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Effect of Pulsed M agnetic Treatment on the Corrosion of Titanium

Anatolii Babutsky?, Andreas Chrysanth8uMaria Smelin Gennadii Stepan8yMaciej Zictard
#School of Engineering and Technology, Universityieitfordshire, UK
P |Institute for Problems of Strength of NASU, Ukraine

¢ AGH University of Science and Technology, Poland

Results of corrosion tests of titanium in the alistate and after treatment using pulsed magfiettcare
presented. It is shown that samples after treatimave better corrosion resistance due to the foomaif
denser and finer corrosion products with bettereadin to the substrate. Samples after treatmerg hav
more homogeneous microstructure due to a subdtdntieease of dislocations which are uniformly
distributed. Mechanisms of dislocation multiplicatand a model explaining the effect of the treaitron

the corrosion are discussed.
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I ntroduction

Titanium and its alloys are used in a variety gblegations in dentistry including orthodontic
and dental hardware like bonding systems and btscldtachments, ligatures, implants, arch
wire, bulk dental wire, etc. Protection againstrosion is of paramount importance; while
titanium used in dental applications can exhibibdjcorrosion resistance to saline solutions and
body fluids, it can suffer potential attack by flides that are contained in toothpastes and
mouthwashés®,

The wet (electrochemical) corrosion mechanism we®lgeneration of short-circuited micro-

galvanic anode-cathode couples leading to corrosioth material loss. Such anode-cathode



couples can be generated because of variatiohg imétal structure, surface roughness, grain size
and composition, surface defects and in particatar-uniform mechanical stresses and residual
stresses®.

Earlier research has shown that the use of pulleetiie current (PEC) and pulsed magnetic
field (PMF) treatment can lead to relaxation of haetical stresses in metafs Some consensus
has been reached that the reason for the relaxafiostresses is the increased mobility of
dislocations caused by the treatments. Such rdsdardings can serve as the basis for the
development of new technology for the corrosiontgrtion of metals. Literature data about this
type of application are quite limited. The reswudtsearlier investigations by the present authors
have demonstrated increases in the corrosion aesistof high-strength low-alloy steel (HSLEA)
as well as steel used as concrete reinforcethefit the same time, the enhanced effect of the
treatment on the corrosion resistance cannot bewtd only to relaxation of residual stresses. A
possible additional factor is a homogenization loé dislocation structure as a result of the
treatment-induced movement of dislocations.

The present investigation is concerned with theatfof PMF treatment on the corrosion
behaviour of titanium in a 0.9% NaF solution. Therkvshowed that the number of dislocations in
the treated sample had increased and they exhibitedrdered pattern creating a homogenous
sub-microstructure of metal. For the first timeidewce of Frank—Read sources activated by PMF
treatment in titanium was observed. The resultxm@fosion testing show an increase in the
corrosion resistance and it can be concluded thatdominant mechanism leading to this
behaviour is electrochemical homogenization of emefresulting in a decrease of the potential
difference between anodic and cathodic zones atideifiormation of denser and finer corrosion

products with higher adhesion to the base material.

M ethodology



Titanium commercially purgrade 2 (CA TA2) was used during the research. chigenical
composition of the material is shown in Table 1lctaegular samples with dimensions 11 mm x
14 mm were cut from CP TA2 sheet of 0.75 mm thisknasing a Struers Secotom-10 cutoff
machine with a silicon carbide wheel under minifesd and intensive liquid cooling. Samples
were conditioned by grinding with running water atigen polished. Samples in the initial
(untreated) and PMF-treated conditions were used tfte immersion corrosion and
potentiodynamic polarization tests. Characterizatid the metals was carried out using light
microscopy, transition electron microscopy (TEMgassning electron microscopy (SEM) and
atomic force microscopy (AFM). Microhardness testsre also conducted for samples in the
initial and PMF treated states.

A schematic diagram of the generator that was @sethe PMF treatment is shown in Fig.
la. The treatment was fulfilled by the dischargeayacitors of capacitan€z= 100 uF that had
been charged up to a voltage= 5 kV. The electric current flowing into the aiit during
discharging was registered using a calibrated Rslgowbelt (coil). A typical example of the
registered electric current from the treatmentéespnted in Fig. 1b.

Each sample was treated once per side at room tatape During the treatment, a sample
was pressed to the inductor (four turns of coppes) las shown in Fig. 2 placing the polished
plane to the inductor. The generated electric atipassed through the inductor turns producing
the magnetic field. The magnetic field induced eadyrents into the sample and these eddy
currents in turn produced their own magnetic fi@lderefore, during the treatment a sample was
exposed simultaneously to PMF and PEC (eddy cwyent

The effect of PMF treatment on the corrosion rasis¢ of the samples was investigated by
performing static immersion tests in 0.9 % sodidooride (NaF) solution. The solution was
prepared by dissolving NaF (Fisher Chemicals) iomleed water. The pH was then set to a value
of 6.0 using citric acid (§HsO7) (Fisher Chemicals). The pH measurements wereedaout using

a WTW Series INOLAB Ph 720 pH meter. Three samplese used for each investigated



condition (reference samples without PMF treatmand samples after PMF). Prior to the
immersion experiments, the samples were cleanadatone using an ultrasonic bath and dried in
hot air. Each sample was loaded into an individkedimetric plastic container with the solution.
The containers with the loaded samples were pladeda circulating water bath at a controlled
temperature of 37°C (x1°C) fdre0 hours The NaF solution that was used was prepared én on
single batch to ensure uniform conditions throughbe tests. The solution was stirred for 24
hours before use in the immersion tests. The cdrateon of the Ti ions released to the solution
after the corrosion immersion tests was analyzeanbgns of induced coupled plasma optical
emission spectrometry (ICP) (Varian 710-ES). T@E Imethod was used to evaluate the level of
corrosion of the TA2 samples. The morphology ofshmples following the immersion tests was
examined by means of scanning electron microsc8g) using a JEOL JCM-5700 CarryScope
equipped with energy dispersive X-ray microanalgsiachment (EDAX).

In order to identify metallographic differencessamples without and with PMF treatment
light microscopy was used. The cross-sections etigpens were cut off and chemically etched
using Kroll's reagent. Following etching, the saaglwere examined using a light microscope
(LEITZ Metallux II) equipped with a digital camerdn addition, transmission electron
microscopy (TEM) (Tecnai G2 20 Twin) was used. Mi@ardness tests were fulfilled using a
tester (Struers DuraScan-20) under a 2 N load. Meagents were conducted in two ways: (i)
along the length of a flat (treated) surface of $pecimen, with a distance of 100 um between
indentations and (ii) along the cross-section efghecimen (perpendicularly to two edges), with a
distance of 50 pm between indentations and 50 pm the edge.

Atomic force microscope (AFM) (Nanosurf Easys@rwas used to identify changes in the
surface topography of samples after the treatmidmd.same sample was used to characterize the
surface before and after treatment. The scannedha@ dimensions of Gdm x 60um. Taking
into account the fact that this examination mustcbeducted at the same site of the specimen

surface, the specific pattern of imprints (impmattern of orthogonal array of 4x4 imprints with a



distance of 2Qum between imprints) was applied before the testsetp identify the position of
the cantilever tip under the site of the measurgsaérhese imprints were made using a Struers
DuraScan-20 tester under a minimal load. The sead fof the microscope was equipped by a
cantilever with a conductive Cr/Pt-coated tip andA&C voltage of +2 V of high frequency which
was applied to the tip to obtain not only surfacpography data, but also data of the current

passing through the tip.

Results

ICP results showing the level of dissolution ofanium ions after immersion tests are
presented in Table 2. A quantitative comparisothefamount of released Ti ions from untreated
and PMF treated samples is demonstrated in FiBa8ed on the obtained ICP results it can be
concluded that the release of titanium ions aftgosure in sodium fluoride solution in the PMF
treated sample was reduced by 16% in comparisdntie untreated one.

Morphological and compositional data of the unedaand treated samples following the
immersion test are presented in Figs. 4, 5 andd@raiable 4. In Fig. 4a and 5a, micrographs of
the microstructure of untreated and treated sangskepresented. Even though the microstructure
for the untreated and treated samples (Fig. 4abapdhow an almost complete coincidence and
lack of any significant differences, the SEM mia@ghs demonstrate a substantial difference
between the morphology of the corrosion productthefuntreated and PMF treated samples. The
corrosion products for the treated sample are finecomparison with the rough corrosion
products on the untreated sample. Figs. 4b andsécsaow that a visible network of continuous
lines of the corrosion product (lighter lines) egisand it has a cellular pattern and in a
considerable degree reproduces the grain micrdsteiof the material revealed by chemical
etching (see Fig. 4a). Some parts of the corrogioduct seem to protrude above the other areas.
EDAX elemental microanalysis scanning results altrgwhite indicated line on the surface of

untreated sample (Fig. 6) show substantially higéeels of fluorine and sodium in these lighter



areas and from this it was concluded that thesasaneere thicker. In these areas the corrosion
product is probably formed just above the grainnatawies due to more corrosion at these areas.

In contrast, in the case of the treated samplecdinesion products are uniformly distributed
on the metal surface and show evidence of ori@matht the same time, according to X-ray
diffraction and EDAX analysis (Fig. 7, Table 3)#an be concluded that the surface of the tested
samples in both conditions (with and without PM&atment) after immersion tests is covered by
a corrosion product of sodium hexafluorotitanatesTifgs. In addition, areas of cracking and
delamination of the corrosion product on the swfatthe untreated sample were observed (Fig.
8a), while no cracks were observed on the surfateated sample (Fig. 8b).

The TEM examination shows a significant changéhendislocation network following PMF
treatment. There seems to be a lower density ¢dadisons in the untreated sample (Fig. 9a),
while at the same time they are tangled up. FolhgwPMF treatment, the dislocation density
seems to have increased as shown in Fig. 9b andatieeno longer tangled up, but they are
uniformly dispersed within the metal. In additidhe dislocations show some orientation.

The results of microhardness measurements arenpeelse Table 4 and it is shown that there
was a slight increase in the microhardness of sesngé a result of PMF treatment. At the same
time it can be observed that the standard deviatidghe microhardness values was lower for the
PMF treated samples indicating that for these sasniblere was a lower scatter in microhardness
measurements.

Atomic force microscopy scanning results for thensasample before and after PMF
treatment are presented in Fig. 10 which showseene of changes in the surface topography of
the specimens after the PMF treatment. The chamdkei topography profiles suggest that the
PMF treatment led to residual microplastic defoioratUsing the Nanosurf Easyscarcontrol
software the average value for the electric currgnflowing through the tip of the measuring
cantilever were calculated according to the formula
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wherei(x, Y1) are electric current data at points within thiected area.

Data for the currents (Table 5) can be used tonasti the spread of the electrical resistivity of
the surface material. It can be observed that®rentire scanned surface areas shown in Figs. 10a
and Fig.10b, the electrical resistivity after theatment increased by 14%, while for the line AB

the increase was 17%.

Discussion

The effect of PEC and PMF treatment on the mechamcoperties (hardness, fatigue
strength, wear resistance) of structural metalsvedi known, but the reasons and the driving
mechanisms of their effect (with the exception eéting) are not well-defined to date. This kind
of treatment is relatively new for corrosion mitiga and apart from the work of the present
author$® **and a small number of other researcHet3very little has been reported. Fang éf al
demonstrated that direct passage of a PEC impribsetkesistance to stress-corrosion cracking of
pipeline steels. This effect was attributed to mraiefinement which resulted from
ferrite—~austenite solid-state phase transformation. It vegerted that the treatment of current
density of 8.3 kA/mrfihad led to heating of the steels into the austenggion. Heating as a
result of PEC treatment also led to improvemenmiockel-based alloys against intergranular
corrosiort.

However, in the present research, the samples showeevidence of substantial heating
during the application of the PMF as the experiraiynineasured temperature values were 37 - 40
°C. The applied treatment was affected by both R PEC in the form of eddy currents. Finite

element analysis using QuickField 6 software wapleyed to determine eddy currents and field



distributions as well as the heating effect of BteC and PMF treatments. This was conducted in
two steps; the first step involved the solutionao$ub-problem of the transient electromagnetic
field, while the second was based on a solutioa stib-problem of transient heating caused by
Joule loss (the capacity of heat generation froenfittst step was used). The sub-problems were
solved in 2-D formulations. The calculations wemried out using the following physical
properties of titanium: densiy = 4.5 Mg.n?, coefficient of thermal expansian= 1.2510° K™,
electrical conductivityy = 1.79410° S.m?, thermal conductivityl = 22 W/(mK) and specific heat

c = 523 J/(kK). All the properties in the calculations were ased to be independent of
temperature. The relative permeability was takep asl due to the high magnetic field strength
that was produced under the treatment. Heat exehaitp air was not taken into account due to
the short duration of the treatment and zero initiaditions were assigned. The variation of a full
current passing through the inductor was in themforof a decaying sinusoid

[ (t) =I,expEalt/t,..)sin@nt/t,..), wheretpec is a period of current oscillation. The values of

lo, @ and tpec Were determined using the registered profileshef PEC based on best fitting.
Calculations were carried out for a time equal@0 @s (see Fig. 1b).

The results of the numerical modeling of the treattrare presented in Figs. 11 and 12 which
show that the magnetic field strength whas 1.2 — 1.3 MA/m and the induced eddy currents had
a current density= 1.1 — 1.4 kA/mrh The temperature increase was calculated to b€ This
result was in agreement with the experimentally snead values. From this analysis, it is clear
that the observed increase in the corrosion remistavas unlikely to be due to heating effects. A
more likely cause of this observation may be duehtnges in the residual stresses in titanium as
a result of PMF treatment which has previously begorted to cause stress relaxation in metals.
This effect can be explained by the increasing ifitglof dislocations due to application of PEC
or PMF treatments. Stress relaxation has beentegpdto occur when the electric current density

exceeds a threshold value which has been estinatbé about 1 kA/mf According to the



simulation results in Fig. 11a, the eddy curremsitees on the surface of PMF treated samples
was in excess of 1 kA/nfm

The present research has shown a decrease indtterisg of the microhardness values for
the PMF treated samples in comparison with theeatéd ones. Measurement of the indentation
hardness has been reported to represent the resigess state of metals a lower hardness
within the same material may represent the presécdensile residual stresses, while higher
hardness may reflect compressive ones. Hence, itogvef the hardness scatter can be a result of
microstructural homohenization within a materialuding reduction of residual stresses.

The mechanism for this lies in the dislocations tiplitation and reordering caused by the
PMF treatment. The TEM observations have showngaifggant change in the dislocation
network in the untreated (Fig. 9a) and PMF tredked. 9b) samples. The number of dislocations
in the treated sample has increased and they @l ha ordered pattern. A uniform pattern of
dislocations in steel as a result of PMF treatnierst previously been observed by Wu &% dut
the ordering of the dislocation network as preskiiad=ig. 9b has not been reported before. Ma et
al’® also observed an increase in the number of distomain steel as a result of magnetic
treatment and proposed this to be due to a “magptetes” acting on the dislocations when the
ferromagnetic steel was exposed to it. As a resulink—Read sources became activated and
dislocation slip increased the dislocation densitye force responsible for the “magneto-stress”
was based on the value of the magnetization of. d#mavever, titanium is paramagnetic and its
magnetization is several orders of magnitude lotvan steel and therefore this approach cannot
be used to explain the observations in the pressearch.

The effect of the pulsed eddy currents on the nietatystal lattice of titanium can be
analyzed by using the basic relationships thatroete the kinetics of the interaction between the
conductivity electrons and the crystal lattice at@dance with existing notions of the electronic
conductivity mechanisff. These allow the estimation of the current denstg electric field

intensity and the electrical resistivity as presdnh the equations below:
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wherei is thecurrent density in A/ e is the electron elementary chargés thevelocity of the
electron drift in m/sne is the number of conductivity electrons per urdtwne (1/nf), U is the
electric potential in VE is the electric field intensity in V/nn is the electrical resistivity iQ[mh,
meis the electron rest mass which is equd.tD95610>" kg, lois the mean free path of electrons
in m andtp is themean free time of electrons between ionic collisidfrom these equations, the
kinetic energyKe, of the electron drift (electron wind) by the actiof the electric field under

isotropic scattering of electrons can be derived as

K, = myv? /2 = eE [vt,) = pi (evno)% - pizlo

k )

The parameters for interaction between electromisthe crystal lattice can be estimated by
using the equations above. Timerease in the kinetic energy of an electron wmiikts free path
calculated by equation (2) at a current densit§@kA/mnf yields AKeriy = 9.6 x 10'* eV/atom
for titanium. These values are much lower thanctienge in the thermal motion energ§r, of
titanium atoms at an increase in temperature by (ffich equalsdK; = kT = 8.61 x 10
eV/atom). Thus, a single interaction between aotela and an atom does not exert significant
influence on the motion of a metallic atom in afeetr crystal lattice.

However, when assessing the effect of a pulsedtrelecurrent (eddy current) on the
dislocation dynamics, the preferential interacti@tween flow electrons and atoms in the vicinity
of dislocations and other defects must also beidered. In this case if the ratio of the total
density of atomsn, to the density of “defective” atomsg, (atoms in the vicinity of defects like
grain boundaries, dislocations, vacancies, etgry is about 20° and this corresponds to a

dislocation density of abodi0’)m* and the mean effective increase of the kineticggnef all the



“defective” atoms in titanium can be evaluatedM&sry = 1.910° eV/atom. Evaluating the
increase of the kinetic energy of atoms by usingaégn (2), themean free time between ionic
collisions, ty, was used. In the presence of defects, the retexéitne for defect scattering,
needs to be taken into account and this value aatgr thart, because in this case scattering
requires more scattering events and the relaxaiioa is longer than for isotropic scattering. By
using equations (1), the value fffor titanium can be calculated to 85 x 10' s, while the
relaxation time for electron-phonon scattering ietats is of the order of a few picoseconds.
Assuming, for example, for titanium atoms a valfi¢ @f about2 x 10*?s, the interaction of the
conductivity electrons with “defective” atoms dugithe time of relaxation enhances the energy of
the ordered “defective” atom motion (motion of dishtion) under the action of the electron flow
by AQe = (t/ to)Ker or 1.4x 102 eV/atom. This corresponds to equivalent heatingtaip
temperaturdeq = AQJ/k = 160 K.

Data forAQe. and Teq calculated using the above approach are presémtedy. 13 which
demonstrates that within reasonable current dessiiip to 10 kA/mf) the level of kinetic
energy of the ordered motion of dislocation is mety high and the corresponding equivalent
heating is not enough to support rearrangementhef microstructure. Some microstructural
changes can be expected during treatment at ar@QnkiA/mn?, but the generation of eddy
currents with a current density of this level i rasy. At the same time the current acts within
some period of processing time and this also shbelthken into account. For example, results of
open-boundary non-adiabatic molecular dynamics Igsitiam of the atom which is driven by the
non-conservative current-induced fotteshow an exponential increase in the kinetic energy
during time of electric current action.

Therefore electron wind can potentially cause ma@nof dislocations which may become
pinned by impurity atoms (in this case iron whishavailable as an impurity in the material) and
the Frank—Read sources can be activated and hésioeation multiplication may take place.

Evidence of Frank—Read sources can be observdtkiTEM results presented in Fig. 9c. The



white arrows show dislocations which have been gunecting like Frank—Read sources. The
increase in the number of dislocations was accormegdanith an increase in the microhardness of
the PMF treated samples as reported in Table 5a Aensequence, an increase in the surface
electrical resistivity (Table 5) was observed as ihcreasing number of dislocations acted as
obstacles to the current flow during measurements.

Generally an increase in the concentration of detions at specific areas within a metal (for
example, at grain boundaries) results in a redadtidhe corrosion resistance because these areas
become anodic and this makes the material locatlyenactivé” >> The TEM investigation has
shown evidence of localized pinning of dislocatioasulting in areas of high concentration of
dislocations within the untreated samples; thigliaed concentration is the reason for the higher
corrosion rate for samples in the untreated camdidis the areas of localized dislocations exhibit a
high anodic character. The samples that had under§dF treatment showed higher corrosion
resistance in spite of the fact that they contamdéugher number of dislocations. This was due to
the fact that the dislocations in the samples Yalhg PMF treatment were not tangled up locally,
but they were dispersed within the structure angeaped to provide more homogeneous
behaviour within the structure. This homogenizatiggromotes micro-electrochemical
homogenization of the surface of the treated neetasing a decrease of the current densities of all
anodic and cathodic reactions across the surfaceetdl. As a consequence, the formation of the
corrosion products takes more slowly and theret exgge nucleation sites leading to a denser and
finer corrosion product (Fig. 5c) with better adbaesto the material surface. The corrosion
products serve as a protective coating and enhtaeaesistance to the corrosion.

Other recent research has demonstrated similactefféor example, different processing
techniqgues which are accompanied by substantiaérgéon of dislocations like friction stir
processingf, high-current electron beam proceséigulsed electron beam process$fhg, equal
channel angular pressfiicas well as treatments like surface mechanicatiattprocessing show

that they cause microstructural homogenizationltiegun improved corrosion resistance.



The effect on corrosion of the homogenization & thslocation structure and reduction of
residual stresses as observed in the current varibe explained by using the diagram in Fig. 14.
This model contains four grains of a material alsngie directiorx. The initial state of the metal
(Fig. 14a) is characterized by a low number of atigtions which are pinned near grain
boundaries, while the metal following PMF treatméRiy. 14b) is characterized by a higher
number of dislocations that are dispersed withim gtructure. It is considered that the residual
stresses in the metal can have different valuessems (positive or negative) from grain to grain
depending on the primary crystallographic orieotatof the rolling direction, etc. So, it is
proposed that the distribution of residual stresslesig thex direction in the case of initial
material corresponds to Fig. 14c, and the distidouof a reduced level of residual stresses after
PMF treatment along the same direction corresptmégy. 14d.

In the untreated state of metal (Fig. 14e) theilenesidual stresses in grains 1 and 3
determine the anodic (negative) potential of trergr and compressive residual stresses in grains
2 and 4determine the cathodic (positive) potential of g¢nains. Clusters of dislocations near the
grain boundaries locally increase the anodic p@knthis can be a reason for the observed
preferable corrosion along grain boundaries ofaated samples presented in Figs. 4b, Fig.4c and
Fig.6.

PMF treatment (i) creates a network of orderetbdaions of high density (Fig. 14b) and (ii)
decreases and redistributes residual stresseswgthins (Fig. 14d). This network of dislocations
can increase the general anodic potential at tHacguof the treated metal (Fig. 14f), but due to a
treatment-induced reduction of residual stressesyriation of the potential along the surface can
be much lower than in the case of the metal inrhml state. As shown in Fig. 14e and Fig. 14f
init

for the initial state, a difference in the potelstibetween grains 1 and 24, ), between grains

2 and 3 4 ¢»3") and between grains 3 and4¢™) is much lower than the differencag, "
Ago3" and 4¢3, in the treated one. Lower differences in potentidl cause lower galvanic

currents. Therefore due to such micro-electrochaimmmogenization of the surface of the



treated metal, the current densities of all anahd cathodic reactions will be substantially
reduced. This causes a suppression of the mickagal couple effect in the material, more slow
formation of the corrosion products in more nuctwatsites leading to a denser and finer their

structure with better adhesion to the substrate émhancing its corrosion resistance.

Conclusions

Based on the results of the investigation, thefalhg conclusions were drawn:

1. Processing commercially putiéanium by pulsed magnetic field leads to sigrmifit
change in the dislocation network leading to amdase in the dislocation density. At the same
time the dislocations that were tangled up at gtmandaries prior to pulsed magnetic field
treatment became untangled and the dislocations wleserved to be uniformly dispersed within
the metal and to exhibit specific orientation whazn coincide with direction of the eddy currents
induced during treatment.

2. The generation of dislocations and their orderimg de explained by the interaction
between the conductivity electrons and atoms ofdtystal lattice: treatment-induced electron
wind (eddy currents) causes movement of dislocatmnned by impurity atoms and Frank—Read
sources are activated and dislocations multipbcatis well as ordering take place. This leads to
surface microplastic deformation, reduction of mi@ardness scattering, increase of the electrical
resistivity of treated metal and possibly to redutbf residual stresses.

3. Pulsed magnetic field treatment leads to microtedebemical homogenization of the
surface of titanium causing a decrease in the sudensities of all anodic and cathodic reactions
across the surface of metal during corrosion tastsas a result to formation of denser and finer
corrosion products with higher adhesion to the sabs This promotes an increase of the

corrosion resistance of treated metal.
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Nominalchemical composition of CP TA2 (grade 2kight %

Table 1

Ti C Fe N (@] H
Balance 0.10 0.30 0.03 0.25 0.015
Table 2

ICP results of dissolved Ti ions after immersioriled samples without and with PMF treatment

Concentration of released Ti ions, mg/I

Specimens Mean SD
Untreated 159.12 1.42
PMF treated 134.40 0.82

Specimens were loaded into containers with thetisolwn the basis of 1 ml solution for 16 mof a

specimen’s area. SD — standard deviation.

Table 3
EDAX elemental spot analysis of the corrosion paidun samples surface
Untreated (Fig. 7a, 7b) Treated (Fig. 7c, 7d)
Element W% At% W% At%
SiK 0.83 0.73 0.86 0.74
FK 39.77 51.83 39.71 50.89
NaK 29.88 32.18 32.99 34.93
TiK 29.52 15.26 26.45 13.44
Table 4
Microhardness of untreated and PMF treated samples
Specimens/conditions Number of Microhardness, H
b measurements | mean|] min | max] SD| SD/mean
Flat face surface of samples
untreated 56 199 177 227 10.5| 0.053
PMF treated 65 205 189 230 8.9 0.043
Cross-section of samples
untreated 14 197 180 208 9.0 0.046
PMF treated 14 205 195 215 7.3 0.036
Table 5
Currents flowing through a tip of the measuringtitever
Untreated I, NA PMF treated [, NA
Complete area on Fig. 11a 89.6 Complete area arlEiy 77.4
Along line AB 92.2 Along line AB 69.6
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Fig. 1. (a)PEC generator with registration system and (b)pct} example of the registered
electopulse in the generator circuit during disgihmay U = 5 kV, C = 100 uF): C — capacitor
battery, R — ballast resistor, S and S1 — switcheshigh voltage supplier, 2 — software, 3 — A-D

high frequency converter, 4 — Rogovsky belt (c&l}; inductor.

Fig. 2. Sample positioning (a, b — front and sidewsg of inductor with sample) and factors

affecting sample (c) during PMF treatment.

Fig. 3 Quantitative comparison of released Ti ions frortreated and PMF treated samples after

immersion in 0.9 % NaF at pH 6.0.

Fig. 4. Surface of untreated sample after etchendight microscopy) and immersion tests (b, c:

SEM).

Fig. 5. Surface of treated sample after etchingjdhat microscopy) and immersion tests (b, c:

SEM).

Fig. 6. EDAX elemental microanalysis scanning ressalong the white indicated line (from

above) on surface of untreated sample (a): b fifftedF), c - sodium (Na), d - titanium (Ti) .

Fig. 7. EDAX elemental spot analysis of the comasproduct on samples surface of untreated (a,

b) and treated (c, d) samples.

Fig. 8 Corrosion product on the surface of untréé#g and treated (b) samples.

Fig.9. TEM micrographs of untreated (a) and treéead) samples



Fig.10. AFM scans of the same sample surface bé&rand after (b) treatment and topography

data along line AB before (a) and after (b) treattme

Fig. 11. Variation of density of eddy currents &aQ magnetic field (b) on the surface faced to the

inductor in a middle of the sample (black line) amdsample’s edge (grey line).

Fig. 12. Heating of the surface faced to the indust a middle of the sample (black line) and on

sample’s edge (grey line).

Fig. 13. Energy of dislocation motiakQ. and temperature of equivalent heatihg vs. applied

current density.

Fig. 14 Scheme, explaining mechanism of electrochemicahdgenization of metal surface
under used PMF treatment: (a. b) — elements ottstre, (c, d) — distribution of RS, (e, f) —

distribution of electrochemical potentials; (agk;- initial state, (b, d, f) — state after theatreent.
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