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Yield Strength and Solution Composition Effects on Aqueous 
Environmental Cracking of Ti-8V-6Cr-4Zr-4Mo-3AI   {Beta C) 

Brian P. Somerday, Jennifer A. Grandle, 
and Richard P. Gangloff 

Department of Materials Science and Engineering 
University of Virginia 

Charlottesville, VA 22903-2442 

ABSTRACT 

A high-strength, a-precipitation hardened ß titanium alloy (Ti-8V-6Cr-4Zr- 
4MO-3AI, STA Beta C) is prone to intergranular environmentally assisted 
cracking (EAC) in neutral aqueous NaCI given an occluded crack, active 
crack tip strain rate and electrode potential near free corrosion. The 
threshold stress intensity for EAC is reduced to about one-third of the plane 
strain fracture toughness and subcritical crack growth rates are 30 to 100 
/im/sec. STA Beta C is immune to EAC with static loading or sufficiently 
cathodic polarization. Lower strength solution treated Beta C resists EAC 
in both pure NaCI and acidic sulfur-species-bearing chloride solutions, 
where fracture is by transgranular microvoid formation. These results are 
consistent ,/ith findings fc_r STA Beta 21S a:.d are qualitatively understood 
based on hydrogen environment embrittlement. EAC propagation in STA 
Beta C exhibits slow-rapid oscillation under rising crack mouth opening 
displacement but not during constant rate loading. This result implies that 
stress intensity factor and crack tip strain rate interactively govern da/dt. 

INTRODUCTION 

High-performance applications of ß titanium alloys in aggressive 
stress-chemical environments (e.g., geothermal brine and deep sour gas 
well tubulars, offshore production elements, marine fasteners, biomedical 
devices, and aerospace components111) require definition of the windows of 
variables that promote the aqueous environment-assisted cracking (EAC) 
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susceptibility of these alloys. While such investigations are extensive for Q 

and a/ß titanium alloys,12'51 insufficient data exist to predict EAC for body- 
centered cubic ß-based alloys. For titanium alloys, the challenge is 
complicated because EAC susceptibility is a function of test method; 
particularly, smooth versus cracked specimens.'31 

The objective of this research is to characterize the ambient 
temperature, aqueous chloride EAC behavior of a modern ß titanium alloy, 
Ti-3AI-8V-6Cr-4Zr-4Mo (Beta C), as a function of microstructure and/or yield 
strength, electrode potential, and solution composition for a single active 
loading rate. Precracked specimens and a fracture mechanics approach 
are employed. EAC susceptibility is characterized by the threshold for the 
onset of crack growth (KTO), subcritical crack growth rate (da/dt), and the 
fracture mode in the aqueous environment versus the behavior in air. |n 

addition to determining windows of variables for EAC susceptibility, these 
data are necessary input for damage-tolerant life prediction and fundamental 
studies of the crack tip damage mechanisms that govern EAC. 

LITERATURE BACKGROUND 

EAC of titanium alloys in aqueous halogen-bearing electrolytes is 
affected by several critical variables; including loading rate (crack tip strain 
rate), electrode potential, alloy composition, microstructure, and yield 
strength. 

Titanium alloys, including a/ß Ti-6AI-6V-2Sn, exhibit a minimum in K^ 
for intermediate loading rates.161 Similar results were reported for the 
solution treated (ST) ß alloy Ti-13V-11Cr-3AI (VCA 120),131 solution treated 
+ aged (STA) ß/a Ti-11.5Mo-6Zr-4.5Sn (Beta III),'7' and modern STA ß/a Ti- 
15Mo-3Nb-3AI (Beta21S).[81 STA ß/a Beta 21S and a specific age-condition 
of ß/a Beta III were immune to EAC under static load but susceptible under 
constant displaceme -t rate deformation.17,31 This complex loading rate 
depenc' - nee of EAC is unique to titanium alloys; however, some titanium 
alloys, including an alternate age-condition of ß/a Beta III, are susceptible 
to EAC under static load.17'91 

The threshold for EAC of titanium alloys in halogenated electrolytes 
is generally a minimum at electrode potentials near -500 mVSCE. This 
behavior was reported for a/ß Ti-8AI-1Mo-1V and for the ß or ß/a alloys Ti- 
8Mn, Beta III (STA) VCA 120 (ST), and Beta 21S (STA).12581 Immunity to 
EAC was achieved at cathodic potentials greater than -1000 mVSCE. 

The chloride EAC susceptibility of titanium alloys depends on alloy 
composition, microstructure, and/or yield strength (CTYS). ST ß VCA 120 
exhibits EAC under static loading,m  while the ST ß alloys Beta III and Ti- 
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8Mo-8V-3AI-2Fe are immune. These latter two alloys become EAC- 
susceptible upon aging to precipitate the a phase.[3) STA ß/a Beta III is 
susceptible to EAC under static loading for the aging condition 480°C/100 
hr (aYS = 1000 MPa), but not for 620°C/16 hr (ays = 800 MPa).m EAC was 
produced in STA ß/a Beta 21S under rising displacement but not in STA 
ß/a Ti-15V-3Cr-3AI-3Sn (Ti-15-3) for similar aYS (1300 MPa).|al The depen- 
dence of the EAC threshold on aYS for ß and ß/a titanium alloys is not clear; 
however, limited data suggest a trend similar to that for high-strength 
steels.13'5,11-121 

Sulfide additions to chloride solutions exacerbate EAC of ferritic and 
martensitic steels, particularly for lower strength levels.t111 SulMe-EAC of ß 
and ß/a titanium alloys has not been investigated broadly.'131 

Considering Beta C, several studies show that this alloy is immune 
to chloride EAC, for the ST and STA conditions."3-181 While smooth, notched 
and precracked specimens were employed, it is possible that these 
experiments did not sufficiently probe the intersections of the variables that 
cause EAC in titanium alloys. 

EXPERIMENTAL PROCEDURES 
Material 

Beta C, of composition Ti-3.4AI-8.3V-5.9Cr-4.4Zr-4.1Mo (wt.%; with 
trace amounts of Nb, Fe, C, N and O as reported by the manufacturer, RMI 
Titanium Company) was studied. This material was provided as hot-rolled 
4.1-cm diameter round bar that was solution treated above the ß transus at 
815°C for 1 hour followed by air cooling. EAC specimens were tested in the 
ST and STA conditions. The aging treatment consisted of heating ST 
blanks at 500°C for 24 hours followed by air cooling. This treatment 
Precipitated o as 1 to 5 ^m long platelets within 120 /zm grains and 
^frequently in a colony structure at ß grain boundaries. Transmission 
electron microscopy was not conducted; particularly, the occurrence of a 
submicron a film on ß grain boundaries was not determined. Rockwell C 
hardnesses were Rc 28 and Rc 41 for the ST and STA conditions, respec- 
«vely, which correspond to yield strengths of 830 and 1280 MPa from a 
hardness-aYS correlation given for two ß titanium alloys.[8! 

Environment 

6.       Experiments wer? conducted at 25°C in either moist air or neutral (pH 
I 0-6M (3.5 wt.%) aqueous NaCI at free corrosion or fixed electrode 

Potentials of -150,  -600,  and  -1000  mVSCE.     Experiments were  also 
l   "duf:ted In the acidified sulfur-species-bearing solutions indicated in Table 

A Plexiglass cell was secured to the specimen in order to flow solution 
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at 25 ml/min from a two-liter reservoir through the machined notch tip and 
fatigue precrack. A schematic of the cell is shown in Fig. 1. Dissimilar 
metals did not contact the specimen and all tubing was PTFE. The 
grounded specimen (working electrode) was maintained at a constant 
potential by a Wenking potentiostat in conjunction with a chlondized silver 
wire reference electrode and a platinized niobium counter electrode. The 
reference electrode for polarization was located on one side of the 
specimen, near the notch (Fig. 1). A second reference electrode indicated 
that the potential of the opposite face was 0 to 200 mV more noble than the 
polarized side, depending on the magnitude of the current. 

Table I.   Sulfur-Species Additions to the Aqueous NaCI Environment 

Solution Salt Acid / pH Sulfur 
Compound 

Sulfur 
Species 

Sulfide + 
acetic 

0.6 M NaCI 1.5M acetic, 0.1 M 
acetate / pH 3.3 

10 ppm S 
as Na2S 

CH3COSH 

(?) 

Sulfide + 
hydrochloric 

0.6 M NaCI 0.1 M HCI 
pH 1.3 

4 ppm S 
as Na2S 

H2S 

Thiosulfate + 
acetic 

0.9 M NaCI 0.15 M acetic 
pH2.6 

60 ppm S as 
Na2S203 

S203' - S 
- H2S(?) 

EAC-Fracture Mechanics 
Sidegrooved compact tension (CT) specimens were machined with 

the longitudinal axis of the round bar perpendicular to the crack plane and 
crack growth in the radial direction. CT specimen gross thickness was 6.3 
mm, net sickness was 5.1 mm, and width w?~ 30.5 mm. Specimens were 
fatigue precooked in room temperature moist air, terminating ;th a K^of 
25 MPavm, R of 0.4 (R = UU. and a crack length-to-width ratio (a/W) 
of approximately 0.52. 

Precracked specimens were loaded under monotonically rising crack 
mouth opening displacement (CMOD) at a constant rate (<SM) of 1.8 ^m/min 
using a servohydraulic mechanical test system. CT specimens were 
instrumented to measure applied load, CMOD and crack extension. CMOD 
was measured and controlled using a clip gauge mounted across the 
mouth of the machined notch, as shown in Fig. 1. The direct current 
potential difference (DCPD) method was used to resolve crack tip process 
zone damage initiation and subsequent crack growth. The expression used 
to calculate a/W from measured voltage, and other details of the technique, 
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Load 

dcpd 
potential 

CMOD 

out 

Figure 1. Cell and CT specimen for rising CMOD EAC 
experiments, ("dcpd" indicates the measurement probes 
for electrical potential difference due to a direct current, I, 
through the uncracked portion of the specimen.) 

are given in References Solution! 
8, 19 and 22.    Applied 
load, DCPD, CMOD and 
time were recorded using 
a    PC-based    data 
acquisition system. 

The fracture 
mechanics were 
characterized using the 
elastic-plastic J-integral, 
as detailed cisewhere.'191 

For STA specimens Jplastlc 

was small compared to 
the applied total J; thus 
small-scale yielding was 
maintained and elastic K 
analysis was sufficient. 
All experiments satisfied 
the criterion for plane 
strain defined in an ASTM Standard.1201 

The plot of load and DCPD versus CMOD in Fig. 2 is typical of the 
experiments with high-strength STA specimens in NaCI. Two measures of 
the threshold K for the initiation of crack growth were determined. A lower- 
bound value is defined by 
the first deviation from the 40 

initial baseline DCPD 
versus CMOD trend when 
coincident with the onset 
of nonlinearity in the load 
versus CMOD plot.18'19' For 
loading in moist air, this 
value (H;C1) is a lower 
bound of the standardized 
Piane strain fracture 
initiation toughness (K,c),

[191 

and in aggressive 
environments this value 
(KTH) represents a lower 
bound of the threshold 
(KTH) for subcritical crack 
growth initiation.1211   KTH is 
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Figure 2. Load and DCPD versus CMOD data for STA 
Beta C in 3.5% NaCI. (Note the definition of threshold 
stress intensity (KTH) and initiation threshold stress 
intensity (KTHl).) 
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defined at the first major load drop. At Km„ the crack growth increment (Aa) 
is assumed to equal zero; subsequent crack lengths are calculated using 
DCPD values normalized with the potential at the known fatigue precrack 
length.119'221 Average subcritical crack growth rate (da/dt) was calculated 
using linear regression over a small time interval. 

A single critical J for the initiation of crack growth was calculated for 
each ST experiment since DCPD versus CMOD data did not indicate crack 
initiation. The initiation point was determined from DCPD measurements 
with the measured final crack length as a reference, then selecting the P- 
CMOD data point corresponding to the measured fatigue precrack length. 

I Beta C (SHT) 
= 850 MPa 
= 1.8 nm/min 

RESULTS 
ST Beta C in Air and Chloride 

Static Crack / Threshold Behavior Results for ST Beta C tested 
in moist air and four different aqueous environments, each at the free 
corrosion potential, are shown in Fig. 3. These experiments establish that 
Beta C in the moderate strength, single phase condition is not embrittled by 
severe mechanical and environmental conditions. The CMOD rate used for 
these experiments produced maximum EAC susceptibility (minimum KJfor 
STA ß/a Beta 21S in aqueous NaCI near free corrosion.w The moist air 
fracture toughness (K,c) of ST Beta C is 115 MPavm, which compares 
favorably with a reported value of 96 MPavm.1231 The higher value may 
reflect the use of elastic-plastic fracture mechanics for small specimens of 
a moderate strength-high 
toughness alloy, compared to 
the less rigorous elastic analysis 
employed in Ref. 23. Km (114 
MPavm) in neutral NaCI (Ecorr = 
-200 to  -150  . .VscE)  was  not 
reduced compared to K,c. 

The addition of sulfur 
species to NaCI solutions, 
particularly those that form 
hydrogen sulfide (H2S), 
exacerbates EAC in steel.t24'27' 
In contrast Fig. 3 shows that K™ 
(113 to 120 MPavm) for ST 
Beta C in three different sulfur- 
species-containing aqueous 
media (Ecorr - -250 mV£rE) is not 
reduced compared to either Kic 

Figure 3. K,c and KTH data for ST Beta C. Kic is 
for moist air, compared to the value from Ref. 23, 
while KTH data are for the NaCI/sulfur-species 
solutions listed in Table I. 

(a 
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or K for pure NaCI. In the Na2S/acetic acid solution, Na2S reacts to form 
thio^etic acid;1-' H2S gas was not detected by smell. (Crack growth was 
not detected at the point where this experiment was terminated due to eel 
leakage. KTH therefore exceeded the K value calculated at the test-interrupt 
load.) H2S formed in the Na2S/HCI acid solution.-1 The sodium 
thiosulfate/acetic acid solution forms elemental sulfur and H2S in the 
presence of steel.1261 ,cc.^ 

Figure  4   shows  typical   scanning   electron   microscope   (SEM) 
fractographs of the K]C or KTH regions of CT specimens of ST Beta C 
fractured in moist air or acidified NaCI/Na2S. The fracture mode is identical 
for moist air and all aqueous environments in Table I,  and consists 
predominately of fine (of order 2 ^m) transgranular microvoids. 

m,ss^»wsw^s| 

\<mw 

K'wiSR 

W'mMMMiMMm® 

Fiaure 4   SEM fractographs for ST Beta C in (a) moist air and (b) acidic NaCI/Na2S 
The crack grew from top to bottom, and the fractographs are located in the central crack 

initiation region. 

Equal KIC and KTH, as well as identical fracture modes in moist air and 
the solutions, indicates that ST Beta C is immune to EAC, at least for the 
loading rate and electrode potential conditions that were examined. 

STA Beta C in Air and Chloride 
Statin Crack/Threshold Behavior Results for high-strength STA Beta 

C, tested in moist air and neutral aqueous NaCI at -600 mVSCE and f>xecUMI 

are shown in Fig. 5. Filled circles represent the results o individual 
experiments, while averages are given by the bars. K1C is 50% lower (56 
MPavm) than for the ST condition, consistent with the substantially higher 
strength from aging. KTH for chloride (35 MPavm) is reduced by about one- 
third compared to K«. Data for STA Beta 21S and STA Ti-15-3/8 obtained 
with single-edge-cracked specimens fractured in air and neutral aqueous 
NaCI at -600 mVSCE by the same procedure as Beta C, are included in Hg. 
5. The plane strain fracture toughness of STA Beta C is lower than that o 
the other two high-strength alloys. Similar to the behavior of Beta o, KTH Tor 
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Beta 21S is reduced compared      10° 
to K,c. In contrast Km equals KIC 

for Ti-15-3. 80h 

Figure 6 shows SEM 
fractographs from CT 
specimens of STA Beta C 
tested in moist air and aqueous 
NaCI. Fracture in air occurs 
predominately via transgranular 
microvoid coalescence. Both 
small (of order 2 to 5 /xm) 
equiaxed and larger elongated 
microvoids are observed. 
Some facets are also present 
and may consist of fine (of 
order     1     jum)     microvoids. 
Fracture occurs by intergranular separation in the chloride environment. No 
transition region is evident between the fatigue crack front and EAC 
intergranular facets. Fine void-like features are present on grain facets. 
The moist air fracture modes for STA Beta 21S and STA Ti-15-318'28' 
resemble that for Beta C in air. The air fracture mode was not altered for 
Ti-15-3 tested in aqueous NaCI, whereas Beta 21S failed by intergranular 
separation.18' 

BetaC(STA)        Beta 21S (STA)       Ti-15-3 (STA) 

Figure 5. Rising CMOD KIC and KTH data for Beta 
C, Beta 21S[8], and Ti-15-3181 (all STA) in air and 
aqueous NaCI. The bars are average values and 
filled circles represent individual results. 

dC-M^M% 

Figure 6.   SEM fractographs for STA Beta C in (a) moist air and (b) 3.5% NaCI.   The 
crack grew from top to bottom. 

KTH less than KIC, as well as the change in fracture mode from 
transgranular microvoid rupture to grain boundary separation, indicates that 
STA Beta C is susceptible to EAC in neutral aqjeous NaCI at electrode 
potentials near -600 mVSCE and under rising CMOD. 

Figure 7 shows the effect of maintaining a CT specimen of Beta C at 
constant CMOD in aqueous NaCI after interrupting  the rising CMOD at a 
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K level (47 MPavm) greater than 
Km. (For this experiment, the 
rising CMOD was interrupted 
during decreasing load and 
rapid subcritical crack 
propagation.) Crack 
propagation continued for less 
than one minute after CMOD 
was fixed. At this point, DCPD 
data indicate no crack growth, 
or at most a limiting da/dt of 
0.0C1 nm/s over 90 hours. 
Crack growth-induced compli- 
ance changes were not detect- 
ed (dP/dt was essentially zero 
over this time period), suggest- 
ing that da/dt was zero. 

28 

27 

26 
? 
£ 25 

24 

23 

22 

21 

20 

Beta C (STA) 
3.5% NaCI, -150mV„ 

5M = 1.8 nm/min 

hold at K = 47 MPam 

K^OOMPafffl 

0 * dt * °'001 vml' 
(dP/dt« 0) 

20 40 60 80 100 

Time (h) 

Figure 7. Crack length versus time for an 
experiment with STA Beta C in NaCI which was 
interrupted and maintained at constant CMOD 
(5J for a K level above K^. 

Potentiostatic Polarization The severity of EAC for STA Beta C in 
pure NaCI depends on applied electrode potential, as shown in Fig. 8. Both 
K™ and Km are compared to Km data for Beta 21S.[8'281 EAC is observed 
(K™ and Km are less than K1CII coupled with intergranular cracking) for 
applied potentials between -150 and -600 mV^, and threshold is a 
minimum for a potential of -600 mV^. At a potential of -1000 mVM, STA 
Beta C is immune to EAC (Kmi equals r^cl and fracture is by microvoid 
rupture for chloride and moist air). The effect of potential is similar for STA 
Beta 21S. 

Subcritical Crack Propagation Two distinct subcritical crack 
propagation rate responses were observed for STA Beta C in NaCI. Figure 
9 shows results for an experiment at -150 mVSCE. Subcritical crack 
propagation was slow (on the order of 0.1 /zm/s) for rising K levels just 
above K™ (30 MPavm). At K equal to KTH (41 MPavm), the da/dt 
accelerated by two orders of magnitude under decreasing K from 41 to 35 
MPavm (applied K values are indicated at several points in Fig. 9). After 
a crack growth increment of 2 mm, da/dt decreased abruptly to near the 
initial rate.     This slow-fast sequence was repeated several times as the 
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chloride crack propagated sub-critically in several EAC experiments.1 

In contrast to the 
behavior in Fig. 9, alternating 
slow-fast da/dt was not 
observed for EAC experiments 
with STA Beta C/NaCI under 
rising load control. Figure 10 
shows that rapid crack 
propagation is not arrested and 
continues until specimen 
fracture. The fast crack growth 
rates indicated in Figs. 9 and 10 
are consistent with limit "i 
values reported for other ß- 
titanium alloys.[3'5'7'28' It is difficult 
to quantify the slower EAC rates 
in Fig. 10, at K just above KTHi. 
This behavior appears akin to 
the so-called Stage IIA behavior 
reported for a/ß titanium alloys 
in aqueous chloride.1291 

DISCUSSION 

Comparison    to    Literature 
Results for EAC of Beta C 

Literature results indicate 
that Beta C is immune to 
aqueous chloride ~.AG.;'"'18' 
Aylor stu-ied ST Beta C (aYS = 
850 MPa) with blunt-notched 
tensile specimens under rising 
displacement in aqueous NaCI 
at free corrosion and applied 
electrode potentials between 

Beta C (STA) Beta 21S (STA) 

Figure 8. KTH and Kmi as a function of applied 
electrode potential for STA Beta C and STA Beta 
21SI81 in aqueous chloride solution. Moist air Kc 

is also shown. 

3500 5400 

Time (s) 

9000 

Figure 9. Crack length versus time for STA Beta 
C in 3.5% NaCI at -150 mVSCE and constant a,, 
Average crack growth rates at various K leveis 
(underlined) are shown. 

'The point marked "Hold" in Fig. 9 shows the onset of the fixed CMOD experiment 
shown in Fig. 7, which did not produce EAC propagation in Beta C/NaCI. Here, CM0C 
was fixed during a rapid da/dt event under decreasing K. A similar result (viz., nc 
subcritical EAC propagation for 50 hours at constant CMOD and applied K greater than K..; 
was observed for an experiment interrupted during slow da/dt and rising K. 
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-850 and -1250 mVSCE.1141 These 
conditions did not produce EAC 
in Beta C. This procedure 
indicated that a/ß Ti-6AI-4V (Ti- 
6-4) at this same yield strength 
is chloride-cracking resistant/141 

but such is not the case.19,301 

Azkarate and Pelayo tested 
smooth tensile specimens of 
STA Beta C (crYS = 1250 MPa) 
under rU. ,g displacement in 
neutral NaCI at free corros.on, 
-1000 and-1500 mVSCE.1161 STA 
Beta C was immune to EAC for 
the conditions examined, but Ti- 

21 

20 

19 

18 

17 

16 

15 

Beta C (STA) 

3.5% NaCI, -150 mV„ 

' P = 1 N/min 

80-100 iimls 5»     o 

O 

O 

0.0       0.5       1.0 1.5 2.0       2.5 

Time (h) 

3.5      4.0 

Figure 10. Crack length versus time for a 
constant loading rate of 1 N/min. (STA Beta C in 
3.5% NaCI at -150 mVSCE, Km = 44 MPav/m, da/dt 
= 80 to 100 nm/s.) 

6-4 (aYS = 1000 MPa) exhibited 
EAC at -1500 mVSCE.   Wolfe et. 
a/, reported that smooth tensile 
specimens of STA Beta C (aYS = 1100 MPa) were immune to EAC in 
seawater with cathodic protection."5'    Comparison of these results to the 
data in Figs. 5 and 6 attests to the importance of an occluded crack to 
promote EAC. 

Limited studies with statically loaded precracked specimens showed 
that STA Beta C is immune to EAC. Thomas and Seagle did not produce 
brittle cracking in precracked C-rings in NaCI at several electrode 
potentials.1131 (EAC was produced by this method when H2S was added to 
the environment and specimens were polarized cathodically.) Early studies 
with statically loaded precracked cantilever beam specimens of Beta C in 
aqueous chloride demonstrated similar immunity to EAC, however, low 
plane strain fracture toughness clouded the results.[17'181 Comparison of 
these findings to the data in Figs. 5, 6 and 7 attests to the importance of 
active loading to promote EAC of Beta C. 

The experimental results for intergranular EAC of STA Beta C, 
showing the deleterious effects of the fa*igue crack plus active loading and 
electrode potentials near free corrosion levels, are identical to data obtained 
forSTABeta21S.(828! 

Comparison of EAC in ß Titanium Alloys and Feiritic Steels 
Figure 11 summarizes KTH and KIC versus <JYS results for Beta C in 

chloride solutions, compared to data for STA Beta 21S and STA Ti-15-3/81 

and superimposed with EAC KTH for ferritic and martensitic steels in a variety 
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of hydrogen-producing gases and electrolytes.'1112 The large shaded band 
shows the range of K™ results, with upper (UB) and lower (LB) bounds on 
extensive threshold data for many steels in neutral chloride at free 
corrosion 0"he open diamond shows a single Km result for moderate 
strength HY130 steel in NaCI, obtained with a single-edge-crack specimen 
and the fracture mechanics method used in the current study.) 

For steels it is well established that K™ for hydrogen environment 
embrittlement decreases with increasing o„.l"»] For the ß-titan.um alloys, 
plane strain fracture toughness decreases with increasing aYS (small filled 
circles), with a single trend observed for Beta C and Ti-15-3 and a higher 
strength-toughness trend seen for Beta 21S. Km values for STA Ti-15-3 
(large open circles) and ST Beta C (large filled circles at aYS of 850 MPa) in 
NaCI essentially equal the ^c-aYS trend line, indicating immunity to EAC. The 
results for ST Beta C (large filled circles) and STA Beta C (open squares) 
suggest a strength effect on Km that is similar to the trend for steels in 
neutral chloride. Alloy microstructure may play a critical role in determining 
the EAC resistance of ß-titanium alloys. The relative contributions cf 
microstructure and yield strength in governing the EAC resistance of ST 
Beta C and the sus- 
ceptibility of STA Beta ~ 
C are not defined. "5 " 

Intergranular EAC 
and Microstructure 
of ß-Titanium Alloys 

An analysis of 
STA Beta 21 Sand Ti- 
15-3 correlated inter- 
granular chloride EAC 
with microstructure, 
particularly a colonies 
precipitated at ß grain 
boundaries and/or 
intense slip 
localization.1823321 

C ana 

Yield Strength (MPa) 

Figure 11. K^ versus oYS for steels1111 and selected ß-Ti alloys 
in chloride and other hydrogen-producing environments 
including sulfur-species additions. 

'Hydrogen-producing environments are capable of generating atomic hydrogen en 
strain-cleaned crack tip surfaces by cathodic proton or water reduction for aqueous 
electrolytes by dissociative chemical adsorption for H2, or by chemical reaction for H2b or 
H20 gases. This hydrogen is available to embrittle metal within the crack tip process 

zone.1 



EAC-prone Beta 21S exhibited both microstructural features, but EAC- 
resistant Ti-15-3 did not. Both microstructural features, as well as EAC and 
internal hydrogen embrittlement, appear to be promoted by Prolonged 
solution treatment (in excess of 1 hour) at high temperature (above 950 C . 

Beta C  solution treated in the EAC-resistant regime of relatively 
shorter time and lower temperature, exhibited an a-precipitate distribution 
and slip morphology between that of Beta 21S and Ti-15-3.   While STA 
microstructures are complex, heat treatment experiments indicated that 
qrain boundary a-colonies are less frequent in STA Beta C,1   compared to 
both the microstructure of STA Beta 21S18' and the amount of intt, granular 
EAC shown i Fig. 6. These preliminary microstructural ■ jsulti, and the low 
solution treatment time and temperature, are inconsistent with a correlation 
between large a-colonies at ß grain boundaries and intergranular EAC in 
Beta C   Work is in progress to better address this issue. 

Considering slip morphology, compression experiments showed that 
plastic deformation in ST Beta C is qualitatively homogeneous, with some 
grains deforming by locally intense slip bands.133' Upon aging to the STA 
condition, slip band spacing decreases, and bands appear more planar and 
likely to cross entire grains. Similar locally planar deformation modes are 
observed for STA Beta C and Beta 21S, compared to homogeneous 
deformation in STA Ti-15-3.18'32-35' This comparison suggests that slip 
localization plays a role in the intergranular chloride EAC of ST and STA ß 
titanium alloys, however, additional research is required. 

The present results for Beta C show that high solution treatment 
temperature and/or prolonged time are not the sole requisite for 
intergranular EAC in ß titanium alloys. Interactions between yield strength 
and microstructure, or additional microstructural effects such as grain 
boundary impurity segregation,136' must be considered. 

Sulfur-Species Additions 
Figure 11 shows that acidified chloride/H2S solution at 25 C severely 

decreases the threshold for EAC of ferritic steels from that of aqueous 
chloride alone. Also shown in Fig. 11 are the data for ST Beta C in neutral 
NaCI and the acidified chloride/sulfur compound solutions summarized in 
Table I (large filled circle symbols plotted from Fig. 3). Notably for Beta C, 
KTH did not decrease for any of the sulfur-bearing solutions, even acidified 
(pH 1.3) NaCI with Na2S which formed H2S. This sulfide-EAC resistance of 
ST Beta C is striking. For steels at a similar yield strength, acidified chloride 
and H2S decrease Km to values as low as 15 MPavm. Km for ST Beta C 
in the various sulfur-species-bearing electrolytes is about 5-fold higher than 
this lower limit and equals K,c. 
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The sulfide EAC resistance of ST Beta C may be reduced by long 
term exposure that allows bulk specimen hydrogen uptake from boldly 
exposed surfaces. The short term-rising displacement experiments 
employed to obtain the data in Fig. 3 involved 24 hour exposures to the 
solution and were designed to emphasize crack dissolution and hydrogen 
production. Given a typical hydrogen diffusivity (DH) in single phase ß 
titanium alloys of 4 x 10'7 cnf/sec or faster/321 about 12 hours are required 
for substantial hydrogen penetration from the root of the side-groove to the 
center line of the CT specimen, parallel to the crack front. If DH is slower for 
ST Beta C or if reactions involving sulfide are relatively slow-building then 
longer exposure times could result in lower Km based on a hydrogen 
embrittlement scenario.111,13,28' This issue must be investigated for cases 
where ST ß-titanium alloys encounter sulfide in an electrolyte, for example, 
as produced by sulfate-reducing bacteria in marine environments.1371 

Potentiostatic Po'arizatic i and K™ for EAC 
The threshold for chloride EAC in STA Beta C depends on applied 

electrode potential. This alloy was immune to EAC under cathodic 
polarization to -1000 mV^, showed a minimum resistance (K^) at -60C 
mVgcE, and was somewhat less cracking-prone with increasing potential a: 
-150 mVscE (Fig. 8). The beneficial effect of cathodic polarization was 
reported by others for a/ß and ß/a titanium alloys in halogenated 
electrolytes.[2'5,3al In particular Young et. a/.[8' reported that the neutrai 
chloride Km for STA Beta 21S increased to equal K,c when the specimen 
was polarized cathodically to -1000 mV^, Fig. 8. Similar low Kw values 
were observed at -600 and -150 mVSCE, without evidence of a minimum EAC 
resistance. A speculative hydrogen environment embrittlement mechanism, 
focusing on atomic hydrogen production and uptake at the . Deluded and 
strain-t~-ed crack tip, was proposed to explain the electrode ,-otential 
dependence shown in Fig. 8.l8] 

The chloride EAC resistance of STA Beta C, under cathodic 
polarization, may be reduced by long term exposures that allow bulk 
specimen hydrogen uptake from boldly exposed specimen surfaces. That 
is, hydrogen may be produced on such surfaces, even if crack tip 
production and uptake are minimized by cathodic polarization.[39! 

Implications of Slow-Papid EAC Growth Rates 
Alternating slow-rapid subcritical crack propagation could be 

explained mechanistically; hydrogen from cathodic reaction diffuses aheac 
of the crack tip, embrittles the process zone, and the crack rapidly 
propagates until arrest by surrounding non-embrittled material.l2al For STA 

/y 
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Beta C in NaCI, rapid EAC propagation occurs over distances that are 
much larger than the crack tip process or plastic zone (Fig. 9), transitions 
in the fracture surface morphology are not observed by SEM, and oscillating 
crack growth kinetics are not evident under rising load control. Thus, the 
slow-rapid da/dt phenomenon is not ascribed to time-dependent hydrogen 
diffusion. 

Meyn and Pao observed oscillating subcritical crack growth kinetics 
for a/ßTi-6-4 and perhaps ß/a STATi-15-3 in neutral aqueous NaCI during 
slow constant extension rate experiments.1401 At higher extension rates, 
continuous Stage II EAC occurred. It was proposed that a critical crack tip 
strain rate was necessary to maintain conditions conducive to Stage II crack 
growth. Webb and Meyn ncently developed a c-ack driving force vs 
resistance model of oscillating EAC da/dt, based on assumed da/dt vs 
strain energy release rate (G) dependencies, and including test system 
compliance.1411 While they do not provide a mechanistic explanation for the 
form of da/dt vs G necessary to produce slow-rapid da/dt during rising 
displacement loading, they suggest that titanium alloy/environment systems 
exhibiting Stage IIA-Stage II subcritical crack growth kinetics are unique 
candidates for oscillations. Oscillating crack growth kinetics are expected 
to yield a sawtooth K-Aa curve, where the minimum and maximum K levels 
are constant. Measured minimum and maximum K levels for STA Beta 
C/NaCI in Fig. 9 are not constant. 

Classically, subcritical EAC da/dt is measured and modeled based 
on either K-control or crack tip strain rate (eCT)-control.111,421 Rather, for 
titanium alloys in chloride, we propose that da/dt depends interactively on 
both K and £CT, with steep near-threshold regimes for both variables. This 
hypothesis is based on the notion that K governs the crack tip process 
zone, relevant to hydrogen embrittlement, while eCT governs the extent of 
crack surface electrochemical reactions, pertinent to hydrogen production, 
or process zone dislocation transport. The slow-rapid crack growth 
behavior shown in Fig. 9 is then controlled by specimen compliance-based 
changes in K and eCT for the experiments conducted in rising-CMOD 
control. Note that da/dt is not a unique function of K for STA Beta C. For 
example, both slow and rapid da/dt are observed at a K level of 40 MPavm. 

Determination of the three-dimensional relationship between da/dt, 
K and eCT is complicated by uncertainties in the calculation of crack tip 
strain rate. For a propagating crack, this quantity depends on K, dK/dt and 
da/dt, however, the precise function is clouded by uncertain parameters in 
the continuum mechanics formulation,!43'44] and by the role of localized 
dislocation processes. None-the-less, a continuum estimate of the crack tip 
opening displacement rate ($T),t43,441 which may be proportional to eCT, shows 
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♦hat x  at the onset of rapid crack propagation is at least an order of 
that i  at the onset or    p        oinfwhere rapid da/dt begins to arrest. 
Tmhife t\ eSn Setttda *°rnust be controlled by the interact»,;0) 

^dt.  HXP—-nd a= analyse«» ^£~ * 

alloys in environments that form a passive film at the crack tip. 

CONCLUSIONS 

1 The hiqh-strength ß/a titanium alloy, STA Beta C is embrittled by 
'    badina in neltil aqueous NaCI solution at 25°C, given an occluded 

SS^aS^strain^aiB and electrode potentials near free cordon. 
This behavior is analogous to that of STA Beta 21 b. 

2 STA Beta C resists crack propagation in NaCI under static load/ 
Z    Spirent  or  cathodic   polarization,   at  least  for   sh«Menn 

experiments. This behavior is analogous to that of STA Beta 21S. 

3. Moderate strength, single phase (ß) ST ™™m™™£^ 
EAC at the free corrosion potential and under short-term rising 
^placement. Sulfur-species and acid additions_tc> NaQ , 
embrittle terrific steels do not promote intergranular EAC in ST Bet0 

C. 

A     PAP in STA Beta C is intergranular; the contributions of grair 
4-    b ?ndary aAp^dpitation, locally intense planar slip and impur, 

seareaation are not aefined.   Moist air fracture of the STA und ST 
conditions as well as ST fracture in chloride-sulfur-species solutions. 
are by transgranular microvoid rupture. 

5     The rising CMOD method is effective, but requires instrumentation 
5'    Ind analysis of da/dt as a function of K and crack t,p strain rate. 

6.    Alternating slow-rapid EAC propagation rate ^'^^ 
ed to coupled K- and crack tip strain rate-control, and speame 
compliance-Luced changes in these driving ^rce parameters. 
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