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ABSTRACT 

ORTHOPEDIC IMPLANT : I-IATERIAL AND FAILURE EVALUATION 

W . PHUCHAROES 
Master of Science in Engineering 

Youngstown State University, 1983 

Two type 316 stainlzss st,zel orthopedic implants, 

Eggers plate and Jewett hip nail-plate, were examined in 

order to find the causes of failure. Unusual crack patterns 

were found on the cylindrical surface of the implants. 

Type 316 stainless steel tensile samples were tested with 

the presence of tensile stresses to determine the low-cycle 

fatigue characteristics and to determine whether or not low- 

cycle tensile stress would produce either of the crack patterns - - 

observed in the fractured implants. 

it was found that the Eggers piate seems to fail 
- 

because of bending fatigue and improper design. Low-cycle 

tensile stresses do not produce the crack pattern observed 

on the cylindrical surface of the Jewett nail-plate. 
- - 

However, the most.important result of this work is 

the significance of the Dresence of tensile mean stresses 

that occur during normal walking of a human which can 

significantly shorten the operation life of a type 316 

stainless steel implant. 
- -- 
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CHAPTER 1 

I N T R O D U C T I O N  

An " imp lan t "  acco rd ing  t o  Gray (1962) i s  a  d e v i c e  which 

i s  t e m p o r a r i l y  a t t a c h e d  t o  a  f r a c t u r e d  bone a s  a  s t r u c t u r a l  

s u p p o r t  wh i l e  t h e  f r a c t u r e  mends ( l i .  The implan t  i s  

removed once t h e  f r a c t u r e  has  mended. A " p r o t h e s i s "  i s  

a  d e v i c e  permanently a t t a c h e d  t o  a  bone. 

The f i r s t  r eco rded  use  o f  an  implan t  was i n  1562 when 

g o l d  p r o t h e s i s  was used t o  c l o s e  a  d e f e c t  i n  a  c l e f t  

p a l a t e  ( 2 )  . Ludwigson ( 3 r 4 )  has  d i v i 6 e d  t h e  h i s t o r y  and 

development i n t o  t h e  t h r e e  p e r i o d s :  f i r s t  u se  t o  1825,  

1825 t o  1925,  and 1925 t o  t h e  p r e s e n t  t ime .  I n  t h e  f i r s t  
- - 

p e r i o d  on ly  pure  m e t a l s  such as g o l d ,  s i l v e r ,  and copper  

were used a s  i m p l a n t s .  I n  t h e  second p e r i o d ,  pure  m e t a l s  

were s t i l l  used a s  i m p l a n t s .  But s u r g i c a l  t echn iques  w e r e  

g r e a t l y  inproved which i n c r e a s e d  t h e  s u c c e s s  of t h e  imp lan t .  

I n  t h e  t h i r d  p e r i o d ,  a l l o y s  w i th  improved s t r e n g t h s  were 

used a s  im?lan ts .  - - 

Before  t h e  l a t t e r  p a r t  o f  t h e  n i n e t e e n t h  c e n t u r y ,  

u se  of  m e t a l l i c  o r t h o p e d i c  imp lan t s  p robably  r e s u l t e d  i n  

f r e q u e n t  f a i l u r e  of  t h e  imp lan t .  Advances i n  mechanical  

d e s i g n  and m e t a l l u r g i c a l  t echnology ,  updated s t e r i l l i z a t i o n  
- -- 

p r a c t i c e s  and g r z a t e r  d i s c r i m i n a t i o n  i n  m a t e r i a l s '  s e l e c t i o n ,  

have g r e a t l y  dec reased  inc tdence  of f a i l u r e  i n  t h e s e  d e v i c e s .  



F a i l u r e  ( p a r t i c u l a r l y  mechanical  f r a c t u r e )  i s  n o t ,  however, 

uncommon, as evidenced by t h e  l a r g e  volume o f  l i t e r a t u r e  

concern ing  a n a l y s i s  of  f a i l e d  o r t h o p e d i c  imp lan t s  ( 5 - 3 )  

Consequent ly ,  f u r t h e r  r e s e a r c h e s  a r e  encouraged s o  t h a t  use  

of  o r t h o p e d i c  imp lan t s  can  be improved. 

The impetus f o r  t h i s  work r e s u l t e d  from t h e  examination 

of  two o r t h o p e d i c  imp lan t s  t h a t  f a i l e d  i n  s e r v i c e .  The 

f a i l e d  d e v i c e s  were a  J e w e t t  h i p  n a i l - p l a t e  and an  Egger 

on lay  p l a t e  ( F i g u r e  1 ) .  F igu re  2 i s  a  s k e t c h  of  how t h e s e  

two d e v i c e s  a r e  a t t a c h e d  t o  a  l e g  bone. The two imp lan t s  

were examined w i t h  a  scanning  e l e c t r o n  microscope (SEPl) i n  

o r d e r  t o  de te rmine  t h e  causes  of  t h e  f a i l u r e s .  

I n  bo th  c a s e s  unusua l  c r a c k  p a t t e r n s  were observed .  

The Eggers p l a t e  e x h i b i t e d  numerous c r a c k s  and s l i p  l i n e s  i n  

t h e  f r a c t u r e  s u r f a c e .  I n  t h e  c a s e  of  t h e  J e w e t t  h i p  n a i l 7  

p l a t e  no c r a c k s  cou ld  be found i n  t h e  f r a c t u r e  s u r f a c e .  How- 

e v e r ,  many c r a c k s  e x i s t e d  i n  t h e  c y l i n d r i c a l  s u r f a c e  immediately 

a d j a c e n t  t o  t h e  f r a c t u r e  s u r f a c e .  N e i t h e r  of  t h e s e  c r ack  

p a t t e r n s  has  been p r e v i o u s l y  r e p o r t e d  i n  t h e  l i t e r a t u r e  

c o n c e r n i n g . f a i l e d  i m p l a n t s .  The morphology of  t h e  two c rack  - - - 
p a e r n s  sugges ted  t h a t  e i t h e r  f a t i g u e ,  s t r e s s  c o r r o s i o n ,  

o r  a  combinat ion of  t h e s e  mechanisms caused t h e  f r a c t u r e s  i n  

t h e  two i m p l a n t s .  The o b j e c t i v e s  of  t h i s  r e s e a r c h  were t o  

de te rmine  low-cycle f a t i g u e  c h a r a c t e r i s t i c s  of  t ype  316 

s t a i n l e s s  s tee l ,  and t o  detem-ine whether o r  n o t  low- - - 

c y c l e  t e n s i l e  s t r e s s e s  would produce e i t h e r  of  t h e  



( a )  Eggers Onlay P l a t e .  

( b )  Jewet t  Hip Na i l- P la te .  

F igure  I. Sketch o f  Eggers Onlay P l a t e  and - 

J e w e t t  Hip Na i l- P la te .  



- 
Figure 2.  Sketch of How a  Jewett Hip Nail-Plate 

and Eggers Onlay P l a t e  a r e  Attached t o  

A Leg Bone. 



crack p a t t e r n s  observed i n  t h e  two f r a c t u r e d  or thopedic  

implants.  



CHAPTER I1 

LITERATURE REVIEW 

.A large number of articles have been published 

concerning the failure of orthopedic implants. Some of these 

are Ref. 5-8 ;  and volume 10 of the Metals Handbook ( 9 )  
I 

Dumbleton and Miller, devotes one chapter to the failure 

analyses of such devices. Generally, the failure of an 

implant cannot be attributed to only a single cause (10) 

One major cause of an implant failure is related directly to 

the human body, which is considered to be one of the most 

hostile environments for metals. In the human body, chemical 

and electro-chemical reactions which may occur are not well 

identified or understood. Moreover, the problem of loading 

geometries involving cyclic loading can be encountered - 

when dealing with particular areas of the musculo-skeleton 

system such as the hip or knee. The combination of the 

hostile or a-ggressive environment and stringent loading 

conditions have brought about two familiar problems: 

corrosion or fatigue and their interaction. Both of these 

phenomena have been identified as major contributors to 

deterioration of implants in service (16) 

Imylant failures can be related to five factors.?hey 

are (a) corrosion, (b) patient misuse, (c) materials selection, 

(d) improper installation of the implant and (e) design and 



manufacture.  

The first two f a c t o r s  l i s t e d  concern d i r e c t l y w i t h  t h e  

environment. The o t h e r  t h r e e  f a c t o r s  a r e  r e l a t e d  t o  t h e  

implant  and i t s  i n s t a l l a t i o n  i n t o  t h e  body. 

( a )  . Corrosion 

The corros ion  mechanisms ; h i ~ h : ; ~ e n e r a I ? ~  l ead  t o  

degradat ion  o r  f a i l u r e  of c u r r e n t l y  used implant  devices ,  . 

f r e t t i n g  enhanced c r e v i c e  co r ros ion  and s t r e s s- c o r r o s i o n ,  

a r e  a s s o c i a t e d  p r i m a r i l y  wi th  s t a i n l e s s  s t e e l  usage. S t r e s s -  

cor ros ion  cracking  has  been recognized a s  a  cause  of implant 

f a i l u r e .  However, n e i t h e r  i t s  i d e n t i f i c a t i o n  nor i t s  importance 

i n  most cases  has  been y e t  determined because t h e  c y c l i c  loading  

produced by t h e  body movement almost always r e s u l t s  i n  a  

f r e t t e d  o r  s t r i a t e d  f a t i g u e  o r  co r ros ion  f a t i g u e .  P i t t i n g  

and i n t e r g r a n u l a r  a t t a c k ,  considered a s  r e s u l t s  of improper - - 

chemistry c o n t r o l  o r  mechanical process ing ,  a r e  n o t  y e t  observed 

i n  implants .  - 

(b)  P a t i e n t  Misuse 

This  f a c t o r  of implant  f a i l u r e s  i s  d i r e c t l y  r e l a t e d  

t o t h e  r o l e  of  t h e  p a t i e n t .  Devices may f r a c t u r e  by overloading 
- - 

because of p a t i e n t  misuse.  For example, i f  t h e  p a t i e n t  f a l l s ,  

very heavy loads  a r e  p laced  on a  f i x a t i o n  device .  Ignoring 

i n s t r u c t i o n s  about  weight l i m i t s  t h a t  a  device  can bea r  i s  

a l s o  hazardous t o  implants .  The p a t i e n t  u s u a l l y  has  l i t t l e  

o r  no c o n t r o l  over  t h e  f o r c e s  t h a t  muscles e x e r t  on an implant. - - -- 

- (12 
High loads  may r e s u l t  even when a  p a t i e n t  i s  confined t o  bed 



(c) Material Selection 

The right kind of materials Car implants must be 

carefully selected because only a few alloys have the 

necessary combination of properties; otherwise, the implants 

may be dangerous to the patientl's body (13) 

For surgical implants, a bone plake and bone screw 

must be of similar metals so that galvanic corrosion can be 

avoided. Usually, the corrosion occurs between the plate 

and the underside of the screw heads. The importance of 

material selection is exemplified by Dumbleton and Miller. 

They studied an example of a nail-and-plate device made of 

cast and wrought cobalt-chromium alloys which fractured-as a 

result of dissimilar-metal -co&ct, stress conCentration. and 

crevice corrosion (14 1 

Type 316 stainless steel was finally selected for 
- - 

surgical implants since the second world war (15) . It 

became the desired metal for surgical implants basically 
- 

because of its high pitting corrosion resistance. The 

composition and microstructural variations affect more or 

less the resistance of type 316 stainless steel to pitting 

corrosion. The addition of 2-4 percent of molybd&num in 

composition kas proved to greatly reduce sensitiveness to this 

kind of attack in an environment containing chloride (16) 

Warren (17) revealed that pitting corrosion resistance can be 

decreased with cold work by promoting, along strain lines, - - 

the formation of second phase constituents. 



( d )  Improper I n s t a l l a t i o n  of  Implant  

F a i i u r e  of  an implan t  may r e s u l t  from nonopt imal  

i n s t a l l a t i o n .  Occas iona l ly ,  t h e  most d e s i r a b l e  d e v i c e  i s  n o t  

p o s s i b l y  a v a i l a b l e  f o r  immediate s u r g i c a l  u s e .  For  i n s t a n c e ,  

t h e  surgeon may be f o r c e d  t o  improvise ,  encoun te r ing  t h e  

c r u c i a l  s i t u a t i o n  when t h e  o p e r a t i n g  room r u n s  o u t  of  t h e  

s t o c k  f o r  a  p a r t i c u l a r  i t e m .  

S o ~ e  i a i l u r e s  can be  a t t r i b u t e d  t o  e r r o r s  i n t e c h n i q u e  

For  example, some e r r o r s  i n  i n s e r t a t i o n  i n c l u d e  u s e  of  

i n a p p r o p r i a t e  s i z e  o f  implan t  p a r t s  ( e i t h e r  t o o  l a r g e  o r  t o o  

s m a l l  a  screw,  a  n a i l  o r  a p 1 a t e ) o r  u se  o f  e c c e n t r i c  o r  

mi sa l igned  screws. 

Improper i n s t a l l a t i o n  o f . i m p l a n t  can be  caused bv o v e r  

app ly ing  t o r q u e  t o  bone s c r e w s .  The o t h e r  a s p e c t  o f  improper 

i n s t a l l a t i o n  i s  when t h e  head of  t h e  s c r e w  i s  n o t  s h e a r e d -o f f  

immediate ly .  The imp lan t  f a i l u r e  may occu r  l a t e r  because  

(18 1 - 
t h e  screw becomes weak 

(e) Design and. i.ialiu?acture 

A t  t h e  s t a g e  of  i r q l a n t -  f a b r i c a t i o n ,  h i g h  q u a ~ i t y c o n t r o l  

must be  c a r e f u l l y  e x e r t e d  i n  t h e  t y p e  of  f i n i s h  om-the 

f i x a t i o n  d e v i c e .  The s u r f a c e  must n o t  be  blemished c f  

machining marks t h a t  cou ld  i n f l u e n c e  s t r e s s  r a i s e r s  which 

e v e n t u a l l y  a c t i v a t e  a  f i s s u r e  and subsequent  f r a c t u r e s  (19 1 

Premature f e a t u r e s  can be a t t r i b u t e d  t o  t h e  d e s i g n -o f  
- ~. 

an  imp lan t .  For  i n s t a n c e ,  s h a r p  c o r n e r s  o f  an imp lan t  

can  r e s u l t  i n  stress r a i s e r s  and l e a d  f i n a l l y  t o  



f r a c t u r e .  I n  a d d i t i o n ,  t h e  f a i l u r e  can come from screw ho les  

which were punched too  c l o s e  t o  t h e  edge of a bone p l a t e .  

The p l a t e  is ,  t h u s ,  n o t  a b l e  t o  withstand bending s t r e s s e s  ( 2 0  



CHAFTER I11 

EXPERIMENTAL PROCEDURE 

Two implants, a Jewett hip nail-plate and a Eggers 

onlay plate, were sectioned about half an inch from the 

fracture surface using silicon-carbide wheel. A scanning 

electron microscope (SEM) Model S-450 (Hitachi) was used 

to examine fracture surfaces and cylindrical surfaces 

of each implant specimen. For the Jewett hip nail-plate, 

the fracture surface was also examined by metallographic 

examinations. 

Standard 0.505 inch diameter tensile samples of type 

316 stainless steel used for this study were purchased from 

Laboratory Devices Co., Auburn, California. - - 

One tensile sample was used to measure the ncchanical 

properties (see Table 1) with Model M120 HVL, Satec - 

System Inc., Grove City, PA., tension testing machine. 

The remaining samples had a 0.005 inch cylindrical 

grove machined in the center of the gauge length in order 
- - 

to generate a stress concentration (see Figure 3). 

Without the stress concentration, fatigue failure would 

take a long period of time. Each sample was cycled in 

uniaxial tension on an MTS electrohydraulic tesing machine 

with different amplitude load and load range. Sinusoidal - -- 

wave forms were employed for the loading, with the expectation 



Figure  3. Show Machine Sc ra t ch  on a Type 316 S t a i n l e s s  

S t e e l  Tens i l e  Sample. 3 6 ~ .  -- 



TABLE 1 

MECHANICAL PROPERTIES OF TYPE 316 STAINLESS STEEL 

O f f s e t  y i e l d  s t r e n g t h  . . . . . . . . . . . . . . . .  69,750 p s i  

. . . . . . . . . . . . . .  Ultimate t e n s i l e  s t r e n g t h  95,400 p s i  

E l o n g a t i o n .  . . . . . . . . . . . . . . . . . . . . . . . .  4 6 . 9 %  

-- - 

t h a t  wave forms would have l i t t l e  e f f e c t  on t e s t s  c a r r i e d  o u t  

i n  a i r  a t  room temperature ( 2 1 )  . The test  d a t a  a r e  l i s t e d  

i n  Table 2 and a p l o t  of s t r e s s  amplitude (Sa , p s i )  versus  

numbers of c y c l e s  t o  f a i l u r e  (S- N diagram) i s  shown i n  

Figure  4 .  Also,  t h e  accepted f a t i g u e  curve f o r  type  .316 

s t a i n l e s s  s t e e l  ( 2 2 )  i s  p l o t t e d  on t h e  same graph ( see  

Figure  4 )  . 
The f r a c t u r e d  samples were examined on t h e  SEM. T h e i r  

f r a c t u r e  s u r f a c e s  were photographed ( s e e  Figures  5-12) i n '  

o r d e r  t o  determine t h e  r a t i o  of t h e  d u c t i l e  f r a c t u r e  arEa 

t o  t h e  t o t a l  f r a c t u r e  a r e a  ( s e e  Table 3 ) .  



1 4  

TABLE 2  

TEST DATA OBTAINED FROM MTS TESTING MACHINE 

N o .  of cycles 

t o  f a i l u r e  

2 9 , 3 7 6  

2 2 , 4 5 6  

6 , 9 6 5  

7 6 4  

6  

66  

1 4  

N o  f a i l u r e  

1 4  

S a m p l e  N o .  

1 

2  

3 

4  

5 

6  

7 

8  

9  

L o a d  ( l b s . )  

1 4 , 0 0 0  - + 2 , 0 0 0  

1 2 , 0 0 0  - + 3 , 0 0 0  

9 , 0 0 0  - + 4 , 0 0 0  

8 , 0 0 0  - + 5 , 0 0 0  

1 4 , 0 0 0  - + 4 , 0 0 0  

1 6 , 0 0 0  - + 2 , 0 0 0  

1 2 , 0 0 0  - + 4 , 0 0 0  

9 , 0 0 0  - + 2 , 0 0 0  

9 , 0 0 0  - + 6 , 0 0 0  

F r e q u e n c y  

(CPS) 

1 

1 

1 

1 

1 

1 

1 

8  

1 



TABLE 3  

CALCULATED DATA OBTAINED FROM TABLE 2  

S a m p l e  N o .  S t r e s s  (p'si) C y c l e s  t o  A m p l i t u d e  Mean S t r e s s  R a t i o  of 

F a i l u r e  S t r e s s  ( p s i )  ( p s i )  D u c t i l e  A r e a  . 
t o  T o t a l  

F r a c t u r e  A r e a  

2 9 , 3 7 6  7 2 , 7 6 5  

2 2 , 4 5 6  6 2 , 3 7 0  

6 , 9 6 5  4 6 , 7 7 8  

764 4 1 , 5 8 0  

6  7 2 , 7 6 5  

66  8 3 , 1 6 0  

1 4  6 2 , 3 7 0  

N o  f a i l u r e  4 6 , 7 7 8  

1 4  4 6 , 7 7 6  
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Figure  5 .  Frac tu re  Surface  of Sample No. 1. 36X, 

- -- 

Figure 6. Fracture Surface of Sample No. 2. 36X. 



Figure 7. Fracture Surface of Sample No. 3. 36X. 

- - 

F i g u r e  8 .  F r a c t u r e  S u r f a c e  of  Sarngle No. 4 .  36:;. 



F i g u r e  9 .  F r a c t u r e  S u r f a c e  o f  Sample No. 5. 36X.  

F i g u r e  10. F r a c t u r e  S u r f a c e  of Sample No. 6 .  36); .  



Figure 11. Fracture Surface of Sample No. 7. 36X. 

Figure  1 2 .  F r a c t u r e  Surface  of Sample No. 9. 36;~. 



RESULTS -AND DISCUSSION 

The r e s u l t s  a r e  d iscussed  i n  two s e c t i o n s ,  micro- 

s t r u c t u r a l  a n a l y s i s  and f a t i g u e  a n a l y s i s .  

( a )  Mic ros t ruc tu ra l  ~ n a l y s i s  

Macroscopic examination of t h e  Eggers p l a t e  revealed  

no evidence of co r ros ion  i n  t h e  v i c i n i t y  of t h e  f r a c t u r e .  

Microscopic examination revea led  numerous c racks  i n  t h e  

f r a c t u r e  s u r f a c e  ( s e e  F igures  13-15).  F igures  16-18 show 

t h e  micrographs of t h i s  device  through f rackured  a r e a .  There 

was no evidence of s t r e s s- c o r r o s i o n .  By comparing Figure 15 

and Figure  1 6 ,  both p i c t u r e s  having been taken a t  t h e  same 
- - 

magni f i ca t ion  and i n  t h e  same a r e a ,  it was found t h a t  t h e  

crack  p a t t e r n  of t h e  f r a c t u r e  s u r f a c e  (Figure  1 6 )  was n o t  
- 

i n t e r g r a n u l a r  cor ros ion  p a t t e r n  s i n c e  t h e  g r a i n  s i z e  i n  

Figure 15 was l a r g e r .  Gray and Z i r k l e  ( 2 3 )  showed i n  t h e i r  

examination of type 316 s t a i n l e s s  s t e e l  Jewe t t  n a i l  t h a t  g r a i n  

s i z e  of  i n t e r g r a n u l a r  co r ros ion  p a t t e r n  and mic ros t ruc tu re  

nea r  t h e  f r a c t u r e  a r e  s i m i l a r .  

The ho les  i n  t h i s  device  were punched too  c l o s e  t o  

t h e  edge ( s e e  Figure 2 ) .  A reduced c r o s s  s e c t i o n  can make 

a s t r e s s  r i s e r  i n  t h e  a r e a  where high s t r e s s e s  would o c c s r  
- - 

dur ing  walking, and c racks  would i n i t i a t e  and propagate .  

Cahoon and Paxton ( 2 4 )  show t h a t  t h e  e n t i r e  s e c t i o n  of t h e  



F i g u r e  13. SEM F r a c t o g r a p h  a t  6 0 0 ~  o f  F r a c t u r e  S u r f a c e  

o f  Eggers P l a t e .  
- - 

F i g u r e  14. 5EM F r a c t o g r a p h  a t  1200X o f  F r a c t u r e  S u r f a c e  

o f  E g g e r s  P l a t e .  



F i g u r e  15. SEM Fractograph a t  6OOX of F r a c t u r  

of Eggers P l a t e .  

Surface  

- - 

Figure  16.  Micrograph of Eggers P l a t e  Through Failure 

Area. 6OO;C. 



Figure  17.  Micrograph of Eggers P l a t e  Through F a i l u r e  

Area. 75X. - - 

Figure  18. Micrograph of  Eggers P l a t e  Through F a i l u r e  

Area. 150X. 



plate (type 316 stainless steel nail plate) between the 

hole and the edge is severely work hardened and much 

martensite forms. Their picture of plastic deformation 

and martensite in the plate is similar to Figures 16- 

18. The areas between the holes and edge of the plate, 

which have been severely deformed, may fracture with only 

a small amount of bending because both work-hardened 

material and martensite are harder and more brittle than 

the less work-hardened and un-transformed austenite 

which constitutes most of the implant. 

Also, slip bands and associated microcracks pattern 

shown in Figure 14 are similar to what Ligasor (25) 

found on a surface of a type 316 stainless steel Jewett 

nail. Results from this examination indicate extensive 
- - 

deformation and accelerated fatigue were chosed by the 

large grain size of the device. 
- 

Therefore, the design of the implant seems to be 

the major cause of failure in the Eggers plate. 

In the case of Jewett hip nail-plate the fracture 

surface was so badly disturbed that the cause of failure- 

could not be determined from either a SEM or metallo- 

graphic examination. A most unusual crack pattern was, 

however, found on the cylindrical surface immediately 

adjacent to the fracture surface (see Figures 19-22). 
- ~ 

Figures 23-28 show the crack patterns found on the 

cylindrical surfaces immediately adjacent to the fracture 

surfaces of the samples tested under low-cycle tension. 



F i g u r e  1 9 .  Crack P a t t e r n  Found on C y l i n d r i c a l  Sur face  

o f  J e w e t t  Hip N a i l- P l a t e  (sEM), a t  4OOX. 

F i g u r e  20.  Crack P a t t e r n  Found on C y l i n d r i c a l  Sur face  

o f  J ewe t t  Hip  N a i l - P l a t e  (SEM), a t  450X. 



Figure 21. Crack Pattern Found on Cylindrical Surface 

of Jewett Hip. Nail-Plate (SEM) , at 1200X. 

Figure 22. Crack.Pattern Found on Cylindrical Surface 

of Jel~ett Hip Nail-Plate (SEN) , at 1200X. 



F i g u r e  23. Crack p a t t e r n  Found on C y l i n d r i c a l  Sur face  

o f  Sample No. 1. (sEM) , at 500X. 

- -- 

Figure 24. Crack P a t t e r n  ~ou1-12 on Cylindrical Surface 

of Sample No. 1. (SEN), at 800X. 



F i g u r e  25. Crack P a t t e r n  Found on C y l i n d r i c a l  S u r f a c e  

o f  Sample No. 2.  (SEN) , a t  820X. 

F i g u r e  2 6 .  Crack P a t t e r n  Found on C y l i n d r i c a l  S u r f a c e  - - 
o f  Sample No. 2.(SEM), a t  870X. 



Figure 27..Crack Pattern Found on Cylindrical Surface 

of Sample No. 3. (SEN' -' 380X. 

Figure 28. Crack Pattern Found on Cylindrical Surface 
- -- 

of Sample No. 3. (SEN'), at 8 4 0 ~  



Figure 2 9 .  Crack Pattern Found on Cylindrical Surface 

of Sample No. 4. (SEM), at 400X. 

- .~ - 

Figure 3 0 .  Crack Pattern Found on Cylindrical Surface 

of Sample No. $. ( S a )  , at 2000X. 



Figure 31. Crack Pattern Found on Cylindrical Surface 

of Sample No. 5. (sEM), at 4 0 0 ~ .  

Figure 32. 
- -- 

Crack Pattern Found on Cylindrical Surface 

Sample No. 



Figure 33. Crack Pattern Found on Cylindrical Surface 

of Sample No. 6. (SEM), at LOOX. 

- -- 
F i q r e  34. Crack P a t t e r n  Found on C y l i n d r i c a l  S u r f a c e  

of Sample No. 6 .  (SEMI, a t  1900X. 



Figure  35. Crack P a t t e r n  Found on C y l i n d r i c a l  Surface  

of Sample No. 7 .  (sEM), at 800X. 

- -- 

Figure  36. Crack P a t t e r n  Found on C y l i n d r i c a l  Surface 

of Sample No. 



F i g u r e  '37. Crack P a t t e r n  Found on C y l i n d r i c a l  S u r f a c e  

of Sample No. 9. (SEM) ,  a t  500X. 

- ..- 

F i g u r e  38. Crack P a t t e r n  Found on C y l i n d r i c a l  S u r f a c e  

o f  Sample No. 9. (SEM), a t  1000X. 



None o f  t h e s e  c r a c k  p a t t e r n s  i s  s i m i l a r  t o  what w e  found 

on  J e w e t t  h i p  n a i l - p l a t e .  T h i s  means t h a t  a  s i m p l e  

low- cycle  t e n s i o n  stress was n o t  t h e  c a u s e  o f  f a i l u r e  o f  

t h i s  d e v i c e .  

(b) F a t i g u e  A n a l y s i s  

F a t i g u e  s u r f a c e s  of samples no. 1-4 are t y p i c a l  

f a t i g u e  p a t t e r n s  (see F i g u r e s  5- 8 ) .  F i g u r e s  39 and 

40 show f a t i g u e  s t r i a t i o n s  o f  samples  no .  1 and 4 

r e s p e c t i v e l y  on t h e  f r a c t u r e  s u r f a c e .  A d u c t i l e  p a t t e r n ,  

c a u s e d  by a  h i g h  stress i n  a  low number o f  c y c l e s  t o  

f a i l u r e ,  was found on e a c h  f r a c t u r e  s u r f a c e  o f  samples  

no.  5-7 and 9  (see F i g u r e s  9- 1 2 ) .  A s  l i s t e d  i n  T a b l e  3 ,  

t h e  r a t i o  o f  d u c t i l e  a r e a  t o  t o t a l  f r a c t u r e  a r e a  

i n c r e a s e s  a s  t h e  mean stress i n c r e a s e s .  S i n c e  t h e  d u c t i l e  

a r e a  ( f i n a l  f r a c t u r e  a r e a )  depends  on t h e  stress i n , t h e  - - 
l a s t  c y c l e ,  a  l a r g e r  d u c t i l e  a r e a  i s  produced by a 

l a r g e r  mean stress. 
- 

The a c c e p t e d  f a t i g u e  c u r v e  ( 2 6 )  o f  t y p e  316 s t a i n l c  

s t a i n l e s s  s t e e l  ( n o t c h e d  specimen)v:as p l o t t e d  i n  F i g u r e  4 

a l o n g  w i t h  t h e  r e s u l t s  o f  t h i s  work i n  o r d e r  t o  compare 
- - 

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

S i n c e  t h e  l a r g e s t  p a r t  o f  t h e  p u b l i s h e d  f a t i g u e  d a t a  

was o b t a i n e d  from f u l l y  r e v e r s e d  c y c l i n g  (mean s t r e s s  i s  

z e r o )  ( 2 7 )  , a  f a m i l y  o f  c u r v e s  w e r e  p l o t t e d  w i t h  e a c h  l i n e  

c o r r e s p o n d i n g  t o  a  d i f f e r e n t  mean s t r e s s ,  a s  shown i n  
- -. 

F i g u r e  4 ,  on t h e  S- N  d iagram.  The c u r v e s  show t h a t  

i n c r e a s e d  mean t e n s i l e  s t r e s s e s  s e v e r e l y  d e c r e a s e  t h e  

f a t i g u e  l i f e  o f  t y p e  3 1 6  s t a i n l e s s  s t e e l  ( s a m p l e s  no.  3 ,  



F i g u r e  39. SEM F r a c t o g r a p h  a t  4500X o f  F r a c t u r e  S u r f a c e  

o f  Sample No. 1 , Showing F a t i g u e  S t r i a t i o n s .  

F i g u r e  40. SEM F r a c t o g r a p h  at; h$OOX o f  F r a c t u r e  S u r f a c e  -- 

of  Sample No. 9 , Showing F a t i g u e  S t r i a t i o n s .  



5 and 7 ) .  The f a t i g u e  curve  of  samples no. 3 ,  8 and 9 

(mean stress of 47 k s i )  shows t h a t  t h e  endurance l i m i t  

was reduced t o  about  h a l f  o f  t h e  a c t u a l  endurance l i m i t  

(no  mean s t ress) .  

Sander '28) s t a t e d  t h a t  t h e s e  c u r v e s  ( i n  F i g u r e  4 )  

are n o t -n e c e s s a r i l y  p a r a l l e l  t o  each  o t h e r  and it i s  

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

by mean s t r e s s e s .  S e v e r a l  e m p i r i c a l  r e l a t i o n s  have been 

proposed b u t  t h e y  a r e  good on ly  f o r  t h e  s imple  

prcblems ( 2 9 )  

A s q u a r e  wave c y c l e  w a s  used t o  approximate  t h e  

f o r c e  t i m e  p r o f i l e  of  a human l e g  d u r i n g  normal l e v e l  

walking (30)  . I t  was found t h a t  t h e  mean stress 

d u r i n g  each  squa re  wave c y c l e  i s  t e n s i l e  s i n c e  

- - 
compress ive  f o r c e s  which a r e  a sma l l  p a r t  o f  t h e  t o t a l  

range  do n o t  appear  t o  i n f l u e n c e  t h e  p ropaga t ion  of  

(31)  f a t i g u e  c r a c k s  

B y  combining t h e  above f a c t  w i t h  t h a t  

t ype  316 s t a i n l e s s  s teel  i s  ve ry  s e n s i t i v e  t o  p re sence  

of  t e n s i l e  mean s t r e s s e s .  It can be p o i n t e d  o u t  t h a t  

any d e s i g n  and manufacture  of t y p e  316 s t a i n l e s s  s t e e l  

o r t h o p e d i c  d e v i c e s  must a l s o  c o n s i d e r  t h e s e  f a c t s .  



CONCLUSION 

Type 316 s t a i n l e s s  sfeel i s  very sens - i t ive  t o  tKe 

presence of mean s t r e s s e s .  T e n s i l e  mean s t r e s s e s  can 

s e v e r e l y  reduce i t s  f a t i g u e  l i f e  a t  a given amplitude of 

loading  i n  a i r  a t  room c o n d i t i o n s .  

Low-cycle t e n s i l e  s t r e s s e s  do n o t  produce t h e  crack 

p a t t e r n  observed i n  t h e  two implants .  For t h e  Eggers 

p l a t e ,  t h e  f a i l u r e  seems t o  be a combination of inproper  

des ign  and bending f a t i g u e .  I n  t h e  c a s e  of Jewe t t  n a i l ,  

f a i l u r e  may have been due t o  over load  which r e s u l t e d  from 
- - 

bending s t r e s s e s .  It  i s  f a i r l y  c e r t a i n  t h a t  low-cycle 

t e n s i l e  loads  d i d  n o t  cause  e i t h e r  implant  t o  f a i l .  

The most important  r e s u l t  of t h i s  work i s  t h e  

s i g n i f i c a n c e  of t h e  presence of t e n s i l e  mean stresses t h a t  

occur  dur ing  normal walking of a human. Such s t r e s s e s  can 

markedly shor ten  t h e  o p e r a t i o n  l i f e  of a type  3 1 6 - s t a i n l e s s  

steel implant .  



APPENDIX 

Sample Calcula t ion  for Table 3 



Sample No. 1 

Mean Load 

Amplitude Load 

Diameter (initial) 

Mean Stress 

Amplitude Stress 

14,000 lbs. 

2,000 lbs . 
0.495 inch 

Mean Load 
Area 

14,000 lbs 
0.192 sq. in. 
72,765 psi 

2,000 lbs 
0.192 sq. in. 
10,395 psi 
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