A magnesium powder (containing 320 ppm Fe and 160 ppm Ni impurities - Shanghai 

Institute of Ceramics) wi th spherical particles and a mean particle size of 90 nm was 

mixed wi th a bredigite (Ca7MgSi40i6 -Shanghai Institute of Ceramics) powder wi th 

a mean particle size of 10 nm and an irregular morphology by 20 vol.%. Mixing lasted 

12 h using a rotary mixer to obtain a homogenous mixture. 

90 



70 mg o f the powder mixture was heated f rom ambient temperature to 620 °C at 2, 

5, 10, 15 and 20 °Cmin"^ in a Simultaneous Thermal Analyzer (STA - Setaram 

SetsysEvo) to pinpoint the critical temperature, at which the thermochemical 

reaction between Mg and bredigite tool< place at its highest intensity (Tp), and 

possible mass change as a result o f t h e exothermic reaction. The STA furnace was 

flushed wi th high purity argon gas for 4000 s. The STA tests were repeated three 

times for each heating rate. 

Composite specimens were fabricated using a powder metallurgy method known as 

Pressure Assisted Sintering (PAS) [24]. In this method, the powder mixture was first 

heated to 350 °C in a 13 mm diameter die made from hot-work tool steel and then 

uniaxially compacted at 500 MPa. To ensure opt imum densification of the PAS 

composite, the mixture was kept at 350 °C for 2 h under the compaction pressure. 

The PAS composite was then heated to 600 °C, which was close to the reaction peak 

temperature measured in the thermoanalytical tests. The thermal t reatment was 

conducted in a tube furnace by heating the PAS composite to 500 °C at a heating 

rate of 5 °C.min"^ and then f rom 500 to 600 °C at 1 °Cmin"^ to exercise more precise 

control over the heating process. An isothermal step of 1 h was fo l lowed, after the 

composite reached 600 °C, to allow diffusion to take place within and across Mg 

powder particles. The Thermally Treated (TT) composite was then cooled at 5 

°C.min'^ to room temperature. The thermal t reatment was conducted under a 

protective atmosphere (high-purity argon). An illustration o f t h e processing steps is 

given in Fig. 1. The exposing surfaces of PAS and TT composite samples were ground 

by using 2400 grit SIC sandpaper, washed in an ultrasonic acetone bath for 3 min 

and then dned by an air blower. 
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Mixing stage 

Magnesium powdi^r + Bredigite powder 

80 vol.% / 20 vol.% 

PAS stage 

TT stage 

Mg-20vol.% bredigite composite 

) 
600 ' C - l h 

• 1 

Fig. 1. Schematic illustration o f the processing steps for the IVIg-bredigite composite. 

5.2.2. IVIicrostructure and chemical composition 

The value of bulk density was determined using Archimedes' principle according to 

(ASTM B962 - 15, 2015). Microstructures and surface morphologies of the 

composite before and after the thermal t reatment were characterized by using a 

high-resolution Digital Stereo Microscope (DSM, KEYENCE VHX-5000) and a 

Scanning Electron Microscope (SEM, JEOL-JSM-6500F) working at an accelerating 

voltage of 15.0 kV, which was equipped with an Energy Dispersive X-ray 

Spectroscope (EDS). 

Phase identification o f t h e composite before and after the thermal t reatment was 

earned out by using a Bruker D8 Advance X-ray diffractometer with monochromatic 

Cu radiation (Ka l X = 0.154056 nm) over a 29-angle range between 10 and 130° and 

a step size of 0.020 °. Semi-quantitative analysis was performed by scaling the 

intensities o f the diffraction peaks from the sample to one diffraction peak intensity 

value of corundum (a-alumina). A Reference Intensity Ratio (RIR or l/lcor) was 

applied to each phase and the relative intensities compared to the l/lcor values were 

obtained from the ICDD-PDF4 database. 
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The chemical compositions of the surfaces of composite samples were determined 

by using a Fourier Transform Infrared Spectroscope (FTIR, Nicolet 6700 

spectrometer, scan range 600 - 1300, three scans per sample) and an Energy 

Dispersive X-ray Spectroscope attached to the SEM microscope. Mult iple point 

scanning and elemental mapping were carried out to determine the concentrations 

and distnbutions of elements in the surface layer. 

5.2.3. Mechanical tests 

The bulk mechanical properties o f t h e composite were determined by performing 

compression tests at a crosshead speed of 0.5 mm/min in an INSTRON universal 

testing machine using a 50 kN load cell. The height-to-diameter ratio of specimens 

was one, according to (ASTM E9-09, 2009). The tests were stopped when the 

compressive load dropped by 20%. 

The microhardness values o f t he composite before and after the thermal t reatment 

were obtained from Vickers hardness test (Leica VMHT), using a square based 

pyramidal-shaped diamond indenter having an angle of 136° and at a dwell ing t ime 

of 12 s, according to the standard test method (ASTM E384-99, 1999). Composite 

samples were indented at loads of 0.49, 1.96 and 9.8 N to evaluate the effect of 

indentation load on the mean value of microhardness. Indentation was repeated at 

least 15 times to ensure a reliable mean value. After indentation, the affected area 

was observed by using DSM. 

5.2.4. In vitro degradation tests 

5.2.4.1. Degradation in DMEM 

Composite samples (13 mm diameter and height-to-diameter ratio of 1) were 

immersed in a HEPES buffered (25 mM) Dulbecco's modif ied Eagle's medium 

(DMEM - D1145, Sigma-Aldnch) at 37 °C for 1, 3, 6, 12, 24 and 30 days. An anti­

bacterial and anti-fungus agent (A5955, Sigma-Aldrich) was added to DMEM by 1% 

to prevent bacterial and fungi f rom growth. The ratio of solution voiume to surface 

area (SV/SA) was 30 ml/cm^ according to ASTM G31-72. Degradation profiles o f t he 

composite before and after the thermal t reatment were constructed by measuring 

the mass loss (%) of composite samples as a function of immersion t ime (day) in 

DMEM. 
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The composite specimens were washed in an ultrasonic acetone bath and then dried 

in air for 24 h after each immersion period. The chemical compositions of the 

surfaces of composite samples were determined using FTIR and EDAX according to 

section 2.2. The mechanical properties of the dried specimens were evaluated by 

subjecting the specimens to compression tests, as descnbed in subsection 2.3. 

5.2.4.2. Electrochemical degradation 

To evaluate the electrochemical behavior of composite samples, a three-electrode 

configuration was adopted to perform potentiodynamic polanzation tests. A 

Saturated Calomel Electrode (SCE) was used as the reference electrode and a 

platinum mesh as the counter electrode. Pnor to the potentiodynamic tests. Open 

Circuit Potential (OCP) measurements were performed during immersion up to 20 h 

using a Solartron 1250/1255 potentiostat. Cathodic polarization tests were carried 

out at an initial potential o f - 0 . 2 V versus OCP increasing to 0.0 V versus OCP. Anodic 

polarization tests were carried out separately at an initial potential of 0.0 V versus 

OCP increasing to +0.5 V versus OCP. Both cathodic and anodic polarization tests 

were conducted at a scan rate of 1 mV/s in HEPES-buffered DMEM at 37 °C. 

5.2.5. Biocompatibility and bioactivity assessments 

5.2.5.1. Preparation of biomaterial extracts 

For extraction, monolithic Mg and TT Mg-20 vol. %bredigite samples wi th a diameter 

of 13 mm were cut into disks wi th a thickness of 2 mm and then the exposing 

surfaces were ground by 2400 grit SIC sandpaper. Subsequently, monolithic and 

composite disks were immersed in DMEM containing 10% fetal bovine serum wi th 

a surface area to volume ratio of 1.25 cmVml and incubated in a humidif ied 

incubator at 37 °C and wi th 5% CO2 for 24 and 72 h. The extracts were wi thdrawn 

and centrifuged at 1200 x g for 5 min at room temperature. The extracts were 

diluted with DMEM + 10% FBS + 1% penicil l in/streptomycin at ratios of 1/4 and 1/16, 

and stored at 4 °C according to ISO 10993-12. 

5.2.5.2. Indirect cell proliferation assay 

MG-63 cells were adopted to evaluate the cytotoxicity of the composite [34]. The 

cell cytotoxicity of each extract sample was evaluated using 3-(4, 5-dimethylthiazol-
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2-yl)-2, 5-diphenyltetrazolium-bromide (MTT) assay. MG-63 cells were Incubated in 

96-well cell culture plates at a density 1 x 10" cells per well and incubated for 24 h. 

After incubation, the medium was replaced by the extracted medium and incubated 

for further 1, 6 and 12 days. The proliferation rate of cultured cells on each sample 

was compared wi th the tissue culture polystyrene plate (TCPS) as a control. After 

incubation with the extracts, the culture medium of each well was removed and 0.1 

mL MTT solution (0.5 mg/mL, Sigma) added, fol lowed by incubation for 4 h at 37 °C. 

The purple formazan crystals were dissolved by adding 0.1 mL Isopropanol (Sigma) 

per well on a shaking incubator for 15 min prior to absorbance measurement. The 

solutions of each well were transferred to 96-well plate and the optical density (OD) 

was recorded on a microplate reader (STAT FAX 2100, USA) at 545 nm. This assay 

was repeated five times and the final ODs normalized to the control OD. 

5.2.5.3. Indirect cell differentiation assay 

The differentiat ion behavior of MG-63 cells was evaluated by measunng ALP 

activity. Cells were cultured at a density of 1 x 10" cells/well in a 24-well plate for 24 

h. Then the medium was replaced with the 24 and 72 h extracted media and 

incubated for further 3, 6 and 12 days. Subsequently, the cells in each well were 

lysed in 0 .1% Triton X-100 (Sigma) and the lysates were incubated wi th p-

nitrophenyl phosphate (pNPP) (Sigma) for 60 min at 37 °C. The quantity of p-

nitrophenol produced was measured at 405 nm and the total protein content was 

acquired wi th the aid of a BCA Protein Assay Kit (Sigma). The results were expressed 

as nanomoles of p-nitrophenol produced per minute per microgram of protein. ALP 

activity of cells cultured in the medium supplemented wi th 10% FBS wi thout any 

addition of extracts served as the control. At least five samples per each test were 

taken for statistical analysis. The statistical significance was defined as a p-value of 

less than 0.05. 
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5.3. Results 

5.3.1. Processing details and microstructure 

(a) — i i ft i inow-tQ (bj -« t i i t rM—IG (d —imino«—TO 

Fig. 2. Tliermo-gravimetnc profiles of Mg-20% bredigite samples heated to 620 °C at 

2 (a), 5 (b), 10 (c), 15 (d) and 20 "C.min"^ (e). Exothermic heat f low and mass loss as 

a function of heating rate (f). 

Fig. 2 shows the thermal and gravimetric profiles of the Mg-20 vol. % bredigite 

composite f rom room temperature to 620 °C, plotted by the data acquisition system 

of STA at 2, S, 10,15 and 20 °Cmin ' \ The heat f low curves o f the composite revealed 

an exothermic event at all the heating rates (Fig. 2a-e). Surprisingly, the peak 

temperature o f t h e reaction decrased wi th increasing heating rate. The amount of 

the generated heat increased by almost seven times when the heating rate was 

increased from 2 to 20 °C min"^ (Fig. 2f). Significant mass losses were observed in the 

TG curves when the composite was heated at relatively high heating rates (10, 15 

and20°C). 

Fig. 3 shows the optical microscopic images taken from the PAS composite after the 

thermal t reatment (a-d), including SEM back-scattered micrographs and EDS 

elemental maps (e-h). The TT composite appeared to have a homogenous 

microstructure (Fig. 3a) with almost no pores or cracks throughout the material (Fig. 

3b). A closer look at the microstructure of the etched TT composite (Fig. 3c with red 

arrows) revealed the grain structure of the Mg matrix with a mean grain size of 

approximately 10 nm. 
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After the thermal t reatment, a newly formed Interlayer at the Mg-brediglte 

interface was observed, appearing as a blue polygonal phase in the optical 

micrograph (Fig. 3d). This blue phase was also visible in the SEM-BSE image (Fig. 3e, 

indicated by blue arrows) having a strong contrast wi th the neighboring bredigite 

particles. EDS elemental mapping o f t h e interface (Fig. 3f-h) showed the presence 

of Si and Ca in the interlayer between Mg and bredigite particles, indicating the 

diffusion of atoms from bredigite to this interlayer. 

Fig. 3. Macroscopic and microscopic illustrations of the Mg-20% bredigite 

composite after the thermal t reatment at 600 °C at different magnifications (a-d). 

Optical images of grain boundaries after etching (c - red arrows) and CaMgSi 

compound at the Mg-bredigite interface (d - blue arrows). SEM-BSE image of the TT 

composite (e) associated wi th EDS elemental distnbution maps of oxygen (f), 

calcium (g) and silicon (h). 

Fig. 4a and b shows the XRD spectra of composite samples before and after the 

thermal t reatment. The X-ray reflections o f t h e Mg matrix (red dots in Fig. 4) were 

assigned according to PDF 04-015-2580 and those of bredigite (blue dots in Fig. 4) 

were assigned according to PDF 00-036-0399. The crystal lattice of Mg was 

Hexagonal Close-Packed (HCP) and that of bredigite orthorhombic. 

The XRD spectrum of the TT composite (Fig. 4b) contained the diffraction patterns 

of crystalline CaMgSi and MgO with relative amounts of 92 and 8 wt%, respectively. 

It confirmed that the blue-colored polygonal phase in light microscopy was in fact a 

CaMgSi intermetallic phase, present at the Mg-bredigite particle interface. The 

density o f t h e PAS composite was increased by 2.1 % (from 96.6 % to 98.7 %) as a 

result of the thermal t reatment (Table 1). 
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Fig. 4. XRD spectra o f t h e IVlg-20% bredigite composite before (a) and after (b) the 

thermal t reatment at 600 °C. 

Table 1. Bulk densities of monolithic Mg and Mg-20% bredigite composite before 

(PAS) and after the thermal t reatment (TT) at 600 °C. 

Material Bulk density (vol.%) 

Mg 99.8%±0.2 

Mg-20%Bredigite (PAS) 96.6%±0.7 

Mg-20%Bredigite (TT) 98.7%±0.4 

5.3.2. IVlechanical behavior 

Fig. 5a illustrates the stress-strain curves of PAS and TT composite specimens in 

comparison wi th the curve of monolithic Mg. Superior mechanical behavior of the 

TT composite as compared to that of PAS and monolithic specimens was apparent. 

The Compressive Yield Strength (OCYS) of PAS specimens after the thermal t reatment 

increased from 135,0 to 170.1 MPa, which represents a 26 % improvement. The 

Ultimate Compressive Strength (oucs) o f t h e TT composite improved by 18 % and 97 

%, relative to the values of PAS and monolithic specimens, respectively. The values 

of strain to fracture (£f), which represents bulk ductility, were 17.1, 13.9 and 6.1 % 

for TT, PAS and monolithic specimens, respectively. 
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Fig. 5. Stress-strain curves of monolithic Mg, PAS and TT composite specimens (a). 

Bulk overview/ of Mg-20% bredigite composite specimen before the compression 

tests (b). Bulk overview of PAS (c) composite specimen after the compression tests, 

revealing longitudinal cracks (red arrows) and surface delamination (black arrows). 

Bulk overview of TT composite specimen after the compression test (d), revealing a 

45 ° diagonal crack (yellow arrows). 

The morphologies of specimens before the compression tests and after the failure 

are shown in Fig. 5b-d. Longitudinal cracks (Fig. 5c - red arrows) and surface 

delamination (Fig. 5c - black arrows) were the main characteristics of the PAS 

composite [24]. On TT specimens, however, no surface delamination was observed 
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and longitudinal cracks were replaced by a 45 ° diagonal crack (Fig. 5d - yellow 

arrows). 

Fig. 6a illustrates an overview of a representative crack on the cross section. Higher 

magnification images o f t h e crack are given in Fig. 6b and d. Owing to the stronger 

Mg-bredigite interface, cracks (Fig. 6b, d - black arrows) propagated through the 

original Mg powder particles (yellow circle) rather than through the Mg-bredigite 

interface. Hence, the interface remained intact and inter-particle fracture was 

prohibited (Fig. 6d - green arrows). The second column of Fig. 6 shows relatively 

smaller cracks propagating through bredigite particles (Fig. 6c, e - black arrows) and 

being arrested when these cracks reached the metal-ceramic interface. 

100 



Fig. 6. Cracl< propagation pattern in a TT composite specimen (a) througl i IVlg (first 

column) and bredigite (second column) original powder particles. Transparticle 

fracture through Mg (b, d - black arrows) and bredigite particles (c, e - black arrows) 

at dif ferent magnifications. 

Fig. 7 shows the microstructure o f t he TT composite before and after indentation at 

different indentation loads. Increasing the indentation load f rom 0.49 to 9.80 N 

resulted in a larger value of microhardness, f rom 43.2 to 65.2 HV (Fig. 9a-d) and 

affected an increasing surface area of composite specimen (Fig. 7e-h), giving a better 

estimation of hardness on a larger scale. This is necessary since indenting specimens 

at different locations at the same load resulted in different values of microhardness 

(Fig. 7, second and third row). When the TT composite was indented at the Mg-
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bredigite interface, it resulted in a higher microhardness value (62.2 HV) as 

compared to the value when the composite was indented on an Mg particle 

surrounded by bredigite particles (54.7 HV). 

Upon a closer look at the microstructure, large twinning bands were observed in the 

affected plastic deformation region, and their number appeared to be directly 

related to the applied load (black arrows in Fig. 7e-h). 

Fig. 7. Microstructures o f t h e TT composite before (a-d) and after (e-h) indentation 

at HVo.05 (a, e), HV0.20 (b-c, f-g) and HVi.o (d, h), revealing large twin bands after the 

indentation (black arrows). 
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The mechanical properties of the specimens and comparison to those of human 

bone are summarized in Table 2. 

The microhardness values of the composite specimens were close to those of Mg-

hydroxyapatlte composites reported in [27]. On the other hand, the yield and 

ult imate compressive strengths o f t h e TT composite were significantly higher than 

AZ91, Mg-hydroxyapatite, Mg-f?TCP and Mg-fluorapatite composites [180]. 

Table 2. Mechanical properties of monolithic, PAS and TT specimens as compared 

to those of cortical and cancellous bone. 

Material OCYS 

(MPa) 

Oucs 

(MPa) 

Microhardness 

(HVi.o) 

£f 

(%) 

IVlg 90.5 + 

13.8 

114.2 ± 21.4 38.2 ± 0.1 6.1 + 

0.9 

PAS 

composite 

135.0 ± 

7.8 

190.3+12.2 64.0+5.8 13.9 + 

1.8 

TT 

composite 

170.1 ± 

6.4 

225.5 ± 5.3 65.2 ± 6.8 17,1 + 

1.7 

Cancellous 

bone 

2-12 

[110, 

111] 

1.7-12.0 [110, 

111, 181] 

32.9 + 5.6 

[182] 

1.1 + 

0.6 

[154] 

Cortical 

bone 

115.1 ± 

16.4 

[183] 

153.6 + 21.6 

[183] 

28-59 [150] 1.1-2.1 

[42] 
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5.3.3. In vitro biodegradation 

Fig. 8a shows the mass loss profiles of PAS and TT Mg-20% bredigite composite 

samples as compared to the profile of monolithic Mg sample as a funct ion of 

immersion t ime in DMEM. Fig. 8b shows the ult imate compressive strengths of 

specimens as a function of immersion t ime. The monolithic Mg specimens did not 

pass the test penod of one month and were totally dissolved after 12 days of 

immersion. The average degradation rate of monolithic magnesium , i.e., 31.41 

mg cm"^ day \ was in good agreement wi th that determined in previous studies on 

cast magnesium specimens (19 - 44 mgcm'^day"^) [21]. However, the PAS and 

thermally treated (TT) Mg-20 %bredigite composites survived the test penod of one 

month by dissolving at much slower rates than monolithic Mg. The thermal 

t reatment considerably improved the degradation rate of the PAS composite 

(almost by 117 %). The calculated amounts of mass loss, after one month immersion 

in DMEM, were 100 %, 6.1 % and 2.8 %, equivalent to 31.41, 0.87, and 0.40 

mg/cmVday for Mg, PAS and TT Mg-20% bredigite, respectively. The average 

degradation rate of TT composite was slightly higher than that of \A/E43 in 3.5% NaCl 

solution (0.26 mg.cm'^.day'-^), and much lowerthan that of cast ZE41 and AZ91 alloys 

at average dissolution rates of 7.71 and 6.95 mg.cm'^.day"-' in buffered Hank's 

solution, respectively [21,113]. 

As a result of a lower degradation rate, the compressive yield strength of the TT 

composite remained within the strength range of cortical bone up to one month of 

immersion in DMEM (Fig. 8). On the other hand, the compressive yield strengths of 

monolithic and the PAS composite fell below the strength range of cortical bone 

within 12 days of immersion. 

Localized corrosion was still the dominating degradation mechanism of the TT 

composite, initiating mostly f rom the bot tom edges of the specimens (Fig. 8c-e 

yellow insets and black arrows). These localized corrosion features resulted in stress 

concentrations, facilitating the initiation of cracks when the material was under 

compressive loading, as shown in Fig. 8d and e (indicated by yellow arrows). 
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Fig. 8. IVlass loss (a) and ult imate compressive strength (b) profiles of monolithic Mg 

and Mg-20% bredigite composite before (PAS) and after (TT) the thermal t reatment 

as a function of immersion t ime. Optical micrographs of the TT composite 

subsequent to degradation tests and mechanical tests (c) with a magnified view (d, 

e) of localized corrosion (black arrows) and mechanical cracks (yellow arrows). 

Fig. 9a shows the open circuit corrosion potentials (OCP) of monolithic Mg and Mg-

20% bredigite composite before and after the heat t reatment. The OCP potentials 

of samples first increased to more positive values and then gradually reached a 

steady state where the OCP potentials remained relatively constant. The TT 

composite showed a higher OCP value after 20 h immersion. In the PDP curves, the 

TT composite showed a mild shift towards higher cathodic activities wi th respect to 

the PAS specimen (Fig. 9b). It was diff icult to judge the general anodic activity o f t he 

TT composite wi th respect to that o f t h e PAS composite, because it was marginally 

shifting below and above that o f t he PAS composite dunng the polarization test (Fig. 

9C). 
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Fig. 9. OCP (a), cathodic (b) and anodic polarization (c) curves of the Mg-20% 

bredigite composite before (PAS composite) and after the heat t reatment (TT 

composite). 

5.3.4. Morphology and chemistry o f the corrosion product layer 

Fig. 10 show/s the SEM micrographs taken f rom the TT composite after 1, 3, 6, 12, 

24, and 30 days of immersion in DMEM. The surface layer after 1-day immersion 

revealed an integrated netvi/ork of large cracks surrounding original Mg powder 

particles (Fig. 10a - black arrows). After three days, a second layer started to form 

on top of the first layer and the former contained smaller cracks, which posed a 

slightly lighter contrast wi th respect to the first layer under backscattered electron 

imaging (Fig. lOb - f - ye l l ow arrows). Localized corrosion initiated dunng the first day 

of immersion, mostly at the bot tom edges of specimens where the material was in 

direct contact with the die during processing, and further expanded over the edges 

as immersion t ime increased f rom 3 to 30 days (Fig. 10 - insets). 

The SEM back-scattered micrographs at higher magnifications (Fig. l l a - d ) showed 

that after one-day immersion, the surface layer was composed of submicron 

spherical agglomerates, being tightly bonded wi th each other and protecting the 

substrate from extensive dissolution. This initial compact layer also acted as a 

substrate for further heterogeneous nucleation of agglomerates. The sizes of 

spheres were about 500 nm and they precipitated on top of each other, forming 

larger agglomerates (Fig. l l b - d ) . The second layer of agglomerates was more porous 

and had less magnesium incorporated into its structure, which caused the Ca/P ratio 

o f t h e surface layer to increase f rom 1.18 to 1.51 at day 12 (Fig. l l e - h ) . 
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Fig. 10. SEIVI micrographs o f the thermally treated Mg-20% bredigite composite after 

immersion in DMEM solution for 1 (a), 3 (b), 5 (c), 12 (d), 24 (e) and 30 (f) days, 

showing large cracks within the initial layer (black arrows) and relatively smaller 

cracks within the second layer (yellow arrows). The insets represent the bot tom, 

front and top view of corroded samples, f rom left to nght, respectively. 

Our results show that after one-day immersion, the protective surface layer on the 

TT composite was mainly composed of 0 , C, Mg, Ca, and P (Fig. l l e - h ) . The Ca/P 

ratio of the surface layer (1.18) was lower than the stoichiometric value of 

hydroxyapatite (HA, 1.67), indicating that the surface layer was deficient in calcium. 

The FTIR spectra of the same surface (Fig. l l i - l ) showed absorption bands of 

carbonate, phosphate and a low intensity band of HA hydroxyl ions [184], indicating 

the early formation of magnesium-containing hydroxyl-carbonate apatite 

precipitates. The absorption bands of silica appeared at day 6 and became more 

distinguishable f rom those of carbonate at day 12. 
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Fig. 11. Surface morphologies (a-d), EDS point scans (e-h) and FTIR spectra (i-l) of 

the thermally t reated Mg-20% bredigite composite after 1 ( 1 ' ' column), 3 (2"'' 

column), 6 (3^'' column) and 12 (4"^ column) day immersion. 

5.3.5. Cytotoxicity and bioactivity 

Fig. 12a and b shows the elemental concentrations of Mg and Si in the original 1-

and 3-day extracts of monolithic Mg and TT composite samples. The concentration 

of Mg in the original Mg extracts increased by 441 mg/L in 3-day extraction while 

that of Mg in the original TT composite extracts increased only by 40 mg/L. On the 

other hand, the amount of Si in the original TT extracts remained below 2 mg/L after 

3-day extraction, revealing l imited participation of Si in the original TT composite 

extracts. 

The results of the MTT assay (Fig. 12c) revealed similar optical densities for the 

extracts of Mg and Mg-20% Bredigite TT composite after one day of immersion. 

After 6 and 12 days of incubation, the density o f t h e MG-63 cells in the Mg original 

extract (concentration of Mg = 45 mg/L) was still slightly higher than that of cells in 

the TT composite extract (concentration of Mg = 14 mg/L), indicating that cells in 

the original 1-day Mg extracts were more viable. When the original 1-day extracts 

were diluted by 1/4 and 1/16, the cell viability values of the control, monolithic Mg 
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and the TT composite were almost the same wi th no statically significant 

differences, which means that the viability was dominated by the concentration of 

Mg ions in the extracts. The 3-day extraction period gave enough t ime to Mg and 

bredigite particles at the exposing surface to react with the solution, which resulted 

in higher concentrations of Mg and Si ions in DMEM. As a result, the 3-day Mg 

original extracts (concentration of Mg i = 486 mg/L) were cytotoxic f rom the 

beginning throughout the testing period (Fig. 12). At day 3, the viability of MG-63 

cells and their density in the original extracts o f t h e TT composite were higher than 

those in the Mg group and also the control group, indicating the stimulatory effect 

o f t h e composite extracts on the proliferation of MG-63 cells (Fig. 12). The same as 

the 1-day extracts, 1/16 dilution o f t h e original extracts resulted in similar viability 

levels for all the samples, showing once again that the viability of cells in contact 

with the extracts was closely related to the concentrations of ionic products, 

particularly Mg and Si ions in the DMEM solution. 

The alkaline phosphatase activity of MG-63 cells in response to 1-day and 3-day 

extracts resembled the trend of viability assays (Fig. 12d, f). MG-63 cell 

differentiation in the 1-day original Mg extracts was higher than the control, 

although cell dif ferentiat ion was obviously l imited in 3-day Mg original extracts. On 

the other hand, the TT composite showed no sign of l imited differentiat ion in its 

extracts. Similar to the MTT tests, diluting the extract by 1/16 overshadowed the 

effect of corrosion products on cell proli feration, resulting in a similar extent of cell 

proliferation for monolithic and TT composite samples. 
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Fig. 12. Concentrations of Mg (a) and Si (b) ions in the onginal Mg and TT composite 

extracts after 1 and 3 days of extraction. MTT (a and c) and ALP assays (b and d) of 

MG-63 cells in 1-day (first row) and 3-day (second row) monolithic and TT composite 

extracts at different di lution ratios. 
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Fig. 13. IVlechanical properties, degradation and biocompatibil i ty o f t h e PAS and TT 

Mg-bredigite composite compared to the minimum requirements for meaningful 

long-term in-vivo tests. 

Fig. 13 illustrates the mechanical properties, mechanical functionality period and 

biocompatibil i ty of the PAS and TT composite as compared to the minimum 

requirements for meaningful long-term in-vivo tests. It shows that to prepare the TT 

composite for meaningful long-term in-vivo tests, the period of the mechanical 

functionality in DMEM should be further extended to at least 3 months in order to 

allow full recovery of damaged bone before the composite loses its role as a 

mechanical support. 

5.4. Discussion 

The exothermic reaction between bredigite and Mg resembles the reaction between 

Mg and SiOz particles, because the atomic configuration of Si-0 in bredigite is 

identical to that o f t h e monolithic SiOz [185]. Both form tetrahedrons with Si atoms 

in the center, and oxygen atoms at the corner of the tetrahedrons. The only 

difference is that in SiOz, bridging oxygen atoms at the corner of a tetrahedron are 

connected to another Si atom in the adjacent tetrahedron, while in the bioceramics 

the bridging 0 atoms could be connected to Mg and Ca atoms [186, 187]. The Mg-

O bonds in the bioceramic form an octahedron structure wi th Mg atoms at the 

center and six bridging oxygen atoms at the corners of tetrahedrons [188]. Each 
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chain of tetrahedrons is connected to an adjacent octahedral layer (Mg 

octahedrons) by a bridging oxygen, producing a structure of alternating tetrahedral-

octahedral-tetrahedral (T-O-T) layers. Calcium atoms connect the alternate T-O-T 

layers together wi th a coordination number of 8. Thus, three types of atomic 

bonding, namely Si-O-Si, Si-O-Mg and Si-O-Ca, co-exist in the crystal structure of 

bredigite. Practically, there are only two types of atomic bonds, namely Si-O-Si and 

Si-O-Ca that can be broken by Mg because magnesium cannot reduce its own oxide. 

Since dissociation of Si-0 bonds dunng the solid-state exothermic reaction would 

release a larger amount of energy due to the higher bond dissociation energy of Si-

0 bonds, compared to that of Ca-0 bonds [189, 190], its bonding energy will 

dominate the amount of energythat is released during the exothermic reaction (Fig. 

2). The thermal dissociation of bredigite could be initiated through a reaction 

between Mg and Si-O-Si and Si-O-Ca bonds, in which Mg removes the bridging 

oxygen and oxidizes into MgO, exposing elemental Si and Ca to the interface and 

producing CaMgSi and MgO at the interface, which could be simplified as: 

16Mg + Ca7MgSi40i6^ 16MgO + 4Si + 7Ca + Mg reaction 1 

Mg-H Si+ Ca-^CaMgSi reaction 2 

Some intermediate products could also form during the thermal dissociation of 

bredigite, which would make reaction 1 and 2 more complex. This could be clarified 

by means of in-situ high temperature X-day diffraction. According to the ternary 

phase diagram of Ca-Mg-Si [191], if diffusion is allowed to take place, then the 

formation of CaMgSi above 400 °C would be possible when Ca atoms are added at 

the expense of Mg atoms in the structure of MgzSi to an equal atomic fraction of 

33.33%. The structural similarity of bredigite to CaMgSi may also assist in the 

formation of the CaMgSi compound at the interface, because both have an 

orthorhombic crystal structure [186]. 

This CaMgSi layer allows diffusion through the Mg-bredigite interface (Fig. 3f-h), 

developing a much stronger and more integrated Mg-bredigite particle interface 

compared to that in the PAS composite (Fig. 5). The thermal t reatment has a second 

benefit, i.e., the strengthening of Mg-Mg particle bonds through inter-particle 

diffusion. The PAS composite has a better chance to be sintered than original 

powder particles because the oxide layer on Mg powder particles is disrupted by 

large plastic deformation of Mg particles during PAS [24]. 

The in-situ fabrication of TT composites is a delicate process and thus requires 

careful control over the heating process. It was shown that when the composite was 

heated at a relatively fast heating rate (10, 15 and 20 °C.min"^), the exothermic 
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reaction between IVlg and bredigite particles took place at a much higher intensity, 

which generated a larger amount of heat at a short t ime (Fig. 2), resulting in 

significant mass loss which could cause the evaporation of Mg particles [24]. On the 

other hand, the TG curves at lower heating rates (<5°C min'^) revealed no evidence 

of possible mass loss during the exothermic reaction. In this research, the solid-state 

reaction between Mg and bredigite was successfully triggered while overcoming the 

issue of local evaporation of the Mg matrix [24] by heating the composites at 1 

°C min \ The reasons for the strong influence of heating rate on the reaction peak 

temperature and on the amount of heat released from the exothermic reaction are 

not clear and it requires a thorough thermoanalytical study which is out o f t he scope 

of this research. 

A stronger particle interface in the TT composite resolved the issue of a lack of load 

transfer f rom the matrix to ceramic particles and cracks deviated f rom powder 

particle interfaces to the interior of Mg and bredigite particles, shifting the failure 

mode from inter-particle fracture to trans-particle fracture (Fig. 6) during 

compression testing. As a result, inter-partlcle fracture and surface delamination, 

which are often associated wi th metal matnx composites [24,163], were prohibited, 

resulting in 26 and 18 % improvements in yield and ult imate compressive strengths, 

respectively (Table 2). 

The difficulty of cross slip in HCP magnesium and the higher critical resolved shear 

stress (CRSS) required for the < c+a > slip (40 MPa) than for twining (2-3 MPa) [157, 

192] reduce the ability of the material to deform by dislocation slip, and thus 

deformation twinning occurs (Fig. 7). However, the presence of micro-sized 

bredigite particles in the composite may activate non-basal dislocations necessary 

for the ductile behavior of the Mg matrix [24, 193]. This explains the enhanced 

strains o f t h e composite obtained f rom the compression tests, in comparison wi th 

monolithic magnesium. 

When TT composite specimens were immersed in the DMEM solution, surface 

cracks developed (Fig. 10) as a consequence of grain/powder particle boundary 

dissolution caused by high energy domains of dislocations at grain boundaries [61], 

which activated the anodic dissolution of the adjacent Mg matrix [79], They 

provided pathways for fresh DMEM to reach the unreacted part of the substrate 

and thereby encouraging further dissolution of the matrix, leading to the 

accumulation of magnesium cations close to the corroding surface. Accumulation of 

Mg^* cations close to the corroding surface encouraged the formation of a Mg(0H)2 

layer, w i th incorporation of Ca and P into this layer later (Fig. 11). The early 

submicron magnesium-containing hydroxyl-carbonate apatite precipitates, shown 

in Fig l l a - d , were deficient in calcium, resembling the biological HA, which is also 
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deficient in calcium [194], The hydroxyl-carbonate apatite phase is chemically and 

structurally equivalent to the mineral phase in bone, which is responsible for the 

bonding of bone tissue wi th the implant [110, 195]. After 1-day immersion, more 

incorporation of Ca into HA crystals took place at the expense of Mg (Fig. l l e - h ) , 

owing to the better protection of the surface after one-day immersion and thus a 

smaller amount of Mg'^"' became available around the corroding surface. Silicon f rom 

bredigite or CaMgSi was detected in the chemistry of the surface layer only after 

day 6 (Fig. I l k and I). One reason for relatively low silicon involvement is that 

calcium ions f rom bredigite were released preferentially to silicon ions by ion 

exchange wi th H"̂  [123]. Thus, most of silicone in bredigite would stay within the 

unreacted part [196], forming a negatively charged surface wi th the functional 

group ( e S I - O ) [123]. 

Localized corrosion of the Mg matrix eventually resulted in the accumulation of 

magnesium cations in the vicinity of the corroding surface, which could be 

hydrolyzed by water, producing H"̂  and acidifying the microenvironment [79]. High 

concentration of H"" discouraged the formation of a protective layer over the Mg 

matrix, which resulted in progressive local corrosion [17, 79]. The role of bredigite 

particles in blocking the progressive local corrosion sites in the Mg matrix was due 

to a relatively lower degradation rate of bredigite particles with respect to Mg [24] 

and more importantly, due to the consumption of an excess amount of H* ion inside 

a corrosion pit [197] through ion exchange by either magnesium or calcium [110, 

197]. The CaMgSi intedayer could also assist bredigite in blocking the corrosion 

pathways by consuming H"̂  ions, similar to bredigite [198], although its role in 

balancing the pH might be negligible, considering its l imited surface area wi th 

respect to bredigite particles. As a result of slower degradation, the mechanical 

properties o f t h e TT composite remained within the strength range of cortical bone 

for nearly a month after immersion, which outperformed monolithic and PAS 

specimens (Fig. 8). The original extracts were proven to be stimulatory to the 

proliferation and differentiation of MG-63 cells (Fig. 12). 

However, as Illustrated in Fig. 13, the period of the mechanical functionality in 

DMEM should be further extended to at least 3 months in order to prepare the TT 

composite for a meaningful long-term in-vivo test. 

One effective way to gain more control over the localized corrosion at the edges of 

specimens would be to l imit, or in an ideal case, totally prevent the development of 

friction between the outer layer of composite specimen and the die during 

compaction. In this way, the material close to the edges o f the specimen could move 

freely during compaction, enhancing the integrity o f t he microstructure particularly 
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around the edges. Examples of possible useful fabrication methods would be 

Acoustic Levitation (AL) and Hot Isostatic Pressing (HIP) [199, 200], 

5.5. Conclusions 

The in-situ fabrication of the Mg-20%bredigite composite was proven to be a 

feasible method to achieve homogeneity and integration in microstructure, 

mechanical compatibil i ty to human bone, controlled degradation rate, 

cytocompatibil i ty and bioactivity at the same t ime. It was found that the mechanical 

properties of the Mg-20%bredigite composite were significantly affected by the 

bonding strength o f t h e composite constituents. The bonding strength o f t h e Mg-

bredigite interface was improved by triggering a solid-state exothermic reaction 

between Mg and bredigite particles, developing a CaMgSi intermetall ic compound 

at the interface and enabling chemical interlocking at particle interfaces through 

diffusion across the CaMgSi interlayer. 

The mechanical properties of the composite after the thermal t reatment were 

comparable with those of human bone, outperforming monolithic and PAS 

specimens in strength and ductil ity. It shows that further improving the mechanical 

properties o f t h e TT composite for orthopedic applications would not be necessary, 

although it is still possible if needed. 

On the other hand, the degradation rate o f t he TT composite, particularly due to the 

localized corrosion, should be l imited further to preserve the mechanical 

functionality of the composite for a longer period of t ime. Further research should 

be directed towards improving the degradation behavior o f t h e TT composite by 

either removing susceptible areas for degradation in the microstructure, or by 

protecting the surface wi th a compact biodegradable surface layer to delay the 

degradadon o f t h e substrate. 
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6.1. General conclusions 

• In this research, advanced magnesium matrix composites containing 

bredigite bioceramic particles were successfully fabricated and shown to 

be promising blomaterlals for load-bearing orthopedic applications. 

• Our work emphasized the critical importance o f t he processing method and 

parameters to obtain an integrated, and almost defect-free microstructure 

in order to achieve slowed degradation and retained mechanical strength. 

• Pressure Assisted Sintering (PAS) at 350 °C for 2 h under a pressure of 500 

MPa was found to be an opt imum condition for the processing o f t h e Mg-

matrix composites wi th high volume fractions (20-40 vol.%) of bredigite 

particles. 

• The process of biodegradation of magnesium made from powder in DMEM 

started with grain and prior particle boundary dissolution, slowly attacking 

the bulk in a homogenous manner, fol lowed by localized corrosion within 

the first three days of immersion, which surpassed grain/particle boundary 

dissolution. 

• Once localized corrosion got init iated, the magnesium matrix could not re­

establish a protective layer despite the high level of alkalinity (pH>10), 

leading to self-driven intense pit development and finally to total 

disintegration. 

• Bredigite played an important role in improving the degradation resistance 

of magnesium due to its resistance to H*- and Cl"-driven attacks, limiting 

the intense pit propagation into the magnesium matrix. 

• The mechanical properties and corrosion resistance of the PAS Mg-

20%bredigite composite can be further improved by thermally treating the 

composite at a temperature close to the melting temperature of 

magnesium. 

• Despite the significant improvements made in this project, the localized 

corrosion, initiating at the edges of specimens remained to be the 

dominant corrosion mechanism o f t he thermally treated composite, which 

limited the penod of mechanical functionality to a month. Thus, to preserve 

the mechanical functionality of the composite for a longer penod of t ime, 

further research should be directed towards limiting or prohibit ing this 

mechanism, which results in localized corrosion at the edges. 
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6.2. Discussion 

6.2.1. Degradation behavior of magnesium-bredigite composites 

Improving the biodegradation behavior of magnesium-based materials requires a 

full understanding of the underlying mechanisms of biodegradation in a specified 

condition (i.e., type of electrolyte, temperature, etc.), which in turn requires an 

array of systematic evaluations in an environment closely mimicking the biological 

conditions of the human body so as to minimize the inconsistencies between in-

vitro and in-vivo tests due to poorly chosen test conditions for in-vitro tests. 

Accordingly, we conducted all the degradation studies in a simplified bioreactor, 

which simulated some o f t h e conditions o f t h e body (buffered DMEM solution at 37 

"Cand pH 7.45 - Chapter 2). 

However, to perform representative in vitro experiments that display the in vivo 

situation in order to establish a correlation between in vitro and in vivo 

observations, other factors have to be considered. For example, human body is a 

dynamic environment, where pH is actively regulated, and contains amino acids, 

proteins and cells, as well as inorganic compounds. The simplified bioreactor used 

in this research was only capable of providing a static condition wi th no ability to 

actively control the pH (by CO2 and O2 exchange, kidneys and other biochemicals in 

the body) nor to involve or sustain living cells while conducting the biodegradation 

test. Thus, to better mimic the situations in-vivo, new generation of bioreactors 

should be equipped with adequate pH control and a liquid circulation system and 

have the ability to culture living cells. 

The PAS (pressure-assisted sintering) Mg-bredigite composites degraded up to 25 

times more slowly than monolithic Mg made f rom powder due to the resistance of 

bredigite to H"̂ - and Cf-driven attacks, l imiting intense pit propagation into the 

magnesium matrix, particularly around the edges of the specimens, to a certain 

extent. Thus when it comes to the choice of a reinforcing phase for biodegradable 

magnesium-based composites, greater resistivity to H*- and Cl'-driven attacks 

relative to the magnesium matrix should be taken into account, if slower 

degradation rates are desired. There are other criteria, such as cytocompatibi l ty, 

bioactivity, osteogenic potential and adequate mechanical properties, ideally being 

close to those of cortical bone that should be also taken into account. By that logic, 

bredigite is a more suitable choice than the typically used calcium-phosphate-based 

compounds such as hydroxyapatite (HA) and tricalcium phosphate (TCP) in Mg-

matrix composites, due to its excellent bioactivity and mechanical properties close 

to those of cortical bone. 
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The surface o f t h e Mg-bredigite composites after immersion in DMEM transformed 

into a compact mixture of unreacted bredigite particles embedded in a layer of Mg, 

Ca, P and Si-containing compounds, which enhanced the ability to induce osteogenic 

differentiation and thus proved the potential to improve the quality and progression 

of bone healing (Chapter 3). To prove this potential further, long-term effects of 

degrading magnesium-bredigite implants on bone tissue in animal models, using 

continuous in vivo micro-Computed Tomography and histological staining should be 

investigated. 

6.2.2 Fabrication process and mechanical properties of IVIg-

bredigite composites 

When it comes to the choice of a suitable processing method for the composites, 

the pyrophonc nature of magnesium and its hardly deformable HCP crystal at 

temperatures below 225 °C, together wi th the differences in the physical, chemical 

and mechanical properties of the composite constituents (magnesium and 

bredigite) are the most important issues that should be taken into account. 

As far as the fabrication of magnesium-based composite matenals is concerned, 

solid-state fabrication methods are preferred over the liquid-state ones, such as 

casting, to avoid the risks due to the extreme (and dangerous) reactivity of 

magnesium in the liquid state, especially in case no suitable shielding gas is applied. 

We have chosen a solid-state powder metallurgy method - Pressure Assisted 

Sintering (PAS) to fabricate the bioceramic-reinforced magnesium matrix 

composites. One o f the main advantages of this method overthe tradit ional powder 

extrusion method is that extruded composite materials are prone to develop an 

anisotropic microstructure, being aligned in the extrusion direction, while PASed 

materials do not show any dependency on the processing direction. Moreover, 

extruding metal and ceramic particles together generates large shear forces 

between the constituents and a large amount of friction between the constituents 

and the die bearing, generating pores and defects in the microstructure. 

Bredigite bioceramic particles contributed to the strengthening mechanisms of the 

magnesium matrix by acting as obstacles to the free movement of dislocations and 

thus, causing larger resistance to deformation (Chapter 4). In addit ion, the 

bioceramic-reinforced composites developed in this research revealed an 

interesting behavior of improved ductil ity, wi th respect to the monolithic metal, 

which could be due to the activation of non-basal dislocations during plastic 

deformation, and to a stronger powder particle interface, thereby delaying 

interparticle fracture to higher strains. This phenomenon overcomes the wel l -
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known disadvantage of poor ductil ity, which is associated wi th most of other 

particle-reinforced metal matrix composites, offering a great flexibility in design and 

fabncation of magnesium matnx composites. The effect of activating non-basal 

dislocations during plastic deformation could be validated by analyzing the 

microstructure and texture of deformed composites by means of X-ray diffraction 

(XRD) and electron backscatter diffraction (EBSD). 

On the other hand, it was demonstrated that an increase in the volume fraction of 

bredigite particles f rom 20 to 40 vol.% would not contribute to a further 

improvement of the strength but deteriorate the ductil ity due to the clustering of 

ceramic particles. Thus, to achieve opt imum corrosion and mechanical 

performance, it is highly recommended to l imit the volume fraction of reinforcing 

particles (i.e. bredigite) to 20 %. 

The remaining pores in the microstructure were mostly located at the edges o f t h e 

specimens which were in direct contact wi th the compaction die and thus 

experienced the highest fr ict ion. The localized porosity, close to the edges of 

composite specimens, is a common disadvantage o f t h e P/M techniques (including 

PAS and extrusion), which is possible to be removed by machining off the outer 

layer. Nevertheless, it has an advantage over the casting techniques that are 

notorious for introducing pores throughout the bull<, e.g., gas cavities, which cannot 

be removed by machining off the outer layer. Alternatives to PAS to achieve a better 

integrated microstructure are proposed in the " future research" section below. 

6.2.3. Improving the degradation and mechanical behavior of IVlg 

matrix composite through in-situ solid-state oxidation 

In chapter 4, it was demonstrated that reducing the degradation rate of magnesium 

increased the period of mechanical functionality because corrosion pits acted as 

nucleation sites for the further development of mechanical cracks, and mechanical 

cracks encouraged the init iation and growth of corrosion pits. Further improvement 

o f t h e mechanical and degradation properdes o f t h e composite would be possible 

by annihilating the remaining weak spots in the microstructure, which are 

responsible for premature mechanical failure through interparticle fracture as well 

as high degradation rates through localized corrosion. 

To prevent interparticle fracture and postponing the initiation of mechanical cracks 

to higher stresses, the bonding strength of Mg-bredigite interface should be 

improved. It was achieved by triggering a solid-state exothermic reaction between 

Mg and bredigite particles by sintering the composite with 20% bredigite at a 
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temperature close to the melting temperature of magnesium, developing a CaMgSi 

intermetall ic compound at the interface, and enabling chemical interlocking at 

particle interfaces through diffusion across the CaMgSi interlayer (Chapter 5). The 

reaction resulted in a highly densified and integrated microstructure, w/hich l imited 

corrosion pits f rom propagating into the magnesium matrix, when the Mg-20% 

bredigite composite was immersed in a physiological solution. In addit ion, chemical 

interlocking between the constituents prohibited eady interparticle fracture and 

subsequent surface delamination during compression testing, enabling the 

composite to withstand larger plastic deformation before mechanical failure, 

outperforming the monolithic and PAS specimens in strength and ductil ity. The 

mechanical strength of the Thermally Treated (TT) composite was comparable to 

that of cortical bone after one month of immersion. It shows that further improving 

the mechanical properties of the TT composite for orthopedic applications would 

not be necessary, although it is still possible if needed. On the other hand, an ideal 

biodegradable orthopedic implant should be able to preserve its mechanical 

functionality over the whole healing period of defected bone (3-6 months). Thus, 

future research should be directed towards further improving the corrosion 

resistance of the composite to prevent the pre-mature loss of mechanical 

functionality due to localized corrosion. 

6.2.4. Future research 

As mentioned eadier, the period of mechanical funcdonality of Mg-bredigite 

composites was limited to a month due to the localized corrosion, init iating at the 

edges of specimens. 

One effective way to gain better control over localized corrosion at the edges o f t he 

specimen would be to limit, or in an ideal case, totally prevent the development of 

fnct ion between the outer layer of the composite specimen and the die during 

compaction. In this way, the material close to the edges o f the specimen could move 

freely during compaction, enhancing the integnty o f the microstructure, particularly 

around the edges. An example of possible useful fabrication method would be Hot 

Isostatic Pressing (HIP). HIP is an important tool in powder metallurgy, which has 

been used to convert powder particles to fully dense components, resulting in 

better mechanical properties than those achieved by traditional casting or pressing 

and sintering fabrication methods. Complex components often require a lot of 

machining, resulting in costly material preparation. HIP has the ability to produce 

components with more complex geometry to near-net shape, which reduces 

material loss due to machining. In addit ion, HIPed components are isotropic in their 

properties, while the materials produced by traditional methods have a certain 
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microstructure that gives rise to different mechanical values depending on the 

loading direction. However, there are some downsides o f the HIP technology. Firstly, 

it is generally applicable in to small production quandties, typically less than 10,000 

pieces annually. Secondly, it is a more costly method than other powder metallurgy 

processes due to its slow processing speed. 

Another way to extend the period of mechanical functionality o f t h e composites 

would be to delay the onset of the degradation of the substrate by covering the 

exposing surfaces of the composites wi th a biodegradable coating, which gradually 

dissolves during immersion in DMEM. Surface modification methods are relatively 

less costly compared to fabricating new alloys and composites. Surface coatings are 

able to play the role of protecting the substrate f rom severe corrosion, particularly 

at initial stages after implantation. Some coating methods, such as chemical 

conversion coatings and plasma electrolytic oxidation (PEO) coatings, involve the 

magnesium substrate in the process of coating format ion, which forms a layer that 

adheres strongly to the substrate, reducing the danger of partial delamination after 

implantation. Among the coating methods that involve the substrate in the surface 

layer format ion, PEO provides high adhesion strength to substrate. However, the 

long term corrosion resistance of PEO coatings is not satisfactory due to its porous 

structure. Thus, reducing the porosity level should be further investigated for 

practical applications. One disadvantage o f t h e substrate-involving surface layers is 

the relatively poor bioactivity of magnesium-based compounds compared to other 

compounds that contain bioacdve elements such as calcium and silicon. 

By limiting the involvement of the substrate in the formation of the surface layer, 

more effective coatings can be made that are composed of materials wi th better 

corrosion resistance and proper bioactivity such as silicon-containing 

hydroxyapatite. Particular attention should be paid to the adhesion strength of 

these types of coatings as they may pose a potential risk of partial delamination 

after implantation. To effectively cover the magnesium substrate with a layer that 

has proper adhesion, corrosion resistance and bioactivity, further research should 

be directed towards designing and fabricating a compact composite layer that 

involves the substrate in the process of coadng format ion, providing adhesion and 

corrosion resistance, which also contains bioactive compounds, providing adequate 

bioactivity. 

By determining the period of mechanical functionality of the substrate, the 

corrosion rate o f t h e composite surface coating could be engineered in such a way 

that provides adequate protection to the underlying substrate until the whole 

system (substrate + coating) reaches a functionality period that is satisfactory (e.g., 

three months). 
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Finally, Impurities in the magnesium substrate, especially Iron-containing phases, 

act as cathodic sites in galvanic corrosion, which accelerates the degradation of the 

substrate. Thus, using high-purity magnesium powder with iron impuri ty less than 2 

ppm would result in much slower and more homogenous corrosion, improving the 

biodegradation behavior of Mg-bredigite composites to a considerable extent. 
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Summary 

When a bone is fractured, it loses its structural integrity which makes it unable to 

bear any mechanical load. Therefore, a broken bone must be supported until it 

regains its strength to handle the body's movement and weight. 

A surgical procedure is needed to set a fractured bone. This procedure of ten 

involves repositioning the bone fragments into their natural position and then, 

attaching them together using internal fixation devices such as plates and screws. 

These fixation devices restore load-beanng capacity to bone, allowing the fractured 

bone to be healed by the primary bone healing mechanism. 

To date, implants used for internal f ixadon are usually made from t i tanium and 

stainless steel, which are strong but, notorious for triggering adverse reactions such 

allergic responses caused by implant erosion in patients. 

Therefore, permanent fixtures should be removed from the body after the fractured 

bone heals sufficiently, which imposes another invasive surgery on the patient. 

The advent of biodegradable magnesium-based composites about two decades ago 

was an at tempt to address the clinical complications regarding the permanent 

fixtures. 

However, magnesium-based composites are still in their infancy, and a have a lot to 

achieve before being considered as fully functional materials for bone fixation 

purposes. 

Currently, there are two major issues wi th magnesium composites. Firstly, most of 

the magnesium-based composites made to date lack sufficient mechanical integrity, 

making them unsuitable for load-bearing applications. The second, and the most 

important, issue would be the rapid degradation of magnesium when exposed to 

physiological solutions, causing pre-mature mechanical failure before the patient 

fully recovers. 

The main aim of this thesis is to provide the necessary background and technical 

information to address these issues, and to be a reliable platform for future 

researches on the subject to build upon. 

This thesis is organized Into four main parts. In the first part, chapter 2 explores a 

feasible fabrication method to produce a monolithic magnesium specimen from its 

powder form wi th minimum structural dis-integrity, and analyzes its degradation 

behavior in a pseudo-physiological solution. 
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Chapters 3 and 4, as the second part of this thesis, focus on fabncation of a novel 

biodegradable magnesium-based composite, based on our understanding of the 

shortcomings of monolithic magnesium when it comes to exposure to physiological 

solutions. 

Chapter 3, reveals a feasible method to fabricate a biodegradable magnesium-

bredigite composite and explores the degradation behavior of this composite in a 

physiological solution. 

Chapter 4, attempts at optimizing the fabncation parameters to achieve a 

composite wi th an integrated microstructure and sufficient mechanical strength. 

By combining the results f rom chapter 3 and 4, a clear correlation between the 

corrosion mode and rate, and the loss o f t h e mechanical properties of magnesium-

bredigite composites during degradation in a physiological solution could be 

established. 

It was concluded that the magnesium-bredigite composites suffer f rom inter­

particle fracture under mechanical load, and localized corrosion upon exposure to 

physiological solutions, which limited the penod of mechanical functionality up to a 

month. 

Chapter 5, as the third part of this thesis, builds upon the conclusions that have been 

made f rom chapter 3 and 4, aiming at addressing the interparticle fracture and 

localized corrosion. In chapter 5, establishing a chemical bonding between powder 

particles through an in-situ oxidation process, as an additional bonding mechanism 

to the mechanical interlocking is proposed to tackle these issues. 

It was concluded that the in-situ fabrication of the magnesium-bredigite composite 

was proven to be a feasible method to achieve homogeneity and integration in 

microstructure, mechanical compatibi l i ty to human bone, controlled degradation 

rate, and bioactivity at the same t ime. 

However, On the other hand, the degradation rate of the composite, requires 

further improvement to preserve the mechanical functionality o f t h e composite for 

a longer period of t ime. Further research should be directed towards improving the 

degradadon. 

Chapter 6, as the forth part of this thesis, evaluates the progress and examines the 

highlights of the previous chapters and provides practical guidelines for further 

research on the subject. 
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