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THE EFFECT OF TANTALUM CONTENT ON
MICROSTRUCTURE AND VICKERS HARDNESS OF
TiNbZrTaAg ALLOY
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Usually alloys from the titanium-niobium-zirconium-tantalum (TNZT) do not
have intrinsic antibacterial properties and to induce such properties introducing
alloying elements (silver, in this case) such property can be induced. This research
is aimed at studying the influence of tantalum concentration variation on the
microstructure of as cast alloys from the TNZT system with 2% silver addition.

The alloys were obtained by vacuum-arc remelting (VAR) and characterized
by light and scanning electron microscopy, X-Ray diffraction and Vickers hardness
tests. The studies are performed on as cast ingots, the intended use for the alloy
being dentistry applications.

The alloy density was also determined using the water displacement method,
the highest tantalum concentration (20%) resulting on a density of 6.87+0.01g/cm?®,

The results showed that the addition of tantalum increases f-phase content,
generates a change in a-phase morphology and increases hardness starting from
15%wt.
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1. Introduction

The research for new materials for medical applications is ongoing since
the characteristics of such materials are numerous: along those necessary in load
bearing  applications  (mechanical  characteristics),  requirements  for
biocompatibility, biofunctionality and in specific cases biodegradability are
added.

The summation of all requirements above, mandatory for materials used
for implantable devices, in one single material is currently impossible and
perpetual research in developing a material to satisfy a large number of criteria is
ongoing. Currently there are several materials that have proven their viability as
biomaterials [1], and as metallic materials consecrated are the stainless steels,
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cobalt - chromium alloys and titanium and its alloys. Each class comes with its
own series of advantages and disadvantages: stainless steels have better fatigue
resistance and ductility when compared with Co-Cr and Ti and its alloys, but they
are the least biocompatible. The Co-Cr alloys stand out due to their good wear
resistance, while Ti and its alloys are used for their biocompatibility and specific
mechanical properties [2].

A major problem encountered for all metallic materials is the high density
(when compared with bone density) and incompatibility with the mechanical
properties of the bone. The main issue regarding the mechanical properties is the
high elastic modulus of metallic materials (190-210GPa for stainless steels [2],
220GPa for Co-Cr alloys [2] and 90-110GPa for Ti and its alloys [2]) in respect to
the one of the bone (10-40GPa, depending on health [3]) that shifts load
distribution towards the implant, generates stress shielding and as consequence
the bone loses its normal structure and properties [4].

Lowering the elastic modulus by changing the chemical composition can
be achieved only for titanium alloys: titanium has an allotropic transformation at
880°C, below this temperature its crystal structure is hexagonal close - packed
(described as a or a phase), and above the structure changes into a body centered
cubic structure (described as a or B phase) [5]. The B phase has a low elastic
modulus, and, although unstable at room temperature, it can be stabilized by the
addition of specific alloying elements (the so called B stabilizers) as: V, Nb, Mo,
Ta, Fe, Mn, Cr, Co, W, Ni, Cu, Si [6].

For medical applications Ti6Al4V has been used since 1960 and gradually
replacing commercial-pure titanium due to its enhanced mechanical properties.
The structure of the alloy is a mixture of (a+ ) phases, with an elastic modulus of
roughly 110GPa. The high elastic modulus associated with presence of V and Al
that are considered to be toxic in elemental state and as oxides [7] has directed the
research towards B titanium alloys with safer (less toxic) alloying elements: Nb,
Mo and Ta [8, 9]. A new element gained interest for its use in B titanium alloys,
Zr: it has been found to help stabilize the phase of Ti when associated with
another stabilizing element and contributing in a large extent to the descries of the
elastic modulus.

The alloys from the titanium - niobium - tantalum - zirconium system
(TNZT) gained interest given the good mechanical properties, low elastic
modulus, good biocompatibility and corrosion resistance and are considered to be
candidates for next-generation metallic biomaterials [10].

Intramedullary rods made of Ti-29Nb-13Ta-4.6Zr were already used for
fracture fixation and spinal implants [11, 12] with outstanding success, Ti-35Nb-
2Ta-3Zr [13] and Ti-29Nb-2Ta-3Zr [14] for dental implants, all with outstanding
results.
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A new trend arises in inducing antibacterial properties to the material, i.e.
the ability of the material to remain effective under the action of bacteria and
microorganisms, by addition of elements that can generate such behavior. For beta
titanium alloys Shi et al. [15] obtained a low elastic modulus with good
antibacterial properties given by the addition of copper, and others induced
antibacterial properties by surface treatments [16-20].

A study performed by Kawakami [21] reveals that a great number of
potential alloying elements are available that should induce antibacterial
properties to be available, and yet to be studied in relation to TNZT alloys.

Adding silver to titanium alloys was attempted by Oh et al. [22] with good
results up to 1.5%Ag, while most research studies were directed at surface
modifications [23-27].

The current research state creates an opportunity for the development of an
alloy in the TNZT system that includes silver for antibacterial properties which to
be studied regarding the as cast microstructure, since the alloy is aimed for dental
application.

2. Materials and methods

As the study was aimed at observing the influence of tantalum
concentration on the as cast microstructure of a titanium alloy from the Titanium -
Niobium - Zirconium - Tantalum, the remainder of alloying elements (Nb and Zr)
had fixed concentrations as well as Ag.

The desired chemical compositions are presented in table 1, along with
sample coding used throughout the paper.

Table 1
The aimed chemical composition of the alloys (in %owt)
Alloy code %Ta %Nb %Zr %Ag %Ti
Al 0 9 8 2
A2 5 9 8 2
A3 10 9 8 2 Balance
A4 15 9 8 2
A5 20 9 8 2

The alloys were prepared in a vacuum arc remelting furnace (VAR) ABD
MRF 900.

In order to obtain a good homogeneity of the experimental alloys nine
passes were performed for each ingot. Each ingot has 10mm in diameter and a
length of 150mm.

The obtained alloys were characterized first by determining the density
using the water displacement method using ASTM D792 as guide for the
procedure. The chemical composition of the experimental alloys was determined,
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at this current stage, by Energy Dispersive X-Ray Spectroscopy (EDS)
simultaneously with Scanning Electron Microscopy (SEM) observations using the
FEI Inspect F50. The light microscopy studies were performed using a Reichert
Univar microscope.

Mechanical characteristics were appreciated by performing Vickers
Hardness tests using a Shimadzu HMV 2TE with a load of 1.961N and a holding
time of 15s, following the specifications of 1SO 6507-1.

3. Results and discussion
3.1. The density of the experimental alloys

The density of the experimental alloys was determined using the water
displacement method using a graduated measuring cylinder to find the volume of
the sample and an analytical scale for weight measurements. The density was
determined by computing the ratio sample weight/sample volume. All
measurements were repeated 5 times, then the average value and standard
deviation were computed.

In fig. 1 the density variation in
respect to tantalum concentration s
depicted.

The density appears to vary in a
linear way increasing with the increase of
tantalum concentration. Compared to pure

titanium density (4.5g/cm3) these alloys
B : & 2 show an increase in the range of 20-52%,

Ta (%) -y
Fig. 1 The density of the experimental as for the addition of tantalum to the base

alloys in respect to tantalum concentration alloy (Al) an increase of maximum
27.22% was reached (for alloy A5).

The density increases limit the usability of these alloys to small
components, yet their density is lower than those of 316L (8.0g/cm3) and cobalt-
chromium alloys (10.0g/cm3).
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3.2. The chemical composition of the experimental alloys

The chemical composition was estimated at this stage of the research,
using EDS. On each sample 7 random fields were examined globally, using as
guidelines a procedure recommended by Pencea et al. [28] to ensure that the
samples have a homogeneous chemical composition. The analysis was mainly
directed towards the concentrations of the alloying elements of interest. In table 2
the average concentrations of the alloying elements are presented.
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Table 2
Determined chemical composition of the experimental alloys (Yowt)
Alloy %Ta %Nb %Zr %Ag %Ti
Al Not Available | 9.15+0.37 8.19+0.23 1.90+0.15 80.76+0.55
A2 3.9540.30 7.52+0.56 6.8740.35 1.96+0.08 79.71+1.03
A3 8.94+0.36 10.01+0.71 7.78+0.37 1.95+0.08 71.32+1.02
A4 15.58+0.51 9.32+0.25 7.68+0.23 1.86+0.08 65.55+0.63
A5 19.3241.31 | 10.25+2.13 8.56+1.18 2.62+1.19 59.25+3.32

The chemical composition falls close to the desired one, although several
discrepancies are present that should be reduced by optimizing the initial load of
the melt.

3.3. The microstructure of the alloys

The prepared specimens were examined using the Reichert Univar light
microscope. The representative micrographs are presented in fig. 2. An attempt to
quantify constituent proportions by image analysis was performed using the
Image-Pro Plus 6.0 (Media Cybernetics, Inc.) software, also used for various
measurements.

Fig. 2 Light microscopy
micrographs of the
experimental alloys: a. for
alloy A1, b. for alloy A2, c. for
alloy A3, d. for alloy A4, e. for
alloy A5

d. e.

The microstructure of alloy Al, with no tantalum addition is depicted in

fig. 2. a., showing a typical basket weave (or Widmanstatten) microstructure
comprised of a mixture of a and B phases, with thick a lamellae, without preferred
orientation, structure similar to a typical Ti6Al4V alloy [5,29-33]. By the addition
of tantalum in alloy Al no significant changes in the morphology can be assessed
in fig. 2. b., the grain boundary of former § phase can be observed with a lamellae
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present at this region. As tantalum content was further increased in alloy A3 the
microstructure shows a significant change, as observed in fig. 2. c., the basket
weave morphology disappears being substituted by an increasing [} phase
proportion and o phase morphology changes to lamellae colonies concentrated at
prior B grain boundaries. The microstructure of alloy A4 presented in fig. 2. d.
reveals a structure comprised of mostly B phase with o lamellae colonies present
at former B grain boundaries. The highest tantalum content which was added in
alloy AS further reduces the a phase content, in fig. 2.d. a structure comprised
mostly of B phase can be observed and fine o lamellae distributed as a star shape.
The tantalum addition clearly alters the microstructure of the base alloy, starting
from a o+ typical Widmanstatten structure towards a B structure with fine o
lamellae distributed as colonies or as rosettes.

The structure of titanium alloys is dictated by alloying elements addition
and processing route [5]. Regarding the experimental alloys, the factors that
dictate the microstructure are: the chemical composition and the cooling rate (it
cannot be excluded, although same parameters were used for all alloys).

Since a change in thickness of the a
lamellae was observed, an analysis in this
respect was performed using the following
procedure: on 5 light microscopy
micrographs the largest thickness of 10
random chosen lamellae was measured,

I
o

- "
n o

Lamellae thickness (micrometers)
o @
P o =4

— .

1 + ' ] totaling 50 measurements/alloy. The results

1 were the averaged and the lamellae
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Fig. 3 Lamellae thickness of o phase content was plotted, as presented in fig. 3.

variation in respect to tantalum content As tantalum content increases the

measured on light microscopy thickness of the o lamellae tends to

micrographs decrease, according to the variation

presented in fig. 3. When no tantalum was added (alloy Al), an average lamellae
thickness of 2.68+0.63um was determined, in the measurements a maximum of
3.86um and minimum of 1.57 um were found. At 5%Ta (alloy A2), the average
thickness decreased to 1.76+0.56um, with a maximum of 4.46 um and minimum
Of 1.08 pum. At 10%Ta (alloy A3) a further decrease in lamellae thickness is
observed, averaging at 1.11+0.32um, with a maximum of 2.02 um and a
minimum of 0.54 um. The addition of 15%Ta in the alloy (alloy A4) leads to
further decrease in the lamellae thickness that averages at 0.98+0.25um, the
maximum of 1.54 pum and minimum of 0.57 pm being recorded in the
measurements performed. At highest concentration of tantalum (alloy A5) the
average o lamellae thickness tends to increase, averaging at 1.25+0.45um. This
increase is caused by the appearance of thick a plates in the microstructure (as
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observed in fig. 2.e.), as the maximum thickness measured was 3.66um and the
minimum 0.69 pum.

The same procedure applied on light microscopy micrographs was applied
for the micrographs obtained by scanning electron microscopy depicted in fig. 4.
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Fig. 4 Scanning electron
micrographs sowing lamellae
morphology in a. alloy Al, b.
alloy A2, c. alloy A3, d. alloy

A4 and e. alloy A5

: e.

The morphology of o phase presented in fig. 4 reveals its transition from
the Widmanstatten one (for a+f alloys) in fig. 4.a. and b. towards lamellar as
colonies (fig. 4. c. and d.) or rosettes (fig. 4. e.) [34-37]. As for the thickness
variation in respect to tantalum addition, the plot presented in fig. 5 shows a
similar trend as the one observed in the study performed on light microscopy
micrographs.

As the examined surface by SEM is reduced, the probability to encounter
large a plates is decreased, still there is a good similarity with the results obtained
with the study on light micrographs.

Further studies were aimed at a constituent proportion quantification using
the volume method, as described in following paragraph.

The constituent proportions were determined by placing a grid on the
captured and binarized microstructure (for a better distinction between the two
constituents present). The points where the vertical and horizontal lines of the grid
intersected were counted and attributed to one of the constituents (a phase - light
appearance and [ phase - dark appearance). The proportions were then estimated
by computing the ratio between the number of points that fell on one constituent
to the total number of points of the grid. The analysis was repeated on 15 random
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fields on each sample and the results averaged with the variation of a and B in
respect to tantalum content plotted in fig. 6.
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Fig. 5 Lamellae thickness of a phase variation
in respect to tantalum content measured on
scanning electron microscopy micrographs

Fig. 6 The variation of o and P in respect to
tantalum content. The bands represent +1
standard deviation

The addition of tantalum increases the  phase proportion as it is a 3
stabilizing element. With no tantalum addition the alloy starts with roughly 60% a.
and this content gradually decreases down to 12% a at 20% tantalum. At 5%Ta a
roughly 50%a. - 50% B structure is obtained.

The results fit into values reported by Wang [38], Zhou [39] and Gao [40].

3.4 Vickers Hardness

The Vickers hardness tests were performed on two regions of the cast
ingots: Region 1 designates a central position in respect to the longitudinal section
of the ingot, while Region 2 designates a region close to the edge of the ingot
(obviously, respecting the specification of the standard regarding distances from
the edge of the sample). On each experimental alloy five hardness measurements
were performed, and the results were then averaged. In fig. 7 the hardness
variation in respect to tantalum content is depicted.
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Fig. 7 Vickers hardness variation in respect to
tantalum content

Fig. 8 Hardness variation in respect to lamellae
thickness
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The hardness variation is similar for both regions, with slight differences
that can be attributed to the microstructure: the region adjacent to the edge of the
ingot (Region 2) has a higher thermal gradient and the result is a finer
microstructure than the one in the center of the ingot, where the grains are coarse.

The addition of tantalum has no significant effect on hardness value up to
15%. A major influence is observed at 20%Ta concentration.

For Region 1 the alloy with no tantalum has an average hardness of
220HV and a slight increase in hardness (circa 14HV) was observed at 5%Ta. The
increase to 10%Ta had no effect on hardness value and at 15%Ta the hardness
increased by circa 20HV. At 20%Ta the hardness increases by circa 70HV.

In Region 2 the alloy with no tantalum has an average value of 242HV,
and in this case there is no variation up to 15%Ta, where an increase by roughly
11HV is observed. The most significant increase is achieved at 20%Ta, when the
hardness increases by circa 64HV.

The plot in fig. 8 is constructed using hardness data from Region 1 since
all microstructure studies (including lamellae thickness measurements) were
performed on samples obtained from the center of the ingots. The hardness
appears to be influenced by lamellae thickness and constituent content, as o
lamellae thickness increases, the hardness value decreases, and, as B phase content
increases so does the average hardness value.

4. Conclusions

The five experimental alloys in the Ti-Nb-Ta-Zr-Ag system with various
tantalum concentrations were studied as cast to observe the changes in
microstructure. The addition of 20% increases the alloy density by roughly 27%
in respect to the alloy without tantalum, limiting its use to small components.

The chemical compositions obtained for the experimental alloys matches
in a large extent the desired one, the resulting alloys having a satisfactory
homogeneous chemical composition.

The structure of the alloys is comprised of o and  phases with varying
proportions. The addition of tantalum increases the proportion of B phase, from
40% when no tantalum was added to 80% when 20%Ta was added. The
microstructure is initially typical Widmanstatten for a+f3 alloys up to 10%Ta,
above this concentration the o phase shows a lamellar structure, organized as
colonies or rosettes.

The thickness of a lamellae appears to be greatly influenced by tantalum
addition.

The hardness appears to be influenced by o lamellae thickness and content
of B as tantalum concentration exceeds 15%.
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This study of the alloys in as cast condition is relevant for the use of the
alloys in dentistry, where processing route is limited to casting of the implant.
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