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Abstract: Improvement in the mechanical properties of sheet two-phase high-strength titanium alloy
VT23 due to impact-oscillatory loading and the use of carbon nanosolutions at room temperature
was tested experimentally. It was shown that in addition to obtaining a significant increase in the
initial plastic deformation of the alloy, it is possible to strengthen the surface layers of the alloy by a
factor of 8.4% at a time via the impulse introduction of energy into the alloy and the use of carbon
nanosolutions. Using X-ray photoelectron spectroscopy (XPS), it was first found that strengthening of
the surface layers of the titanium alloy at a given load, in line with using a carbon nanosolution, leads
to the formation of a mixture of titanium oxide and titanium carbide or oxycarbide of type TiO,_,Cy
on the surface.

Keywords: impact-oscillatory loading; nanotechnology; titanium alloy; surface layers; strengthening;
titanium carbide

1. Introduction

Fundamental research on high-strength titanium alloys and their use in the military, aviation, and
space industries have proven their high-performance properties [1-5]. The most common titanium
alloys are those representing oc and (3 solid solutions. Alloys with an (« + {3) structure provide optimal
characteristics of strength, ductility, and crack resistance and extend the life of machine parts [6-8].

At the same time, there is a certain tendency to a reduction in the plasticity and crack resistance of
alloys and an increase in their sensitivity to stress concentrators as the strength of such alloys increases.
That is why methods for modifying their properties which make it possible to preserve the high
strength of these alloys while increasing their plasticity are very relevant [9-11].

Fundamental regularities in the mechanical behavior of structural materials under dynamic
non-balanced processes, which are associated with high-speed energy exchange between the elements
of mechanical systems, have not been sufficiently studied to date [12-15]. The difficulties of applied
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research are associated, first of all, with the lack of experimental facilities and equipment for such
mechanical tests.

We propose an effective method for reproducing dynamic non-equilibrium processes (DNP)
using impact-oscillatory loading under high-speed stretching of a material with the imposition of a
high frequency (several kilohertz) oscillatory process [16-18]. As a result of the conducted research,
a number of specific features of material deformation during and after the realization of DNP were
found; these are manifested, first of all, in the plasticization of materials of different classes under
subsequent static tensile testing due to the formation of dissipative microstrip structures, interconnected
at different scale levels, the density of which is much lower than that of the source material [19-21].

Sudden increases in deformation under impulse introduction of energy ¢;,,,. were chosen as a
parameter characterizing the intensity of the impulse introduction of energy into materials. The choice
of €;p. significantly simplifies the test procedure under impact-oscillatory loading. In this case, modes
of impact-oscillatory loading can be created on hydraulic machines of varying rigidity, eliminating the
need for complex calculations on the transfer of a particular force influence directly on a specimen,
depending on the total pulse applied to the mechanical system. In addition, such a procedure is
intended specifically for real technological processes and can be realized in industrial conditions.

Using Phantom v711 a high-speed camera (the maximum recording speed is 1,400,000 {/s), two
stages of the low- and high-speed process, which are responsible for the formation and development of a
dissipative structure in materials under impact-oscillatory loading, were found. The mean deformation
rates in the first stage of the process were 100-300%/s for aluminum alloy D16 and aluminum alloy
2024-T3 [19], and 100-200%/s for stainless steel 12Cr17 [20]. At the second stage, where the newly
formed dissipative structure probably propagates through the volume of the specimen under study,
a sharp increase in the deformation rate up to 5000-6000%j/s was observed in local zones for aluminum
alloys D16 and 2024-T3 [19] and up to 600-1000%/s for stainless steel 12Cr17 [20]. It was also established
that the frequency of oscillatory loading which is realized under impact-oscillatory loading of materials
is in the range of 1-2 kHz [19,21].

An explicit consequence of the significant structural transformations of materials under
impact-oscillatory loading is the appearance of microextrusions on the specimen surface due to
the formation of less dense dissipative structures [22]. This effect indicates changes in the structure
and mechanical properties not only in the volume of materials, but, above all, in the surface layers.
In addition, a special plastic “wave” which passed along the surface of flat specimens during the
realization of DNP [20] was found. The front of this “wave” moves at a low speed. For instance,
for stainless steel 12Cr17, this speed is 0.3-0.7 m/s. However, the fact of the appearance of the plastic
“wave” under impact-oscillatory loading and the appearance of microextrusions on the specimen
surface allow us to assume that it is possible to realize very high stresses at local points of the surface
layers of materials.

When DNP is realized in materials of other classes, one should expect the formation of new forms
of dissipative structures. For example, when DNP is realized in two-phase high-strength titanium
alloy VT22, a change in the initial structure occurs by grinding (fragmentation) of the 3-phase and
subgrains in this phase [23]. Detailed investigations of the metal-physical aspects of the structure of
the VT22 alloy before and after impact-oscillatory loading revealed the peculiarities in the formation of
less dense dissipative structures in two-phase titanium alloys [23].

We used the discovered effects to develop an effective method for strengthening and
nanostructuring the surface of materials and obtaining a uniform, controlled nanostructure of the surface
layer with enhanced mechanical strength via impact-oscillatory loading and nanotechnologies [24].
The technology of this method is as follows. Prior to impulse loading, specimen surfaces are wetted
with a colloidal solution of nanoparticles (metals or hard alloys, carbides or nitrides), and nanoparticles
are precipitated from the solution onto the surface of materials by means of drying. As a result
of pre-wetting with a given colloidal solution under the dynamic non-balanced process, hard alloy
nanoparticles located on the surface of the test material are “embossed” into the surface due to the
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occurrence of microextrusions, which leads to significant structural changes in the surface layer with
the formation of a controlled nanostructured surface layer. The controlled structure of the material
surface is obtained by adding hard alloy nanoparticles of appropriate size to the colloidal solution and
using a solution of the relevant concentration.

The purpose of this study was to further modify of the mechanical properties of two-phase
titanium alloys by simultaneously using impact-oscillatory loading and carbon nanosolution and to
analyze the physical aspects of the detected mechanical effects.

2. Materials and Methods

We used combined loading which included the application of additional force pulses to the base
loading. This is a follow-up on our previous research aimed at a significant increase in material plasticity
atroom temperature. In this case, the processes of material deformation and fracture are studied withina
mechanical system that includes two contours. The internal contour is a simple statically indeterminate
structure in the form of three parallel elements loaded simultaneously: the central specimen from the
test material and two symmetrical satellite specimens from brittle steel. The external contour includes
the gripping of the test setup, columns, and the hydraulic system of the test setup. With the controlled
fracture of the satellite specimens of the internal contour, the pulsed load is transmitted to the external
contour of the test setup, and the test specimen, together with the external contour of the test setup
is subjected to additional load pulses applied to the base loading (impact-oscillatory loading) at a
frequency of 1-2 kHz [17-19].

Mechanical tests were performed on specimens of sheet two-phase high-strength alloy VT23 with
a thickness of 3 mm (Figure 1). The ZD-100Pu (WPM, Leipzig, Germany) modified hydraulic setup for
static tests were used.

N

A | Q:%)/Q
|

fan
N
-
B
28

85 o107
60

Figure 1. Test specimen.

To obtain a carbon nanosolution, an aqueous dispersion of carbon, and the possibility of extending
the physical and chemical activity of its particles, the method of electroerosive dispersion of graphite
granules in water was used [25]. Using a thyristor generator (NULES, Kyiv, Ukraine) with a capacitive
energy storage device, we formed discharge pulses, the voltage amplitude of which was regulated
within the range of 90 V and the current in the range of 1000 A. The capacity C of the energy storage
device was regulated in the range of 200 puF and the frequency of the discharge pulses was regulated in
the range of 200 Hz, while pulse duration was 100 us. The inductance of the discharge loop L did not
exceed 1 uH.

Deionized water, characterized by a conductivity of ~1 x 107°-3 X 107® Ohm~!/cm, is a convenient
object for obtaining aqueous carbon dispersions. Water is used not only as a dispersion medium but
also as a component of micelles, which are an active participant in the structure formation process
and the process of formation of the electrokinetic potential of dispersions. At the same time, for each
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type of dispersion, there are optimal time and temperature modes for the formation of micelles, at
which a high concentration of the disperse phase is achieved and particles of minimal size are formed.
Aqueous dispersions of metals and carbon are classified as lyophobic systems, the dispersed phase
of which is water-wetted to a limited extent. They have input surface energy and thermodynamic
instability. When the aqueous dispersion is stored for a long time, its fracture gradually occurs due to
a drop in the ¢ potential and the attainment of its threshold or critical value. The resulting aqueous
dispersions of carbon are characterized by a high concentration of dispersed phase (1000 mg/md?)
with average dimensions in the cross section of not more than 10 nm. The morphology of the resulting
tubular carbon structures does not correspond to the classical concepts of nanotubes and is more like a
“nanoplug”, the length of which is commensurable with the transverse dimensions of synthesized
nanostructured objects. Single-walled nanotubes were used, which differed in the concentration of the
dispersed phase of carbon due to the change in the time of impulse processing from 1 to 3 min. Carbon
nanosolution of three concentrations were applied directly to the original surface of nine specimens
under study, but the surfaces of three specimens were polished prior to the application of the colloidal
solution with maximal concentration.

The polishing procedure itself was not decisive in this case; it was conducted only to evaluate
the impact of surface roughness on the effect of strengthening the surface layers. To verify the
occurrence of microextrusions on the specimen surface due to the formation of less dense dissipative
structures under impact-oscillatory loading and to evaluate their effect on the initial surface roughness
of specimens, a profilometric analysis of the topography of the alloy surface layers was performed using
the Leica DCMS8 3D optical surface metrology system (Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany). The X-ray photoelectron spectroscopy (XPS) (SPECS Surface Nano Analysis Company,
Berlin, Germany) method was used to investigate the surface layers of specimens of the VT23 alloy
after the realization of impact-oscillatory loading. XPS-spectra were measured in a UHV Analysis
System chamber at a residual pressure of less than 8 X 1078 Pa. The XPS spectra were examined using
an X-ray MgKa-radiation source (E = 1253.6 eV) and recorded at a constant retarding potential of 30 eV.

The chemical composition of the test alloy is given in Table 1.

Table 1. Chemical composition of VT23 titanium alloy (wt %).

Fe Cr Mo Vv Ti Al
0.6 1.2 2.0 4.3 86.9 5.0

The microstructure of the VI23 alloy in its initial state is shown in Figure 2.

Figure 2. Microstructure of the VT23 alloy.

In a previous X-ray study, it was found that the  phase occupies 43.5% by weight and the «
phase occupies 56.5% by weight in the investigated VT23 alloy. This method is described in detail
in [26]. All investigations were conducted at 20 °C.
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The research was conducted in two stages. In the first stage, the optimal effect of the intensity of
the impulse introduction of energy under impact-oscillatory loading on the maximum increase in the
initial plastic deformation of the VI23 alloy was revealed for a batch of specimens.

When evaluating the effect of impact-oscillatory loading on the improvement of the plastic
properties of the titanium VT23 alloy, the following method of controlling the impulse introduction of
energy into the titanium alloy was used; a number of specimens were statically loaded to a growing
deformation level of 0.025-0.4%, and then the specimens were subjected to force impulse loading
within a narrow range of 120 + 5 kN.

In the second stage, with the selected optimal impact-oscillatory loadings ¢;,,, a complex study
was conducted on the impact-oscillatory loading and the use of carbon nanosolutions.

3. Results and Discussion

3.1. Results of Mechanical Tests

Analysis of the results obtained showed the following: if during the impulse introduction of
energy into the VT23 titanium alloy the total stress from the previous static tensile testing and impulse
introduction of energy does not exceed the yield strength of the alloy, the effect of increasing plastic
deformation of the alloy under repeated static tensile testing is negligible. It should also be noted that
the impulse introduction of energy in this case does not affect the strength properties of the alloy.

In the case when the VT23 alloy deforms plastically during the impulse introduction of energy,
a marked increase in plastic deformation at repeated static tensile testing is observed in comparison
with the initial state. Moreover, this dependence is complex and is associated with the degree of jumps
of plastic deformation under the impulse introduction of energy ¢;,;,. For example, Figure 3 shows
some data on the effect of impulse introduction of energy on the enhancement of plastic deformation
of the VT23 alloy under repeated static tensile testing. As can be seen from Figure 3, the impulse
introduction of energy in this case practically does not affect the strength properties of the alloy.

1200 +
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Figure 3. Typical stress strain diagrams for the VT23 alloy under static tensile testing after impulse
introduction of energy under impact-oscillatory loading compared with the initial state: 1: initial state;
2: €jmp = 1.5%; 3, Eimp = 3.9%; 4t 3.8%; 5: 3.65%.

It is interesting to note that along with the significant structural transformations in the volume of
titanium alloys under DNP [23], which change the mechanical properties under subsequent deformation,
similar effects caused by structural changes also arise on the specimen surface, even under insignificant
influence from the impulse. For example, Figure 4 shows a comparison of the topographies of flat
specimen surfaces of the VI23 alloy in the initial state and after the realization of low-density DNP
(€imp = 0.85%) using the Leica DCMB8 3D optical surface metrology system. In all cases, the direction
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of figure arrangement on the larger side coincides with the direction of deformation. For ease of
comparison, the results obtained for the investigated alloy are presented and analyzed in pairs. Here,
Figure 4a,c correspond to specimens in the initial state, and Figure 4b,d correspond to specimens after
impact-oscillatory loading.

Figure 4. Topographies of plane surfaces of samples of the VT23 alloy in the initial state (a,c) and after
DNP(&;p = 0.85%) (b,d): (a,b), 2D measurements; (c,d), 3D measurements.

Let us note that the topographies of the flat surfaces of specimens under study were significantly
different. The effect of impulse introduction of energy manifests itself clearly in the alignment of the
specimen surface profile and in the creation of a regular ordered system of microextrusions on the
surface. Moreover, after the realization of DNP, the surface structure becomes fibrous and oriented in
the direction of loading.

The surface roughness parameters were determined according to the roughness standard DIN EN
ISO 4287: 2010. Data were processed based on the “extraction” of a profile with a length of 300 pm in
parallel with the load axis. In the measured topographic plot, three lines along which the profile was
taken were drawn conventionally. The lines were located approximately evenly in the upper, middle,
and lower part of the plot. The data processing results yielded the following values. In the initial state,
Rz and Ra are 113, 202, and 101 pm and 15.1, 34.2, and 13.3 pum, respectively, and for the alloy after the
DNP, they are 154, 112, and 154 um and 18, 15.7, and 22, 8 pum, respectively.

Thus, an analysis of Figure 4 showed that even with insignificant intensity of the impulse
introduction of energy into the alloy, there are changes in the topography of the surface with remarkable
signs of surface alignment and the appearance of a regular ordered system of microextrusions. Naturally,
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for each material there is its optimum intensity of the impulse introduction of energy which provides
the maximum improvement in the mechanical properties of the material under subsequent loading.

Using the discovered effect, namely, the dependence of plastic deformation jumps under impulse
introduction of energy on the plastic deformation of VT23 alloy under subsequent static tensile testing,
we substantiated the optimal mode of impulse introduction of energy in order to maximize the plastic
deformation of the VT23 alloy compared to its initial state. In particular, with ¢&;,,, = 3-4%, the plastic
deformation of the titanium VT23 alloy can be increased by 35-40%.

The above optimal effect, i.e., using high-intensity impulse introduction of energy into the VI23
titanium alloy in order to increase the plastic deformation of the alloy, was taken into account in further
experiments. For the second batch of specimens, the strengthening of surface layers of the alloy by a
colloidal carbon solution was performed simultaneously with the impulse introduction of energy into
the alloy. The colloidal solution was applied to the working part of the specimens. The strengthening
of the surface layers of the VT23 alloy was assessed as follows. After the application of additional
impulse loads, the specimens were completely unloaded and rubbed with alcohol; then, using an
NPO-10 hardness tester, the hardness of the surface layer was measured by the Vickers method in the
working area and, for comparison, at the specimen head with a working load of 10 kg. The number
of indentations used for each study area of the surface was not less than 30. Figure 5 presents some
experimental results.
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Figure 5. Increase in hardness compared to the initial state of the specimen surface layer of VT23
alloy treated with carbon nanosolutions of different concentration: (a—c) by 6.0%, 7.5%, and 8.4%,
respectively; (d) polished surface by 4.4%.

Here, the values of hardness which are indicated by specimen 6, 7, 8, and 9 correspond to the
hardness of the working part of the specimens with the deposited carbon nanosolution. The values of
hardness which are indicated as the initial state correspond to the hardness of the gripping parts of the
same specimens.

An analysis of the results obtained showed that by using carbon nanosolution of different
concentrations, one can increase the macrohardness of the surface layers of the VT23 titanium alloy
by an average of 6.0-8.4% (see Figure 5a—c). It is also possible to state unequivocally that the
macrohardness of surface layers of the VT23 titanium alloy depends on the concentration of the carbon
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nanosolution and the sizes of the nanoparticles. On the pre-polished specimens, the effect of increasing
the microhardness of the surface layers is less pronounced up to 4.4% on average (see Figure 5d).
This can be explained in the following way: it is easier for nanoparticles of the carbon nanosolution to
be “embossed” into the surface layers of the alloy when there is initial roughness on the surface on
which microextrusions are superimposed due to the formation of less dense dissipative structures in
the alloy. In the process of conducting such tests, a natural question arises as to the homogenity of the
surface layer reinforced by this method. The results of the evaluation of the statistical characteristics of
scatter of the measured hardness values in particular, the standard deviation and the variation factor
are shown in Table 2.

Table 2. Statistical characteristics of scatter of the measured hardness values of the investigated
specimens (see also Figure 5).

Mean Hardness, HV Standard Deviation, HV Variation Factor, C, %
Specimens Working Initial State of Working Initial State of Working Initial State of
Surface the Specimen Surface the Specimen Surface the Specimen
6 334.38 314.04 11.36 14.47 34 4.6
7 336.01 310.75 18.12 16.6 54 5.3
8 339.72 310.75 20.48 16.6 5.3 6.0
9 328.34 314.04 11.93 14.47 3.6 4.6

Analysis of the data presented in Table 2 shows that for virtually all tested specimens, the surface
layers of the working parts are not less homogenous in terms of hardness compared with the initial state
of the alloy. In order to explain the detected effect of strengthening the surface layers of the investigated
titanium alloy, detailed physical studies of one of the unpolished specimens were conducted using the
X-ray photoelectron spectroscopy (XPS) method. In this case, a specimen with maximum strengthening
of the surface layer (8.4%) was chosen.

3.2. Physical Results

As can be seen from Figure 6, titanium, oxygen, and carbon are present on the surface of the
specimen under consideration after the realization of impact-oscillatory loading. Oxygen registered as
both adsorbed and bound (as a result of the formation of Ti—O bonds) (Figure 7). The binding energy
of Tipp-electrons corresponds to titanium in the charge state of Ti**, probably due to the formation of
titanium dioxide on the surface (Figure 8), while the binding energy of the C;s-electrons (Figure 9)
corresponds to the hydrocarbon adsorbed on the surface of the test specimen as a result of its prolonged
exposure to air.
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Figure 6. Panoramic XPS spectra of the investigated specimen before (1) and after (2) cleaning its
surface with Ar™ ions.
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Figure 7. XPS spectra of the internal Oys-electrons of the investigated specimen before (1) and after (2)
cleaning its surface with Ar* ions.
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Figure 8. XPS spectra of internal Ti,p electrons of the investigated specimen before (1) and after (2)
cleaning its surface with Ar* ions.

Intensity (cps)

20000

18000

16000

14000

12000

10000

8000 +

6000 —

4000

2000 T

C1s 1 - pristine

2 - Ar'-ion irradiated

300

T T T
285 280 270

Binding energy (eV)

Figure 9. XPS spectra of the internal Cys-electrons of the investigated specimen before (1) and after (2)
cleaning its surface with Ar* ions.

90f13



Metals 2019, 9, 652 10 of 13

After cleaning with Ar* ions, no contributions from adsorbed hydrocarbons and oxygen were
observed on the surface of the test specimen, particularly, on the spectra of the internal O;s- and
Cjs-electrons (Figures 7 and 9). The binding energy of the Cys- electrons corresponds to that of graphite.
On the surface of the test specimen, after its treatment with Ar* ions, only oxygen bound with titanium
was observed as a result of the formation of a film of titanium dioxide upon prolonged exposure to
air. However, cleaning with Ar™ ions led to the rupture of some Ti-O bonds, and features of the Ti2p
electron spectrum corresponding to titanium in the metallic state of Ti’ (in addition to Tigy Ti**) were
then observed on the surface under study. The presence of titanium in the two charge states (Ti’ and
Ti**) on the surface under investigation was also confirmed by the results of investigation into the
Auger lines TiL3Mp3Mj3 and TiLsMp3Mys (Figure 10).
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Figure 10. Auger lines TiL3sM»3Mj3 and TiL3My3My5 of the investigated specimen before (1) and after
(2) cleaning its surface with Ar* ions.

Analysis of the energy position of the peaks of the C;s spectra showed that prior to cleaning, the
position of the 1s line corresponded to the pure carbon ECys = 284.6 eV, whereas after argon cleaning,
this line shifted by 1.2 eV towards the lower binding energies, and its peak corresponded to energy
ECys = 285.8 eV (Figure 9). This indicates the taking of electrons by carbon and the reduction of its
positive charge. Since the electron affinity in carbon is greater than that in titanium and much lower
than in oxygen, this electron transfer is possible only from titanium. Consequently, a transfer of this
kind is possible only with the formation of Ti-C bonds. In addition, after cleaning, a shift occurred
toward lower binding energies (Figure 8): the Tipp3z;- and Tippy - lines shifted by 0.2 eV and 0.4 eV,
respectively. This is due to the fact that carbon takes fewer electrons than oxygen. However, small shifts
in the lines of titanium indicate that there were more Ti—O bonds than Ti-C bonds. Thus, after cleaning,
there was a mixture of titanium oxide and titanium carbide or titanium oxycarbide such as TiO_,Cy on
the specimen surface. A mixture of titanium oxide and titanium carbide or titanium oxycarbide of the
TiO,_,Cy type found on the specimen surface generally confirms our working hypothesis concerning
the strengthening of the surface layers of the alloy via impact-oscillatory loading and the use of carbon
nanosolutions. Indeed, less dense dissipative structures that are created in the volume of the alloy
under impact-oscillatory loading are microextruded onto the surface of the specimen, and when the
plastic “wave” passes, they are embossed into the alloy, resulting in significant structural changes in
the surface layer with the formation of the surface nanostructured layer [27-31].

4. Conclusions

By way of tests involving sheet VT23 titanium alloy, the positive effect of impact-oscillatory loading
on the improvement of the plastic deformation of this two-phase high-strength titanium alloy was
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confirmed. It was shown that when the jumps of plastic deformation reach the values ¢;,,, = 3.0-4.0%
in the process of impulse introduction of energy into the VT23 alloy, the plastic deformation of the
alloy increases by 35.0-40.0% under repeated static tensile testing.

Using 3D optical surface measurement, it was found that even with a slight impulse effect on
the VT23 alloy, the topography of the specimen surface layer changes significantly compared to the
initial state. The main feature of such changes is the appearance of a regular ordered system of
microextrusions on the specimen surface due to the formation of less dense dissipative structures in
the alloy volume. The fact of the appearance of microextrusions on the specimen surface was used as
the basis for the creation of a composite method for improving the mechanical properties of materials
via impact-oscillatory loading and the use of nanotechnologies.

This method for improving the mechanical properties of titanium alloys was tested via the optimal
impulse introduction of energy in to the VT23 alloy and the use of carbon nanosolutions. It was
shown experimentally for the first time that via the impulse introduction of energy and the use of
carbon nanosolution, one can significantly increase the initial plastic deformation of sheet high-strength
two-phase VT23 titanium alloy by 35.0-40.0% and the macrohardness of its surface layers by a factor of
8.4% at a time.

X-ray photoelectron spectroscopy (XPS) was used to establish that the strengthening of the surface
layers of VT23 titanium alloy due to impact-oscillatory loading and the use of the carbon nanosolution
is associated with the formation of a mixture of titanium oxide and titanium carbide or titanium
oxycarbide of the TiO,_,C, type on the specimen surface.

Thus, the formation of a mixture of titanium oxide and titanium carbide or titanium oxycarbide
of the TiO,_,C, type due to impact-oscillatory loading and the use of carbon nanosolution at room
temperature was recorded for the first time.

The basic regularities in the influence of nanosolutions and impact-oscillatory loading of
different intensities on changes in the physical and mechanical properties of bulk and superficial
layers of two-phase titanium alloys were established; this will contribute to the formulation of a
physical-mechanical model of the influence of DNP caused by impact-oscillatory loading on the
mechanical properties of titanium alloys. These scientific results may also have practical applications
in the complex modification of titanium alloys in medicine and in the production of means of personal
protection (such as body armor).
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