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Abstract: Pure titanium is gaining increasing interest due to its potential use in dental and orthopedic
applications. Due to its relatively weak mechanical parameters, a limited number of components
manufactured from pure titanium are available on the market. In order to improve the mechanical
parameters of pure titanium, manufacturers use alloys containing cytotoxic vanadium and aluminum.
This paper presents unique explosive hardening technology that can be used to strengthen pure
titanium parameters. The analysis confirms that explosive induced o-w martensitic transformation
and crystallographic anisotropy occurred due to the explosive pressure. The mechanical properties
related to residual stresses are very nonuniform. The corrosion properties of the explosive hardened
pure titanium test do not change significantly compared to nonhardened titanium. The biocompati-
bility of all the analyzed samples was confirmed in several tests. The morphology of bone cells does
not depend on the titanium surface phase composition and crystallographic orientation.

Keywords: explosive hardening; pure titanium; bioimplants; titanium alloys

1. Introduction

Pure titanium (CP Ti, ASTM—American Society for Testing and Materials F67 [1]) and
titanium alloys (Ti6Al4V) (Ti6Al4V ELI, ASTM F136 [2]) are available on the market; both
are used in medical applications due to their high corrosion resistance and resistance to the
aggressive body [3].

Titanium is an allotropic metal with a hexagonal close-packed structure (HCP, «
phase). In alloys, a body-centered cubic structure (BCC, 3 phases) and HCP structure are
present [4]. The high specific strength, toughness and fatigue resistance required in medical
applications depend on the (3-phase [3].

The literature shows two significant problems with the commercially available Ti
alloys: the low strength of CP Ti and the toxic/allergic effects of alloying elements made
of the Ti6Al4V [3]. Cellular inflammatory reactions around bone-anchored percutaneous
cochlear Ti alloy implants may occur [5]. Moreover, a patient with vanadium allergy may
develop diffuse eczematous dermatitis and implant failure after receiving a vanadium-
containing titanium alloy orthopedic implant in the left foot [6,7]. Reviews indicate several
symptoms of allergy illness of patients with Ti alloy dental implants: facial inflammation,
urticaria, pruritus, rash, dermatitis, facial eczema, welling in submental, labial sulcus, frank,
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pain and hyperaemia of soft tissues [8-11]. Titanium alloys may induce hypersensitivity in
susceptible patients and could play a critical part in implant failure [8,12]. European data
indicate that implant revision procedures are increasing [13,14]. Analysis of the tissue of
patients after Ti alloy hip implantation showed the presence of macrophages and lesser T-
lymphocytes and the absence of plasma cells and B-lymphocytes (a characteristic of delayed
type IV hypersensitivity reaction) [15]. In Sweden, in 2000, 11,327 primary arthroplasties
and 1573 revisions (12.2% revisions) were reported; in 2018, the respective numbers were
18,629 and 1863 (9.1%), respectively. Every revision generates pain for the patient, in
addition to the costs of treatment. The literature warns against alternatives like cobalt—
chromium (Co-Cr), which indicates suitable cytocompatibility parameters [16]. However,
increased sensitization, allergic reaction and oral cavity inflammation may appear after
dental implant mounting [17].

This publication aims to analyze the structure, mechanical properties and biocompati-
bility of pure-explosively hardened titanium (TE). Explosive deformation is currently one
of the most modern innovative and unique methods of metal deformation used in practice.
This technique allows materials with unique properties to be obtained, possessing both
strength and resistance to corrosion. For example, explosion-hardened steel indicates the
unique properties of nanomaterials, non-equilibrium and multi-layer materials [18,19]. It
is worth emphasizing that the mechanism of the deformation process with an explosion
and the method of the formation of complex structures has not been fully explained, and
the results obtained so far are the subject of numerous discussions. Unique properties
result from the deformation process’s speed, the significant speed of phase transformations
and the rapid movement of dislocations in the material. Due to deformation, martensitic
transformation might be generated, as in the case of other metals [19,20]. Under high
pressure, the o phase in hexagonal close-packed (HCP) titanium transforms into the w
phase (simple hexagonal structure) [20]. It has been reported that o-w martensitic trans-
formation contributed to the enhancement of the selected mechanical properties. TE pure
titanium is much more mechanically resistant than its undeformed counterpart, and is
equal in mechanical strength to the alloys and additives currently used in commercially
available titanium alloys. In this article, we describe titanium, which stands out in terms
of its biocompatibility and durability, including its fatigue resistance, high strength and
increased resistance to abrasion.

In this study, explosive deformation was used to enhance the mechanical properties
of pure Ti grade 2. Firstly, the microstructure of an explosive deformation material was
analyzed and compared to titanium before deformation (T) and Ti alloy (Ti6Al4V, TA)
using WAXS. Subsequently, microhardness, tensile, compressive and corrosion tests were
conducted. Appropriate to its application in medicine, the corrosion was analyzed. Finally,
the cytotoxicity, bone cells morphology and synthesis of the selected ECM (extracellular
matrix) proteins in contact with TE in comparison to T and TA were analyzed.

2. Material and Research Methodology
2.1. Sample Preparation

Titanium sheets of CP-Ti grade 2 (Wolften, Wroctaw, Poland) were strengthened using
the explosive method, which generated an optimal shock wave, and was described in
the previous paper [19]. Briefly, the wave interacts directly with the tested material. The
first stage involves cleaning the sheet’s contact surface with abrasive treatment. Then, the
geometry of the sheets was adjusted through spark cutting. To evenly locate an explosive
material on the plate surface, appropriate polymer frames were obtained using a 3D
printing. Ammonal or emulsion explosives were used. After the explosion, the titanium
sheets were cleaned. Then, the samples were cut using a wire-cut electric discharge machine
(WEDM) AL-400S Accutex (Accutex, Taichung City, Taiwan) into 10 x 10 x 10 mm cubes.
The developed titanium was indicated as “TE” (titanium after explosion). As controls,
titanium alloy (Ti6Al4V), abbreviated to “TA”, and pure titanium (titanium grade 2),
indicated as "T”, were used.
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2.2. WAXS Investigation

Wide angle X-ray scattering (WAXS) was applied for analysis of the phases and
structure. WAXS measurements were performed using a Bruker D8 Discover diffractometer
(Bruker, Billerica, MA, USA) with CuKa, A = 0.154 nm radiation operated at a voltage of
40 kV and a current of 40 mA. All measurements were performed in rejection mode, using
Goebel optics for beam formation: a 1 mm slit and Soller collimator. A highly sensitive Lynx
Eye 1-D silicon strip detector was used. The range of diffraction angle, 26, was between
20° and 100°. The “empty” scan without a sample was subtracted and the default function
of subtracting background was applied. WAXS was performed according to the procedure
previously described [21]. Briefly, scans were taken at the center of the selected face of the
cuboid: top (called XY direction) and from both sides (XZ1 and YZ2 (Figure 1).

xy |
yz2

e

i

Figure 1. Scheme of the sample with labels associated to faces.

2.3. Mechanical Properties—Low Cycle Fatigue Test

The low cycle fatigue test (LCF) was carried out on the specimens with a gauge width
of 10 mm and length of 25 mm according to ISO standard 12106:2017 [22] in a total strain-
controlled condition with asymmetry coefficient R = —1. The strain amplitudes of 0.35%,
0.4%, 0.45% and 0.5% were used. An axial clip extensometer with a gauge length of 25 mm
was used to control the applied strain. The fatigue failure criteria were defined when the
maximum tensile stress dropped by 20% below that at initial life. The fracture surfaces of
the tensile and fatigue samples were explored using the Jeol JSM-6610 scanning electron
microscope (JEOL, Tokyo, Japan).

2.4. Mechanical Properties—Residual Stresses

The measurements of residual stresses (RS) were conducted using the hole-drilling
method (HDM). This procedure is standardized by ASTM Standard Test Method E 837 [23],
and the practical procedure of implementation is described in detail in Tech Note TN-
503 [24]. These measurements are used to determine the state of uniform residual stresses
or their change with the thickness. In the presence of residual stresses, the realization of
even a small hole in the material causes stress relaxation. This relaxation is related to the
change in strain in the vicinity of the hole. Measuring the strain through strain gages allows
the value and rotation of principal stress to be determined.

The procedure requires precise drilling of a hole in the center point of the strain gage
rosette, which is the most important condition for obtaining the correct measurements. The
Micro-Measurement 200 milling guide, which is powered by compressed air (Figure 2),
was used for this drilling.
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(b)

Figure 2. The overall view of the testing stand (a) and the milling guide of RS-200 while drilling the
hole (b).

HDM requires the depth increment of a hole to be controlled during milling. This
condition is ensured by RS-200, which enables the precise measurement of the hole depth
increments with an accuracy of 0.01 mm and the measurement of hole diameter with an
accuracy of 0.04 mm. The carbide milling cutters with a diameter of 1.6 mm were used
during the tests and the blind holes were drilled at a depth of 2.0 mm.

The measurements of residual stresses were conducted at the material Ti Grade 2 in
the form of plates with dimensions of 175 x 175 x 8 mm; these took place in the delivery
state and after explosive hardening (EH). The surface of the EH plate underwent many
significant changes, as shown in Figure 3a and identified in detail in Figure 3b.

(@)

Figure 3. The view of the plate after EH (a) and the identified zones on its surface (b), namely: the
shearing zone (ShZ), the plastic deformation zone (PDZ), the zone of significant changes (SCZ) and
the zone in which there was a rigid support on the underside (SUP).

The place of detonation initiation was located in the lower right corner; therefore,
there was a rigid support at the bottom (SUP). The propagating detonation wave caused a
strong deformation of the plate edges, which were parallel to the propagation vector (PDZ).
On the other hand, at the edges perpendicular to the direction of propagation, intense shear
stresses occurred (ShZ). Moreover, in the central zone of the plate, severe surface changes
appeared, with roughness that prevented the installation of strain gauge rosettes. SCZ is
an area in which it was impossible to measure residual stresses.

2.5. Corrosion

Corrosion tests using direct current methods are one of the most universal corro-
sion measurement techniques due to their universality. The tests were performed using
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potentiostats equipped with an electrical system designed to maintain a constant poten-
tial between the tested electrode and the reference electrode and an accompaniment of a
third platinum (auxiliary) electrode in the system. During the tests, anodic and cathodic
polarization curves were obtained, which were used to determine the current and corro-
sion potential. Corrosion tests were carried out using an Autolab PGSTAT3 potentiostat
(Metrohm AG, Herisau, Switzerland). Electrochemical direct current tests were performed
using the potentio-dynamic method at a fixed bias voltage of 10 mV /s. Corrosion tests of
the samples were carried out for samples in the initial state and after plastic deformation.
The samples that were subjected to corrosion tests were tested in Ringer’s solution, the
composition and characteristics of which are given in Table 1.

Table 1. Ringer’s solution used for corrosion tests.

Substance Contents [g/dm?3]
NaCl 6.0
KCl1 0.075
CaCl, 0.1
NaHCO; 0.1

3. Cellular Studies
3.1. Materials

Dulbecco’s Modified Eagle Medium (DMEM), Foetal Bovine Serum (FBS), antibiotic
(Penicillin-Streptomycin 10,000 U/mL), Trypsin EDTA (0.25%), Phosphate-Buffered Saline
(PBS) pH 7.4, Presto Blue, NucBlue and ActinGreen were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Mouse fibroblast 1.929 and human osteoblast MG63 were
purchased from Sigma-Aldrich (ATTC), St. Louis, MO, USA.

In order to confirm the biocompatibility of the explosively hardened material made
of pure titanium CP grade 2 (TE), in-vitro cell tests were performed: cytotoxicity tests on
sample extracts and adherent cell cultures in direct contact with the material surface. Tests
of the pure titanium materials after explosive deformation were performed with reference
to the control material (T) at the initial state. In the case of the tests in direct contact, cells
were cultured on the surface of a commercially available Ti6Al4V alloy. Before proceeding
with the cellular tests, the material samples were ground with the abrasive paper of 80, 320,
600, 1200 and 2400 gradations, polished using the diamond paste of 1 um and subjected
to a two-step sterilization process. First, the samples were placed in an 80% ethyl alcohol
solution for 30 min. Then, the samples were subjected to autoclaving at increased pressure
and a temperature of 121 °C.

3.2. Cytotoxicity on Extracts

A cytotoxicity study on material extracts was performed using murine L929 fibroblast
cells (Sigma-Aldrich (ATTC), St. Louis, MO, USA). A culture medium was used to obtain
the extracts. The medium consisted of Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS) and a mixture of antibiotics—penicillin and streptomycin. All samples
were placed in a multi-well plate, immersed in culture medium and kept in an orbital
shaker for 24 h and at 37 °C. Simultaneously with the start of the 24 h of obtaining extracts
from the samples, cell cultures were started—10,000 cells per well in a 96-well plate. After
24 h, the medium in all of the cell culture wells was replaced with a material extract, or clean
medium for the control. The culture plate was placed in the incubator for 24 h. After this
time, the plate was tested for the viability of cells flattened at the bottom of the wells using
the fluorescence assay PrestoBlue with extraction/emission 580/630 nm. (MultiscanGO
Microplate Spectrophotometer, Thermo Scientific, Waltham, MA, USA)

3.3. Cell Adhesion and Proliferation Study in Direct Contact

Due to the fact that the obtained material should be used in a living organism and
remains in contact with bone tissue, the MG63 cell line was selected for the study of the
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in-vitro cellular response in direct contact with the material. The optimal culture medium
for the MG63 cell line consisted of the same medium composition as the one used with the
L929 cell line, with additional supplementation in the form of glutamine.

For the purpose of this study, in direct contact with the material, cell culture was
carried out for 3 and 5 days. The same cell seeding density was used for both time points,
and seeding on both the top and side surfaces of the samples was used to evaluate the
effect of the strain force direction on the cellular response. The samples were placed in the
wells of 24-well plates and then seeded with cells with a density of 5000 cells per cm? on all
the tested surfaces (XY and XZ1). After 3 and 5 days, the culture plates were removed from
the incubator and then fixed with a 3% formaldehyde solution and fluorescently stained.
The cell nuclei were stained using NucBlue™ Fixed Cell ReadyProbes, which emit light
with a maximum intensity at 460 nm with excitation at 360 nm. The actin skeleton was
stained using ActinGreen™ 488 ReadyProbes, which emit light with a maximum intensity
at 518 nm when illuminated with a light beam with a wavelength of 495 nm. Fluorescence
microscopy images were taken for each culture in three magnifications: 10, 20 and 63 times
(Leica DMI3000B, Wetzlar, Germany).

3.4. ECM Secretion Tests in Direct Contact

For the purpose of both types of tests, the top surfaces of all samples were seeded
using the MG63 cell line at 2500 cells per cm?, and cultured for 7 days. The same culture
medium was used as in the previously described tests that were performed with the MG63
cell line.

3.5. Direct Red 80—Collagen Deposit Detection

Sirius red is a dye for staining varying collagen types and available collagen and for
the determination of its amount. Before staining, cells seeded on Ti samples were washed
2 times with PBS. Then, 1 mL of 0.1% w/v sirius red (Direct red 80, Merck, Rahway, NJ,
USA) in picric acid (Chempur, Piekary Slaskie, Poland) was added to the wells of each
24 well-plate, and the samples were kept in this solution for 60 min in RT. Then, the solution
was removed and the samples were washed 3 times with 5% v/v acetic acid. After this
step, 1 mL of 0.1 M NaOH was added and kept in RT. After 30 min, 100 uL of each solution
from each sample was transferred to a dedicated well of 96 well-plates, and the absorbance
was measured at 460 nm using a Multiskan™ GO Microplate Spectrophotometer (Thermo
Scientific™, Waltham, MA, USA).

3.6. Alizarin Red—Calcium Deposit Detection

The culture medium was removed from each well and the cells were washed gently
with PBS 3 times. The cells were then fixed with 3% formaldehyde for 15 min. After
removal of the formaldehyde solution, all wells were washed 3 times using demineralized
water. Then, 1 mL of Alizarin red staining solution was added to each well and incubated
for 30 min at RT with gentle stirring. After the dye was removed, the cells were washed
5 times with demineralized water and 200 um of 0.5 M HCl was added to each well to
release the stain. In order to increase the pH to the 4.1-4.5 range, a (x volume) od 1 M
NaOH was added. The absorbance was measured at 430 nm using a Multiskan™ GO
Microplate Spectrophotometer (Thermo Scientific™, Waltham, MA, USA).

4. Research Results

Titanium sheets of CP-Ti grade 2 were strengthened using the explosive method and
their selected structure and mechanical properties were compered to titanium at the initial
state (without deformation) and titanium alloy Ti6Al4V. Additionally, cytotoxicity analysis
and cellular morphology were determined.
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4.1. WAXS Results

Pure titanium crystal growth and phases are determined according to the parameters
of the manufacturing process. During crystal growth, different kinds of dislocations or
defects can be formed. Therefore, titanium crystal may contain defects such as dislocations
cells and walls, statistically stored random dislocation, geometrically necessary dislocations,
disclinations or disconnections, dislocation loops or a combination of these defects [25].
The WAXS profiles of the XY, XZ1, YZ2 cubic surfaces of explosive deformed titanium TE,
initial state pure titanium T and titanium alloy TA are illustrated in Figure 4; the diffraction
profiles of T and TE might be indexed as a hexagonal o-Ti type structure (the space group
of P63/mmc). The TE profile exhibits additional peaks that are characteristic of the w
phase. The martensitic phase with (11 2 0) was observed on all of the analyzed surfaces
(XY, XZ1, YZ2) of TE. Previously, after explosive deformation treatment, a peak of the w
phase orientation was observed within 1400 um from the treated surface [26]. In our case,
the profiles suggest the occurrence of explosive-induced a-w martensitic transformation
in the whole volume. The direct mechanism of the pressure driven a— w martensitic
transformation in pure titanium has been described by several authors [27]. The WAXS
profiles of T and TE indicate diffraction from a crystal structure with maximums at 35°,
38.5°,40.3° and 53.1° corresponding to the (100), (002), (101) and (102) lattice planes. The
TA profiles are characteristic of the 3-phase (bcc), as reported by other authors [28,29].
Comparing the analysis direction of the same sample (XY, XZ1, YZ2), a change in the
relative intensities was observed for the main peaks: (100), (002) and (101). It is well-
known that for an ideal perfect crystal, the scattering from atoms adds to the construction
under Bragg’s conditions, which results in a delta function (8-function)-like intensity
distribution. Defects present in crystals may break the long range symmetry of the crystal
lattice, which redistributes the scattering intensity. Point defects, small dislocation loops
and precipitates undergo a change in their integral intensity, a shift in their peak position
and diffuse scattering while maintaining the symmetry of the line shape [30]. Defects of the
second kind cause asymmetrical peak broadening; the second kind includes dislocations,
disclinations/disconnections, disclination dipoles, stacking faults, twins, boundaries, long
cylinder-like chains of impurities, etc.
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(100)| 3‘(101) 5(102)33(110)5
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= =y A A
o, o 1 " | "
> | | | [l | |:
a I W : i
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Figure 4. Cont.
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Figure 4. WAXS radial profiles of TE in comparison to T and TA: profile determined from the top
surface for all samples (a); profiles determined from top, and two sides of the surfaces (s1, s2) for TA
(b), T (c), TA (d).
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A strong anisotropic structure is clearly observed in the WAXS diffraction profiles of
the TE samples cut perpendicular and parallel to the explosively hardened surface. The
ratio of the integral intensity of plane (100) to plane (002) is 0.1 for perpendicular to the XY,
7 to XZ1 and 6.3 YZ2, respectively (Figure 4).

4.2. Mechanical Properties—Low Cycle Fatigue Test

A low-cycle fatigue test at total strain amplitudes of 0.35%, 0.4%, 0.45% and 0.5%
allowed us to observe how the stress amplitude and plastic strain amplitude change as a
function of the number of cycles (Figure 5a,b).
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o 400 S
3
= 300 1 —0.35
g 200 ] =04
q%) —0.45
5100 —
= 0.5
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Cycles to failure
Figure 5. Stress amplitude (a) and plastic strain amplitude (b), as a function of the number of cycles.
The comparison of the stabilized hysteresis loops for strain amplitudes of 0.35% and

0.5% indicates an increase in energy dispersion in the cyclically deformed material at higher
strain amplitudes (Figure 6).
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Figure 6. Hysteresis loops for strain amplitudes of 0.35% and 0.5%.
A graph of the cyclic strengthening is shown below.
The resulting curve can be described by the equation:
Og = K,(Eup)n 1)

where K’ is the cyclic amplification factor and n’ is the exponent of cyclic amplification. The
plastic strain amplitude and stress amplitude are not constant during fatigue testing; there-
fore, only their stabilized values, which are taken into consideration, allow us to describe
the cyclic properties in most of the low-cycle fatigue life. The discussed equation connects
the plastic strain and stress amplitude for the stabilized state based on the Ramberg-Osgood
relationship, and the established parameters are considered to be constant for the tested
material. The values of the equation are shown in the graph (Figure 7) and in Table 2.

1000 -
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Figure 7. Strengthening grade 2 titanium for the stress—strain relationship during fatigue testing.



Materials 2023, 16, 7188 11 of 19
Table 2. The established parameters of the cyclic stress—strain plot.
Cyclic Strength Coefficient, Cyclic Strain Hardening Coefficient of Determination,
K’ [MPa] Exponent, n’/ R?
1007.5 0.0911 0.469

1000

800

U [mV]
sy
8

-200

4.3. Mechanical Properties—Residual Stresses

The output data of this research were the changes in voltage as a function of the blind-
hole depth recorded with the increment of 0.1 mm. The output voltage was transmitted
from the rosette to the channels of the ESAM Traveler Plus strain gauge bridge, where it
was amplified. An example of a graph showing the changes in voltage recorded during the
test is presented in Figure 8a.
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< 400 0
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(a) (b)

Figure 8. The changes in voltage recorded during one of the measurements (a) and the computed
strains for the same example (b), where 1, 2 and 3 refer to the number of rosette gauges.

The calculation of the strain values was conducted by employing Equation (2).
E=4-U/(Uy-N-K-A)-10° [pe] 2)

where:

U—output voltage [V];

Up—supply voltage [V];

N—coefficient depending on the bridge type—for quarter-bridge N = 1;
K—strain gauge constant;

A—coefficient of output signal amplification.

The characteristics of the strain changes as a function of the blind-hole depth were
obtained during the calculations (see Figure 8b). To determine the values of the principal
stresses and their direction, the following equations were applied:

€1 +e¢ 1

Omax = 14-A 2 _ 1B (e3 — 81)2 + (e3+€1 — 282)2 [MPa] 3)
& te 1

Omin = 14~A 2+ gV (s e1)” + (€3 + €1 — 2¢2)” [MPa] @)

€1 —2er+ €
—=—=IMP
areig ™22 2 g ®)

where:

O max, Cmin—principal stresses;
€1, €, e3—strains measured on strain gauges number 1, 2 and 3;
A, B—coefficients depending on material properties and geometry of rosette and hole;
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a—angle between strain gauge no. 1 and the direction of the nearest principal stress.

The calculations were carried out assuming a constant value of Young’s modulus of
103 GPa and Poisson’s ratio of 0.34. The determination of the stress value and its charac-
ter was accomplished using the software H-Drill (http://www.schajer.org/, accessed on
13 November 2023), where the input data were the strains established in accordance with
Equation (2), Young’s modulus, Poisson’s ratio, hole diameter and type of rosette. The ob-
tained values of the principal residual stresses are presented in Table 3. The measurements
were conducted at six points of the examined plate. The data calculated at three depths
are presented because the residual stresses in the analyzed case are highly variable. The
second depth is irregular and was 0.5 mm, 0.7 mm or 1 mm if the most significant stress
change was observed at this depth.

Table 3. The results of residual stresses measurements of TE and in the delivery state.

Number of measuring point

#1 #2 #3
depth 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.2 1.0
[mm]
residual stresses o [MPa] and angular orientation o [°]
Tmax —16 -1 25 105 76 47 —100 26 4
i —26 —34 —51 11 10 7 >0y —74 —124
Number of measuring point
#4 #5 #6
depth 0.0 03 1.0 0.0 0.7 1.0 0.0 0.6 1.0
[mm]
residual stresses o [MPa] and angular orientation o [°]
O max 24 —186 59 38 71 198 86 42 35
Coin 5 —292 -7 7 ~19 9% 74 —23 ~11

The location of the measurement points is shown in Figure 9a, where the hatched field
is the zone in which measurements cannot be made (see Figure 3). The dashed line limited
the field where measurements could be carried out due to the capabilities of the RS-200
system (see Figure 2).

/_ _\ -100 MPa >G
P ) '
I 5| +7 MPa
| M
-16 MPa
| 1 I - *74MPa 11 MPa
4’ 6 #2 8
-26 MPa
4 +105 MPa
N 4y 4
+24 MPa +5 MPa

(@) (b)

Figure 9. The location of the measurement points (a) and determined near-surface residual stresses
with their orientation (b) where: blue—compressive stress; red—tensile stress.
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Although the measurements were made to the depth of 2.0 mm, residual stresses
can only be determined to the maximum depth of 1.0 mm. This is the limitation of the
method used in the case of nonuniform stresses being present. In addition, the residual
stresses were determined in plate T at the initial state (not affected by the shock wave),
where near-surface o,y residual stresses ranging between —170 MPa and —420 MPa at the
depth of up to 0.4 mm were observed. At a depth of over 0.4 mm, their value stabilized
at the level of —40 MPa to +70 MPa. The values and character of the residual stresses in
TE are very heterogeneous, both when considering them in one plane—e.g., near-surface
(see Figure 9b)—and when analyzing the depth of the material. This is caused not only
by the dynamics of the processing, but also by the conditions of its realization, e.g., the
influence of SUP. It can be seen that the residual stresses close to the place of detonation
initiation are tensile, and behind the SCZ, they are compressive, even exceeding the yield
stress (point no. 3). Moreover, the orientation of the principal stresses is connected with
the direction of the detonation wave propagation. At all of the measuring points, near-
surface layers with different thicknesses—ranging between 0.2 mm and 0.8 mm—were
detected, which characterized the other state of the residual stresses and mechanical
properties; this layer was much more difficult to drill. The residual stresses stabilized
below this layer, which can be observed by analyzing the values of the residual stresses
determined at depth 1.0 mm, but especially by analyzing the individual changes in the
stresses established for each measurement, because the stresses stabilized at different values.
A similar change in the residual stresses is observed in the material at the delivery state.
When considering the above data, it is important to remember the most important factor;
namely, that the calculations were carried out with a single value of Young’s modulus
and Poisson’s ratio. After explosive processing, the material possesses other structure and
mechanical properties; thus, this can significantly affect the results, although the magnitude
of this impact is difficult to quantify. The effect of the described factors could be, among
others, the theoretical exceeding of the yield point at point no. 3, which results from the
limitation of the method used, to the range of elastic deformation. The actual strength
properties of the material in the analyzed area could be different from the assumed ones.

4.4. Corrosion

Corrosion tests were carried out, based on which the corrosion potential and corrosion
current density were identified. The characteristics of the material’s behavior at variable
electrochemical potentials were determined. The values of the designated numerical data
are presented in Table 4.

Table 4. Values of potentials and corrosion current densities for the tested samples and the value of
the corrosion rate given in mm/year.

Corrosion Rate (CR)

Material U [mV] I [nA/cm?]

[mm/year]
T (pure titanium non deformed —469 4.6 0.00008
TE (pure titanium deformed) —490 5.5 0.0001

It has been observed that the transition to the passive state occurs almost instanta-
neously. The values determined using direct current electrochemical tests can be described
as being similar. The current densities are minimal and do not vary significantly, while the
annual corrosion rates are negligible. The explosively hardened sample is characterized by
greater speed and intensity of the corrosion processes. However, the change in parameters
is negligible and does not exceed the corrosion rate on a scale of 1 pm per year.

4.5. Cytotoxicity

The cytotoxicity study on pure titanium materials after explosive deformation (TE)
performed in relation to the control material—pure titanium without explosive deformation
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(T)—showed the lack of cytotoxicity of both materials. In comparison to the pure culture
medium (TCP), the control showed slight differences in favor of both titanium materials;
however, they are not statistically significant, as can be seen in the graph below (Figure 10).
Error bars represent standard deviation values. Cytotoxicity, according to ISO 10993-5 [31],
is stated for materials for which the result of the viability test is less than 70% of the value
obtained for the control sample. The in-vitro test shows the lack of cytotoxicity of pure
titanium after explosive deformation.
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Figure 10. Results of a 24-h cytotoxicity study using extracts from pure titanium materials.

4.6. Adhesion, Spreading and Proliferation of Osteoblasts

The control consisted of cells cultured on TCP is shown in Figure 11. Cells growing on
both the upper and side surfaces were assessed after 3 and 5 days of culture for both types
of pure titanium (T)—after explosive deformation (TE) and in the initial state)—together
with the titanium alloy material (TA) (Figures 12-15). The cell morphology observed in the
recorded images proves the correct growth and proliferation of the MG63 cell line. With
the exception of minor differences in the arrangement of the cells on the surface of the
materials, it is difficult to find features that indicate an abnormal morphology of the cells
growing on all of the types of materials and on both surfaces.

3 days

5 days

Figure 11. Fluorescence microscopy images of MG63 cultured on TCP for 3 and 5 days.
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Figure 12. Fluorescence microscopy images of MG63 cultured on the top surfaces of different titanium
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TE

TA

samples for 3 days: XY surface.
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Figure 13. Fluorescence microscopy images of MG63 cultured on the side surfaces of different
titanium samples for 3 days: XY1 surface.



Materials 2023, 16, 7188

16 of 19

TF

TA

Figure 14. Fluorescence microscopy images of MG63 cultured on the top surfaces of different titanium

samples for 5 days: XY surface.

10x

20x

63x

Figure 15. Fluorescence microscopy images of MG63 cultured on the side surfaces of different

titanium samples for 5 days: XY1 surface.
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The images with the highest magnification clearly show oval, correct-shaped cell
nuclei and an extensive actin skeleton with numerous places of attachment to the surface
and clearly visible individual filopodia. This proves that the surface of the material is well
tolerated by cells, they willingly attach to it and it is an attractive substrate for their growth.
The similar morphology of the cells on the surfaces of all types of titanium means that the
deformation of titanium by means of an explosion has no negative effect on the cellular
response of the MG63 line in direct contact. In addition, no clear differences were observed
in the results for the XY and XZ1 surfaces for both time points, which for the material after
explosive deformation, indicates no changes in the properties significant for cell cultures,
regardless of the direction of the deformation force.

4.7. ECM Secretion Tests in Direct Contact

The results of both of the performed tests, Direct Red 80 and Alizarin Red, are im-
portant from the functional point of view of titanium, i.e., in bone implants. One of the
methods for assessing the biofunctionality of titanium materials intended for the stabi-
lization of bone fractures is to determine the cellular response to them in-vitro. A good
indicator of how cells respond to the surface of such a material is taking a closer look at the
extracellular matrix they produce, or more precisely, its ingredients, including determining
the amount of protein—collagen, as well as bone mineral component—calcium ions. As
collagen is the primary protein in the composition of bone, assessing how much collagen
an osteoblast culture secrets in direct contact with a material is essential to test whether this
material is suitable to be used for bone regeneration implants. The results of the Direct Red
80 assay (Figure 16a) show that all of the tested titanium materials had a similar influence
on the MG63 osteoblast culture in the amount of collagen that was produced over 7 days of
the experiment.

(a) (b) |
1204
- ~ 120 I
£ 100 5 i 1
e = =
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Zz g 401
< =]
20 < 20
0_ 0 T T T T
TE T TA TCP

Figure 16. (a) collagen deposition after 7 days of MG63 culture in direct contact, analyzed using Direct
Red 80 assay; (b) show Ca?* deposition after 7 days of MG63 culture in direct contact determined by
the results of the Alizarin Red assay.

Similarly, the Alizarin Red staining results proved that the osteoblasts cultured on the
surface of all the titanium samples secreted Ca?" in the same or slightly greater amount
compared to the control TCP assay (Figure 16b).

5. Conclusions
On the basis of the obtained results, the following conclusions can be stated:

1.  Phase structure analyses via WAXS confirmed that explosive-induced « phase-w
martensitic transformation occurred in the whole volume of the titanium after explo-
sive deformation. Additionally, crystallographic anisotropy was observed in all of the
analyzed samples.

2. Residual stresses are very non-uniform, both when considering the near-surface layer
or deep into the material. The presence of a layer with a different, strongly changing
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distribution of residual stresses—the thickness of which ranges between 0.2 mm and
0.8 mm—was found. Below this layer, the state of residual stresses stabilizes.

3. The corrosion tests allow us to conclude that, following deformation by explosion, the
corrosion properties do not change significantly.

4. The titanium deformed by explosion indicates similar biocompatibility as pure non-
deformed titanium and is commonly implanted in titanium ally (type). The phase
composition and crystallographic orientation do not influence the morphology of
bone cells.

Author Contributions: Conceptualization, M.G., M.W. and R K.; Methodology, S.P,, ].D., D.K. and
T.S.; Software, J.D. and D.K; Validation, M.G., M.W,, A K. and L.C.; Formal analysis, M.G., S.P., D.K.
and R K,; Investigation, S.P,, ].D., D.K. and T.S.; Resources, M.G. and M.W.; Data curation, M.G.,
MW, RK. and L.C.; Writing—original draft, M.G., ].D., D.K,, M.W,, R K. and TS.; Writing—review &
editing, S.P., D.K., M.W. and R K.; Visualization, M.G., M.W. and R.K.; Supervision, M.G., A K. and
L.C; Project administration, M.G.; Funding acquisition, M.G. and L.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Centre for Research and Development NCBR:
project number 0078/L-11/2019 (LIDER), project number Mazowsze /0023 /19.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ASTM F67-13; Standard Specification for Unalloyed Titanium, for Surgical Implant Applications (UNS R50250, UNS R50400,
UNS R50550, UNS R50700). ASTM: West Conshohocken, PA, USA, 2017.

2. ASTM F136; Standard Specification for Wrought Titanium-6Aluminum-4Vanadium ELI (Extra Low Interstitial) Alloy for Surgical
Implant Applications (UNS R56401). ASTM: West Conshohocken, PA, USA, 2021.

3. Aslantas, K.; Demir, B.; Guldibi, A.S. A comparative study on the machinability of 3-type novel Ti29Nb13Ta4.6Zr (TNTZ)
biomedical alloys under micro-milling operation. J. Manuf. Syst. 2023, 92, 135-146. [CrossRef]

4. Ezugwu, E.O,; Da Silva, R.B.; Sales, W.E; Machado, A.R. Overview of the machining of titanium alloys. Encycl. Sustain. Technol.
2017, 2, 487-506. [CrossRef]

5. Holgers, KM.; Thomsen, P; Tjellstrom, A.; Bjursten, L.M. Immunohistochemical study of the soft tissue around long-term
skin-penetrating titanium implants. Biomaterials 1995, 16, 611-616. [CrossRef]

6.  Engelhart, S.; Segal, R.J. Allergic Reaction to Vanadium Causes a Diffuse Eczematous Eruption and Titanium Alloy Orthopedic
Implant Failure. Cutis 2017, 99, 245-249. [PubMed]

7. Egusa, H.; Ko, N.; Shimazu, T.; Yatani, H. Suspected association of an allergic reaction with titanium dental implants: A clinical
report. J. Prosthet. Dent. 2008, 100, 344-347. [CrossRef] [PubMed]

8. Javed, F; Al-hezaimi, K.; Almas, K.; Romanos, G.E. Is Titanium Sensitivity Associated with Allergic Reactions in Patients with
Dental Implants. Clin. Implant. Dent. Relat. Res. 2013, 15, 47-52. [CrossRef] [PubMed]

9.  Miiller, K.; Valentine-Thon, E. Hypersensitivity to titanium: Clinical and laboratory evidence. Neuro Endocrinol. Lett. 2007, 27,
31-35.

10. du Preez, L.A.; Biitow, K.W.; Swart, T.]. Implant failure due to titanium hypersensitivity/allergy?—Report of a case. SAD] 2007,
62,22-25.

11.  Sicilia, A.; Cuesta, S.; Coma, G. Titanium allergy in dental implant patients: A clinical study on 1500 consecutive patients. Clin.
Oral. Implant. Res. 2008, 19, 823-835. [CrossRef]

12.  Hosoki, M.; Nishigawa, K.; Miyamoto, Y.; Ohe, G.; Matsuka, Y. Allergic contact dermatitis caused by titanium screws and dental
implants. J. Prosthodont. Res. 2016, 60, 213-219. [CrossRef]

13. Butler, P; Gorgis, J.; Viberg, B.; Overgaard, S. Low evidence for implementation of well-documented implants regarding risk of
early revision: A systematic review on total hip arthroplasty. EFORT Open. Rev. 2021, 6, 3-8. [CrossRef] [PubMed]

14. Pijls, B.G.; Meessen, ]. M.T.A.; Tucker, K. MoM total hip replacements in Europe: A NORE report. EFORT Open. Rev. 2019, 4,
423-429. [CrossRef] [PubMed]

15. Holgers, KM.; Roupe, G.; Tjellstrom, A.; Bjursten, L.M. Clinical, immunological and bacteriological evaluation of adverse

reactions to skin-penetrating titanium implants in the headand neck region. Contact Dermat. 1992, 27, 1-7. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jmapro.2023.02.043
https://doi.org/10.1016/B978-0-12-409548-9.10216-7
https://doi.org/10.1016/0142-9612(95)93858-B
https://www.ncbi.nlm.nih.gov/pubmed/28492599
https://doi.org/10.1016/S0022-3913(08)60233-4
https://www.ncbi.nlm.nih.gov/pubmed/18992567
https://doi.org/10.1111/j.1708-8208.2010.00330.x
https://www.ncbi.nlm.nih.gov/pubmed/21414135
https://doi.org/10.1111/j.1600-0501.2008.01544.x
https://doi.org/10.1016/j.jpor.2015.12.004
https://doi.org/10.1302/2058-5241.6.200047
https://www.ncbi.nlm.nih.gov/pubmed/33542834
https://doi.org/10.1302/2058-5241.4.180078
https://www.ncbi.nlm.nih.gov/pubmed/31210979
https://doi.org/10.1111/j.1600-0536.1992.tb05189.x
https://www.ncbi.nlm.nih.gov/pubmed/1424584

Materials 2023, 16, 7188 19 of 19

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

Han, X.; Sawada, T.; Schille, C.; Schweizer, E.; Scheideler, L.; Geis-Gerstorfer, J.; Rupp, E; Spintzyk, S. Comparative Analysis of
Mechanical Properties and Metal-Ceramic Bond Strength of Co-Cr Dental Alloy Fabricated by Different Manufacturing Processes.
Materials 2018, 11, 1801. [CrossRef]

Grosgogeat, B.; Vaicelyte, A.; Gauthier, R.; Janssen, C.; Le Borgne, M. Toxicological Risks of the Cobalt—-Chromium Alloys in
Dentistry: A Systematic Review. Materials 2022, 15, 5801. [CrossRef]

Zhang, M.; Lv, B.; Zhang, E; Feng, X. Explosion Deformation and Hardening Behaviours of Hadfield Steel Crossing. ISI] Int. 2012,
52,2093-2095. [CrossRef]

Gloc, M.; Przybysz-Gloc, S.; Wachowski, M.; Kosturek, R.; Lewczuk, R.; Szachogluchowicz, I.; Paziewska, P.; Maranda, A.;
Ciupinski, L. Research on Explosive Hardening of Titanium Grade 2. Materials 2023, 16, 847. [CrossRef]

Cerreta, E.; Gray, G.T.; Lawson, A.C. The influence of oxygen content on the & to w phase transformation and shock hardening of
titanium. J. Appl. Phys. 2006, 100, 013530. [CrossRef]

Marola, S.; Bosia, S.; Veltro, A.; Fiore, G.; Manfredi, D.; Lombardi, M.; Battezzati, L. Residual stresses in additively manufactured
AlSi10Mg: Raman spectroscopy and X-ray diffraction analysis. Mat. Des. 2021, 202, 109550. [CrossRef]

ISO 12106:2017; Metallic Materials, Fatigue Testing, Axial-Strain-Controlled Method. ISO: Geneva, Switzerland, 2017; p. 38.
ASTM Standard E 837; Determining Residual Stress by the Hole-Drilling Strain-Gage Method. ASTM: West Conshohocken, PA,
USA, 2013.

Tech Note TN-503-6; Measurement of Residual Stresses by the Hole-Drilling Strain Gage Method. Micro-Measurements: Wendell,
NC, USA, 1993.

Shafi, M.P,; Bose, C.A. Impact of crystalline defects and size on X-ray line broadening: A phenomenological approach for
tetragonal SnO, nanocrystals. AIP Adv. 2015, 5, 057137. [CrossRef]

Guo, Y, Jia, B.; Zhou, Q.; Chen, W.; Ren, Y,; Liu, R.; Arab, A; Ran, C.; Chen, P. Enhancement of mechanical properties of
commercially pure titanium by shock induced gradient microstructure with martensitic transformation. Mat. Sci. Eng. A 2022,
863, 144542. [CrossRef]

Trinkle, D.R.; Hennig, R.G.; Srinivasan, S.G.; Hatch, D.M.; Jones, M.D.; Stokes, H.T.; Albers, R.C.; Wilkins, ]. W. New Mechanism
for the « to w Martensitic Transformation in Pure Titanium. Phys. Rev. Lett. 2003, 91, 025701. [CrossRef] [PubMed]

Chen, L.; Wang, Y.; Hao, X.; Zhang, X.; Liu, H. Lightweight refractory high entropy alloy coating by laser cladding on Ti-6A1-4V
surface. Vacuum 2021, 183, 109823. [CrossRef]

Luo, L.; Su, Y.; Guo, J.; Fu, H. Formation of titanium hydride in Ti-6Al-4V alloy. J. Alloys Comp. 2006, 425, 140-144. [CrossRef]
Jamieson, ].C. Crystal Structures of Titanium, Zirconium, and Hafnium at High Pressures. Science 1963, 140, 72-73. [CrossRef]
[PubMed]

ISO 10993-5:2009; Biological Evaluation of Medical Devices, Part 5: Tests for In Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009;
p- 34.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma11101801
https://doi.org/10.3390/ma15175801
https://doi.org/10.2355/isijinternational.52.2093
https://doi.org/10.3390/ma16020847
https://doi.org/10.1063/1.2209540
https://doi.org/10.1016/j.matdes.2021.109550
https://doi.org/10.1063/1.4921452
https://doi.org/10.1016/j.msea.2022.144542
https://doi.org/10.1103/PhysRevLett.91.025701
https://www.ncbi.nlm.nih.gov/pubmed/12906490
https://doi.org/10.1016/j.vacuum.2020.109823
https://doi.org/10.1016/j.jallcom.2006.01.014
https://doi.org/10.1126/science.140.3562.72
https://www.ncbi.nlm.nih.gov/pubmed/17746009

	Introduction 
	Material and Research Methodology 
	Sample Preparation 
	WAXS Investigation 
	Mechanical Properties—Low Cycle Fatigue Test 
	Mechanical Properties—Residual Stresses 
	Corrosion 

	Cellular Studies 
	Materials 
	Cytotoxicity on Extracts 
	Cell Adhesion and Proliferation Study in Direct Contact 
	ECM Secretion Tests in Direct Contact 
	Direct Red 80—Collagen Deposit Detection 
	Alizarin Red—Calcium Deposit Detection 

	Research Results 
	WAXS Results 
	Mechanical Properties—Low Cycle Fatigue Test 
	Mechanical Properties—Residual Stresses 
	Corrosion 
	Cytotoxicity 
	Adhesion, Spreading and Proliferation of Osteoblasts 
	ECM Secretion Tests in Direct Contact 

	Conclusions 
	References

