Chapter-5

Synthesis and Characterization of Ti-Nb-Fe alloy- S53P4 Bioactive glass Composite

5.1 Introduction

The growing population and fast running life increase the risk of accidents and critical
bone fractures in normal daily life so there is high demand of orthopedic load bearing
implant for the hard tissue replacement. These loads bearing implant must be
biocompatible and should have matched mechanical properties to that of the cortical and
cancellous bones. So a new low modulus Ti alloy, containing nontoxic elements along with

high strength and hardness is desirable to replace the current Ti-6Al-4V alloy implant.

The phase diagram of Ti indicates that it has two major phases of importance, namely
alpha and beta. Earlier work suggests that Ti containing beta phase possess low Young's
modulus as compared to alpha phase [1-12]. The number of beta stabilising alloying
elements like Mo, Nb, Fe, Sn, Zr and Ta had been mixed with Ti to produce various
alloys such as Ti-Mo [13], Ti-29Nb-13Ta-4.6Zr [14,15], Ti-24Nb-4Zr-7.9Sn [16] and Ti-

10Zr-15Nb[17,18] Ti-Nb, Ti —Fe [19,20].

Niobium and iron are the nontoxic elements which stabilize the beta phase in Titanium
alloys. Refractory metal Nb has been studied and is known to have excellent corrosion
resistance and good biocompatibility, viable for their use as biomaterials2,3. Matsuno et al.
[8], an in vivo animal study showed that healing around the position where the metallic
wires were inserted in the animal (near to soft and hard tissues) proceed rapidly. Moreover,

the experiments showed the formation of new bone well attached to the surface of the

Page 91



metal implant, i.e., the metals have good biocompatibility and osteoinductivity. Some other
reports about the biological response of the cells in contact with Nb came from the
evaluation of TiNbx alloys, in which Nb had been introduced to substitute Al or V [9-12].
In all cases it was demonstrated that the short and long-term biocompatibility of Nb was
excellent; it was a good alloying substitute providing the mechanical strength to the Ti
alloys, as well as a biocompatible element. In vitro and in vivo studies indicate that Nb
(TiNb), in contrast to (TiNi), was cytocompatible and hypoallergenic [13]. In addition to
better biocompatibility and resistance to corrosion, Ti-Nb alloys exhibit a very low value
of Young's modulus combined with good mechanical strength depending on composition
and phase transformation [21, 22]. Fe is low-cost material and positively affects the
osteogenesis as well as other functional mechanisms in the body. The addition of Fe in Ti-

Nb alloys changes its beta phase stability thereby balances both the phases [23, 24].

The difficulties in Ti processing arise due to the contamination and good reactivity at high
temperature. So the powder metallurgy (PM) method is adopted for the processing. The
elemental powders are mixed by high energy ball milling, where the collisions occur

within the tungsten ball used. This also raises the span of solubility of the solid in the alloy.

Bio-active glasses are the novel bioactive materials which are generally based on silicate,
borate, and phosphate assembly. [29].These are different from conventional glass in terms
of bioactivity. The first bioactive glass 45S5 was invented by Hench, which is based on a
silicate structure and contains calcium and phosphate. It exhibits excellent bonding
properties with the tissues and also boosts the bone growth [30-31]. The degradation rate

of these silicate glasses are slow due to SiO2 layer formation inside the human body.S53P4

Page 92



is another silica-based bioactive glass with the weight percent composition 53 % SiO2, 20
% Cao, 23%Na20, and 4 % P20S5. It also exhibit noble bioactivity in the cells. However,
the low strength and brittleness of the glass restricted its application in the soft tissues [32,

33].

In this work, comparatively, cost-effective Ti-8Nb-2Fe alloy is synthesized with the help
of powder metallurgy. The synthesized alloy is mixed with S53P4 bioactive (BAG) glass
in the range of 0 - 20%. BAG S53P4 is selected due to its ability to degrade the human
body environment and transform into hydroxyl-apatite. The main goal of current work is to
combine the physio-mechanical properties of Ti alloy matrix with the biological properties
of S53P4 glass and to eliminate the disadvantage of the coating by mixing the glass within

the alloy matrix in place of coating.

5. 2. Experimental

5.2.1 Raw Material Used

In this study, pure titanium (98%), Niobium(99%), and Iron(98%) powders are used for the
alloy powder preparation. Bioactive glass is synthesized by using AR grade Quartz (99%
Si02), Calcium Carbonate (99%CaCO3), and, Sodium Carbonate (99%Na2CO3),NaCl,
NaHCO3, KCl, K2HPO4 3H20, MgCI2 6H20, CaCl2, and Na2SO4tris((CH20H)

3CNH2) and 1 M HCl is used to prepare (SBF) simulated body fluid.
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5.2.2 Alloy synthesis

The powder of Ti is mixed mechanically with 8 wt% of Niobium (Nb) and 2 wt% of Iron
(Fe) powders in a planetary mill. Steel jar and tungsten balls have been used as a mixing
media for the production of alloy. The powder-to-ball weight ratio has been taken as 8:1.

The milling has been performed in an argon atmosphere to prevent it from oxidation.

The milling is carried out up to 7 h for the mixing of alloy powder. Due to the malleable
property of metal powders; some quantity of process control agent,(PCA) i.e. three weight
% ethanol was added during the milling operation. The PCA refreshes the contacts of
metal surfaces and minimizes the welding of the powders otherwise it may cause oxidation

and contamination [34].

5.2.3 Glass Preparation

The batch having components 53 % SiO2, 20 % Cao, 23%Na20, 4 % P205, as weight
percentage were weighed. The raw materials areSilica (99% Si02 ), Calcium Carbonate
(99%CaC03), Sodium Carbonate (99%Na2CO3) and Di Sodium Hydrogen Phosphate.
The material was mixed for 20 minutes in an agatemortar. These reagents in a platinum
crucible were heated for 5 h in a furnace at 14500C. Then the melt has been quenched in

water and milled to bring finally the form of powder.

5.2.4 Composite preparation

The crushed powder of SS3P4BAG has been mixed in the matrix of prepared alloy powder

in the weight percentage of 5, 10, and 20 respectively (Table 1) and milled for 30 minutes
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to obtain a homogeneous mixture and the binder 0.4 % of dextrin is also added in the
mixture. The bar and pallets of these composite powder were fabricated with the help of a
uniaxial press machine by applying the pressure of 470 MPa. The sintering of these
samples was done in two steps. Firstly the samples were sintered at 6500C for 1 h to
remove the dextrin. Then it was further heated in a high temperature control atmosphere
furnace with the dwell time of 4.5 h at 1300 °C at the heating rate of 10 °C/min. The rate
of cooling has been kept initially at 15 °C/min until the temperature reaches 870°C and

then with faster rate30°C/min.

Table .5.1 Composition of Ti-8Nb-2Fe -BAG Composite in weight %

Sample N1 N2 N3 N4

Alloy (Ti-8Nb-2Fe) 100 95 90 80

BAG (S53P4) 00 05 10 20

5.2.5. Characterization

The portable powder XRD machine (Rigaku, Japan) using copper Ko radiation has
identified the major phases in the prepared samples. The phases have been identified by

matching the respective XRD peaks with that of JCPDS database.
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For the microstructure examination, all prepared composites have been polished by emery
papers of various grades. The samples were kept in a Kroll solution: 3 ml HF, 6 ml HNO3,

100 ml H20 and micrograph (SEM) have been taken using INSPECT 50 FEIL

Compressive strength measurement was performed with the UTM with a strain rate of 2.0
mm/min. Elastic moduli were measured with the help of ultrasonic gauge (45MG,
Olympus, USA), by calculating sample density. The transverse velocity and longitudinal
velocity have been measured by ultrasonic technique. The indentation method has been
performed for the hardness of the samples with the help of Vickers’s hardness with the
force of 2 kgf, and depression of the mark has been noted through the microscope.While
performing mechanical characterizations, five samples for every group (N1, N2, N3 and
N4) were taken. The mean value and standard deviation have been determined and the

results are presented as a mean value + standard deviation within permissible error bars.

The apparent porosity and bulk density are measured by Archimedes method due to its
authenticity and simplicity. Initially, the dry weight of sample have been measured then all
samples have been suspended in water by using steel wire and suspended, and soaked
weight was determined and the bellow mathematical equations are used for the calculating

the density and apparent porosity [35].

Apparent porosity (A.P %)= X 100, Where W=suspended weight in gm

Bulk Density (B.D gm/cm3) = S= Soaked weight in gm

D=Dry weight in gm
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The bioactive analysis is carried out by immersing all the samples in simulated body fluid
(SBF) for some days. The preparation of SBF has been done by using NaCl, KCI,
NaHCO3, MgCl2+6H20, CaCl2, and KH2PO4 in doubled distilled water. The prepared
SBF possesses similar concentrations of ions as found in human body fluid. In the beaker;
the samples to be tested were dipped in simulated body fluid and kept for 7 days at 37 °C.
The pH of simulated body fluid was observed continuously for 7 days. After immersion,

the samples were again dried for 15 minutes, and their SEM analysis was done.

The weight loss method was used for the corrosion analysis of the samples. The
composites have been immersed in simulated body fluid at 370C for several days. Firstly,
the dry weight of the samples has been measured, and after immersion, the samples were
weed out from simulated body fluid at the regular interval for wet weight measurement.
Then the samples were cleaned with the water for the removal of any corrosion by-

products, the corrosion rate is determined by using the following formula [37].

Corrosion Rate (millimetre/year) =

Where A= Area of samples in cm?2

D= Density of the sample in g/cm3.

W =weight loss in mg

T=Time of immersion in hours
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In-vitro cellular response of Ti alloy and composites in the present study were performed
for human osteosarcoma, SaOS2 cells. The cell lines were purchased from NCCS Pune,
India. The received cells were firstly grown with complete media, which consists of
McCoy' 5A, 15% fetal broken serum (FBS) and 1% antibiotics at 37 oC in a CO2
incubator. The autoclaved samples were seeded with 10,000 cells per well for 3, 5, and 7,
days. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay of
seeded samples were performed after the respective incubation period. The samples were
cleaned with 1x PBS and further incubated with MTT (MTT: Media in the ratio of 1: 10)
for 6 hrs. MTT reads with cells and forms purple color formazan crystal, which can be
dissolved in DMSO (dimethyl sulfoxide). The absorbance of dissolved crystal was
determined using Elisa micro plate reader at 595 nm. The viability is calculated as follows

[38]

The statistical analysis of optical density was performed by one way ANOVA followed by
Tukey'spost hoc test for comparison of respective result. Each experiment was performed

in triplicate and significant differences have been considered for ‘p’ value <0.05.

5.2.6. Result and Discussion

5.2.6.1 Phase Analysis

The XRD patterns of prepared samples are shown in figure 5.1. XRD of pure alloy N1
contains dual phase alpha and beta titanium. The X-ray pattern reveals that metal alloy
without bioactive glass (N1) has hexagonal a Ti (PCPDF No 892762) as a major phase

with some sort of BCC § Ti (PCPDF No0-894913). In addition to alpha and beta titanium,
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the brittle intermetallic compound Ti4Nb (PCPDF No 657479) and TiFe (PCPDF No
655613) also formed. With the reinforcement of S53P4bioactive glass in Ti alloy matrix
(N2, N3 & N4), some additional peaks of TiP (PCPDF No.731821), Na2CaSi308 (PCPDF
No0.120671) are also observed in the pattern as a reaction between metal and glass
constituents. XRD pattern of composite suggests that the intensity of these peaks increases

with the weight percentage of reinforced BAG.

B-BTi ¢-TiP
a0 Ti wTiS1
B—TiJNb n-Ti0

[3 a §-TiFe 3*.—\'21:(721$i3()R

Intensity (a.u)

T T T T
40 50 20

Fig.5.1 XRD spectra of synthesized composites
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5.2.6.2 Scanning Electron Microscopy (SEM)

The scanning electron micrographs of samples are represented in figure 2. The pure alloy
contains a dual phase structure having alpha and retained beta phase as depicted in fig 2(a,
b). The smaller amount of glassy phase appears on the surface of samples in fig 2 (c, d)
with negligible pores where the reinforced glass is 5 %.0n increasing volume percentage
of BAG to 10 % and 20 %, the surface becomes more glassy with increased porosity as
shown in micrograph 2(e, f, g, h). During sintering,some amount of bioactive glass melted

which distributed uniformly on surface of the alloy. The flatter glassiness phase ensures

the uniform distribution of bioactive glass on the surface.

Fig.5.2 Scanning Electron Micrographs of alloy N1(a,b),Alloy + 5%BAG N2(c,d)

Alloy +10%BAG N3(e,f) Alloy +20%BAG N4(g,h)

Page 100



5.2.6.3 Physio-mechanical properties

Figure 5.3 (a) and 5.(b) illustrate the bulk density and apparent porosity of the samples.
From the graph it is clear that pure alloy sample N1 exhibit the bulk density and apparent
porosity of 4.55 gm/cm3 and 3.9% respectively. As we increases the reinforced percentage
of S53P4 bioactive glass in the matrix, the apparent porosity of the sample N2, N3 and N4
increases whereas the density decreases. This is due to the fact that, with increased volume
fraction of bioactive glass, the internal friction between glass particles and matrix increases

which obstruct the solidification resulting in increased porosity [39,40].
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Fig. 5.3 (a) Bulk Density of the prepared samples 5.3 (b) Apparent Porosity of the

prepared samples

The Vickers’s hardness of samples are shown in fig 5.4.The pure alloy matrix N1 shows
the increased hardness value of 507 Hv as compared to pre-existing Ti-6Al-4V alloy. This

enhanced value of hardness is due to the Ti-Fe and Ti4Nb intermetallic formed between
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the metallic powders. The Hardness of the composites, N2, N3 and N4 shows the value of

542 Hv, 522, and 510 Hv respectively.

It is obvious from the graph that, when the reinforced percentage of BAG is low (5%),the
hardness increases to 542 Hv , but as the reinforced phase increases to 10% and 20% ,the
value of hardness reduces to 522 and 510 Hv respectively. These values of hardness are
greater than that of reported values of Ti-6Al1-4V alloys as well as cortical bone [41].The
clarification to this behaviour is that when BAG is in low percentage in the matrix, the
porosity affects by little amount and the hardness increases due to work hardening and
some new phases (Tio, TiP) formed in the composite [42]. But with the increased volume
percentage of BAG, considerable amount of porosity is induced as indicated in fig 3(b)

which further reduces the hardness of the composite.
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Fig. 5.4 Vickers’s hardness of all the samples

The compressive strength for the samples N1,N2,N3, and N4 are represented in fig 5. The

graph indicated that the alloy N1 exhibit the compressive strength of 521 MPa, whereas
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the reinforced samples N2, N3, and N4 shows the value of 610 MPa,585 MPa and 542
MPa respectively which are still greater than the cortical bone. From the figure, it is also
clear that the strength of composites increased first with the reinforcing BAG concerning

N1 and then decreases when the volume fraction of BAG further increases to 10% and

20%.
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Fig. 5.5 Compressive Strength of the samples N1, N2, N3 & N4

Fig 5.6 shows the elastic modulus of the prepared samples measured from the ultrasonic
gauge. The modulus of alloy sample N1 without reinforcing phase exhibit the value of 92

GPa and decreases in the composites N2 (81 GPa), N3 (72 GPa) and N4 (63 GPa) as the
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reinforced percentage of S53P4 BAG increases. This reduced value of elastic modulus is

useful to reduce the stress shielding effect in the implant [43].
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Fig. 5.6 Elastic Mod of all the prepared samples

5.2.6.4 In vitro Bioactivity

To analyze the in vitro bioactivity, the samples were immersed in SBF solution, and pH

behavior of the solution was observed at different immersion time up to seven days. Fig
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5.7 shows the change in pH of the SBF solution after immersing the samples. From this
graph, it is clear that the pH of all the composite having BAG increases rapidly as
compared to pure alloy matrix N1. The graph also depicts the pH value and its rate of
change increase with the increased amount of reinforced bioactive glass. The H+ ions in
SBF solution are being replaced by network modifier cations (Na +, Ca+) released by the
surface of the samples which cause an increase in hydroxyl concentration of the solution

thereby increases the pH of the SBF solution[43].

9.0
—m— N1
—@— N2 : i W = i
8.8 — —A— N3 B s . v

| | 1
0 24 48 72 96 120 144
Time (hr)

Fig. 5.7 In vitro pH behavior of the samples in SBF

The cat-ions released from the bioactive glass when coupled with the phosphate ions of
simulated body fluid lead to the construction of the hydroxyl appetite layer on the surface

of the composite. The SEM micrographs have also been taken after seven-day immersion
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of the samples to confirm this fact. Fig 5.8 shows the change in the morphology of the

surface when it is compared to the primary stage of composites before immersion (fig5.2)

E A .
EHT = 20,00 KV Data 28 Jun 2018 EHT = 2000 KV Signal A = SE1 Date 129 Jun 2018 ==
WD = 85mm Mag= 10.00 KX Time 114:05.:63 | WD = 9.5mm Mag= 300KX Time :13:43:14 i}

EHT = 20,00 &V Signal A = SE1 Date 120 Jun 2018 EHT = 20,00 kv Signal A = SE1 Date 26 Jun 2018 J—
WD = 85mm Mag= 300KX Time :13:37:01 WD = 8.5 mm Mag = 10,00 K X Time :14:03:10 e

Fig. 5.8 SEM Micrographs of all the samples after immersion in SBF
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5.2.6.5 Corrosion Study

The effect of SBF solution on the corrosion rate of composites has been studied by weight
loss method. Fig 5.9 shows the corrosion rate of composites concerning the immersion
time. The graph predicts that the pure alloy sample N1 exhibit the corrosion rate of .0082
millimeter per year (mmpy) after 42 days of immersion. Initially, the high corrosion rate of
composites N2, N3 and N4 having S53P4 bioactive as compared to N1 are due to the
reason that in the beginning, the degradation of S53P4 bioactive glass occurs rapidly until
the HCA layer is formed on the surface of the composite. The HCA layer ceases the further
degradation of BAG hence the weight loss and so rate of corrosion of N2, N3, and N4

approximately reaches nearly equal to the pure alloy sample N1.
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Fig. 5.9 Rate of corrosion of alloy (N1) and composites having BAG (N2, N3, N4)

Page 107



5.2.6.1 Cell Culture Study

Fig. 5.10 represents the viability of SaOS2 cells seeded on Ti alloy and composites. It is
observed from fig. All samples shows a significant difference concerning control (*) after
3,5 and seven days. From the figure 10, it is also clear that reinforcement of bioactive glass
significantly increases the viability of SaOS2 cells as compared to pure alloy matrix N1
(**) and the viability of N1 sample has no significance increment after 5 and seven days.

However, on the other hand, N2, N3 and N4 samples show higher viability after 5th and

7th days.
250.00— gc;s:tmi Slip .
N2
B N3 -
N4 ahs
200.00—] - o
‘ | 513008
‘E‘ _—— ] L EE :“'
= ii -+ 25 p5¢
£ 150.00 QEE 52t N N
= NS N N
{f; \: - ‘\\\\z - '*\\\:: g
- o888 N N
= SN e N N
100.00— N N '% 53
: \ IiipGs %EE o5 ||\\ E ot
EeeE 3% N N
=N N N
50.00— SN N N
N8 N i
=N N BN
N N N
0.00 S & 2 hamma e
Control 32 days S days 7 days

Error Bars: 95%0 CI

Fig. 5.10 Time-dependent Viability of SaOS2cells in all the prepared samples (N1, N2, N3, &

N4)
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5. Conclusion

The effect of S53P4 bioactive glass addition on the physio-mechanical, biological, and
corrosion properties of newly developed composite for the orthopedic implant was

examined and subjected to the following results.

1.The porosity of prepared samples increases on increasing the volume fraction of the
reinforced bioactive glass and shows the value of 7% (N2), 15% (N3) and 22 %( N4) due

to increased frictional mechanism between the metal matrix and glass particle.

2.Pure Ti-8Nb-2Fe shows the compressive strength of 521 MPa while composite N2,N3 &
N4 exhibit the compressive strength of 610,585 and 542 MPa which are superior to cortical

bone.

3.Due to the formation of intermetallic and intermediate compounds, the Hardness of pure
alloy N1 as well as reinforced composite N2, N3 and N4 increases as compared to Ti-6Al-
4V alloy and attains the value of 507,542,522 and 510 Hv respectively which are greater

than the cortical bone also.

4.Reinforcement of bioactive glass significantly reduces the elastic modulus of the
composite and approaches the value of 81, 72 and 63 GPa in the N2, N3 and N4 samples

which comes very close to that of cortical bones and will reduce the stress shielding effect.
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5.The formation of hydroxyl appetite layer in SBF in N3 and N4 composite have been
observed prominent where the reinforcement percentage reaches 10% and 20%

respectively.

6.The cell culture suggests that in all the composites, the bioactivity increases with the
reinforced percentage of bioactive glass; however, the composite N4 is found to have

maximum bioactivity.

The above result suggests that the composite N4 having 20% reinforcement of S53P4
bioactive glass comes out to be the best composition as it exhibits good biocompatibility,
lowest elastic modulus (63 GPa), optimum compressive strength (542 MPa), enhanced
bioactivity and increased hardness (510 Hv). So it can be a new potential candidate for
orthopedic implant, which can potentially reduce the problem of stress shielding and

toxicity.
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