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A. INTRODUCTION

Titanium metal became a commercial reality in the early 1950s when its high strength/density ratios
were especially attractive for aerospace applications. Titanium's excellent corrosion resistance over
a wide range of conditions in many highly corrosive environments has led to a multitude of industrial
non-aerospace applications. Some of the first applications in the chemical process industry include
wet chlorine gas coolers for chlor-alkali cells, chlorine, and chlorine dioxide bleach equipment in
pulp/paper mills, and reactor internals for pressure acid leaching of metal ores [I]. In marine
environments, titanium is recognized as the best tube material for seawater power plant condensers
with almost 400 million ft installed over the last 25 years and not a single corrosion failure [2].

The market today for titanium is ever expanding. New applications continue to surface as the
industry "pushes the process envelope." The relatively high initial cost of titanium is frequently
offset by life-cycle costing, reductions in maintenance and operating cost, and costing on a per unit
area basis as opposed to costing on a per pound basis. A corrosion allowance is generally not
required in designs specifying titanium. Usually the only wall thickness criterion is the pressure or
structural requirements for that system.

Whereas aerospace applications are mainly concerned with mechanical properties, industrial
applications place a greater emphasis on the corrosion resistance of titanium [3-7]. Table 1 lists the
commercially pure and alloy grades most commonly used in industrial service.

Group I contains the commercially pure grades, which differ only in their oxygen and iron
content. These grades are highly corrosion resistant, less expensive than titanium alloys, and are
generally selected when strength is not the main requirement. Increasing oxygen and iron levels
improve the material's strength but reduce its ductility. Whereas Grade 2 can be considered the
workhorse of the non-aerospace industry, Grade 1 is selected for applications requiring a high
formability. The members of Group II offer significantly improved corrosion resistance in reducing
media through the presence of small concentrations of palladium or ruthenium.

Group III contains other alpha and near-alpha alloys that are characterized by intermediate
strength, good ductility, toughness, creep resistance, and weldability. These alloys retain the hexa-
gonal close-packed (hep) structure characteristic of alpha alloys, which, together with satisfactory
strength, make them ideal for cryogenic applications. The presence of molybdenum and nickel in
Grade 12, palladium in Grade 18, and ruthenium in Grade 28 improves the corrosion resistance of
these grades in reducing acid environments.

The alpha-beta alloys of Group IV contain an increase in the percent of beta phase and, hence,
the strength level as a result of a higher concentration of vanadium, a beta stabilizer. Heat treatments
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TABLE 1. Titanium and Titanium Alloys Commonly Used in Industrial Applications

can be used to control the high room temperature strength. Toughness, ductility, and stress corrosion
cracking (SCC) resistance can be improved by limiting the level of interstitials such as oxygen,
nitrogen, and carbon in extra-low interstitial (ELI) content and very-low interstitial (VLI) content
grades.

Beta alloys are readily cold worked in the solution heat treated and quenched condition. They are
heat treatable and can be worked and aged to high strengths at some expense of ductility. Because of
their high strength/density ratios, beta alloys are predominantly used in the aerospace industry. An
excellent account of physical and mechanical properties of titanium alloys can be found in the
"Materials Properties Handbook: Titanium Alloys" [8].

B. TITANIUM OXIDE SURFACES

Titanium is a reactive metal, E^+2 = —1.63 VSHE [9], owing its excellent corrosion resistance in
many environments to a hard, tightly adherent oxide film, which forms instantaneously in the
presence of an oxygen source. Figure 1 shows the phase stability diagram for the Ti-H2O system

Common Alloy
Designation

UNS
Number

ASTM
Grade

Nominal Composition
(%)

Minimum
Tensile
Strength
(MPa)

Minimum
Yield
Strength
(MPa)

Group I Commercially Pure Titanium

Grade 1
Grade 2
Grade 3
Grade 4

Grade 2, Pd
Grade 1, Pd
Grade 2, low Pd
Grade 1, low Pd

Ti 5-2.5
Ti 3-2.5
Grade 12
Ti 3-2.5, low Pd
Ti 3-2.5, Ru
Ti 5111

Ti 6-4
Ti 6-4 ELI
Ti 6-4 ELI, Ru

Beta C
Beta C, Pd
Beta 21S

R50250
R50400
R50550
R50700

1
2
3
4

0.060
0.120
0.20
0.3 O

Group II Low Alloy Content Titanium with Pd/Ru Additions

R52400
R52250
R52402
R52252

7
11
16
17

0.12 O, 0.15 Pd
0.06 O, 0.15 Pd
0.12 O, 0.05 Pd
0.06 O, 0.05 Pd

Group III Other Alpha and Near-Alpha Alloys

R54520
R56320
R53400
R56322
R56323
R55111

R56400
R56407
R56404

R58640
R58645
R58210

6
9

12
18
28
32

5 Al, 2.5 Sn
3 Al, 2.5V
0.3 Mo, 0.8 Ni
3 Al, 2.5V, 0.05Pd
3 Al, 2.5V, 0.1 Ru
5 Al, 1 Sn, 1 Zr, 1 V, 0.8 Mo

Group IV Alpha-Beta Alloys

5
23
29

6 Al, 4V
6Al, 4V, 0.13 O max
6 Al, 4V, 0.1 Ru, 0.13 O max

Group V Beta Alloys

19
20
21

3 Al, 8V 6Cr, 4Zr, 4Mo
3 Al, 8 V. 6 Cr, 4 Zr, 4 Mo, 0.05 Pd
15 Mo, 3 Al, 2.7 Nb, 0.25 Si

240
345
450
550

345
240
345
240

828
620
483
620
620
689

895
828
828

793
793
793

170
275
380
483

275
170
275
170

793
483
345
483
483
586

828
759
759

759
759
759



FIGURE 1. The phase stability diagram of the Ti-H2O system at 25 and 10O0C with a titanium ion activity of
10~6 [1O].

[1O]. Titanium passivation is present in the stable TiO2-H2O area. At higher pH values, HTiO3"
dominates in an area that is characterized by corrosion. With increasing temperatures, the area of
corrosion extends to lower pH values. The corrosion kinetics are slow within the HTiO3 ~ area as
indicated by low measured titanium corrosion rates [7]. At potentials between 1.5 and 2 VSHE* the
unstable peroxide TiO3-2H2O forms [U].

When submerged in a corrosive medium, the overall titanium dissolution rate is very much
dependent on the nature and integrity of the oxide. When the oxide is sufficiently thick and stable,
electron exchange occurs predominantly with the oxide film. The semiconductive properties of the
oxide determine the current/potential behavior of the titanium/oxide system. When the oxide is
sufficiently thin (0.4-3 nm), electron exchange occurs between the redox electrolyte and the
underlying metal by direct tunneling or resonance tunneling via intermediate states [12, 13]. As a
result of direct tunneling, which consists of electron transfer in one step without loss of energy,
electron exchange is under kinetic control with current/potential characteristics that are similar to
those of the bulk metal. The oxide functions as a potential energy barrier and the current decreases
with increasing oxide thickness. The anodic transfer coefficient becomes smaller with increasing
oxide thickness and the cathodic transfer coefficient becomes greater. A cathodic Tafel coefficient of
— 0.12 V and an anodic Tafel coefficient of ~0.12V yielded electrochemical corrosion rates that
compared satisfactorily with weight loss corrosion rates in acid media [14]. The same cathodic Tafel
slope but an anodic Tafel slope of ~ 0.25 V [15] yielded good results in alkaline peroxide bleaching
environments [16].

A freshly abraded titanium surface immediately passivates to form a crystalline rutile and/or
anatase oxide layer. Rutile is the more common titanium dioxide (TiO2) and slightly more stable
than anatase by ~ 12kJ/mol [17-2O]. Anatase is a material with the highest photocatalytic detoxi-
fication efficiency in ground and surface water purification [21]. Rutile finds application as a catalyst
in organic oxidation reactions [22]. The isoelectric point of TiO2 is ~6.2, which, together with
a high dielectric constant [23], render titanium oxide water-like with small electrostatic forces,
and, consequently, highly compatible as a biomaterial [24]. The titanium oxide gradually decreases
in oxygen content from TiO2 at the surface, to Ti2O3 and TiO as it approaches the metal oxide
interface [25]. Depending on the environment, this oxide may be covered with an amorphous or
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hydrated surface oxide, giving a two-layer oxide structure. The oxide may be thickened in the
presence of oxidizing agents, through anodization, or thermal oxidation.

In reducing acid environments, severe corrosion can be avoided through the application of anodic
protection that aids in the formation of a protective surface. For example, the corrosion rate of a
titanium heat exchanger in a 40% sulfuric acid environment can be reduced 11,000 times to a rate of
0.005 mm/year (0.2 mpy) through the application of a 2.1V overpotential [26, 27]. Anodic protec-
tion also appears to increase the protective nature of the oxide. Tomashov et al. [28] suggest that this
is the result of a decreasing number of defects and decreasing ionic conductivity. Care must be taken
not to exceed the repassivation potential of titanium.

Anodization at increasingly higher potentials can thicken the very thin natural oxide from ^ 20 A
to several thousand angstroms, depending on the applied potential. As the thickness increases, the
oxide progresses through a spectrum of interference colors [29, 3O]. Thick oxides were traditionally
thought to increase the corrosion resistance. Anodization used to be recommended for heat ex-
changer tubing to improve crevice corrosion resistance and limit hydriding. Studies later showed
that, although there was a slightly higher initial corrosion resistance, the anodized surfaces didn't
behave much better than freshly pickled surfaces in hydrochloric acid solutions [31, 32]. The high
dissolution rate of the anodized film has been attributed to the fact that the oxide is amorphous and
hydrated [32-34].

Thermal oxidation produces an unhydrated rutile oxide, which offers greater corrosion protec-
tion than anodized or pickled oxide surfaces [31, 32]. Since the oxide surface is at a more anodic
potential, small cracks in the oxide are protected by the anodic corrosion potential in mild reducing
acids. As an additional benefit, the thermally oxidized titanium offers a more effective barrier against
hydrogen permeation that increases with increasing oxide thickness. The more noble oxide potential
may increase the driving force for galvanic corrosion.

At elevated temperatures, titanium oxidizes in air to form an oxide scale and an oxygen-rich
metal layer. The extent and rate of oxide formation is dependent on the exposure temperature and
time. At temperatures below ~ 50O0C, the oxidation rate of titanium is low and tends to decrease
with time [25, 35]. Long-term exposures at temperatures > 65O0C will lead to cracking of the brittle
oxide scale and rapid continuous oxide growth [36]. Figure 2 illustrates how both the oxide scale and

FIGURE 2. High-temperature oxidation of Grade 2 exposed for 50Oh at (a) 5380C and (b) 6490C. The surface
oxide layer covers a layer of oxygen-rich alpha structure, accentuated by a lactic acid etch.



the oxygen-rich metal layer on Grade 2 titanium roughly quadruple in thickness as the temperature is
increased from 538 to 6490C. The heat resistance of titanium can be increased through alloying [37]
or application of oxidation resistant coatings [38].

C. GENERAL CORROSION

General corrosion is rarely seen in service since titanium is usually not cost-effective if a corrosion
allowance is necessary. When observed, reducing acids are most often the cause. Titanium offers
moderate resistance to mineral acids such as hydrochloric, sulfuric, and phosphoric acid and organic
acids like oxalic and sulfamic acid [3,7]. The corrosion rate varies with acid type, concentration, and
temperature. Hydrofluoric acid solutions are routinely used in pickling and etching processes
because of the extremely high corrosion rates experienced even at parts per million (ppm) con-
centrations.

Alloying additions of noble metals such as palladium and ruthenium, as well as additions of
molybdenum and nickel, were found to be quite effective in increasing the corrosion resistance of
titanium in reducing acid environments [25, 39—41]. Palladium and ruthenium are added in small
concentrations, typically 0.05 to 0.20 wt%, that do not affect the physical and mechanical properties
of the titanium alloy but passivate the metal by shifting the corrosion potential into the passive
anodic regime [40, 41]. Both nickel and molybdenum reduce the susceptibility of titanium to
anodic dissolution. The latter alloying additions increase the alloy strength at the expense of ductility
[25, 39].

Small concentrations of oxidizing species effectively increase titanium's corrosion resistance in
reducing acids by positively polarizing the metal. Only parts per million concentrations of certain
multivalent transition metal ions, nitrates, oxychloro anions, noble metal ions, organic compounds,
chlorine, and oxygen are required to induce passivity [3]. Inhibitor levels may be present as con-
taminants in process streams allowing the safe use of titanium. Figure 3 illustrates how hydrochloric
acid cleaning solutions can be inhibited by small concentrations of ferric ions.

Titanium is known as one of the most corrosion resistant metals in oxidizing environments as
these conditions generally assure oxide film stability. Highly resistant to oxidizing acids such as
nitric and chromic acid at room temperature, general corrosion may occur in nitric acid at boiling
temperatures in the 20-70 wt.% range [42]. When the solution is not refreshed, build up of Ti4 +

ions leads to a more protective, dehydrated titanium oxide [43]. Other metal ions, such as Fe3 + ,
Ru3 +, Rh3 +, Ce4 +, and Cr6 +, and oxidizing ions, such as VO2

 + and Cr2O7
2 ~, also inhibit high-

temperature corrosion [44]. Only tantalum alloying additions significantly improved the corrosion
resistance and yielded titanium alloys that were virtually insensitive to changes in temperature and
acid concentration [45]. A pyrophoric reaction may develop in red fuming nitric acid following rapid
intergranular attack [46, 47]. The presence of sufficient concentrations of water has successfully
permitted the long-term use of titanium as a construction material in nitric acid production
plants [48].

Titanium is highly corrosion resistant to solutions of chlorites, hypochlorites, chlorates,
perchlorates, and chlorine dioxide [3,7,49]. Widely used to handle moist chlorine gas, titanium has
earned a reputation for outstanding performance in chlor-alkali cells and pulp and paper bleaching
equipment. Rapid ignition, forming TiCU, will occur in dry chlorine. However, a moisture content of
0.4% at room temperature and 1.2% at 1750C is sufficient for passivation [50, 51].

Oxidation of a fresh titanium surface is an exothermic process, which may lead to melting of the
metal if the heat cannot be removed fast enough. In < 35% oxygen, autoignition of titanium is not
likely to occur at room temperature, regardless of the total pressure [52]. Temperature, oxygen
pressure, and concentration determine the boundary conditions for autoignition of titanium [52, 53].
Once initiated, the reaction is self-sustaining due to the high solubility of the oxide in the molten
metal. Propagation will occur in much lower oxygen atmospheres, is promoted by the presence of
steam and quenched by water. By observing the thresholds for safe operation and taking some design



HCI, weight % (b)

FIGURE 3. Effect of ferric ions on the corrosion of (a) Grade 2 and (b) Grade 7 in hydrochloric acid solutions
[4]. The isocorrosion plane corresponds to a corrosion rate of 0.13 mm/year.

and operating precautions, titanium can be successfully utilized in applications involving pressurized
oxygen [52-54].

Titanium resists all forms of corrosive attack by fresh water and steam to temperatures in excess
of ~400°C. A thin rutile oxide layer reduces the oxidation process and limits the uptake of
hydrogen, a product of the water oxidation reaction [35]. In fact, titanium was found to be the most
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corrosion resistant metallic material in super critical water oxidation applications [55, 56]. These
environments contain supercritical water, oxygen, hydrogen peroxide, organics, and chlorides at
high temperatures, up to 60O0C, and pressures, up to 4OMPa. Titanium liners and test coupons
showed excellent corrosion resistance in acidic chloride containing solutions with a moderate
corrosion increase in acidic sulfate or phosphate containing solutions [56]. Unsatisfactory corrosion
behavior may be experienced in high pH (pH ~ 14) environments.

Generally low ozone concentrations, up to 0.6 mg/L, are present in cooling water treatments and
ozonated seawater [57]. Titanium is completely corrosion resistant in these environments as well as
at higher ozone concentrations of 7 to 8-mg/L ozone in 10% aqueous NaCl at 50 to 6O0C, with no
tendency to crevice corrosion [58].

Excellent resistance of titanium to general corrosion in seawater is obtained to temperatures well
in excess of 25O0C [59]. This includes brackish, polluted, stagnant, aerated, or deaerated water
containing contaminants such as metal ions, sulfides, sulfates, and carbonates. Exposure of titanium
for many years to depths of over two kilometers below the ocean surface has not produced any
measurable corrosion [4, 6O].

Titanium exhibits low corrosion rates in alkaline solutions such NaOH, KOH, and NH4OH over a
wide range of temperatures and alkali concentrations [3, 61]. Slow general anodic dissolution of the
surface film is accelerated by an increase in temperature. Whereas the corrosion reaction may result
in only minimum metal wastage, it is also the source of atomic hydrogen, which could lead to
hydrogen embrittlement upon prolonged exposure. Hydrogen pickup also increases with increasing
temperatures. Maximum pickup has been observed in the 20-40 wt.% NaOH range [62]. In hot
alkaline brine solutions, hydrogen uptake can become detrimental when temperatures exceed 8O0C
and the pH is > 12. Dissolved oxidizing species, such as chlorate or nitrate compounds, can be used
in alkaline cleaning solutions to extend the resistance to hydrogen uptake to somewhat higher
temperatures [3].

The effect of hydrogen peroxide on titanium corrosion has been studied with relation to radio-
active waste containers (~ 10 "4M) [63], medical implants (0.01-O.IM) [64, 65], alkaline pulp,
and paper bleaching environments (~ 0.1-0.2 M) [10, 16] and surface etching or bonding
pretreatment [66]. Small concentrations of hydrogen peroxide (^l x 10 "4M) in brine solutions
strengthen the titanium corrosion resistance by shifting the corrosion potential in the noble direction.
This shift is attributed to the additional cathodic reduction reaction of hydrogen peroxide and the
formation of a thicker oxide layer containing more stable anatase [63]. Addition of a greater hy-
drogen peroxide concentration, 0.01-0.1 M H2O2, still leads to a more passive corrosion potential,
but the two-layer oxide becomes increasingly more hydrated and hydroxylated [64, 65]. Further
increases in temperatures, pH, and peroxide concentration result in increasing corrosion rates and a
more active corrosion potential as the oxide thins, becomes more conductive and less protective.
Small additions of calcium, silicates, and magnesium appear to be effective inhibitors by adsorbing
onto the oxide surface and forming a physical barrier to ion transport. Over extended time periods,
however, the effect of calcium additions is questionable as corrosion rates begin to increase again
[16]. In pulp bleaching solutions, pulp itself proved to be an effective inhibitor under normal
operating conditions [16]. Extremely high titanium dissolution rates may be obtained at extreme
conditions. A rate as high as 2300 mm/year was measured at 950C, 2.5 M NaOH, and ~ 0.5 M H2O2

[1O]. General corrosion leads to extensive roughening of the surface, which can be attractive for
subsequent coating or bonding processes [66].

Titanium is widely used in organic process streams and has been the material of choice for critical
areas of terepthalic and adipic acid production. Titanium is highly resistant to solutions of alcohols,
aldehydes, esters, ketones, and hydrocarbons [3,7]. To maintain the integrity of the protective oxide
film, some degree of moisture or oxygen should be present. Generally, a moisture content of merely
parts per million is sufficient for passivation, a concentration, which experience has shown, can
usually be expected in industrial organic processes.

Overall, titanium exhibits excellent corrosion resistance in organic acid solutions [3, 7, 67, 68].
Aeration may be required to maintain passivity. Fully resistant in aerated aqueous formic acid,



titanium corrosion rates may become unacceptably high at elevated temperatures in deoxygenated
formic acid [7]. A strong oxygen effect has also been observed in urea reactors where corrosion
potentials dropped as the supply of oxygen stopped. Titanium is a preferred material of construction
since it is not affected much by a temporary lack of oxygen [69]. The corrosivity of urea has been
linked to an amino-formic acid intermediate [7O].

Negative effects of oxygen have been observed in mixtures of anhydrous acetic acid and acetic
anhydride, apparently by facilitating the cathodic reduction reaction that favored the production of
the acetate ion. Alloying with palladium did not help in this case [71].

Titanium exhibits a poor resistance to corrosion in propionic acid vapor and has a limited stability
in oxalic acid solutions. The corrosion rate in the latter medium increases with increasing tempera-
ture and acid concentration [67]. The corrosion resistance in oxalic acid can be improved by
molybdenum alloying additions [72] or the addition of oxidizing agents such as antimony(III) [73].

D. PITTING CORROSION

Titanium exhibits remarkable resistance to pitting attack in chloride media with pitting potentials in
excess of + 5 VSCE in saturated NaCl at boiling. Thus, titanium generally does not exhibit
spontaneous pitting under normal circumstances. Pitting resistance is lower in other halide media,
however, potentials still remain at or above + 1 VSCE [74]. Pitting potentials of titanium in sulfate
and phosphate media are reported to be in excess of +80 VSCE [3]. Alloying can lower pitting
potentials somewhat, yet, even highly alloyed titanium exhibits pitting potentials greater than
H-1 VSCE in high-temperature NaCl and HCl environments [75]. Pitting corrosion failures of
titanium in service are thus extremely rare.

E. CREVICE CORROSION

Titanium, being a reactive metal and relying on its passive film for corrosion resistance, is
susceptible to localized corrosion in much the same manner as other passive film metals like
aluminum, stainless steel, and nickel alloys. Crevice attack can occur on titanium in hot halide or
sulfate-containing media. Corrosion can be observed in tight gasket to metal or metal to metal joints,
or under adherent deposits formed by a process stream. Under normal circumstances, crevice
corrosion resistance will probably be the limiting factor for successful use of titanium, thus a
thorough understanding of the mechanism, influencing factors, and mitigation techniques will prove
invaluable. Several excellent reference sources are available that compliment the information
contained herein [1, 3, 8, 76-78].

1. Mechanism of Crevice Corrosion

As with stainless steels, the mechanism for attack on titanium involves formation of an occluded
differential aeration cell, in which slow but finite corrosion depletes the crevice of oxygen through
surface oxide formation as shown in Reaction (1) below. Anion migration into the crevice then
occurs to preserve mass and charge balance. In the case of chlorides, this results in formation of
unstable titanium chloride and oxychloride intermediate compounds that hydrolyze to form free
acid, thus lowering the pH in the crevice. At this point, the corrosion reaction becomes self-
sustaining as the acid generated from hydrolysis now further attacks the underlying metal. Within the
crevice, pH levels of < 1 can be obtained, despite having bulk pH levels as high as 7 [79]. This
mechanism, first put forth on titanium by Griess [76], has been accepted for many years.

2Ti + O2 + 2H2O -» 2TiO2 + 4H+ + 4e~ (1)



2. Factors Influencing Crevice Corrosion

Crevice corrosion of titanium has been reported to occur in laboratory tests at solution temperatures
of 40 to 6O0C under certain extreme and unusual crevice conditions [78]. However, attack has rarely,
if ever, been observed under field and more typical laboratory test conditions at temperatures
< 7O0C. Increasing temperatures have been shown to increase the severity of attack [76]. Once
initiated, attack can continue for some time down to temperatures of 250C, but only when the
temperature is gradually decreased. Rapid temperature drop quenches attack [8O]. A temperature of
8O0C has served well as a conservative upper limit for use of unalloyed titanium in brine environ-
ments with a pH equal to or less than 9 [I].

Along with temperature, pH is a critical factor for determining whether crevice attack on titanium
can occur. Under alkaline conditions, with a pH > 10, crevice corrosion does not initiate [77]. At a
pH < 7, initiation can occur rapidly as the crevice solution pH can drop to < 1. At intermediate pH
levels between 7 and 10, attack can also occur. However, incubation times may be extended, and
frequency and severity of attack is normally lessened.

Studies made on crevice geometry parameters suggest that titanium requires a very narrow, deep
crevice for attack to occur. Crevice gaps on the order of 0.001 cm and depths > 1 cm are usually
required for attack initiation [81, 82]. Fitzgerald and Greene [83] put forth a model relating
geometric and electrochemical parameters to crevice corrosion that show titanium requires much
deeper crevices for attack than most stainless steel alloys.

In brine media, crevice corrosion has been observed over the range of chloride concentrations
from 0.01% up to saturation. Concentration, however, is not as critical a factor as pH and tempera-
ture, since attack can occur at any concentration over the minimum value listed above. Factors such
as incubation time, severity, and frequency of occurrence can be impacted by concentration [78].
Also, degree of aeration has direct impact on attack and on crevice chloride concentration. Attack
will be more severe at higher chloride levels if solution aeration is maintained. However, without
aeration, oxygen solubility is so poor at higher chloride concentrations that crevice attack can be
stifled. Consistent results are most readily obtained in the laboratory with the use of a 5% NaCl
solution at 9O0C with constant air sparging of the solution. Resistance to bromides and iodides is
similar to chlorides while fluorides tend to be somewhat more aggressive [84]. This is thought to
relate to the size of the ion and its ability to diffuse into crevices. Crevice corrosion of titanium in
fluorides can only occur with pH levels of ~ 6 and up. Below a pH of 6, hydrofluoric acid attack
will dominate the corrosion process. Titanium is less susceptible to attack in sulfate media, with
temperature and concentration minimums increased over those for halide solutions [3].

3. Detection of Crevice Corrosion

Crevice corrosion is a particularly insidious form of attack since, by its nature, it is a very random
process and often can go undetected until complete metal failure occurs. Monitoring for onset of
crevice attack has been studied and appears to be a viable option [85-87]. Titanium is easily
polarized and thus one can in effect monitor the activity within a crevice by tracking the potential of
the free surface adjacent to the crevice. This technique has been demonstrated in the laboratory for
free area to creviced area ratios up to nearly 100:1 [85].

More traditional test techniques have been described elsewhere [3] and basically rely on the
formation of a large creviced area and a 1 month test period to overcome the randomness of attack.
Due to the fact that titanium requires such a deep crevice, the multiple crevice washers routinely used
in crevice testing of other materials, will not yield accurate test results for titanium and their use
should be avoided. A flat 25.4-mm square gasket former is preferred. Fluorocarbon polymers tend to
give the most discriminating crevice initiation results and are used extensively in laboratory testing
to establish conservative guidelines [77, 81]. However, it is imperative that only virgin material be
used. Reprocessed material has been shown to release fluoride ions into the crevice thereby
interfering with test results.



FIGURE 4. Crevice corrosion attack on titanium. Attack occurred under PTFE gasket. Sample on right had
some remaining corrosion deposits even after sandblasting.

When examining for crevice attack one must look for tenacious, off-white to gray titanium oxide
deposits in the crevice. Normally, the only way to remove these deposits and determine the extent of
underlying attack is to lightly (5 s) sandblast the area or metallographically prepare a cross-sectional
view of the specimen. Crevice attack will usually appear as multiple, irregularly shaped pits, as
shown in Figure 4.

Quite often, titanium crevices will display smooth, multicolored oxide interference films after
testing. These may range in color from gold to purple to blue, depending on the extent of oxidation
the metal has undergone. These oxide films do not represent deleterious attack of the metal and
should not be considered as crevice corrosion. On the contrary, the presence of colored oxide films is
indicative of a passive environment for titanium; one in which the TiO2 film is stable and increases in
thickness [31].

4. Mitigation of Crevice Corrosion

Crevice corrosion is best mitigated through the use of a more resistant grade of titanium. Several
alloying elements have been shown to impart added corrosion resistance to titanium, notably Cr, Ni,
Nb, Mo, and precious metals Pt, Pd, and Ru [5]. Precious metal additions are the most effective
alloying agents, typically being used in the 0.05-0.20 wt.% range. The other elements have been
used at levels from ~ 0.5-15 wt.%. Enhancement of crevice corrosion resistance can be directly
related to the beneficial effect that an alloying addition has on resistance to mineral acid attack [76,
88]. Once sufficient alloying has occurred to passivate the metal in an acid media with a pH of zero,
crevice corrosion on titanium can be effectively mitigated [85, 39]. Figure 5 illustrates this effect for
several different grades of titanium. Grade 12, with small additions of Mo and Ni, offers substantial
improvements in crevice corrosion resistance over unalloyed titanium. Clearly though, the grades
alloyed with palladium have a much more dramatic effect on resistance. To achieve an equal effect
with molybdenum, a 15 wt.% addition is required [39].

In addition to alloying, several other mitigation techniques have been used. Although not as
effective as alloying, these methods can often offer remediation from crevice attack once the metal
has already gone into service. One method is to coat the surface with a precious metal oxide. This has
been shown to offer equivalent resistance as that obtained through alloying with palladium, however,
the coating is subject to mechanical damage through scratching or abrasion, rendering it ineffective
[89]. Another technique involves placing oxidizing metal ions directly into the crevice. The presence



Temperature, 0C

FIGURE 5. Temperature/pH crevice corrosion limits for titanium in naturally aerated NaCl brine. The shaded
areas represent regimes of susceptibility [I].

of these ions, such as Cu2 +, Fe3 +, and Ni2 +, can inhibit crevice corrosion in the same manner as
they do general corrosion attack (see Section C). This technique has been used successfully in gasket
crevices, where the metal oxide paste can be applied directly to the gasket [9O]. Enhanced oxide
films, obtained through air heating of the titanium at 450 to 80O0C for 2 to 10 min, have been shown
to be beneficial in terms of crevice corrosion resistance [31]. Again, as with the coatings, these oxide
films are subject to degradation by mechanical damage, leaving the underlying titanium substrate
susceptible to attack. Finally, titanium surfaces may also be protected from crevice attack when
coupled to dissimilar metals such as stainless steels, nickel alloys, and copper containing alloys. It is
believed that the release of metal ions from corrosion of the dissimilar alloy acts to inhibit attack of
the titanium [77].

5. Specialized Forms of Crevice Corrosion

Two special forms of crevice attack require noting here. The first involves the presence of smeared
iron particles on titanium. Unalloyed titanium can undergo attack that resembles pitting when an iron
particle, embedded in the surface of titanium metal, corrodes in a saline environment. The resulting
corrosion product (acidic ferric chloride) can induce attack of the titanium at the site where the iron
breached the titanium oxide film. This phenomenon, known as "smeared iron pitting," has been well
documented [91] and occurs only in concentrated brine solutions when temperatures exceed 8O0C.
An example of this attack is shown in Figure 6. This work resulted in the discontinuing use of steel
tooling when handling fabricated titanium parts. Stainless steel tools are now standard for use
on titanium. The more crevice corrosion resistant alloys, such as Grades 7, 12, and 16, are immune
to this type of attack [4]. If smeared iron is suspected, it is easily removed by a short immersion
(2-5 min) in a standard HNOs/HF pickle solution.

The second form of attack also resembles pitting and has been shown to occur on titanium when
exposed to concentrated solutions of certain hydrolyzable salts, such as MgCl2, CaCl2, AlCl3, and
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FIGURE 6. Titanium Grade 2 tubing exhibiting "smeared iron pitting," a localized corrosion phenomenon.

ZnCl2 [92]. As with smeared iron pitting, temperatures of at least 8O0C are required. The attack,
which seemingly occurs on freely exposed surfaces, has been shown to initiate at surface
imperfections, such as laps, smears, or grind marks [93]. Again, this type of attack can be minimized
by pickling the metal or using a more crevice corrosion resistant grade of titanium.

E ENVIRONMENTALLY INDUCED CRACKING

Environmentally induced cracking results from a synergism between tensile stress and a corrosive
environment. Corrosion rates are generally low and not apparent. Stress levels that cause cracking
are generally below the yield stress. Environmentally assisted cracking includes SCC, corrosion
fatigue cracking, and hydrogen embrittlement. Frequently, more than one of the three may be
operative, complicating analysis of failures. However, commonalities in the environmental and
metallurgical factors responsible for susceptibility of cracking facilitate the determination of
appropriate prevention methods.

1. Stress Corrosion Cracking

The majority of titanium alloys used in the chemical process industry are very resistant to SCC. The
latter has been observed in a few specific environments such as absolute methanol, red fuming nitric
acid, nitrogen tetroxide, several liquid metals such as cadmium and mercury, and aqueous halide
solutions [94]. The number of stress corrosion failures observed in the laboratory significantly
outnumbers the few failures reported in practice. Difficult stress corrosion initiation and high
threshold values frequently account for a low probability of cracking.

Initiation of SCC requires the presence of a stress riser as may be provided by residual or applied
stresses in the presence of inherent surface cracks and flaws. The threshold stress, below which stress
corrosion cracks will not propagate, may be affected positively by cold work, by increasing slip
plane intersections, and plane stress conditions as found in thin specimens [95]. Susceptibility to
SCC is most pronounced at an intermediate loading rate when a high rate of loading leads to ductile
failure before crack initiation and a low loading rate provides sufficient time for repassivation of
freshly exposed surfaces [95].

Alloy composition and interstitial content markedly influence susceptibility to SCC. An increase
in the interstitial oxygen content of commercially pure titanium results in a slight decrease in £iscc»
the critical stress intensity factor affected by SCC, when exposed to synthetic sea water [96, 97]



possibly by increasing the tendency toward planar slip [94]. Interstitial nitrogen and carbon have
a similar effect on the susceptibility of titanium. High iron additions (^ 0.2% by weight) reduce the
a-phase grain size which leads to some improvement in the resistance to SCC [97]. Aluminum, when
present in concentrations > 5 wt.% in the alpha phase, can lead to the formation of Ti3Al, which
lowers ^TISCC and increases the velocity of cracking [94]. The presence of tin further decreases the
SCC resistance. Whereas SCC in sea water is not a concern for the lower strength commercially pure
grades, susceptibility can be lowered substantially in higher strength aluminum containing alloys by
lowering the oxygen content, as, for example, in the case of Ti 6-4 ELI (Grade 23). Furthermore, in
Ti 6-4, an acicular structure provides a lower susceptibility to SCC than an equiaxed morphology,
which may be related to the mean free path of the susceptible a phase [94, 95] (see Fig. 7).

Stress corrosion cracking susceptibility is influenced by the concentration of damaging species,
pH, potential, temperature, and viscosity. Addition of halide ions such as Cl ~, Br ~, and I ~ may
accelerate or induce SCC, an effect that increases with increasing halide concentration [99]. Re-
ducing the pH results in a greater susceptibility to SCC. Crack velocity was found to increase with
increasing temperature and decreasing viscosity. Cathodic protection is effective in neutral aqueous
halide solutions at potentials more negative than — 1 VSCE* but ineffective in acid solutions [99].

Stress corrosion cracking of a and a-P alloys takes place by transgranular cleavage of the a
phase, where the a phase controls the overall crack propagation rate. Small differences between the
main crack propagation plane and the cleavage planes lead to numerous stepwise facets, the result of
low-energy ductile rupture. These flutes connect cleavage planes and may exceed the grain size
[10O].

Intergranular corrosion occurs in methanolic halide solutions through the formation of titanium
methoxide. As little as 1.5% water is sufficient to hydrolyze the titanium methoxide and passivate the
titanium [101]. Higher strength alloys may require the presence of more water depending on product
form and alloying content [102]. Noble metal ion additions such as Pd2+ and Au3+ facilitate the
cathodic process and increase the intergranular corrosion rate. The dissolution process is temperature
and viscosity dependent and is accelerated by stress and anodic currents suggesting a stress-

FIGURE 7. A hot salt crack changed to a stress unfavorable direction in Ti 6A1-4V with a Widmanstatten
microstructure [98].



accelerated anodic dissolution or diffusion controlled mechanism [95]. However, transgranular
cracking in medium to high strength a and oc-p alloys has been attributed to the absorption of
hydrogen at the crack tip. Whereas dissolved platinum-group metal ions accelerate intergranular
corrosion, they have an inhibiting effect on the crack propagation rate, possibly by favoring the
recombination of hydrogen atoms as opposed to hydrogen absorption. Since the embrittlement is
also dependent on strain rate, it has been suggested that the contribution of stress is, in part, the
result of hydrogen embrittlement [103]. A mixed mode of intergranular cracking and transgranular
cleavage has been observed in these environments [104].

It has been shown that surface oxide rupture precedes crack initiation with subsequent dissolution
and hydrolysis reactions leading to crack tip acidification. The crack tip local pH may be
significantly lower than the bulk solution pH. A sharp notch or fatigue precrack appears to be
required for hydrogen production to occur at the crack tip. Absorption may then occur at a deforming
crack tip surface [105].

Hot salt SCC is of importance in high-temperature applications such as jet aircraft engine
components [106] under conditions of high temperature, stress, and exposure to halide salts [59,
107]. Simultaneous cycling of temperature and stress may result in reduced susceptibility to hot salt
SCC compared to isothermal, monotonic loading exposure [106]. The mechanism of hot salt
cracking resembles that of SCC in aqueous halide solutions, with a fracture process that is associated
with hydrogen embrittlement [108].

2. Corrosion Fatigue

Titanium's superior corrosion resistance renders it an attractive structural material for use in many
corrosive environments. In the presence of cyclic loading, the environmental effects on the fatigue
properties become important. The excellent corrosion resistance of titanium in seawater and many
other aqueous chloride media leads to smooth and notched fatigue run-out stresses, which are
virtually unaffected by the environment [8]. Figure 8 illustrates the effect of seawater on the fatigue
crack propagation rate. Effects of cycle frequency, stress ratio, microstructure, and applied potential
have been reported in the literature [8, 109, 111, 112].

The fatigue crack growth rate was found to be essentially independent of cycle frequency in
air and in noncorrosive aqueous sodium sulfate solutions [111]. In aqueous halide solutions, a
frequency related cross-over effect can occur at a stress intensity range AAT, or A#Sco associated
with cyclic SCC [111]. Below A^sco lower frequencies permit more time for repassivation of fresh
metal surface at the crack tip, thereby lowering the crack growth rate. Above A^sco lower
frequencies allow more time for hydrogen diffusion and embrittlement, thereby increasing the crack
growth rate. In a 3.5% NaCl solution, a crossover effect has been observed with Ti 6 Al-4 V but not
with Ti 8 Al-I Mo-IV, indicating a relation to alloy chemistry [112]. In methanolic halide
solutions, fatigue crack growth rates have been found to increase with decreasing frequency over the
whole range of AK [111].

In air and saltwater environments, a significant improvement in fatigue crack growth rates in oc-p
alloys has been associated with a transformed beta microstructure versus an equiaxed microstructure
[112]. Under ripple load conditions, in which a small cyclic load is superposed on to a sustained load,
an equiaxed microstructure exhibits better cracking resistance [113]. In air, the fracture surface
appearance is predominantly ductile. In alcoholic and aqueous environments, an increasing fracture
surface roughness appears linked to higher fatigue crack growth rates with cleavage fracture
dominating over ductile fatigue striations [111].

Commercially pure titanium and its weld metal have displayed increasing crack growth rates with
increasing stress ratio in air and natural seawater [109]. This has been attributed to crack closure
effects. At a relatively high AK level, an acceleration of the crack growth rate in sea water was more
pronounced for weld metal than for base metal indicating a microstructural influence. A small
applied cathodic potential reduced the environmental effect by suppressing anodic dissolution when
the passive layer failed [109].



AK,MPa.m1/2

FIGURE 8. Trends of fatigue crack propagation rates for commercially pure titanium [109] and the
intermediate strength near-alpha alloy Ti 5111 [110] in air and seawater.

3. Hydrogen Induced Cracking

The oxide film on titanium is an excellent barrier to hydrogen gas intrusion. Disruption of the oxide
film allows easy absorption of hydrogen in high pressure/temperature anhydrous gas streams.
However, small quantities (2%) of moisture or oxygen immediately passivate the surface, forming
again an effective barrier at temperatures as high as 3150C and pressures up to 800 psi [114].

At highly acidic or alkaline conditions, corrosion processes affect the integrity of the surface
oxide and the corrosion potential drops below the hydrogen evolution potential. Such a drop in the
open circuit potential may also be the result of cathodic protection [115, 116], galvanic coupling, or
intense dynamic abrasion. Electrochemically produced atomic hydrogen can now be absorbed. At
temperatures < 8O0C, hydrogen diffusion is very slow and hydrogen will remain on the surface [114,
117]. Surface hydrogen generally has little effect on the structural integrity of the material. Surface
hydriding of Grade 2 power condenser tubes, containing several thousand parts per million of
hydrogen in the surface layer, led to only minor decreases in ductility and tensile strength of the in-
service tubes [118].

The solubility of hydrogen in alpha titanium at room temperature is quite low and, influenced by
pressure, stress, and alloy composition, is of the order of 20 to 150ppm [119]. Once the solubility
limit is exceeded, brittle titanium hydride precipitates form in the metal (see Fig. 9). These appear as
dark, acicular needle-like structures in the metal microstructure [12O]. An increasing oxygen
content, increasing grain size, and decreasing temperatures facilitate crack initiation of the hydride,
restrict slip and promote cleavage [119]. Hydride embrittlement is also accelerated by increasing
hydrogen concentrations, the presence of notches and increasing strain rates [121, 122].

A loss of impact toughness has been observed in commercially pure titanium at relatively low
hydrogen concentrations (~50ppm) by notched impact testing [121-123]. At high stress inten-
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FIGURE 9. (a) Hydride formation at a concentration of 42 ppm of hydrogen affected the formability of Grade 1
titanium, (b) Heating for 4h in boiling water, followed by an ice water quench, dissolved the hydrides and
increased the material's formability temporarily.

sities, the failure mechanism is thought to be one of hydrogen-assisted localized plasticity at the
crack tip, where the presence of hydrogen reduces the stress for plastic flow by enhancing the flow of
dislocations [124]. Technically more rigorous toughness tests, following ASTM E 399, showed no
effects of hydrogen on fracture toughness up to 70 ppm [125]. Although impact ductility and
toughness are affected by hydride formation at low hydrogen concentrations, only a very small
influence on low strain rate mechanical properties is observed up to hydrogen concentrations well
passed 150 ppm, the general ASTM limit for hydrogen.

The hydrogen solubility limit in titanium depends largely on alloying additions. Additions of Al,
O, N, and C strengthen and stabilize the alpha phase. With increasing Al content, absorption of
hydrogen gives a supersaturated solid solution corresponding to a greater apparent solubility of
hydrogen [121]. Whereas improved resistance to impact embrittlement is observed, plastic strain
may result in the strain induced, diffusion controlled formation of hydrides with crack propagation
through the hydrides at low strain rates [119, 124]. Although iron is a P stabilizer, concentrations of
up to 0.15 wt. % had no appreciable effect on the impact properties of commercially pure titanium
[122, 123].

As a p-stabilizing element, the hydrogen solubility in the p phase is much greater (> 9000 ppm)
[119]. As a result of such vast differences in hydrogen solubility in the different a and p phases,
strong effects of the microstructure on the hydrogen induced crack growth susceptibility are obser-
ved in near a and oc-p alloys. Alloys with a continuous P phase provide a fast diffusion path for
hydrogen, and these alloys are more susceptible to hydrogen embrittlement than alloys with a
continuous a phase [126]. Similar to slow strain rate embrittlement, a sustained load will promote



crack growth in Ti 6-4 with increasing hydrogen levels. However, Ti 6-4 tensile properties are not
affected by hydrogen levels up to 300 to 600ppm [119]. The high solubility of hydrogen in the p
phase renders p alloys rather insensitive to hydrogen embrittlement. Whereas several thousand
parts per million may be required for any significant loss of ductility, the hydrogen absorption
rate is also much higher resulting from the much larger hydrogen diffusion coefficient in the P
phase [127].

Hydriding can be avoided if proper consideration is given to equipment design and service
conditions. At temperatures >80°C, detrimental galvanic couples should be eliminated and
impressed cathodic potentials below the hydrogen evolution line should be avoided.

At all temperatures, a pickled surface provides a greater resistance to hydrogen uptake than a
sandblasted, abraded, or otherwise damaged surface [114]. Disruption of the surface oxide by
smeared iron permits entry of hydrogen at any pH level. In the presence of CO2, carbonate films
reduce hydrogen absorption of titanium, illustrating the importance of the nature of the surface film.
Small concentrations of H2S had no effect [128]. Alloying elements, such as 0.8% Ni in Grade 12,
can account for increased hydrogen absorption [128].

At temperatures < 8O0C, the extent of hydrogen charging under impressed cathodic potentials is
a function of potential, pH, temperature, and exposure time [129]. Cathodic protection systems with
potentials around — 1.0 V vs. Ag/AgCl, as obtained with zinc anodes, will generally not result in
titanium hydride problems in natural seawater. However, high stress levels will facilitate hydrogen
absorption and hydride formation [13O]. The general cathodic potential limit of —0.75 VSCE
has served very well in practice and is possibly somewhat on the conservative side for most
applications [116].

G. GALVANIC CORROSION

Titanium is highly corrosion resistant and is often the more noble metal, the cathode, in a galvanic
cell [131]. Little or no damage may be observed when the anode area is large in relation to the
cathode area.

Rapid accelerated corrosion of the less noble metals magnesium, zinc, and aluminum is likely to
occur when these materials are coupled to titanium. In an aluminum structure, localized corrosion
around a titanium fastener may result in structural failure. Effective protection against galvanic
attack must be provided to copper-based alloys and carbon steel. Titanium may safely be coupled to
corrosion resistant metals and alloys of similar potentials in the galvanic series, such as super duplex
stainless steels, 6% molybdenum austenitic stainless steels, Alloy 625 (UNS N06625) and Alloy C-
276 (UNS N10276). Stainless steels are galvanically compatible when in their passive condition. The
primary consideration must be to ensure that the selected alloy is appropriate for the service
environment. Titanium may safely be coupled to more noble metals and materials such as graphite
and carbon fiber composites.

Galvanic corrosion can be avoided by suitable material selection in the design and by protection
of adjoining less noble metals in the system. Techniques include (1) reducing the effective cathode/
anode area ratio by coating the titanium, (2) electrically isolating the titanium components, (3)
cathodic protection and/or chemical corrosion inhibition of the active metal. It is recommended that
impressed cathodic potentials do not fall below — 0.75 VSCE to prevent hydrogen embrittlement.

With the use of titanium seawater piping alongside copper-nickel piping systems on board of
Navy vessels, several new approaches to the prevention of galvanic corrosion are considered. Current
ship designs include thick walled "waster" pieces that have a high corrosion allowance and serve in
physically separating and protecting the dissimilar piping systems. The bielectrode is a device that is
positioned between the cathodic and anodic pipes and generates a potential gradient opposing the
galvanic potential gradient, thereby eliminating the corrosion driving force [132]. Galvanic
corrosion currents are also lowered dramatically by calcareous deposits and parts per million
concentrations of chlorine.



H. EROSION AND CAVITATION RESISTANCE

Titanium exhibits an outstanding resistance to erosion as a result of its hard adherent surface oxide.
In the absence of suspended solids, sea water velocities up to 35 m/s gave a minimal flow enhanced
corrosion rate of ~ 0.01 mm/year of Grades 2 and 5 titanium [133]. In sand laden seawater [134] as
well as in coal washing slurries [135], flow rates as high as 5 m/s gave minimal erosion rates. In the
absence of general corrosion, the synergistic effect between erosion and corrosion is small and the
metal removal rate can be attributed almost entirely to erosion [136,137]. As the particle coarseness
and velocity are increased to the point that the titanium oxide film is not given sufficient time to
re-form, the erosion corrosion rate increases substantially [134,135]. Higher slurry velocities can be
accommodated to some extent by thermally oxidized [135] or laser nitrated titanium surfaces [136].

Nitriding is not recommended when the material is subjected to cavitation conditions, as it
may lead to brittle fracture [138]. Whereas surface hardness and tensile strength play a dominant
role in erosion resistance, material toughness and fatigue are important properties for cavitation
resistance [139]. A superb corrosion resistance combined with good toughness and fatigue pro-
perties render titanium desirable for cavitation applications, such as the use of Grade 5 for ship
propellers [14O].

I. MICROBIOLOGICALLY INFLUENCED CORROSION/BIOFOULING

There has never been a reported incidence of microbiologically influenced corrosion attack on
titanium [141]. Since titanium is nontoxic, it is susceptible to biofouling when immersed in seawater.
The biofilm, however, does not attack the integrity of the underlying oxide and titanium remains
resistant to localized corrosion. Water velocities greater than 2 m/s will reduce the extent of
biofouling [142]. Chlorination is commonly used for controlling biofouling and can be followed by a
dechlorination step. Increasing environmental pressures led to the consideration of nontoxic control
methods such as ozone and ultraviolet (UV) irradiation. Both methods have shown positive results
when used in titanium piping [142].
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