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Abstract

Titanium alloys are the best candidates to replace steels for drill pipes in

horizontal wells. However, friction welding (FW) may significantly change the

properties of titanium alloy drill pipes. In this work, the microstructure, tensile

and impact mechanical properties, and corrosion fatigue performance of the

FW zone were compared with those of the base alloy. The results show that

the base material is mainly composed of equiaxed globular α (hcp)-Ti, while

the acicular α + β (bcc)-Ti is dominant in the FW zone. Due to these differ-

ences in microstructure, the FW zone has higher strength but lower stiffness

and toughness than the base alloy. In addition, the fatigue performance and

corrosion resistance of the material decrease in drilling fluid. These results

indicate that FW zones in titanium alloy drill pipes might be the weakest

region where crack, fracture, and corrosion are more likely to occur.
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1 | INTRODUCTION

With rapid energy consumption, the supply of conven-
tional onshore oil and gas resources cannot meet the fast
growth of energy demand.1 Therefore, the exploitation
and production activities of unconventional resources
have drawn increasing attention from the oil and gas
industry.2,3 Horizontal well is one of the advanced oil
and gas exploitation technologies, which has been widely
used in both thin and fractured reservoirs since it can
increase output and save costs.4 However, the current
required horizontal section length has sharply
increased,5,6 and the required dogleg severity in build-up
sections has also increased significantly.7 In this

environment, a steel drill pipe with high stiffness has to
bend itself in order to fit the borehole trajectory and
endure high alternating stress during the rotary drilling,
which could lead to corrosion fatigue fracture within a
short period. Therefore, in order to ensure drilling
operation safety, lightweight metallic materials such as
titanium alloys have shown great potential since they can
effectively reduce friction and lower tensile stress level.8,9

Meanwhile, titanium alloy has a higher strength and
better corrosion resistance compared with steel carbon of
the same grade.10,11

Friction welding (FW) technology has been widely
used in manufacture of carbon steel drill pipes.12–14

Recently, it has also been applied in the manufacture of
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titanium drill pipes.15,16 However, under the harsh
drilling environment, FW of titanium drill pipes might
pose a potential risk because its microstructure and
mechanical properties may change during the FW
process.17,18 Dalgaard et al.19 and Ji et al.20 reported that
in friction-welded pure β-Ti and α + β-Ti alloy the micro-
structures of the welded samples were different from
those of the base materials. Wang et al.21 and Sagar22

carried out tensile and impact tests on FW samples of dif-
ferent titanium alloys and found that a change in propor-
tion of α-Ti and β-Ti could affect the tensile strength and
impact energy. Durand et al.23,24 investigated the micro-
structure evolution, including grain shape and size, in
FW samples of α-Ti alloy and found that all grains
consisted of α-Ti even after heat treatment.

The properties of dissimilar joints have also been
investigated. Boyat et al.25 compared the effect of temper-
ature on grain morphology of FW of TC17 to TC14 and
TC17 to TC11 (designations of the titanium alloys per
GB/T 3620.1-2016.26 They reported that both the temper-
ature and chemical composition of the base materials
could affect the proportion of β-Ti in the FW material.
Zhao et al.27,28 reported that when the strain rate was
increased, the tensile strength of linear FW (Linear FW
process: two weldments are in contact with each other
under a certain contact force. Friction heat is generated
by the linear reciprocating motion of the contact surfaces
of two weldments with a certain frequency and ampli-
tude, eventually resulting in complete welding after the
weldments are fused29) of TC11 to TC17 decreased. Wen
et al.30 and Dong et al.31 observed the effect of fatigue
loading frequency on grain migration in liner FW of
TC4/TC11 and TC11/TC17 in air and found that the
fatigue life of FW decreased with the decrease of loading
frequency.

Previous work thus clearly shows that many factors,
including the welding process and the mechanical
environment, could cause significant changes in micro-
structure and mechanical properties of friction-welded
titanium alloys. With increasing length in horizontal
section and dogleg severity in build-up sections in hori-
zontal wells, drill pipes encounter great operation chal-
lenges, where complex corrosive media exist, with regard
to their strength, fatigue life, and corrosion resis-
tance.32,33 Moreover, FW could change the microstruc-
ture of the titanium alloy and hence affect the
mechanical properties and corrosion resistance. There-
fore, it is necessary to investigate the effect of FW on the
mechanical properties and corrosion resistance of
titanium alloys before their use.

In this work, we investigated the tensile strength,
modulus of elasticity, impact energy, fatigue behavior
(namely, fatigue life curve and fatigue limit), and

corrosion resistance of both the FW zone and base alloy.
Scanning electron microscopy (SEM), X-ray diffraction
(XRD), and electron backscatter diffraction (EBSD) were
employed to examine the changes in microstructure due
to FW.

2 | EXPERIMENTAL

2.1 | Materials and specimen
preparation

The material used in this work was titanium alloy drill
pipe. A HCS 140 high frequency infrared ray carbon sul-
fur analyzer (Shanghai Dekai Instruments Co., Shanghai,
China) is used to measure its chemical composition: (wt.
%) Al, 5.49; Cr, 1.22; Mo, 2.75; Zr, 0.58; Fe, 0.02; Si, 0.05;
Ti, balance. The titanium alloy drill pipe was man-
ufactured by a rotary friction welding (RFW) process,
which is schematically shown in Figure 1. There are two
ends in this process—a static end and a rotating end. The
joint fixed on a supporting structure establishes a static
end, while the pipe forms a rotating end. The FW process
can be described as follows: (i) move the rotating end to
contact the static end, (ii) adjust the rotating speed
(>3000 rpm) through which high temperature can be
generated quickly, so that the materials are in thermo-
plastic state and both ends finally connect together under
the thrust, (iii) after cooling, the alignment detection are
carried out to ensure the concentric distribution of pipe
and joint, (iv) full annealing (1 h at 600–750�C, cooling
in air) near the FW joint, (v) grind the FW joint to the
desired pipe size, and (vi) detect cracks on surface of the
FW joint. It may be assumed that the RFW process estab-
lishes differences in the physical properties of the FW
zone compared to the base material.

In order to study the effect of FW on the mechanical
properties and corrosion resistance of the titanium alloy
drill pipe, six types of specimens were prepared and char-
acterized by metallography, XRD, EBSD, tensile test,
impact test, fatigue test, and electrochemical measure-
ments. The dimensions of all types of specimens are
given in Figure 2. In order to compare the differences
between the FW joint and the base alloy, specimens of
the latter were cut from a pipe region far away from the
FW region, as shown in Figure 2.

2.2 | Microstructure characterization

Metallographic observation of the FW zone and base
alloy zone was carried out using an optical microscope
Axio Scope A1 (Carl Zeiss, Oberkochen, Germany). The
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specimen was ground on an 800-grit SiC paper, followed
by mechanical polishing with a suspension of SiO2 parti-
cles with 50 nm in diameter. Subsequently, the polished
surface was chemically etched in a 2:1:17 (mass ratio)
HF:HNO3:distilled water solution for 45 s. To further
compare the microstructures quantitatively, electrolytic
polishing was conducted for EBSD sample preparation.34

The polishing solution was 90 vol.% C2H5OH + 10 vol.%
HClO4. During the electropolishing process, the voltage
and current were 25 V and �1 A, respectively. This
process was performed at 0�C for 60 s.

Subsequently, a field-emission scanning electron
microscope ZEISS Gemini 500 (Carl Zeiss, Oberkochen,
Germany) coupled with an EBSD probe was employed.
An X-ray diffractometer Bruker D8 Advance (Bruker Cor-
poration, Massachusetts, USA) was used to identify the
phase composition of the FW zone and the base alloy.
Diffractograms were acquired at tube voltage and current
of 40 kV and 40 mA, respectively, scan range of 5–90�,
and scan speed of 5�/min. Finally, to further explore the
changes in grain size quantitatively, the results of EBSD
and XRD were analyzed by data analysis software TSL
OIM Data Collection 5.0 (Ametech Co., MA, USA) and
MDI Jade 5.0 (Materials Data Inc., Livermore, CA, USA),
respectively.

2.3 | Tensile and impact tests

In order to compare the static mechanical properties and
impact behavior of the base alloy and the FW zone,
tensile tests and Charpy impact tests were conducted at
temperature of 25 ± 1�C. MTS-810 tensile machine (MTS
System Corp., Eden Prairie, MN, USA) was employed to
run stress–strain tests at a velocity of 1.5 mm/min.
Charpy impact test machine (MTS System Corp., Eden
Prairie, MN, USA) was used for impact energy measure-
ments at an impact velocity of 5.4 m/s. The surfaces of
the impact-fractured specimens were analyzed using a
Phillips Quanta 200 SEM microscope (FEI Company,
Hillsboro, OR, USA).

2.4 | Fatigue testing

Fatigue tests were conducted using a PQ-6 pure bending
fatigue testing machine consisted of a frequency con-
verter, a motor, weights, two symmetrical specimen
holders on both sides, a cycle sensor, a cycle recorder, a
heating coil, two insulated rubber rings, and two spring
clamps (Figure 3). The cycle characteristics were R = �1
and f = 50 Hz. Environment chamber was introduced to

FIGURE 1 Schematics of the rotary friction welding (RFW) process: (A) contact, (B) rotary friction, (C) cooling and alignment

detection, (D) full annealing near the weld, (E) cooling and alignment detection, and (F) crack detection [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 2 Schematics of the specimens used for different tests in this study: (A) metallographic cross-sections, (B) XRD and EBSD,

(C) tensile test, (D) impact test, (E) fatigue test, and (F) electrochemical measurements [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 3 Schematic of a PQ-6 pure bending fatigue testing machine with drilling fluid [Colour figure can be viewed at

wileyonlinelibrary.com]
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seal the corrosive medium during rotation and heating
coil is used to control temperature. The corrosive
medium was water-based drilling mud, whose chemical
composition and physical properties are listed in Tables 1
and 2, respectively. The test temperature was 25 ± 1�C.

The specified alternating stress level was controlled
by weight. Eight stress levels (140, 174, 185, 200, 240, 300,
380, and 465 MPa) were employed. When the specimen
was fractured or rotated more than 1 � 107 cycles during
the testing procedure, the number of cycles was recorded.
The fracture surface was also characterized by SEM.

The S-N curve was constructed by the group testing
method under eight stress levels, and fatigue lives of
three specimens (N1, N2, N3) was recorded for each stress
level. Thus, a parameter N50 was defined to describe the
average fatigue life at each stress level35:

logN50 ¼ 1
n

Xn
i¼1

logNi ð1Þ

2.5 | Electrochemical measurements

A three-electrode system was used to measure the elec-
trochemical impedance spectroscopy (EIS) and anodic

polarization curves (APC).36 The metallic specimen,
Ag/AgCl (satd. KCl) electrode, a Pt sheet were used as
working electrode (WE), reference electrode (RE), and
counter electrode (CE), respectively. All potentials here-
after are expressed versus this RE. The test temperature
was 25 ± 1�C, and the electrolyte was the water-based
drilling mud. The electrochemical measurements were
measured by CS 350 electrochemical workstation
(Wuhan Corrtest Instruments Corp., Chengdu, China).
The EIS was conducted with a sinusoidal potential per-
turbation of 10 mV in the frequency range of 0.1 MHz to
10 mHz. After the EIS measurement, the APC was
measured by scanning the potential from �5 mV
(vs. open circuit potential, OCP) to 2.0 V (vs. OCP), with
a scanning speed of 1 mV/s. The potential range for
Mott-Schottky measurements was from �1.0 V to 1.0 V.
Test conditions were 20 mV/s scan rate, 5-mV excitation
voltage, and 1-kHz constant frequency.37–39

3 | RESULTS AND DISCUSSION

3.1 | Microstructure

Figure 4A,B shows metallographic images revealing the
microstructure of both the base alloy and the FW zone.

TABLE 1 Composition of the field water-based drilling mud

Parameter Value results Test methods Experimental apparatus

pH 7.31 Acidimeter PHS-25PHS-3C acidometer (Shanghai Yixin
Scientific Instrument Co., Shanghai, China)

Ca2+ 13.6 g/L Cationic chromatograph IC-761 ion chromatograph (METROHM
company, Zofingen, Switzerland), cationic
separation column, cationic protective column

Mg2+ 1.1 g/L

Fe2+ 1.1 g/L Spectrophotometry AA-7020 spectrophotometer (Beijing East & West
Analytical Instrument Co., Beijing, China),
conical flask

S2� 8.4 g/L Anion chromatograph ICS-5000 ion chromatograph (DIONEX company,
Sunnyvale, USA), cationic separation column,
cationic protective column

Cl� 32.9 g/L

HCO3
� 94.3 g/L

SO4
2� 0.2 g/L

CO2 0.1 mg/L Phenolphthalein indicator titration Alkali burette, conical flask, beaker

Dissolved Oxygen 0.3 mg/L Dissolved oxygen electrode Dissolved oxygen detector (Shanghai Lanchang
Automation Technology Co., Shanghai, China)

Salinity 164.9 g/L Gravimetric method Nuclepore membrane filter, evaporating dish,
vacuum pump

CaCO3 140.3 g/L Acid–base titration Acid burette, Alkali burette, beaker

Total hardness (in CaO) 51.3 g/L EDTA titration Acid burette, conical flask
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Equiaxed globular α-Ti (hcp) is the major phase in the
base alloy, although a small amount of elongated α-Ti
and converted intergranular β-Ti (bcc) are also present.
In contrast, the FW zone is mainly composed of acicular
(α + β)-Ti grains, although a small amount of platelet
α-Ti phase is also evident. Moreover, the FW zone has
distinct streamlines, showing the flow direction of the
thermoplastic metal during welding, with long acicular
grains on both sides of the streamline.

Figure 4C–H shows the EBSD patterns of the FW
zone and the base alloy. Grain boundaries in the base
alloy and FW zone are shown in Figure 4C,D, respec-
tively. It can be seen that grain boundaries are distributed
evenly in the base material. In contrast, the grain bound-
aries in the FW zone are significantly disordered, with
both dense and sparse regions. Figure 4E,F shows that
there is a significant difference in the phase content in
both regions. The α-Ti content is higher in the FW zone
(77.2%) than in the base alloy (65.2%), whereas the β-Ti
content is lower in the FW zone (22.8%) than in the base
alloy (34.8%). It is notable that there are two kinds of
grain structure (α-Ti and β-Ti) in the base alloy and weld.
Inverse pole figure maps (Figure 4G,H) reveal the grain
orientations of the α and β phases in both regions.
Although both regions show random grain orientation,
the grain orientation within the FW zone is sometimes
singular (Figure 5F). In the inverse pole figure maps, the
mapping maps (Figure 4E,F) can be used as an auxiliary
diagram to clearly distinguish α-Ti and β-Ti regions.
Grain size analysis reveals that the average grain size is
0.70 μm in the base alloy and 0.93 μm in the FW zone.

Based on Figure 4, there are clear changes in the
grain size, shape, and orientation. To further compare
the differences in phase content, XRD patterns were
acquired from the base alloy and FW zone. Figure 5
shows that there is no significant difference in the diffrac-
tion pattern between 5� and 76.5�. However, for the FW
zone, there are diffraction peaks at 77.5� and 82.8�, which
do not appear in the case of the base alloy. Moreover, the
peak intensities for the FW zone are significantly higher
than the base alloy at 37.6�, 38.2�, and 40.6�. The analysis
from MDI Jade 5.0 reveals that the α-Ti content in the
base alloy is 67.1%, lower than in the in FW zone (78.2%).
On the other hand, the β-Ti content in the base alloy
(32.9%) is higher than in the FW zone (21.8%). These

results are in good agreement with the EBSD results. In
addition, the crystallinity of the base alloy is only 22.33%,
significantly lower than of the FW zone (54.13%). It is
concluded from the XRD patterns that there is no clear
difference in the phase content between the FW zone
and the base alloy, but a certain amount of α-phase is
precipitated out after FW. This α-phase is probably
derived from two sources: (i) The α0 martensitic phase
grains were partially decomposed40 and transformed to
the more stable α phase, and (ii) the secondary α-phase
precipitated from the unstable supersaturated β-phase
during the cooling process.41

During the FW process, interface grain migration cau-
sed by high temperature may result in change in grain
boundary energy. This change can act as a driving force
for grain growth.42 Then, after cooling, martensite phase
transformation of the original β-Ti occurs, leading to
crystallization of a large number of acicular α-Ti grains in
the FW zone. Moreover, FW is a thermo-mechanical
coupled process. Under the rotational dynamic loading of
RWF, the flow of the thermoplastic metal has heavy
influence on the orientation of grain growth. Conse-
quently, significant differences in microstructure between
the FW zone and the base alloy are observed, suggesting
different mechanical properties and corrosion resistance
of both materials.

3.2 | Tensile and impact mechanical
properties

Figure 6A,B shows the stress versus strain curves of the
two types of specimens. Key parameters are summarized
in Table 3. The yield strength, tensile strength, and mod-
ulus of elasticity of the FW zone are higher than those of
the base alloy. In contrast, the yield ratio and percentage
elongation at fracture of the FW zone are lower than
those of the base alloy. Hence, the FW process changed
the mechanical properties of the titanium alloy. The FW
zone has higher modulus of elasticity, suggesting that the
FW zone will carry higher stresses than the surrounding
base alloy (“stress shielding”) when the drill pipe is
loaded with tensile, bending, or compression stresses.
The stress concentration factor (SCF) can be calculated
based on Equation 2:

TABLE 2 The physical properties of the field water-based drilling fluid

Density
(g/cm3)

API water
loss (ml)

Mud cake
(mm)

Funnel
viscosity (s)

Friction
factor

Plastic viscosity
(mPa�s)

Dynamic shear
force (pa)

Static shear
force (pa)

Begin End

1.78 <2 <0.9 65–75 <1.5 40–55 6–13 3–7 4–10
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FIGURE 4 Optical micrographs and EBSD data revealing. (A) Typical microstructures of the base material, (B) typical microstructures

of the FW zone, (C) grain boundaries in the base alloy, (D) grain boundaries in the FW zone, (E) α and β phases in the base alloy, (F) α and

β phases in the FW zone, (G) inverse pole map of the base alloy, and (H) inverse pole map of the FW zone [Colour figure can be viewed at

wileyonlinelibrary.com]
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SCF¼Eweld

Ebase
ð2Þ

The so calculated SCF at the FW zone is as high as 1.18,
implying that the FW zone has a higher risk of stress-
induced cracking than the base alloy during operation.

Figure 6C,D shows load/energy versus displacement
curves for the two materials. The related parameters are
listed in Table 3. It is evident that the dynamic mechani-
cal properties, such as impact energy, crack initiation
energy, and crack propagation energy, are higher for the
base alloy than for the FW zone. The average impact
energy of the base alloy is approximately 1.4 times higher
than the FW zone, indicating that the toughness of the
base alloy is higher than that of the FW zone.

SEM was used to characterize the fracture surfaces of
the samples fractured by impact, as shown in Figure 7.
Two zones are noticed on the fracture surface: (I) shear
lips zone and (II) crack growth (fibrous) zone. On the
fracture of the base alloy specimen, zone I occupies
almost half of the entire fracture area and has an approxi-
mately 45� angle (γ), as shown in Figure 7A. In contrast,
the FW zone fracture is smoother, and zone I occupies
only �20% of its area, with a 20� angle, as shown in
Figure 7D. Moreover, according to the zoom-in image
(III) of zone II, a large dimple morphology is the main
feature on the base alloy fracture (Figure 7B,C). In con-
trast, small shallow dimples and a small amount of quasi-
cleavage morphology are evident on the FW zone frac-
ture (Figure 7E,F). Therefore, it can be concluded that
the FW zone is characterized by a more brittle fracture.

FIGURE 5 XRD patterns of the FW zone and the base alloy

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Stress–strain curves and load and energy versus displacement curves. (A) Stress–strain curves of the base alloy, (B) stress–
strain curves of the FW zone, (C) load and energy versus displacement curves of the base alloy, and (D) load and energy versus displacement

curves of the FW zone [Colour figure can be viewed at wileyonlinelibrary.com]
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These findings are in good agreement with the values
obtained from Charpy impact tests.

From the results described above, it is clear that the
strength of the FW zone is higher than that of the base
alloy. According to the grain boundaries appearance in
the EBSD patterns (Figure 4C,D), the disorderly arrange-
ment of acicular grains is presented, and the grain inter-
facial density of some local regions in the FW zone is
higher than in the base alloy. Therefore, the number of
multiple-grain interfaces increases. In addition, the acicu-
lar grains in the FW zone have higher dislocations den-
sity than in the base alloy under the effect of loads or
deformation.21 Therefore, dislocations pile-up is more
likely to be triggered in the FW zone, which can increase
structural deformation resistance as well as the material's
strength.43

However, the toughness and plasticity of the base
alloy are superior to the FW zone, possibly because
(i) equiaxed globular α-Ti grains and converted inter-
granular β-Ti grains in the base alloy are evenly distrib-
uted, and the sizes of the equiaxed globular α-Ti grains
are similar, implying that the base alloy has better defor-
mation coordination ability than the FW zone when the
structure deforms40; (ii) due to the effect of dislocations
pile-up caused by structure deformation, the microstruc-
ture with a large number of acicular grains has higher
resistance to grain slip42; and (iii) the microstructure of
the FW zone triggers more local stress concentration,

TABLE 3 Static mechanical properties of the FW zone and

base alloy, as extracted from the stress–strain curves

Property

Base alloy FW zone

Average
± standard
deviation (n = 3)

Average
± standard
deviation (n = 3)

Yield strength σy,
Rp0.2 (MPa)

879 ± 8.3 926 ± 7.7

Tensile strength σu,
(MPa)

960 ± 7.6 1,013 ± 7.7

Yield ratio σy/σu 0.93 0.91

Young's modulus E
(GPa)

110 130

Elongation δ (%) 13.4 ± 0.5 10.4 ± 1.1

Impact energy (J) 60.4 ± 1.6 42.7 ± 1.3

Crack initiation
energy (J)

22.6 ± 0.1 17.6 ± 0.1

Crack propagation
energy (J)

37.8 ± 0.1 25.0 ± 0.4

Total displacement
(mm)

7.2 ± 0.1 6.1 ± 0.03

Maximum load
(kN)

24.9 ± 0.8 22.4 ± 0.8

Displacement at
maximum load
(mm)

2.0 ± 0.8 1.9 ± 0.7

FIGURE 7 SEM images of the typical fracture surfaces of impact specimens. (A–C) base alloy, (D–F) FW zone. Zone markings: I, shear

lip; II, crack growth; III, zoom-in of the square in II [Colour figure can be viewed at wileyonlinelibrary.com]
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leading to more accumulation of plastic deformation.21

Consequently, the acicular microstructure markedly
degrades the plasticity of specimens and leads to more
distinct embrittlement of the FW zone.

3.3 | Fatigue performance

Fatigue stress level (S) versus number of cycles (N) curves
of the base alloy and FW zone are shown in Figure 8A.
Related fatigue data is listed in Table 4. Based on the
trends of the fitted curves, the fatigue limits of the base

alloy and FW zone are 180 MPa and 230 MPa, respec-
tively (Figure 10). At 380 MPa (half of the nominal yield
strength), the N50 of the base alloy is 1.6 times higher
than that of the FW zone. Therefore, the fatigue perfor-
mance of the base alloy is much better than that of the
FW zone under the same stress level.

SEM was employed to observe the surface morphol-
ogies of fatigue fractures. Figure 8B–I shows the fracture
morphologies of the two types of specimens in corrosion
fatigue tests under stress levels of 240 MPa (Figure 8B–E)
and 380 MPa (Figure 8F–I). The fracture of both mate-
rials reveals similar characteristics: Crack initiation is at

FIGURE 8 S-N fatigue curves and fatigue fracture morphologies. (A) S-N fatigue curves of the base alloy and FW zone, fatigue fracture

morphologies of base alloy specimens (B, C, F, G) and FW specimens (D, E, H, I) in water-based drilling mud under stress levels of 240 MPa

(B–E) and 380 MPa (F–G). Region designations: I, crack initiation region; II, crack propagation region; and III, rapid fracture region formed

following material instability. The corresponding values of N are 106.98 (B, C), 106.6 (D, E), 105.92 (F, G), and 105.9 (H, I) [Colour figure can be

viewed at wileyonlinelibrary.com]
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the edge on the specimen; then, the propagating crack
extends into the specimen under cyclic stress. When the
crack tip exceeds the subcritical state, rapid fracture
occurs. Thus, the fracture can be divided into three
regions: crack initiation region (I), crack propagation
region (II), and rapid fracture region (III) formed follow-
ing material instability.

The proportions of these well-defined fracture regions
are different for both materials under the same stress
level. At 240 MPa, regions I and II account for 82% on
the fracture surface of the base alloy (Figure 8B) and only
68% on the fracture surface of the FW specimen
(Figure 8D). When the stress level is increased to
380 MPa, these two regions decrease in their relative area
to 76% (Figure 8F) and 65% (Figure 8H) for the base alloy
and FW specimen, respectively. This clearly indicates
that the relative area of regions I and II decreases as the
stress level increases, which can be attributed to the
increase in fatigue crack propagation speed. It is worth
noting that the relative area of regions I and II is always
larger in the base alloy than in the FW specimen, imply-
ing that the base alloy has a larger critical fracture size.
Moreover, based on comparison of fatigue fracture mor-
phologies, the fracture of the FW specimen is smoother
than that of the base alloy under the same stress level.

When a fatigue crack initiates, there is a high-stress
plastic region at the crack tip. In the case of the base
alloy, uniform globular α-Ti grains are more likely to
slide or roll to coordinate the crack propagation direction
and reduce the stress at the crack tip.21 Therefore, the
direction of crack propagation becomes tortuous, and the
propagation path becomes longer. Consequently, the
attainment of subcritical crack state is delayed. However,
the coordination ability of the microstructure of the FW
zone is lower. Due to the staggered arrangement of acicu-
lar grains, the effect of dislocations pile-up can easily be
initiated to inhibit grain slip, thus leading to higher stress
at the crack tip.43 Under such a high stress level, the
fatigue crack tends to propagate perpendicular to the

applied stress direction, possibly passing through the
acicular grains (transgranular cracking).40 Consequently,
the fatigue crack propagation path becomes shorter, and
a subcritical state evolves earlier in the case of the FW
specimen.

3.4 | Corrosion resistance

To further compare the corrosion resistances in drilling
fluid quantitatively, a series of corrosion evaluation
experiments were carried out. The Nyquist and Bode
plots 36 of the specimens in drilling mud are shown in
Figure 9. The diameter of the Nyquist plot of the base
alloy is much larger than that of the FW material
(Figure 9A), indicating a high polarization resistance (Rp)
and a lower corrosion rate45 for the base alloy. From the
Bode plots (Figure 9B), larger modulus (Z) values and
higher phase angles (θ) in the low-frequency region are
observed for the base alloy. These results imply that FW
of the titanium alloy results in lower corrosion resistance
in the drilling fluid.

In order to analyze quantitatively the EIS data, an
equivalent circuit is proposed to fit the data (See the inset
of Figure 9). In this equivalent circuit, Rs in the solution
resistance, CPE is a constant phase element which repre-
sents a non-ideal capacitance, Rf is the resistance of this
passive film, CPEf is the capacitance of the passive film
on the specimen surface, CPEdl is the capacitance of the
double layer, when it is non-uniformly distributed, and
Rct is the charge-transfer resistance.

36,45 The fitting curves
are also presented in Figure 9, and the corresponding
parameter values are listed in Table 5, where a1 and a2
are the exponents terms of CPEf and CPEdl in Table 5,
respectively.44,45

There is no significant difference in the capacitance
of the base alloy and the FW material, the resistance of
the passive film on the base alloy (4.04 � 105 Ω�cm2) is
about four times higher than that on the FW material,

TABLE 4 Fatigue test results of the two materials. N50 is the average fatigue life at each stress level S

Material Stress level S (MPa) 140 174 185 200 240 300 380 465

Base alloy Fatigue life (cycles) N
(cycles)

>107 >107 >107 >107 >107 2.29 � 106 8.31 � 105 6.51 � 105

>107 >107 >107 >107 9.54 � 106 1.09 � 106 1.14 � 106 5.51 � 105

>107 >107 >107 >107 >107 2.56 � 106 6.73 � 105 7.19 � 105

N50 (cycles) >107 >107 >107 >107 9.84 � 106 1.85 � 106 8.63 � 105 6.37 � 105

FW zone Fatigue life (cycles) N
(cycles)

>107 >107 >107 6.30 � 106 3.98 � 106 1.62 � 106 7.94 � 105 3.22 � 105

>107 >107 8.99 � 106 7.94 � 106 3.16 � 106 1.04 � 106 5.01 � 105 3.92 � 105

>107 >107 >107 7.62 � 106 1.27 � 106 8.98 � 105 4.28 � 105 1.28 � 105

N50 (cycles) >107 >107 9.65 � 106 7.25 � 106 2.52 � 106 1.15 � 106 5.54 � 105 2.53 � 105
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implying a better corrosion protection by the former. A
similar trend is evident in Rct. It is thus concluded that
the corrosion resistance of the titanium alloy is degraded
as a result of FW.

Anodic polarization of the base alloy and FW material
in the drilling fluid was also measured, as shown in
Figure 10. In the drilling fluid, an integrated passivation
area can be seen for both materials. The passive current
density of the base alloy (�1.4 μA/cm2) is lower than that
of the FW material (�9.4 μA/cm2). This indicates that
FW could decrease the protection performance of the
passive films formed on the titanium alloy.

It is well known that the passive films on the titanium
alloy play the key role in the protection performance of
titanium alloy. In this work, the FW process obviously
weakens the protection performance of the passive film,
suggesting that a less protective passive film was formed on
the surface of FW sample. According to the literature, the
titanium alloy composed of α phase shows better protec-
tion performance than the case composed of α + β phase,
because the passive film on the later one is porous.46,47

Microstructure observations in this work show that that
the base material is mainly composed of equiaxed globular

α (hcp)-Ti, while the acicular α + β (bcc)-Ti is dominant in
the FW zone (Figure 4). This is why the corrosion
resistance of FW sample is worse than base material.

FIGURE 9 (A) EIS Nyquist plots for the two materials in the drilling fluid and (B) bode plots of the base alloy and FW material in the

drilling fluid at room temperature, where the inset is the equivalent circuit used to fit the EIS data44 [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 5 Corrosion data deduced from EIS experiments

Material Rs (Ω�cm2) CPEf (F�cm�2�S–a) a1 Rf (Ω�cm2) CPEdl (F�cm�2�S–a) a2 Rct (Ω�cm2)

Base alloy 7.87 2.43 � 10�5 0.927 4.04 � 105 2.50 � 10�5 1.0 3.9 � 105

FW material 8.05 2.40 � 10�5 0.926 1.17 � 105 2.71 � 10�5 0.74 2.4 � 105

FIGURE 10 Anodic polarization curves of the base alloy and

FW sample in the drilling fluid at room temperature [Colour figure

can be viewed at wileyonlinelibrary.com]
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The electronic properties of the corrosion product
(or passive) films were probed in situ in the drilling fluid
by the Mott-Schottky analysis.48 Equations 3 and 4 pre-
sent the correlation between the capacitance and the
applied potential49,50:

1

C2 ¼
2

ε � ε0 � e �ND
E�EFB�kT

e

� �
ð3Þ

1

C2 ¼� 2
ε � ε0 � e �NA

E�EFB�kT
e

� �
ð4Þ

where e is the elementary charge (1.60 � 10�19 C), k is
Boltzmann's constant (1.38 � 10�23 J/k), T the absolute
temperature, kT

e is �25mV at 25c, C is the capacitance,
E is the applied potential, EFB is the flat band potential,
NA is the acceptor density and ND is the donor density,
ε the dielectric constant of the passive film (60 for tita-
nium alloy at 25�C51), and ε0 is the vacuum permittivity
(8.85� 10�14 F/cm).52,53 Based on the Equations 3 and 4,
ND or NA can be obtained from the slope of the linear
regime in the C�2 vs. E plot.

Figure 11 shows the C�2 versus applied potential cur-
ves for the passive film of both specimens. After being
exposed to the water-base drilling mud, the passive films
on both materials show characteristics of an n-type semi-
conductor (a positive slope). It is has been reported that
the oxides on titanium and its alloys often behave like n-
type semiconductors.51 Hong et al.54 explained the corro-
sion behavior of pure Ti versus Ti-Ag alloy in terms of an
n-type semiconductor containing oxygen vacancies, the
migration of which controls the kinetics of corrosion in
neutral solutions. The Mott-Schottky analysis in this

study is supported by EBSD and XRD results (Figures 4
and 5). n-type semiconductors have cation selectivity and
can resist the harmful effect of corrosive ions such as Cl�

. According to Equations 3 and 4, the values of ND and
EFB were calculated and are given in Figure 11.
According to the Mott-Schottky equation, for n-type
semiconductors, both the donor concentration ND and
the ions diffusion rate increase. Consequently, the corro-
sion rate increases too. It can be seen from Figure 11 that
in the water-based drilling mud, the donor concentration
ND in the passive films on the base alloy and FW material
are 1.22 � 1020 and 1.26 � 1020 cm�3, respectively.

In an n-type semiconductor, oxygen vacancies act as
donors.55 When the specimens are exposed to water-
based drilling mud containing Cl�, according to the Point
Defect Model,56 the combination of Cl� and oxygen
vacancies accelerates the Mott-Schottky pair reaction,
thereby generating large amount of cation vacancies.57 In
addition, Cl� in the solution is also considered to adsorb
easily onto metal sites on the titanium oxide, thus
forming cation vacancies.58,59 It is believed that the
passive film with higher vacancy concentration has a
more defective semiconductor structure with more active
sites, resulting in a fast electron (charge) transfer in the
electrochemical reaction. This can also explain why the
FW material is less corrosion resistant than the base
alloy.

4 | CONCLUSIONS

1. The base material of the titanium alloy drill pipe is
mainly composed of equiaxed globular α-Ti grains,
while acicular α + β-Ti grains are dominant in the

FIGURE 11 Mott-Schottky plots of the

passive films formed on the two materials while

in the drilling fluid [Colour figure can be

viewed at wileyonlinelibrary.com]
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FW zone. Compared to the FW material, the structure
with a large number of globular α-Ti grains in the
base alloy has better self-adjustment ability to encoun-
ter dynamic change of grain rearrangement under
loading. In addition, the grain size, grain shape, and
phase content in the FW material are different from
those in the base alloy, resulting in different mechani-
cal and corrosion behavior.

2. Compared to the base alloy, the FW material exhibits
higher strength but lower stiffness and toughness. The
yield strength, tensile strength, and Young's modulus
of the FW material are higher than those of the base
alloy. However, the yield ratio, percent elongation at
fracture, and impact energy of the FW material are
lower than those of the base alloy.

3. The base material has better fatigue performance. Its
fatigue limit is 1.28 times longer than that of the FW
material. Meanwhile, under the same fatigue stress
level, the base alloy has larger critical fracture area.

4. The corrosion current of the FW material is larger
than that of the base alloy. Furthermore, the passive
film on the FW material has higher concentration of
oxygen vacancies. The higher density of defects in
the passive film results in a lower Rf of the FW
material compared to the base alloy. In addition, the
high density of oxygen vacancies leads to rapid elec-
tron charge transfer, which in turn results in lower
Rct of the FW material compared to the base alloy.
For the same reason, the anodic current density of
the FW material is higher than that of the base
alloy. Hence, FW can combine with more chloride
ions from the drilling fluid, resulting in a more
defective passive film.
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NOMENCLATURE

N1, N2, N3 tested fatigue lives of three specimens, N
N50 average fatigue life at each stress level, N
Eweld moduli of elasticity of the FW zone
Ebase moduli of elasticity of the base alloy
e elementary charge
k Boltzmann's constant
T absolute temperature
C capacitance
E applied potential,
EFB flat band potential,
NA acceptor density and
ND the donor density,
ε dielectric constant of the passive film
ε0 the vacuum permittivity
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