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Th0 problems of biolllatt•rial ~<' lcction a nd sur fC\ce trcatJncnt can be solved nowa

days on the basis of interdisc iplinary considerations in tlw area of material:; en

gineering, bioui(Thanics and medicine. This kind of approach creates a chance 

to dPYclop new implants or 1110dify existing ones and obtain higher level of bio

compatibility. bioactivily or inertness in the body jl 8j. The main purpose of the 

pn'::;enl<'d work was to eval uate tlw usefulness of the oxide layer used for improvf>

me>nt of inlra med nllCtry nC\il biotolcrance. The layer wm; crPalcd by elcctrochemical 

treatment in nPwly developed baths. Tlw evaluation was ba;wd on biomechanical 

lest of tlw intranwdullary nail , corrosion test a nd :walysis of sw·facc chemistry. 

1. Metho d ology 

1 .1. Biomechanical Tests 

1.1.1. Experimental meth od. The Pxperimental test were carried out to 

determine t he d isp lacement and deformation in the femoral bone-intrame

dul lary nail system. 

In the experiment , the femoral bone model (Sawbonc, Fig. la) and the in

tramedullary nail produced by BI-II-I l'v1ikrorncd (360 x 11) wa..'i used- Fig. 1 b. 

To simulate a fracture of the bone it was cut in t he middle. The fracture gap 

was 1 mtn and it was sloping at an angle of 30° to the vertical axis of the 

bone. The bone wa::; i11tegrated u::;ing the intramedullary lock nail made of 

st ainlc::;s steel Jl , 4J. The mechanical properties were as follows: 

Eboue = 18600 TvlPa, I/ = 0.3. 

Estcel = 200000 .f\IPa. 1/ = 0.33. 
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(a) (b) 

FIGURE l. a) the bone model used in tlw reo;earch, b) the nailu~ec..l in the rc~earch 

A dedicated stand was built Fig. 2. The stand enables application of 

t bree groups of forces: R rcadion on the femoral ht'acl, !If react ion of 

gluteus muscle and T reaction of tractus iliotibilais Fig. 2. The Speckle 

Interferometry Method was used to determine the clisplac.:ement oft he points 

(a) (b) 

FIGURE 2. The test stand used in the experimental examination 
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locatccl on Llw bone axis [9[. In the Lest, the increase of the load between two 

cxposi Lions wa.<; 20 N. 

Additionally. a similar experiment was carried out using the dial gauges, 

to check if the results are linearly dependent on the load rise. Four gauges 

were placed along the bone and load up to G = 40 kg was used. 

1.1.2. Numerical a n a lysis. T he numerical analysis was carried out to 

verify results obtained in the experimental test and also to determine stress 

and strain statc in the nail. 

The numerical model of the femoral bone-intramedullary nail system was 

worked out on the basis of geornetrical model of femoral bone. which was 

creatcd in Institute of Rizzoli [101 and on the basis of geometry of the nail 

used in the expNiment. Tlw analysis was carried out for two sets of material 

properties of the nail (stainless steel and titanium alloy) j3, 4, llj: 

E~~ = 200 000 MPa, v = 0.33. 

Dri = 110 000 MPa. v = 0.33. 

Titanium alloy was chosen as a one of the' most popular materials used for 

ort hopacdic implants. 

In the analysis loading sclwme shown in Fig. 3. was applied. The force 

value's were equal to the values usf'cl in the experiment. It enabled us to corn-

. -~ 
~ 

(a) (b) 

F'IGURE 3. a) numerical models of the bone and the nail, b) the load ing scheme 
usf'd in Lhc numerical a na lysis 
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pare the re~mlts of both experimental and numerical tests. In the next stage. 

the displacement of the model elements were evaluated for the phase of walk

ing associated with highest values of loading. The forces were calcu lated for 

the per::;ou who weights 70 kg sec Table 1. These displaccments are crucial 

to assess t he maximum clcforrnat. ion of the nail which is important for the 

testing procedure of the implant materials and lhc surface layer. 

TABLE l. The components of loads 

R.c Ry R . /IIJ !lfy Afz 'T ... T y T, 

N N N N N N N N N 

494 0 1824 - 491 0 1208 - 54 -21 0 

1.2. Specimen Preparation 

In continuation of this research a t itanium alloy T i6Al4V E Ll was chosen 

due to its good mechanical and chemical properties ]2 4]. For this material 

a procedure of surface preparation was proposed. I t included the following 

st<'ps: 

• grinding , 

• ekctropolishi ng and, 

• anod ic oxidation. 

In the rC'search, the bars of circu lar cross-section (diameter ?mm) wer<' used 

as specimens. Slectropolishing was carried out in newly cl0velopecl bath com

posed of hydrofluoric acid 1 sulphuric acid r-glycol t acetauilidc. Anoclic oxi

dation was clone in chromic acid ]3, 12. 13, 14]. 

1.3. Surface Examinations 

On<' of the factors that influence the usefulness of t he surface treatment is 

rouglnwss. For short term implant s . il is admitted in principle that parame

ter Ra should be below O.l6 Jtll1 ]4]. In t. he investigation profilographometcr 

Surtronik 5~ was used to assess Ra parameter after every step of surface 

prc'parat ion. 

To assess tlw influence' of th<' clcctrochemical treatment on corrosion re

s istance a potentiody nam ic investigation in the Tyrode's solution (36.6 ± 1 °C 

and pil 7.5 8.4) was carried out. 

rt is very important to check if t.he layer is flexible because the implant is 

deformed during its life, as was shown in the biomcchanical tests. To assess 
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the flexibili ty of t he oxide layer extra potentiodynamic tests were carri ed 

out for deformed (angle 10°, 20°, -15° and 90°) specimens. The angle of 10° 

was measured between the directions of the nail axis corresponding to the 

biomechanical tests in two situations for zero and maximum load applied 

to thf' bone. Testing for higher angles was done to check the layer flexibility 

in harsh conditions . 

The chemist ry of t hC' modified surface was evaluated using the XPS 
method. 

2. Results 

2.1. Biomechanical Test Results 

2.1.1. Experimental test results. ThE' analysis of the speckle pictures 

showed that the maximum displacement (in the frontal plane) oft he bone to

gether with the nail, for the force increment 6.F= 20 N was dxmax = 0.569 mm, 
and oecunw l in t·he top part of the bone- Fig. 4. 

X 

--\-d. /~-f)l z 

-~-+I I 

FIGURF: 4 . The displacement:; a long the model obtain from the SpccklP Interfe

rometry analysis 
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Additionally, the experiment in which dial gauges were used showed that 
there is linear dependence between force and displacements of the analyzed 

system and the precise results obtained from the Speckle Interferometry 

method can be transferred to other force increment value. 

2.1.2. Numerical analysis results. The Finite Element Method enabled 
us to assess displacements and stress distribution in the bone, the nail and 

in the assembled model. 
The maximum displacement of the whole model occurred, like in the 

experimental model, in the top part of the model and it was Dxmax = 0.575. 
A high correlation between the results of both the experimental and the 

numerical methods was observed. 
The maximum displacements of the top part of the model , for the phase 

of walking, with the highest values of forces were for DmaxSS = 26.6 mm 

and DmaxTi = 32.1 mm respectively for the stainless steel and titanium alloy 
nail- Fig. 5a, c. These displacement values corresponded to the nail bend 5° 
and 6°. This is important for selection of surface layers that are continuous, 

flexible and do not crack when the implant is deformed. 
Additionally, the stresses distribution was obtained in the numerical ana

lysis. It was noted that, generally, in the nails the von Mises stress did 

not exceed 580 MPa (for the steel) and 590 MPa (for the titanium alloy). 

Stru• MP• 

a) b) c) d) 

FIGURE 5. Displacement and stress distribution in: a , b) the stainless steel nail, 

c, d) the titanium alloy nail 
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Onl\' lo('ally. in the area surron iHiin!l: I he holes for locks, stresses increased 

to 17H8l\IPa and 1398\IPa n'SJ)('c-tiwly for tlw slC'C'I and titanium a lloy 

Fi~?,.5b . d. 

2.2. Surface Topography a u d Electroch e mical Test Results 

1\ ronghncss of the grindecl s urf a('<' of T iGAl·lY ELl speci nH'ns was m 

the range !?,1 = 0.78 0. 5/1111. The <·lcct ropolishing and anodic oxidation, iu 

ncwl~, devdoped bath::;, c.:ausc•cl dccn•asc• of t he surface roughues::; Rn = 0.1 0 

O.IJJiin . 

Th<> results oft lw potent iodvncunic examination were c.:o llccl<>cl in Table 2. 

TiGAI IV ELl a lloy wilh grinded surfac<> had the <"orro::;ion polmtial in the 

range of Ecor = 50 59 mY, the transpassivity potential was in the rang<' of 

E1r 1510 1980mV. EkctrochC'mic-<11 polishing causC'd 75mV increase of 

t lw ('Orrosion potential Ecnr and 500 mY incr<'asc of t ranspas::;iv ity potential 

E-r! '. For t lw dc•ctrodwmi('ally polis lH:•cl and oxidi z.<'d specimens the corrosion 

pot<'IItial incrC'ased to Ecor = 3..J.2 102 mV. A significanl increase of anoclic 

('\ll'rent clC'nsity in the range up to 5Y was not observed for t.lw oxicliz.ed 

SJH'('ini<'ns Pip,. 6a. 

In the gronp of the dcfonn<'d sp<'<·imens slight clC'crC'asc of corrosion resis

t am·<' was observed. The ('Orrosion potential fall to Ecor = 211 273 mY was 
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F'I <:l!HI' 6. a) Anodic po la rizat ion curv<'s fo r Ti6Al4V E Ll specimens with 

grindrd, Plectropolished a nd oxidized surfaces, b) potent iodyna mic curves for 

Ti6A l·IV ELl sprcimcns with oxide fi lm, at different deformation a ngles 
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observed for t he ::;pecimcns deformed to ahout 10° . The t ranspassivatity po

tential was in the range of EB = -!710- 4920 m V. Increasing the deformation 

a ngle to 45° cauf:ies further decrease of the corrosion and transpa..ssivity poten

tia ls to value Ecor = 70 78 m V a ud Brr = 4300- 4918 mV. For t he deforma

t ion angle 90° t he potentials were: Ecor =25 35, E-rr = 3750 4280 m V- see 

Table 2, Fig. 6b. 

TABLE 2. The resu lts of potcnt iodynarnic tests 

Specimens Deformation Corrosion potential Transpassivity 
angle 0 Econ, mY potential ETP. mY 

Grinding N rA +50 -7- +59 +1540 -7- + 1980 
Electropolishing N/ A +112 -7- +125 +2270 -7- +2310 
Electropol ish i ng + N/ A 309 -7-409 .>5000 
anodic oxidation 

E lectropolishing r 
100 +211 -7- + 273 +4710 -7- +4920 
45° + 70 -7- +78 +4300 -7- +4918 

anodic oxidation goo +25 -7- +35 +3750 -7- +4280 

A current density in the passive range of the deformed specimens was s i

milar to the current noted for undcformecl, oxidized specimens and lower Lhan 

for grinded and polished specimens. Little changes of Lhe potcntioclynamic 

curw shapes did not indicate impairment of the layer. 

T he chemistry of Lhe modified surface was evaluated using t he XPS 

method. T he layer was composed mainly of titanium , aluminurn and vana

dium oxides (Ti02, AhO~, V205) and small quantity of other a lloy com

pounds, contaminants from the ai r and the chemica l baths- Table 3, Fig. 7 

TABLE 3. C hemical composition of oxide layers ou t he titanium alloy - XPS 
examinations 

Elements 0 Ti AI V F N 
Atomic 41 .29 9.29 2.08 0 33 1.68 2.03 
concenlralion 

% 
Chemical Ti02 -1 contan1ination Ti02 AI20:J V205 Ca2 F 
compound 

Elements c Cr s Na Ca I( 

Atomic 37.17 2.15 0.1\8 1.30 0.56 1.01 
concenlralion 

% 
Chemical conlaminalion Cr3+ sui fate~ Ca2F 
compound 
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The concentration of the aluminum and vanadium in the layer was lower 

than in the bulk material. This can be recognized a::; favorable due to the 

toxic reaction of these elements in the body. 

3. Discussion 

The displacernents distribution of the femoral bone-intramedullary nail 

model during the loads bearing was assessed in t he biomechanical tests It was 

shown that the deformation angles for the nails made of stainless steel and 
titanium a lloy did not exceeded 6° . Addi t ionally, the stress distribution was 

investigated . The maximum stress value for extreme conditions (the phase 

of walking when the whole body weight is supported by one leg) exceeded in 

some places the tensile strength of the materials. It came out in this analysis 

that just after the nail implantat ion the patient should not put his full weight 
on his leg. 

For t he implant made of titanium alloy (Ti6AI4V ELI) the electropblish

ing and aHodic oxidation in newly developed baths was carried out. These 

treatments ensure a roughness Ra ::::; 0.16 J.Lm required for these kinds of im

plants and a lso caused an increase of corrosion resistance. Additionally, on 

t he ba~is of recorded anocl ic polarization curves for t he specimens which were 

deformed in the range of 0°-7-90° , the flexibili ty of oxide layers was assessed . 

Slight changes of the anodic polarization curves shape wit h increase of de-
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formation angle wer<' obs<'rvC'cl. It indicated that the layer is flexible due to 

insignificant variations o f anodic ClllTC'nt density in the passive area for de

formed and undeformcd specimens. A wide pa.ssi vc range was also noted. It 

showecl that dC'format ion did not calls<' destruction of the layer. T!lC' chemis

try of the modified surface wa1:1 cva l11a ted using the XPS Jl1C'thod. The layer 

wa~ composC'd mainly of titani11m, aluminum and vanadium oxides (Ti02 , 

AbO:~ , V205 ) and a small quantity of othH alloy compounds, contaminant s 

from Uw air and t lw chemical baths. The concentration of the aluminum 

and vanadium in the layer was lower thau in the bulk material. This can 

be recogni11ed as favorablc due to the toxic reaction of these elrmeuts in the 

body [4]. 
As a result of the research it can be stated that the oxide layer created 

using nC'wly developed methods. increases corrosion resistance. Tlw flexibility 

of oxick layer is satisfa.c:t.ory in applications for surfac<:' modifications of t!H' 

inlramed ullary nail. In order to cval uate t I1C tri bological properties of the 

layer. tribo t<:'sts arc plannC'd in the future. 
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