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Table 1 Nominal composition and properties of titanium
alloys used in test

Specimen Nominal composition YS/MPa UTS/MPa
1# Ti-6Al1-4V 758 827
2# Ti-6A1-4V-0.1Ru 758 827
3# Ti-6Al1-2Sn-4Zr-6Mo 965 1034
4# Ti-3A1-8V-6Cr-4Zr-4Mo 896 965
S# Ti-5.5A1-4.5V-2Zr-1Mo 850 952
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Fig.1 Four point bent SCC specimens of titanium alloys used

in tests
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Fig.2 Crevice corrosion specimens of titanium alloys used

in tests
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Table 2 Test conditions of corrosion resistance evaluation
of titanium alloys

SCC Crevice corrosion

Test item —
Crevice size

0, 0.3 mm

conditions Applied stress 758 MPa

Total pressure/MPa 12 (inlet N»)

Temperature/C 160
H,S partial <12
pressure/MPa
CO;, partial 6
pressure/MPa
Test duration/h 720

CO;*/0, HCO57/189, OH™/0, C1/128000,
Composition/mg- L™ S04*/430, Ca*'/8310, Mg**/561, K'/6620,
Na'/76500
pH 2.5
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Fig.3 Pits morphologies of titanium alloy specimen surface after test: (a, b) 1# and (c) 5#
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Table 3 Calculated results of corrosion rates for samples

Average Average Sample Corrosion

Specimen mass before mass after loss/Z surface rate/
test/g test/g area/mm* mm-a’
1# 4.8751 4.8748  0.0003 1075.38 0.0008
2# 4.8448 4.8448  0.0000 1068.034 0
3# 5.2134 5.2130  0.0003 1082.73  0.0007
4# 5.4921 5.4917  0.0004 1063.70 0.0009
S# 4.9849 4.9846  0.0003 1070.72 0.0007
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Fig.4 Macromorphologies of specimen surfaces for different titanium alloys after SCC test: (a)l#, (b) 2#, (c) 3#, (d) 4#, and (e) 5#
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Fig.5 Surface morphologies of different titanium alloy specimens in 0.3 mm crevice size after crevice corrosion test:

(a) 1%, (b) 2#, (c) 3#, (d) 4#, and (e) 5#
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Fig.6 Micromorphologies of 1# (a, b) and 5# (c, d) titanium alloy specimens after crevice corrosion test: (a, ¢) 0 mm and (b, d) 0.3 mm
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Fig.7 Morphology of 1# titanium alloy specimen after crevice

corrosion test
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Table 4 EDS results of 1# titanium alloy specimen after
crevice corrosion test in Fig.7
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Fig.8 Morphology of 5# titanium alloy specimen after crevice

corrosion test
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Table 5 EDS results of 5# titanium alloy specimen after
crevice corrosion test in Fig.8

Element /% at%

(0} 53.16 73.80

Al 12.76 10.50

Ti 30.11 13.96

v 3.96 1.73
Total 100.00

Element /% at%
O 24.98 59.32
Al 1.12 1.58
Cl 0.37 0.40
Ti 45.26 35.90
\Y% 3.29 2.45
Mo 0.89 0.35

Totals 75.90
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Fig.9 OCP evolution with immersion time for different titanium
alloy samples under test service environment condition at

23 C and pH=3
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Fig.10 Potentiodynamic polarization curves for different titanium
alloy samples under test service environment conditions:

(a) pH=3 and (b) pH=1.5
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Table 6 Electrochemical parameters of different titanium alloys under test service environment conditions at pH=3

Specimen Ecor/mV Teon/x 1077 A-cm’ B./mV-dec Bc/mV~dec'1 Corrosion rate/mm-a’’
1# -359 1.058 212.29 -61.056 0.00124
2# -262 1.878 222.43 -137.67 0.00221
3# -406 2.209 228.55 -128.59 0.00259
4# -348 0.8267 221.53 -153.26 0.0009
St -399 1.838 227.57 —-130.7 0.0021
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Table 7 Electrochemical parameters of different titanium alloys under test service environment conditions at pH=1.5

Specimen Ecor/mV Teon/x107 A-cm™ B,/mV-dec™ B.J/mV-dec’ Corrosion rate/mm-a’’
1# -356 22.19 1408.8 -324.06 0.026101
24 -335 8.454 414.27 -190.15 0.01723
3# -341 9.013 422.7 -190.15 0.01060
4# -465 7.002 315.56 -218.5 0.00823
S# =312 12.05 517.36 -218.05 0.01418
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Fig.11 Nyquist diagrams (a) and Bode plots (b) of different titanium

alloys under test service environment conditions at pH=3
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120000 14 a Table 8 Electrochemical parameters attained by fitting EIS
100000 : data of different titanium alloys under test condition
at pH=3
o 80000 Specimen  R/Q-cm’ Rp/kQ~cm2 QP/XIO'5 F-cm™ n
£ 60000 1# 6.106+0.24 816.04 7.4396 0.91268
N 40000 2# 4.534+0.25 1011.3 7.1233 0.91899
3# 6.234+0.10  453.97 8.342 0.93742
20000 4 7.777£0.10  484.22 11.496 0.93383
0 . . . . . S# 3.236+0.10 587.85 8.8634 0.95304
0 10000 20000 30000 40000 50000
o %0 %9 HBTR pH-L5 FUTRRARE S BMANALR
Table 9 Electrochemical parameters attained by fitting EIS
107 IF'I“-““'.!! b: 23 data of different I:itanium alloys under t);st con%iition
10° 176 S at pH=1.5
510° ~ 172 E" Specimen R/Q-cm’ Rp/kQ-cm2 QI,/X10'4 F-cm™ n
Q 10% 168 ; 1# 2.798 255.56 1.1287 0.92969
= 103 164 é’ 2# 2.887 623.58 1.1982 0.93543
102 :22 ‘ 3# 5.13 354.61 1.0132 0.9297
10! ) ) - 4# 3.714 393.75 1.1493 0.94422
102 10" 10 10' 10° S5# 3.3 309.75 1.13 0.94551
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Fig.12 Nyquist diagrams (a) and Bode plots (b) of different

titanium alloys under test service environment conditions

at pH=1.5
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Fig.13 Equivalent electrical circuits used for impedance spectra

analysis of titanium alloy
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Anti-corrosion Properties of Titanium Alloy OCTG Used in Oil and Gas Exploration

Liu Qiang'?, Hui Songxiao', Wang Pengbo?, Ye Wenjun', Yu Yang', Song Shengyin®
(1. State Key Laboratory for Fabrication & Processing of Nonferrous Metals,
Beijing General Research Institute for Nonferrous Metals, Beijing 100088, China)
(2. State Key Laboratory for Performance and Structural Safety of Petroleum Tubular Goods and Equipment Materials,

CNPC Tubular Goods Research Institute, Xi’an 710077, China)

Abstract: Five kinds of typical titanium alloy materials (Ti-6A1-4V, Ti-6A1-4V-0.1Ru, Ti-6A1-2Sn-4Zr-6Mo, Ti-3A1-8V-6Cr-4Zr-4Mo and
Ti-5.5A1-4.5V-2Zr-1Mo) used for oil & gas exploration were investigated. The influence of different alloy composition on anti-corrosion
properties of these titanium alloys in China typical service environment were studied by high-temperature high-pressure autoclave
simulation test. The corrosion morphology and corrosion products were also analyzed and summarized by scanning electronic microscopy
(SEM) and energy dispersive spectrometer (EDS), and the corrosion resistance mechanism of different alloys was discussed by
electrochemical method. The results show that the corrosion reactions of all titanium alloy materials are anode-controlled under the test
conditions, the uniform corrosion rates of all tested titanium alloy are lower than 0.001 mm/a, and the resistance to stress corrosion
cracking (SCC) of all titanium alloys is excellent. However, Ti-6Al-4V and Ti-5.5A1-4.5V-2Zr-1Mo alloys have obvious pitting and
crevice corrosion problems. The corrosion mechanism results show that under the test conditions, the self-corrosion potential and
polarization resistance of all titanium alloys decrease and the corrosion current increases with the decrease of pH value, which illustrates
that corrosion resistance of titanium alloys is reduced, especially for Ti-6Al-4V. The research results provide a theoretical basis for
material selection and crack corrosion prevention of titanium alloy oil country tubular goods (OCTG) used in oil and gas exploration.

Key words: titanium alloys; oil country tubular goods; anti-corrosion properties; service environment; corrosion mechanism; crevice corrosion
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