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The deep-sea manned cabin endures dwell-fatigue loading process during service. The high strength
titanium alloy Ti–6Al–4V ELI adopted for the manufacture manned cabin is of creep nature in the room
temperature. So the dwell-fatigue property of this material should be evaluated for service life estimation. This paper presents the experimental research results on dwell-fatigue property of Ti–6Al–4V ELI.
The strain accumulations under different loading conditions are reported. Results show that the strain
accumulation behavior of the material under dwell-fatigue loading conditions are very similar to that
under the condition of normal creep with three stages; and the increase in total strain with respect to
number of cycles was much more pronounced for specimen at higher stress level, while the dwell time
will affect strain accumulation when it is plotted versus cycles while strain accumulation tends to be
similar in the abscissa of time for different dwell time under test. Based on the results, a dwell-fatigue life
curve is derived based on the analysis, which can be applied in the material evaluation and service life
estimation of the manned cabin.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
The manned cabin for carrying pilots and scientists is the most
critical component of a deep-sea manned submersible. When the
submersible is to be designed for a certain depth, the successful
development of such a system will depend on the availability of
suitable materials for manufacturing the manned cabin, which
should be available for construction, have the capability to withstand a very high external pressure, and have other suitable
properties to withstand hazardous environmental conditions [1].
Ti–6Al–4V ELI is the most frequently used material for the existing
deep-sea manned cabin [2–6]. Fatigue strength assessment of
deep-sea manned cabin has become more important now due to
the increase in the requirement of the safety even though the
underwater pressure hulls are designed almost subjected to ﬂuctuating compressive stresses in its service time, because the local
structural details are subjected to cyclic tensile/compressive
stresses due to the tensile residual welding stresses and/or the
local high tensile stress concentrations.
The manned cabin during service will experience periods of
both ﬂuctuating and steady stresses involved, which may act together in a synergistic manner. Since the structural failure during
n
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service is a future event, the loading history for the designed
structure can never be known the a priori. Many engineering
methods are based on ﬁnding the worst case scenario, where
“worst” often should be interpreted as a certain severe load condition. Suppose that the submersible will dive to the limit depth
for each service time, then its loading pattern can be shown in
Fig. 1 with the same loading–dwell–unloading process in each
cycle, which is a very conservative assumption. The loading fraction as shown in Fig.1 has three typical characteristics of zero load
ratio R¼0, relatively high maximum stress smax, and relatively
long dwell time Th.
What Fig. 1 shows is not a normal cyclic fatigue loading history
but the fatigue–creep interaction process. It is well-known that the
high strength titanium alloy will creep even in the room temperature. Therefore it should be highlighted that the change of
structural performance due to ‘dwell’ periods should be paid more
attention as each operation process of the submersible beneath
the sea will beyond 2 h which should be taken as a stress-holding
process (or dwell process).The traditional analysis methodology
for service life of deep sea manned submersibles has not considered the dwell process, which will cause the evaluation results
largely doubtful. Therefore the creep effect especially for titanium
alloy Ti–6Al–4V ELI should be ﬁrst examined. The fatigue failure
with creep interaction has attracted attention for many years
especially in high temperature condition in the past. The speciﬁc
phenomenon of ambient temperature dwell sensitivity of titanium
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Fig. 1. A schematic representation of simpliﬁed fatigue loading history with intermittent dwell periods for the deep-sea manned cabin.

alloy was ﬁrst recognized in late 1972/early 1973 through the
failure of two titanium alloy fan disks in Rolls-Royce RB211 engines which at that time powered Lockheed Tristar aircraft [7,8]. In
recent years, creep effect on fatigue in room temperature is more
highlighted with the development of advanced measurement
technique [9,10], which is often neglected in the past. However,
the dwell-fatigue data of Ti–6Al–4V ELI used in the deep-sea
manned cabin being constructed in China are not enough for its
life evaluation.
In this paper, the basic dwell-fatigue property of the material
Ti–6Al–4V ELI for deep-sea manned cabin will be studied by tests
in laboratory environment. Maximum stress and dwell sensitivity
will be used for this purpose. Strain accumulation under different
peak stress ratios and dwell time are recorded during tests and a
dwell-fatigue life curve is derived based on the test results, which
can be applied in the material evaluation and service life estimation of the manned cabin.

Table 1
Chemical composition of Ti–6Al–4V ELI (wt%).
Ti

Al

V

Fe

C

N

H

O

Base

6

4

0.2

0.02

0.02

0.0025

0.12

Table 2
Mechanical properties of Ti–6Al–4V ELI.
E (GPa)

υ (MPa)

sy (MPa)

sb (MPa)

εf

110

0.31

850

916

0.12

2. Material and experimental procedure
Ti–6Al–4V ELI is a beta-annealed titanium alloy (extra-low interstitial, ELI). The chemical compositions and mechanical properties of Ti–6Al–4V ELI are given in Tables 1 and 2.
Dwell-fatigue tests were carried out in laboratory environment
on cylindrical smooth specimens (Kt ¼ 1) with a gauge length,
6 mm in diameter and 46 mm in gauge length for hot-rolled thick
plate specimens, using a polished surface, shown in Fig. 2 (for hotrolled thick plate specimens). The tests were conducted using a
testing machine specially designed for dwell fatigue with a wide
range of load ratios and frequencies. Just like most common
method of creep testing, the tests are to apply loading–dwell–
unloading axial force in tension (R¼0) to a specimen of the material. The total strain accumulation is measured with time/cycles,
and the time/cycles at rupture is recorded when it occurs during
the test. The nominal stress ratio for all tests for the present study
was R¼ 0.0. And the selected maximum stress values were in the
range of 0.9sy–1.0sy with one specimen for maximum stress level
of 0.906sy, 0.924sy, 0.941sy, 0.976sy under the same dwell time
of 10 min to investigate the maximum stress effect on dwell-fatigue life of the material, and 3 specimens for 0.959sy with dwell
time of 2 min, 10 min and 15 min respectively to investigate dwell
time effect, totally 7 specimens from sampling directions, parallel
to rolling direction. The time of loading and unloading in each
cycle is ﬁxed in 2 s. A deﬁnition of fatigue failure is needed to
establish the fatigue lifetime. In the present study, the dwell-fatigue life was deﬁned as the number of cycles corresponding to
complete fracture of the specimen which can also be transformed
to time to rupture. Fig. 2 shows the schematic graph showing the
size of samples for the dwell fatigue tests.

3. Results and discussion
Analyses and interpretation of the stress effect on dwell fatigue
property were made using the test results on accumulative total
strain of the specimens with respect to a number of cycles, which

Fig. 2. Schematic graph showing the size of samples for the dwell fatigue tests of
hot-rolled thick plate specimens (all length dimensions in mm).

Fig. 3. Strain versus cycles behavior during dwell-fatigue process showing three
stages.

can be seen in Figs. 3 and 4. Fig. 3 shows a curve under the condition of smax ¼830 MPa. The behavior observed on a graph of
strain versus time/cycles is very similar to that under the condition
of normal creep as described by Dowling [11]. There is an initial
nearly instantaneous occurrence of elastic and perhaps plastic
strain, followed by the gradual accumulation of strain. The strain
rate dε/dt, hence the slope of the ε versus t plot, is at ﬁrst
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Fig. 4. Strain versus cycles curves under conditions of different maximum stress
(smax ¼ 770 MPa, 830 MPa, 815 MPa, 785 MPa respectively) when dwell time is
10 min.

Fig. 6. Strain versus time curves under conditions of different dwell time
(Th ¼ 2 min, Th ¼ 10 min respectively) when smax ¼ 815 MPa.

relatively high, and then decreases and becomes approximately
constant, at which point the primary stage is to end and the secondary or steady-state stage is to begin. At the end of the secondary stage, the strain rate increases in an unstable manner as
rupture failure approaches, with this portion being called the
tertiary stage. In the ﬁnal stage, the deformation becomes localized by the formation of a neck as in a tension test.
The strain versus cycles curves under conditions of four maximum stress levels smax ¼830 MPa, 815 MPa, 785 MPa, 770 MPa
when dwell time is 10 min are used for comparison in Fig. 4. The
normalized peak stress ratio smax/sy is about 0.976, 0.959, 0.924,
0.906 respectively. Even though the peak stress ratio is only
changed in a relatively small region of 7%, the increase in total
strain with respect to number of cycles was much more pronounced for specimen at smax/sy ¼0.976, showing the material
undergoing dwell fatigue is very sensitive to stress level.
In order to study the dwell time effect on life to rupture, one
additional specimen are used for the condition smax ¼815 MPa and
Th ¼2 min as an comparative condition to Th ¼10 min. Figs. 5 and 6
document the accumulation of total strain with respect to cycles
and time for specimens at peak stress ratio of 0.959 with two
different dwell periods Th of 2 min and 10 min. It can be seen in

Fig. 5 that more pronounced strain accumulation rate can be found
for Th ¼10 min, however, when the stress versus cycles curve is
transformed to stress versus time curve illustrated in Fig. 6, more
clear variation of strain can be observed which indicates almost
the same tendency at Th ¼10 min and Th ¼ 2 min.
For each specimen, the test was conducted until rupture occurs
and the cycles to rupture were recorded for Th ¼10 min in Fig. 7
and the summary of test results are listed in Table 3. An approximate linear correlation between the peak stress ratio and number
of cycles to failure was found in the testing stress ranges. When
Fig. 7 is transformed to peak stress ratio versus time to rupture
curve, then approximate linear tendency is not changed as dwell
time is the same for the sample and their loading/unloading time
can be ignored, as shown by the dashed polynomial ﬁtted curve in
Fig. 8. Tests on three additional specimens are conducted at
Th ¼2 min 15 min, and 20 min as the comparative condition of
10 min. Their results are displayed by the circle dot, the square dot
and the trangular dot respectively shown in Fig. 8. It can be seen
from the comparisons that the time to failure at Th ¼ 2 min deviates from the curve at Th ¼ 10 min more than that Th ¼15 min
and Th ¼ 20 min. And the values of time to failure at Th ¼ 10 min,
15 min and 20 min are very close and all larger than that at

Fig. 5. Strain versus cycles curves under conditions of different dwell time
(Th ¼ 2 min, Th ¼ 10 min respectively) when smax ¼815 MPa.

Fig. 7. Normalized stress versus cycles to ailure (Th ¼10 min) at testing stress
ranges stress ranges.
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Table 3
Summary of test results on dwell fatigue life (cycles to rupture).
smax/sy

0.906

0.924

0.941

0.959

0.959

0.959

0.976

Th (min)
Nf (cycles)

10
1315

10
1062

10
735

2
456

10
306

15
379

10
232

Fig. 8. Normalized stress versus time to failure at testing (Th ¼ 2 min, 10 min,
15 min, 20 min).

Th ¼2 min. Fig. 9 plots the correlation between the cycles to failure
and dwell time. A rough exponential decay law in the total dwell
time range can be observed. The value of dwell time only has
larger effect on cycles to failure when it is relatively short. And the
cycles to failure approach to a stable value when the dwell time is
larger than 2 min. The phenomenon can roughly explain the
concept of ‘saturated dwell time’ proposed by Wang et al. [12] in
which the ‘saturated dwell time’ is deﬁned to express a threshold
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of the dwell time. At higher stress level, the dwell time length will
affect the cyclic creep life. When the dwell time is shorter than its
threshold value, a larger cyclic effect must be considered even at
higher stress level. For most of the materials under study with the
room temperature creep phenomenon, the saturated dwell time is
in the level of several minutes.
Bache [13] has done some survey in explaining the role of
microstructure, texture and operating conditions on dwell sensitive fatigue of titanium alloys. According to Bache's survey on his
previous work of microstructure analysis, the dwell failure of the
specimen has initiated ‘subsurface’ and, therefore, some distance
away from the predicted peak stress locations. The initiation sites
were characterized by the presence of ‘quasi-cleavage facets’ and
these inherent features produced during the early stages of fatigue
fracture in all the near α and α/β titanium alloys are known to
form the basal plane of the hexagonal alpha crystallographic unit.
The cold creep phenomenon in titanium alloys complements the
theories of fatigue crack initiation or Stage I cracking which require plastic deformation in the form of dislocation movement on
favorably orientated slip planes, albeit cyclic deformation under
fatigue loading. Dwell time is the main reason. The difference of
failure performance in microstructure scale agrees with enhanced
rate of strain accumulation due to a dwell cycle is also demonstrated comparing to pure fatigue condition. The survey on microstructural analysis can roughly explain the phenomenon of
dwell effect shown in the present paper. Furthermore, according
the analysis, ‘quasi-cleavage facets’ are produced during the early
stages of fatigue fracture and after the initiation of ‘quasi-cleavage
facets’, the following failure process (relatively long crack growth)
will be similar to that under pure fatigue condition, then the
phenomenon in Fig. 8 can be more or less understood that similar
cleavage facets initiation time and long crack growth period can be
obtained for the prolonged dwell time, Th ¼10 min 15 min and
20 min.
It is a deﬁnition that when the maximum stress of sb is loaded
into the specimen, the cycles to failure should be 1. Moreover, the
creep of metal materials principally occurs when the holding

Fig. 9. The correlation between cycles to failure and dwell time.
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Fig. 10. Normalized stress versus cycles to failure (Th ¼ 10 min) at total stress range.

stress level is relatively high especially in room temperature. Creep
deformation at low stress level under the condition of very high
temperature is another matter to explain which is not involved
presently. Therefore, at lower stress level, the dwell-fatigue life of
the material is assumed to be the same as its normal fatigue life.
Fig. 10 plotted the experimental data of peak stress ratio versus
cycles to failure of Ti–6Al–4V under dwell-fatigue and normal fatigue conditions. Obvious lower failure life at testing stress ranges
can be observed under dwell-fatigue condition. When peak stress
ratio is 1.0, the total life of the specimen under dwell-fatigue
condition is only of hundreds of cycles, much lower than that of
thousands of cycles under normal fatigue condition. Therefore, if
stress versus life curve under normal fatigue condition (that is
obtained by cyclic triangle loading condition or sinusoidal loading
condition) is applied during life estimation of the pressure hull,
the results will be not reliable. For the spherical hull, as the
working time beneath the sea will be over 2 h, the saturated dwell
time should be satisﬁed and more close to the value at Th ¼15 min.
In Fig.10, the dwell-fatigue life data at higher stress level together
with normal fatigue life data at lower stress level can combined for
life estimation of pressure hull when the test cost to obtain total
dwell fatigue life curve must be saved. From another point of view,
using the test results at Th ¼10 min instead of that at Th ¼ 10 h will
be a conservative choice.

showing the material undergoing dwell fatigue is very sensitive to
peak stress.
3) The dwell time will affect strain accumulation when it is
plotted versus cycles while strain accumulation tends to be similar
in the abscissa of time for different dwell time under test. However, obvious deviation of rupture life under the loading condition
with different dwell time is observed, which shows the length of
dwell time roughly reﬂect the extent of fatigue–creep interaction.
A dwell-fatigue life curve is introduced based on the analysis,
which can be applied in the material evaluation and service life
estimation of the manned cabin.
Further work to enhance our understanding of the dwell sensitivity and the conventional cyclic fatigue behavior of titanium
alloys should be done to offer more support in the use of these
alloys in future engineering designs. Especially the effects of interstitial elements, especially the role of hydrogen may still warrant further investigation. And with the development deep sea
exploration and exploitation interest to human beings in the 21st
century, more deep-sea manned submersibles will be designed
and constructed in the future, including the full ocean depth
manned submersible which can be used for the survey of hadal
trenches. Material selection will be a big challenge. As the current
available material selection and design rules of submersible
structures from ship classiﬁcation societies are based on the philosophy of strength design, which neglects the service-safety-related properties of the candidate materials. Especially, the dwell
sensitivity in more candidate materials shall be analyzed based on
the more experimental work perform in laboratory and simulated
the real condition, which should be considered during material
selection period. And a complete material database will provide
the basis for modeling activities of the manned cabin and support
the safe application of the submersibles during the whole inspection periods.
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4. Summary and future considerations
Ti–6Al–4V ELI is an ideal material to be used for the deep-sea
manned cabin. For the purpose of reasonably making material
evaluation and service life estimation for manned cabin, the basic
dwell-fatigue property of the material Ti–6Al–4V ELI for deep-sea
manned cabin has been studied by tests in laboratory environment
in this paper. Maximum stress and dwell sensitivity analysis have
been conducted for this purpose. Main conclusions can be drawn
as follows,
1) Strain accumulations under different peak stress ratios and
dwell time are recorded during tests. The behavior observed on a
graph of strain versus time/cycles is very similar to that under the
condition of normal creep with three stages of primary stage,
steady-state stage and tertiary stage. The deformation becomes
localized by the formation of a neck before rupture of the specimen in the ﬁnal stage.
2) The increase in total strain with respect to number of cycles
was much more pronounced for specimen at higher stress level,
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