Laser cladding of bioactive glass coating on pure titanium substrate with highly refined
grain structure
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Abstract

Free from toxic elements biomaterial potentially applicable for load bearing biomedical
implants was obtained for the first time by laser cladding of S520 bioactive glass onto ultrafine-
grained commercially pure titanium. The cladding process affected the refined structure of the
substrate inducing martensitic transformation near its surface. The o’ acicular martensite
gradually passes into relatively large grains with increasing distance from the substrate surface,
which subsequently are transformed into smaller grains of about 2 um in diameter. Both the
melted zone, where the martensite crystalline structure was found, and the HAZ are
characterized by relatively lower hardness in comparison with that of the substrate core
indicating increased ductility. Such a combination of zones with different properties may have
a synergistic effect and is beneficial for the obtained biomaterial. A characteristic region in the
form of about 3 pum width band was formed in the melted zone at about 10 um below the
titanium surface. The results of EDS analysis indicate that several glass elements moved into
the region while the titanium content in the same area was decreased. High bioactivity of the
coated S520 glass was revealed by in vitro testing with SBF solution and almost complete
reduction of P concentration occurred after 14 days.

1. Introduction

Biomaterials can be used in regenerative medicine to replace or enhance lost and damaged
parts of the human body. Such materials include metals, ceramics, polymers, and composites.
The mandatory feature for biomaterials is their biocompatibility, which is an ability of a
material to perform its desired function without causing any local or systemic adverse response



in the human organism [1]. Based on biocompatibility and according to their reaction with body
tissue, biomaterials can be classified into bioinert, bioactive and bioresorbable materials [2].

Bioinert materials do not initiate a response or interact being placed in the human body.
These include titanium and its alloys, stainless steel and cobalt-chromium alloys [3,4]. Once
placed in the human body, bioinert implants have minimal interaction with the neighbouring
tissue and do not form chemical or biological bonds at the tissue/implant interface that may
result in relative movements at the interface accelerating wear of their surfaces and stimulating
inflammatory responses [5]. Potential application of such implants can be effective only when
the prosthesis is implanted with a strong mechanical fit and loaded with compression. With this
in mind, certain fixation methods have been developed, such as cementation, to achieve
adhesion between a bioinert material and the attached bone [6]. Another approach is using
natural adhesive phenomena to generate morphological (mechanical interlock) and biological
fixation (tissue ingrowth into porous implant) [7,8]. In both cases it appears that the adhesion
problem still exists motivating the search for alternative fixation methods.

Bioactive materials are defined as materials that stimulate a beneficial body’s response at
the interface, particularly bonding to a host tissue [9]. Bioactive materials attracted the attention
of the whole world in the early 70s, when Professor Larry Hench discovered a special glass,
called Bioglass®, with its ability to bond with attached bone [10]. The idea behind the invention
was creating a material that, after implantation in human body, could form a hydroxyapatite
(HA) layer on its surface that could establish a living bond with the host [11]. Indeed, the
formation of HA has been confirmed by numerous studies both in vivo and in vitro [12,13].
This bonding mechanism has been termed “bioactive fixation” [14]. Its main advantage is that
the bioactive connection with the bone may reach strength even greater than strength of the
bone after 3-6 months [8].

Bioresorbable materials are able to be degraded in a physiological environment into
products that are either metabolized into non-toxic degradation products or biologically
absorbed, being replaced by the natural tissue [15]. Their degradation rate should be consistent
with the rate of natural tissue formation. Moreover, bioresorbable implants should be able to
provide adequate mechanical support during the replacement process to match the healing time
[16].

Bioactive glasses are one of the most important bioactive and bioresorbable materials.
They are solid and hard materials consisting of the main component SiO> and several additional
basic components, which usually are Na.O, CaO, MgO, P.Os and K20. By varying any of them,
different types of bioactive glasses can be made [17]. Their high bioactivity, osteoconduction
and osteostimulation allows them to be used as small bone implants, bone filling materials and
to be used in dental applications [18]. Bioactive glasses are attractive bioactive and
bioresorbable materials. However, their poor mechanical properties and brittleness limit their
clinical applications to non-load bearing implants [19]. They can also be applied as coatings on
amechanically tough bioinert substrate to enhance the fixation and osteointegration of the entire
implant, in which the metallic substrate reduces the risk of its early failure [2]. Coating a
metallic component with bioactive glass layer has three main objectives:

1) to provide the bioactivity allowing the implant to bond with host tissue,

2) to protect the metallic substrate from corrosion,

3) to protect the tissues from corrosion products which could induce adverse reaction in
human organism [20].

The mentioned above mechanically tough bioinert substrates can be made of
commercially available titanium alloys, such as Ti-6Al-4V, which are commonly used
nowadays as materials for load bearing medical implants due to their exceptional mechanical
properties and biocompatibility [21]. However, it has been reported that the presence of alloying
elements, such as aluminium and vanadium, may be potentially toxic when released into human



system [22,23]. This issue may be resolved by replacing titanium alloys with commercially
pure titanium (cpTi) having highly refined grain structure free of potentially toxic elements
[24]. The yield and ultimate strength of ultrafine-grained cpTi can exceed 1000 MPa, which is
even higher than those of conventional titanium alloys [22,25]. Moreover, it was proven that
osseointegration [22] and proliferation behaviour [26] are better for ultrafine-grained cpTi than
that of a conventional cpTi. Such bulk refined structures can be obtained using severe plastic
deformation (SPD) processing [27,28]. We found only one publication concerning bioactive
coatings on ultrafine-grained cpTi, where radiofrequency magnetron sputtering was used for
deposition of thin bioactive Zn substituted HA coating onto ultrafine-grained cpTi [29].
However, there is no available information in literature regarding deposition of bioactive glass
onto such substrate as ultrafine-grained cpTi. In spite of bioactive glasses are characterised by
higher bioactivity index than that of HA and their reactivity with existing bone tissue is superior
[30].

There are several methods that can be employed to obtain bioactive glass (and/or glass-
ceramic) coatings on bioinert metallic substrates. The most popular are enamelling, plasma
spraying, electrophoretic deposition and thin film techniques. Enamelling is an easy and
inexpensive procedure although it has two significant disadvantages. First, the entire volume of
a substrate is maintained at relatively high temperatures. When bioactive glass is coated on
titanium or titanium alloy substrates, which are metallic materials most commonly used in the
biomedical field, the excessive temperatures may cause degradation of the mechanical
properties of the implant due to oo — B transformation of c¢pTi occurring at the temperature
above 885 °C, or above 955 °C in the case of Ti6Al4V alloy [31]. Second, significant residual
stresses may arise during the cooling stage of the enamelling process due to mismatch in the
coefficients of thermal expansion of glass and metal [32].

In plasma spraying, the bioactive glass powders are injected into the plasma flux, which
can reach a temperature higher than 15000 °C at the nozzle exit. The powder particles, being
partially or fully melted, impacts onto metallic substrate at a high velocity. The main advantage
of the plasma spraying process in comparison with enamelling is that the substrate temperature
remains low, which prevents its degradation. Unfortunately, the disadvantage of using a plasma
spraying of bioactive powders onto metallic substrates is that the glass coatings have poor
adhesion to metal. Additionally, the coatings are often very defective [32].

Electrophoretic deposition is an electrochemical technique, in which electric field is
created between two electrodes, one of which is a metallic substrate immersed in a liquid
medium. The charged particles are deposited onto this substrate. Progressive accumulation of
the particles leads to formation of a relatively homogeneous and compact film [33]. This
method allows for coating parts with a complex shape. The main drawback of electrophoretic
deposition is that the substrate must be conductive or a conductive film must be imposed on it.

The thin film techniques have been also used to produce bioactive coatings since the early
1990s [34]. The most popular method is pulse laser deposition (PLD) where the high-power
pulsed laser beam is focused on a material, which is to be deposited in a vacuum chamber. The
material is vaporised, the plasma plume is created and imposed on a substrate as a thin coating,
typically between tens of nanometres and several micrometres thick [35]. It has been shown,
that after application of the PLD process, the coating composition is very similar to that of the
original glass [36]. The main disadvantage of a PLD technique is that it requires vacuum
chamber and the deposition rate is relatively low.

One of the most promising methods employed for obtaining bioactive glass coatings on
the metal surface is laser cladding [37], in which a laser beam is focused onto the metallic
substrate in order to form a melt pool, while bioactive glass in powdered form is delivered onto
it by an inert gas. The powder melts and rapid quenching of the molten pool takes place as the
laser beam moves further. As a result, a bioactive glass coating is formed on the metallic



substrate. The technique has many advantages due to good deposition rate and due to the fact
that the entire substrate is not exposed to high temperatures during the processing. Hence, the
ultrafine-grained structure of metallic materials obtained through SPD processing can be
preserved. Moreover, despite the noticed glass crystallisation, coatings obtained using laser
cladding preserve the bioactivity of the original glass [38]. Laser coating of 45S5 Bioglass® on
titanium substrates has been investigated for biomedical implants [39]. Bioactive glass
compositions alternative to 45S5 Bioglass® have been used in laser cladding to apply a
bioactive glass layer onto the surface of a titanium alloy without the necessity of any previous
treatment of the surface [38]. Calcium phosphate (CaP) coatings were also cladded onto pure
Ti and Ti alloys. For example, tricalcium phosphate powders Caz(PO4)> were used to obtain
biocompatible coatings on pure titanium [40]. Such composite showed an increase of
osteoblastic cell proliferation in comparison with the cpTi substrate alone. CaP was cladded
also onto a Ti6Al4V plate and good bonding to substrate as well as positive in vitro performance
were reported [41]. The main drawback of using the laser cladding method is that the coefficient
of thermal expansion (CTE) of the substrate and coating has to be similar to avoid micro-cracks.
The processing parameters need to be properly adjusted since even small modifications of the
bioactive glass chemical composition can change the CTE [42].

In this study, we discuss application of laser cladding, which was used for the first time
to obtain bioactive glass coating on an ultrafine-grained cpTi and report on the selection of the
appropriate processing parameters using numerical analysis and also the performance of the
coated material in vitro coupled with microscopic investigations. The study’s findings
demonstrated that obtaining important combination of various layers across the material cross
section characterised by different microstructure and properties can have synergistic effect
allowing for obtaining remarkable mechanical properties and high bioactivity eventually
leading to obtaining biomaterial free from toxic elements that potentially can be used for load
bearing medical implants.

2. Numerical Modelling

The computer simulation of laser cladding was carried out for the purpose of selecting
appropriate processing parameters. The numerical analysis was intended to help in the
determination of such parameters as laser power and scanning speed. Their impact on
temperature, crystallinity and porosity was studied. We assumed that the temperature in the
whole volume of bioactive glass is to be higher than its melting point just as it takes place in a
selective laser melting (SLM) process. The reason for this is that doing so allows for a better
bond between the glass and the substrate. This is due to the fact that a relatively large melting
zone in the substrate is obtained in which the mixing of the metal with the glass takes place.
Moreover, the complete melting of the glass results in obtaining a high relative density in its
volume, which is beneficial in terms of cladded track strength [43]. Furthermore, the complete
melting, compared to the partial melting of glass, results in its lower tendency to crystallization
[44,45].

The analysis of the influence of scanning speed on crystallinity and porosity was also
performed. Crystallinity is one of the factors, which affects the bioactivity of such bioactive
materials. The high degree of crystallinity increases the onset time of generating the HA surface
layer, which is responsible for establishing a biological bond with host tissues [46]. Porosity
also affects the bioactivity of medical implants as it improves their ability to bond with host
tissues [47].

Summarising the above discussion, the laser power was selected based on the
temperature distribution in the glass, so that the temperature of the entire volume exceeds the



melting point. Then, the influence of different laser speeds on the crystallinity and porosity
degree was analysed using this laser power. The aim was to select the speeds that would result
in a relatively low level of crystallinity and a relatively high level of porosity.

It was planned to clad a single bioactive glass track onto the ultrafine-grained cpTi
substrate. For that reason, the finite element (FE) model representing the corresponding set-up
was developed and applied for the analysis using Abaqus/Standard software (Fig. 1).

bioactive glass

cladding
direction

substrate

Fig. 1 FE model set-up showing a single bioactive glass track cladded onto metallic
substrate.

The model consists of two sets of 3D elements. The first set represents an ultrafine-
grained cpTi Grade 4 substrate and the second one represents a S520 bioactive glass material
accumulated on the surface of the metallic substrate. In the experimental laser cladding process,
the bioactive material is gradually cladded along with the laser beam movement, as is shown in
Fig. 7. The numerical analysis takes into account the increase in the amount of bioactive
cladding material, using time-dependent activation of the finite elements (also known as birth
and death technique) [48]. The cladded layers were represented by finite elements at the stage
of model configuration. The corresponding finite elements representing the cladded material
were deactivated at the beginning of the numerical analysis. Then, those elements were
selectively activated depending on the cladding speed.

The metallic substrate was assumed 10 mm long, 10 mm wide and 5 mm thick. The
width and thickness were consistent according to the planned experiment. The assumed length
was lower than the corresponding length of the experimental samples. However, it was
sufficient for obtaining the reliable numerical results while allowing for lowering CPU time
required for the simulation at the same time. A single, 1 mm thick and 1 mm wide, track of
S520 bioactive glass was considered in the numerical simulation to match the experimental
results. The thermophysical properties of materials used in the modelling are presented in table
2. In case of lack of some material information, data for similar materials, mostly for
conventional cpTi Grade 4 and 45S5 bioactive glass, were used. In such cases, or if the
corresponding values were estimated, indications “after” were used in table 2.

Table 2 Thermophysical properties of metallic substrate and bioactive glass used in the
numerical analysis.



ultrafine-grained cpTi, t(°C) glsazs(s) bioactive
Density, kg/m3 4534 [49] 2700 after [50]
Heat capacity, J/kg °C for: 25°C <t < 950°C: 500 after [52]
c =—0,0001¢t2% + 0,2997t + 532,1
for: 950°C < t < 1650°C:
c = 0,0002t% — 0,3444t + 822,39
after [51]
Latent heat, J/g 360 [53] -
Melting temperature, °C | 1668 [54] 1063 (Fig. 6b)
Effective thermal k=6-10"%t2 —0,0054t + 21.173  after | 50-90 after [56]
conductivity, W/m °C [55]
Convection coefficient, 50 [51] 50 [51]
W/m? °C
Stefan-Boltzmann 5671078 5671078
constant,
W/m? K*
Emissivity coefficient 0,708 [57] 0,92 after [55]

2.1 Laser beam

The laser radiation was defined as a volumetric heat source to be absorbed in a volume
of a green body as described by Kongsuwan et al. [39]. Laser energy was described by a
Gaussian distribution in the radial direction and exponential decay in the depth direction
according the following equation:

2

R

Q(r,z) = Qoexp ( > exp(—az) (1)

where Q(r, z) is the heat flux at point (7, z), Q, is the peak flux, Ro is 1/e? radius of the laser
beam on the top surface, and « is the absorption coefficient of the green body. The peak flux
Qo is defined as follows:

QL
QO - - Rg v d (2)
where Q; is the laser power and d is the heat penetration depth.

The heat source defined by equation 1 was implemented into the model using DFLUX
subroutine. The laser power, the radius of the laser spot and the scanning speed were assumed
to be 50 W, 0.5 mm and 1 — 2 mml/s, respectively. The initial temperature of the metallic
substrate and cladded material was assumed to be 25°C.

2.2 Crystallization
The phenomenon of crystallization results from nucleation and crystal growth, and it

can be mathematically described by using the Johnson—Mehl-Avrami—Kolmogorov (JMAK)
equation [58-60]. In laser cladding, nucleation and crystal growth in cladded bioactive material



occur simultaneously and the crystallized volume fraction for nonisothermal condition can be
calculated using the following expression [39,61]:

X(T@®)=1—exp {— < ft tK(T(t’))dt’>d} (3)

0

where X is the crystallized volume fraction, T is the temperature, t is the time during which the
bioactive material experienced laser sintering, K is the temperature dependent crystallization
rate, which includes nucleation and crystal growth, and d is the dimensionality of growth. The
function of K can be expressed by the Arrhenius equation:

where K, is the pre-exponentials of crystallization rate, E. is the activation energy for
crystallization, R is the gas constant and T is the absolute temperature. It has been assumed in
the modelling that E. = 280 kJ/mol [62] and R = 8,314 J/mol*K.

2.3 Porosity

The overall porosity P is calculated using the following equation [39]:
P=1- {pi + (1 - .Di)lIJ - Fpore [1 —Pi— (1 - pi)qj]} (5)

where p; is the initial density of the powder, ¥ is the sintering potential and F,,,. is the pore
growth factor. The p; has been assumed to be 57,5% [63].

The sintering potential ¥ provides information about the sintering state of the material
and is in the range of [0;1). The value ¥ = 0 corresponds to loose powder, while ¥ tends to be
1 in fully sintered material (with relative density equal to 1). The sintering potential ¥ can be
calculated by the expression given in [64]:

t
Y(T(t)) =1—exp {—j C(T(T))dr} (6)
to
where ¢ is the sintering rate. A model developed elsewhere [65] expresses the sintering rate:
y(T)
T = 7

where y is the surface tension or surface energy, n is the viscosity of the heat-treated material
and d,, is the characteristic length scale of the initial material. The y was assumed to be 54,7
mN/m [66]. In the case when glass is partially crystallized, the viscosity changes depending on
degree of crystallization and viscosity of the amorphous glass. The effective viscosity can be
obtained using Einstein-Roscoe expression [39]:

X(T(t))>_ @®)

Xmax

ey (X(r©)) = (1) (1 -



where X, and n are adjustable parameters and the standard values n = 2,5, X, = 0,75
were assumed for the modelling [67]. Accordingly, the sintering rate ¢ has to be modified to
take into account the phenomenon of crystallization [68]:

_ y(T) B
R ) PRSI ®

During the sintering, there is a possibility that an isolated pore will diffuse and coalesce with
the neighbouring pore. The rate of pore growth related to diffusion and coalescence is given by
[68,69]:

% 3 mD,y(T)v, (10)
dt 12k, T

where 7, is the pore radius, m is the constant, D,, is the pore diffusion coefficient, y is the surface
energy, v, is the pore molar volume, k,, is the Boltzmann constant and T is the absolute
temperature. The pore growth factor F,,,.. may be expressed as a function of final pore radius
r¢ and initial pore radius ; [39]:

3 3

Fpore ri3 (11)

2.4 Selection of experimental parameters using numerical analysis

Taking into consideration the obtained simulation results, the laser power was
determined to be 50 W, as this value allowed to reach temperatures higher than the melting
point of glass in the whole volume of the cladded track for the entire speed range.

The crystallinity distribution in bioactive material obtained after the laser cladding for
different scanning speeds was presented in Fig. 2. The volume fraction of crystallized phase
after the processing equals 23.1% for 1 mm/s laser speed (Fig. 2a). The increase of laser velocity
by 33%, up to 1.5 mm/s, caused reduction in crystallized fraction, decreasing it to 8% (Fig. 2b).
Further increase of the scanning speed up to 2 mm/s resulted in even lower crystallinity level
of 4.8% (Fig. 2c). It favoured the conclusion that the increased laser speed allows for significant
reduction of crystallinity, which can be considered as beneficial, because it decreases the onset
time of generating the HA surface layer.
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Fig. 2 Crystallinity distribution in bioactive glass after the laser cladding process with laser
power of 50 W and various scanning speed: a) 1 mm/s, b) 1.5 mm/s, ¢) 2 mm/s.

Fig. 3 shows the porosity distribution in bioactive glass predicted after the laser cladding
assuming various laser beam velocities. The highest level of porosity (18.2%) was achieved for
the greatest laser speed (Fig. 3c). The lowest pore volume fraction (9.4%) was obtained in the
case of the lowest velocity of the laser beam (Fig. 3a). It can be seen in Fig. 3b, that when the
scanning speed was equal to 1.5 mm/s, the porosity level was 16.2%. It can be noticed, that the
most favourable for obtaining high level of porosity is using higher laser speeds.

a) 1 mm/s: b) 1.5 mm/s: c) 2 mm/s:

- 0.67

“““ ‘
09000000
coRNwAUIL
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porosity = 9.4% porosity = 16.2% porosity = 18.2%

. 3 Porosity distribution in bioactive glass after the laser cladding process with laser
power of 50 W and different scanning speed: a) 1 mm/s, b) 1.5 mm/s, ¢) 2 mm/s.
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There is significant difference in crystallinity degree between 1 mm/s and higher values
of scanning speed. However, the crystallinity level is rather low for both 1.5 and 2 mm/s speeds.
At the same time, the achieved levels of porosity are comparable at the higher speeds.
Therefore, taking into account the stability of the process, we decided to use a speed of 1.5
mm/s in the following experiments.

3. Materials and methods

3.1 Bioinert substrate

The commercially pure titanium (cpTi) Grade 4 was used to produce the ultrafine-
grained substrate. The chemical composition of the material, in wt.%, is 0.05C, 0.15Fe, 0.05N,
0.007H, 0.360, residuals<0.3, and Ti as the balance. In the initial state (upon receipt), the
material had an average grain size of 25 um. Before deformation, annealing at the temperature



of 680°C for one hour was carried out as heat treatment. Then, the workpiece was subjected to
equal-channel angular pressing combined with the Conform process (ECAP-C) [70,71]. The
material was deformed on 6 ECAP-C passes through the Bc route whereby the bar was rotated
90° clockwise after each subsequent pass. Before each pass of the ECAP-C, the workpiece was
heated in a furnace at a temperature of 200°C for 15 minutes. Then, it was immediately placed
in the tooling of the deformation unit, which had also been heated up to the temperature of
200°C. Finally, the bar acquired 11 mm x 11 mm square cross section. Additional heat treatment
after deformation was not applied.
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Fig. 4 Tensile stress-strain curves of cpTi Grade 4 after ECAP-C (blue line) in comparison to
its coarse-grained counterpart (red line) (a) and TEM micrograph illustrating cpTi Grade 4
microstructure after ECAP-C (b).

There has been a significant relative increase in the strength of cpTi Grade 4 samples
after ECAP-C in comparison to their coarse-grained counterparts. The ultimate tensile strength
reached the values of the well-known titanium alloy Ti-6Al-4V ELI, exceeding 1000 MPa (Fig.
4a). This is accompanied by a decrease in ductility, which is typical for deformed metals. The
reported increase of the titanium strength is strongly associated with reduced size of structural
elements such as grains and sub-grains. The microstructure of the obtained material after
ECAP-C is characterised by the relatively large grains, not exceeding 5 um, and fine grains/sub-
grains with sizes of about 300 nm (Fig. 4b). The shape of the observed structural elements is
elongated in one direction that is a distinctive microstructural feature of metals subjected to
ECAP with a relatively low degree of deformation at low temperatures. The small equiaxed
grains were observed in various areas along with the elongated grains.
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Fig. 5 EBSD inverse pole.figure map showing the microstructure in transverse cross-section
of the severely-deformed bar.

Fig. 5 illustrates EBSD inverse pole figure map showing highly refined microstructure
of the cpTi Grade 4 after ECAP-C. It can be seen, that small grains of irregular and elongated
shape predominate. Since the obtained material is going to be used potentially for load bearing
medical devices (implants), its most important properties are those related to the mechanical
performance, and the mechanical properties are largely related to the anisotropy in
microstructure [72,73]. This may be advantageous in some cases, e.g. when the implant is
subjected to much higher loads in a given direction. However, when dealing with other cases,
such material with an anisotropic microstructure may be heat treated to randomize the
crystallographic texture and reduce anisotropy in mechanical properties. In this work, however,
we wanted to investigate what effect the laser beam would have on the irregular microstructure,
so the material after such severe plastic deformation (SPD) treatment was directly subjected to
laser cladding without applying heat treatment.

3.2 Bioactive glass powder

S520 bioactive glass powder with composition presented in table 1 was synthesized by
melt — quenching method. The glass batch was prepared by mixing appropriate amounts of
silicon dioxide (Si02, AR, POCh, Poland), phosphorus pentoxide (P205, AR, Sigma-Aldrich),
calcium carbonate (CaCO3, AR, POCh, Poland), sodium carbonate (Na2CO3, AR; POCh,
Poland), sodium carbonate (K2CO3, AR; POCh, Poland) using a SpeedMixer (FlackTekInc,
USA). The homogenized powder was melted in the electric furnace at 1450°C for 2 h in a
platinum crucible. The molten glass was poured into cold water to obtain glass frit and
subsequently dried to a constant weight. The glass frit was milled in the planetary mill
(Pulverisette 6, Fritsch) using zirconia grinding bowl and ball and sieved to obtain the bioglass
powder with particle size in the range of 100-200 pm.

The S520 powder was chosen, as it shows smoother wetting angle-temperature
behaviour than 45S5 and was successfully used in laser cladding processes to produce bioactive
glass coatings in the past [38].

Table 1 Composition of the S520 bioactive glass powder.



SiO2 Na2O CaO K20 P20s
nominal 52 20.9 18 7.1 2
mol, %
mol, % 51.8 19.4 19.3 7.4 2.1
wt.% 48.7 18.7 17 10.9 4.7

X-ray diffractometry (XRD) analysis was performed using PANalytical X-ray Diffractometer
X’Pert Pro in the 26 range of 10-90° with CuKa radiation source and 0.008° step size. Results
presented in Fig. 6 indicate the pattern shape typical for the amorphous phase (broad humps at
20: around 25-35°, at around 50-60°) and no crystalline peaks occur. The differential scanning
calorimetry (DSC) analysis indicates that the transformation temperature Tg is 483°C (Fig. 6b).
The double exothermic effect from crystallization (Tc1 - 622°C and Tc2 - 702°C) may be
associated with the presence of two amorphous phases with a different tendency to
crystallization, or with the further crystallization or crystallographic modification of the lower

temperature (Tc1) crystal phase. The melting temperature (Tm) of the glass is 1063°C.
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Fig. 6 XRD diagram (a) and DSC plot (b) of the obtained S520 bioactive glass powder.

3.3 Laser cladding of glass powder onto bioinert substrate

Ultrafine-grained cpTi bars were cut in half along the cross-section using a slow speed
diamond saw. The titanium sample surface was cleaned with acetone before laser cladding. A




hybrid laser direct energy deposition (DED) system was used for laser cladding of the
synthesized S520 bioactive glass onto ultrafine-grained cpTi substrate. Although, the system
allowed for application of multiple tracks on the surface of the metallic basement, as shown in
Fig. 7b—c, the consideration is limited to a single track in this study. The aim of this approach
is to gain a detailed understanding of the interrelated phenomena occurring during the
application of a single track. It will clear the way and facilitate further studies to understand
and optimise the microstructure evolution in both the substrate and glass during cladding of
multiple tracks. The hybrid laser DED system consists of a 5-axis Mikron 450u, which is
integrated with a retrofitted laser deposition system and a multi-materials powder delivery
system. The laser source has a fundamental wave length of 1064 nm and maximum output
power of 1200 W. High purity argon gas was used as the powder delivery and the side shielding
gas. The volumetric flow of the powder carrying gas and the shielding gas was set to around 2-
5 I/min, and 5-10 I/min, respectively, in order to provide a continuous powder flow and
maximum protection of the titanium substrate from oxidation. The laser beam was focused on
the substrate surface at 5 mm focus length. The laser spot size was 1 mm in diameter. The
working head consisting of laser optics and a powder injection system was docked together and
it was fixed at a position with the substrate moving at a scanning speed of 1.5 mm/s under a
laser power of 50 W. The bioactive glass powder particle sizes of 100 - 200 um were chosen to
ensure a good flowability during the whole process. A schematic diagram of the laser cladding
process is shown in Fig. 7a.
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Fig. 7 Schematic representation of the laser cladding proces (), ctlng consisted of m
tracks cladded onto ultrafine-grained cpTi substrate (b) and optical micrograph showing
cross-section of the bioactive glass tracks coated onto ultrafine-grained cpTi (c).

3.4 Microstructure characterization

The bioactive glass-coated ultrafine-grained cpTi samples were cut along the cross-
section using low speed diamond saw in order to avoid stress induced cracking. Next, the
samples were prepared for microstructure characterization by initial grinding on abrasive papers
(SiC) and mechanical polishing on cloths. The specimens were examined by light microscopy
as well as by scanning electron microscopy (SEM) with back scattered electrons (imaging and
diffraction — EBSD). In addition, chemical analysis by energy dispersive X-ray spectroscopy
(EDS mapping) was performed in the SEM. All microstructural examinations were carried out
on a Zeiss Axio Imager M1m light microscope and on a high resolution FEI Nova NanoSEM
scanning electron microscope equipped with a field emission gun and an EDAX system for
chemical analysis.

Hardness measurements were conducted on the sample cross-sections using a Vickers
microhardness tester with 25 g indentation load and 10 s dwell time. A distance between two



neighbouring indentations was established to at least 25 um in order to prevent inaccurate
measurements resulted from the affected plastic zone in the vicinity of an indent.

3.5 In vitro bioactivity test

In vitro bioactivity of glass coatings was investigated by samples incubation in SBF as
described by Kokubo & Takadama [74]. The length of the specimens after the laser cladding
process was above 100 mm. The specimens needed to be cut into smaller parts before
immersion in SBF and further studies. In order to carry out the cutting, the bioactive glass layer
would need to be coated with resin to protect the layer from falling off during the cutting
process. Subsequent removal of the resin for testing would be quite cumbersome and could
affect the texture/structure of the bioactive glass, or even damage the coatings, and therefore
could affect the test results. Since the experiments were aimed to assess the bioactivity of the
coating after the laser cladding, we decided to separate the cladded layer to avoid an effect of
Ti basement on the results of testing in SBF. Hence, the chunks of bioactive glass were pulled
off from the ultrafine-grained cpTi substrate, immersed in SBF and incubated at 37°C for 3, 7
(data not shown) and 14 days. The ratio of the glass sample weight (g) and solution’s volume
(ml) was 1/100. Afterwards the samples were taken out of SBF, washed in pure ethanol and air
dried at 25°C.

Before and after bioactivity test the samples structure was examined using FTIR and
Raman spectroscopy. FTIR spectra were recorded with the Bruker Vertex 70v spectrometer.
Samples (glass powder and coating) were prepared by the standard KBr pellet method. Spectra
were collected in the middle infrared 4000400 cm-1 range (MIR), and 128 scans were
accumulated at 4 cm-1 resolution. Raman studies were conducted using HoribaLabRAM HR
micro Raman spectrometer. The exciting 532 nm laser power was set to 15 mW. The 1800
gr/mm grating with 100x objectives were used and 2 scans of 300 s each were accumulated.

Surface morphology and chemical analysis of samples before and after mineralization
in SBF were tested with the use of scanning electron microscopy SEM (Nova NanoSEM 200
FEI Europe Company, accelerating voltage 15 kV) coupled with an energy dispersion X-ray
(EDX) analyzer. Based on a semi-quantitative analyses of the EDX spectra collected from at
least three different points of each sample the Ca/P molar ratios of the layers formed on glass
coatings were calculated. The changes in Ca, P, Si concentration in the SBF during sample
immersion were monitored using an ICP-OES technique (Plasm 40, Perkin Elmer, USA).

4. Results and discussion

4.1 Microscopic Examination

A single S520 bioactive glass track was cladded onto ultrafine-grained cpTi substrate
and the cross-section of such multi-layered material was shown in Fig. 8. The ImageJ software
was used to analyse the obtained microstructures. The mean width of the track is around 1.2
mm, the thickness is around 1 mm and the porosity level is around 15%, which equals relative
density of about 85% (Fig. 8a) and is close to the results of numerical analysis (Fig. 3b). Two
characteristic areas can be seen in substrate below the cladded track (Fig. 8b). The first one is
localized directly under the track and is about 50 um deep and above 300 um wide. The second
one surrounds it and is about 125 um deep and about 450 um wide. The results presented later
in this article indicate that these are melted area and part of the heat affected zone (HAZ),
respectively. It can be seen, that the microstructure was significantly affected in the melted area
and in HAZ, however other techniques, such as SEM, are necessary to precisely identify
changes in this region.
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Fig. 8 a) Cross-section of the bioactive glass coating (single track) on ultrafine grained cpTi
substrate, b) melted area and part of the heat affected zone (HAZ) under the cladded track.

Low-energy-input laser processes may induce high cooling rates, in the range of 1000-
10000 °C s [75], hence extensive microstructural changes can be expected in affected areas.
SEM was used to analyse various zones of melted and HAZ areas. The images of different
regions were put together and presented in Fig. 9.
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Fig. 9 Combination of three cross-setlonal SEM imageé, sh0\‘)v'ing '“n‘qélted‘ and HAZ areas
(HAZ is deeper than 125 um - it also contains small recrystallised grains at greater depths).

It can be seen, that the heat from laser beam had a significant impact onto the ultrafine-grained
cpTi microstructure. The o acicular martensite was identified in the melted area. At greater
depths, in HAZ, it gradually passes into grains of relatively high diameter of approximately 10
pm as is shown in Fig. 10. Then, these grains pass into smaller ones with a regular shape and
diameter of about 2 pum. These grains significantly differ in shape from those of the original
microstructure presented in Fig. 5, which may indicate, that heat affected them, and hence they
arose as a result of recrystallization. Thus, it seems that HAZ reaches deeper than it appears
from optical micrograph (Fig. 8b) — even deeper than 200 um from the surface. As it was
mentioned earlier, the substrate after the SPD processing had grains mainly of irregular and
elongated shape. The laser beam influenced that microstructure transforming it in melted and
HAZ areas, hence, the overall volume of the original irregular microstructure decreased at the
expense of acicular martensite formation, which gradually passes with depth into regular highly
refined grains. The o’ phase formed in a coarse-grained microstructure improves the tensile
strength and hardness and decreases plasticity [76]. This is not happening in the case, where the
original microstructure was highly refined. The results of hardness measurements, presented
further in the article (Fig. 12), showed that the hardness of acicular martensite is lower than
hardness of the original microstructure. It indicates that plasticity may be higher in the melted
area. Moreover, the highly refined grains in HAZ have hardness comparable to that of the
original irregular microstructure. At the same time, the grains are axisymmetric and therefore
free from disadvantages associated with anisotropy of properties. Such a combination of various
properties may have synergistic effect, which may be beneficial for the biomaterials produced.
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Fig. 10 EBSD inverse-pole-figure map of the cross- sectlon showmg melted and HAZ areas

resulting from the influence of the laser beam.

SEM image and EDS elemental mapping of the cross-section of the bioactive glass
coating onto ultrafine-grained cpTi substrate are presented in Fig. 11. A characteristic region,
in the form of a band about 3 pm wide, pointed by the white arrow in Fig. 11a, is formed in the
melted zone about 10 um below the Ti surface. The EDS analysis shows that the Ti content is
lower in this zone (Fig. 11b). At the same time, there are certain amounts of Si and Na present
in this area (Fig. 11c-d). Titanium Grade 4 does not contain Si or Na, which indicates that these
elements were moved from the glass to the substrate. S520 bioactive glass contains 17 wt.%
Ca0 and 4.7 wt.% P.Os, however Ca was not found in the considered zone (Fig. 11e), whereas
some amounts of P were detected (Fig. 11f). Comesaria et al. [38] used laser cladding to produce
S520 bioactive glass coating on Ti6Al4V substrate. They performed EDS microanalysis to
obtain composition profiles within the coating cross-section and reported that composition of
the bioactive glass coating is not dependent on the depth. Furthermore, they observed a reduced
amount of all measured elements at the glass/substrate interface. The more detailed analysis
allowed them to measure the content of elements within the substrate surface layer 5 pum below
the interface and in the bioactive glass coating, between 2 and 10 um above the interface. They
have not found bioactive glass elements at 5 um below the substrate surface. Similarly, we have
not found them at this depth. However, as can be seen in Fig. 11, there is a band at about 10 um
below the interface that contains some glass elements. The EDS analysis performed by
Comesania et al. did not show any presence of Ti in the glass coatings while more sensitive X-
ray fluorescence (XRF) analysis showed small amount of Ti (1.5 wt.% of TiO>) incorporated
from the surface. The results of our EDS analysis have also shown no Ti in the coating (Fig.
11b) favouring the assumption that either Ti is not present in the glass or the EDS spectroscopy
is not sensitive enough to detect it. Kuo et al. [77] performed laser cladding of 45S5 bioactive
glass onto Ti6AIl4V substrate and conducted EDS analysis to obtain elemental distribution in
the cross-sectional region of the bioactive glass-coated Ti6Al4V alloy. They found about 7%
of Ti and about 30% of Al in the bioactive glass coating at about 20 um above the interface. It
favours the conclusion that small amount of Ti can be transferred into the layer of glass during



laser cladding. In our case, the lower content of Ti registered by the EDS analysis certainly is
the result of transition of the glass elements into the substrate, but may also be partly due to
transition of small, not detectable by the EDS analysis, amount of titanium into the glass. Kuo
et al. showed that Al is excessively transferred into bioactive glass that potentially can be toxic
when the glass begins to dissolve in the human body. Moreover, the increasing amount of
substrate elements in the coating reduces the average content of Na and P in the bioactive glass,
which leads to decreasing the overall bioactivity. It is yet another argument in favour of using
pure titanium for load bearing implants. Kuo et al. also noticed that there is a relatively high
amount of Si at around 12 um below the interface. Its amount is higher than in glass at about
20 um above the interface. This observation is in good agreement with our EDS elemental
mapping for Si, where Si can be observed at the same depth from the interface (Fig. 9¢). Kuo
et al. have also found, that the titanium content at around 12 um below the substrate surface is
reduced by more than 10 percent compared to its content in the core of the substrate. We have
also observed reduced amount of Ti at 10-12 um below the interface (Fig. 11Db).

ultrafine-grained cpTi

d) Na

Fig. 11 a) SEM image obtained at the cross section of the S520 bioactive glass cladded onto
titanium substrate, b-f) EDS elemental mapping for Ti, Si, Na, Ca and P.

4.2 Hardness measurements

The Vickers micro-hardness tester was used in order to perform hardness measurements
on the specimen cross-section. The substrate core hardness was determined to about 315 HV.
Fig. 12a presents the optical micrograph, which shows melted and HAZ zone at which three
different coloured lines were plotted. Hardness measurements were performed along these
lines. The red line indicates the path where the hardness values along the depth were obtained.
Three indentations were applied at the same depths from the surface and the obtained values
were averaged. It can be seen that just below the surface, at 15 to 50 um depth, hardness is in
the range of 275 — 290 HV, and at a depth of 50 to 125 um, the hardness falls to around 265
HV (Fig. 12b). The indentations at 15 — 50 um depth had an irregular shape that can indicate
high anisotropy of the structure in that region. Increased hardness may result from a large
amount of martensite in this area. After exceeding the distance of 125 um below the surface,



the hardness begins to increase to the same level as in the substrate core, which is around 315
HV.

Fig. 12c presents microhardness variation along the lines passing through the HAZ. In
this case only one indication was applied at each width. It was not possible to perform more
tests because they would have had to be performed at different distances from the surface, at
which the width and structure of the HAZ is significantly different. The results represented by
orange curve were obtained at 75 um below the surface. It can be seen that width of the zone
of reduced hardness is about 450 pm. The hardness values are significantly lower at 150 um
from the left end of the line to 600 um from it. Similar measurements were performed at the
depth of 125 um below the surface, as pointed by black horizontal line in Fig. 12a. In this case,
the width of melted and HAZ is about 250 um at 250 um from the left end of the line to 500
um from it. The bioactive glass track is about 1 mm wide and the zone of reduced hardness
observed at 75 um below the surface is about 450 um wide. The HAZ and melted zones are
probably wider than 500 um directly below the surface. Hence, it can be seen that over 50% of
the glass track is in contact with either HAZ or melted zones. That value may be increased or
decreased by modifying the laser processing parameters. The coating adhesion may be
increased by reducing the interfacial stresses influenced by CTE mismatch. Verné et al. [78]
added 5 wt.% of titanium oxide to bioactive glass powder and produced a titanium-bioactive
glass composite on a Ti-6Al-4V substrate. Thanks to this, it was possible to reduce the residual
stresses resulted from CTE mismatch. Based on these observations, it can be assumed that the
greater contact area between the glass track from one side and the HAZ and melted zones from
another one may be beneficial increasing adhesion between the bioactive glass coating and the
substrate due to certain amounts of titanium that are transferred from the substrate to the coating
reducing the CTE mismatch.
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Fig. 12 Variation of the cross-sectional Vickers microhardness in HAZ and melted area
beneath the cladded bioactive glass track, a) three plotted onto optical micrograph lines
along which hardness measurements were performed (orange line — 75 um below the surface,
black line — 125 um below the surface), b) microhardness variation along the depth, c)
microhardness variation along the width.



4.3 In vitro biomineralization

Raman and Fourier transform infrared (FTIR) spectroscopy were used to analyse the
structural changes that occurred in S520 bioactive glass after laser cladding and 14-day
immersion in SBF (Fig. 13).

No differences were observed in the Raman spectra recorded for S520 bioactive glass
powder and the coating on ultrafine-grained cpTi substrate before the immersion (Fig. 13a).
Two broad bands related to Si-O-Si were observed at 610 (rocking) and 1080 cm® (stretching).
Another two bands can be seen at 870 (of relatively low intensity) and 945 cm™. They are
related to non-bridging oxygen (NBO) presence in Si-O(2NBO) and Si-O(NBO), respectively.
Del Val et al. [79] have also carried out a laser cladding of S520 bioactive glass to produce
three-dimensional multi-layered glass implants. They used different laser parameters, namely
the wavelength was A = 1.6 pm and the laser power was 18 W. Despite this, they have observed
very similar results.

FTIR spectra of bioactive glass powder and bioactive glass coating are displayed in Fig.
13b. Two bands related to stretching vibration modes of Si-O and Si-O(2NBO) are visible at
1050 and 920 cm™*. Comparable bands were identified by Comesafia et al. [80] who used laser
cladding to produce three-dimensional S520 and 45S5 multi-layered glass implants. In other
studies Comesafia et al. [38] used laser cladding technique to obtain S520 coating on titanium
alloy Ti6Al4V substrates. In this case, the broad band at 1050 cm™ was decomposed into two
peaks which is due to crystallization. We did not observe such band decomposition, which may
suggest that the crystallization has occurred to a lesser extent. However, for S520 bioactive
glass powder a single broad band representing Si-O-Si (bend) at 500 cm-1 was observed and
after the laser cladding this band split into two bands at 445 and 523 cm-1. It may be attributed
to the development of a crystal phase [81].

HA-specific Raman spectra were detected after material incubation in SBF for 14 days
(Fig. 13c). No spectral bands characteristic for glass were observed on these spectra, which
means that the HA layer covered the analysed materials tightly. The presence of HA layer was
indicated by the new bands appeared in the Raman spectra, mainly by strong band at 960 cm™
derived from symmetric stretching vibration of P-O bond in the [PO4] groups in crystalline HA.
Apart from the main peak at 960 cm™, the P—-O asymmetric stretching is also present in the band
1073 cm* and the shoulder at 1050 cm™. The band 1073 cm™ can be also attributted to the
symmetric stretching mode in the [CO3] group which suggest the carbonate substitiution in the
anionic sub-structure of the crystallized HA. Additionally, the bands at the ranges 430-450 cm”
1and 565-610 cm™ corresponding to bending mode of the P-O and O-P-O bonds in the [PO4]
groups, respectively, indicate the crystallization of HA [82].
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Fig. 13 Raman spectra of the bioactive glass powder and bioactive glass coated onto the
ultrafine-grained cpTi substrate before (a) and after 14-day immersion in SBF (c), b) FTIR
spectra before the immersion in SBF.

Inductively coupled plasma - optical emission spectrometry (ICP-OES) analysis of the
incubation fluid was performed and the results were presented in Fig. 14. Changes in P
concentration in SBF during a 14 — day incubation of materials indicate the formation of a HA
layer on their surface - a decrease in P content in solution results from its inclusion in the HA
layer (Fig. 14a). An almost complete decrease in P concentration after 14 days indicates high
bioactivity of materials. Such ion release profile for S520 bioactive glass is in agreements with



study reported in [79]. A significant increase in Ca levels was observed, which indicates rapid
dissolution of glass (Fig. 14b). Slowing down the process of Ca release into solution after 3
days indicates the formation of HA layer (inhibition of glass dissolution, inclusion of Ca into
the layer). The slowing down of the release of Si to incubation fluid also confirms the formation
of the HA layer (inhibiting further glass dissolution). Differences in kinetics of changes of Ca,
P and Si concentration in SBF between S520 glass powder and coating were observed, which
results from the form of samples (powder/bulk) and thus surface development.
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Fig. 14 Variation of P (a), Ca (b) and Si (c) concentration with incubation time in SBF for
bioactive glass powder and bioactive glass coated onto the ultrafine-grained cpTi substrate.



The SEM and EDS analysis were performed in order to evaluate the behaviour of

bioactive glass coated onto ultrafine-grained cpTi substrate after immersion in SBF (Fig. 15).
The SEM analysis showed that after only 3 days of incubation of bioactive glass coating, a
calcium phosphate (CaP) layer is formed (Fig. 15b, e). A change in the morphology of the
forming CaP layer during incubation is visible. After 14 days, cauliflower-like forms
characteristic for HCA can be observed. The elemental composition of the surface also changes
- there is an increase in Ca and P content and a decrease in Si. This indicates the increasing
thickness of the HA layer being formed, covering the entire surface of the bioactive glass
coating. A small content of Na, Mg and Cl is detected in the apatite layer. Comesafia et al. [38]
reported similar results for S520 bioactive glass coating deposited onto Ti6Al4V substrate.
Peddi et al. [83] developed bioactive borate glass coatings for Ti6Al4V alloy using enamelling
technique. They reported that a calcium phosphate rich layer was formed on the glass coating
surface. EDS analysis of the sample yielded Ca/P molar ratios in the range of 1.2-1.9, where
the Ca/P molar ratio for the original glass coating was 7.7.
The layers morphologies and Ca/P molar ratios suggested the formation of HA precursors (after
3/7 day calcium deficient ACP, OCP). As the immersion time increased, well developed
crystals were observed on the glass coating surfaces. The Ca/P molar ratios of layers formed on
the surfaces evaluated with EDS analysis, gradually increased over immersion time from 1.38
for 3 days, trough 1.56 for 7 days, up to 1.63 for 14 days of immersion. The results indicate the
HA layer formation on the glass coating surfaces occurred by progressively transformation of
calcium phosphates [84]. Stanciu et al. [85] coated dental ceramics with a bioactive glass and
showed through EDS analysis, that the Ca/P ratio between 9-th and 11-th days of immersion in
SBF reached levels matching those of carbonate hydroxyapatite, which is 1.6 to 1.8.
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Fig. 15 a-f) SEM images of the bioactive glass coated onto the ultrafine-grained cpTi
substrate before (a, d), after 3 (b, ) and after 14 (c, f) days of immersion in SBF, g-i) EDS
spectrum of bioactive glass for the same time periods.

4.4 Numerical model validation

The model was validated in two ways. First, by comparing the calculated porosity level
with the one achieved in the experiments. Second, by comparing the dimensions of melted
zones obtained through numerical analysis and through experimental measurements. The
numerical calculations showed that porosity level equals 16.2%, whereas the experimental one
is about 15%. These values can be considered as comparable. Fig. 16 illustrates the temperature
distribution in the metallic substrate during laser cladding of the bioactive glass track. The
melting point of ultrafine-grained cpTi was assumed to be 1668°C and the grey colour indicates
the areas at which the assumed melting temperature was exceeded. The grey region below the
bioactive glass track indicates the melted zone. Its width and thickness are 330 and 50 um,
respectively. The obtained results are comparable with dimensions of the melted area identified
using optical micrograph these were defined to be around 370 and 50 pum, respectively.
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Fig. 16 Temperature distribution in ultrafine-grained cpTi substrate during the laser cladding
process.

5. Conclusions

Laser cladding was used for the first time to obtain S520 bioactive glass coatings onto
ultrafine-grained cpTi substrate. This approach allows for obtaining biomaterial, which is free
from toxic elements and potentially applicable for load bearing biomedical implants. Several
layers across the material cross section were identified through microscopic studies being
characterised as melted zone and HAZ correspondingly. The formation of o’ acicular martensite
crystalline structure was found in the melted zone using SEM/EBSD analysis. HAZ and melted
zones are characterized by relatively lower hardness, which indicates increased plastic
properties of that part of the substrate. The martensitic microstructure gradually passes into
relatively larger grains being approximately 10 um in diameter. These grains are subsequently
transformed into recrystallized smaller grains with a regular shape and diameter of about 2 pum.
They are axisymmetric, and therefore free from disadvantages associated with anisotropy of
mechanical properties. Such a combination of various zones with different properties may have
synergistic effect and therefore is beneficial for the obtained biomaterials. EDS analysis showed
that several glass elements are transferred to the substrate during the laser cladding. A
characteristic region in the form of about 3 um width band was formed in the melted zone about
10 pm below the titanium surface. Some amounts of Si, Na and P were found in the region
while the titanium content in the same area was decreased. Such redistribution of the elements
might be beneficial increasing adhesion between the bioactive glass coating and the substrate
due to reduction of the CTE mismatch. The samples tested in vitro with SBF solution after 14
days revealed formation of spherical cauliflower-like forms typical to the morphology of HCA
indicating high bioactivity of the bioactive glass coating.
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