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PREFACE

In dealing with the 1 1<t and complen problems of reconstructive bone
surgery and some of the more complicated fractue problems, one of the
surgeon’s greatest allies 1s the use of metal for internal fixation or replace
ment of portions of bone This require~ that surgeons understand and be
able to apph both the biological and engineeting principles i olved The
hiological and engieerng prineiples, howerer, frequently come mto con-
flict, and under the-e circumstances @ compromuse must be made tognie
the best po-sible re~ult under the circumstance~ The purpo-e of this book
then 1s to gather the bologienl and engmeenng prinesples together so
that the surgeon mav more readily understand them and may be aded in
making these necessanily dufficult decwstons Those surgeons dealing with
bone and 1ts problems will nece~sanly have to learn more and more engi-
neering as new and more compheated operations are devised In our
attempts to roll fornard the frontiers of surgery and to have increasmngly
succes~ful procedures to combat the damages of disease and mjury we
have purpo-els avoided going into the more technieal a<pects since excel-
lent texts are alrendy available Students who wish to approach this
problem more seriously are advised to study texts <uch as Basic Structures
by F R Shanley Photoelasticaity by T'rocht, to studyv the prineiples of
stress distribution and stress concentration, and the Fatigue of Melals
by R Cazaud to define the problems related to this very complex subject
Engineers are becoming mncreasingly interested n the aspect of human
engmeering and consultation with an engmeer should be sought when
deahing with some of the more comphicated problems mn the research field

It 15 mtended to bring to those practitioners of medicine who seek
understanding of the sheletal sy stem and of the metals used to preserve 1t
some fundamental bachground knowledge for therr work A prolonged
mterest and research 1 engineering principles as related to the locomotor
sistem resulted mn the accumulation of much fundamental data A similar
accumulation of relevant facts from the fields of metallurgy and corrosion
engmeering has heen obtamned over the years The application of this
hnowledge and research in the field of metal inserted in the human being
led to the feeling that tlus bachground material should be readily and
convenmently available to the medical profession It has been accumulated
by the authors at the expense of considerable time and effort

It was fortunate that the mterests of the authors n thns general bio
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V1 PREFACE

mechamcal field did not overlap, and a natural union of manuseripts was
accomplished through the miracle medium of modern day commumea
tion One author was the stimulus to another and every effort has been
made to present techmeal material in usable form for the practitioner of
medicine and surgery
The production of the manuseript has inv olved the dey oted work of our
secretaries Sally Byrnes and Mary Cosgrote, who were able to add this
tedious worh to thewr other duties without complunt Hubert Schwartz
photographed the many metal specimens and roentgenograms cxcept
for those illustrations furmshed by the Crucible Steel Company and the
International Nichel Company, to all of whom we are eternally grateful
COB
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7

HISTORICAL USE OF METALS IN THE
HUMAN BODY

Albert B 1 erguson, Jr , M D

\s soon as 1 metal began to be used for the mternal fisation of frac
tures there were two opposing camps n regard to 1ts use

As early as 1775, physieans were in dispute over the internal fisation
of fractures ! Iron wire was the first metal used to fix bone With sepsis
as the order of the day 1t was very difficult to discern whether the use of
metal increased the meidence of infection Since any operative procedure
was fraught with grave danger 1t 1s easy to understand that the open re
duction of fractures could hardly have widespread acceptance

Levert made the first study of tissue tolerance to metal After a
series of experiments on dogs m 1829 he concluded that of all the bured
wire sutures that he had tested platinum wire was the least irntating
He had tested gold, silver, and lead as well Lister® himself had success
fully used buried silver wire sutures to hold bone under cover of anti-
sepsis

Nalgaignet 1n 1849 tried to shart shallfully through the possibility of
the metal being the <ource of ‘hospital gangrene” by devising adjustable
metal hooks that prerced the shin to hold the fragments together The
hooks were withdrawn once early repair had taken place

The name of Hansmann® 1s attached to the first inserted metal plates
The screws for these plates and one end of the plate itself (which was
bent at a night angle) projected from the wound for easy removal four
to eight weeks later The<e plates were described 1n 1886 It was not
until 1900 however that plates and screws were used to any extent m
fresh uncompheated fractures The development of the use of roentgen
rayvs revealed poor reduction n what had previously heen termed accept-
able practice and stimulated the use of internal fisation

There were many materials and shapes used these early dayvs Lam
bottes of Brussels advised brass plates at the turn of the century, but
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the alignment of the conncctne tiwue cells and fibers was avial along
the expeeted route of the clectrie current produced 1his current alo
seemed to he stimulating enough to recuit m rhy thme muscunlar contrac
tions

When Von Baeyer mseried rolls of copper and zine beneath the <hin
of rabints for several months he obeerved other changes Ihe copper
remamed shiny apparently with copper 1ons migrating to the zine and
plating 1t Since other metal combinations appeared to accelerate corro
sion, wluch he noted as the rusting of steel, he felt that s arious combina
tions of metals deserved further study, possibly finding for them some
useful purpose

Before metal could be used s an implant with mueh success 1t was
obviously necessary to be able to get 1t mto the body without bacteral
contamination The faulures caused by clectroly tic reaction and to <epsis
could then be separated Lane® ¢ introduced s “Lane techmque” for
tns purpose since he found that much greater precautions (as regards
aseps1s) were necessary to prevent mfection when operating on bone and
using wnternal fisation Using lus “no touch” technique, he stated that
he had never seen the so called “rarefying osteitis” which he regarded
as caused by infection rather than by the presence of the metal 1tself
His results were the first truly successful sertes of bone plating Without
such a masterful techmeian to emphasize techmque the use of metals for
mternal fixation, when indieated, mght still be waiting for a champion
to prove that their hazards could be reduced to a safe level

Stanley and Gatellier’ found that early ossification was delayed when
Parham bands were used about fractures but did not find any evidence
of toie reaction of wron salts It was left to Leriche and Policard! (who
examined the tissues about these bands listologically and chemueally)
to determine that the bone was necrotic and the tissues heawvily 1mpreg
nated with ron

A thorough study of tissue tolerance to metals was done by Hey
Groves ' He used various metals n the form of plates, serews, and mtra
medullary pegs and came to the following conclustons, based on gross
observation

1 Nichel plated steel has no wntating effect on the tissues

2 Magnesium 15 rapidly absorbed and acts as a powerful stimulant
to bone formation

3 Indifferent aceptic bodies are readily tolerated by the tissues

It 15 worth noting that Hev Grovest reported on the use of an mntra
medullary bar for comminuted fractures 1n 1913

An unfortunate series of three fractured bone plates 1n 55 fractures of
the middle third of the femur mduced Sherman® of Pittsburgh to have
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F1e 1 Joseph Lister successfully used buried silver wire sutures for the internal fixation
of fractures (By permmssion of Surgery Ggsnecology and Obstetries 1912 )

by 1909 was reporting that he had al-o used aluminum, silver, and red
copper All were discarded as being too malleable A very predictable
result occurred when he tried steel screws and magnesium plates The
disintegration was so rapid that the fracture was still unrepaired when
the metal vamshed His final recommendation m 1909 was a soft steel
plated with gold or michel

It was felt at this time that the reaction of metals in the tissues could
be put to <ome use Von Baever” in 1908 described the cellular reaction
about bits of metal left bured in the tissues for varying periods of time
He found that when cooper and zinc were implanted close together that
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Fic¢ 3 Sherman became mterested in the plate design and the metal used when he had
three farlures of the Lane plate These are illustrated above with the fracture occurring at
the junction of the first screw hole and the center bar (By perm sion of Surgery Gjnecol
ogy and Obstetries 1912 )

have a bending of the plate mnstead of a break  The addition of vana
dium to a gh carbon steel intensifies the hardenmng elements making
the steel more dense and tough thereby increasing the elastic ratio, 2 ¢,
ratio between the clastic hmit and elongation It would take great
force to bend a vanadium plite sufficiently to break 1t
Sherman patterned s plates after the standard “eye ’ bars used m
bridge constructions He reduced the number of screw eves i the plate,
pointing out that the same end could be achieved by 1ncreasing the dis
tance between the eye’s so that no more than s\ screws were necessary

to fix securely and hold a plate in position By Sherman’s design less steel
was actually u<ed 1n a stronger plate
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Fic 2 (A) Anintramedullary coil spring u ed experimentally 1n a cat 5 tibia by Hey
Groves from his article in the Brits h Journal of Surgery 1913 (B) Anintramedullary metal
bar u ed to immobilize an experimental fracture in the femur of a cat after 42 day« at both
{a) and (b} (C) Cat » tima after the u ¢ of magne wum intramedullary peg (66 davs) A
marks the remains of the peg which has largely di appeared There 13 an exce s of callus
(From Hey Groves E W Anexperimental tudy of the operative treatment of fractures
Bt J Surg 1 438 1913 )

a second look not only at the metal uced, but alco the design of the
plate One plate broke as the operative drescing was being applied The
break 1 the Lane plate always occurred at the same point, that 1s the
Junction of the central metal bar and the first screw hole

Previous bone plates were made of high carbon tool steels He noted
that, lugh carbon steels possessed great elastic hmmts but were weak m
ductilits (toughne<s and bending properties) THe ideal steel Tor @ bone
plate 1n Sheriman™ word= is “onc that has a sufficient elastic hmut with

greatest ductility <o that in case a strain <hould be exerted we would
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Fic 3 Sherman became mterested in the plate design and the metal used when he had
three fmlures of the Lane plate The ¢ are illustrated above with the fracture oceurring at

the Junction of the fir-t screw hole and the center bar (By permis 1on of Surgery Gynecol
ogy and Obstetries 1912)

have a bending of the plate nstead of 2 break  The addition of yana-
dium to 2 high carbon steel ntensifies the hardemng elements mahing
the steel more dense and tough thereby increasmg the elastic ratio, 2 ¢,
ratio between the clastic hmt and elongation It wonld take great
force to bend a vanadium plate sufficiently to break 1t

Sherman patterned his plates after the standard “eye” bars used 1n
bridge constructions e reduced the number of serew eves m the plate,
pointing out that the same end could be achieved by mereasing, the dis
tance between the cyve s <o that no more than siv screws were necessary

to fix securely and hold a plate 1n position By Sherman s design less steel
was actually used 1n a stronger plate
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Frc 4 Shermanempha 1zed that the metal u ed 1n bone plates should have the property
of bending without breaking The plates drawn here are of vanadium steel after bending
tests

Sherman discussed metals further disearding silver as bemng of too
Iow an elastic hmit to have much value Aluminum, he found, was just
the opposite as 1t po-sessed a lugh elastic limut but lacked bending
properties He removed 17 vanadium plates in 55 cases and found that,
if removed after siv weeks, the surrounding tissues were often stained
with rron, but noted that this did not seem to interfere with satisfactory
progress of the case He espoused <elf tapping (fluted) screws of a machine
type as compared to a wood screw design His work put the internal
fixation of fractures when it was climeally necessary, on a firm basis and
greatly reduced the number of failures from metallurgical and engmeering
causes

Zierold mn 1924 <tudied the reaction of bone to various metals with
the ohject of determining whether the metal exerted an influence on the
bone other than that of anv foreign body He used mature dogs s his
experimental ammals and tested gold, <ilver aluminum, zmne, lead,
copper, michel hgh carbon steel low carbon <teel, stellite copper,
aluminum allov magnesium and finally 1ron Ohser ations were macro
scopic of the metal and bone supplemented by hictological <ections of the
bone and roentgen examination of the nserts

Some metals <uch as copper showed a marked oyergrowth of hone
about the metal Gold <her «telite lead and alummum seemed to
Zierold to form a group which were well tolerated The other metals
mterfered with the usual proces~ of regeneration and bone repair Dic
coloration of ti~sues and failure of the tiscues to cover the metal implant
were seen when the latter were <tudied Although he found that gold,
aluminum and stellite were readilv tolerated by hone and tend to become
encapsulated Duval  Elberg!* and Danbourn® had previously obseried
that aluminum was absorbed m the tissues

A case n which an aluminum plate lav on the humerus m close con
tact with the radial nerve dramaticalls demonstrated the current pro
duced by dissimular metals When a brass scren was brought into eontact
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Frg 5 The following drawings were made to illustrate experiments performed by
Zierold (A) Iron section of control tibia A 5 mm hole was dnlled 1n the tibial cortex and
this drawing illustrates the normal ossification repair (B) Showing the tibia eross <ection
after removal of a small gold implant which had been placed 1n the 5 mm hole The metal
was 1n place for s1x weeks and good bone repair had taken place (C) Cross section of the
area where an aluminum implant was used Bone repair 13 obviously dimimshed but still
pre ent

with the plate there was extension of the hand and fingers Orsos,!” who
reported this case, was of the opion that an applance of homogeneous
metal only should be used

The electrolytic phenomenon has been emphasized by many Mas-
montenl'® measured the potential difference between the corroded and
noncorroded portion of the screws in three cases in which fairly profound
corrosion of the screws had occurred The potential varied from 0134
to 0153 my

Venable and Stuch* are responsible more than anyone else for alerting
American surgeons to the phenomenon of electrolysis in connection with
metals In 1937 Venable, Stuck, and Beach® placed screws in bones of
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Frc & (D) Cross scetion showing region of high earbon steel implant with virtual failure
of repair (E) The region of a stellite implant Note that bone repair took place over the
implant site Note that in some illustrations the bone failed to clo e about the implant
Zaerold felt that gold aluminum and stellite were well tolerated by bone (From Zierold
A A Reaction of bone to metal Arch Surg 9 365 1924 )

experimental ammals The metals used were vitallum, copper, brass,
galvinized 1ron vanadwim steel plain steel and copper, both chromium
plated and stlver plated They found that all the metals except vitallum
produced absorption 1n the bene and became loose Venable and Stuck!
m their very complete work on internal fixation heavily emphasize the
electrochemical relation of metals Further work has emphasized still
other aspects of metals 1n tissues

Magnesium has been entertamned repeatedly as a possible material for
bone fination The disappearance of the metal with the formation of gas
1 the tissues gives an mdication of the rate of 1ts reaction 1 the body
MecBride © evineed interest 1n its use as an alloy m 1938, noting the
phenomenal stimulation of periosteal proliferation It was heartily
condemned at the time by both Kev and Venable

A new stamless steel 18 8 S mo steel contaming 16 to 20 per cent
chromum a maximum of 14 per cent nichel and 2 to 4 per cent molyh
denum was contrasted with vitallum by Key 2 He mserted screws in the
femur of dogs and found none of the screws of either metal loose after 13
months After summanzing the two metals from the standpomnt of me
chanical properties he felt that the mechanical advantage of the 18 6 S mo
steel outweighed 1ts shght tendeney to corrosion and recommended 1t over
the vitallum of that era

Campbell and his associates  had been interested in msestigating the
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Fie 6 Iiey placed screws and nailsin the paired femurs of 5 dogs This Hlustration shows
tho e femurs on Temosal 13 months later The right {femurs contained seress and nails of
vitallum The left femur contamned stamless steel Both metals appeared very well toler
ated (From hey J A Arch Surg 43 615 1941)

-

b

evtotouaty of ticomum This alloy came 1n two forms The casting alloy
was quite brittle in the hardened condition and had a composition of
mchel 336 per cent cobalt 201 per cent, chromum 277 per cent
molybdenum 6 0 per cent, hervlium 16 per cent The berylhum added
to the alloy enabled 1t to be cast with high fidehty The wrought alloy
was essentially the same laching the berylhium

In 1941 along with ticonum the following metals were tested gold,
sthver vitallum stanless steel, vanadium steel, and copper The toucity
of the metal was determined by the rate of growth of a pure fibroblast
culture 1in the presence of the different metals On the basis of this obserya
tion gold silver ticomum vitalllum, and stainless steel were found to
be nontosie Vanadium and copper were found to be hughly ¢y totouce

The importance of tissue injury as contributing to the electroly tie
effect publicized by Venable and Stuck began to be vowed by some
Blunt Hudack and Murray® at a sy mposium on the metallic fixation of
fractures <ponsored by the American College of Surgeons i 1939 v oiced
some of the-e thoughts He pointed out that the mere trauma of opera
tion was sufficient to set up a difference 1n potential of 100 my bhetween
the mnjured tissue and the adjacent normal tissue A question was rased
Dud the metallic plate ntensify or prolong that rerction® Many became
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Fie 7 A vanadium steel plate after 30 years Note the osseous proliferation about the
screns and plate and the loss of clear outline of the serews because of their disintegration
and partial destruction

convinced that the degree of caletum deposttion at the site of fracture
was dependent on the degree of 1omzation present 1n the tissues at the
fracture site Murray used a system employing a Qun Hy drone electrode
mserted directly into the Tissties af the fracture site to test this S0 long
as an aud hydrogen 1on concentration eusted at the fracture site no
calcrum deposttionroccurrod It Wwas noted that Iack of mechanicat Tigwity
a_tm acidity apparently caused by a mechanieal
flammatory reaction regardless of the type of immobihizing appliance
Hudack?* presented some observations based on evpermmental evidence
at the same time It was obvious to lum that the metal used should have
resistance to surface corrosion and resistance to fatigue fallure Vanadium
steel under the vibratory stresses present when used as the ngid fixation
at a fracture site had suffered intermolecular corrosion as the result of
fatigue making 1t rable to fracture He found that the same phenomenon
was not found when ‘3 phase high chrome, low mekel steel ”” was used
It was found that both casting and stamping 1mpaired the neceseary
physieal qualities of the metal

A nonabrasive polishing of the surface appeared necessary, preceded
by a passnation of the surface by an aeid bath The results of the 1939
symposium appeared to indicate that the composition of the metallic
fination used and the nigidity and adaptability of the fixation to physical
strain and stresses appeared to represent the basis of a possible solution
to the question of operatnve fivation

It was obvious that vanadium steel after a reign of 20 jears was on
the way out

Venable warned aganst the use of vitallum and stainless steel screws
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or plates m the same fivation deviee Kev* underlined this statement,
but remarhed that the danger 1s perhaps even greater when two different
types of stamless steel are used The result could be progressive bone
re~orption from electrolvsis or failure of the mtended operative result

Hand and Lyon ¢ have emphasized the mechameal aspect of the apph
cation of bone plates m an cffort to elummnate metal fmlure The side
pressure exerted on screws when not perfectly centered in the hole of the
plate was noted by them The improved holding power of coarse threaded
screws as compared to fine threaded screws made them favor the former
The fact that the metal used modified ths holding power somewhat was
alco emphasized Screws should be set through both cortices and when a
siv hole plate was so held 1t appeared to Lyon and his associates 7 that
a 114 ton pull was necessary to tear the plate out

Then World War II brought a sense of urgency to the defimtion of the
most desirable metal for use mn internal fixation

The orthopedic commuttee of the National Research Council assigned
a project rated Class A to Murray and Fink 1n order to get a quick deter-
munation of the most acceptable metal allov for use 1n the human body
The-e studies were later extended by Fink and Smatho The work of
Fink and Murray resulted 1n the recommendation of type 302 steel to the
Army and Navy m 1943

TFink and Smatko’s work was reported mn 1943 8 They had tested three
different stainless steels and one chromium cobalt alloy, all in the form
of plates or screws The corrosive media used ncluded physiological
saline, plam serum, serum saturated with an ewcess of sulfamlamde,
serum 1noculated with Staphylococcus aureus, and serum acidified topH 50
to 55 by potassium acid phosphate The results showed that type 302
steel was the most corrosion resistant They were mmndful of Murray’s
work pownting out that the pH was 56 mmmediately after trauma and
rose, as healing progres<ed, to a final pH of 735 No gross changes
weight were noted 1n any of the four different hinds of bone plates Al
though tvpe 302 made the best performance, the margin was very shght
The other alloys were 316 steel and vitaltum Stramnmng resulted 1 a
perceptible increase i weight loss The objection to witallum at that
time was based on 1ts physical properties rather than 1ts eorrosion resist
ance which was excellent It was felt that further changes in the manu
facture of vitalllum might elimmate the<e objections

There was still more to be saxd about 1mplant matenals as the results
of research begun after World War IT became Lnown

Blunt Hudack, and VMurray * reported on mvestigative work done for
the Commuttee on Fractures and Other Trauma of the Amernean College
of Surgeons They mvestigated and defined the following :
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Fie 7 A vanadium steel plate after 30 years Note the osseous proliferation about the
screws and plate and the loss of clear outline of the screws because of their disintegration
and partial destruction

convinced that the degree of calcium deposition at the site of fracture
was dependent on the degree of 1omzation present m the tissues at the
fracture site Murray used a system employ mg a Quin Hydrone electrode
mserted directly nto the Tisstes at the fracture site to test this S0 long
as an acid hydrogen 1on concentration existed at the fracture site ho
caleium depost Wwas noted that Tack of mechant TEIdity
m acidity apparently caused by a mechanical
mnflammatory reaction regardless of the type of immob:ihizing apphance
Hudach® presented some observations based on experimnental evidence
at the same time It was obvious to him that the metal used should have
resistance to surface corrosion and resistance to fatigue failure Vanadium
steel under the vibratory stresses present when used as the ngid fixation
at a fracture site had suffered termolecular corrosion as the result of
fatigue making 1t liable to fracture He found that the same phenomenon
was not found when 3 phase high chrome, low mickel steel ’ was used
It was found that both casting and stamping impaired the necessary
physical quahties of the metal

A nonabrasive polishing of the surface appeared necessary, preceded
by a passivation of the surface by an aeid bath The results of the 1939
symposium appeared to indicate that the composition of the metallic
fixation used and the nigidity and adaptabihity of the fixation to physical
strain and stresses appeared to represent the basis of a possible solution
to the question of operative fixation

It was obvious that vanadum steel after a reign of 20 years was on
the way out

Venable warned aganst the use of vitallum and stanless steel screws




Frc 8 (A) Adnllgmdese ential for properly centering the serew hole i relation toa
bone plate m order to secure maximum fisation from the crew With the hole properly
centered the screw will properly contersink into the plate wath evenly distnibuted pressure
(B) The eccentnically drilled crew hole (left) damage the metal thread 1n contact with
the plate Angulation of the crew (night) as it s placed in the serew hole damages threads
and eau es lateral migration of the cren with re<ultant damage to the bone threads already
cut {(C) When the crew uone is used to fix the fracture 1t should be counter unk to averd
either prostru 10m or exce sive strain and splitting of the bone or tearing out of the bone
thread (Fromleter on L T !nnciples of internal fixation with plates and serews Arch
Surg 64 345 1052 )

13
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1 Tantium an element with a tough oude coat

2 Type 302 stamless steel consisting of 17 to 19 per cent chromium
and 8 to 10 per cent nickel “It must be annealed before use at 1800°F
to prevent mtergranular corrosion and be passivated m 20 per cent
nitric acid to msure a good protective coat of oude ”

3 Type 316 stainless steel containing 16 to 18 per cent chromium, 10
to 14 per cent mickel and 2 to 3 per cent molybdenum It should be
annealed at 2000°F

4 Vitalllum a cobalt alloy with 30 per cent chromium and 3 per cent
molybdenum

Plates and screws were placed i the unfractured bones of 26 dogs and
1n the fractured hones of 10 more dogs The mmplants were removed after
three months There were microscopic particles of metal embedded m
the tissue around this plate serew junction of virtually all the specimens
The fragments were larger and more abundant n the tantalum and type
302 steel preparation than around type 316 steel Those around vitallum
were fine ervstals that could be seen only with polarized hght The only
visible corrosion was at the plate serew junction An unfavorable tissue
reaction was accompanted by visible corroston and an mcreased number
of free metallic particles In only 6 of 72 specimens was there an unfavor
able reaction around more than one plate serew junction 1 any single
plate The mcidence of unfavorable metal tissue reactions was 30 per
cent for tantalum, 30 per cent for type 302 steel, 10 per cent for type
316 steel, and 0 for vitallum

Titanmum was nvestigated by Jergesen® and a report published n
1954 Screws and plates contaimng more than 99 6 per cent elemental
titamum were used The surface hardness was 27 to 35 on a Rochwell C
scale There was no evidence of bone necrosis or delaved osteotomy heal
mg 1n the experimental ammal Approxuimately one third of the expen
ments revealed a limited discoloration of the tissues m the region of the
screwheads Spectrographic merochemical, and mucroscopie determina
tion seemed to reveal that the cause was wron 1n a few mstances and i
others was minute titamum filimgs Bone grew 1n the threads of the
screws and holes of the plates and the metal appeared to be well protected
by the tissues There was ~ome evidence of weakness of the screws when
a torque such as would be used 1n their removal was used

Leventhal® alvo demonstrated the relative inertness of titamum by
implanting 1t mto the subcutaneous tivsue of rabbits and the femora of
rats Bone bloching about the <crews nas so firm that difficulty was
experienced 1n removing some of them The question of strength of the

metal mn this design was not answered W\ akanatsu noted the strong at
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Tis 9 (B) Putt1  band and ightener (C) Tightening the band or bone with Putti s
apparatus

and plate, and drill and saw and bone This has sigmficance as debneating
another cause of corrosion and metal failure

It 1s worth remarking that particle size may have quite an effect on
the reaction of tissue to metal A fimshed plate with an oude ceat may
be quite nert However, m pondered form the ictivity of the metal may
be increased, titamum and zwrcomum becoming so hable to rapid ovida
tion as to be neanng the evplo-ive stage Shin reaction to metals
powdered form has been reported Shelby and Hurlev?” have wntten on
the development of allerzic rranuloma from zircomum deodorant

There 15 now widespread nterest i estabhshing standards and speeifi
cations for metallic implants Interest an the field 1s still spurred by
meidences of metal falure or tivue reaction The numerous new alloyvs
developed 1n the atomie age are warting to be tested Metal has had an
opportumity to act on human tissue for over 90 vears The reaction of
tissues to this chronie exposure 1> just beginning to become evident A
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tachment of bone to metal mn his experiments with titanium The reaction
of the bone marrow reminded the author of chemical mjury However,
the metal was produced by the magnesium reduction method and was
probably not free from 1mpurities

In the field of neurosurgerv <ome interest was expressed in tantalum
This apparently was an outgrowth of the substitution of tantalum for
stlver mn the tiny chps used for hemostasis by Cushing Bailey and his
assoclates® noted the tendency for a fibrous eapsule with giant cells 1n
the stroma to form about aggregates of tantalum powder Hawkins® re
ported on the use of braided tantalum wire as a suture after finding an
meiston herma m 9 of 136 patients and noting sepsis in 11 Koontz and
EKimberlv# noted that fibrosis was extensuive with the use of tantalum
mesh, which was apparently interpreted as an advantage Mirowshy and
s associates® reported 11 cases in which an epidural granuloma formed
about a tantalum plate with or without an abcess, which necessitated
remosal of the plate The use of tantalum for cramal plates has largely
been taken over by plastic compounds

Very <ound mechames have been emphasized by Peterson® who found
that disproportion between drill size and screw diameter was one of the
most serous sources of error Obviously the size of the threads of serews
and the size of drills and screws as a umt should eonform to exactingly
accurate standards In order to avoid one eause of loosening and fatigue
farlure of screws plates shoumﬁé of
curvature less than_the ridiis of The bone RGCking motion of the plate
15 thus prevented as 1ts edges engage the bone The use of a drill gwde
was recommended by this author as well as taking care to prevent unequal
tightening of the serews which nught cause each to break m turn

Bowden Willlamson and Lamg® have recorded that bits of metal
from the, screwdriver are transferred to the screw 1 the process of mnser
tion This metal transfer also occurs between hammer and nail dnll

Frec 9 The derivation of Parham Bands (A) Professor I ambotte s wire loops bolted
against the bone
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Fic 9 (1) I utt: s bands holding two plates n place {E) Vhilne « instrument for holding
metal band with <crew thread aleng 1t enture length (F) Parham » band with loop at one
end and 1nstrument for snagging free end throughloop (From Parham F W Circular con
striction in the treatment of fractures of the longhone Surg, Gynec & Obst 23 541 1916)

thought expre~ced by Key 20 vears ago still holds that if internal fixa
tion 15 not abolutelv necessary for the succesful treatment of the case
1t probably <hould not be used

RFFERI\CES
1 IcarT letterinrespon e to the memorandmum of Mr Pujol J méd chir et pharm

Toux 44 169 1775
2 IeverT J Am J M Sc 4 17 1529
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METAL BEHAVIOR: THE CORROSION
PROCESS

Albert B erguson, Jr , M D

\Most metals, far from being static, durable materials, have been
purified above the form found in nature Their natural tendency 15 to
revert to the lower form by oudation Tlis reversion 1s called corrosion

A thorough hnowledge of the corrosion process will bring every surgeon
nto a general routine m the handhng of metals 1n Iining tissue that will
help to ehminate the occasional faalure That dissimlar metals wall
cause corrosion by setting up a battery effect seems generally known m
curgery This 1s largely because of the attention drawn to this effect by
Venable and Stuck 1n 1937 Less well known 1s the fact that two pieces
of a sumilar metal may corrode, or that a single piece of metal may
corrode—all for different reasons, but still as much a part of success and
failure of the operation as the more obvious “dissimilar metals »

1t 15 believed that 1t will eventually be possible for good judgment
(backed by a ground work of corrosion knowledge) to distinguish the
fact that there 1s no one perfect metal The metal used should be deter-
mined 1n part by the type of stress to be placed upon 1t and the expected
duration of 1ts stay mn the tissues Some features that are very important
over the long haul fade nto relative insigmficance when a mere sin weehs
msertion 1s envisaged

There, are three basic problems to be met 1n using metals 1 the tissues

1 Electrolytic inflammation  Corroding metal may set up a typical
tissue reaction In a severe form this may be accompamed by rejection
of the implant In a mild form 1t may play a part in failure of bone repair
and be evidenced chnieally by thichening and tenderness of the overlying

tissues

2 Stress tolerance The metal must meet by design and composition the

expected stresses to be imposed upon 1t or metal failure might ensue
This becomes quite compleated as repeated stresses m a corrosive
environment may cause 1t to fail well below 1ts caleulated safe imit

19
Fai
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Frc 10 430 vearold vanadium steel plate and aserew On removal the metal re embled
a part of a sunhen slip with httle to no structural integrity  The plate const ted of little
more than rust

3 Using an uncontamnated tmplant The metal must be brought to the
operating table under the best possuble conditions for 1ts use with success,
uncontamnated by orgame<ms other metals, or dimaged surfaces and
with no new stresses o1 design chinges brought into 1ts structure ~ince 1ts
manufactme It goes without saving that 1ts minufacturer must have
complied with a code of the highest order when the implant 1s to be used
1 the human being

Tue Corrosion Process

Corro~ton 15 an electrochemmeal process It requires a solution of clectro
Istes such as 18 readily avarable with anyv aqueous medium There fol
lows the <etting up of an anodic area Here electrons are released and
metal 10ns formed by owvidation and divintegration of the metal Ths 1s
the area where actual diuntegration tahes place ze, where pitting,
blemihing and the deterioration of the suiface appears Here 10ns of
metal pass into <olution A cithodie area must exist n relation to the
anode with the way open for a negatively charged electron to pass from
the anodic area to 1t A means of connection or the coniact of the metals
15 enough to permut this The anode and cathode may exist on the same
prece of metal These areas of potential difference may change n location
allowing vmsible corrosion to be seen all over the metal surface This
atate mav be ~et up on the metal with the speed of light upon immersion
m an aqueous medium

At the eathode area the powutnvely charged 10ns n the solution may
(as 1 the case of water) be met 1nd neutralized by the electron cxchange
and hvdrogen gas formed Negatnely charged hyvdrowvl ons are left
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Fic 11 Excessively long plate and nul combination broken at junction of the long lever
arm formed by the plate with the first serew hole below the nail

mereasing the alkalimity of the area There are then two types of areas,
the one at which metal dissolses and the one at which hydrogen 10ns re
discharged or consumed by ovygen

If the interface between a metal and 1ts environment 1s entirely homo
geneous the<e area< of potential difference would not exist In order to
be <et up for a corrosion cell certam areas on the metal surface must be
chemically or phyaically different from the rest Dhfferences m stran,
erystaliine ~tructure owide and metallic impunties on the surface masy
all lead to differences 1n <olution tendencies The more homogeneous the
surface caused by special preparation the more resistant will 1t be to
disintegration  The entvironment must also be homogeneous A leswer
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Fre 12 This 1s the surface of a stainless steel serew that corroded through at the edge
uppermost m this photograph Stress lines show as linear markings 1n the structure of this
piece of worked metal The surface of the metal 1s visualized microseopically by reflected
Iight

tendency for cotrosion of certain metals i acid 15 presumably the result
of homogeneity of the metal acid interface

In summarv the anode corrodes {onidizes) m a solution contaimng
electroly tes with a cathode 1n relation to 1t There 1s a passage of electrons
between the two The anodic and cathodic areas of potential difference
may change as 1ons accumulate in one area

What speeds or accelerates the process? What slows 1t® And what
practical cause or means of setting up this process can be avoided?

E\VIRONMENT

One of the first important understandings to be gained of corroston
as a process 15 that each environment has 1ts own action on a metal
Another way of saying this 1s to note that strong resistance to a chloride
solution does not 1mply equally strong resistance to a solution of a strong
acid As a general statement metals 1 use in the human body are noted



Fic 13 The flow of electriaity between anode and cathode “ote that disintegration
takes place at the anode The metals are smmersed  a solution of electrolvtes (Courtesy
International Nickel Compant )
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Fic 14 The ordmary drv cell illu trates the prineiples of corrosion The eathod:
graphite the anode 1s the zine covering Tons are upphed by ammonum cloride Wh N
wire connect ecathode with anode there 13 a flow of electricity nal
Nickel Company ¥

(Courtesy International

23
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Ftc 15 Vith tno different metal plates a wire 1s neces<ary to form a metallic path be
tween them 1n order to complete the esrewit and allow for the flow of electrons in a corro<ion
cell {Courtesy International “ickel Company )

for their corrosion resistance 1 an aqueous medmum contamng chlortde
10ns The environment of the human body 15 a umque sttuation the 2tmos
phere has been completely excluded banishing nitrogen among other
things Oxygen s brought to this environment ind continuallsy replemshed
and there 15 a flow of chloride 1ons through 1t The circulation of 1ons 15
rapid through an aqueous medium The area 1s under 4lternating strains
resulting i nternal stres<es in the metallic implant

THE TISSLES ABOUIL IDMPLANTS

By «pectrographic analy«is 1t 1s possible to show that all metals cur
rently tn use as 1mplant matertals i the human hods give off 10ns to the
surrounding tissues The easiest example and one that can be grossly
demonstrated 15 the presence of ron An 1ron stain of the tissues about
an apphance that 1 remoyed will readily serve to convince the sheptical
The effect of these 1ons on phystologieal processes such as caleification 1s
a matter of conjecture That ~ome tons may embark from the alloy m
a concentration relatnely ligher than that in which they extst n the
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Fic 16 Iron depo ited in the tissues 1s easily demonstrated by a Prussian blue stain
The collections of metal 1n the tissues are seen as the amorphous black granules

apphance has also been noted This mav result m a change in composi-
tion of the embedded alloy

Spectrographic analysis al.o reveals that many of the constituents
making up the commonly used alloys ire present 1n a very small concen-
trition 1n normal tissues

The cruaial level at which the concentration of the<e 10ns reaches the
pownt of causng ehmeal changes 15 not known The famliar chinieal
example however, 1+ the long dormant area about an embedded bone
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Fia 15 With two different metal plates a wire 1s neces ary to form a metallie path be
tween them in order to complete the circwit and allow for the flow of eleetrons 1n a corrosion
cell (Courtesy International Nickel Company )

for their corrosion resistanee 1n an iqueous medmm containmng chloride
1ons The environment of the human bods 15 a umque sttuatton the atmos
phere has been completely excluded bamshing mitrogen among other
things Oy gen 1s brought to this environment and continually replemshed
and there 19 a flow of chloride 1ons through 1t The cireulation of 10ns 18
rapid through an aqueous medium The area 15 under alternating strans
resulting i internal stresses in the metallic implant

THF TISSUFS ABOLT INMPLANTS

By spectrographic analysis 1t 1s possible to show that all metals cur
rently 1n u~e as implant matertals in the human bodsy give off 100+ to the
currounding tissues The easiest example and one that can bhe growly
demonstrated 1> the presence of rron An iron stain of the tissues 2bout
an apphance that 15 removed will readily serve to convinee the skeptical
The effect of thewe 10ns on phy siological proceses such as calerfication 1s
1 matter of conjecture That <ome 10ns may embarh from the alloy m
2 concentration rlatively higher than thit in which they evist m the
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TasLE 1
Elcetromotrte Force Scries The Action of Metal in Particular Concentration of Ifs Own Salt

Hydrogen 1s takhen a3 zera and other metal rated mn relation to it The metals are im
mer ed 1n a solution of their own salt When coupled one with another the one higher up 1n
an electromotive foree series table will suffer accelerated corrosion

Metal Standard Electrode Potential
nC
Increaaingly reactive
h -2 922
Ca -2 87
\a -27
g —234
Be -170
Al —-167
o -100
Zn -0 762
Cr -071
Ga -0 52
Fe —0 440
Cd —0 402
Ia —0 310
Ta —0 336
Co —0 277
\1 —0 250
Sn —0 136
Pb —0 126
Arbitrary reference
H, 0 000
Cut+ 0315
Cuv 0 522
2Hg 0 799
Ag 0 800
Pd 0383
Ho 0 85¢
Increasingly inert
Pt cal2
Aur 142
Aur 168

senies of metals and alloys 1n sea water (Table 2) Here agamn the metal
near the top of the table will suffer accelerated corrosion and be anodic
In relation to the metal below 1t 1 the table with which 1t 18 coupled
There are ~ome 1nteresting things about this galvame series table Note
that the much used 316 steel m an active state 1s lugh up on the table
Alter passrvation it hastens to the bottom of the table 1n a position
less likely to suffer accelerated corrosion This table comes clo:
predicting the action of an alle
18 only 2 relative rating

much

ser to
3y 1 a human tissue environment, but sty
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TRACE ELEMENTS IN RABBIT VOLUNTARY MUSCLE
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PERCENT OF DRY ASH
Fiec 17 Chart of the results of spectrographic analysis of sheletal muscle in rabbits
The number under each element sy mbol 1s the number of samples analyzed The black bar
represents the range of results the white line the mean The flags are the number in which
none was found Note that most elements composing corrosion allays are present to some
degree 1n normal tissues

plate which suddenly after years of implantation flares with an acute,
aseptic inflammation

CORROSION CURRENTS

Dissirlar metals when coupled together 1in an electroly te have poten
tial differences The eorrosion resulting 15 hknown as galvame action
T ocal action 15 the corroston occurring from pomt to pont on the same
metal The latter corrosion may be caused by surface imperfections,
structural differences or environmental differences Mletals when mm
mersed 1 a solution of their own salt have a potential rating 1 relation
to hydrogen which 15 taken as zero When these metals are coupled, one
with another the one higher up mm an electromotive force series table
(Table 1) will suffer accelerated corrosion Note that these are single
metals not alloys and that the metals may have a different potential
rating when combined 1 an alloy

A useful study of expected galvame action 15 obtamed from a galvame
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Fic 18 The dial registers a potential difference of 700 mv between passive stamnless

steel (left) and carbon steel (nght) n <olution of warm ulfuric acid (Courtesy Inter
national Nickel Company )

ovvgen It can be shown experimentally that an eleetric current will
flow between pornts where oxy gen concentration differs

On a smgle metal <urface different concentrations of metal 10ns may
set up because of varving conditions An example from industry 1s the
whirling dise which corrodes at 1ts periphery where the metal 1ons are
swept awav as compared to 1ts center where they accumulate The corro
s10n 1s most severe at the area of lnghest veloaity of the whirling dise 1t
<hould be recalled that in the human body ovygen s brought to the tissue
and tons swirl past a given area with considerable speed It 1s not a
static environment

Clark and Iichmann® have attempted to develop an 1 tafro test to
determine which metals might be uceful in 2 hving tissue ens ironment
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Tanrp 2
Galeanie Series of Vetals and Alloys 1n Sea W ater
The metals and 1Hoss have ha 1 thewr artson recorded winle smimersed 1 sca water The
metal nearest the top of the table will be the anode in relation to tho e below 1t and will
auffer acerlerated corranion

Magnesium Tied brass

Zine Copper

Alelad 39 \lumnum bronze

Atumnunt Gl Composition G hronze
Alununum 63 a0 10 Copper kel
Alumnum 52 70 30 Copper “achel low ron
Low steel 70 30 Copper \ichel high tron
Aoy teel Nichel

Cast wron Inconel

Type 110 {active) | Sulver

Type 430 1active) Type 110 (pronea)

Type 30t wetve) Type 430 (pa ive)

Type 316 Lactive} Thpe 304 {passive)

N1 resist Tipe 316 {pieise)

Muntz metat Alnet

Yellow brr Hastelloy

Admraity bra s Trtamum

Aluminun brass

The «peed of galvanic corrosion will be affected by the degree of poten
tial difference between tnwo metals If a metal 15 next to the metal just
below 1t m the series table the potentiil difference will he very <hight and
the proress of corromon very <low

Diffusion and corrovon of metal 1ons from about an anede mav be
relatively <low despite the great ~peed with whieh metal 1ons dissohve
and hydrogen 1ons are discharged This accummulation of wons resulting
1« difference of solution tendencs s hnown as anode polnzation

There mav he a polanzation at the cathode ciused by the accumula
twon (for example) of hvdrogen gas This effectively covers the cathodic
surface and removes it from an active part in the corrosion process The
cathodi area receives gahvame protection It should be recalled that a
cathode an anode an electrolvte and a means of passage of electrons are
still necessary for corroston to take place When the cathodic area he
comes unavailable the process stops

The avatlabihty of the eathode will be affected by its size m relation
to the anode and by the concentration of 1ons affecting the polarization
If these 1008 are spread thinhy over a large eathode the polanization will
be relatively mcffeetrve and the corrosion process will still proceed

The available oxygen will affect the ovidation process, see the speed
of progres<ion will depend on e rate of flow and concentration over the
area Cathodes will devclop at arvas of high ovigen concentration of
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F16 15 The dial regt ter 2 potential difference of 700 my between pissive stawnless

steel (left) and carbon steel {nght) in solution of warm sulfunic nud  (Courtesy Inter
national \rehel Compans )

ovvgen It can be <hown evperimentally that an electric curient will
flow between points where ovsgen concentration daffers

On a single metal surface different concentrations of metal 1on> may
et up because of varving conditions An esample from industry 15 the
whirling dise which corrodes at its periphery where the metal 1ons are
swept away as compared to its center where they accumulate The corro
<10n 15 most severe at the area of highest velocity of the whirhng dise It
<hould be recalled that in the human body ox3 gen 1s brought to the tissue
and 10ns swirl past a given area with considerable speed It 1s not a
static environment

Clarh and Hickmann! have attempted to develop an n wtro test to
determine which metals might be useful 1n 1 Iiving tissue environment
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Fre 19 (left) The polanzation of a lceal eathode by the secumulstson of hy drngen The
hydrogen covers the cathode snd removes it from active partiespation sn the corre sion proc
ess bhring the process to < halt (Courtesy Internationsl Nickel Company )

Frc 20 {nghty Dupolanzation of the cathode by the removal of liy drogen by oxygen in
the solution The accumulation of hydrogen stops the corrosion process snce the film of
hyvdrogen tsolates the cathode from the process Both owide and eathode are nucessiry for
corroston to occur (Courtesy International Nackel Compans )

Thev uced a rotating rod with the test metal 75 the anode, a calomel
electrode as the cathode and measured the potential drop for 4 hnown
curtent across an electrobvtic cell m a bath of equine <erum The mternal
resistance drop ws subtracted and a meacurement termed the anodic
bach electromotive force was ohtained This appeared to have a rough
corrclation with the action i phy<iolozical flmd Those metals which
had negative potentials appesred to be more reactine than those having
a positive potential [The correlation 1~ indeed of 2 general nature only
and mtended onh to classify roughy thowe metals winch mght have &
future m n=ert vse

OMDE FILMS OR ONYGEN TAYLERS

\Mamy metals owe thar corrosion ressstance to a marhed tendeney to
untte with ovvgen at the surface forming a film wich 1s nearly 1mperous
to future passage of oxvgen atoms fhere are ways of mereaung this
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Fic 21 Thisbrass disc which has been rapidly rotated in sea water has suffered corrosion
at the penphery Here 10ns have not been allowed to aceumulate because of the high veloe
1ty at the edge This has allowed corrosion to continue without a deceleration inrate (Cour
tesy of International Nickel Company )

surface tendency to unite with oxygen Thisis true of aluminum Stainless
steels owe thetr corrosion resistance to passivity, a condition of neghgible
corrosion despite a chemical tendency to combine with the metals’
environment A strongly owuidizing condition increases the resistance to
attack Thus with salt solutions freely exposed to air a stainless steel by
surface oxidation can remain relatively mert 1n a corrosion sense A sealed
stagnant solution may find 1ts original ovy gen used up, whereupon pitting
attach of the steel becomes posstble Under certain circumstances a high
local concentration of carbon dioxide combined with osygen may cause
rapid corrosion

STRESS AND STRAIN

A stress or force apphed to a metal may produce a strain or deforma-
tion When the stress 1s small the deformation 15 elastic 1n character
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Fic 22 A monel dise after rotation n <ea water showing a complete lach of veloctty
attack The right ty pe of metal for the environment and function was ysed (Courte v In
ternationat \ickel Company )

TasLE 3
Anodic Lack Electrometire Force

Those metals rating 4400 or over were rated as being 1n the range where they could be
considered for mert u e

Tantalum +4-1650
1latinum 41420
Gold +1000
V1talhum | +620
Stamnle 5 steel (18 8 5 mo) +480
Silver +110
Copper +30
Mild teel —450
Zinc -90

Magne wm —1550
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F1¢ 23 There 15 visible corrosion beneath the pile of sand on this brass plate Here
oxigen was relatively excluded resulting in an area of low ox gen potential (anode) with in
area of relatsvely high oxy gen potential (cathode) about 1t {Courtesy International Nichel
Compant )

Fia 24 Notu the visible corro 10n oceurring, where the plate and the device for holding
the lup nail were 1n contact The arca on the device 1~ 4 murror mmage of the arex on the
plate Here oxsgen wa refatisely excluded
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Fre¢ 25 The addition of nitric acid to a warm sulfurie acid soluton acts to passify the
active stainless specimen  1s a result there 1 a reduction in eutsting potential between ac
tive and passive stamnless steel Here the dual registers less than 100 mv  : reduction from
the potential before passivatron (Courtesy International Nyckel Company )

TWhen the stress 15 removed the metallic implant returns to 1ts original
form W hen the strews evceeds the elastic imt a permanent or plastic
deformation 15 produeed and the implant no longer returns to 1ts ongmal
shape The effect of the stress will vary mn different portions of the metal,
some areas permanenth deformed others still retamnmg elastic tension,
and 1n attempting to ~pring bach putting other areas under tension A
worl ed prece of metal contane a balance of tensional and compressional
stresses no further change 1n shape then occurs Ten~onal stresses often
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Fic 26 A bent plate has had a stress or force applied to 1t to produce a strain or defor
mation The hape that remains s a balance of tensional and compressional stresses and no
further change in shape occurs “Note that a stress corrosion crack has started on the far
side of the central serew hole at the point of maximal bend the crack in the fine Iine extend
g nto the top of the mghlight area at the screw hole

aid intergranular corroston A corrosive solution which can exert a
preferential action on ntergranular matter will show up such areas mn a
very practical way Such a method esists m police work for brninging
out automobile engine numbers on stolen cars even though they have
been previously erased Acid 1s apphed to the area where the previously
stamped numbers have been erased This attacks the areas of unreleved
mternal stress beneath the stamped area, bringing the numbers back
mto view

When alternating and repeated stresses occur as i the human body
(which 1s & corrosive environment) the most susceptible areas may be not
the intergranular boundaries but disorgamzed areas along slip planes
It 15 possible for alternating stress to crack and implant in a corrostve
environment This 15 usually because of a lighly localized attack Such an
implant may crack well within the safe stress ranges determined under
noneorrosrve conditions

Intense local attach 1s termed pitting corrosion Corrosion concentrated
at a small area may produce great damage so far as function of the
metalhc 1mplant 1> concerned A cracked bone plate has lost 1ts structural
value despite 1ts failure to corrode elsewhere

MECHANISM OF STRESS CORROSION CRACKRING
— —— ]

Stress corrosion 1s a term that 1s imited to cases in which there 1s no
<igmficant corroston damage in the absence of stress The mechamsm of
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F16 25 The addition of mitric acid to a warm sulfuric acid solution acts to pasafy the
active stamnle s specimen As a result there s a reduction 1n existing potential between ac
tive and pa.<ive stamless steel Here the dial registers less than 100 mv  a reduction from
the potential before passivation (Courtesy International Nickel Company )

When the stress 1s removed the metalhe implant returns to 1ts onginal
form \\hen the stress exceeds the elastic limit a permanent or plastic
deformation 1s produced and the implant no longer returns to 1ts ongmnal
shape The effect of the stress will vary 1n different portions of the metal,
some areas permanently deformed others still retaiming elastic tension,
and 1n attempting to <pring back putting other areas under tension A
worked prece of metal contains a balance of tensional and compressional
stresces no further change in <hape then occurs Tensional stresses often
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Causes or Corrosion 1n TiE Huvan Bom

From corrosion s 1 general phenomenon 1t 15 posable to draw spectfic
causes which are quite reley ant to understanding phenomens that oceur
when metals are embedded 1n Iving tissue It 1s not intended to discuss
fully all the cnuses of corrosion but onlv those that m particular scem
mmportant when metal 15 used n this way

MINED METALS

Venable, Stuch, and, later, Key have emphasized the fact that alloys
of widely varving composttion when linked together m an electroly tic
medrum have a potential difference that aids the phystochemical phenom
enon known as corrosion The classic example 1s the use in combation
of vitallum (4 cobalt based allov) and staimnless steel (an 1ron based allov)

Fia 28 The corroded end of a
p immobilizing device which falled The
at top and bottom of the central canal are caused by wear betwneen the tuolfr::l:;:::reas
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Fic 27 The propagation rate of a stress corrosion crack Note the acceferation in rate
with increased time The diagram was drawn from data obtained from an aluminum 7 per
cent magnesium alloy  (From Gilbert P T and Hadden 8 F J Metals 77 237 1950)

failure caused by stress corrosion craching has been described by Dix
and his associates 1 a sy mposium

They note that there 15 a concentration of stress at the base of a
localized corroded path The stress concentration mnereases with deepening
of the attach and leads eventually to tearing apart of the metal Dix and
his associates wrote “Since 1t hay been observed that a cratched metal
surface 1s anodic to an unscratched metal surfice the tearng action
described would expose fresh metal unprotected by films to the action of
a ¢corroslve environment

Stresses and deformation can rupture films and promote localzed and
arcelerated corrosion but according to Harwood® there 1s insigmificant
evidence that this phenomenon 1s a majyor factor mn erach propagation

It 15 clear that vanations 1n processing and compo-ition have affected
the microstructure of metal and made 1t more susceptible to stress corro
ston cracking The structure of the metal influences the point of mmitial
locahized attack as well as the path an attack takes and 1ts rate of progres
sion

A stress corrosion crach may be either intergranular or transgranular
as 1t cuts across the metal, but tends to grow 1n a plane perpendicular to
the tenstle stress on the apphance
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mg, and fabneating the mmplant Since residunl surface or subsurface
tensile stress must be present for this phenomenon to occur, at least
thowe stresses which have univordably occurred in manufacture should
be relieved by heat o1 appropriate treatment before heing released for
human consumption The design may favor the development of stress
corroston phenomenon since some devices are notched and stamped, and
S0 Oon

TISSUL CHANGES WITH INJURY

There 15 2 pH change occurning m damaged fissue which has been
brought out by Murray and Swenson A potential difference between
mjured and normal tissue has been recorded It 1s apparent that following
necrosis and tissue injury there 15 a pH fall to 53 to 56 A gradual nse
ensues with the development of a pH close to 7 35 n approumately ten
days The exudation of blood products 1n 1arying stages of decomposition
15 usually extensive and 1s accompanied 1n the early stages by an acute
mflammation There 1s a rapid growth of blood vessels into the area It
has been felt by some metallurgists that these changes represent a much
more corrosive environment than formerly suspected for some metals
It brings up the pomnt once again that living tissue 18 & unique environ-
ment 1n the corroston field

DIFFERENTIAL ELECTROLYTIC GRADIENT

Any differences m the concentration of 1ons m contact with different
parts of the same metal surface may mduce corrosion currents

— DIFFERENTIAL OXYGENATION

When two metal apphances of exactly the same type suffer corrosion
In a surgical case 1t may be the source of consternation to the surgeon

(OIVVETER
N

Bvedil 0,

bl et )

Vs

Wl it \D)

NERRUV “‘,

Fro 30 A plate and bolt showin,

g active and passive areas on stainl
shielding leading to the active cong 1 Dckel G 03 ges

dition (Courtesy International Mickel Company )
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This muture 1s all to prone to occur 1f the devices to be used for implant
are not carefully separated m hospital operating rooms Less well known
15 the fact that varving hardnesses and varnations 1n erystalline strueture
n the same alloy mav 4lso set up potential differences

STRESS CORROSION CRACKING

The methods of reducing the susceptibihity to stress corrosion craching
appear to include careful attention to the method of designing, assembly

'
i
¥

TS,

T

Fre 29 A stress corrosion crack withintergranular eorroson extending from the surface
of the metal
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Fic 31 This end of view of 2 ervice fatigue fracture shows the characteristic oyster
shell marking very well This occurred in the steel shaft of a punch press (From Grove
H J Gordon 8 A andJackson L R Fatigue of Metals and Structures Bureau of Aero
nautics Department of the Navy )

number of repetitions of stres- rather than mere duratton of time Modern
speed hias put a g burden on design 1n order to av o1d repeated stresses
caunsed by fatigue faillure Such a situation particularly holds true m
aweraft No metal 1 the usual implant design will stand up to the stresses
put upon 1t by walking 1 the presence of nonunion of the bone Weight
bearing on an unumited fracture will <oon cause craching of the plate

The ~ervice fatigue fracture on the surface of the fracture part shows
some distinctive areas that enible the fracture to be recognized as caused
by fatigue

1 There 1 a crescent shaped area with a ground or rubbed appearance
spreading out from the imitial nucleus This area sometimes has concentric
osvter hell markings

2 About this area 15 a region of more jagged <urface testure which
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An mstance of this ty pe mayv be explained by the fact that where the two
metal implants were mn close contact oxvgen was excluded causing an
area of low oxvgen potential (the anode) Around 1t was an area of rela
tively high ovigen potential (the cathode) Such a form of corrosion
majy be seen at the interface where two intermedullary rods cross and are
opposed to each other or under the screw head, where 1t was 1n contact
with the plate The area around the screw eyes 13 frequentlv where
staming of the tissues 15 noted The corrosion often mmtiates m this rea
because of the oxygen differentials It 1s princtpally reduced to acceptable
levels by the design of the apphance

AETAL TRANYFER

The u<e of tools of one alloy may result 1 transfer of hits of thin alloy
to an implant of a different composition The early use of stainless steel
sheeting on modern builldings gave rise to an example of the importance
of this phenomenon, for corrosion occurred where 1t had been ttpped
m place by tools of a different composition This particular eause 15 more
fully treated separatels

SURFACE DEFECTS
1t has already been brought out that a scratch on the metl surface 15

anodic 1n a corrosive environment to the metal surface about 1t Such an
area when stress 15 also brought to bear upon the mmplant may be con
ducive to metal failure by craching There may be precipitates or 1m
purities on the surface The path of <uch corrosion m stainless steel, for
example 15 a zone depleted 1n chromium as a result of the local precipita
tion of carbides In general a great deal of attention must be paid to
surface finish to render an implant as corrosion reststant as possible
Damaging the surface by such means «» stamping manufacturer s names
or ~1ze numbers would appear to be an unnecessary procedure, lowermg
the quality of the implant

Many metals depend for their corrosion resistance m an aqueous
chloride containing medium on an oxde surface laver Damage of such
a layer rmght have an opportumty to heal itself but this may not be
true when the atmo~phere 15 excluded as within the body Damage to
such surface ouide layers mayv open the surface to attach when the size
of penetration 1s greater than the eritical <elf healing <i1ze beyond which
prtting may oceur

J\TIGLE
Although fatigue 15 generally thought of as a function of time 1t has
been shown by the evperiment of Woehler and others that 1t 1s the
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Fig 31 This end of view of a service fatigue fracture shows the characteristic oyster
shell markings very well Thiy occurred 1n the steel shaft of a punch press (From Grove

HJ Gordon 8 A andJackéon L R Fatigue of Metals and Structures Bureau of Aero
nauties Department of the \avy }

number of repetitions of stress rather than mere duration of time Modern
speed has put a big burden on design 1n order to avoid repeated stresses
caused by fatigue farlure Such a situation particularly holds true in
arrcraft No metal in the usual implant design will stand up to the stres<es
put upon 1t by walking 1n the presence of nonunion of the bone Weight
bearing on an ununited fracture will soon eause craching of the plate

The service fatigue fracture on the swiface of the fracture part shows
some distinctive reas that enable the fracture to be recogmzed as caused
by fatigue

1 There s a crescent shaped area with a ground or rubbed appearance
<preacing out from the imtial nueleus This area sometimes has concentric
053 ter shell marhings

2 About thr area 15 a region of more jagged surface texture which
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represents a final tensile fracture after the imtial crach had weakened
the mmplant

The presence of the oyster shell markings 15 a good indication of
fatigue failure although they do not always occur In general, the larger
the area of the 1mtial smooth crescent the lower the <tre~slevel This may
not be truly discerned, however, 1f there 15 more than one mdus of stress
Diagnosts on the basis of appearance alone masv be impossible

Metal fatigue seems to depend on the number of repetitions of a given
stress rather than upon the total time it bears the load Some alloys
appear to have a fatigue imit Below a certan stress amphitude failure
does not oceur even after an enormous number of cy cles of stress Notches,
grooves and defects of a physieal tvpe appear to greatly decrease the
abihty of the implant to withstand a given number of cveles of stressing
The achieving of failure in an 1implant 1n a fixed number of ey cles oceurs

Fiec 32 It1sexpecting a great deal of any design switable for mnsert use tostand up to a
nonunion Here a fatigue fracture of the immobilizing screw has oceurred in this ununited
femoral nech fracture



MI TAT BrHAVIOR 43

with 1 decreased range of stress as the mean tension stress of the loading
ey cle 18 mereased

Tatigue cracks start at a nucleus of stress and progress without causing
lrge scale deformation There 15, howeser, mucroscapie evidence of
deformation m the region of the crach These erachs in general follow the
Iine of least rewistance m the metal and usually cross grain boundaries
They start not only at powmts of faults and inclusions, but will tend to
progress from one fault to another should they ewst

Since abiity to withstand fatigue famlure cannot be correlated with
other common engineering properties and since 1t occurs i a highly
localized region 1t 15 necessary to go to other hnowledge gamed n other
ways 1n order to guard by design against this cause of implant failure

This knowledge 15 often gamned by tests of specific materals, specific
design, method of fabreation, and information about service loads
Frequently a model or prototype of the design 1s tested

Fatigue 15 a very practical problem 1n the hfe of hip prostheses The
average, adult male 1n a sedentary occupation walks 10 to 15 mules a day
and 1n the process puts each foot on the ground 1000 times a mile During
the course of 2 year this adds up to over 3 mullion impulses each of several
hundred poinds per square inch to each femoral head

VARIATIONS IN HARDMNESS

Hardness 1s usually defined as the resistance of a metal to indentation
There are a number of methods of testing hardness The test method used
gives a measure of the metal’s resistance of this tvpe of trauma only It
15 neces<ary to hnow the method used when 1t 1s stated that a metal has
a certamn hardness The numbers used as a designation are empirical
only In the Brnell test o steel ball 15 carned mto the test metal by a

Fic 33 Screws from two different manufacturers used to,
gether 1n the same ca
one screw (A) the longer 13 bright and shiny presumably the eathode At (B) tslfe 31:::

crew corrosion 1s visible 1n the form of mitting all over the screw with
actual
and eracking Just beneath the head i destruction
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represents o final tensile fracture after the imtial erach had weakened
the implant

The presence of the oyster shell markings 15 a good indication of
fatigue falure although they do not always oceur In general, the larger
the area of the imitial smooth crescent the lower the stresslevel This may
not be truly discerned, however, if there 1s more than one mdus of stress
Diagnosis on the basis of appearance alone may be impossible

Metal fatigue seems to depend on the number of repetitions of a given
stress rather than upon the total time 1t bears the load Some alloys
appear to have a fatigue hmit Below a certain stress amplhitude failure
does not oceur even after an enormous number of ¢y cles of stress Notches,
grooves, and defects of a physical type appear to greatly decrease the
ability of the implant to withstand a given number of ¢y cles of stressing
The achieving of failure mn an 1mplant 1n a fixed number of ¢y cles occurs

Fic 32 Itisexpecting a great deal of any design suitable for insert use to standup toa
nonumon Here a fatigue fracture of the immobilizing screw has oceurred 1n this unumited
femoral neck fracture



MITAT BI HAVIOR 45

metal should be 1emoved or left buried m the human body The reader
should now be anare of the fact that metal 1s not a fixed static material
but one which 1< actively changing m relation to environment

Time 15 2 factor mn tlns change Thus if the hife expectancy 13 great,
remor al of the metal appliance would defimtely be indicated It 1s obvious
that any metal placed n the bone m clnldhood ought to come out The
reaction to the metal may <eal off the medullary canal to such an extent
that the growth rate of the hone 1s changed from the normal The process
of disintegration having many jears to run stands a good chance of
saturating the tissues to the pomt of sudden acute inflammation There
are unhnowns in the action of these 10ns which when finally delineated
may give still stronger reasons for metal removal

The aged, on the other hand, with short Iife expectancy, may not have
sufficient, chnienl justification to remove the metal when the hazards of
the procedure are evaluated

Discomfort 1s a reason for removal Many metal apphances placed
ahout the joints have bursae which form about the prominent end moving
through the tissues Pressure against the bursa over the prominent end
of the hip pin 1n the region of the greater trochanter while lying down 1s
often suffictent to cause the patient to complain and wish 1t alleviated

Each case should be individually evaluated, but in general when life
expectancy 15 great or the metal of such a size as to interfere with func-
tion 1t should be removed
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known load, the measurement of the diameter of the impression 15 con
verted by a formula mto a Brinell hardness number In the Rockwell
test the depth of penetration of a steel ball or diamond ore of wrertam
diameter 1s automatically mdicated on a dial There are many vanables
1 these tests which are beyond the scope of ts volume It 1s sufficient
to note that metals may have different hardnesses although of the same
composition, and this may result m metal failure by bringing together
surfaces having different charaeteristics The hardness 13 to some extent
related to the gramn size i stamnless steels, and three quarters hard steel
should have a grain size of 6 or 7 for best performance

Tenstre TesT

A metal machined to a specific shape may be subjected to an aial
load tending to stretch the metal The amount of stretch (deformation
or stram) when correlated with the stress apphed will give engineering
spectfications of the metal The elastic limut 15 the maxumum stress to
which a metal may be subjected without suffering some permanent
deformation The yield point 1s found when plastic deformation starts to
progress without increasing the load

Tar Question or Merar Revovarn

It 1s fitting to discuss at the conrlusion of this chapter on the electro
chemical and physical charicteristies of metal the question of whether
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F1G 3¢ Applied stress has a relation to speeimen hife which has been diagrammed bere
by J J Harwood The greater the magmitude of applied stress the shorter the time tofailure
It should be noted that the relation 1s to the number of 1nstances of apphed stress rather
than merely to their duration (From Robertson W D  Stress Corrosion Cracking and
Embrittlement John Wiley and Sons New York 1926)
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The first group has vielded two promising candidates, titamum and
zircontum, and one disappointing one, tantalum

One may comveniently subdivide alloys into groups desiznated by the
major base element contuned m them N

1 Iron based alloys Tor our purposes our mnterest centers on the
American Iron and Steel Institute 316 and 317 stainless steels, but may
come to include such new alloys as A286 and 17 7 pIl stainless steel

2 Coball based alloys Two members of tlis group are mn use for the
manufacture of implants and are vers popular

3 Tuanium based alloys Nany of these allovs may prove mteresting
to surgeons eventually and are under actrve mnvestigation

4 Nieclel based alloys As yeb these have only been used as implants
expenimentally, although some bave attractrve properties

5 Aluminum based alloys These have nferior corrosion reststance in
the body and are not a practical proposition

6 Others

At this stage 1 our knowledge we can kit ourselves to three of these
groups (Fig 35) (1) the stainless steels, (2) the cobalt-based alloys, and
(3) the commercially pure elements

AVAILABLE METALS

TITANIUM
PURE ELEMENTS ZIRCONIUM

TANTALUM

METALS

RTE]
IRON ALLOYS nermie

STAINLESS STEFLS FERRETIC

USTENITIC
ALLOYS COBALT ALLOYS Co-~Cr-Mo
(STELLITES)
Co-Cr-Ni-w

TITANIUM ALLOYS
Fro 35 The family tree of the metals discussed in this
chapter s shown here The cob:
ni}o) s are represented by the chemical symbols for thewr constituent elements The mam:::x
alloys are included as they seem likely to prove of nterest 1n the near future
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AVAILABLE METALS

Patrich, G Laing, M D

In this chapter an attempt will be made to survey the whole field of
metals 1n relation to their use as surgical implants It 1s probably true
that the surgeon should hnow as much about a metal he implants 1n a
human bemng as he would expect to know about the hormone or drug
tablet he was ashed to implant for therapeutic reasons

There 15 a very large number of metals available for our use today
More and more alloys are being developed by the metallurgists to meet
the demands of the Space Age In particular many strong metals able
to operate at high temperatures mn rochet and jet engines have been
found to possess truly remarkable corrosion resistant properties at lower
temperatures

Four main factors have to be considered i the choice of a metal for
mmplanting 1 the body The first of these 15 that the metal must be
strong enough to do the mechanical job required of 1t The second 1s that
it shall be able to resist corrosion by the body fluds to which 1t will be
exposed during the implant s expected length of stay 1 the body It 1s
of little use to make a bone plate out of a lghly corrosion resistant
materal which 1s so bnattle that 1t snaps at the first stramn to which 1t 1s
exposed Conversely, a really strong metal which has httle abihty to resist
corrosion 1n the wet chlonde entironment 1n the tissue 1s obviously a poor
choice Third, the metal should not be too expensive or 1 short supply
Fourth, 1t should be capable of being machined forged, o1 cast without
too much difficulty

When one surveys the entire range of metal many groups may be dis
tinguished some of which are of little interest to us at the moment, but
mav later become 1mportant

The metals may first be divided into

1 Commeraially pure elements with no deliberately added alloying
elements

2 The alloys where several elements are combined to give one metal

46
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Fic 37 Four typical merophotographs of metal prepared 2s de cribed in Figure 1 Al
show inclusions in the steel which are undesirable in implants (A} The thin dark hines seen
are probably sulfide nclusion These are the often dehiberately produced in the <o called
free machimng steel They provide easy lines of cleavage for the eutting tool but adversely
effect the corrosion resistance (B) Alead inclusion is seen penetrating the surface of a steel
bar This -urf wce defect forms a good =ite for eorrosion to start {C) The large inclusion seen
here 15 probably manganese (D) Another large mnclusion which may be a silicon particle
(\hicrophotographs by courtesy of Umver al Gy clops Corp )

by produeing planes of cleavage They may be lead inclusions since lead
15 sometimes used to lubricate metal during manufacture of wire Carbide
nclusions may be present hecause of precipitation of earbides from solu
tion m 1ron Silicon mclusions may oceur acerdentally during melting
Lach metal al-o has a characteristic crystalline structure at the molec

ular level and this wall be deseribed when dealing with each one m turn
(D 38)
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Fre 36 This photograph shows a typieal metallurgical specimen eonsi ting of the metal
to be examined under the metallurgical microscope embedded 1n plastic The metal 1s highly
polished and then etched This specimen 1s actually cut from the head of a femoral replace
trent prosthesis which shows a welded junction } etween two halves of a globe

Before going on to deal in detail with each one of the<e groups of metals
and for the benefit of people with httle hnowledge of metallurgy, 1t 1s
necessary to say a few words about the internal structure of mefals All
metals have 1 characteristic crystalline structure when viewed under the
metallurgist & reflecting hight microscope In order to demonstrate the
nternal structure of a metal 1t has to be especially prepared just as a
tissue section has to ke stamed This preparation consists of preparing
a highly polished flat surface of the metal embedded 1n a plastic holder
(Fig 36) Thi surface 1s then etched with some corroanve agent or by
electroly tic attack This etching attachs the gramn boundaries of the metal
surface outhming the individual ervstals and demonstrating the gramn
size and mnternal charaeteristics of the metal sample Faults m 1t< strue
ture and such things a< corrosion crachs may !eseen One may find for
mstance melusions of v arious elements erther accidentally or deliberately
wserted (Tig 37) These may be <ulfides n a steel to ad free machimng
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abaut 2802°I , 1t becomes «ohd and 1s sud to “freeze ”* It 15 now ealled
fernte or delta iron and has 1 charactenstic ervstalline structure hknown
as “hody centered culne ”” With further eooling this structure changes to 2
more compact “face centered cubic’ strueture known as austemite or
gamma won 1t 2532°1 The differences between these two molecular
structures are shown mn Digure 38 W hen the temperature drops to 1671°T

a further change oceurs and alpha ron with a bodv centered cubic
structure 1< formed and s wdentieal with delta wron A shght expansion
takes place during this last change These changes are shown diagrim

matically 1 the constitutional diagram for iron (I'ng 39) Under certtn
arcumstances 1 tlurd structure 15 found ealled martensite Here the
atoms have been trapped 1 a distorted or stramned position dunng ther
change back from austenite to fernte

FREEZNG |
INT \
S1RON Feormt (B Cc

4

A

YIRON Auslew i CF C
o =+
=
1)
—
QIRON fernds (B e
ROOM
TEMP
CONSTITUTIONAL

DIAGRAM FOR IRON

Fig 39 As molten wron cools it fir t freezes or sohidifies as delta 1ron or fernte with a
nody centered cubie (B C C) structure then on further coohing converts first to gamma

wron or au temte with a face centered cubie (F C C ) structure and then b
now known as alpha iron ek o BCC
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Body Centared Face Centered Close Packed
Cubic Cubie Hexagonal

Fre 38 The three tvpical atomic arrangements 1n metal crystals are shown here They
wll be referred to often 1n the text in discussing the characteristics of various metals Most
of the metals we are interested 1n are allotropic 1e have two possible arrangements (From
Schwartz H A Foundry Science Sir Isaac Pitman & Sons Iondon 1950 )

TaBLE 4
Chemical Composition of Some Stainless Steels
c ‘ N Cr Mo Fe
pre t P et pe ¢t b et P et
AIST 316
Ty pical (a) 0 08 131 17 8 23 64
Ty pical (b) 008 7 1746 25 66
Is1 0 1 max 10to 14 16 to 18 2to3 Bal
AISI 317
T3y prcal 007 13 32 18 96 33 62
AlISI 0 1 max 11 to 14 18 to 20 3to4 Bal
18 8 S\o (British) 007 80 180 275 70

SraINLESS STEEL®

Starnless steel 1s a blanket term covering a large number of alloys all
having an 1ron base It 1s necessary to be much more specific before one
can understand what particular stainless steel we are interested m It 152
difficult term to define Steel, very roughly speaking, 18 a solution of
carbon and wwon Stainlessness 1s achieved by adding of various elements,
each of which confer specific properties on the wron The first and most
mportant of these elements 15 chromum After this comes mchel and
then other elements mcluding molybdenum The specifications for some
stainless steels are given 1 Table 4

Constatutrion of Iron

Iron exists 1 two mam forms alpha and delta iron which are 1dentical,
and gamma on It 1s said to be allotropic When molten 1ron cools to

# Much of the basic nformation contamed m this section 15 well presented m
‘Stainless Steels by Carl A Zapfie published by the Amencan Society for Metals
Cleveland Ohio 1949
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about 2802°F , 1t hecomes sohid and 15 sud to “freeze ”” It 15 now called
ferrite or delta 1ron and has 1 characterstic eryvstalline structure hknown
as “bods centered culne ” With further cooling this structure changes to 2
more compact “face centered cubie” structure known s austemte or
gamma 1ron at 2352°F The differences between these two molecular
structures are shown in Tigure 38 When the temperature drops to 1671°F
2 further change occurs and alpha iron with a body centered cubic
structure 15 formed, and 15 1dentieal with delta wron A shght expansion
takes place durmg this last change These changes are shown diagram
matically n the constitutional diagram for ron (Fig 39) Under certain
circumstances 1 third structure 1s found called martensite Here the
atoms have been trapped in 4 distorted or struned position dunng their
change back from austemte to fernte
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ROOM_|
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CONSTITUTIONAL

DIAGRAM FOR IRON

F1e 33 As molten 1ron cools 1t first freezes or solidifics as delta 1ron or fernte with a
vody centered cubic (B C C) structure then on further cooling converts first to gamma

iron or sustemite with a face centered cubie (F C C) structure and then back to B C G
now hnown as alpha iron
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Fic 40 The addition of carbon in  mall quantities lower the freezing point of molten
ron elevates the point of conversion from B C C to F C C and depre ses the point of re
turn to the BC C  tructure It thus widens the austemitic range

Lffect of Carbon

The addition of increasing amounts of carbon to iron lowers the freez
g pomnt raices the temperature at which austenite appears and lowers
the temperature at which 1t reverts to fernte The<e changes are shown
diagrammatiealls 1n Figure 40

Effects of Chromium

Chromium 15 an intensely corro~ion resistant element and 13 freely
soluble 1n 1ron to whieh 1t gives some of this highly desirable corrosion
resistance  Chromium has the property of first expanding the austemite
range or gamma 1ron and then m higher concentration of decreasing this
range This gres the cloced gamma loop Over a concentration of 12 per
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~~ CLOSED LOOP OF AUSTENITE
EFFECT OF CHROMIUM ON THE
CONSTITUTION OF LOW CARBON STEEL

Fie 41 Mere the effect of adding chromum 15 shown With nereasing chrome the point
of change from B C C toF ( C 1sraised then lonered Conversely the pont of rhange back
toB C C 15 lonered then raised until the austemte ringe 1~ a closed loop % onees
Svove Aangt U Aty Cermuton  RtataToamer 4 A o
cent chromium austemte disappears from chromium steel leaving only
fernte These changes are detailed 1n Figure 41

Effects of Nichel and Other Elements

Another element, mchel,! has the important property of widening
the austemtic range until, when added to chrome steel in conce ntrations
over 10 per cent nichel the austemtic structure becomes stable at room
temperature It 1s thus known as a loop opener as1t expands the austenite
range (Fig 42) Increases m the amount of mckel tend to lower the
tensile strength and hardness and decrease the tendency to harden with
cold work Nickel bemng an austemzer, allows the addition of more
chrommum and also moly bdenum, both with desirable strength and
corrosion resistant properties Like molybdenum and chromum, tung-
sten, vanadium, columbium, titantum and zircomum are also ferntizers
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Fic 40 The addition of carbon in small quantitics lowers the freezing point of molten
1won elevites the point of conversion from B C C to F C C and depres es the point of re
turn to the B C C structure It thus widens the austenitic range

Effect of Carbon

The addition of ncreasing amounts of carbon to wron lowers the freez
g pomt rases the temperature at which austemte appears and loners
the temperature at which 1t reverts to fernte Chese changes are shown
diagrammaticalls in Figure 40

Lffects of Chromwum

Chromium 15 an intensely corrosion resistant element and 1s freely
soluble 1n 1ron to which 1t gives some of this highly desirable corrosion
resistance  Chromium has the property of first expanding the austemte
range or gamma ron and then 1n higher concentration, of decreasing this
range This gives the closed gamma loop Over a concentration of 12 per
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Class 1T Stainless Steels Ferritie Sleels

Thi~ class has 4 chromum content of 16 per cent up to 46 per cent
The~e steels are permanenthy ferntie and have supenior corroston resist-
ance but poor strength except in the lowest chromium range where thev
overlap Class I and have some hardenable charctensties Thev are like
Class I steels attracted by 4 magnet

Class TI1  Austenttic Steels

In these steels chromium ranges from 16 to 26 per cent michel 15 added
to stabihize the au~temte until m concentrations over 5 to 7 per cent,
austemte becomes the major structure at room temperature (I'g 40)
Some of these steel~ however have some shght abihity to tran~form to
martensite under the mechanical pressure of bemng *“worhed’ and are
thus slightly work hardenable With concentrations of nichel over 10 to
12 per cent this work hardenabilits goes and we get the 18 8 stunless
steels 1¢ about 18 to 20 per cent chromum and about S per cent mchel,
usually 10 to 149, By adding molvbdenum a fermitizer, m quantities up
102 per cent we get the American Iron and Steel Institute (A IS 1) tvpe
316, ad up to 3 3 per cent molvbdenum give~ tvpe 317 These last two
stainless steels have superior performance m the presence of the chloride
1on and thus 1n ~ea waters and 1 the human bodv Thev obtain this prop-
erty mainly from the molybdenum Thev are nonmagnetizable

Character of A I S I 316 and 317

These two allovs unfortunatels wsually AIST 316 and not the supe-
nior 317 are 1 common use for the manufacture of surgical 1mplants
So-called 1SS S Mo stainless steel in Europe has a lower mchel content
than ATST tvpes 316 and 317 1¢, § per cent rather than 10 to 14 per
cent Probably a lugher mtrogen coneentrationt 1s used as an austemzer
m place of the expenstve and rare michel ATST 316 and 317 stamnless
steels have borne the test of time commendably m the field of surgeal
mmplants (Fig 43) However thet now hate mant competitors produced
by the developing science of metallurgy to meet the ngorous conditions
operating nside jet and rochet engines These new allovs and elements
often have switable strength and passivits to mnterest the surgeon

STRENGTH
A 18T 316 and 317 stamnless steels are ver strong and as far as this
goes their performance 1» satisfactory  In the fulls annealed or fully <oft

condition A IST 316 has an ultimate tensile strength of about S0 000
pounds per square mch (ps1), and a vield strength of 33,000 ps1 for



54 ENGINEERING AND METALI URGICAL PRINCIPLES

a
=
[T}
f
ROOM , G
TEMP 5% 0% 12%

EFFECT OF NICKEL ON
CHROME STEEL
F16 42 When nickel 1s added to chrome steel beyond the range of the closed loop 1t re
ntroduces the austenitie structure (F C C ) with higher 10n8 of mehel

becomes stable at room temperature There 15 an intermediate range however when on
coolipg austenite partally reverts to ferrite giving the hard martensitic steels Al
Lo f e v 4™y

AT
Moly hdenum? has great resistance to attach by chlonides and to pitting
corroston and 1t gives these properties to steels to which 1t 15 added

The Importance of Austenite

Why 15 1t 1mportant whether steel 1s austemtic or ferrtic® This 15
esplained by Zapffe who divided the stanless steels mto three mamn
classes and then examuned the properties of each In general, ferrites have
good corrosion resistant properties whereas austemtes have superior
corroston resistance and good strength

Class I Stainless Steels Martensitic Steels

These steels contain 12 to 18 per cent of chromium and are hardenable
By this 1t 15 meant that on heating they pass from ferntic to austemitie
structure but fail to convert completely back to ferrnite on cooling under
prescribed conditions The stramed hard structure 1s martensitic The
hardness mcreases with increasing carbon content for the earbon “traps”
the moving atoms and produces a stramned structure These stecls are
very strong indeed but have lhmited corrosion resistance They are
attracted by a magnet
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Class I Stainless Sltecls Ferritie Steels

Tis class hns a4 chromium content of 16 per cent up to 46 per cent
These steels are permanently ferritic and have superior corrosion resist-
ance but poor strength except 1n the lowest chromium range where they
overlap Class T and have some hardenable charactenstics They are, like
Class I steels, attracted by 2 magnet

Class II1 Austemiic Steels

In these steels, chromium ranges from 16 to 26 per cent, nichel 1s added
to stabilize the austemte until, m concentrations over 5 to 7 per cent,
austemite becomes the major structure at room temperature (Fig 40)
Some of these steels, however, have some shight ability to transform to
martensite under the mechameal pressure of bemng “worked” and are
thus shghtly work hardenable With concentrations of nichel over 10 to
12 per cent, this work hardenability goes and we get the 18 8 stamnless
steels, 2 ¢ , about 18 to 20 per cent chromium and about 8 per cent nickel,
usually 10 to 14% By adding molybdenum, a ferntizer, in quantities up
10 2 per cent, we get the American Iron and Steel Tnstaitute (A TS T) type
316, ad up to 3 5 per cent molybdenum gives type 317 These last two
stamless steels have superior performance 1n the presence of the chloride
10n and thus in sea water® and 1n the human body They obtam this prop-
erty mamly from the molybdenum They are nonmagnetizable

Character of A I ST 816 and 317

The<e two alloys, unfortunately usually AIS T 316 and not the supe
nor 317, are i common use for the manufacture of surgical implants
So called 18 8 S Mo stainless steel 1n Europe has a lower nickel content
than ATS T types 316 and 317 2 e, 8 per cent rather than 10 to 14 per
cent Probably a higher mitrogen concentration® 1s used as an austenizer
m place of the expensive and rare mchel ATST 316 and 317 stanless
steels have borne the test of time commendably 1n the field of surgical
mmplants (Fig 43) However, they now have many competitors produced
by the developing science of metallurgy to meet the ngorous conditions
operating snside Jet and rochet engimes These new alloys and elements
often have suitable strength ind passivity to mterest the surgeon

STRENGTH
ATST 316 and 317 stamless steels ure very strong and as far as this
goes their performance 15 satisfactory In the fully annealed or fully soft

condition AIST 316 has an ultimate tensie strength of about 80,000
pounds per square mch (ps1) and a yield strength of 35,000 p51, for
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TEMP 5% 10% 12%
NICKEL. CONCENTRATION

EFFECT OF NICKEL ON
CHROME STEEL
Fic 42 When mickel 1s added to chrome steel beyond the range of the clo ed loop st re
ntroduces the austenitic structure (F C C ) with higher concentrations of nichel austemte

becomes stable at room temperature There 15 an intermediate range however when on
cooling au, tenite partially reverts to fernte giving the hard martensitic steels e
- Ml A M

Molsbdenum has great resistance to attach by chlondes and to pitting
corrosion and 1t gives these properties to steels to which 1t 1s added

The Importance of Austenite

Why 1s 1t important whether steel 15 austemtic or ferntic® This 15
explamned by Zapfle who dinided the stamnless steels mnto three man
elasses and then enamined the properties of each In general, ferntes have
good corrosion resistant properties whereas austerites have superior
corrocion resistance and good strength

Class I Stainless Steels Martensilic Steels

Thec<e steels contamn 12 to 18 per cent of chromum and are hardenable
By this 1t 13 meant that on heating thev pass from ferntic to austemtic
structure but fail to convert completely back to ferrite on cooling under
prescribed conditions The stramed hard structure 1s martensitic The
hardness mecreases with inereasing carbon content for the carbon ‘traps’
the moving atoms and produces a stramed structure These steels are
very strong indeed but have lIimted corrosion resistance Thev are
attracted by a magnet
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Fic 43 (B) Here the same stcel 15 shown in the worked condition with many etched hines

of 1ternal straan crossing the grains (Microphotographs by eourtesy of Crueible Research
and Development Laboratory )

s0 marked n the 316 and 317 range as 1t 15 1n the rest of the group but
five ranges of hardness are usually available to manufacturers These are
(1) fully soft or annealed (2) quarter hard (3) half hard, (4) three quar-
ters hard (5) fully hard

Manufacturers of surgieal mplants usually use three quarters hard
ATISI 316 which on hardness testing on the Rochwell machie grves a
value of 28 to 35 on the C scale This test has A B, and C scales with an
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Fia 43 (A) This highly 1 metall 1 h h shows the etched

erystal boundaries of a fully annealed or dead soft stainless steel Note the smooth grain
surfaces

0002 per inch strain In the work hardened and forged state therr strength
15 greatly mereased up to a masumum of 200 000 to 350 000 ps1
HARD\ESS

Stamnless stecls may he hardened by cold reduetion m size by plastic
deformation of their internal ervstalline structure Tius 1s not however
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F16 43 (B) Here the <ame steel 13 shown 1n the worhed condition with many etched lines

of snternal strain cro sing the grains (\Microphotographs by courte 1 of Crucible Re earch
and Development Laboratory )

so marhed 1n the 316 and 317 range as 1t 15 m the rest of the group but
five ranges of hardness are usually avatlable to manufncturers These are
(1) fully <oft or annealed, (2) quarter hard, (3) half hard, (4) three quar
ters hard (3) fully hard

Manufacturers of surgical implants usually use three quarters hard
ATST 316 which, on hardne-s testing on the Rochwell machine gives a
value of 28 to 35 on the C scale This test has A B and C ~cales with an
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Fic 44 (A) Antero posterior and lateral radiographs of a fractured ankle with screw
fixation of diastasis of the inferior tibio fibular joint A zone of bone resorption surround-
the part of the screw embedded 1n the fibula (B) The <crew has failed by fracture This
could nell be an example of stre s corro 1on eracking Constant movement between the tibia
and fibula 1nt a corrosive medium provides the 1deal «ituation for such an occurrence

trate the oude film and provide zones for corrosion to start This aspect
will be enlarged upon 1n a later chapter

SUSCEPTIBILITY TO DPIFFERENTIAL ONYGENATION

ATST 316 and 317 stainless steels are also susceptible to differential
ovygenation and pitting corro-ton 15 likels to take place whenever there
15 one part of the implant 1 contact with a high oxygen emvironment and
another part mn contact with a low one® (Fig 45) Op a plated fractured
bane there 15 lkelv to be a low ovygen tension between serew and plte
where metals touch The rest of the metal, if 1t 15 1n contact with Inwmg
tissues will have a Iugh oxygen environment It has been exphined m 1
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ncereasing load applied to the indenting point from A to C As far as the
corrosion properties go 1t 1s advi-able that all parts of all implants should
have the <ame hardness as well as the same composition or else they will
behave as different metals This 15 not alwayvs the case in surgical 1m

plants comprising several parts It may be more conyement for the manu

facturer to mahe a nul out of three quarter hardness and the rest out of
dead soft allov I'rom our point of view, this i1s probabhy poor practice

GRAIN SIZE

The actual gramn <1z alo hs 1n 1mportant bearing on the performance
of ATST 316 and 317 steels The grun 1s talked about as 2 number from
one to eight with larger numbers meaning 1 deercasing <ize of gram A
gram size of s1v to <even 1~ usually recommended for the manufacture of
surgieal implants and thus small grain <cems to have an important part 1n
resisting corrosion craching

CORROSION RESISTANCE

The corrosion resistance of A IS T 316 and 317 stunless steels 1s very
satisfactory under most conditions ® Of the two, type 317 1s defimtely su
penior for our purposes Nerther, however, can be unreservedly recom
mended for very long term performance 1n a chlonde <olution such as the
bods In particular thes are liable to stress corrosion craching if the e
posed surface 1s under tension in a corro-nn e medum for 2 long ime (Fig
44) Unfortunately, the addition of other alloving elements has hittle value
m reducing stress corrosion craching  Apart from faulty engmeering of
mmplants this susceptibility to stress corroston craching 1s probably the
main reason for fatlure by fracture of ATST 316 and 317

HSUSCEPTIBILITY TO SURFACE DAMAGE

As has been explained previously, the corrosion resistance of the stamn
less steels seems to depend on their ability to form a protective Iaver of
ovdes on their surfaces The exact nature of the surface sludge or film 15
debatable It may be merely a molecular layer of ovvgen or it may be a
quite thick Iayer of oudes, 7 ¢, a few Angstroms in depth However the
ability of the steel to reform or heal this surface layer after damage 1s
enitical to1ts corrosion resistance * Also if the surface damage goes deeper
and deforms the crvstalline structure underneath, 1t 1s possible that some
transformation of austemte may occur with undestrable effects on the cor
rosion resistance These steels must remain abeolutely undamaged if they
are to exlubit their best corrosion resistance

The dangers of metallic transfer during storage and their msertion into
the body are very great Small pieces of metal transferred from tool< pene
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Fic 45 The four parts of this intertrochantenc appliance have corroded where they
touched each other Several factors may have precipitated this corrosion The lowered oxy
gen tension at the metal to metal interfaces as compared to the high 0%) gen tension present,
where vascular tissue 15 the neighbor may have produced differentinl aeration The metal

parts may have been 1n differing metallurgieal states or even have hid different compost
tions

previous chapter how this may lead to corrosion by <etting up corroston
currents between the two zones

One agent which may slow pitting corrosion on these steels 1s the polan
zation of the cathodic areas thus slowing down the passage of electrons
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Fic 4 (C) Here « Lorenzo erew has fuled by fracture at the site of the last serew
thread This 14 a typical example of what mayv be stre 5 corrosion eraching cau ed by over
stre singof theimplant in a corro e environment (Photograph Iy Crucible Steel Re earch
and Development I aboratory )

F16 44 The nght of this highly magmfied microphotograph of steel shows quite a small
surface defect The whole met il structure underneath however s di integrating Practy
cally nothing untoward mw te visible an the surface until quite suddenly fracture occurs
(Microphotograph by Crucible Steel Research and Development I aboratory )
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Fic 45 The four parts of this intertrochanteric apphance have corroded where they
touched each other Several factors may have precypitated this corrosion The lowered oxy
Een ten 1on at the metal to metal interf ices as compared to the high ovy gen tension pre ent
where vascular tissue 15 the neighbor may have produced differential neration The metal

Parts mayv have been in differing metallurgical states or even have had different compost
tions

previous chapter how this may lead to corrosion by <etting up corrosion
currents hetween the two zones

One agent which may slow pitting corrosion on these steels 15 the polan
zation of the cathodic areas, thus slowing down the passage of electrons
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from anode to cathode However, oxygen in 2 stagnant <olution will de
polanize the cathodic area and promote pitting at the anode Other out
dizing agents, such 1« chromates have the opposite effect of preventing
this depassifieation and thus <lowing down the corroston

VARIATIONS OF ANAINSIS WITHIN SPICIFICATIONS

There 15 another difficulty m using these tvpes A TS T 316 and 317 or
amy allov prepared on 1 large ~cale Diffcrent melts from the same steel
mill may have <highth different compositions Iiev? has shown the m
herent dangers of this 1n practice Miung implants made of steels ob
tamed from different sources mtroduces the chance of ncerting mived
metals There 15 quite 2 wide range of chromium ntekel and moly bdenum
content allowed withm the <pecifications of the A TS for theee two
types (Table 4) Tor mnstance, in tvpe 310 the chromium may vary be
tween 17 and 20 per cent and the mchel between 10 and 14 per cent Pre
ferred practice demands an allov with high values of hoth elements but
this 1s not always the ease m every melt

The adsantages of ATST 317 and 316 are many (1) they are rea
sonably cheap (2) they are exalv machined or forged (3) they are freely
available from many steel mills, (4) they are strong and (3) they are
very corrosion resistint (Ig 40)

e

-

Fic 46 The e two photomicrographs how tissues “luch had becn m contact m!h
A IS T 316 stamnless steel for several months The e tissue reactions are typical when no
obvious corrosion 13 present (A left) Tlists ue 1s very vascular and several parallel layers
of fibroblasts align at what was the metal tissue interface The dark lines below this layer
consists of ron galt shown up by the I russtan blue reaction (X 120) (B right) Muscle
fibers are here seen reparated from the metal trssue interface by a layer of fibrous tissue
some capllaries and a laver of a few cells thick of parallel fibroblasts (X 360)
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This last 15 true only provided they are not overstruned in a corrosive
environment and that the implant 1= well engineered The design 15 often
of critical importance n the strength of these implants, hecause erevice
corroston 1s an ever present danger ®

Therr divads antages melude (1) their dependeney on 2 Inghly polished,
undamaged surface for their corrosion resistance, (2) they are especially
susceptible to metallic transfer at all stages of their ives (3) in addition,
these steels have only linuted corrosion resistance mn 2 wet chloride en
vironment, and (4) high concentrations of the elements of the alloy can
be found m tissues around the implants

This last pomt 1s probabls espectally true if at any time there 1s a drop
m pH Uhhg has shown® that apart from the severe corrosion below pH
2§ the deepest pits 1n 316 steel occur at pH of 6 to 7 1n 4 per cent sodium
chloride These steels for instance, are seldom recommended unresers edly
for <ervice 1n sea water The body extracellular flud may prove to be an
even more sei ere test of their inertness than sea water

Spectrochemical analysis of tissues adjacent to implants of 316 and 317
stamless steel show the presence of relatively large amounts of their mamn
constituent elements ° The possible sigmficance of the<e trace metals on
tissue metabolism 15 unhnown Oppenheimer and his associates™ have
shown that both ATS1 316 and cobalt ¢chrome molyvbdenum 1mplants
1 rats may be carcinogenic In addition, the effect of trace metals on bone
salt nucleation and the calerfication process in general 1s unknown

With some reservations, one can thus recommend these strong, cor-
rosion resistant steels for use as implants, the main reservation bemng that
the implant must be well taken care of A linuted stay in the body 15 prob
ably to be desired, and until the whole picture becomes clearer the re
moval of such implants when they have done their work 1s desirable They
are thus probablv not to be recommended for the manufacture of 1m
plants which must stay in the body for many decades

COBALT BASED ALLOYS

Cobalt with an atomic number of 27 occurs 1n the periodic table in
Group VIII between iron and nichel Like 1ron, cobalt 1s allotropre, 1 ¢ ,
exists in two mamn ervstalline forms Alpha cobalt 1s stable at room tem
peratures and has a close pached hexagonal form whieh 15 very regular
When cobalt 1s heated 1t changes to a face centered cubie structure which
it apparently maintamns to the melting pomnt The austenitic range for
cobalt starts when 1t solidifies but goes before the temperature falls to
room levels t Raudebaught* compares the tranformation from beta to
alpha cobalt on coohing with martensite formation 1n 1ron There are two

alloys of interest to us eobalt chromum molybdenum and cobalt chro
mium nichel tungsten
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Another allov cobalt-chromium nichel molvbdenum iron has been u ed
for implants It has wonderful corrosion resistance and reststance to stress
corroston 1nan otled medmum, but, according to unpubliched work, ~cems to
have poor corroston resigtance mn hving tissues and 1t will not be further
diseussed here

The Stelltes

Early this century 1t was found that the addition of chromium to cobalt
produced a very remarhable alloy * Chromium 1 readily <oluble 1n co
balt and the orginal allov contamed 23 per cent chromum and 75 per
cent cobalt It was named stellite, being a star among metals and tius
name has become generie for a large group of cobalt based allovs

In general, carbon has an effect on cobalt rather simular to that oniron,
and the cobalt alloye we are concerned with have sigmificant amounts of
carbon Cobalt allovs 1n fact mas be divided into hugh earbon alloyvs and
low carbon alloys and the latter group are used for the manufacture of
mmplants

As far as the main alloying elements are concerned Badger and Lroft®
state that chromium molvhdenum and tungsten race the temperature
at which beta cobalt changes to alpba cobalt, whereas wron and mchel
depress this temperature In general, these allovs conast of a cobalt rich
solid <olution matry with carbides nich in ehromum The specifieations
for selected cobalt allovs are given 1 Table 5

Cobalt Chromium Y olybdenum

(Cast Vitallum Stellite 21, Vinertia, Zimalloy)

The development of this alloy by Austenal Laboratones 1s a truly re
markable achieement * Tirst developed for the dental <urgeons 1t later
became prominent as a surgical implant and now has many uses in Ingh
temperature work such as turbines and rochet engines In this later use
the superior resistance to creep and stress rupture of a modified Co Cr Mo
(with 2 per cent mickel) were used during World War II

This alloy contamns tvpically 61 and 62 per cent cobalt, 28 to 29 per

TABLE 5
Cobalt Alloys Typreal Analyses

e vle gl |

ot ket st | s m | peroow | per £ ope et
Co Cr Mo 030 152 28 34 473 619 061 —
CoCr W ’003 98 20 — 48 25 15 2
Co Cr \1 Mo Fe 0lo |15 20 7 40 7
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Fig 47 This metallurgical microphotograph shows the ty preal appearance of cast Co

Cr Mo alloy Some spherical carbides are <een If these hecome a continuous line they may
prove a site of neakness

cent chromium, 4 5 to 5 per cent molybdenum, 1 5 to 2 per cent nichel
and less than 0 61 per cent tron The carbon content 15 around 0 3 to 0 35
per cent

Badger and Kroft's give the structure of Stellite 21 as partly hevagonal
(alpha cobalt) and partly face centered cubie (beta cobalt) as cast, but as
entirely face centered cubic as annealed A typical photomcrograph of the
cast structure 1s shown n Nigure 47

The mamn difficulty with this alloy that had to be overcome during the
early stages of its development were faults in the cast products producing
failure The cobalt base alloys 1n general are hard to machine, for they are
more subject to worh hardening than the ATST 316 to 317 range The
faults were the direct result of the fact that this alloy has to be cast The
casting proce~s used 1> the lost wax process which has been 1n use since the
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Another allov, cobalt chromium nichel mols bdenum 1ron has been uzed
for implants It has wonderful corrosion 1esistance i re<istancee to stress
corro~ion i 1n orled medium, but, accordmg to unpubhiched work, eems to
have poor corroston reststance i hving tissucs and 1t will not be further
discussed here

1 he Stellites

Early this century 1t was found that the addition of chronium to cobalt
produced 2 verv remarkable llov * Chromum 15 readily ~oluble mn co
balt and the onginal allov contamed 25 per eent chrommum and 75 per
cent cobalt Tt was named stellite, heing 4 star among metals, and this
name has hecome genenic for a large group of cobalt hased alloys

In general carbon has an effeet on cobalt rather sumular to that onron,
and the cobalt alloys we are concerned with have sigmficint amounts of
carbon Cobalt allovs n fact, mav be divided into lugh erbon alloyvs and
low carbon alloys and the Jatter group are used for the mnmfacture of
implants

As far as the main alloving elements are concerned Badger and Jroft®
state that chrommum molibdenum and tungsten raice the temperature
at which beta cobalt changes to alphe cobalt whereas iron and mehel
depress this temperature In general, these allovs consist of a cobalt rich
solid solutron matrin with earbides rich in chrommum The speeifications
for <elected cobalt allovs are given 1 Table 5

Cobalt Chromaum Molybdenum

(Cast Vitallum Stellite 21, Vinertia, Zimalloy)

The development of this alloy by Austenal I aboratories 15 a truly re
markable achiexement * T'irst developed for the dental <urgeons, 1t later
became promment as a surgieal implant and now has many uses in high
temperature work such as turbines and rochet engines In this later u<e,
the supertor resistance to creep and stress rupture of a modified Co Cr Mo
(with 2 per cent michel) were used during World War II

This alloy contains typically 61 and 62 per cent eobalt, 25 to 29 per

TaBLE &
Cobalt 1lloys Typrcal Analyses
; < ‘ N i c " Mo | Co F w
t bl p et | pe & | pe m|p oty £ opere
Co Cr Mo 035 152 28 34 473 619 0 61 —_
CoCr i Wt 000 98 20 - 48 25 152
Co Cr M Mo Fe | 015 [15 0 |7 | 7 —
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Fi¢ 40 (A B and C) The«e three mierophotographs show tissue that had been 1n con
tact with 2 Co Cr Mo implant for several months Decreasing tissue reaction 1s shown from
A to C Normal tissues are seen 1n all only separated from the metal by a one or o few
cells thick laver of parallel fibroblasts (X 360)

num 1s probably helped by the formation of chromates at the crystal
boundaries and on the metal <urface With cobalt alloys 1n general there
15 <ome antlogy with the noble metals n that there 1s hittle tendency to
displace hydrogen from solution under a variety of conditions There 15
<ome tendency to be sensittve to depolarization at the eathode Thus a
high local ovygen concentration may be a danger The possibilities of
galvamc corrosion evist and although the alloy will be the more noble
member of the couple 1t 15 probably wise to avoid mnserting Co Cr-MMo
and ATS T 316 implants together until more 1s known about this aspect
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Fia 48 This enlarged photograph of part of 2 Co Cr Mo bone plate shows a small erack

at the apex of a bend produced by the surgeon to obtasn good netal to bone contact This

erach might be an example of stress corrosion eraching or the metal may have been strained
beyond ats yreld point

days of Pharaohs This Jost wax process has been developed to a pomt at
which, through attention to detals and by eareful inspection of end prod
ucts, a thoroughly reliable implant 15 produced The uce of every modern
testing means to detect casting faults 15 imperative The hardness of this
alloy 1s usually around 28 to 30 on the Rochwell C <cale It has supenior
strength properties, although not always superior to the stainless steels
The tensile streng th of Stellite 21 after annealing 2t 1300°F 1s about 59 000
ps1

CORROSION RFSISTANCF

This alloy has truly remark ible resistance to corrosion eraching This
process can however oceur as 1s shown m INgure 48 It maintams its cor
Tosion resistance m a chionde environment rather better than AIST
317 7 This good quality 15 to some extent given by the molybdenum con
taned

Its performance m the tissues has also been very gzood Tissue reaction
around these implants 15 usually less than around stamless steel 1n so far
as 1t can be judged cytologically (Fig 49) However, 1t must be remem
bered that these super alloys are all susceptible to the same corrosion
processes as stanless steel 1* As has been pointed out spcctrochemical
analvsis of tissues surrounding any metal implant will show them to be
contamnated with the constituent elements of the metal This 1s true for
cobalt chromium molybdenum In particular 1t may be true that a lugh
oxvgen environment may be dangerous for some of these alloys which 1s
the comverse of the truth for AIST 316

The good corrosion resistance in general of cobalt chrommtm moly bde



AVAITABIT METATS 67

F1c 49 (A B and C ) These three microphotographs show tissue that had been n con
tact with a Co Cr Mo implant for <everal months Decreasing tissue reaction 13 shown from
A to C N\ormal t1 sues are seen 1n all only separated from the metal by a one or a few
cells thick laver of parallel fibroblasts (X 360)

num 15 probably helped by the formation of chromates at the crystal
boundaries and on the metal <urface With cobalt alloys in general there
18 <ome analogy with the noble metals 1 that there 1s hittle tendeney to
displace hvdrogen from solution under a variety of conditions There 1s
some tendency to be sensitive to depolarization at the cathode Thus a
high local oxygen concentration may be a danger The possibilities of
galvanie corro~ion exist and although the alloy will be the more noble
member of the couple 1t 15 probably wise to aveid mserting Co Cr Mo
and AT T 316 implants together until more 1s known about ths aspect
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Recently wrought vitallium has been put on the market It 1s discussed
1 the next section

Talking about cobalt alloys, 1 general one can quote from W esert!*
who savs “Lhe alloys must be applied with good engineering discretion,
keeping m mind that they are subject to the stme basie prineiples of cor
roston as are the more common matenals of construction " e goes on to
point out the dangers of crevice corrosion and the importance of correct
designing to avoud 1t

One may list the ady antages of this alloy as (1) superior corrosion re
sistance, especially 1 chlondes, (2) adequate strength for our purpo es,
and (3) tight specifientions beeause of small melts bemng made at a time

The disadvantages include (1) 2 high local concentration of cobalt,
chrome, and nickel 1n the surrounding tissues (this may prove to be of
Little 1mportance), (2) the high cost of the alloy, and (3) difficulties of
machiming and the necesaty for easting the implant

Coball Chromuum Nicl el Tungsten

(Stellite 25, Has nes 25, Neutrilium, and Wrought Vitallhum)

This allov was developed as a lugh strength sheet materal for use at
high temperatures (1800°T") It was found to possess superior corrosion
resistant properties at all temperatures It 15 a cobalt alloy contuning 46
to 53 per cent cobalt, 9 to 11 per cent michel, 19 to 21 per cent chromium,
14 to 16 per cent tungsten less than 3 per cent ron and 1 to 2 per cent
manganese

1t has a face contered cubic structured matrn nich in cobalt and mekel
plus <ome msoluble constituents There are some primary carbides of
the M6C ty pe present in the annealed condition ' It may be both wrought
or east (g 50)

STRENGTH

This alloy 1s extremely strong and m the usual wrought form has an
ultimnte tensile strength of 140 000 ps1

HARD\ESS

It 1s very subject to work hardeming and m the form used for manu
facture of 1mplants under the trade name Neutrilium, 1t has 2 hardness
value of Rochwell C 53 to 57 Its very susceptibihity to work hardening
makes machining difficult and vanous techmques such as upsetting ap
parently have to be used to make screw heads The formmg behavior 1s
similar to the austemtic staimnless steels but needs more power for 1t 1s
stronger
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Fic 50 (A) A metallurgical mierophotograph of worked Co Cr M1 W slloy The gramn
boundaries are clearly etched (B) This microphotograph shows east Co Cr ™1 W alloy and
1s very similar to the appearance of Co Cr Mo seen 1n Figure 47 (Microphotagraphs by
courtesy of Haynes Stellite Divi 10n of Umion Carinde )
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Recently wrought vitalllum has been put on the market It 1s discussed
1n the next section

Talking about cobalt alloys, 1n gencral one can quote from Wesert!
who s1ys “Lhe allovs must be applied with good engineering discretion,
Keepmng m mind that they are subject to the same basic prinerples of cor
rosion as are the more common matenals of construction ”” Ie goes on to
pomnt out the dangers of crevice corrosion and the importance of correct
designing to avoud 1t

One may hist the advantages of this alloy as (1) superior corrosion re
sistance, especrally n chlorides, (2) adequate strength for our purposes,
and (3) tiLht speeifications hecause of small melts being made at 2 time

The disadvantages nelude (1) 2 high loeal concentration of cobalt,
chrome, and mckel n the surrounding tissues (this may prose to be of
DIittle importance) (2) the hugh cost of the alloy, and (3) difficultres of
machining and the necessitv for casting the implant

Cobalt Chromuum \ick el [ungsten

(Stellite 23, H1vnes 23, Neutrilium, and Wrought Vitalhum)

This allov was deseloped 45 2 lugh strength <heet maternal for use 1t
high temperatures (1800°T' ) It was found to possess superior corrosion
resistant properties at all temperatures It 15 2 cobnalt allov contuning 46
to 53 per cent cobalt, 9 to 11 per cent mchel, 19 to 21 per cent chromum,
14 to 16 per cent tungsten less than 3 per cent rron and 1 to 2 per cent
manganese

It has a face centered cubic structured matrix nch n cobalt and mickel
plus some msoluble constituents Fhere tre some primary carbides of
the M6C ty pe present 1n the annealed condition * It mas be both wrought
or cast (Fig 50)

STRENGTH

This alloy 15 extremely strong and n the usual wrought form has an
ultimate ten=ile strength of 140000 ps1

HARDAESS

It 15 very subject to work hardening, and 1n the form used for manu
facture of 1mplants under the trade name Neutrilium, 1t has a hardness
value of Rochwell C 53 to 57 Its very susceptibility to work hardenng
makes machimng difficult and vanous techmques such as upsetting ap
parently have to be used to mahe screw heads The formmng behavior 15
similar to the austenitic stainless steels but needs more power for it 1s
stronger
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TABLF §
Commereially Pure Flements Typreal Annlyses
c | 0: N Fe | Ts s l Zr
percemt | per cent per cent per cent per eent pereent | percent
Titanmum o 006 00t 025 Bal - —
Zirconium 015 007 01 075 — 19 Ral

CONSTITUTION

Commercially pure titamum has approuimately 0 25 per cent ron, 0 03
per cent carbon and 0 04 per cent mtrogen (Table 6)

On sohdifying from the molten state, 1t has a body centered cubic
structure known as beta hitanmum At 1625°F as 1t cools 1t undergoes al
lotropie transformation to a hexagonal close packed form called alpha
titantum A typieal photomicrograph 1s shown m Figure 51 The prefix
“A” 15 used to denote the pure alpha structure The number following de-
notes the tensile strength mn thousands ps: Titanmum alloys are thus
“B” or beta, or “C” with a combined alpha and beta structure (Fig 52)

The ultimate tensile strength of the titamum used for the manufacture
of implants is about 70,000 to 80,000 p s1 In general terms, pure titanium
15 somew hat less strong than 316 stainless steel This 1s especialls tiue of
mmplants such as serews which can be badly damaged by a serewdrver
durmg msertion They can also be more easily deformed by twisting while
attempting to insert them than screws made from AIST 316 or Co
Cr Mo

Tensile strength appears adequate for use as implants when great
strength 18 not required, but where excellent corrosion resistance 18,2¢,
1 hp molds and n artenial and cardiac surgery

MACHINABILITY

Titanium 1s easily weldable and machinable It can be cold worked with
increase 1n strength and hardness It can be provided with a hardness of
Rockwell C 28 te 30

The hexagonal close packed structure i metals 1s thought to grve poor
ductibity and worhability This 15 not the case for titamum or zireconum,
both of which can be worked with ease at room temperature How ev er,
some clogging of the cutting edges of machine tools has to he watched for,

CORROSION RESISTANCE

This element has excellent corrosion resistance, being as resistant as
tantalum to acids supenor to tantalum in alhabs and as good as platinum
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CORROSION RESISTANCT

The cobalt chromium nichel tungsten alloy has unusual resistance to
the halogens and 1s used 1n the manufacture of chlorine Tissue reaction to
this allov 1s comparable to that to cobalt chromium molybdenum Spec
trographic analy s1s, however, shows that cobalt, ehromium, and mchel are
found 1n the tissues around such an implant Little tungsten can be dem
onstrated

Thus alloy 15 also subject to erevice corrosion and implants must be de
signed with this in mind In mdustry, severe pitting has been seen under
retmiming washer- n a chlonide environment

In conclusion this alloy has many of the advantages and disady antages
of the cobalt chromum moh bdenum lloy, but 15 sigmficantly easier to
machine It may also be ¢ist

CowvrrersnLy Pure ELruents

The main ady intage of 2 pure element for the manufacture of an 1m
plant should be 1its corrosion resistance Platinum, gold, and <ilver, the
noble metals, spring to mund However, our metal must al-o be strong
enough to resist bending forces and fatigue In the past, much work has
been done on the place of tantalum i surgers ¥ In spite of the very good
corrosion resistant properties, especially to acids, 1t has poor resistance to
alkalis, but good rewistance to the halogens up to 300°F Severe corrosion
and fragmentation of mplants has occurred in the body, however, and
removed tantalum from our eandidates for the 1deal metal

At the present stage of our knouledge, there are two members of this
group to consider These are titanum and zircomum which are closely
related elements 1n the periodic table with verv simiar properties

Titanum

Thas element 1s very plentiful and forms 0 6 to 0 7 per cent of the earth’s
crust It 1s used as an alloying element 1n many steels Recentls, 1t has
been alloved 1tself with other elements giving the titanum based allovs
These are now under mvestigation with regard to their use in the manu
facture of implants

Commercrally Pure Titanium

Commereialls pure titanum comes 1 several grades and each manu
facturer has his code for these TFor instance, a common one 15 a grade
called A70 with strength properties more switable for the manufacture of
implants than the others
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Fic 52 Con titutional diagram for titamum and its alloys Titamum selidifies as beta
titantum with 2 body centered cubic structure and changes to the alpha structure (clo e
packed hexagonal) on further cooling Vanadwm chromium and aluminum stabihze the
beta structure w hereas mangane e and together stabilize the bined structure
which1 omewhat imilar to marten ite in steel giving great strength (Courtesy of T1
tamum Divi 10n of Crueible Steel Corp)

1 sea water and chlorides in general °The excellence of 1ts performance 1
sea water 15 mentioned by Raudebaugh ! Titamum and its allovs are
particularly reaistant to crevice corrosion and to stress corrosion crach-
mg If the strong alloys retamn the corrosion resistance of pure titamum
they may prove of great interest to the manufacturers of implants

As with other metals relatively large amounts of titamum can be dem-
onstrated m tissues around implants The sigmficance of thus 1s as yet
unknown Normal rabbit musele contains a fair amount of titanum as
an apparently normal trace element and the amounts found round the
mmplants may prove to be harmless

In summary, pure titamum 1s very mert perhaps the most mert usable
metal but 1s not as strong as A I ST 316 or 317 stainless steel or the co
balt alleys @ + s ¢TIt has a place for use as an 1mplant where corrosion
resistance 1s the maimn consideration and strength a minor one Titamum

allovs may prove to be both sufficiently strong and corrosion resistant for
surgieal use

Zarconum

Zircomum 1s very closely related to titamum and has most of the ad
vantages and di~advantages of the latter Itisa very common metal form
ing 0 04 per eent of the earth « crust more than the combined v alues for
copper lead zine, tin michel, and mercury 7 The cluef impunty 1n this
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Fic 51 (A) Microphotograph of commercially pure titanium of AT0 grade with alpha or
close packed hexagonal structure and a ultimate tensile strength of 70 000 p s 1 (B) Micro
photograph of a titamwum atlov B120 with a beta or body centered cubic structure
a strength of 120000 ps 1 (C) Microphotograph of a titanum alloy C130 w1th a combined
alpha and beta structure and a strength of 130000 p s 1 (Photographs b courtesy of Ty
tanum Division of Crueible Steel Corp )
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Fir 52 Con titutional diagram for titanium and st+ allos  Titantum olidifie- as beta
titanium with a bods -centered-cubie tructure and change< to the alpha «tructure (clo-e
pached kexagzonal) on further eooling Vanadium chromium and aluminum stabilize the
beta tructure wherea mangane-e and aluminum together tabilize the combined tructure

which 1 omewhat tmilar to marten ite 1n teel giving great trength (Courtess of T
tamium Div: 10n of Crueible Steel Corp)

m sea water and chlondes 1n general » The excellence of 1ts performance 1n
cea water 15 mentioned by Raudebaugh ! Titamum and its allovs are
particularls resistant to erevice corrosion and to stress corrosion crach-
mg If the <trong allovs retain the corrosion resistance of pure titamum
they mav prove of great interest to the manufacturers of implants

As with other metal= relatively large amounts of titamum can be dem-
onstrated mn tis-ue< around implants The «igmficance of this 15 as vet
unknown Normal rabbit mu-cle contains a farr amount of titamum as
an apparently normal trace element and the amounts found round the
mplants mav prove to be harmless *

In summar, pure itanium 1s vers mert, perhaps the most 1nert usable
metal but 1< not as <trong as A TS T 316 or 317 stanless steel or the co
balt allove " 8 » sTt hac a place for use as an 1mplant where corrosion
res"tance 1< the main consideration and strength a muinor one Titanmum

allovs mav prove to he both <ufficentls strong and corro=ion resistant for
surmeal use

Zrrconium

‘ail‘;corimmdlz very closels related to titamum and has most of the ad
S g:* and dicadvantages og the latter It1sa very common metal form-
- per cent of the earth’s crust more than the combined lues for

Pper lead, zine, tin’ michel, and mercury * The chuef impurnts 1n this
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metal 15 hafmum 1n 15 to 2 per cent When this element has been re
moved zircomum finds employment n atomic reactors

COMMERCIALLY PURE ZIRCONIUM

This grade has been used for the manufacture of implants both 1n the
United States and Great Britian 2* Up to now the expense of this metal,
Iike that of titanium, has been a deterrent to 1ts wide adoption for this
purpose The increased use of zircomum and 1ts allovs will probably help
m this respect

COVPOSITION

A typical analysis shows hafnium 19 per cent, carbon 0 15 per cent,
mtrogen 0 10 per cent, ox) gen 0 07 per cent, iron 0 75 per cent, chromum
0 04 per cent, mchel 0 01 per cent, and silicon 0 015 per cent (Table 3)

CRYSTAL STRUCTURE

This 1s similar to that of titamum, being hexagonal close pached (alpha
zircomum) at room temperature and undergomg allotropic transforma
tion to beta zircomum which 1 body centered cubie, at 1585°F

STRENGTH

The strength of commercially pure zirconum 15 simular to that of ti-
tamum It can be produced 1n bar form with an ultimate tensile strength
of over 90,000 ps1

W OREABILITY

In spite of 1ts hexagonal structure zircontum can be freely worked at
room temperatures It can be machined almost as easily as stamless steel,
but very fine turmngs may ignite in axr This reminds us that zircontum
pownder has been used as a photographie flash powder

HARDMNESS

The hardness of zirconium 1s greatly dependent on the oxygen and
nitrogen content ° and these are hept as lon as possible at all stages of
manufacture It can be cold worked with resultant inerease mn strength
and hardness It can be prepared with a Brinell hardness of 175 to 275
(Rochwell C 10 to 30), and for implants 1t should be at the top of this
range

COPROSION RESISTANCE

The corrosion resistance of zircontum 1s very high and 1s very similar to
that of titamum It 1s not attached by atmosphere or sca water and 1s
more resistant that tantalum to alkalis and nearly as resistant to acids
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USE FOR IMPLANTS

Zarconum has simular adyantages and disadvantages to titanium and
1t 15 difficult to give one precedence over the other Both scem to have 1
great future and some of therr alloys may prove very mteresting to sur
geons
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metal 15 hafmum 1n 15 to 2 per cent When tins element has been re
moved, zircomum finds employ ment 1n atomic reactors

COMMERCIALLY PURE ZIRCONIUM

Thus grade has been used for the manufacture of implants both m the
United States and Great Britian * Up to now the expen<e of this metal,
Iike that of titantum has been 4 deterrent to 1ts wide adoption for this
purpose The increased use of zircontum and 1ts alloys will probably help
1 this respect

COMPOSITION

A typreal analysss shows hafntum 19 per cent, carbon 0 15 per cent,
nitrogen 0 10 per cent, oxy gen 0 07 per cent, 1ron 0 75 per cent, chrommm
004 per cent, nichel 0 01 per cent, and silicon 0 015 per cent (Table 3)

CRYSTAL STRUCTURE

This 15 similar to that of titanium, being hexagonal clowe pached (alpha
zircomum) at room temperature and undergomng allotropre transforma
tion to beta zircomum, which 1s body centered cubie, at 1585°T

STRENGTH

The strength of commerctally pure zircontum 15 simular to that of t1
tamum It can be produced 1n bar form with an ultimate tensle strength
of over 90000 ps1

B ORKABILITY

In spite of 1ts hexagonal structure zircomum can be freely worhed at
room temperatures It can be machined almost as easily as stainless steel,
but very fine turmings may 1gmte 1n air This remunds us that zirconrum
powder has been used as a photographic flash powder

HARDVESS

The hardness of zirconmum 1s greatly dependent on the ovygen and
nitrogen content ° and these are kept as low as posable at all stages of
manufacture It can be cold worked with resultant mecrease in strength
and hardness It can be prepared with a Brinell hardness of 175 to 275
(Rochwell C 10 to 30) and for mmplants 1t should be at the top of this
range

CORROSION RESISTANCF

The corrosion resistance of zircomum 1s very lugh and 1s very silar to
that of titantum It 15 not attached by atmosphere or see water and 1s
more resistant that tantalum to alkalis and nearly as resistant to acids
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METALLIC TRANSFER

Patrich G Lawng, M.D

When a penail point moves over 4 piece of paper 1t leaves a marh
This marh 1s produced by a transfer of graphite from the peneil to the
paper, a fact which 1s well known to everyone 1t 15 not so well known,
however, that 2 similar phenomenon 1> produced whenever one metal
surface touches another one

This so called metallic transfer 15 probably of great importance n the
control of corrosion 1 all fields of hfe where metal 15 used It 15 very
mmportant that surgeons should understand this process and the dangers
entailed in the handhing of metal implants Much time and energy has
and 15 going 1nto the selection of mert metals for use as implants Surely
1t 15 worth a hittle effort to ensure that these 1mplants are not contami-
nated by noncorrosion resistant fragments during isertion?

THE NATURE OF MEeTALLIC TRANSFER

It has been shown by Bowden and Tabor? that, whenever one piece
of metal comes 1nto contact with another, transfer of small particles of
one to the other probably occurs (Fig 53) In order to understand this
process, 1t 1s necessary to reahze that under the electron microscope the
most ighly pohshed surface of metal 15 really a very rough terrun in-
deed “ountains and valleys ensscross the surface When two such sur-
faces are brought mto eontact it 15 immediately seen that the whole of
the areas apparently atailable cannot touch It has been shown by exper
ments v olving the clculation of the electrical resistance of two blocks
mn apparent full contact that something like one ten thousandth part of
the total area 1s often all that 1s actually touching Why 1s this s0? It 1s
rather as though one had nverted the Rochy Mountains and laxd them
on the Andes Onlv the high peaks will touch All the w eight of the metal
1s thus taken on a very small area and at the points of contact ver) high
pressures indeed develop, probably going into many hundreds of pounds
per square mch The mountain peahs on the metal surface flatten and

7
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METALLIC TRANSFER

Patrick G Lawng, M.D

When a pencil point moses over a piece of paper 1t leaves 1 mark
This mark 15 produced by - transfer of graplute from the peneil to the
paper, a fact which 1s well known to evervone It 1s not so well hnown,
however, that a sumilar phenomenon 15 produced whenever one metal
surface touches another one

Ths so called metallic transfer 1s probably of great importance n the
control of corrosion m all fields of life where metal 15 used It 15 very
important that surgeons should understand this mocess and the dangers
entailed m the handiing of metal implants Much time and energy has
and 15 going 1nto the selection of 1nert metals for use as implants Surely
1t 1= worth a httle effort to ensure that these mmplants are not contam-
nated by noncorrosion resistant fragments during insertion?

Tug NATURE oF METALLIC TRANSFER

It has been shown by Bowden and Tabor! that, whenever one piece
of metal comes into contact with another, transfer of small particles of
one to the other probably oceurs (Tig 53) In order to understand this
process, 1t 15 neces~ary to realize that under the electron microscope the
most ghly pohshed surface of metal 15 really a very rough terramn m
deed 2 Mountans and valleys ensseross the surface When two such sur
faces are brought mto contact 1t 1s 1mmediately seen that the whole of
the areas apparently available cannot touch ¢ has been shown by expen-
ments involving the calculation of the electrical resistance of two blochs
mn apparent full contact that something hike one ten thousandth part of
the total area 15 often all that 1s actually touching Why 1s this so? 1t 1
rather as though one had inverted the Rocky Mountans and lmd them
on the Andes Only the lngh peaks will touch All the w eight of the metal
15 thus taken on a very small area and at the powts of contact very high
preasures mdeed develop, probably going nto many hundreds of pounds
per square inch The mountain peahs on the metal surface flatten and

7
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Tic 53 (A) Microphotograph of a taper ection of a steel surface after 1 piece of cop
per had hid over it Fragments of copper (dark) are een adhering to the <teel Note the
rupture of the steel surface This transfer 1s ty pical of any metal to metal contact (Cour
tesy Dr A J W Moore) (Magmfication horizontal X 2000 vertical X 20000 ) (B) This
greatly enlarged portion of (A) <hows some detar]l of metallic trnsfer of the gro  est type
The tran<ferred particle of copper 1s large probably beeau e copper 15 so much softer than
steel Dven o the steel has been plueked up by the force nece <ary to fracture off the cop
per fragments (Dr A J W Moore courte y of Journal of Bone and Joint Surgery )

deform until enough metal has come nto contact to support the pres
sures apphed At this stage the two metal surfaces are found to be “cold
welded together at the points of pressure When the two metals are
separated usually by shiding then instead of the welds breahing, frac
ture occurs through the base of one or other of the metal peaks This 1s
aided by the work hardening undergone by the metal adjacent to the
weld cawused by the deforming force of the contact pressures Fracture
has occurred on one or other ade of this zone This process 15 shown
diagrammatically m Figure 54

RELATION OF METALLIC TRANSFER TO CORROSION

The experiments undertaken to mvestigate this process were triggered
by the acaidental discovery that corrosion alwayvs seemed more marked
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METALLIC TRANSFER
BETWEEN TWO METAL OBJECTS

B3

A

NS D &

c ¥

Fic 5% Diagrammatic repre entation of metal transfer (A) Two metal surfaces ap
proach each other Roughness 1+ exaggerated and must be considered as visible under an
electron microscope (B) Contact has occurred between the mountain peaks in two places
{C) Foree 1s apphed and the projections fatten until their area of contact can remst the
force (D) The two metal surfaces are separated Two small preces of the upper one remain
cold welded ta the lower surface Metallie transfer has occurred

around the parts of metal implants that had been handled than around
unhandled surfaces 7

The probable reason for this corrosion 15 that metal transfer seeds the
surface of the supposedly corrosion resistant woplant with pieces of an
alloy having a different composition Mned metals are bemng nserted
since the tool alloy 1s usuallv some noncorrosion resistant tool steel In
any case, even if the two allovs are very similar m specification, their
metallurgieal condition will usually differ profoundly This 1s especially
true after the transferred pieces have heen plastically deformed during
their exposure to large pressures All the dangers of mserting mred
metals are inherent in any situation where metallic transfer can oceur #

Corroion currents can start at these «ites of welded metal couples and
lead to severe cathodic attack on the implant This appears to be the
case even if as 15 usual, the implant 1s the nobler of the two alloys
rontact Another source of danger to the mmplant 1s the damage to the
protectine onide film on 1ts surface which 15 probably unavoidable 1n
metal to metal contact There 15 reason to believe that the alahty of
metals to heal «uch defects i the ovide film 15 at the base of much cor
rosion re~istanee If the defect 1s larger than a certam “enitieal’” «ize the

metal may not he able to heal it and <o the bare metal will be expo-ed to
pitting corrosion
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Experimental Imestigation

Ammal experiments have seemed to confirm tins clinteal observation ?
TExperiments were undertaken that had some very nteresting results If
one mihes the tip of a serewdrrver radioactrve and then drives a screw
mto a prednlled hold mn soft wood any transfer from the driver to the
serev should be ea<ily demonstrated by the acquired radioactivity of the
«crew slot This1sin fiet what happens as 15 shown in the radioautograph
(Figs 55 and 56) tahen from some screw heads after just such an e

Fic 55 Radwoautographs of ecrew slot handled with radioactive crewdrivers acquire
radioactsvity by metallie transfer (A) Handled lightly with httle slip 22 mg of trans
ferred metal (B) Shghtly greater <ip 47 mg of transfer (C) Distnibution of transferred
metal within the crew lot (D) !osition of film to obtain view shownin C (Courtesy of

Nature Lordon )

Fic 56 Diagram of screw head howing where adherent metal was detected (Courte y
of Nature Tondon)
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periment The actual amount of transferred metal can easily be cal
culated by counting the radintion from the serew head ueing 2 seimtiily
tion tube, knowing the tadintion per nulligram of the tool metal lissue
reaction to metal appears to be propertional to the amount of metallic
transfer, other things being equal (Figs 57, 55, and 61)

Tt has been shown that metallic transfer 1 1n genernl greatest between
like alloys and less between allovs of differing compositions This 15 only
strietly true where there 1s no great difference m the hardnews of the
metals, for both the metallurgical condition and composition are 1m
portant factors Metal transfer 1s greatest from a soft metal to a hard
one and least from a hard metal to a soft one Such transfer 1s probably
matenally reduced by lubricating surfaces adequately and 1s defimtely
mereased by mncreasing the pressure of tool on 1mplant and by anv shp
ping that inadvertently occurs This fact reinforces our belief that screw-
holding screwdrivers properly handled are a great factor mn cutting down
corrosion at the screw head

Simlar radioisotopic techmques have been used to investigate metal
transfer during the tightening of a nut on a bolt, when the transfer 1s on
occasion very large and may lead to severe surface pitting of the nut
(Fig 59) and a marked tissue reaction (Fig 60)

One of the most important esamples of metal transfer 1s that which
takes place during the hammering home of a nail, for example a Smith-
Petersen nail (Fig 61) The punch often used 1n these cases 1s made of
some noncorrosion resistant metal and large amounts of transfer from 1t
to the nail can be expected The metals will differ both in composition
and hardness The direct use of a metal headed hammer on an mplant
15 not to be recommended for a simlar reason In most cases some form
of screw home introducer 1s available which elimmates direct contact be-
tween punch or hammer and nail

Whenever an osteotome 1s used to cut bone the bone 1s seeded with
the metal of the osteotome Perhaps tins can be reduced by using tung
sten carbide tipped osteotomes which have the added advantage of a
superior cutting edge

Rotating or oscillating <aw blades have also been 1mv estigated and
transfer occurs both to the cut surfaces of the bone and to the bone dust

During the drilling of a hole mto hone to receve a screw there are
two dangers Tirst there 15 the obvious one of transfer of dnill metal to
:::n leJ(;::nlllzlfe (ulg;\ 1n \\h\\c(li\tan mert screw 1s to be placed Second, unless
the holes m lf th(enlbl:1 |: qllotpm,(mt t?e bﬁne plate when drlling through
the plate Tt Tt e Qho“not;he;si 0a 10\\ the rotating dnll to touch
tran-ferred at such an acerdental ey phgrams of metal may be

contaet 1 In general, 1t has been clearly
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F16 57 A B C D Lk and F) The e srx microphotographs show tissue fecm the inside
of seren  lot after three month comtact The wnount of slip increa ed from A to F and so
does the b ve reaction to the m tal (Courte 3 of Journal of Bone and Joint Surgery s

82



MITAITIC TRANSIIR

Fie 57 Cand D See legend preceding figure
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TNGINLLRINC AND MITATTURGICAT TRINCIPIES
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Fic 5% A stnp of ti sue remosed from 3 screw slot and stamned for iron by the Prus
«1ap blue method The black particles are 1ron <alt This <crew had been handled with a
tool steel crendniver (Courtesy of Journal of Bone and Joint Surgery )
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Fre 60 (A and B) Tissue reaction around stainless steel bolts that had been firmly
86

tsghtened with a spanner The black areas consist of 1ron salts made visible by the Prussian

blue reaction (X 70}
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Fic 61 (A) Autoradiogriph showing metal transferred from a hammer duning « single
blow on a flat copper surfice (B) Autoradiograph shoning metal transferred during a single
hammer blow on a nml head (Courtess of 1 ditor of I'ngineering, London )

demonstrated that the more often a drill has been used, the less transfer
will oceur from 1t to bone Howeer, such well used drlls are often dull
so that 15 small consolation Sigmificant metallic transfer has been shown
to oceur when metal 15 machined® (Ing 62) The use of electrolytic

polishing may remove <ome of this but 1t may be 2 very real danger
the corro~ion of implants

Surrace Daviage 1n RovaTion T0 MeTAL TRANSFER

Most seratches and dents on the surface of a metal implant are pro
duced by another piece of metal This scratch may have been produced
dunng manufacture, or during storage i the operating room drawer, or
during handling with hemostats or serew holding forceps during the
operation 1tself Any such <eriteh 15 probably seeded with preces of the
metal edge that produced 1t Not only 1s the protective surface oude
film damaged, but fragments of a foreign metal are welded onto 1t and
addition the metal on each «de of the seratch 1s plastically deformed
Lach one of thesc three factors 1s 4 direct threat to the passtvity or cor
roson resistance of the implant It all makes a very orry tale and es-
peaally 1n the case of <o called stamnless steel where the surface condr
tion~ are eritical to contimued corrosion reststance

Macroscoric METAL CONTAMINATION
During radiorotopic experniments undertaken to discoer the maost
suitable metal out of which to make <crewdmiers an mteresting obeers a-

tion w1~ made  Durig this experiment orthopedic serews mnde of four
different metals were bemg serewed home mto predrilled 7¢sth meh holes
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Fic 60 (A and B) Tissue reaction around stainle s steel bolts that had been firmly
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radioautographs  The luige metal flahes that had presumably been cut
off the screwdrner by the edge of the <ctew slot ean be dearly <cen
Tigure 63

Observations hve been made by many «urgeons that hammers are

- -
\ <
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Fic 63 (1) vutro wdhiograph of tuelve erews handled with a radioactive serew d
N3 attempt to trap any oo e patnicles of the tool (B) A ymilar autor dioagrph 1 nl‘er
alaver of pla tie by trapped oo ¢ tool friuments which would otherwi e hi\plf ,I‘I‘t o
Note the heavy radioactivits ¢ sttered around the erews as well 1< that in the fui\\ml Otﬁ
o
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Frc 62 \utoradiograph of the end of a copper rod machined by a radioactrve tool It
will be een that the metal from the tool 15 distributed in a few discrete arcs The work
was lubricated during machining (Courtesy of Edttor of I ngineering London )

m soft white pine The radiation transferred from the drivers to the screw
heads was then counted by mounting the blocks on therr sides 1n front
of a semntillation counter It was noted during the counting that the
bench underneath the blochs was becoming contaminated by quute large
fragments (1 to 2 mm ) of radioactive metal from the screndnvers and
that the background count was nsing That this was happening was con
firmed by running a coiting of plastic over the screw head and adjacent
wood after handling with the radioactive drivers and before mahing
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particularly prone to <hed <urface fragments m use with ohvious dangers
to the implant Plastie faccd hammers are available wineh exchange this
danget for the unknown one of leving fl thes of plastic in the wound This
It point mav prove to be of httle importance

T'lie possible dangers to the hicaling of fractures and the hfe of implants
are evident Nohady weuld willinghy <ced 2 lnp arthroplasty wound with
fragments of tool «teel just | cfore meerting @ mold or prosthess that 15
evpected to reman {ree of corrosion for <everal decades of the patient «
hfe

Relation of 100l to Implant Alloy

Previous ammal work has Teen done to attempt to find a suitable alloy
for mahing <crewdrners 1nd other tools *

In the cxperniments just de~eribed orthopedic <ctews made of four metal
were tested agmnst serewdrivers of «everal smitable allovs uwng radio
1otopic techmques *

The <crens were made of the four metals in any thing ke common use,
2e stamlessstecd tvpe ATST 316 cobalt ehiromum molshdenum (vatal
lum) cobalt chromium nickel tungsten (neutrihum) and commeraally
pure titamum (Grade A70 of Mallorv Sheron Corp) The drivers were
made of tool steel ATST 316 A TSI 410 stunless steel VIST 420
stainless steel and alvo of Co Cr Mo allos

The details of the results obtaned will | e preented elsewhere Taken
m conjunction with the ehivior of handled serews m rabbit musele 1t 1s
of interest that for the A 15T 316 and titamum <crews the A TS T 420
screwdrver gave the least transfer and for the Co Cr VMo and Co Cr
N1 W werews the Co Cr VMo driver was the best

In cummary 1t ean te «ud that metaliic tran<fer and tool flahing are
facts which the surgeon <hould probably take mnto account if he wants
the metal he implants i the bedy to give the best <ervice The practical
answer~ suggested will Fe given n detul m the nest chapter
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Fic 64 (A and B) Antero posterior and lateral radiographs of vanidium steel plate
and crewsin erted ome 20 years previously to treat a fractured femoral shaft The fre
ture united and all went well until the leg suddenly became tender and swollen Gross cor
10 ton of the implant 15 visible with almost complete disintegration of the screws The
plate 1+ practically corroded through at 1ts center A marked periostitis 1s seen 1n the com
plete ab ence of infection

hable to corrode 1n the body (Tigs 65 and 66) Within the range of
ATST 317 or 316 if this s the final choice the chemical composition
should probably be mn the upper range of chromium, mchel, and moly b
denum It might be wise to specify 4 narrow range, ¢ g, chromum 19 to
20 per cent, mchel 12 to 14 per cent, and molvbdenum 3 to 3 5 per cent,
and a-k the steel mill to ~end only tho-e melts of ATST 317 which fall
m this range For manufeturinhity three quarters hard 15 4 satisfactory
hardness and correspond- for this grade of stainless steel to about 30 to
33 Rochwell C Cater and Hichs® and Capener* have discussed the ty pes
of ~tunless steel avaulable in Great Britian

It 1~ to be recommended that all parts of tho-e apphances having
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THE USE AND CARE OF METALS

Patriel G Laing, M D

We have now connidered the basue applied metallurgy of the surgical
mmplants we us¢ duly 1 orthopedie surgery  An attempt has been made
to provide ~ome of the mformation necc~sary for 1 more complete under
standmg of the ady intages wd disadvantages of metals 15 implants By
applving <ome of these obscry ations to our practice we may hope to re
duce the chances of the mmplant < letting the patient down by failing
either dramatically by fracture or less obvioushy by corroding (Iig 64)
The hfe of an mphint <tarts with the preparation of the parent alloy,
goes on to melude 1t~ manufacture mn the factory, and then continues m
the operating room where 1t 15 cared for by nurses and phyvaerans The
mplant 15 then meerted into 1 patient where 1t may <tav a <hort or 2
long time even for 4 Iifetime Each aspect of this story will now be con
sidercd in turn and an attempt will be made to nterpret some of the
mformation provided m earlier chapters into practical advice or sug
gestions ?

Mantracitre asp Pacrienne

Condition of the Parent Wetal

Seme manufacturcrs of metal implants mahke ther own alloys By
making ~mall melts and by paving great attention to the details of the
process melts prepared at different times will have a very <imilar com
posttion Other firms who m1y use Y IST 316 and 317 <tainless steel,
Haynes 25 or titanium are to a gieat estent dependent on the supplying
mill However 1t 1 usual practice to ~end a certified spectrographc
analysis report with each batch of metal delivered The manufacturer 15
thus anare of the compostion of the alloy he uses from day to day and
1s 1n a position to accept or reject particular metals

It 15 probably 1dvisable that manufacturers using stamless steel should
use AIST 317 and not the slightly mferior ATST 316 which 15 more

92
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Fic 66 Au temitic taunle steel 15 not magnetic whereas the ferritic and martensitic
forms are attracted v magnet (\) An au temtic nul (B) The nail shown in Figure 65
{C) A magnet hasnoeffecton the A IS T 316 nail but (D) 1t attracts the martensitic nml

trongly This te t of magnets m quiekly di tingw hes the two steels 1n any operating room
cupboard

has been mentioned as fairly simple to control The hardness varies little
and averages about Rochwell C 28 to 30 The process 1s controlled so
that spherical carbides do not form continuous lines and so provide
weahnesses 1n the cast «tructure

Titanium 1mplants are usually made from a2 commercially pure grade
with an ultimate ten<ile strength of about 70,000 p s1 and a hardness of
about 26 to 28 Rochwell C The actual strength s often a great deal
higher 21¢ 90,000 ps1

Cobalt chromium mehel! tungsten (neutrilum) and wrought vitallium
implants should probably alvo be mde from melts of vers similar com
po-tion and having roughly stmilar metallurgical conditions

Vanufacture of Implants

ATST 317 wtamless steel implants are apparently best forged for
mavimum resistance to fatigue They are also <atisfactonly machimed or
wrought and in thesc in~tances their corrosion resistance may be better
The ordmary rules for good machine <hop practice apph here with extra
emphasis It 15 obviously to the good 1if the dimensions of, for example,
all ~erews are within 4 tight tolerance It 1< unfortunate if the threads
have very different depths and tinchnesses 16 This applies al<o to the
thichness and depth of <ot~ m the ~crew heads Lrxamination of oyver 500
orthopedie werews a~ hought his revetled that large differences mn these
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Fic 6> Tl radigraph of a umted fractured femoral haft show<a I88 § VMo stainle
steel intramedullar nwl and A 1S T 316 tamlew steel rerews The e mved metals left
1o long after thev had done their job started to corrode and cau ed swelling of the leg
pain and tenderne  The mazimal hone atropby and perio tits 15 een at the site of the
mzsed met.al

several piece~ 7¢ a McLaughhn nail and plate <hould be n the same
metallurgical condition (Fig 67) This mcludes hardnes~ and gram size
For optimum performance of A I 51 317 a grain «ze of 6 or 7 <hould be
pre-ent & bemng the «malle~t vi1ze recogmzed \ large grain <1ze 2¢ below
6 or 7 1= very hable to lead to failure 1n u<e erther from stre<s corrosion
craching or fatigue As far as implants manufactured from cobalt chro
mium molshdenum allovs are concerned the compo-ition of each batch
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F1c 66 Austemtic tainle steel »s not magnetic whereas the ferritic and marten i
forms are attracted by magnets (A) An au temtic nal {B) The narl shown 1n Figure 65
{C) Amagnet hasnoeffect on the A IS T 316 nail but (D) 1t attracts the martensitic nail
strongly This test of magnetism quickly distingwishes the two steels in any operating room
cupboard

has been mentioned as fawrly simple to control The hardness 1 aries httle
and merages about Rochwell C 23 to 80 The proress 15 controfled so
that spherical earlndes do not form continuous lnes and so prouide
weahneses 1n the cast structure

Titanmum implants are usually made from a commercially pure grade
with an ultimate tensile strength of about 70 000 ps1 and a hardness of
about 26 to 28 Rochwell G The actual strength 15 often a great deal
higher, 2 ¢, 90,000 p =1

Cobalt chromium mckel tungsten (neutrihum) and wrought sitallum
mplants should probably also be mde from melts of very similar com
po-tion and having roughly similar metallurgieal conditions

Manufacture of Implants

AIST 317 “tamless <teel implants are apparently best forged for
mavumum resistance to fatigue They are also satisfactorly machined or
wrought, and 1n the-e instances their corroson resistance may be better
The ordman rules for good machine shop practice apply here with evtra
emphass It » obviouss to the good if the dimensions of, for example,
all screns are withi a tight tolerince It 1 unfortunate 1f the threads
have verv differcnt depths ind thichneses 18 Thus applics alvo to the
thickness and depth of <lots m the «crew head- Lrammation of orver 500
arthapedie <crews as bought has revealed that large differences 1n these
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F1c 67 This photograph shows the separite part< of an intertrochantenc apphance
Tach part 15 1n o different metallurgieal condition The hardne es on the Rochwell C
scale are 41 8 for the plate 105 for the nut and 7 for the nul \pirt from con idera
tions of strength the e different hardne ¢s mewn that different metals have been mserted
with severe sk of corro ton unle « they arc removed promptly after the fricture has
umted

dimensions arc sometimes present not only 1 etween difftrent screws made
by different firm« but alvo between difterent <crews made by the same
firm (Fig 68) Standardization of w1zes 15 also desirable Probably a so
called 2 inch long crew should have 2 inches of eftectine thread to hold
bone 1f measuring the pilot hole with a depth gauge 15 to mean any thing
This means of course, two inches flom the undersurface of the screw
head to the last thread The pilot point obviously has no holding power
(I'g 69)

WELDING

Welding of implants 1 on the whole an undesirable practice Apart
from the difficulttes of avouding crachs and cavities mn the weld 1teelf,
there 15 another dicadvantage On either side of the welded junction 1s 2

heat affected zone where corrosion can get started and cause failure of
the implant by fracture (Thg 70)

INSPECTION
Nany firms have 2 truly excellent inspection system for their implants
A speainl method 1 used to detect <urface defects A highly detergent
substance 15 used to find any surface defect when the implants are dipped
into this fwd 1t finds surface defects ind enters them The outstde fhnd
13 then washed off After powdering with a special preparation examina



Fie 65 (A B C and D) The e photographs of three cro < slotted coar<e threaded
bLove crew demon trated the 1iek of <t indardized dhmenaons presatent todas Trom A to
€ the threads bee yme neres ingly thick D shows an example of very <hillow threads with
the bottom one almo t paper tlun Thy lack of standardization extends to slot widths The
serendriver may be too wade to remove a scres with a very narrow slot

7
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Fio 69 This dragram shows the differeuce between total length wnd the effective hold
ng length of a scren When one measures the drlled hole in the bone and the depth giuge
8ay4 114 inches will a 113 tneh scren reach the opposite cortex? Only if there 1 11, effectine
mnches available to grip the hone The pilot point and 1v t tuarn of the thread may be too
narrow to even touch the pre drilled hole

tion under ultraviolet Light reveals where the detergent has penetrated
the metal for 1t now <eeps out agmun and fluoresces

X rays reveal lndden faults such 1s the one shownn Iigure 71 "\ rays
are especially useful 1n examming cast matenal for hidden imperfec
tions

Visual inspection 1~ used to find and then to remove all surface debris,
burrs and any metal turnings left after machming Oceasionally small
burrs are mssed (Tig 72) These pieces of plastically deformed metal
may <ere as centers for corrosion to start All cannulated nails and
~erews are carefully tested by some manufacturers <o that the recom
mended guide wire s1ze will drop through aided only by gravity There
15 thus no danger of having the nail bind on the wire during insertion It
requires great <hll to dnll a hole through, for instance, a Smith Peter<en
nml Tt 15 ucually done by dnlling from either end and meeting i the
middle A <hght error leads to a «tep which may cateh the gude wire
during the nail « m<ertion and drive 1t into the pelvis (Fig 73)

POLISHING AND PASSIVATION

The final preparation of many mmplants necessitates very careful at
tention to thewr surfaces The removal of obyious metal burrs and turn
ings has been mentioned Electrolytic polshing or <o called reverse
plating removes surface debris and also some of the surface of the metal,
mahing 1t very bnght ? It also probably removes metal transferred to the
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Fic 70 (A) Cotro 10n on either side of a weld These two steel bars each consist of
tno bars welded together at the mddle Artificial corrosion in a chemieal shous how the
attack occurs on erther side of the weld at the heat affected zone (Courtesy of Crucible
R t and Devel Tab v ) (B) Thus photograph of a nadl plate with a welded
junction demonstrates corrosion on the nail adjacent to the weld The metal surface 1
eeverely pitted after only a few monthy 1n the body (C) Photograph of an etched metallur
gieal specimen shown ing a welded head of a femoral prosthests In order to make the globular
head two half globes may be fitted together then welded The wite of welding 1s surroun

ded by altered metal structure re embling nipples spreading from a stone dropped into
water
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Fic 69 This diagram shows the difference between total length and the effective hold
ing length of a serew W hen one measures the drilled hole 1n the hone and the depth gauge
gavs 11 anches will a 1'4 inch serew rcach the opposite cortex? Only 1f there 15 1! effective
inches available to grip the hone The pilot pornt and fast turn of the thread may be too
narrow to even touch the pre drlled hole

tion under ultraviolet hight reseals where the detergent has penetrated
the metal for 1t now <ceps out again and fluore~ces

N rays reveal hidden faults such as the one shown in I'igure 71 X rays
are especially uceful in examming cast material for ludden imperfec
tions

Visual inspection 15 used to find and then to remove all surface debns,
burrs and any metal turmngs left after machining Oceastonally small
burrs are missed (Ig 72) These preces of plastically deformed metal
may serie as centers for corro~ion to start Al cannulated nails and
~crews are carefully tested by some manufacturers <o that the recom
mended gude wire <ize will drop through aded only by gravity There
15 thus no danger of having the nail bind on the wire dunng in<ertion It
requires great <hill to drill a hole through, for mstance, 2 Smtth Petersen
nail It 1~ usually done by drlling from either end and meeting 1n the
mddle A slhight error leads to a step wiich mav catch the guide wire
dunng the nail 5 msertion and drive 1t into the pelvis (T'ig 73)

POLISHING AND PASSIVATION

The final preparation of many implants necessitates very careful at
tention to their surfaces The removal of obvious metal burrs and turn
mgs has been mentioned Electrolytic polishing or so called reverse
plating removes surface debns and also some of the surface of the metal,
making 1t very bright 7 It also probably removes metal transferred to the
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Fic 73 Antero posterior radiograph of a nul being in erted to hold a fractured neck of
femur The guide wire has been pushed acro - the lup joint and has broken at the extreme
end of the nul (B) Examunation of the guide wire after removal shows that fracture oc
curred through the groove marking the third half inch This gmde ware had probably been
quietls corroding at this erevice for many months before breahing under stress (C) Photo
graph of the end of the broken guide wire showing corre 1on of at least 2{oth of 1ts cross

ectional area The last bridge broke at the operation

implant during turning Sometimes hot mtric acid 15 used to passivate
the implant, 1 ¢ , to make 1t less hable to corrode This powerful oxidizing
agent, will probably_produce a thick oude sludge on the surface which
may act as a better anticorrosion shield than would the ouide layer auto
matically formed by contact with air A highly pohshed surface 15 used
With ATST 316 and 317 and Gtanum products, but not for the cobalt

alloys where a roughish satmn like surface 15 considered desirable

STOIPING OF IMPLANTS

The question of whether or not one should st imp size and trade names
on implants 15 a veung one The mevitable effect of such stamping 1s
the deformation of the underlving metal and also the production of
crevices at the bottom of which ecrevice corrosion might start On oc
cason howener, vanadmum steel plates have still had a readable trade
mark when remosed 1n a growly corroded form <everal decades later In
this connection 1t ha~ 1 een pomted out that even the cobalt allovs are
not free from the danger of such attack The avoidance of all sharp
angles and notches 15 exential to good engineering design of parts which
will be expo~ed to corrovion and streses Although 1t cannot be pontifi
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Fic 71 ‘1hts bone plute showed no urface defect and routine te ting by the manu
facturers reseiled nothing amiss Corro 1on howeser found 1 imear erack along, 1ta side
and opened this up I ven the mo t excellent in peetion sy temmay overlook nch a defeet

Fic 72 The e enlarged photographs of two rcrew ends show typieal burrs left after
machimng (A) The tip of the self tapping flute ends 1n a wave of deformed metal (B) The
place where the flute crov es the last thread shows a large turned down metal burr Only
occasionally do the e burrs e cape the eye of the inspector They arc however a very pos
sible source of carrosion as the metal 15 grossly worked and deformed
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PACKRACING OF THE FUTURF

Afanufacturer~ of sutures and adhesnve <urgical drapes provide their
produets ready sterihzed and made at least two and <ometimes three
corers of vanous tvpes Is 1t too much to hope for that sometime in the
near future manufacturers of implants will provide them reads stenhzed
mn~ide at least a double enselop of plastic of some sort? Cutting the out
ade emelop open would allow the extraction of the stenle inner enyelope
and then by opeming thus last one with sterile sersors the serub nurse
could remove the sterle screw or plate and hand 1t to the surgeon This
implant would have been heated 1n the autoclave only once and w ould
never have had the chance to become damaged acaidentally 1n storage
or repeated autoclaving

STORAGE A\D STERILIZATION

The mamn thought underlying this section of this chapter 1s to avord
any damage to the implant from the moment it 15 recenved from the
manufacturer until the surgeon inserts 1t into the patient Naturally, a
{full range of each ty pe of serew, nail, plate, mold, or prosthesis the surgeon
uses must be available for each case At the same time each mmplant,
which may have to stay inside the patient’s bodv for several decades,
must be given the best chance of avoiding damage to 1its surfaces and
metallic transfer from operating room storage drawers, other implants,
storage rachs and other metal parts The last part of the previous section
1s pertinent to this subject Ideally, the implant <hould remamn so pro-
tected until the surgeon has chosen the actual size he wants at the opera-
tion

At the present time however certamn practical suggestions can be
offered

Cloth holders can be made quite easily which will hold a full range of
screws (Tig 75) or nails (Tg 76) Any ty pe of implant ¢an be <o packaged
by the operating room staff and autoclaved n suitable extra wrapping
Each mplant 15 thus individually protected from contact with other
metal It 1s probably madvisable to use metal racks and stands to hold
implants as the metal to metal contact 1s certamnly deleterious hoth from
the pont of metillic transfer and of scratches on the <urface of the 1m
plants espeeally around the neck of the screws It 15 alvo advisable to
leave extra mmplants within the plastie bags thev are supplted 1n until
needed to replemsh the complete range hept 1n the cloth bag

There 15 a tendencey to heep old implants, ob-olete 1n sty fé or tin metal
from winch thev were made in the operating room drawer and to Jet
them rattle around with the new mplants which have been remox:d
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cated about, one would still feel happier 1if manufacturers desisted from
such practices whenever posstble

Pactaping

At the moment metal implants are usually provided in sealed plastic
envelopes labeled with «1ze and type of apphance Screws are usually
pachaged m batches of siv Plates and other implants are put up sep
arately It 15 probably destrable to protect all implants from contact with
ether other implants or with other metals, from the moment they have
been finally “finished” i the factory to the moment thev are inserted
mto the patient In this manner, metal transfer from metal to metal
contact will be reduced as will all <urface scratches and marks This
could be achieved 1n the easc of screws by packaging them ceparately or
1n separate compartments of a plastic bag <o that each one could be re
moved separately (Ig 74)

Some manufacturers protect the sharpened ends of tr1 fin nuls with a
plastic coating This 15 a very good 1dea It brings up the thought that
sharpness of the ends of tr1 fin nails 1s 4 Inghly desirable characteristic
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Fic 74 Screws are usually upplied in batches of <1 1n one envelope 1n which they can
rattle around to become seratched and damaged To get one crew out the whole s1x must
be spilt and then maybe leit to rattle around n the operating room drawers This photo
graph shows how screws could ea 1ly be packed so that only one at o time need be removed
from 1ts protective covering
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PACRAGINC OF THF FUTURI

Manufacturers of sutures and adhesse surgienl drapes proude thew
products ready sterized and made at least two and sometime- three
covers of various types Is 1t too much to hope for that <ometime 1 the
near future m inufacturers of mplants will provide them ready stenhized
mside at least 2 double enelop of plastic of some sort? Cutting the out-
side emvelop open would allow the extraction of the stenle 1nner envelope
and then by opening this last one with stenle scissors the serub nurse
could remove the sterile setew or plate and hand 1t to the surgeon This
mmplant would have been heated n the autoclase only once and would
never have had the chance to become damaged accidentally 1 storage
or repeated autoclaving

SrorRAGE AND STERILIZATION

The main thought underlying tlus section of this chapter 1s to 1void
amv damage to the implant from the moment 1t 15 received from the
manufacturer until the surgeon nserts 1t into the patient Naturally, a
full range of e 1ch ty pe of screw, nail, plate, mold, or prosthesis the surgeon
uses must be available for each case At the same time each implant,
which may have to stay mside the patient’s body for several decades,
must be given the best chance of avoiding damage to 1ts surfaces and
metalhe transfer from operating room storage drawers, other mmplants,
storage rachs, and other metal parts The last part of the previous section
1s pertinent to this subject Ideally, the implant should remam so pro
tected until the surgeon has chosen the actual size he wants at the opera-
tion

At the present time, however, certain practical suggestions can be
offered

Cloth holders cin be made quite eastly which will hold  full range of
serews (Fig 75) or nails (Tig 76) Any t3 pe of implant ¢an be so pachaged
by the operating room staff and autoclaved 10 switable extra w rpping
Each implant 15 thus individually protected from contact with other
metal It 15 probably nadvicable to u-e metal racks and stands to hold
mplants as the metal to metal contact 1s certainly deleterious both from
the pomnt of metallic transfer and of seratches on the surface of the 1m
plants espectally around the neck of the screws It 1s aleo advisable to
leave extra implants within the plastic bags they are supphied mn until
needed to replemsh the complete range Lhept 1n the cloth bags

There 1s 2 tendency to heep old 1mplants, obsolete m style or n metal
from winch they were made 1n the operating room drawer and to let
them rattle around with the new mplants whieb have been remoy ed
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cated about, one would still feel happier if manufacturers desisted from
such practices whenever posuble

Pacl aging

At the moment metal implants are usually provided 1n sealed plastic
envelopes lIabeled with size and type of apphance Serews arc usually
pachaged 1n batches of six Plates and other implants are put up <ep
arately It1s probably desirable to protect all implants from contact with
either other implant< or with other metals, from the moment they have
been finallv “finched” 1n the factory to the moment they are mserted
mto the patient In this manner, metal transfer from metal to metal
contact will be reduced as will all surface seratches and marks This
could be achieved 1n the case of <crews by packaging them separatels or
1n separate compartments of a plastic bag <o that each one could be re
moved separately (I'ig 74)

Some manufacturers protect the sharpened ends of tr1 fin nails with a
plastic coating This 15 a verv good 1dea It brings up the thought that
sharpness of the ends of tr1 fin nails 15 a highly desirable charactenstic
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Fic 74 bHerews are usually supplied in hatches of s1% 1n one envelope 1n which they can
rattle around to become seratehed and damaged To get one screw out the whole six must
be spilt and then mavbe left to rattle around in the operating room drawers This photo
graph hows how screns could easily be packed so that only one at a time need be removed
from 1ts protective covering
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FiG 76 The same prinaiple outlined in Figure 75 applies to plates and nails Here1s a
photograph of a set of lip natl in the protective bag in which they are antoelaved

from their pachages It 1s probably wise to discard all old implants of
uncertain age or composition, especilly any stainless steel ones wiich
can be attracted by a magnet They will be made of some other steel
than ATST 317 or 316 It also follows that implants made of different
alloy s and metals should be kept strictly separated and labeled Preferably
they should only be used together when made of the same alloy and by
the same company

Implants, that have once been used and certanly any that have been
damaged or bent, should be discarded Any saving m mone) achieved by
reusing implants erther recovered at operation or at autopsy 1s probably
far outweighed by the nish of failure by fracture or corrosion 1n the next
patient A new part for each patient would be a good motto

Sterhization has been mentioned 1n connection with the operating room
care of implants If, for any reason an implant must be autoclaved 1n the
tray with all the rest of the surgieal nstruments, 1t should be securely
wrapped to prevent its hnocking aganst the rest of the rronmongery

CARE OF INIPLANTS DULRING AND AFTER I\SFRTIO\

Here agun when the ymplant 15 uncovered just before nsertion, our
man concern 3 to protect 1t It 15 probably advikable to pick up the
mmplant with dissecting forceps or 1 hemostat the tips of wlich have a
short length of rubber tubing over them (Fig~ 77 and 78) This gives



Fic 75 Rather than place crewsina metal rack where they are damaged and scratched
they can easily be hept in a cloth bag with a slot for each screw  On usmg up a serew from
such a bag another one could be taken from the individually pachaged screws to replace 1t

104
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Fic 76 The same pnneiple outlined 1n Figure 75 applies to plates and nails Here 1s a
photograph of a <et of hip nals 1 the protective bag 1n which they are autoclaved

from therr pachages It 15 probably wise to discard all old ymplants of
uncertain age or composition, especially any stainless steel ones wiich
can be attracted by 2 magnet They will be made of some other steel
than AIST 317 or 316 It also follows that implants made of different
alloy s and metals should be kept strictly separated and labeled Preferahly
they should onlv be used together when made of the same allov and by
the same company

Implants, that have once been used and certainly any that have been
damaged or bent, <should be discarded Any saving in money actueved by
reusing implants either recovered at operation or at autopsy 1s probably
far outweighed by the nish of failure by fracture or corrosion n the next
patient A new part for each patient would be a good motto

Stenlization has been mentioned 1n connection with the operating room
care of implants If, for any reason, an implant must be autoclaved in the
tray with all the rest of the surgical mstruments 1t should be securely
wrapped to prevent 1ts hnocking agamnst the rest of the wronmongery

CARE OF IMPLANIS DURING AND AFTER INSERTION

Here agam, when the implant 15 uncovered just hefore 1n<ertion, our
mam concern 15 to protect 1t It 15 probahly advisable to pick up the
implant with dissecting forceps or a hemostat the tips of which have a
short length of rubber tubing over them (Tigs 77 and 78) Thrs gives
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Fic 77 This photograph shows the pla tic tube protected in truments used to handle
1mplants to prevent damage to the implant durning the operation

Fic 78 (A) Holding a screw with a metal 1nstrument may crush the threads and seratch
the protective surface of the implant (B) A rubber or plastic tipped 1nstrument does not
damage the implant In addition the hold 15 more recure

both a <ecure hold and as oids grasping the implant with something which
will seratch 1ts surface and will transfer metal to 1t This princtple ap
phes to the handhng of molds and prostheses even more urgently than
1t does to 1mplants that may be remoied when their work 1s done
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Frc 79 Mixed metals were inserted here and pain and disability folloned Removal of
the serews showed one to be of Co Cr Mo and the others of stunless steel

Mmep MEelans

At the present stage of our hnowledge 1t 15 advisable to avord inserting
metals of differig compesiiion Togethiey In many instances 1t has been
shown that galvanic corro-ion follows such practices It 1s best to msert
together only those implants made of the same alloy or element In ad
dition, hecauce of the posaibihity of the same alloy s from different sources
having significanthy different compowitions, 1t 1s probably wi<e not to
mi 1mplants made by different manufacturers (Figs 79-82)

THE InSERTION OF SCREWS AND PLATES

Serens <hould preferably be Philips or Woodruff headed to reduce
screwdriver on ~crew shippage This will reduce the amount of metal
transfer and <o aird n mserting an uncontaminated mert metal Screw-
holding <crendrivers are a material aid 1 redueing this factor although
they must be used with great care <o that the nech of the screw 1s not
damaged On remoring the serew holding serewdryer from the screw be
fore tighteming the last few turns, care must he taken not to bend the
serew head on the shank As far as one can tell at the moment, a wrought
cobalt chrommm mohybdenum or tungsten alloy 1s the best material for
use 1 manufacturing <crewdriiers meant to handle cobalt alloy screws ¢ ¢
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F1G 77 This photograph shows the plastic tube protected instruments u ed to handle
mmplants to prevent damage to the implant duning the operation

Fic 78 (A)Holdingaccres with a metal instrument may crush the threads and scratch
the protective surface of the implant (B} A rubber or plastic tipped mnstrument doe not
damage the implant In addition the hold 18 more secure

both a secure hold and a oids grasping the implant with something which
will scrateh 1ts surface and will transfer metal to 1t Ths principle ap
plies to the handhing of molds and prostheses even more urgently than
1t does to implants that may he removed when therr work 1s done
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Fic 81 (A) Radiograph of a Parham s band and a single, small =crew used to attempt
to hold a fractured femoral shaft I xuberant callus formation and pan later nece wtated
remosal of the metal In the pa t such band- were not alnays made of ATST 316 or 317
stainle « steel (B) Radiograph <howng the remumng screw nhich has almost corroded
anay

Fic 82 A1 irhun 2 band and three screws with evere hone re orption e pecialy cen
around the fower rerew Probabhy a ¢t e of mined metal
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Fi16 80 (\) This radiograph shows a Co Cr Mo mold arthroplasty of the hip with an
ordinary 1ron nail u ed to reattach the osteotomuzed greater trochanter This may be ex
pected to re ult in corro 1on

Fic S0 (B) Show the nail after removal urrounded Iy much  rust sauce

Tor the ATST 317 and titamum <crews AIST 420 stanless steel
seems fairly satifactory In general, the driver tip should not be so
much harder than the ~erew that 1t cuts and dimages the screw Tung
sten carbide would obviously give very little metallic transfer but would
cause 1 great deal of plastic deformation and surface damage However,
tungsten carbide may prove very useful for the manufacture of dnlls,
Goteotome ends and sCiwmors ¥

osteotome 2= - » 7~
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Fic 8% (A) This radiograph of a plated femoral shaft ~hows sound wmon and reforma
tion of the medullary cavity Severe local pain and tenderness necessitated remosal of the
1mplants (B) Radiograph following removal shows den e sclerosis around each screw hole

Drizuing oF Pruor HoLes

Drilling of the bone before inserting a screw 15 often done thiough the
holes m a plate clamped over the reduced fracture It 15, 1 the first
place madvimable to let unprotected clamp blades damage the plate
Thev can be covered with rubber tubing In the second place a guide
<liould e wed<o-thmtt i dnllbit does not come info contact with the
pliate il metal tran<fer and other damage to the platc en<ies on <uch
an accidental contact (Tigs 83 and 84) Guards are available to protect
the plate holes

The dnil iteelf, preferably 2 hand one 1s a matenal source of metallic
contammnation to the pilot hole m bone the softer the drll the greater
the contamination The amount of tran-fer 1s alnavs greater from a new
dnll It would certunly help if exch new dnil were first run through a
dry piece of beef bone a few times Apart from this 1t ~hould probably

be made of an allov very wmlar mn <pecification to the implant but much
harder
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Fic 83 (A B C and D) Fhotographs of four plates which have been damaged by al
lowing the rotating dnil to touch them A much as 2mg of dnitl bit metal may be trans
ferred to the plate Corrosion might be expected to follow




USI AND CARI OT MITAIS 111

Fic 84 (A) Tlus radiograph of a plated femoral shaft shows sound union and reforma
tion of the medullary cavity Severe local pain and tenderness nece sitated removal of the
implants (B) Radiograph following remaval shows dense sclerosts around each screw hole

DriLuing or Piror HoLes

Drilling of the bone hefore inserting 1 screw 15 often done through the
holes 1 a plate clamped over the reduced fracture It 1s, in the first
place, madvisable to let unprotected clamp blades damage the plate
They can be covered with rubber tubing In the <ccond place A guide
sliould e treed <o timt thie il it does not come iiito cort 1ICt with the
plate Much metal transfér and other damage to the platéeiisues on such
An aceidental contact (Migs 83 and 84) Guards are ax -ulable to protect
the plate holes

The dnill iteelf, preferably 2 hand one, 15 a matenal source of metallic
contamumation to the pilot hole in bone, the softer the dnil, the greater
the contamination The amount of transfer 15 always greater from 2 new
dnll It would certamnly help 1f each new dnll were first run through a
dry prece of beef bone a few times Apart from this 1t should probably

he made of an alloy very similar 1 <peaification to the mmplant but much
harder
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Fic 81 (C and D) Photographs of the corroded plate and crews “ote the deep holes
that have appeared m the undersurfaces of the heads of the rcrews In contrast the lower
ends of the screns are relatively unaffected Ierhaps the instruments used to insert these

implants triggered their corro ion
112
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Browry Duitt Porves awp Otuen Miqartie Tonrites Bobirs

Brohen dill pomts, espeetally if they are made of 2 non-tunless tool
~tcdm c1=e, should he 1emoved 1 Corrosion 1s to be
moided An implant cannot he expected to remim reltively mert 1t 1n

“gontact with such an alloy Mned metals nie present and corrosion will
probably follow (Tig 83) I'lis advice 1s al<o appheable if the end of an
o~tectome breahs off 10

Plating and screwing m the presence of anv metallic foreign hody 15 2
hazard corrosion wise Shrapnel and bullets fall under this eategory and
1t 15 adviable to remove any metal that mav be near or in contact with
an implant 1° The presence of multiple metallic foreign bodies near a lip
would argue aganst using 1 mold or prosthews for arthroplasty unless
the patient had a short hie expectancy

1
N

\/

e";‘l:‘:n:) ll([\,) Thi photograph hows two broken and corroded =crews and the broken
AN nﬂ it whirh % 15 Jeft i when the nerews were inscrted Scyere corrosion resulted
™ this intertrochanterie appliance w15 1n erted a dnll was broken left in at the

love t dnll hole 3f th
——— h this implant rematns in the patient for a long period corrosion may be
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Tue. Use oF Havvers

Hammers are notorious for their tendency to <hed flakes of metal in a
wound It 1s hardly far to espect an mert implant {o remain s6 1 it is it
contact with such fragments Niylon face hammer heads may be one
answer However, the-e al-o flahe off and N3lon 15 not free from troubles
when left i the tissues 1 It 15 often, however, 2 fairly simple matter to
protect the wound with towels wiile using a hammer Obviously the
danger does not ari<e 1f one 1= working on the patient’s side and grasity
takhes the fragments to the floor 1 ¢ while nathing a fractured neck of a
femur

Metalhe transfer 1s also a danger if the hammer 1s u-ed directly on an
mmplant The u<e of punches merelv means that transfer will occur from
punch to nal Any bare metal that touches an implant should probably
be made of such an alloy that a mimmum of tran<fer occurs or, if 1t does
occur, that 1t 15 less dangerous, 2¢, use AT ST 420 punches for AISI
316 and titanium 1mplants and a cobalt alloy punch for the two cobalt
allov ty pe implants

Use or Guipr WiIRes

The nailing of fractured necks of femur under \ ray control requires
the use of guide wires along which the nail 1s subsequently driven

One danger here 1s the use of graduated wires with a small circular
groove for each umt of length (Figs 73 and 86) After some time mn
service corroston may attach the-e crevices and lead to a weakening
One dav the advancing end of the nad will snap the wire and drive 1t
mto the pelvis (g 73) It 1~ advisable not to have grooved gmde wires
but rather, if the surgeon wants them marhed to have alternating colors
or some such device to mark each centimeter

MEe1AL 1N SEPSIS

Metal 15 probably never the cause of sepus presumung adequate
sterlization It may however prevent the body from dealng with 1t
once 2 wound has become 1nfected Once the nterface between metal and
body tissues 1s mfected the metal holds open an abscess cavity which
the body cannot obliterate until the metal 1~ removed In addition 1t 1s
highly probable that the conditions existing around a metal implant n
an nfected case z¢ pH, reduction oxidation potential and oxy genation,
will cause or accelerate corroston processes

In the presence of mfection 1t 15 advisable to remove metal as soon as
1t 15 practieal (Figs 87 and 8%)
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Fic $6 Radiograph shows bending of a guide wire by a hip nail Ocea ronally this myy
be becau e the wire tmpacts 1 1de the nml and 13 driven forward by 1t The gurde wire

should alaavs be able to drop through the cannulated nail aided only by gravity when
te ted pre-operatively

BrpinG oF PLaTtes anp Nars

There 15 1 constant temptation to bend plates to fit the exact outside

contour of 1 hone Tins 15 often quite unavoidible but 1t 15 wise to hmit
such bending of metal as much 4s 15 feasible
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Fic 87 Radiograph of a fractured femoral shaft with n intramedullary nail in place
Infection 15 present with necrosis of a section of the shaft Through and through rrngation
15 being u ed In the presence of infection 1t 1 probably wise to remove all metal Metal
prevents the encroachment of hving tissues and keeps an abscess space open all along 1ts
borders
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Fic 88 (A) Radiogriph showing a bullet in the prouimal end of the tibia Pain persisted
for ome vears The bullet 1s surrounded by den e welerotic bone Is this corroston or 1nfec
tion” Removal of the bullet revealed that it really Iay ma Brodie < ab cess (B) 1 hotograph
of the corroded bullet

One can break a wire by bendng 1t back and forth until 1t snaps So
1t 15 with a plate or nul Diery bend weakens the structure at the apey
of the bend Streses and struns are introduced mnto the ervstalline
structure and under corrosive conditions <tre~s corrosu
occur Tatigue mav alo attack such a weakened area

In certun instances choree of another design of plite may elmmnatc
the neceswity for bending metal Tz 59) If metal must be bent, then 1t

on eraching may
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Fic §9 (A) Radiogriphs of a Milch Batchelor arthroplasty showing the nece 1ty for
bending the plate to fit the o teotomized femur (B) A plate made to fit the osteotomized
femur woird the nece wity for bending and d unigng the implant  This antenorly angled
o teotomy plate hold « MeMurray osteotomy

18 better to have a gentle bend over a wide area than a <harp bend over
2 small area The m~truments used to bend plates often damage them at
the pomts of maumum pressure (Fig 90) By cushioning the force of
direct pressure with a small piece of rubher or plastic much can be done
to prevent this indentation and seritching

Tae Usk or WIRE

Stainle~s steel wire 1s often used by surgeon- In the state dehvered
from the manufacturer the wire if made out of AIST 316 or 317 stan
less steel will probabls be fairly mert However as soon as 1t 15 hinked,
twisted or hnotted then 1t 1s no longer stamless Brohen wire sutures
can often be seen on \ rayvs of old laparotomy sears Wires and bands
around hones have been thought to cause dissolution of bone by pressure
This 15 probably true to a certain extent but not entirely Often the

-
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Fic 90 1 hotogriph of 1 hent hone plate showing, the sharp indentations along, its edges
where the bending irons have damaged it If the plate mu t be bent 1t may be w1 ¢ to pro
tect 1t with eloth rubber or pla tic
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bone goes on atrophying and disappearing long after the wire has ceased
to bear actual contact with it Sometimes this may be caused by another
mmplint next tot bemng of another allov or 1t may be cau~ed by corrosion
of the wire hecause of damage done during 1ts in~ertion Great care 15
needed if wire 1s not to corrode 1 the bodv (Figs 91 and 92)

Is I1 Auw nas tH1 Me1i's Taowt?

Obviously, it eannot he Often enough fulure of a metal mplant by
fracture or corro~ion follons on <ome unforeseeable compheations This

F1g 91 Radiopriph of wire suture 1n a patella One wire uture has broken This is
very liable to happen at the ite of twisting » here the metal 15 deformed
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Fre 92 Radiograph showing a wire suture around a umted fracture of the tilva Trou
ble was of late on et and & zone of bone atrophy can be <een around the wire Pan and ten

derne < nece~ 1tated remoxal of the wire Corro 10n of stainle - steel wire may oceur with
out fracture of the wire

may be sepas It mav he a<eptic necrosis of a femoral head It may be
because too much has ! een asked of the metal Charnlev! has ponted
out that the force exerted on a plate holding a fractured femoral shaft 1s
enormous 1f the unsupported leg 1> hfted up by the patient This lesson 1s
applicable 11 many mstances were nternal fination 15 expected to hold
two bone ends together unuded by external splintage Sometimes there
15 little danger, but often 1t 1~ great (Figs 93 and 94)

Take the cace of the hup pro~thews In walking one mile a per-on puts
Ins full weight on each leg about 1000 times The forces on the head of
the femur amount to severil hundred pounds per <quare inch This force
m even a sedentary hfe 15 repeated between 5000 and 10,000 times daly
not counting the added thrust of nsing from a «itting powtion In 363
davs we get 11, to 31, milhion 1mpacts a vear And this in 2 corrosve
medium’ We must not indeed expeet muracles from metals
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bone goes on atrophying and disappearing long after the wire has ceased
to hear actual contact with 1t Sometimes this may be caused by another
1mplant next to 1t being of another alloy or 1t may be caused by corroion
of the wire hecause of damage done during 1ts mnsertion Great care 15
needed 1f wire 15 not to corrode in the bods (Tigs 91 and 92)

Is It Arw s THE MrTar’s Tavnr?

Obvioushy 1t cannot be Often enough faillure of a metal implant by
fracture or corroston follows on <ome unforeseeable compheations This

Frc 91 Radiograph of wire suture 1n a patella One wire suture ha broken This 1>
very hable to happen at the site of tax ting where the metal 1 deformed
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Fic 94 Thisrad h d trates of a fractured humeral shaft The two
top serews are loo e History r led noy perative bilization The metal should
not be blamed
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Fic 93 Wasit the metal implant s fault? Probably not in this case Inadequate post
operative immobilization of ths fractured femur probably snapped the upper screws Such
a long plate required extensive stripping of bone which may cause avascular necros1  In
any case nonunion followed
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Fic 96 In ome ca es tmplants which must stay 1 the body for many decades may
cau epamnand di function by even minimal corrosion In the caseillustrated here however
absorption of the femoral head and neck has led to a varu po 1tion of the mold Perhaps
the bone was rendered ava cular during urgery > The metal implant cannot be blamed

obviously good surgical thought must back up the performance of even
the most 1deal metal implant

RIFIRINCES
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Take the ca-c of the plated long bone When nonunion occurs one
wonders was 1t 1eallv the shape of the screw «lots? Or did the periosteal
stnipping and destruction of the nutrient artery at the operation so
devitalize the bone that delaved unton was 4 foregone concluston (Tigs
95 and 96)>

Onc could multiply these examples ad nauseum Suffice 1t to <ay that

Fic 92 Padiograph of a4 plated tinal fracture \onunson folloned Agamn onc c1anot
blame the implant metal Perhaps & horter plate would have m untamed bone apposition

adequately ?
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BONE AS A STRUCTURE

Charles O Bechtol, M D

The architecture of 4 single bone when analyzed with relation to the
forces which 1t must transmit in supporting the body and acting as an
attachment for muscles and Ligaments indicates that the bone 1s a prime
example of the relationship of structure and function Bone when ana-
Iyzed by standard engmeering techniques represents a nearly perfect
adaptation to the principal stresses which are placed upon 1t with de
velopment of the masimal amount of strength with the minimal amount
of matertal In analyzing the component parts of a bone we begm with
the joint cartilage which 1s the bearing surface (Fig 97) This cartilage
has at least a hmited power of <elf repair, providing 1t 1s not subject to
major mjury, and offers great durabihty The cartilage, however, has no
mechanical strength and 1s quite fiesible It 1s supported by the sub
chondral plate of bone and the subchondral plate 1s i turn supported
by a system of trabeculae Each individual trabeculum ends at approw-
mately nght angles to the surface of the subchrondral plate These
trabeculae then course 1n <uch a way that they reflect the known eng1
neering principles m the transmission of stress! They are supported at
nght angles by <tiffening trabeculae, once again a known engimeering
prineiple m the support of long thin columns The trabecular <3stem
transmits force to the cylindrical shaft of the bone A cilinder has long
been recogmzed as an extremely efficient method of transmutting foree,
particularly when the force may represent compreswion, bending, twist
mg or tension  Although n T beam will support <lightly more bending
tension than a eviinder of the <ame cross <ectional area, 1t can do this
onh 1 one direction The I beam 15 extremely weah when placed under a
twisting force The evlinder thus represents the 1deal shape for the cen
tral portion of the hone A <een 1n Tigure 98, 1t 15 more than 400 per
cent s strong as the <ame amount of matenal made nto a solid rod At
the opposte end of the bone the ~ame sequence of events 15 found, the
force transmitted by the evhindreal shaft transferred to a svstem of

127
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trabeeulae which end up at night angles to the curface of the subchondral
plate which agum upports the eirtilage joint heanng surface It <hould
be recogmzed that the forces apphed to the hones and jonts are vers
hgh Inman has ealeulated that m standing still on one leg the pressure
through the hip jomt represents approsimately 213 times body weight?
and the momentary forees durmmg runmng and jumpmng must be fan
tastieallsy Ingh and represent many times body weight

LaprrRIVMENTAL Wonrk Ri1aTInG TO S1rtcTLRE AND I't\c110N OF Bon:

Liperiments were carried out to determuine the relationship of the
breahing strength of the paured nght and left hones of experimental
ammals Prebminary attempts to cause these fractures by apphing force
couple~ to the ends of the hone were unsucees~ful because of frequent
diagonal tension fulures \ rehable method of fracturing the bones was
discorered to be the simple center loading of the bone while supporting
1t at each end The bones were supported on wooden dowels of appro
prate dinmeter spaced by turnbuckles and the center load was applied

Fi1c 98 This demon trates the relative trenith of a old bar 4 imple beam an I
beam anda cylinder all mide of the ame amount of matenal If the cxhinder1s con 1dered
1o be 100 per cent the re 1 tance to bending of the «ohid bar 1n a vertreal direction 15 3.0
percent the I beam 1s 5% per cent and the ey hinder 1s o33 per cent It should be ob ersed

l‘“‘;C\cr that the eylinder will re 1 t bending sn any direction whereas the simple beam
and the T heam ire rather we ik 1n bending to the side
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Fre 97 This chematic drawing shown bone as a foree tran nutting system The joint
cartilages at the end of the bone are the bearing, surface These are supported by a sub
chondral plate of bone which 1 1n turn supported by a bony framework the trabecular
system This trabecular 53 tem follons the hnown engineersng laws for tran mitting forces
by means of a <enes of narrow columns These narrow columns are supported at approt
mately nght angles by other imilar columns The trabecular system then transmits the
force to the cylindrical haft This shaft reflects the well hnown engineenng principle that
a evlider 1s the most effieient structure for its wetght to resist all ty pes of forces—compres
sion ten 1on bending and tor ion
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trabeeulae whieh end up at rght ngle< to the surface of the subchondral
plate which agam <upports the eartilyge Jomt heanng surface It should
be recogmzed that the forces applied to the bones and joints are very
high Inman has caleuled that in stainding still on one leg the pressure
through the np jomnt represents approstmately 215 times bods weght?
and the momentary forces during running and jumping must be fan
tasticalls gl and represent many times bods weight

IaperiviaTyg Woun Rirvrinve 10 S1rtcrt e o Fuaerion or Bon

Taperiments were cirned out to deternune the relationsinp of the
breahing «trength of the pured nght and left hones of experimental
ammils Prelimunary attempts to cause these fractures by apphing foree
couple~ to the ends of the bone were unsuccessful hecause of frequent
diagonal tenston farlures A rehable method of fracturing the bones was
diccovered to be the <imple center loading of the bone while supporting
1t at each end The hones were supported on wooden dowels of appro
prate diameter <paced by turnbuchles and the center load was apphed

Trc 95 This demonstrate the relitive strength of a sohd bar a simple beam an I
beam and a eylinder all made of the ame amount of material If the eylhinder 15 considered
t0 be 100 per cent the re 1 tance to bending of the solid bar 1n a vertical dircetion 15 320
Pereent the I beam s 59 per cent and the exlinder 1s 533 per cent It <hould be ob erved

however that the eylinder will rem t bending 1n any direction whereas the mimple beam
and the I beam are rather weah 1n bending to the 1de
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Fie 97 I'his rehematic drawming shows bone as a force transmitting «ystem The joint
cartilages at the end of the bone are the beariny, surface [he e are supported tn 4 sub
chondral plite of bone which 14 1n turn supported by a bony framework the trabecular
system [his trabecular sy tem follows the known engincering Iiws for transmitting forces
by means of o eries of narrow columns These narrow columna are supported at approxi
mately nght angles by other similar calumns The trabeeular syvstem then transmits the
farce to the cyhindrical haft This haft reflecty the well known epgincening principle that
& cyhinder 1s the most effierent structure for ats weight to re 1st all ty pes of force —compres

sion ten jon bending and torsion
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trabeeulae wlhich end up it nght mgles to the <urface of the subchondral
plate winch agan supports the (irtihige Jont bearng ~urface 1t <hould
be recogmized that the forces applied to the bones and Jomts are vers
Ingli Inman has ealeutated that m <tanding <till on one leg the pre-sure
through the up jomt represents approntmately 21, tumes hody weight
and the momentars forees dunng runnng and jumping must be fan
tastieally lugh nd represent many times body weight

Taprriventar Work Ritvine 10 Sirterent oo I userion or Bose

Experiments were cirnied out to determine the relationship of the
breahing <trength of the pured nght and left bones of evperimental
ammals Prelininary attempts to cause these fractures by applying foree
couples to the ends of the bone were unsuccessful because of frequent
drazonal tenvon fatlures A reliable method of fracturing the bones was
discorered to be the «imple center loading of the bone wlile supporting
1t at each end The hones were ~upported on wooden dowels of appro
priate diameter <paced by turnbuchles and the center load was apphed

Fic 93 Tins demon trates the relative strength of a olid bar 2 stmple beam an I
beam and a cylinder all made of the ame amount of material If the ey hinder 1s considered
to he 100 per cent the resistance to bending of the sohd bar 1n a vertical direction 14 320
ber cent the I heam 1s 538 per cent and the eylinder1 533 per cent It should be ob erved

however that the cylinder a1l re 1 t bending 1n any direction whereas the simple beam
and the I heam are rather weak in bending to the 1de
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Fra 99 Ths shows the method of supporting, the bone in the press The spwm [ waa the
same for ¢ ik patr of bones but w s vaned from ane par of hones to the nest depending
on therr fength The bending, moment diagram indicate that the foree 14 mrvumal immed:
ately under the center load on the bone

through « similar wooden dowel (Fig 99) It was found nceessany to
proteet the bone by picces of prano felt about 4 mch thick Otherw e
the dowels would cause loeal eraching of the hone leading to unwnted
fractures 1 ths arer Usimg this method 1t was found posstble to cause
the bene to fail by tension opposite the pomt of pplieation of the center
load Analy<is of the stress apphed to the bone under these eonditions
<hawus this to be the pomt of greatest tenstion The shape of the fracture
praduced m this fashion 1s ty preal of the bendmg fracture ~een clineally

The fracture runs approumately half way icross the bone from the
tenwion sde 2t nght angles to the surface and then curves off toward
the eud of the hone in g tvpical shear trajectors (Fig 100} If this bone

Fio 100 This _how the t3 preal picture of a bone broken by bending The stratght
transver & crack mdicates the portion cau ed by tension fulure and the obhgue {ricture
follows the eo called sheir trajectors The dotted hne indieates the ather half of the shear
trajectory I mo t cases this 13 not hroken off W hen 1333 separated stys called the 50 ealled
butterfly fragment which ho Ud he more correctls called 2 shear fragment
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Fre 101 This bar graph show the results of breaking 100 pairs of bones of experimen
tal amimals and 1s expres ed as the percentage by shich the breaking strength of the bones
deviated from the mean of their breaking strength This repre ents a truly remarkable re
lation hip of structure and function

1s observed on the following dayv a similar curved crach will be found
extending toward the opposite end of the bone made visible by seepage
of ol from the marrow cavity This 15 famular in chnteal fractures as the
so called butterfly or trnangular fragment and apparently 15 potentially
present 1 almost all <uch bending fractures even though 1t mav eust
onh as a fine crack and not have actually have separated off

Expervmental Results

One hundred pairs of bones were fractured by this method * They were
femurs and tihas from dogs sacnficed m acute cardiac experiments
Gro~ mspection of the hone showed no evidence of previous fracture or
dicease process and none of the amimals had been subject to experimental
procedures which might impair the strength of their bones Tigure 101

*This and subsequent experimental work was carnied out at Yale Unnasity School

of Mediane and the School of Tngineering 1n cooperation with \Mr Henry Lepper Lx
penses were defraved by a grant from the Lrdlc and Prange Foundation
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¥re 99 Thz hows the method of supporting the bonein the pre s The pn ¥ wasthe

ame for cach pair of bones but was varied from one pair of hones 1o the nest depcadmg

on their lenpth The bending moment dragram sndieates that the force s+ mavimal iuneds
ately under the center foad on the bone

through a <milir wooden dowel (Tig 99) It was found necesars to
protect the bone by pieces of prano felt about 14 meh thnch Otherwi e
the dowels would cause local craching of the bone leading to unwanted
fractures 1 this area Using this methoed 1t was found po =ihle to causc
the hone to fail by tension appostte the pownt of apphication of the center
load Analyste of the stre = ipplied to the bone under the ¢ conditions
<hows thus to be the pomt of greatest tension The shape of the fracture
produced n this fashion 1s typical of the bendimy, fracture <cen dmeally

The fracture runs approumately balf wav across the bone from the
tenwon wide at nght ngles to the surface and then curves off toward
the end of the hone 1 a typical shear triectors (g 100) If ths bone

Fic 100 Thts shows the typical picture of a bone broken by bending The strarght
transver e crack 1ndicate the portion cau ed by ten ron falure and the obhgue fracture
foliows the o-called shear trajectors The dotted line indicates the other half of the shear
trajectory [nmo teaes thrs »s not brohen off When 1t 13 separated 1615 ealled the so calied
butterdly fragment which _hould be mare carrectly called a shear fragment
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Fia 101 This bar graph shows the results of breaking 100 purs of bones of expenimen
tal ammals and s expre ed as the percentage by which the breaking strength of the bones
deviated from the mean of their breaking strength This represents a truly remarhable re
lation hip of structure and function

15 obeerved on the following day a similar eurved erach will be found
extending toward the opposite end of the bone made visible by seepage
of o1l from the marrow cavity This 1s famular in clinical fractures as the
50 called butterfly or triangular fragment and apparently 1s potentially
present 1 almost all such bending fractures even though 1t may ewst
only as a fine crach and not have actually have separated off

Expervmental Results

One hundred pairs of bones were fractured by this method * They were
femurs and tihas from dogs sacnficed 1n acute cardiac evpertments
Gross inspection of the bone showed no evidence of previous fracture or
disease process and none of the ammals had been subject to experimental
procedures which might impair the strength of their bones Figure 101

* This and subsequent expenmental work was carried out at Yale Unyersity, School

of Medieine and the Sehool of Enginecring 1n cooperation with Mr Henry Lepper Ex
penes were defriyed by a grant from the Erdle and Prange Foundation
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Fio 93 Theshon the method of supporting the hone in the press The apin I was the
ame for each pair of bones hut w s vaned from one patr of hones to the next depending,
on their length T'he hending moment diagram sndicates that the foree )« miximal smmed:
ately under the center load on the bone

through 2 stmilar wooden dowel (Ig 99) It was found necessary to
protect the bone by preces of prano felt about 14 mnch thieh Otherwre
the dowels would cauce Jocal craching of the hone lexding to unwanted
fractures 1n this area Uang this method 1t was found posaible to eause
the bone to fml by tension opposite the pont of application of the center
load Analvers of the stress applied to the bone under these conditions
shows this to be the point of greatest tension The shape of the fracture
produced 1n this fashion 1s tvpeal of the bending fracture seen clinteally

The fracture runs approumatcly half way across the bone from the
tension wide at mght angles to the surface and then curves off toward
the end of the bone 1n a typreal shear trajectors (g 100) If ths bone

Fie 100 This shows the typical pieture of a bone broken by bending The straight
transver & crach indicates the portion caused by tensian fatlure and the obhique fracture
follow« the so called shear trajectory The dotted line indtcates the other half of the shear
trajectory Inmost caves this 1s not broken off W hen it 13 separated 18 1s ealled the #o ealled
butterfly fragment which should be morc correctly called a shear fragment
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Compression

¢
Neutral
Axis

180°
Ten«ton

Fte 107 Thisy acro < cction of the bone «howing holes dnlled 1n different po 1tion
The dotted line repre ents the neutral axis The hole drilled through this axi~ 1 neither 1n
ten 1on nor compre~ 10n The holes abote 1t are in compre 10n and tho e below 1tn ten

1on The tno holes on the ten 1on 1de of the bone reduced the breaking strength of the
bone by about 30 per cent The hole through the neutral axis and the holes on the compres

1on 1de did not reduce the breahing <trength of the bone (The e holes were approumately
20 per cent of the diameter of the bone )

A «cries of thin ground sections of human bone of varous ages carned
out by Trost m the Yale Orthopnedic laboratory indieated a very great
dnvergence 1 the size of the Haversian systems and Volhmann canals
(Fig 103) In addition to this he demonstrated that in older samples of
bone the number of o~teones contuming hving osteocvtes became re
duced, large portions of the bone bemng devoid of hving cells and ap
parently lifeless Cracks ecaused by the gnnding technique were much
more frequent 1n this avaseular bone (Iig 104) He was further able to
demonstrate by staming the <ections with alizarin before grinding that
<ome fatigue crachs must eust in this avascular substance during the
Ife of the individual These crachs whether fatigue eracks eusting during
hife or artifacts in the grinding esvisted only 1n the avascular bone and
failed to propagate through the bone of the hving Haversian svstems
Testing these sections with a micro hardness tester indicated that the

avascular bone was harder hut more bnttle than the bone of the iving
osteone

GREENSTICR TracTl RES

In testing the bones of <ome young macaque rhesus monhevs green
stick type fractures were regularly produced This hone 15 less brittle
than adult bone to a1 startlng degree 1 bend of 5 to 10 degrees frequently
being apparent before the greenstich fracture oceutred The greenstich
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shows the difference in breahing strength of the pared hones This 1s
expressed as the percentage by which the breaking strength of the hone
deviated from the mean It will be <een that the greatest deviation was 9
per cent One standard deviation was caleulated to be 2 4 per cent This
represents 1 truly remarkable relationship of <tructure and function and
1t would be difficult to obtain «umular results by testing pieces of wood
or metal of sumilar iz As would be expected the length, dinmeter, wall
thichness, and other measurements of these bones differed widely from
one ammal to the next Howetver, in each mdividual pair of bones they
showed very minmmal differences One surprising oh<ervation during this
expermment was that at the moment of fracture, the bones may fly apart
violently apparently beeause of the release of the stored up energy on
the compression side of the bend The bones were loaded 4t a2 umform
rate to produce fracture i 10 to 20 second« Very slow loading (more
than one hour) was found to shghtly reduce the breaking strength of the
bone

Since bone 15 a brittle materal 1 would be expeeted that any defect
produced n 1ts structure would lead to considerable reduction n ats
breaking strength The following experiments were carried out to de
termine this weahening effect

THE WEARENING LFrECT OF 3 Dninn Hownr 1nv Bone RELATED To IS
Position 1v TEAs1on Or COMPRESSION

Holes were drilled 1in bone using standard twist drills The holes were
placed at the pont of center loading in the experiment Theyv were
onented 180 degrees, 135 degrees, 90 degrees, 45 degrees and 0 degrees
away from the point of applhieation of pressure In each case the hole was
dnlled 1n one bone through one cortey, the other bone bemng used as the
control The holes were appronimately 20 per cent of the outside diameter
of the bone Holes drilled on the tension side of the bone at 180 degrees
and 135 degrees from the point of application of force showed 2 weaken
g effect on the bone of about 30 per cent plus or minus 10 per cent The
hole at the neutral aus (90 degrees) and those on the compression side
(45 degrees 0 degrees) showed no weahkening effect This corroborates the
findings of Evans Pederson and Lissner on small pieces of bone indicat
ng that bone 1s considerably stronger 1n compression than tenston Dur-
mg these experiments no attempts were made to calculate the actual force
on the hone at the point of break since 1t was felt we povsessed nsufficient
Lnowledge as to the variation of the strength of bone 1n varous parts of
the same hone Expermmental worh of Lissner and Evans has mndieated
considerable variation m the strength of bone removed from different por
tions of the same bone



BONE AS A\ STRUCTURE 135

Fic 104 This 1s a thin ground ection of bone from an older individual The living
© teoey tes about the Hiver 1an canals are heavily stained Avascular portions of bone be
tneen the Haver 1an system can be een as highter unstained matertal Crachs caused by
grnding are demon trated through this avascular bone They do not however continue to
be propagated through the vasculanzed portion of the bone This incheates that the avascu

lar bone 1 harder but more brttle than the bving bone substance Prepared by Dr Harold
Frost

16 100 Tiu demon trates a green tick fricture with a tension farlure The remaining
portion of the bone demonstrates a remarkable degree of flexitality
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Fio 103 (A) A thin ground section of buman femur which appears solid to the naked
eye but actually contains many large va cular spaces (B} A cross ection of the lmea
aspera It can be centocontain many largeva cularchannels Prepared by Dr Harold Frost

fractures were of two types Some bones failed on the tension side with
a stmple transverse crach extending half was across the bone (Fig 105)

Other bones failed on the compression side In these a curved tongue of
bone caused a fracture acro<s appronimately half the boue, the failure
apparently occurnng as a shear failure with the fracture line extending
forward from the convex surface of the crack at an angle of about 45
degrees toward the marrow cavity (Fig 106) The fleutbility of the re

maining half of the bone was most spectacular, further bending to 30 or
40 degrees bemg frequent hefore complete failure and 1n one case a bend
of 100 degrees occurnng before final faillure This corroborates chinieal
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Fic 10t This 1s a thin ground ection of bone from an older individual The hving
osteocy tes about the Haver 1an canals are heavily stained Avascular portions of bone be
tween the Haver 1an systems can be seen as lighter unstained matenal Cracks caused by
grinding are demonstrated through this ava cular bone They do not however continue to
be propagated through the vascularized portion of the bone Thisindicates that the avaseu

lar bone 15 harder but more brittle than the living bone substance Prepared by Dr Harold
Frost

Fre 105 This demonstrates n greenstick fracture with a tension failure The remaining
portion of the hone demonstr ites a rem irkable degree of flexthality
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Fic 103 (i) A thin ground section of human femur which appears solid to the naked
eye but actually containz many large va cular spaces (B) A cro s ection of the hinea
aspera It canbe eentocontain many large va cularchannels Prepared by Dr Harold Frost

fractures were of two tvpes Some bones failed on the tension side with
a simple transverse crack extending half way across the bone (Fig 103)
Other bones failed on the compresaion side In these a curved fongue of
bone caused a fracture across approuimately half the bone the failure
apparently occurring as a shear failure with the fracture hine estending
forward from the convex surface of the crack at an angle of about 45
degrees toward the marrow cavnity (Iig 106) The fleubility of the re
mamng half of the bone was most spectacular, further bendmg to 30 or
40 degrees being frequent before complete failure and 1n one case a bend
of 100 degrees oceurnng before final failure This corroborates cluucal
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Fic 107 This figure compares the theorctical wehening effect of dalling holes 1n bone
of vanons rizes with the actual expenimental results The theoretieal weakeming effect 15
ba ed upon the actual amount of bone removed and repre ents the sohd line The test re
sults are summanzed by the dotted hine and indicates that the additional factor of having
the small holes act a« a sh arp noteh was probibly also of sigmificance There was considera
ble scatter 1n these results of plus or minua 15 per cent

RATIO

ahout 20 per cent of the bone diameter <ince 1ts weakening strength will
be nearly as great {Toles larger than 40 per cent of the hone diameter haye
avery considerable weakhening eftect

Erfrct oF 4 Serrr WHILG Drivuing Tor How

In drilling <ome of the larger holes 1t was observed that the drll mught
cateh on a picee of bone winle penetrating the marrow cavity (Thg 108)
If the dnll was then 1oughly foreed ahead a small chip would occur at
this pomt tarting 4 ~mill fracture m the hone In the-e eases the break
ing strength of the hone i~ found to be very greatly decreased, being
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Fi1G 106 Tl demonstrates the method of green tich fracture when the failure 1s on 8
45 degree hear pline on the compre wion side nnd a curved tongue of bone with the frac
ture surface slanting mward toward the marron eavity at 45 degrees telescopes 1n 1de the
concave portion of the curved fracture Once again the remaining portion of the bone re
matns intact through an amazing degree of further flevion

experience m children’s fractures and mdicates the marhed fleubility of
joung human and monkey bone
In contrast bones of new born rabbits were found to be quute brittle

Tue. LrrecT or Tay Size oF tHr Hore oN THF
Bresrne SinenctH or Bone

VWith the use of different s1ze twist drills holes were drilled at the 180
degree position at the point of greatest tension stress opposite the force
applied to the center of the bone Size of the hole was compared to the
outeide diameter of the bone and 1s expres-ed 2s a percentage Hole size
varied from about 3 per cent of the bone diameter to a little more than
40 per cent of bone diameter The very small hole gave surprisingly great
reduction m the breaking strength of bone and as would be expected 1n
a substance such as bone which 15 not 2 homogeneous structure there
was a rather wide <catter in the results (Fig 107) It was evident that
the neakening effect of these <mall holes far exceeded the simple removal
of bony =ubstance This mu-t reflect the fact that a small hole 1s a stress
concentrating defect similar to a sharp notch Irom these results it ean
be concluded that there 15 no advantage 1n mahing a hole smaller than
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Fic 109 Chis compares the standard twist drll for metal with the improved dnll for
u e with bone The improved drll on the nght has a narros chi el point at 1ts tip The
angle of the tip of 90 degrees The cutting face of the dnll has been reduced to 0 degrees
The sharp edges of the spiral flute have been dulled The drill 1n the photograph 15 made of
vitallium which will neither correde while being autoclaved nor break even though it may
be Lent in a 180 degree arch
139
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Frc 108 This shows a twist dnll penetrating the cortex of the bone with a portion of
hone berng, caught by the curved fute of the dnll Foreing this dell roughly ahead will
chip off a prece of bone and greatly weaken the breaking strength of this bone

weakened by as much as 60 or 80 per cent from the breaking strength of
the control bone

It was felt that 1t mught be po-sible to adapt a twist drill to the par
ticular problems of dnlling bone and consultation was accordingly ar
ranged with the Greenfield Tap and Die Company regarding the specific
problems encountered m dnlling bones The following criteria were con
sidered 1mportant 1n the design of the dnll for bone (Fig 109)

1 The dnll should not walk on the surface of the bone when the
hole 1s first started This allows the dnill to be placed accurately in the
center of a hole mn the metal plate and will prevent 1t from moving toward
the side of the hole as the dnlling 1s started This will prevent the drill



Fic 109 This compares the standard twist dnll for metsl with the improved dnll for
u e with bone The improved dnll on the nght has a narrow chi el point at its tip The
angle of the tip of % degrees The cutting face of the drll has been reduced to ¢ degrees
The sharp edges of the spiral flute have been dulled The dnll 1n the photograph 1s made of
vitallium which will neither corrode while being autoclaved nor break even though 1t may
be bent 1n & 180 degree arch

139
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from damaging the metal plate and also will accurately center the screw
This quality 1s even more important after the dmll has penetrated the
first cortex of the bone and enters the <econd cortex 1If the surface of the
second cortex 13 shghtly uneven or at an angle the dnll will tend to walk
on this surface and because the drll 15 firmly held in the first cortex 1t
mav easly breah off as it 15 driven to one side by the walking of the
point

2 The angle of the dnll tip should be 90 degrees It 1s common practice
1 the manufacture of twist dnils to use a 90 degree pont 1n substances
such as plastics and bakelite to prevent the clupping of these substances
Since bone 15 stmilar to these <ubstances the 90 degree point should re
duce the chipping of the bone The 90 degree pomnt has an additional
advantage n that 1t allows the dnll pomt to mahe contact with the
second cortex of the bone at a greater angle than the 56 degree point
which 1s standard 1 metal dnlls

3 The cutting face of the dnll <hould have a zero rake (be parallel to
the direction and progress of the dnll) This has two advantages Furst,
1t prevents the dnll from catching as 1t emerges from the cortical sur
face of the bone and dnving the dnll ahead to chup out a piece and sec
ondly 1t remains sharp longer

4 The sharp edges of the spiral flute <hould be dulled so that any
wobbling of the dnll in the process of dniling the hole will minimize the
reaming of the hole to a larger size Lien under the best operating condi
tions there is always some wobbling of the dnil and <ome reaming effect
Texts carried out 1n the laboratory 1n this regard show that even with the
bone clamped 1n a vise and the dnll hole made with a hand drnll 15 care
fully as possible the hole was alwavs 2 or 3 «1zes larger than the dnll
which was u~ed

5 The dnll should be made of a substance which cannot be corroded
1 the process of stenilizing 1n an autoelave Both vitalhum* and stainless
steel have been satisfactory m this regard Although carbon steel metal
drills are made of much harder metal and will hold therr pomnt much
longer under ordinary conditions, this metal 15 very easily corroded 1n
the autoclave and 15 thus dulled before 1t can even be used for the first
time 1n surgery  Under the conditions n surgery the wvitalhum or stan-
less steel drlls will st1y <harp much longer

6 Ihe metal from which the dnll 1s made should not be bnittle Carbon
steel can be bent only a fewn degrees hefore 1t snap~ off and this has been
a frequent experience under actual operating conditions Both 1italium
and stainless steel are quite malleable and can be bent more than a right

# The drills tested were supplied through the courtesy of The Austenal Laboratories
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angle hefore there 1« amyv danger of breakage  Los s felt to be an ex
cellent «afets fetor

T Lirrer or Invictrr Drrrers v rar Bong

Defects 1 bone suclt 1 <aw cuts donor «ites for removal of hone
graft and <o on will weaiken the bone munly according to two factors
first the amount of bone removed from the total circumfercnce of the
hone and ~ccond the presence of iy sharp erachs or <aw cuts extending
out from the edges of the defect The weakemng effect of the saw cuts
or «plits can be reduced by drilling 2 hole at the end of the spit The
1deal method of removing a hone graft from the «urface of the tibhia for
example would be to dnll four holes at the anticipated corners of the
hone graft and to run the <aw cuts to these holes and avoud the sharp
corner~ The holes <hould he ', to 1 the width of the bone graft re
moved or 1 single large hole the full width of the bone graft could be
made with a bram burr Tl howeyer, might destroy considerable por
tions of potential hone graft materal

Tur LrFercr oF Pracineg a Screw 1™ v Drint HoLe

Drll holes of appropriate «i1ze were made 1 each of a pair of bones as
would e done 1n preparation for placing of the ordinarv bone screw A
bone <crew w1s then dnlled mnto one of the pur as would ordinarly be
done 1 an operative procedure The holes were placed at the 180 degree
position 1n order to be under maximal tension and the bones were broken
as has been desembed previously Twenty pairs of bones were used
this experiment It was found that the bone 1 which the screw had
been placed was <omewhat weaker than the bone contatning only the
drill hole and tins was m the proportion that would be expected had 2
slightly larger hole been drilled 1n the bone The effect was approvimately
that of dnlling the hole the <ame «ze a- the outside diameter of the
screw threads As far as 1ts weakemng effect m bone then the placing
of a <crew n the hole merely enlarges this hole to the size of the screw
threads wath the concomitant weakening effect

The effect of filing a dnil hole with the round shank of a drill which
was a very tight fit was next determined Lqual dnll holes were made 1n
cach of a pair of hones They were approvimately 20 per cent of the bone
dinmeter The round shank of a slhightly larger drill was then carefully
inserted nto one dnill hole <o that 1t would be a snug fit and the two
pairs of bones were broken as deserihed above The presence of the round
shank had neither w eakemng nor strengthening effect on the bhone
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Tar. WeARiNING EFFrcT OF A Pratt Faste\rD
10 THE Bonr wiTH SCREnS

An even greater weahening effect upon the bone was found than in
the presence of a single screw The plates were of appropriate lengths
for the bones used They were either two holed plates or four holed
plates and were fastened firmly to the bone by the use of the screws
through 1ll the holes avaulable The end screw was plaeed on the tenston
side of the bone at the pont of greatest tension stress The weakening
effect on the bone as compared to the control bone was about 40 per cent
as opposed to the weakening effect of 4 «ingle screw of about 30 per cent
The reason for this 1s thought to be that the presence of the plate actually
stiffened a portion of the bone, and thus n addition to the presence of
4 <crew 1n the bone which would in aitself have a weahemng effect, the
fact that this was 4 place in wlich the stiffness of the bone (or total cross
sectional area of bone and plate combmed) made a sudden change added
an additional stress concentrating factor and these two factors then
added up to 1 greater weaheming of the breaking strength of the bone
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REPLACEMENT OF LIVING TISSUE

Charles O Bechtol, M D

The weight beanng <tructural cloments of the body are the bones
They follow well known Iaws of mechanteal dewign Bones, however, have
ont ierv remarhable quality n that only under the most estreme
arcumstanees are they subject 1o falure by fatigue Tatigue farlure of a
structural matenal 1s that quality which eauses the materal to break
after 1t has been repeatedly bent to a small degree The bending may
be <o small as to be almost imperceptible and the piece of material may
not he bent <o far that 1t awumes 2 permanently bent position and m
some c1ees it may tahe many million bends before fatigue fallure wall
finally occur When the entical number of bends has been reached how
ever, the matertal will snap m two as though 1t were a buttle substance
Thas tvpe of fatigue farlure happens to bone under only the most extreme
conditions Tt 15 called march fracture and this name ndicates that it
usually oceurs in army trunmng when someone from sedentary hfe 1s
suddenly subjected to the mgors of vigorous tramnmng marches Dven
under these crreumstances only a very small percentage of the tramees
develop fatigue fractures, usually m one of the small metatarsal bones of
the foot The only other <ituation i which we observe such fatigue
fractures are 1 conditions which make the bones of the body exceedingly
weak because of <ome abnormahty of the peneral metabohsm of the
body Bone thus demonstrates the etremely ymportant quahty of self
repair and 1t 15 this which poses a very difficult and sometimes insoluble
problem when we attempt to replace a portion of bone with some type
of nonliving substance

When we are ashed to define what eonstitutes the quahity of hiving
fiesue we ysually think in terms of motion, growth, or ability to reproduce
iteelf However, when we enter the feld of attempting to replace living
tissuc with <ome artificial deviee we are mmmediately struch by the
amazing abihty of thie ticsue to continuously repar atself by a process
which we would call ‘mamtenance ’ if related to machinery When we

143
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give this matter a httle further thought we have alwavs been aware of
some of these characteristics Haur fingernails, and toenuls are continu
ously replaced and although the process 15 less spectacular the <kin of
our entire hody 15 always being gradually worn away and replaced from
underneath This continuous replacement of the shin 15 perhaps most
dramaticalls  demonstrated in chemustry class when a drop of silver
mtrate may permancntly and deeply staun the superfiensd ayers of the
shin In a weck or two these layers are gradually replaced and the stan
spots will diappear However when we attempt to ginve an amputec a
cosmetic replacement by giving lim a plistic cosmetic glove we find
our-ely es faced with a <evere problem of <tuning the surfice of the glove
In order that tlus co-metic glove not be too expensnve 1ts durabnhty
should be at feast from <iv months to one year Ilowcver, even with the
most extreme care the glove will gradually be stuned durmg this time
with varous matenals 1t will contact, and we then can traly apprecite
the remarkable qualities of normal human <hin and the constant replice
ment of the superfiaal Iayers wineh goes on In the use of an cvternal
type of prosthetic appliance such 1 an artificinl hmb or a brac, the
maintenince problem 1~ not too exere since the device 15 readily acce~sible
for replaccment of pirts, othing jomts, refimching of the surface, and <o
on However innternal prostheses or devices such repatrs are not readily
carried out

In contiast to the external prosthews such as the artificinl imb which
15 accessible for repur once we have placed this internal prosthesis into
position 1t must remamn there for the hifetume of the ndividual and we
shall b unable to nspeet 1t routinely give 1t such maintenance as it
needs or replace it when necessary We hnow from long expenence that
metal parts placed mn the body to take the place of portions of bone can
undergo fatigue fallure and bhreak Beeause of the extreme difficulty of
the experiments involved we do not know what the fatigue himuts are and
we cannot at the present time give the engineer exact design entena for
hus use n the development of these replacement apphiances The reason
for this lack of information 1 the considerable time mvolved in these
experiments the difficulty of placing recording instruments within
living tissues for long perods of time and the impossiility with our
present mstruments of measuning the stresses to which these deviees
are subjected within the Iiving body and heeping an accurate record of
the number of times these stres<es are applied

Fven the normal <hght bending of 1 hone may eventually lead to the
fatigue fatlure of metal Therc are examples of fractures m whieh = rod
has been placed down the marrow cavity of the hone to mamntain pos
tion duning fracture healing After the fracture 15 completely liealed m
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some eases the rod has not been removed  Mter several vears of wailhing
around with the rod m place the \ ravs have <hown that the rod 1s broken
m two beeance of repeated ~mall bendings within the bone  This brings
up an additional problem in design, smnee one of the reisons for the
fracture of tius rod i the differcnce m fleabibity (modulus of elastioity)
af bone and the metal rod

The metal 1s considerably less flenible than the bone Ths 15 only one
of the problems posed by hiving treue 10 1ts attempted replacement A
sceond problem 1 thit the trsue 13 alnve only because it can recene
blood wupply from the surrounding tissue and n the case of bone any
apphiance wineh 15 placed w the body must not cover too much of the
surface of the hene heeause its blood ~upply will be mterrupted wd the
bone wall dic This neeessanly places a ~evere lmutation upon the de~ign
of many of these deviees whieh could be made much stronger and mote
durable if they could he mde of suffietent size  Their <1ze, hower er, must
be limted beean-e they would otherwise mterfere with the blood supply
of the bone to winch they are attached A <imuar size problem 15 that
related to the pices malbk within the bods Beneath the ~kan only
S0 much wpace 1 avmlable and th 1 all aeeupred by normal structures—
hone, muscle nuves blood vewels fit hgaments, and tendons The
replacement desice then ennot be much Iarger than the bone which 3t
1 10 replace ~inew. 1t would otherwise prews on the surrounding muscles,
Nenves and blood vewsels and peithaps even protrude through the shin
with resultant disturbance of thiese tivues
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ConcLusion

It will be seen from this discus<ion that attempts to design replacement
devices for bonv portions of the bodv are immediately hmited by many
factors No matertal 15 hnown which has the quality of <elf repair which
15 possessed by normal lising hone The design of any replacement device
16 limited to approvimately the size of the hone for winch it 16 substituted
1 his frequently means that we must aceept 2 device of less strength than
we might desire, and this device must be <o dewigned that 1t will not
nterfere with the blood supply of the bone and ~urrounding tissues or
death of the bone and the-e tissues may follow, leading to a poor result
We can only conclude then from the present <tate of our hnowledge that
we are unable to offer any devices which ean ¢ven partially replace hone
m 1ts full notmal funetion and any device must then necesanly offer
only limited function The ravages of disease and injury, however, force
us to attempt these difficult tashs <ince the only alternatne 1s to leave
our enppled patients even more mited m function than what we can
offer them with <ome type of replacement prosthe<s in many cases The
pattern of our past ewpertence mdicates that manv patients can be
benefited by replacement of parts of the body with various substances,
and results from year to vear show a steadyv encouraging 1mproy ement
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FRACTURE HEALING IN A
TEMPORARY SPLINT

Charles O Bechtol, M D

Fractuare healing = an orderhy proce-~ begmnimng with the blood clot
and teeue deliwin whiel surrounds the fracture and ending with the
formation of hony eallus In uncomphieated eases this hony callus follows
hnown cnmmeening prneiples achies ing masimal strength with 4 mimmal
amount of matena} Proper formition of tins bony eallus 15 primaniy
dependent upon 1dequate Hlood ~upph i the surrounding tissues The
greit magonty of fractures cin be adequately held by means of plaster
of Pans easts or traction ang the healing time 15 ~uch that <tiffnevs of
the adjacent joints will recover and no permanent disainhty will ensue
There are 4 ~mall pumbrr of frietures however, m which this 1< not
passibile and ~ome type of internal fivation 1 desirable either to mantam
the hont fragments mn opposition or to aflow earher mohlization of
jomts and ~oft tisue The three problems encountered m mternal fina-
tion are (1) the ue of a <ubstance which 1s not irntating to the tissues,
(2) the u~e of 4 matemal 1nd dewgn which i <ufficiently trong and durable
to mamtain powtion until the fracture has healed and 3) dewign of the
surgieal spproach and pliccment of the fisation matenal m such @ way
that the blood <upply of the heahing fracture will not be senoush nter
fered with It 15 of course imposstble to earry out nternal fination of «
fracturc without mterfening m <ome degree with the blood supph n the
wea of the he ahng fracture

As a result of the basic problems stated above, it 1« usually 1mpossible
to design & method of fivttion which witl hace more than a 1ery small
amount of the strength of the mtact bone In many caces it will be
necessary to use ome additional type of fization such as traction or
plaster of Pans caxt Here a compromise must be made between the
strength of the fixation device and the amount of blood supply disturbed
n heabing \Metal plates winch are ipphed to the external surface of the
hone ean obviousts b made stronger by making them larger or by uang
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multiple plates This probably will disturb the process of fracture healing
as more and more of the hone <urface 15 exposed and covered with the
metal plates Studies comparing mitial breaking strength of cadaver
bone with the <trength of this hone after having been plated by one of
the usual methods indheate a great v ination in the strength of the plating
procedure because of many vanables, but in every ca<e the plated bone
1s only a fraction s strong as the ongial intact hone! Kuentscherstresses
the need for using very large intramedullary nals if they are to approach
the strength of the intact hone The size nails whieh he recommends will
not fit the normal marrow cavity of the bone but require that the marrow
cavity be reamed out with a «<pecial tool for thewr msertion It must be
here emphacized that this diseus<ion relates only to 1 =ingle test on the
bone and 4 <mgle test on the mternal fixation device Under actual
conditions of use 1n the bods the fixation device 15, of course, subjected
to fatigue farlure hecausc of repeated bending stress It will be remem
bered 1n the previous diccussion that hone exhibits fatigue failure only
under the most extreme conditions, whereas metals used 1n bone fixation
are defimtely subjeet to fatiguc falure In this category, then the internal
fixation devices must be deseribed as markedly weaher than the intact
hving bone These fatigue failures of internal fiation devices have been
seen to oceur climically 1 2 period from 4 few weehs to a few months after
their insertion 1n cases in which excessive stress has been put upon them
There are at present no dati available on the forces necessary to cause
this fatigue The extreme difficulty and complety of carrying out such an
experiment 15 obvious and at present we must rely on clhintcal observations
which indieate that fatigue and overstress failures can occur with all
types of metal internal fination devices Studies by Lind-av and Howes

mdicate that 1n the process of fracture healing there 15 a gradual and
stead\ mncreas<e m the breaking strength of the fracture callus as it devel

op- until 1t finally exceeds the strength of the intact bone when com

pleted These experiments were carried out 1n rats and parallel clinical
experience 1 human fractures One of the insoluble problems n the
design of devices for internal fivation 1s that most of them must be made
of several parts which must be fastened together This 1s usually a me

chameal necessity as 1n the case of plates and screws The screws are
necessary to fasten the plate in position and yet between the screw head
and the hole in the plite a condition known as fretting corrosion ean
occur This consicts of an infinitestimally small motion between the two

surfaces of metal and among 1t results 15 the scraping off of the protecting
oude layver on the surface of the metal thus leading to accelerated corro

sion 1 this area The small cracks thus established will act as a source
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of weahness 1 the plate and may lead to its early fracture Fhis 15 o
common problem m ll weh types of fit m engineering and 1~ very diffi
cult and man imes inpossible to deal with

The problem of 1 permanent replacement of o portion of bone with
some <ort of & metal or phistic substitute 15 even more dificult First
difficulty 1~ the fasteming of this mternal prosthetic device to the bone
There must be as wide in aten as posable through which thus foree 1s
applied Dxcessine pressure on the bone will cause local neerosis and
ahsorption of the bone 1he force must likewise be spread over as much
of the metal or plastie surface 1 poswible wince local areas of stress con
centration mght lend to an early fatigue fiacture of the prosthetic deviee
Nature presents us with an interesting experiment m this regard n her
dewgn of the epiphy <enl plate at the end of the varous bones These are
much more strihingly demonstrated n 2 specialized quadruped such as
the sheep or deer and are much less highlv decveloped 1 man or the
great apes The epiphysis has good strength in compreswon but 1s rela
tnely weaker than the surrounding bone 1n <hear, as 15 seen 1 fractures
through this area and in <hpping of the upper femoral epiphysis The
area of weakness hies between the epiphy <eal cartilage and the met iphysis
A strilang example of the design of epiphyseal hnes 15 seen 1n the knee
where the distal end of the femur has a very irregularly shaped hne
(Tig 110) The force transmitted from the tibia to the femur will vary
within about 135 degrees depending upon the degree of flesion at the
knee If the epiphy«eal cartilage 15 removed by boilmg the bones 1t will
be found that when the epiphy s 15 returned to 1ts normal posttion 1t 1s
quite stable because of the configuration of the epiphyseal plate even
though the bones now have no adhesrve force holding them together The
epiphysis at the top of the tibia 15 an entirely different situation Here,
regardless of the degree of hnee flevion force s transmtted appronimately
m the direction of the aus of the tibia and therefore the epiphyvsis 1s
subjected onlv to simple compression This epiphisis 15 neatly flat with
only very shght wrregularity With regard to the design of the prosthetic
device, extreme limitations are imposed upon the amount of matcrial
that can be used since 1t must fit within the tissues of the body and cannot
be much larger than the part of the bone wlich 1t 1 repleing Great cue
must be used to avoid sharp notehe s or sudden changes 1n cross sectional
areas sinee these will all cerve to concentrate stress and lead to fatigue
fracture At the precent state of our hnowledge 1t 15 doubtful if amy of
these devices can survive normal activity for a long period of time Most

of them probably succeed because the estremuty 15 used to relatively
limited degree
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multiple plates This probably will disturb the process of fracture healing
as more and more of the bone surface 1s exposed and covered with the
metal plates Studies comparmng mtial hreaking strength of cadaver
bone with the strength of this hone after having heen plated by one of
the usual methods mdicate a great varation n the strength of the plating
procedure because of many varables, but 1 every case the plated bone
1s only a fraction as strong as the oriyginal intact bone! Kuentecher stresses
the need for using very large intramedullary nailsf they are to approach
the strength of the intact bone The size nails winch he recommends will
not fit the normal marrow eavity of the bone, but require that the marrow
cavity be reamed out with a special tool for their insettion It must be
here emphasized that this discussion relates only to a single test on the
bone and a <ingle test on the iternal fixation deviee Under actual
conditions of use 1 the body the firation device 15, of course, subjected
to fatigue failure because of repeated bending stress It will be remem

bered 1n the previous discussion that hone exhibits fatigue failure only
under the most extreme conditions, whereas metals used 1n bone fisation
are defimtely subject to fatigue failure In this category, then the nternal
fixation devices must be deseribed as markedly weaher than the mtact
Iiving bone These fatigue fatlures of nternal fixation devices have been
seen to occur chinteally n 2 period from a few weehs to a few months after
their insertion 1n cases 1n which excessive stress has been put upon them
There are at present no data available on the forces necesary to cause
this fatigue The extreme difficulty and compleuty of carrying out such an
experiment 15 obvious and at present we must relv on elinical obsery ations
which indicate that fatigue and overstress failures ean occur with all
ty pes of metal internal fixation devices Studies by Lindsay and Howes

indicate that 1n the process of fracture healing there 15 a gradual and
steady increase mn the breaking strength of the fracture callus as 1t devel

op> until 1t finally exceeds the strength of the intact bone when com

pleted The-e experiments were carried out m rats and parallel clical
experience 1n human fractures One of the msoluble problems m the
design of devices for internal fixation 1s that most of them must be made
of several parts which must be fastened together This 15 usually a me

chanical necessity as in the case of plates and screws The <crews are
necessary to fasten the plate i powtion and yet between the screw head
and the hole 1n the plate a condition known a- fretting corrosion can
oceur This conmsts of an mfinitesimally small motion between the two
surfaces of metal and among 1ts results 1~ the scraping off of the protecting

owude layer on the surface of the metal thus leading to accelerated corro

sion 1n this area The small cracks thus established will act as a source
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Ritracr MinT oF JoINt StRescrs

The use of polished metal agunst the fibrocartilage wiich will deselop
on an opposed hony surface has been <hown to be successful Tong expen
ence with the Snutly Petersen cup has mndieated that i most cnses a
sucees~ful fibrocartilige to metal joint ean be establishcd and lead to
reasonbiv punless though <omewhat hmited function of the joint? There
1 little experience 1« vet with met 1l to metal or metal to plastic contact
m jomts Many hase data are needed i this area

REFERINCIS

1 htentsensn © B C The huent cher method of intramedullary fivation J Bone &
Joint Surg 40A 17-20 Jan 194

2 Trnp ay M H aspHowrs I T The breiking, strength of healing fractures J Bone
L Joint Surg 3 491 1931

2 Mantz € D Stre < talerince of bone and metal J Bone & Joint Surg  38A 827 1956

3 Atrrine O 1 Constructive lnpsurgers with the sitalhum mold J Bone & Joint Surg ,
39A 237, 1007



150 TNGINLI RINC AND METALT URGICAL PRINCIPLES

Trc 110 Tlus demonstrates the markedly wrregulir shipe of the epiphiseul line of the
distal end of the femur of a sheep The epiphvecal hine his been softened by bothng to
allow removal of the epiphysis The femur 13 viewed posteriorly and the emiphy sis has been
tipped forward When the epiphy 14 15 placed on the femur 1t shows surpn g stability to
compression forces applted to any portion of the articular surface of the knee joint
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Ripra0 MENT 0F JOINT StREACES

The use of pohiched metal agunst the fibroeartilage which will develop
on an oppo~cd bony surface hins been <hown to be succes~ful I ong expen
ence with the Snuth Petersen cup has indicated that in most eases 2
succes~ful fibrocartilage to metal jomt can be estabhished and lead to
reaconably punless though ~omewhat hmted function of the joint? There
1 little experience as vet with metal to metal or metal to plastic contact
m jomts Manv bise data are needed in this area

REFIRINCES

1 Rtrsenek € B € The huent cher method of intramedullary fixation J Bone L
Joint Surg 40A 17-26 Jan 10,8

2 Itnpaay M H sspHowrs 1 T The brehing strength of healing fractures J Bone
& Jont Surg 3 491 1931

2 Martz C D Stre s tolerance of bone and metal J Bone & Joint Surg 38A 827 1926

3 Atrrane O 1 Constructive lup surgers with the vitallummold J Bone & Joint Surg ,
%A 237, 1907
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INTERNAL FIXATION WITH PLATES
AND SCREWS

Charles O Bechtol, M D

The problems of internal fixation represent one of the facets of the age
old mechameal problem of fastening two pieces of matenal together
Within the hmitations mmposed by the Inng body tissue alt posuble
types of fasteners have been used In every ease compromises must be
made which are mechameally undeurable but biologeally neee-sary
With rare eveeptions mterndd fination devices apphed to bone are made
of metal It 1 the only matenal avuleble at the precent which has suffi
cient strength This <ingle fact overrules any other problems or undesir
able charactersstics which metal may have

CancerLors Bose

The <trueture of eancellous bone 13 1m 1 sense sumlar to wood n that
a nail driven tnto 3t will erush and breal, the matenal 1t 15 driven through
usually without causing any large splits mn the structure After the nail
1> driven n 1t 15 gnpped with reasonable firmness by the surrounding
bone <o that 1t can hold the fragments from being further displaced by
small «traims Repeated strains of the magnitude of the ordinary use of
the extreraity however will frequently dislodge the nail The eancellous
bone has a thin <hell of cortical bone on 1ts surface and becaunse of the
orentation of the osteons (Haversian systern) this surface corfer will
have a tendeney to split It 1s frequentiy wice to dnll or chusel 2 hole n
the cortes to aliow the starting of the nal or staple Ordinary round nauls
will hold small fragments 1n postion They possess howes er, ho poner
of preventing rotation of the fragment The fammhar tn flange bmuth
Peter~en nal does prevent this rotation The tr: flange <hape however
15 relatriely weak n rewsting bending forces and when uced m conjune
tion with & plate as 15 commonhy done i mtertrochanteric fractures
greater reswtence can be obtained by the use of etther n T shaped nasl
with the tube for the gumde wire at the hottom of the T, or an I beam

152



INTIRNAT FINATION 153
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Fic 111 The top two sketches repre ent the standard tn flange Smith Ietersen nail
and the four flanged nail as u ed m the MacLachlan nail The three T shaped or I beam
haped nail <hown 10 the lower portion of the figure are 300 to 400 per cent stronger than
either the three flange or four flange nail These are at the present all experimental deyices

shaped nail* with the guide wire tube placed 1n 1ts lower portion (Fig
111) Depending upon the exact design, such nails will be from 2 to 4
time~ as strong 1n reaistanee to 4 bending foree as the tr flange nail
Staples are a suitable method of holding together two pieces of cancel
lou~ hone for example, an arthrodests of the knee Their use m producing
epiphs ~eal arrest 15 well known and the pressure of the growing epiphysis
require~ the use of at least three staples on each side The use of screws
m cncclious bone 1s quite ~uccessful A hole of appropriate size should
be dulled before introduction of the <crew There are no data available

*The « cxpenmental nul werc <ot vitallium by the Austenal T aboratories
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at the present as to which ty pe of thread will hold best n cancellous hone
However ewvperience has shown that the grip of threads 15 usually so good
that the head of the ~erew ¢an be pulled through the thin outer cortex
without stripping the threads out of the cancellous bone The use of
either 1 large s1zed ead on the screw or 1 washer 15 desteable under such
ureumstances

Conrticsn Bosg

Cortical bone 15 qunte den.e and sts phiysieal charactenisties are very
<ymilar to those of very hard woord m which 1t 15 1mpo~sible to drive a
natl There 1= a moderate tendeney in cortieal bone to split m a Jongt
tudimal direction Benminghoff* has demonstrated that decalesfied corticat
bone <hows 1 defimte pattern of split hires which i general run paraltel
to the prineipal stresses on the bone and alvo m general parallel the
ortentation of the osteons The ~pht kmes, however, can usuath not be
obtamed at arcas of tendon or hgament attachment Because of thee
charactertics fination of cortieal bone require that 2 hole be driled to a
low entrance of the fixition appartus or that 1t be held by esrcumferen
tial pressure

.

Typrs oF Tssteaens Usep

Commonest types of fasteners used are wire bands, screws, bolts,
staple~ and nailk both round and po- ¢~ing 1 rous types of fin~

e

TCragments of cortical bone can be held together by the use of wire
placed through a dnll hole m each fragment The amount of fivition
forded 1~ verv small compared to the ~trength of the wtact bone and
~upplemental support with a cast v usuath nece ~ary The fization of
the end~ of the wire by twisting them together frequently lead- to breah
sge of the wire at thas point particwlarls 1f the wire was forabhy tnisted
n an attempt to tighten 3t Laammation of the wire with a hand lens
when it has been twisted in thys faslnon usualls shows sphts in the first
turn of the wirc The proper method of fastening the ends of the wire
together 1 tving 2 <quare hnot It should be recogmzed, however that
the knot weabens the breahing ~trength of the wire by about 25 per cent
If more than one loap of wire 15 u ed each loop should be ticd spearatelsy
Because of 1t~ mherent weahness the largest po wuble size of wire should
be used in any fisation If the wire 1« geerdentally hinhed m being put 1n
place 1t <hould be drearded wince the hanl area after straghtening out
wll probably be considerabh weahened
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Bands

The use of bands o hold spiral fractures has been n controveraat
<ubyect for mamy vears Thie ongnat Parhiim bands were made of brass
and were intended to he removed fter the fricture had healed If they
were left m place, the briss becwee of its tove effect on the tissues,
produced 1 errcumfcrentid notels m the bone  This notch, acting as a
atress conecentrifion groove would frequenthy produce 2 fracture at ths
wer With the use of our present noncorrosnve metals the chance of
producing «uch 1 groove m the hone beneath the Parham band 1s com
pratinedly <hight If <uch 2 groove <hould be eenn the \ ray, however,
the Pwham band <hould lie remosved Dspeniments werce carmed out
uang annert alloy of eobalt ¥ Light Parham bands were placed around
the fernurs of dog~ and atlonwed to remun in place for 4 fo 6 weehs 4t
the end of that time there was no esidence of grooving beneath the bands
and when the-c hones were brohen and the breaking strength compared
to that of the control hone no weahenmg effect was demonstrated In
summary 1 band pliced around o spiral fracture 1s a mechanically
sound method of immaohihization Brologieally, 1t has the advantage of
bemg comparatinch small m wize but has the disadsantage of requinng
chesection of the ~oft tiswues completely around the bone, and the poten
t1a} danger of causing a groove m the hone with a subsequent fracture at
this <te

Screws

Serews arc switable to hold fragments of cortical bone fogether, particu-
farh of the fracture 15 an obhque ot spiral one Before placing such serews
I pasttton or ¢ven dnthing the holes 1t 15 importint that the fracture be
reduced by whatever means 15 appropriate to its final posstion The
use of sercws to pull the fracture mto position 1 quite dangerous since
the ahgnment of the holes may change leading aither to q <pht of the
bone or ~trippmng of the threads

It 1~ usualhy best to use the lag serew principle holding spiral frac
tures 4 lag screw has threads placed distally but a smooth shaft prou
maily ~o that in tightening the screw the corten in eontaet with the dista]
threds will be pulled tow 1rd the cortex which comes 1n contaet with the
head of the serew If the serew 1s fully threaded and the threads are
engaged mn both the provimal and distal cartes the two fragments ar
u uliv pushed apart a5 the cutting futes of the sCrew ire engamn t;L
1 tal corten Snmue lag serews are not, usually 1vailable i o laricimfnbéi

* The oy rment b allovs were supphed by th Austenal Laberatories
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at the present as to winch ty pe of thread will hold best in eancellous hone
However, experience has shown that the grip of threads 15 usually <o good
that the head of the serew ean be pulled through the thin outer cortex
without stripping the threads out of the cancellous bone The u ¢ of
either a large <ized head on the screw or 4 washer 15 desirable under such
erreumstances

Conricar Bovr

Cortieal hone 15 quite dense and its phyvsieal charactensties are very
simtlar to those of very hard wood m which 1t 15 impossible to dme a
nul There 15 2 moderate tendency n cortical bone to <pht 1n a longt
tudinal dircction Benninghoff! has demonstrated that decaleified cortical
bone <hows 4 defimte pattern of «phit lines which 1n general run parallel
to the principal stresses on the bone and also 1n general parallel the
orientation of the ostecons The «pht lines, however, ean usually not be
obtamed at «reas of tendon or ligament attachment Because of the e
charactersties fination of cortical bone require that a hole be drilled to al
low entrance of the fixation apparatus or that 1t be held by circumferen
tial pressure

TypEs oF TasTenkRS USED

Commonest types of fasteners used are wire bands, screws bolts,
staples and nails both round and poscessing various tvpes of fins

are

Tragments of cortical bone can be held together by the use of wire
placed through 4 dnll hole 1n ecach fragment The amount of fixation
afforded 15 very small compared to the strength of the mntact bone ind
supplemental support with a cast 1s usually necessary The fixation of
the ends of the wire by twisting them together frequentls leads to break
age of the wire 1t this pomt particularls if the wire was forably twisted
1 an attempt to tighten 1t Daamination of the wire with a hand lens
when 1t has been twisted mn this fashion u-ually shons sphts mn the first
turn of the wire The proper methed of fistening the ends of the wire
together 15 tving a square knot It should be recogmzed however, that
the hnot weakens the breaking ~trength of the wire by about 25 per cent
If more than one loop of wire 15 used each loop should be tied spearately
Because of 1ts wherent weakness the largest possible size of wire should
be used 1n any fixation If the wire 1s accidentally hinked 1n bemng put m
place 1t should be discarded <ince the hink area after straighteming out
will probably be considerably weakened
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m the feum o an ares Feorzed doz us nz ~ andand surmeal techmgue
The ~crev was placed 1m the «rne postion as the servws m the (ypen
ment~ vheh demons ma ed their weakenmg dffect The wmils wan
then zlloved to ~amvave fo- a period of 30 ind 60 dav~ wiieh 1~ wlequate
time 1 a doz for hone tealing to take place Tght wumals wen wsed
Dunng the time thev were men several mntripenitoneal myections of
trvpan blue dve This 1~ a ~upravital dve winch stuns new bone bang
Imd down 2~ doe~ madder feeding or mjections of ahzarm Trivpan blw
ha~ less general tovierty than the other two however When wacnificed
the bone~ of the ammals were di~ected out Observition m Cih €
howed a collar of new bone ~tained by tripin blue 1t the hod of the
~erew (Fizg 113) Thi~ collar 1= sumular to a ~tandard enginecning design
procedure mn which the weakening effect of 1 hole dnilled i iy subst e
can be reduced by an approprniate rased collir surrounding the hole
The efect of thns rai~ed collar of bone w 1~ such that the wohemng (it
of the hole was halanced out and the bone bearng the ~crew broke at
approsimately the <ame foree a~ the control bone Iollowine the bhro\h
the marrow eavity wa< examined and found to <how wn mcrescd 1mount
of endo~teal bone a~ well (g 114) Thi~ finding =~ not ~wrptiang whew
viewed 1n the light of all other information mdiciting that structure nd
function are verv closely related i bone and that bone will respond to

stresse~ placed upon 1t by laving down new homy maternt to compensate
for the-e stresses

F6 113 This hows the crew 1n po 1tion m the middle of the shaft of the bone Jhe
thaded area indicates the amount of new bone stamed with trapu bue

Lhis collar of
bene brings of new

the brealing strength of the bone up to that of the contral sl
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of s1zes the same principle ean he apphed by first drilling the hole through
both the cortices m the usual fashion and then taking a <econd dnll
which 15 Just larger than the outside dinmcter of the screw threads and
dniling out the prouimal cortex It must he recogmzed that the head of
the screw exerts very lugh pressures agunst the edge of the hole If the
under surface of the head 15 flat the danger of sphtting the bonc will
not be as great as though the under surface 1 the cone, shaped to fit into
a beveled hole in the plate If sueh a <erew 15 being used the hole n the
bone into which the head will engge should be countersunk ind excessive
force should not be used 1n <etting the screw home (sce below for the use
of 1 torque serewdrnver) A spiral fracture consists of a split at 45 degrees
to the avis of the shaft of the bone This <pht makcs one complete turn
360 degrecs around the bone and 15 then connected from 1ts two ends by
a vertical sphit down the length of the bone Because of the 360 degree
turn of the spiral sphit, the best fixation 1s obtamed by placing the serews
at right angles to the longitudinal 1as of the hone (g 112) It should
be noted that there 1 usually a small continuing spiral sphit 1n the bone
beyond the ends of the actual fracture It 1s usually invisible on « ray
and frequenthy even invisible under direct observation unless some
tension 15 placed upon the bone to demonstrate it Tor this reason 1t may
be desirable to place on extra screw across each end of the fracture just
distal to the end of the actual separated fracturc The advantage of
placing this screw must be weighed agunst the di~advantages of the
additional dissection and disturbance of blood supply which may be
necessary to put 1t into position It must agamn be emphasized that the

Fie 112 This showns the 360 degree piral fracture turn with continuing cracks in the
bone Leyond the ends of the spiral the ends of the spiral being connected by « straight
crack down the back of the bone A& single serew placed at nght angles across the cent?~ of
the fracture afford good holding, power It 1s frequently w1 e to place an additional serew
at the end of each piral crack to prevent further sphitting of the bone
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Fic 115 A crew pulled directly out of bone mathout counterpre sure placed around the
serew will pull out a button of bone This s really a test of the <hear strength of bone which
15 usually lesy than the holding power of the screw If dosnward pressure 1s everted upon
the bone by a~tandard bone plate or a washer the true holding strength of the serew threads
15 then demonstrated and the shear fulure of the bone 1s prevented

thread i which the tip of the screw wlich cuts into bone 1s a half eircle,
and two were modifications of the British Whitworth thread which 15 a
V <haped thread with a rounded tip A stud bearing the threads of each
experimental design was machined at the American Serew Companjy to
clo-e tolerances These studs were then used by the Austenal Laboratores
and a number of standard bone «crews using each tvpe of thread design
were cast m vitalllum The screw heads and cutting flutes were of stand

ard design to facilitate comparison with the usual tvpes of hone serews

Pullout tests were carned out through the central third of freshly dissected
dog femurs and tibias This 15 an area 1n which there 15 little change 1n
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Fic 114 The amount of additional endo teal bone 1hout the serew 14 demonstrated as
compared with the control Teft control Right new bone about serew (42 d1ys)

ExrERIMENTAT WoRrk ON THE Drsta\ oF Screws

The problem of which thread form gave the best holding power was
approached m the following manner The so called pullout test in which
the screw 15 withdrawn from the bone 1n the line of 1ts a\is offers the best
experimental complications i determmnng the holding power of the
screw threads in bone Prehminary experiments showed that two tvpes
of results were obtaned when attempting such pullout tests (Fig 115)
If the bone 15 supported at 1ts ends and the screw pulled out a small
button of bone will be pulled out by the screw leaving a cone shaped
crater i the bone with 1its apex pomnting downward and 1its sides at
appronimately 45 degrees to the surface of the bone This represents a
shear failure of the bone and merely indicates that the bone 1 usually
somewhat weaker 1n shear than the holding power of the threads m the
bone Such tests give no mdreation of the true holding power of the screw
m bone «ince 1t 15 really a test of only the shearing strength of the bone
In order to determine the true holding power of the screw threads mn
bone 1t 1+ necessary to exert the counter pressure on the bone immediately
around the ~crew hole A comvement method of doing this 1s to put a
standard hone plate 1n poution while drawing the screw out of the bone
and to exert the counter pressure on the plate Under these circumstances
a greater force 1~ necessary to withdraw the screw and the threads which
have been cut mn the bone by the serew will be truly stripped out leaving
2 hole only shghtly larger than the out<ide dimeter of the screw threads
Consultation was obtmned with VMeunchinger of the Amertean Screw
Company 1n Wallamantic Connecticut T'rve experimental screw threads
were designed Three of these were modifications of the French railway
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Fic 115 A screw palled directly out of bone without counterpre sure placed around the
crew will pull out a button of bone This 13 really a test of the shear strength of bone which
18 wsually less than the holding power of the seren If downward pre-sure 1 exerted upon
the bone by a standard bone plate or a washer the true holding strength of the scren threads
1s then demanstrated and the shear fulure of the bone 1s prevented

thread m which the tip of the screw which cuts into bone 15 a half arcle
and two were modifications of the British Whitworth thread which 1 a
V shaped thread with a rounded tip A stud bearing the threads of each
expenimental dewgn was machined at the Amernican Screw Company to
close tolerances These «tuds were then used by the Austenal Laboratories
and a number of «tandard bone screws using each type of thread design
were cast wm vitallum The <erew heads and cutting flutes were of stand
ard de-ign to facihtate comparcon with the usual types of bone serens
Pullout tests were carried out through the central third of freshly dissected
dog femurs and tinas This 15 an area i which there 15 little change m
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Fio 116 The five experimental crew threads are een Their holding power 1s expres ed
as a percentage of the holding power of the experimental scren which proved to be best
This 1s compared with the holding power of three of the tandard hone crews that are
commercially available The vanations are considered to be within the hmits of expen
mental error and indicate that our present thread de 1gns are satisfactory as far as holding
power 1s concerned
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wall thichness of the bone and in which repeated pullout tests with stmilar
serens hve <hown httle varation in the holding power Tests were
carried out only through the proaimal corten where counter pressure
could be effectinely applied It was felt that imcluding the distal cortes
m the test would he mtroduced ~everal uncontrolled 1 arables such as
the flesbility of the evlindrieal bone, as well a8 a good possibility that
the portion of the ~crew m the distal cortex would pull out a hutton of
bone rather than truly stripping the threads In order to obtain a stmilar
substanee of more umform characteristies, pullout tests were also done
usng strips of plastic (methyl methacrvlate) The plastic strips were
3{¢ mch n thickness which 15 approumately the same thickness as the
bone cortex used The results of the test n plastic agreed closelv with the
tests 1n bone and there was shightly less scatter in the experimental results
indicating the greater umiformuty of the plastic as a testing material The
results of these evperiments mdicated that one of the evperimental
screw threads was very shghtly better in holding power than the standard
commercial serews and some of the experimental screns were considerably
worse (Fig 116) The holding power of the coarse threaded commercial
serew (standard vitalhum screw) was shghtly better than the holding
power of the fine threaded screw (machine type thread) All of these
differences were actually within the limits of expermmental error and
indieate for the present, at least, that there 1s no need to change the design
of our presently available bone screws, as far as their holding power 1s
concerned

The question of which thread design will be best to prevent early
fatigue of the screw and which shape to the head of the screw will grve
the best holding power against the plate 1s as yet unsolved

SeLF TAPPING I'LUTES (THE PrOBLEM 0F CUTTING THE THREADS In Borg)

During these esperiments the great mmportance of properly cutting
the threads in the bone was apparent particularly with the experimental
threads which were large mn size Care had to be exercised to start the
screw carefully without wobbling lest a considerable piece of bone be
chipped awav with a consequence of great reduction n the pullout test
All tests m which such chipping of the bone or plastic was obsers ed were
excluded from the experimental results The design of a proper cutting
pont for the self tapping flutes of the serew appears to be a nearly nsolu-
ble mechameal problem

The following diver-e requirements must be <olved Tirst the thread
should not be cut 1n the bone by 2 single cutting face, but rather by a
series of several cutting faces each taking a shghtly deeper bite 1 the
bone This considerably reduces the chance of chipping the bone Tt 15
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the principle of a broach in taking successive small cuts, and requires that
the end of the screw be tapered, that the cutting flutes be fairly long
Secondly, the chips which are cut wn the hone must not fill the cutting
flutes Long and large grooves are required, since 1if the flutes become
filled with chips there 15 Increased chance of splitting the bone The only
alternative 15 occasionally to back out the serew and clean out the flutes
This procedure would lengthen the operation at a point when time 15 of
erttical importance

As would be expected, the portion of the serew which contamns the
flutes has less holding power than the undisturbed threads of the screw
because a comparatively smaller amount of thread 1s 1n contact with the
grooves 1n the bone There 15 naturally a considerable vanation n this
decrease 1 the holding power depending on whether the flutes cut out
are large or small, or whether two, three or four flutes are present In
general, the reduction in holding power of the fluted portion of the screw
on pullout tests 15 20 and 30 per cent less than the holding pover of the
mtact screw This characterstic then comes nto direct conflict with the
second requirement of cutting flutes, they should be reaconabls large to
make a place for the elps to accumulate Large flutes will have signifi
cantly less holding power One alternative, if masimal holding power
15 required, 15 to drive the screw far enough through the distal cortes
so that all of the area contamming the flutes lies 1n the soft tissues In
many cases this will be undesirable since the protruding screw will inter
fere with muscle or tendon action and lead to pain The other alternative
15 to use a separate tap to cut threads 1n the bone and then remove the
tap and place a serew without cutting threads in the bone Although this
method seems 1deal and would be quite suceessful m the machine shop
conditions, under operating conditions this would lengthen the procedure
at a period when time 15 emtical The tap and the screws which 1t 15
dewigned to work with would have to be machined to very close tolerances
and after the tap had been autoclaved 2 number of times and come m
contact with other metal instruments while being washed 1ts cutting
flutes might be corroded or damaged The use of a separate tapping
device ofters little advantage i surgery

Two types of expertmental cutting flutes were designed which shoned
some promise The first was to shape the cutting end of the screw ke
the «~tandard countersink used 1n wood with a series of 6 to 8 cutting
faces and the cutting end beveled at an angle of 45 to 60 degrees These
cutting faces mtersect the advaneing ~crew thread and n a single turn
of the thread produce a number of cutting pomts which take successively
larger grooves n the bone This type of self tappmg pomt has the ad
vantage of being only one or two turns of the thread longer It does not
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yam with bone ehups since the hone clups [l mto the hole abead of the
advaneing serew 1 rom the practictl standpowmt, however, 1t would be
very difficult to manufacture <inee 1t would be very difficult to cither
machme or grind into the <mall wize screws used m hone work A cecond
expermental cutting, thread <howed more promise In this, the end of
the sercw was first ground to a 45 degree cone 1nd then an X shaped <lot
w1s cut or ground mto the end of the ~erew to the depth of 4 little more
than one turn of the threads Fhis provides four progressivels larger
cutting ~urfaces to e~tablish the groove and 18 <elf clewnng of chips
smee they are driven aliead of the <erew down the hole It al-o has the
wdvantage of bemg eomparatively <hort Once agun the problem of
mamufacture offers ~ome difficuities since if the two cross ~lots are not
narron and verv accuratel placed the remaming portion of metal wall
be too small and thin and mas easly breth off It ean be seen from the
above discus~ton that there 15 no complete <olution to the problem of the
<elf tapping sereww

Tour Howping Powrn oF Lanuen Senews v Contican BonE

1t 15 generalis true when 1 <crew 1s fastened into 4 <olid prece of material
that 4 larger ~crew will have greater holding power than a smaller one
However in cortical bone there was <ome question as to the possible
ady wtage offercd by & larger screw since the hnuted thichness of the
wall of the bone would hold fewer and fewer thrends with the larger size
~cren  There was the added disadvantage that the large serew would
cauee a greater weahemng effect on the breaking strength of the bone
iteelf (g 117) Yo test this a <eries of brass wood serews were obtamed,
all of simular dewign and similar cutting flutes were filed m the ends of

Fic 11 This demonstrate the fact that a lare <crew we
oftes fower threads to eaguge the bone than a small serew T
ts b light anerea e holdig power u g a large crew

th o <milar thread pattern
s mav explain the compara
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the screws with the use of needle files Holes of appropriate size for each
screw were drilled n fresh dog femurs and tibias and pullout tests were
carrted out using a single cortex Because of the varying size of the bones
the screw size 1s expressed as percentage of the outside diameter of the
bone The smallest screw was 20 per cent of the bone diameter and the
largest 43 per cent of the bone diameter Five different sizes of screws
were used A total of 20 tests were curried out When the tests were com
pleted the bones were sawed 1n two nnd the wall thichness determimed
The wall thickness was approumately the <ame as the outside diameter
of the smaller screws When the results were plotted the larger screws
showed a shghtly 1mproved holding powcr over the smaller ones There
was about the same amount of scatter in the re~ults as seen 1n the other
pullout tests The improved holding power of the larger <erews was not
more than 20 per cent better than that of the small serews In view of the
fact that the use of these large screws would, first, considerably reduce
the breaking strength of the bone, and, second, require the use of very
large plates, which might be biologieally undestrable 1n the proce~s of
fracture healing, 1t was felt that there was no adsantage 1n using screws
larger than those now generallv available for the fination of plates to
cortical bone

Tae Force (Torque) Usep 1N SETTING THE ScREw 1 Bone

In the aircraft industry serews or bolts which mav be subject to fatigue
are set m at a predetermined torque Thus 15 done by means of a torque
screwdriver or wrench nhich regsters the number of inch pounds used
m tightening (an mch pound represents a force of one pound appled
one inch away from the center of rotation of the screw) The screws or
bolts are usually tightened to about 80 per cent of the foree which would
cause them to be twisted off or to strip threads The problem of fastemng
screws Into bone 1s rarely that of approaching the pomt of twisting off
the screw except in very dense bone 1n which the threads cut m the bone
will usnally be stripped Attempting to remove a screw after bone healng
has taken place around 1t and bone has grown into the self tapping flutes
may result m twisting off the <crew Tests using standard bone screns
and a torque serewdrnyer* were carried out m human cadaver bone and
indicated a rather wide varation mn the stripping torque necessary in
various portions of the hone 4 hole of appropriate size was drilled n the
bone The screw was then threaded through a plate and driven nto the
bone The purpose of the plate was to act as a method of distributing
the pressure over a wider area to prevent the head of the screw from
sphtting the bone Through most of the shaft of the bone 1t was 1mpossible

*Supphed by the Apco Mossberg Company Attlcboro Ma sachusetts
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to strip the threads at 25 meh pounds This1saversy considerable amount
of force and 1t 1 quite dufficult to heep the screwdever bt engaged 1n
the slot of the <crew 'The slot 1n the scren head 15 always sigmficantly
damaged by the force of the screwdmver at 25 mnch pounds of torque
Approiching the ends of the bone as the cortex hecame thinner, the
stnpping torque fell off rapdly and through the eancellous portions at
the end of the bone fell to as low as 5 pounds Resuits were simlar over
the articular surfices A torque serewdrnver which would withstand
autocdaving was devised by the Apeo Mossherg Company and in the
course of a scries of surgical procedures holes were drilled into the fomurs
at different levels and m different age groups In the younger age group
the holding power n the shaft of the femur was greater than 25 inch-
pounds and m the cancellous bone was 5 to 10 inch pounds In the older
ge group showing osteoporosis for o varety of reasons, the holding
power 1n the shaft of the femur was several times observed to be as httle
as 5 meh pounds A sinhing example of the atrophy of disuse was ob
served m a lip winch had been arthrodesed for many jears The trans-
nussion. of forees was such that the shaft appeared normal 1o the \ ray
howeier, the greater trochanter showed extreme osteoporosis It had not
been subject to the pull of the abductor muscles for more than 10 years
In the shaft the stnipping torque was greater than 25 inch pounds How
ever in the osteoporotic greater trochanter 1t was only 4 inch pounds
The torque screwdriver which ean be autoclaved offers sigificant help
m cases of osteoporosis sinee a hole can be dnlled into « bone m an area
which will not mterfere with the operation and the stripping torque of
the honc deternuned Screws used to hold the mternal fination device
c1n then be set at 75 to 80 per cent of this torque without fear of <tripping
The maxmum effective holding power of the screws 15 thus obtained
To determine the increase in the holding power of the screw due to bone
bealing about the threads, the following experiments were carried out 1n
anaesthetized dogs A <crew was mserted mto a hole drlled 1 the femur
and the threads n the bone stripped using the torque serew driver The
force required to strip the bone threads was recorded Five other holes
were then dnlled and screws <et into these holes at 90 80, 60, 40, and 20
per cent of the stripping torque The screw was Ieft 1 the hole which had
been ~tripped The ammals were sacrificed at inters als of 1, 2,3, and 4
weeks and the torque necessary to stnip the thread determmed St npping
:_:q‘\ix::\‘ ntuscd rather than a direct pullout test since the preparations
<t would have disturbed the hold of the screw 1 the hone A
commu?u\ 11nr-re'\<‘e) 0m the stripping torque of all serews was noted The
ECrew aced n 1 T
mtial Reqkemng of threwhotsxg(;fot\i]cer :t: lopnpe"\)\g of:?(;(gio (ud ot ehow amy
peetaf bone necrosis
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had occurred caused by excessive pressure The eventual holding power
was about 50 per cent greater than the mmtial stnpping torque The screw
m which the threads had been completely stripped showed a similar con
tinuous increase of holding power, although at the end of four weeks 1t
did not approach that of the other secrews It had already exceeded the
mtial stripping torque of the bone I'rom this we may conclude that a
serew which 15 aceidentally stripped during a surgieal procedure should
be left i place, remembering that extra <upport will be necessary for the
first few weehs 1f this serew was 1n a entical poution It 1s probable that
because of the very small «1ze of the healing nece~<arv around the stripped
threads that this will usually occur faster than the healing of a fracture

ConcLisions

Although the use of a <crew to fasten either pieces of bone together
or internal fixation devices to bone has very sharp mechanical hmitations,
1t 15 still one of the most useful methods available because of 1ts biologeal
advantages Proper application with due consideration of 1ts mitations
will frequently find 1t the most suitable method of internal fixation

Screus and Plates

In transier-e fractures the use of <crews and plates to obtain some
mternal fixation 1s frequently desirable This 15 a typieal example of the
biomechanical compromises which are necessarv and of the definite
hmitations on possible engineering design within the hmutation posed by
brological nece~<ities Biologieally the use of <crews and plates offers the
advantages of needing a comparatinely <mall stripping of blood supply
and comparatively little disturbance of the periosteum Mechameally
there are a number of disadvantages (1) The bone 15 weakened by the
dniling of holes (2) The holding power of the serew 1s subject to techmeal
weahness such as a poorly drilled hole <plits in the bone occurring either
with drilling the hole or dnving 1n of the screw and sphts i the bone as
a result of starting the screw at an mncorrect angle (3) Any threaded
ohject 1s inherently weak because of the stress concentration at the root
of the threads particularls the first thread Tatigue failure of the screw
may occur at this pomt (4) The holding power of the <crews 1n the bone
15 limuted by the bnttleness of the bone This 15 an extremely vanable
factor (5) Fretting corroston by tery -mall movements between the
screw and plate at their pomnt of contact may start a small crack n the
plate which will greatls decrease 1ts fatigue life and may under some
arrcumstances lead to an early break of the plate (6) The maximal
holding power of a properly placed <crew and plate 15 still far below the
breakmg strength of the normal hone An additional external support of
the fracture will frequently be neces~ary
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THI DESICN OF ME1AT PIATIS FOR INIIRNAL FINATION

As previowsdy mentioned, although the wee of & metal plate held to the
hone by serens mas offer many mechume !t nadequacies, 3t 15 biologieally
desirable beeause of the relatnyedy small amount of bone which needs to
be exposed with the relatnnedy smaller disturbance of blood supply n
the proec~s of bone heahng Irom the engneering <t indpomt the plate
can niver approtch more than 4 fraction of the strength of the mtact
bone, and f 1t were not for the biologicnl necesaitice, the strongest
arrangement would be 1 metal tube mto wlach the two ende of the bone
could be fitted Although plates as they are now designed and used rarely
break, it 1s never possible to preciet winch ease mny be subject to great
and repeated stress levding to later fatigue farlure of the plate For this
reason it 1s desirable to design the plate to be as strong s possible and
as resistant to fatigue as posable In general, the strews n a plate will
be 1wy sudden change in the shape of the plate which will lead to an
area of stress concentrition \ conventent analogy mn thinhing of areas
of stress concentration 15 to mmagme the shape of the plate reproduced
as a trough through which water 1 flowing An obstruction 1n the center
of the trough which would represent the hole m the plite will cause
wares and eddys in the water and these represent areas of stress conven
tration Widcning out the trough around this area wall allow the water
to flow more smoothly and this 15 frequently seen in plate design with
the plate beng made wider around cach serew hole Any sudden narrow
mg 1 the plate will bhewce cause a stress concentration 1 will ny
sharp notches Tigure 118 shows an example of engineering tests done
on 4 har 10 mm m diameter which s machined down to 7 mm 1n ats
center On fatigue tests the reduction of the fatigue strength of the bar
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Fie 119 In this series of cranhshafts each one has been made successively tronger
than the previous one as far as fatigue life goes by comparatively small changes to make

the stress flaw 1n a more even pattern Although this occasionally may result in the addi
tion of some metal 1t 15 usually accomplished by the remoyal of metal in the proper spot

1s very little when a rounded notch 15 used, but a sharp noteh with erther
square or V shaped corners very greatly reduces the fatigue strength of
this bar In the design of plates the engineer 15 faced with the same di
lemma as he 15 1 the aircraft industry where space and weight hmtations
are very extreme Under these circumstances 1t 1s frequently impossible to
make the part larger in order to increase 1its fatigue strength and the
aceepted procedure 15 to remove metal from the part in such a way that
the entire structure 15 of nearly uniform strength and areas of stress
coneentration are thus avoided This 1s known as the “one hoss shay
principle’ 1 which all parts of the plate are of nearly equal strength A
strihing example of this 15 seen 1 the drawings of engine cranhshafts
shown (Tig 119) The crankshaft made of solid metal has the least
fatigue ife By making the round bearing areca hollow a better distribu

tion of stress 15 achieved and the fatigue Iife mcreased Small curves to
avoid the <harp notch at the junction of the round bearmg <urface and
the connecting piece also increase fatigue hife Change n the shape of
the connecting piece al<o mcreases fatigue life Change 1n the shape of the
connecting piece either by making an oval hole 1 1t or by shaping so that
1t 15 thick around the edges and thinner in the middle further increases
the fatigue life It will be observed that i each of the changes the crank

shaft 15 actually made of less metal and the improvement 15 made by

remoting metal from an area 1n which 1t 15 too strong rather than by

adding metal to an area hich 1s too weah In many surgreal procedures
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1t 16 necessary to bend the plate to fit the contours of the bone after the
operation has heen completed Bending of the plate induces cold working
i the metal 1ins changes some of 1ts charactersties and produces arens
of stress concentration ‘1here 15 no way to avoud the necessity of bending
plates m certan operative procedures We must, therefore, reahize that
these plates are weahened and must be given additional <upport The
bend should be made as gradual as possible and 1f posaible should be
accomphshed by tending the plate by hand over the padded edge of the
table Metal bending srons, used when necessary, mar the surface of the
plate and frequently make small notches which add greatly to the stress
concentrating effect If this oceurs if should be recogmzed that the plate
s even further weakened Repeated bending of the plate first one direc

tion and then the other direction mn the same area, as would be done for
example, 1f the plate had been bent too far and this had to be corrected,
1s exceedingly bad and 1t can be demonstrated that the plate falls off
very rapidly 1n strength with each repeated reverse bend If the plate
1s bent too far on the first try 1t 15 much better to discard 1t than to
attempt the reverse bend to correct the excessive mitial bend

INTRAMEDUILARY FInATION

The mtroduction of intramedullary fixation by Rush and Kuentscher
opened a field which offers some biological and mechanieal advantages
not experienced by other methods of fination Although this method
disturbs the medullary blood supply, the blood supply of the periosteum
18 disturbed only if an open reduction 15 necessary and then usually to 2
lesser degree than 1f some type of fisation on the surface of the bone
was used Under 1deal circumstances the strength of the intramedullar
device can be much greater than that of a plate and screws applied to
the surface of the bone The holding power of the intramedullary device,
however, 15 rapidly reduced 1f the fracture 1s near one of the ends of the
bone leaving a short bony fragment Trom clinical experience 1t seems
desirable that the intramedullary nail should have some hold 1n the bone
to prevent rotation if this 1s possible, and if this 1s not possible a supple
mentary wire or screw 1t the fracture site mny be in order A wide varety
of shapes of intramedullary nails are available at the present time there
1s no convineing evidence now ayvalable as to which of these shapes 15
best Kuentscher has stressed m his recent article the enlargement of the
marrow cavity by drilling or reaming to allow the use of 1 very large
nail <o that the strength of the nail may nereace to be nearls equal to
that of the intact hone Dven if thns i done, hower er, 1t 15 not posaible
to appls the full force to the intact hone since the bone has been w eahened
(1) by the fact that 1t 15 fractured and as 1t 15 forced agamst the nail at
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the fracture <ite further splits may occur, and (2) in reaming out the
marrow cavity of the bone the wall 15 significant]y thinned and the bone
made much more fragile and easier to <phit In general, 1t 15 rarely posaible
to allow full and unprotected use of the extremits after intramedullars
nalling although with reliable patients carefully controlled use of the
extrermty mav be possible

The Cloterleaf \ail

Since the cloverleaf nail 18 asvmmetrical m <hape its resistance to
bending 15 different 1n the different directions It 15 strongest when the
concave «ide of the bend 15 toward the slot, and weahest when the <lot
15 on the concave side of the bend This 15 because the edges of the slot
buckle and give way As a consequence of this when the cloverleaf nail
15 placed 1n the femur 1ts strongest position to resist both bending and
fatigue 15 to place the <lot either laterally or anteriorly

Conclusions

The mtramedullary nal offer~ the hiologieal adyantage of compara
trvels Iittle disturbance of the fracture <ste and of the growth of external
callus T4 wsunlly offers a relatinely stronger fisation than other types of
mternal fixation This advantage decreases as the fracture approaches
the end of the bone In most cases 1t 15 po~able to leave the extremity
un<upported by external fixation and thus allow early jomnt motion and
mantain normal molity of <oft tissues

The Bent Intramedullary \ail

If an mtramedullary nail 15 bent through the aceidental appheation of
too much force 1t must be straightened by mampulation of the extremity
to mamntam the fracture m proper posttion The area of the bend will
frequently be stiffer than the surrounding area becauce of the factor of
cold working and thercfore when the nail 15 straightened the correcting
bend may take place above or below the onginal bend The resultant
§ shape masy make this nail very difficult to remove after fracture healing
15 completed and 1t 15 frequently advisable to withdraw such a nait and
replace 1t with a new straight nail The bending and straightening of 2
natl will alwavs reduce its <trength and reduce its fatigue lfe It 1s not
always, however necessary to remove this nail and replace 1t with a
new one As a general rule if the hend of the nail 15 less than 30 degrees
and 1f there 15 reasonable assurance that further excessive force will not
be applied 1t 1s <afe to leave the nailn If the nail 15 bent more than 30
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degrees, however, it 15 usnally wicer to withdraw 1t and replace it with
anew straght nal

RITIRINCIS
1 Besaiscnorr I Spalthnien am hunoehien eine Methode zur Ermittlung der Arhitektur
Rrocher Anit \nzeiger 21 199 1920
2 Soro Hat B asn\McCroy N Cu e and treatment of angulation of intramedullan

nuls In Chimel Orthopacdies No 2 p 66 J B Lippincott Company Philadelphia
1053



APPENDIX

ENGINCERING OrTHOPEDIC GLOSSARY

Stress  The foree or weight resisted by a structure
Stran - The bend or deflection of the structure under lond (stress)
Force A weight or load applied to a structure It 1s defined by ats
dircetion and amount
Strength  Commonly means breaking strength and 15 the maxumum
load carrving capacity of the structure
Work  Veasured as a foree acting through a certain distance 1n a certain
length of time
Deformation  The bending or displacement of a structure under load
(1t ma be elastic deformation, or plastiec deformation)
Tlastic bend  The range in which 4 material may be bent and returned
to 1ts ongimal shape when the force 1 removed
Plastic bend  When a material 1s bent past 1ts elastic hmt, permanent
plastic bendmg occurs The result of tlns bend 35 hnow as plastic
deformation
Tenston A foree pulling a struecture apart
Compression A force pressing a structure together
Bending moment The effect of a force considered with relation to =
pomnt not in the line of action of the force The result of the action
of the force about the pomnt 1= to produce 2 rotation about the
point Bending moment 15 measured as the force times the chstance
from the center of rotation (for example 1nch pounds)
Force couple Two oppoute parallel forces ciusing rotation of the
structure to which they are apphed
Suffness  Resistance to deformation or bending
Brttleness Lach of plastic bend When the material his reached
1ts elastic imit 1t breaks rather than undergo further bending
Toughness The abihity of a structure to absorb energy by bending
without breaking
» Cohesion The resistance of a materal to tension forces causng 2
tearing apart of the strueture
Notch effect  The concentration of foree in the depth of a notch leading
to breakage in this area
Fatigue The failure of a matenal under repeated bending
Neutral avis  The portion of 2 beam bemng bent which 1s neither under
compression or tension It 15 near the center of the beam and 18
sometimes called the asis of O stress
172
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Modulus of elastieits  The rewistance of a matenal to deformation or
bending It 18 expressed as stress divided by stran

Radius  The curvature in any notch or corner

Tillet The smooth curvature jomung wrregular structures (similar to
the curvature scen hetween the wide and narrow portion of a bone)

Permanent st The deformation or bend 1n a structure which remains
after 2 plastic bend
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