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P .
T.he effect of sodium fluoride on the polarization resistance of titanium was investigated. Tita-
nium plates were exposed to sodium chloride solutions with increasing fluoride concentrations.
| '_I‘lys was done at pH 7 and 4 at 37 °C. The polarization resistance technique was chosen because
® it is the only electrochemical corrosion test procedure that allows sequential measurements
of the same specimen and provides a quantitative basis to estimate corrosion currents unlike
: measurements of the potential. The results showed a large decrease in polarization resistance
i with increasing fluoride concentration at pH 4. The polarization resistance at pH 7 remained
o constant after a slight decrease at a very high value, even with a high fluoride concentration.
; The results clearly confirm that titanium is attacked by fluoride in an acidic environment. The
) clinical implications are that flucride rinses or fluoride gels must have a neutral pH if there is a
‘ titanium containing device in the oral environment despite the less prophylactic effectiveness.
@T» © 1995 John Wiley & Sons, Inc.
|
o INTRODUCTION Ti* + 3¢. The reactivity of a metal is closely associated
‘z with the potential of that metal; measured potentials are
‘ Titanium (Ti) is well known for its excellent stability in  not equilibrium but corrosion potentials. As such they de-
1 oral and body liquids and for this reason it is the metal of ~ pend on the nature and composition of the protective ox-
@

choice for dental implants. From its position in the peri-
odic table of the elements, it is evident that titanium is in
fact a very active metal with an E ° (standard reduction
potential ) approaching that of aluminum. Hence, the sur-
face of titanium will always react with water or air and
become covered with a protective oxide layer. Access of
electrolyte to the metal is possible only through the pores

ide layers, their thickness, electrical conductivity, and po-
rosity. Hence a poor reproducibility of potential measure-
ments is to be expected.'

Prophylactic fluoride gels with a low pH are known to
be more effective than the neutral gels.? This low pH is
prepared by addition of citric or phosphoric acid to the
gel. These gels with a pH as low as pH 4 could be harmful

" of the oxide layer. With the protective layer, titanium be- 10 titanium devices in the mouth.**
haves as a noble metal. It is very resistive to the action of This study evaluates the behavior of titanium in fluo-
| strong acids. ride containing solutions at different pH values as mea-
) Titanium is rapidly dissolved by hydrofluoric acid  sured by the polarization resistance technique. Because
o (HF); and furthermore, it is rapidly dissolved by strong, the reproducibility of the potential measurements is ex-
and even weak acids such as acetic, formic, and phospho-  pected to be poor, the linear polarization resistance (R,)
| ric acid if the solution contains soluble fluorides. Hydro- is chosen as the variable to characterize the surface of the
) fluoric acid is known to dissolve the oxide layers present ~ metal. This technique is based on the phenomenon of a
| on the metal surface according to the reactions: linear relationship between potential and applied current
at potentials only slightly removed from the corrosion po-
o Ti»0s + 6 HF — 2 TiF, + 3 H,O, or ‘;;':lr;ltnial.i6 R, is the:slo‘pe of this strai‘gh.t line at AE — 0.
| ough the polarization resistance is time dependent for
‘ TiO; + 4 HF - TiFy + 2 H;0,  passivating metals,® an advantage of this method in re-
spect to other electrochemical corrosion test procedures is
thus exposing the metal to attack by the acid and causing  the nondestructive character of the technique. Sequential

the metal to exhibit a low negative potential.
The metal goes into solution as a trivalent ion: Ti —
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measurements of the same specimen are possible and
changes in corrosion currents can be detected through
changes in the polarization resistance.

The corrosion current, i, is related to R, by the ex-
pression ieor = B/R,,. [B = b,b./2.303 (b, + b,), in which
b, is the anodic Tafel slope and b, is the cathodic Tafel
slope.] The theoretical value of B can range from 6.5 to
52.1 mV. A value of 26 mV for B represents the average
of all corrosion systems.® The accuracy of this technique
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depends on the Tafel slopes. The maximum error is a fac-
tor of 3.

MATERIALS AND METHODS

Corrosion Cell

A titanium plate was mounted in the flat cell corrosion cell
K0235 (EG&G Princeton Applied Research, Princeton,
NI), which was adjusted with a second sample end plate.

Specimens

The titanium was of 99.99% purity (catalogue no. 34,881-
3, Aldrich Chemical Company, Inc., Milwaukee, WI).
The titanium was used as delivered after cleaning with ac-
etone and washing with distilled water and drying. The
area of metal exposed to the liquid was 0.94 cm?,

Test Solution

The test medium was a sodium chloride (NaCl) solution
of 9.0g L. The solution was buffered by a hydrion buffer
(catalogue no. 23,903-8, Aldrich) with pH 4.00 at 25 °C
or a hydrion buffer ( catalogue no. 23,908-9, Aldrich ) with
pH 7.00 at 25 °C. The temperature for all experiments was
37 °C. The actual pH values of the buffer solutions at 37
°C were 3.9 and 6.7; for convenience they are referred to
aspH4 and 7.

Polarization Resistance Measurements

The specimens were tested in a temperature controlled,
three electrode flat cell K0235, A saturated calomel elec-
trode with a luggin capillary was used as a reference, and a
carbon rod as a counter electrode. The solutions were left
undisturbed and unstirred for 1 h before each scan.

The equipment consisted of an electronic potentiostat
(model 273, EG&G) with Soft Corr corrosion software
(model 342, rev 2.38). The normal range in which the
straight line is automatically determined was —10 to +10
mYV around E.,,. Because of fluctuations in E,,, this
range was not always found. In these cases a range from 0
to +20 mV with respect to E., was used to determine a
straight line with a linear regression method.

E.o. Versus Time

Another electrochemical testing method was executed to
measure the potential as a function of time without apply-
ing any tension or current and without addition of sodium
fluoride. Equipment and solutions were the same as with
the polarization resistance measurements.

Test Procedures

During the experiments a specific amount (0.5, 1.0, or 5.0
mL) of sodium fluoride (NaF) solution was added at reg-
ular times with a pipette. Two different NaF solutions con-
tained, respectively, [.00 and 2.50 g/ 100 mL. The fluoride
concentrations were calculated from the total amount
added and the total volume of the solution. Just before
and 1 h after each addition, R, and E,,, were determined.
In one experiment the first addition was made at the be-
ginning of the experiment; in another the titanium was
allowed to set for 100 h before starting the addition of the
sodium fluoride solution, and in a third the titanium was
allowed to set for 3 weeks before adding the fluoride.

Graphical Reproduction

The relationship between R, and E., on the one hand
and NaF concentration on the other is depicted graphi-
cally with R, on the left Y axis written as log R, (pR;). In
this way the graph with pR,, is conveniently arranged and
the maximum error of a factor of 3 is a constant of 0.5 on
this scale.

The E.,,, versus time relationship is reproduced as an
E-log ¢ curve.

Calculations

The experiments were executed twice and the values were
averaged. The standard deviation was in all cases smaller
than the 300% theoretical error. All values of R, have been
calculated with the least squares line. Values of R, with
the correlation coefficient of this line smaller than 0.9 were
neglected.

RESULTS

The pR, values and the corresponding E.,, values as a
function of the NaF concentration in a NaCl solution with
pH 4 are shown in Figure 1. The NaF solution was added
from the onset of the experiment.

The same is shown in Figure 2, where the additions
were made after 100 h of setting in the NaCl solution with
pH 4. Figure 3 shows the pR,, values as a function of the
fluoride concentration after a setting time of 3 weeks in
the NaCl solution with pH 4. In this case the R, values
without or with only a small quantity of fluoride, were be-
yond detectability. The pR,is = 7.

The R, values as a function of the NaF concentration
at pH 7 are shown in Table I. This relationship is not
graphically depicted.

The Eon-log ¢t curve made during a setting time of 100

h where no fluoride was added, shows a linear relationship
(Fig. 4).
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Figure 1. The pR, and potential (E,.,) of titanium vs. F~ concentration. The NaF was added from the

onset.

DISCUSSION

From Figure I, it seems that there is a limiting value for
the NaF concentration where concentrations below this
value do not influence the E,,,, or the R, which would
mean that at low concentrations titanium is not attacked
by HF. From Figures 2 and 3 it is observed that the R,

values are higher and the influence of HF is detected at
lower concentrations of fluoride.

A closer evaluation of the E,, and R, values recorded
after a time interval where no sodium fluoride was added
revealed an increase for both values (Figs. 2, 5). In the E-
log ¢ curve, this relationship is linear with a slope of 78
(Fig. 4). This linear relationship points to an oxide layer

4,2 " {300
401
200

3.8T
[
(%)
5 367
a 100
e =
c 347 €
2 =
k] ]
N =
5 3.2 0 8
=] [2]
a. o
g Il
2 30 5
1
& -100
a 2.8
I ..
*

2.6

- -200
2,471
2.2 + t f t -300
0 1 2 3 5 6

4
F— ion concentration (mmol/litre)

Figure 2. The pA, and potential (E..r) of titanium vs. F~ concentration. The NaF was added after 100 h.
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Figure 3. The pR, and potential (E.q,) of titanium vs, F~ concentration. The NaF was added after 3

weeks.

formation,” In the experiment where NaF was added from
the onset, the slope of the straight line, in a period where
no fluoride wasadded, is 37 (Fig. 5). The influence of NaF
was established as a smaller R,,. If the NaF is added from
the onset, the potential and R, rise due to the oxide layer
formation is counteracted by the dissolution reaction with
HF. The conclusion from these results is that the addition
of NaF influences the E,, and R, even at low concentra-
tions and that there is no limiting value for NaF concen-
trations at low pH to attack titanium. Figure 3 also shows
that the potential of titanium, which was allowed to set for
3 weeks, remains relatively constant at low fluoride con-
centrations where the R, is already descending, A possible
explanation for this behavior is that after 3 weeks, the ox-
ide layer is very thick and titanium reacts as a nobel metal,
in which case the titanium might function as a hydrogen
electrode.” With the Nernst equation it can be calculated

TABLE |. R, Values of Tiin 0.9% NaCl at 37°C and pH 7 with
Different NaF Concentrations

PR, NaF Concn L™! (mmol)
5.9 0
58 11
5.7 21
5.6 3]
5.6 40
5.5 50
5.6 60

The values of R, are written as log R, = pR, (R, in ohm cm?),

that the Ey+/H,is +240 mV at pH 4, which is close to the
constant value; so it might be that titanium functions as a
hydrogen electrode and remains to do so even if the oxide
layer already suffers some damaging influence of the flu-
oride. The attack of fluoride in a neutral solution is not so
dramatic, The R, values, although somewhat lower than
without the NaF, are the same order of magnitude as the
R, of the noble metals. The attack by NaF at low pH and
not at pH 7, means that the initiation of the attack is by
the molecule HF and not by the ion F~. The dissociation
constant K of HF is 3.53 X 10™* (K = [H*][F~]/[HF]).
At pH 4 the ratio [F~]/[HF] = 3.53 meaning that 22% of
all the fluoride in the solution is in the HF form. This ex-
plains the small effect at pH 7 because at that pH only
0.03% of all the fluoride is in HF form; it also makes clear
the effect of fluoride ions in weak acids like orthophospho-
ric acid where even moderate concentrations of these acids
form buffers with a pH of 4 or even lower. The presumed
mechanism is that the small undissociated molecule HF
diffuses into the pores of the oxide layer, attacks this pro-
tective layer, and partially dissolves it. This process in-
creases the pore diameter and makes the unprotected tita-
nium vulnerable to attack by the H™ ions.

It is interesting to look at the concentrations of fluo-
rides in the oral environment after use of toothpaste,
fluoride rinse, or fluoride gels. The concentration of
fluoride in saliva is from 8.4 mg L' (0.2 mmol)® to 62
mg L' (1.5 mmol),’ depending on the concentration
of fluoride in the toothpaste and the amount used. After
rinses the fluoride concentration is from 49 mg L' (1.2
mmol) to 120 mg L' (2.9 mmol) in saliva.!%'2 When
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Figure 4. The potential of titanium vs. time. Curves A and B are independently measured in different
solutions with different plates. The E values of curve A were measured with a 0.5 min interval during a
500.000 s scan. Line B is drawn through the £ values determined during polarization resistance scans.

topical fluoride gels are used the fluoride concentration
in saliva is up to 300 mg L™! (7 mmol). Especially the
concentration of fluoride after application of topical
gels deserves attention because this concentration is

In plaque rich areas where the pH is below neutral the
attack might be severe. With this in mind it is advisable
to use the neutral fluoride topical gels in patients where
titanium is used for implants or other prosthetic provi-

such that damage to the titanium is very well possible. sions. .
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Figure 5. The potential of titanium vs. time. The NaF was added from the onset. In the time interval
between a and b no additions of NaF were made.
here to emphasize the difference in slope.

Line X is the same line as line B in Figure 4, projected




CONCLUSION

The results of this study clearly show that the use of fluo-
ride containing rinses or gels might be harmful to titanium
devices such as implants, if the pH of these very useful
prophylactic aids is below neutral. The use of home-care
gels must be discouraged unless the precise pH value is
known. The results from the polarization resistance tech-
nique indicate that this technique provides information
for a better understanding and a quantification of the cor-
rosion process of titanium in a fluoride containing envi-
ronment,
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