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ABSTRACT 

This paper presents a study of hydride formation in titanium after exposure to NaC1 
solutions, synthetic sea water, and natural flowing sea water for long periods of time. We 
found that hydrides occurred only in samples that were galvanically coupled with an 
aluminum anode and tested in stagnant solutions. The results also show that -900 mVscE 
is probably a safe lower bound for use of titanium in a sea water environment. The paper 
also proposes that critical potential diagrams are a good method to summarize data of this 
type. 

INTRODUCTION 

Titanium and its alloys are finding increasing use in naval applications in which 
the material will come into contact with sea water. Although titanium has been reported 
to have excellent corrosion resistance in sea water, there is a question as to whether or not 
titanium hydrides can form as a result of exposure to this environment. In particular, 
there is concern that cathodic protection of the titanium, either by galvanic coupling or by 
an impressed potential, could lead to hydrogen absorption and hydride precipitation. If 
hydrides form in sufficient quantity, the titanium may become brittle. 

In this paper we report a study of hydride formation in samples that had been 
exposed to NaC1 solutions and synthetic sea water for periods of time of up to eight 
months. Both stagnant and flowing solutions were used. In addition, some samples were 
exposed to natural sea water at the Navy Research Laboratory Marine Corrosion Facility 
in Key West, Florida. The results show that, in general, the titanium was very resistant to 
hydride formation. We detected very small amounts of hydrides and only in samples 
coupled with the aluminum anode in stagnant tests. 



EXPERIMENTAL 

We used grade two titanium for all of the tests. Tabs that were one square 
centimeter in cross section were exposed to the different environments. For tests that 
involved galvanic coupling of titanium to another metal, we drilled a hole in the titanium 
tab that was 6.5mm in diameter. We then forced a slightly oversized disk of the other 
metal into the hole so that there was good electrical contact. The metals used for 
galvanic coupling were commercial purity zinc, a zinc anode, and an aluminum anode. 
The anodes were supplied by the US Navy. 

Tests were performed in both 3.5% NaC1 and synthetic sea water at room 
temperature. The synthetic sea water was made following ASTM standards[ 1]. For one 
set of tests the samples were placed in beakers containing stagnant solutions and 
examined at monthly intervals. In another set of tests, the samples were exposed to 
flowing NaCI solutions. Again, we examined the samples monthly to determine if 
hydrides had formed. Finally, one set of samples was exposed to natural flowing sea 
water at the Navy Research Laboratory Marine Corrosion Facility in Key West, Florida. 
The purpose of these tests was to determine if calcareous deposits that build up in natural 
sea water affected the results. The flow rate was such that the tank was refreshed 
approximately 10 times each day. These tests were performed at the natural surface 
temperature of sea water. 

In another set of tests we determined the critical potential for hydride formation. 
These potentials were based on twenty-four hour exposures of titanium to a 3.5% NaCI 
solution. To perform the test the sample was held at a potential under potentiostatic 
control for twenty-four hours and examined by X-ray diffraction to determine if a hydride 
had formed. If  no hydrides were detected, then the potential was made more cathodic by 
100 mV. If  hydrides were detected, the potential was made more noble by 100 mV. Thus 
we determined the potential to the nearest 100 mV. 

As mentioned above, we used X-ray diffraction to determine if hydrides were 
present in the material. The samples were removed from solution and washed to remove 
any debris. A narrow range of angular values were scanned that were known to include 
peaks for both the 2, and ~5-hydride. If hydride peaks were found, we also examined the 
sample by scanning electron micrsocopy to determine the density of hydrides. 

RESULTS 

Critical Potential for Hydride Formation in Titanium 

Figure 1 summarizes the results for the determination of the critical potential for 
hydride formation in the twenty-four hour tests. We have plotted the critical potential as 
a function of temperature for different pH values. For a given line on the plot we can 
assume that for conditions that would lie above the line hydrides would not form, 
whereas for conditions below the line hydrides would be expected to form. It is clear that 
the critical potential for hydride formation becomes more cathodic as the pH of the 
solution increases. The change between the values of pH=l and pH=4 is especially 
significant. An increase in temperature causes the critical potential for hydride formation 
to become more noble. 

It is useful to compare these results to reports in the literature where titanium has 
been exposed to sea water environments for long periods of time and the material has 
been examined to determine whether hydrides are present or not. Figure 2 replots the 
data in Figure 1 but now each curve is on a separate plot. The regions where hydrides 



would be expected to form and those where no hydrides should form are indicated. Data 
points taken from the literature are also on the plot. These measurements were primarily 
drawn from long term exposures of titanium to sea water, and in all of them hydrides 
were reported to form. In general, we see that all of these points lie below the lines on 
the plots and thus agree with our determinations of the critical potential for hydride 
formation. However, in neutral solutions there are some points that lie slightly above the 
line, This information suggests that hydrides may form over long periods of time at 
potentials above the critical potentials determined by the twenty-four hour tests. 
Therefore, it is important to test samples for long periods of time to determine whether or 
not hydrides would be expected to form. 

Long Term Tests in Stagnant Solutions 

We now consider the results of the long term tests. First we will consider those 
samples in which the titanium was placed in a stagnant solution. 

Figure 3 shows the corrosion potential of uncoupled grade 2 titanium measured in 
both NaC1 and synthetic sea water plotted as a function of time. We see from these 
results that in both cases the corrosion potential is significantly more noble than the 
critical potential for hydride formation for neutral pH at room temperature. The value of 
this critical potential is shown by the horizontal line on the plot. We also held the 
titanium at a controlled potential of-0.869 VSCE for seven months and found no evidence 
of hydride formation. This latter test suggests that titanium can be safely used at more 
electropositive values than -0.869 VscE in sea water. 

We next consider samples that were galvanically coupled with either commercial 
purity zinc or a zinc anode. Figure 4 shows the couple potential plotted as a function of 
time for the sample coupled with commercial purity zinc immersed in both NaCI and 
synthetic sea water. The horizontal line on the figure represents the critical potential for 
hydride formation at this pH and temperature. The potentials are much more 
electronegative than those for the non-coupled sample (Figure 3) and are clearly very 
close to the critical potential. X-ray analysis showed that after eight months of exposure, 
no hydrides formed in the samples coupled with commercial purity zinc. We examined 
samples coupled with the zinc anode that had been exposed to the NaC1 solution for six 
months. Again no hydrides had formed in the sample. 

The final set of samples that we examined were those that were coupled to an 
aluminum anode. Figure 5 shows the couple potential for these samples plotted as a 
function of time. Even though the average potential was slightly more noble than that for 
the samples coupled with the zinc, we found that after an exposure of six months to 3.5% 
NaCI and seven months to synthetic sea water, hydrides were observed. These were first 
detected by X-ray diffraction, but they could also be observed in the scanning electron 
microscope. An example is shown in Figure 6. Thus it appears that the presence of the 
aluminum corrosion products must enhance the formation of hydrides. It would seem 
most reasonable that the ions formed as a result of the corrosion enhance the kinetics of 
hydrogen absorption by the titanium. This result would also suggest that it may be 
necessary to adjust the critical potential diagrams for various galvanic couples. 

Long Term Tests in Flowing Solutions 

Two types of tests were run in which the titanium was exposed to flowing 
solutions. One set was done in a laboratory system in which flowing NaC1 solution was 
slowly passed through a beaker containing a set of samples in a re-circulating system: 
The samples were titanium galvanically coupled either to commercial purity zinc or an 



aluminum anode. The tests lasted for six months and no evidence of hydride formation 
was observed. 

Another set of samples was exposed to natural flowing sea water. Four types of 
samples were exposed. These included uncoupled grade 2 titanium, titanium coupled 
with commercial purity zinc, titanium coupled with a zinc anode, and titanium coupled 
with an aluminum anode. To date, the exposures have lasted up to three months. No 
hydrides have been detected in the samples. However, calcareous deposits formed 
rapidly on the surface. An example is shown in Figure 7 from a samples that was tested 
for three months. 

DISCUSSION 

In this discussion we wish to consider two points. One is the usefulness of the 
critical potential diagrams. The second is the role of other ions on the uptake of 
hydrogen. 

The critical potential diagrams shown in Figure 2 are designed to be a guide for 
use of titanium in sea water environments. Since they are based on short term tests, it is 
possible that the values for the critical potential for hydride formation are more noble 
than would be the case for long term exposures. However, the comparison between 
observations of hydrides in commercial situations and long term tests reported in this 
paper and in Figure 2 suggests that the diagrams do provide a useful guide. 

The results reported in this paper show that titanium that is not galvanically 
coupled to another metal will never approach the potential at which hydrides would start 
to form. However, galvanic coupling to zinc or aluminum lowers the potential 
significantly so that the potential is very close to the critical potential for hydride 
formation. Our results show that in stagnant solutions hydrides formed in the sample 
coupled with the aluminum anode. Several important points should be noted about this 
result. The first is that the amount of hydride formed in these samples is very small. It is 
much less than we obtained when we charged a sample in an acidic solution. We also 
note that the hydrides formed in the acidic solution were not sufficient to alter mechanical 
properties significantly, so it is unlikely that the small amount formed here would affect 
mechanical properties either. The second point is that it would appear that the detailed 
chemistry of the solution near the surface of the sample may affect either the local 
hydrogen concentration available to enter the titanium or the kinetics of hydrogen 
absorption. At this time we cannot determine which of these possibilities is more likely. 
However, the fact that the titanium-aluminum anode couple formed hydrides in a 
stagnant solution and the titanium-zinc couple, which had a slightly higher couple 
potential, did not suggests that the detailed chemistry of the solution affects whether or 
not hydrides will form. 

Finally, we note that it has been recommended that titanium not be used in sea 
water when the potential goes below -700 mVscE [13]. This result may be somewhat 
conservative, in that we did not observed hydrides in samples polarized to -869 mVscE. 
The results for the aluminum anode - titanium couple suggest that -900 mVscE may be a 
safe cut-off potential. 



CONCLUSIONS 

The conclusions of this study are the following: 
1. Critical potential diagrams can be used as a guide to determine whether or not 

hydrides will form when titanium is exposed to sea water. 
2. When commercial purity titanium is exposed to sea water, it will not achieve a 

corrosion potential at which hydrides are likely to form. 
3. Galvanic coupling of titanium with an aluminum anode can lead to hydride 

formation. In our experiments hydrides were found when the titanium - 
aluminum anode sample was exposed to stagnant NaCI solution or synthetic sea 
water for six and seven months, respectively. 
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Figure 1 - The critical potential for hydride formation in 3.5% NaC1. The potential is 
plotted as a function of  temperature. Different lines on the plot correspond to constant pH 
values. 
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Figure 2 - The critical potential for hydride formation in 3.5% NaC1. The potential is 
plotted as a function of temperature and each plot corresponds to a different pH value. 
The individual data points are taken from the literature, and the number beside them 
gives the reference. 
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Figure 3 - The corrosion potential plotted as a function of time for titanium in neutral 
NaCI and synthetic sea water. The horizontal line is the critical potential for hydride 
formation at this temperature and pH. 
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Figure 4 - The Couple potential plotted as a function of time for titanium galvanically 
coupled with commercial purity zinc in neutral NaC1 and synthetic sea water. The 
horizontal line is the critical potential for hydride formation at this teml~rature and pH. 
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Figure 5 - The couple potential plotted as a function of time for titanium galvanically 
coupled to an aluminum anode in neutral NaCI and synthetic sea water. The horizontal 
line is the critical potential for hydride formation at this temperature and pH. 

Figure 6 - A scanning electron micrograph of hydrides formed in titanium galvanically 
coupled with an aluminum anode. 



Figure 7 - Calcareous deposits for a sample exposed to natural flowing sea water 
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