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The phenomenon of room temperature creep in titanium alloys has drawn great attention for decades. With the
increasing application of titanium alloys to the manned submersible pressure hull, the traditional calculation and
analysis based on strength and stability cannot meet the requirement of structure design and safety evaluation for
the spherical pressure hull completely. In this paper, a series of compressive creep tests were performed to reveal
the change rule and distribution characteristics for creep behavior of the spherical pressure hull model. Results
show that there is no measurable creep strain for pressure hull under maximum operating pressure and steady-
state creep appeared in high stress areas of the pressure hull under 1.25 times maximum operating pressure, with
the characteristics of internal creep strain and strain rate being greater than the external counterparts. The stress
threshold value of the pressure hull model for steady-state creep is 853.7 MPa (equivalent to 0.88Rpo.2), and a
creep constitutive equation is proposed based on improved Norton power law model. The results of this paper
can provide support for the safety assessment and optimization design of manned submersibles for long-term

service.

1. Introduction

Titanium alloys have become the most promising engineering ma-
terials used in deep-sea vehicles such as pressure hulls of manned sub-
mersibles (Wang and Cui, 2015; Cui, 2013; Takagawa et al., 1995; Pan
and Cui, 2012) due to their high strength to weight ratio, low diffusivity,
excellent corrosion resistance and satisfactory weldability (Bache, 2003;
Ma et al., 2021; Sun et al., 2020; Wang et al., 2020; Xi et al., 2020;
Corigliano and Crupi, 2021). Under the trend of manned submersibles’
working depth increasing, titanium alloys can satisfy the requirements
of lightweight, corrosion resistance and security for deep-sea manned
submersibles. However, titanium alloys could suffer from creep problem
at room temperature (Ankem et al., 1994; Jaworski and Ankem, 2006;
Neeraj et al., 2000; Savage et al., 2002). Different from the creep of
airframes and engines in aerospace caused by tensile loads at high

temperature (Gudipati and Kosaka, 2011; Kumar et al., 2018; Dong
et al., 2018; Kotkunde et al., 2014), the creep of titanium alloys in deep
sea environment is induced by compressive loads at about 4 °C, the
structure is under high pressure, and local stress could even approach
the yield strength.

A significant amount of research has been reported to reveal the
compressive creep behavior of titanium alloys at room temperature. The
factors which could play important roles on creep behavior, involving
chemical composition, microscopic structure, stress level, creep time,
stress state and so on, have been investigated in the open literatures
(Ankem et al., 2013; Barboza et al., 2006; Kassner et al., 2015; Peng
et al., 2014; Dai et al., 2015; Kassner and Smith, 2014; Sato et al., 2006).
CP-Ti has shown only compressive primary creep at room temperature,
and no steady-state creep appears (Peng et al., 2014; J. Zhang et al.,
2018). Compressive stress threshold has been found to exist in the
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compressive creep tests of titanium alloys. When the compressive stress
value reaches the steady-state creep threshold, the creep strain will in-
crease linearly (Yu et al., 2020; Wang et al., 2018). It has been shown
that both power law and logarithmic constitutive models considering
the influence factors such as creep stress, creep time and creep strain
rate can describe the creep behavior of titanium alloys well in various
conditions, while the fitness of exponential law constitutive model and
sine law constitutive model is poor at ambient temperature (Harrison
et al., 2013; Yang and Ling, 2017; Gray and Whittaker, 2015).

The spherical pressure hull fabricated from titanium alloys provides
a safe space for pilots and scientists, which is the critical component of
manned submersibles. Structural strength and stability are traditionally
analyzed for the safety evaluation and design calculation of pressure
structures (Pan and Cui, 2010; M.Y. Zhang et al., 2018; Yu et al., 2022),
however, very few creep behavior of pressure hull were reported in the
research of deep submersibles during long-term service. The Alvin
submersible has completed upgrades of manned cabin fabricated from
Ti-6A1-4V ELI (extra-low interstitial), and the new manned spherical
hull is capable of a maximum operating depth of 6500 m in sea water
with no creep (Boyer and Williams, 2011). For the titanium alloy
spherical hull of full-ocean-depth manned submersible, a critical prob-
lem of structure safety evaluation for long-term service is whether or not
the creep occurs. The distribution characteristics and variation laws for
creep of titanium alloy hull remain unclear, and it is necessary to
conduct creep test for manned spherical hull in the absence of practical
experience.

In order to reveal the compressive creep behavior of pressure hull of
full-ocean-depth manned submersibles, high-pressure creep tests are
performed systematically on a spherical pressure hull scale model in this
paper, and strains of typical measurement points on the internal and
external surface of the scale model are obtained. Moreover, the
compressive stress threshold for primary creep of the pressure hull scale
model is presented based on structural stress analysis. At last, a
compressive creep constitutive equation considering stress threshold of
steady-state creep is developed.

2. Materials and methods
2.1. Materials

The pressure hull scale model for full-ocean-depth manned sub-
mersibles was fabricated by a high strength titanium alloy
Ti-6Al-2Sn-2Zr-3Mo-X. The microstructure of the material is bimodal
microstructure consisting of primary a phase and transformed p as
shown in Fig. 1. The volume percentage of primary o phase is about
16.63%.
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2.2. Pressure hull scale model

The pressure hull scale model is designed according to the full-size
pressure hull of full-ocean-depth manned submersible, and assembled
by the spherical hull, access hatch and hatch cover, as shown in Fig. 2.
Main parameters of the pressure hull scale model are shown in Table 1.

The pressure hull scale model was fabricated by the processing
technologies containing hemisphere integral stamping forming, preci-
sion machining, vacuum electron beam welding, bulk heat treatment.
Both of sheets and forgings were used for the construction materials.
Sheets were stamped to two hemispherical hulls, and forgings were
processed precisely to the access hatch and hatch cover. Both ends of the
upper hemispherical hull with trepanning were welded with lower
hemispherical hull and the hatch by vacuum electron beam welding,
respectively. The access hatch was connected with the hatch cover by
screws and sealed with a nitrile O-ring. Requirements of dimensional
control and nondestructive testing were eventually met by inspections
after the model processing was completed.

Mechanical property tests of furnace pieces during model fabricating
were conducted. Tension and compression specimens were taken from
furnace pieces in the surface and core position along the transverse and
longitudinal direction, respectively. Mechanical property test results are
shown in Table 2.

In Table 2, Ryo.2 is the proof strength that the non-proportional
extension is 0.2%, Ry, is tensile strength, E denotes the modulus of
elasticity, 4 denotes Poisson’s ratio, Ryco.2 is the proof strength that the
non-proportional compressive strain is 0.2%, and E. is compressive
modulus of elasticity.

It should be noted that the Poisson’s ratio test results are different
from 0.28-0.38. The degree of deformation in the surface and core po-
sition of titanium alloy thick plates is not consistent during the rolling
process, which leads to a decrease of orientation distribution function
for the texture in the thickness direction. Therefore, the influence of
texture on mechanical properties of the material decreases, and the
mechanical properties of furnace pieces in the surface and core position,
including Poisson’s ratio, are different.

2.3. Creep testing system

The creep testing system is a large ultra-high pressure testing facility
intended for deep-sea environment simulation developed by prestressed
steel wire wound technology, as shown in Fig. 3. The test facility is
composed of hydraulic pressure tank, preload frame, automatic loading
and unloading system, data acquisition system, electrical control sys-
tem, and safety protection system. It has the characteristics of small
working stress amplitude, strong bearing capacity, high fatigue resis-
tance and compact structure. The pressure tank provides a compressive
creep test environment under ultra-high pressure for the pressure hull

Fig. 1. Optical microstructure and phase composition of the as-received Ti-6A1-2Sn-2Zr-3Mo-X alloy: (a) 100 pm, (b) 50 pm.
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Fig. 2. Schematic of pressure hull scale model in the creep test.

model, with a maximum operating pressure of 200 MPa and an inner
diameter of 1600 mm.
The creep test data acquisition system utilizes electrometric method

Table 1
Main parameters of the pressure hull scale model.

Inner diameter of  Wall thickness of  Transmission diameter  Total to measure strains, which contains statical strainometer, data processing

ii::;‘cal hull :::;E;mal hull of access hatch (mm) ‘(’;'(‘;fht analyzer, strain gauges, and pressure sensors. The resistance variation
signal of strain gauges generated by structural deformation is passed to

600 30 146 180 the strain indicator through wires, which amplifies the output voltage
signal of bridge and converts it into strain data. Finally, the strain data is

Table 2
Mechanical properties of furnace pieces.

Tensile tests Compression tests

No. of specimens Ry0.2 (MPa) Ry, (MPa) E (GPa) " No. of specimens Rpeo.2 (MPa) E. (GPa)

T-L-S 969 1108 118 0.36 C-L-S 990 119

T-L-S 960 1103 111 0.37 C-L-S 935 110

T-L-C 970 1129 109 0.28 CL-C 1025 119

T-LC 982 1125 110 0.28 CL-C 1028 122

T-T-S 962 1078 111 0.34 C-T-S 990 112

T-T-S 955 1094 114 0.35 C-T-S 1014 116

T-T-C 970 1087 111 0.33 C-T-C 1023 120

T-T-C 959 1078 110 0.38 C-T-C 1026 117

Average 966 1100 112 0.34 Average 1004 117

B By | L, o) & 3 zip
>
w -

Preload frame ‘

‘ Safety protection system J

‘ Hydraulic pressure tank ‘

Fig. 3. Creep testing system.
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processed by the data processor and displayed in real time.

2.4. Creep testing procedure

2.4.1. Measuring points

According to creep behavior laws of titanium alloy materials, stress
level is an essential factor affecting creep. Therefore, we suppose that
the structure is prone to creep in locations with higher stresses. In order
to measure structural creep strain, strain gauges are usually arranged in
high stress areas such as the positions near welds. To reveal the stress
state of the model integrally, strain gauges were arranged on both the
internal and external surface of the spherical hull model, numbered
sequentially with A and E as the first letters, respectively.

Representative positions of the pressure hull model were selected to
paste the bidirectional strain gauges, including typical spherical hull,
two sides of hemispherical butt weld, two sides of hatch weld, and the
positions of the minimum thickness of the upper and lower hemi-
spherical hull, as shown in Fig. 4. The two directions of the strain gauge
follow the longitude and latitude of the spherical hull, respectively.

Temperature compensated testing plates, which are of the same
material as the pressure hull scale model, were utilized to minimize the
effect of changes in temperature. The compensation plates were pasted
with strain gauges and placed into the pressure tank together with the
model. The number of strain gauges for the pressure hull model are
shown in Table 3.

2.4.2. Test preparation

Strain measurement preparations were carried out according to the
strain gauge layout plan, involving point positioning, surface grinding,
pasting strain gauges, connecting with wires and sealing, as shown in
Fig. 5.

The wires inside the model are exported from the model via water-
tight connectors on the hatch cover, while the wires outside of the model
are exported from the pressure tank via watertight connectors on the
upper end cover of the pressure tank. In this way, strain data from the
internal and external measurement points of the model are transmitted
to the data processing analyzer.

After the model lifting and pipeline assembling, the test preparation
work is accomplished.

2.4.3. Test pressure

The maximum operating depth of the full-ocean-depth manned
submersible is 11,000 m, and the density of seawater is 1025.26 kg/m>
on average based on statistics. Therefore, the hydrostatic pressure

AW 0 F e
<

A9 | an
AIO-I ’ Lmz qu\

Hemisphere butt weld

%

DE1

DE2

Internal
! compensation plate,

Fig. 4. Schematic of strain gauge arrangement.
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Table 3
Number of strain gauges for the pressure hull scale model.

Internal/ No.
external

Number of Number of
measuring strain
points gauges

Measuring point
location

Temperature 2 4 External ( DE1,
compensated DE2)
testing plates ( DAL,

DA2)

External (E03,

E04)
(EO05,
E06)
(E07,
E08)
Internal (A09,
A10)
(A11,
Al12)
(A15,
A16)

Hemispherical butt 4 8 External (E09,

weld E10)
(E11,

E12)

(E13,

E14)

(E15,

El6)

External (E17,
E18)

(E19,

E20)

(E21,

E22)

(E23,

E24)

Internal (A07,
A08)

(A13,

Al4)

Inner wall of the 2 4 Internal (A03,
hatch A04)

(AO5,
A06)

Minimum thickness 2 4 External (E25,
of the spherical E26)
hull (E27,

E28)

Internal

Spherical hull 6 12

Hatch weld 6 12

corresponding to the maximum operating depth is 110.52 MPa. Ac-
cording to the rules for submersibles (CCS, 2018), the maximum oper-
ating pressure is determined according to the maximum operating depth
and the specified ultra-deep depth. Considering that the ultra-depth
value is not less than 50 m, the maximum operating pressure was
finally determined to be 115 MPa.

In this paper, three hydrostatic pressures were selected: maximum
operating pressure of 115 MPa, 1.13 times maximum operating pressure
of 130 MPa, and 1.25 times maximum operating pressure of 144 MPa.

2.4.4. Test procedure

Fig. 7 shows the loading history of the creep test. Firstly, the pressure
of 60 MPa is preloaded to the model in order to check whether the model
is leaking and whether the facilities are working properly. Then, the
pressure is increased to 115 MPa to obtain the strain data of measuring
points. Several factors are considered comprehensively to determine the
load dwell time, including the maximum working time of a single
voyage for the full-ocean-depth submersible, the number of dives for
each voyage, the safety factor for the calculation of structural stability,
and the safety assessment of long-term service. Finally, creep tests under
the hydrostatic pressure of 115 MPa, 130 MPa and 144 MPa are per-
formed as shown in Fig. 6. The pressure triggering function of data
acquisition system is utilized to extract the strain value more accurately
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Fig. 5. Test preparations: (a) strain gauges pasted outside the model, (b) the model and watertight connectors on the hatch cover.
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Fig. 6. Schematic of loading history in the whole test.
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Fig. 7. Strain-time curves of measuring points on the internal and external surface of the model under 115 MPa: (a) internal, (b) external.

at the specified pressure to minimize the effect of small pressure fluc-

tuations during creep tests.
3. Results and discussions
3.1. Test results

3.1.1. Results under the pressure of 115 MPa

According to the test procedure, after the pressure had reached the
pressure of 115 MPa, the creep test was started under constant pressure
with the continuous dwell time of 160 h. The strain data of measuring
points on the internal and external surface of the model is derived, and
the corresponding strain-time curves are plotted as shown in Fig. 7.

It is seen from the strain curves in Fig. 7 that after the applied
pressure reaches 115 MPa, the strain of each measuring point remains

unchanged except for the system drifts.

3.1.2. Results under the pressure of 130 MPa

After the dwell time of 160 h under the pressure of 115 MPa, the
target pressure was raised to 130 MPa for the creep test with the dwell
time of 620 h. The strain-time curves under the pressure of 130 MPa are
shown in Fig. 8.

As is seen from Fig. 8, at the constant pressure of 130 MPa, the
measuring points inside and outside the pressure hull model do not show
increasing strains over time, namely, there is no creep strain occurrence
in the pressure hull scale model under the pressure of 130 MPa.

3.1.3. Results under the pressure of 144 MPa
According to the test procedure in Fig. 6, the test pressure was lastly
increased to 144 MPa, and the dwell time was 160 h. Here, the strain
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Fig. 8. Strain-time curves of measuring points on the internal and external surface of the model under 130 MPa: (a) internal, (b) external.

data during the loading process was derived.

Under the combined action of ultra-high hydrostatic pressure and
long dwell time, some gauges were detached from the pressure hull,
resulting in data exception. Therefore, gauges that show abnormal
behavior should not be used to investigate for creep, and the strain-
pressure curves were plotted based on valid data, shown in Fig. 9.

It is seen from the curves that strains during the loading process vary
linearly with the increase of pressure. Therefore, the structure is in an
elastic state, and there is no plastic deformation during the loading
process.

The strain-time curves of the internal and external measuring points
under the constant pressure of 144 MPa are shown in Fig. 10.

According to Fig. 10, the creep curves under the constant pressure of
144 MPa can be divided into two typical stages. The first stage is the
primary creep, in which the creep strain rate decreases gradually with
loading time. The second stage is the steady-state creep, where the creep
strain rate tends to be a constant value. The curves do not have tertiary
creep stage with increasing loading time. During the primary creep, the
compressive creep strain that increase with loading time by power law
occurs at most of the measuring points on the internal and external
surface of the pressure hull scale model.

For the measuring points on the external surface of the spherical hull
model, the creep strain that increases in the first stage of the creep curve
does not continue to grow in the secondary stage, the creep strain rate of
the secondary stage eventually tends to be zero and no longer changes.
The creep strains at different positions outside the model under the
pressure of 144 MPa are shown in Table 4. The measuring point on the
external surface of the model corresponding to the maximum creep
strain value is located near the circumferential hatch weld, which is the
high stress zone of the model, with the strain gauge number of E17 and
the cumulative creep strain of —148 pe. Two measurement points near
the hatch weld present a steady-state creep in which the creep strain
increases with loading time. There is a large strain change near the
hemisphere butt weld, and the cumulative creep strain of the measuring

-10000

-8000
E 6000 |
E
E
3
= =
£ 4000 |
2
w

2000

0 L L L L L L L
] 20 40 60 30 100 120 140 160

(a) Pressure(MPa)

point E9 was —120 pe. Due to the differences in position and thickness of
the measuring points, the creep strain at the typical position of the
spherical hull shows a certain range of dispersion, and the creep strain at
the minimum thickness position of the spherical hull is —113 pe.

For the measuring points on the internal surface of the spherical hull
model, the measured creep strains under the pressure of 144 MPa are
shown in Table 5. The A3, A6, A8, A9, and A10 measuring points located
inside the spherical hull present the steady-state creep. For the above
measuring points, when the stress of the measuring point is smaller, the
creep strain and creep strain rate are lower, and the time of the primary
creep is longer. The measuring point on the internal surface of the model
corresponding to the maximum creep strain value is located on the in-
ternal surface of the hatch cylindrical section, with the strain gauge
number of A3 and the cumulative creep strain of —147 pe. The
measuring point corresponding to the extreme stress of the spherical hull
model is located on the internal surface of the hatch cylindrical section,
the circumferential direction of which presents the extreme point of the
creep strain. The longitudinal stress along the hatch cylindrical section is
the tensile stress, under which the strain gauge A4 is to obtain a tensile
creep strain of 110 pe. The creep strains at the position of typical
spherical hull plate inside the model are small, the variation range of
which is —31 pe to —79 pe.

3.2. Stress analysis

In order to further understanding the stress state of the spherical
pressure hull scale model under hydrostatic pressure, the stress analysis
is performed according to the Lamé formulae, finite element method and
the method based on test data.

3.2.1. Stress calculation methods

(1) Lamé formulae

-6000

-5000 [

-4000

E
g
& 3000 -
z
=
g

@ -2000 |-

-1000 |-

0 # L L 1 L L 1 L
0 20 40 60 80 100 120 140 160

(b) Pressure (MPa)

Fig. 9. Strain-pressure curves with specified pressure of 144 MPa during the loading process: (a) internal, (b) external.
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Fig. 10. Strain-time curves under constant pressure of 144 MPa: (a) internal, (b) external.

Table 4
Creep strains of the measuring points on the external surface of the spherical hull model.
Location Hatch weld Hemispherical butt weld Spherical hull plate
No. E17 E20 E23 E9 El14 E15 E26 E27 E28
Creep strain (je) —148 —54 —67 -120 -109 -95 —72 -91 -113
Table 5
Creep strains of the measuring points on the internal surface of the scale model.
No. A3 A4 A5 A6 A8 A9 Al0 All Al2
Creep strain (pe) —147 110 52 -57 -79 -37 -38 —69 -31

The spherical pressure hull model in this paper is regarded as a
medium-thickness-walled hull due to thickness-radius ratio. According
to the results in Fig. 10, the structure is in an elastic state.

The solution of stress problem of the medium-thickness-walled
spherical hull structure in the elastic state can be traced back to the
work by Lamé (1852). Exact solutions for the maximum principal stress
of the thick-walled spherical hull under uniform pressure are as follows
according to the Lamé formulae:

Rip; R} R3p, R}
SN S
R — R; r - —R; 7

1??17i 133 1?3170 1?3
o, _ 17" 1+_° ——_of° 1+_‘
’ Rg—R?( 27) R-R\ 27

(€8]

where o, is the radial stress, oy is the circumferential stress, R; is the inner
radius of the spherical hull, R, is the outer radius of the spherical hull, p;
is the internal pressure, and p,, is the external pressure.

Substituting the model dimensions into equation (1), the circum-
ferential stress of —862.2 MPa on the internal surface, —790.2 MPa on
the external surface, and —822.5 MPa in the middle surface of the
spherical model are obtained.

(2) Finite element method

A finite element analysis model is established according to the
pressure hull dimensions, and the finite element mesh is partially refined
at the position of access hatch.

Load conditions: a 144 MPa load is applied to the external surface of
the model, which is converted to the corresponding equivalent load at
the cone surface of the hatch. Boundary conditions: three points are
selected on the spherical hull for constraints, and each point is con-
strained by 2 displacement components. The setting of symmetry
boundary conditions not only eliminates the rigid body displacement of
the entire structure, but also does not restrict the relative deformation
[36].

Continuous contours of von Mises stress of the spherical hull model

are shown in Fig. 11. Fig. 12 shows the profile at the typical location of
spherical hull plate and the circumferential stresses on the inner, middle,
and outer surfaces. The circumferential stresses on the inner surface,
outer surface and middle surface are —868.5 MPa, —794.0 MPa, and
—828.0 MPa, respectively.

(3) Method based on test data

In this method, the spherical coordinates p, 6, ¢ are introduced with
the origin at the center of the sphere, and the radial stress is ignored. In
this case, it is equivalent to a state of biaxial stress. Circumferential
stresses of the spherical hull model are calculated according to Eq. (2):

E
:q(ew +ﬂ€0) (2)

E
0p= 1*—/42 (&9 +pe,)o,

NODAL SOLUTTON

266.847

435.186 603.525 771.865

940.204

351.016 519.356 687.695 856.035 1024.37

Fig. 11. Continuous contours of von Mises stress of the spherical hull model.
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ELEMENT SOLUTION

STEP=1
SUB =1
TIME=1
sY (NOAVG)
RSYS=2

DMX =1.51053
SMN =-1023.05
SMX =70.2211

Fig. 12. Stress analysis of the spherical hull model under the pressure of 144 MPa.

where 64 and ¢, are the 8-coordinate stress and strain, 6, and ¢, are the
¢-coordinate stress and strain.

The creep test in this paper is a hydrostatic pressure test for simu-
lating the deep-sea ultra-high external pressure environment, and all of
the three tested pressures are not less than the maximum operating
pressure of the full-ocean-depth manned submersible. Therefore, the
pressure effect needs to be considered. The pressure effect of the strain
gauge in the hydrostatic pressure environment refers to the phenome-
non that the strain gauge deformation due to the hydrostatic pressure
will lead to the error of structural strain measurement.

The additional strain caused by the deformation of compensation
plates under hydrostatic pressure can be calculated according to the
generalized Hooke law:

7—1+2;4P

£ z 3

where ¢ denotes compensation strain, and P is the hydrostatic pressure
in the creep test.

According to the method of strain measurement using the compen-
sated plate, the correction between the measured strain ¢4 displayed on
the instrument and the true strain ¢ is corrected by:

e=¢€4+ & @

Substitution of the corrected true strains into Eq. (2), the circum-
ferential stresses on the external surface are obtained for the spherical
hull model.

Table 6

3.2.2. Stress calculation results

Based on the above three methods, the stresses on the internal,
middle and external surface of the typical spherical hull are calculated
under the pressure of 130 MPa and 144 MPa, and the results are sum-
marized in Table 6.

As is shown in Table 6, the stresses calculated by the finite element
method are in good agreement with the results based on Lamé formulae
and the test data.

From the creep testing data under the pressure of 130 MPa in Fig. 8
and the values of circumferential stress calculated in Table 6, it is found
that no creep strain occurs at all the measuring points of the model when
the structural stress of the spherical hull is less than 784.1 MPa.
Therefore, the stress threshold value for the primary creep of the
spherical hull model is greater than 784.1 MPa, which is 0.81Rpo2
compared with the yield strength and 0.78Rjco.2 compared with the
compressive yield strength of the material for the pressure hull model.

3.2.3. Stress equivalence between scale model and actual structure

For comparison, the structural stress is carried out for both the scale
model and the pressure hull of the full-ocean-depth manned submers-
ible. The von Mises stresses calculated based on the finite element
method under the hydrostatic pressure of 115 MPa are 827 MPa and 832
MPa, respectively, and the stress distribution contours of the hemisphere
structure are shown in Fig. 13. The deviation of 0.6% between two
stresses can be neglected and it is seen that the stress state of the scale
model is equivalent to the counterpart of the pressure hull in the full-
ocean-depth manned submersible. Moreover, the main construction
technologies of the scale model are identified with that of the full-size

Circumferential stresses at typical spherical hull plates based on different calculation methods.

Applied pressure 130 MPa

144 MPa

Position Internal surface Middle surface External surface Internal surface Middle surface External surface
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Lamé formulae —778.4 —742.7 -713.4 —862.2 —822.7 —790.2

Finite element method —784.1 —747.5 -716.8 —868.5 —828.0 —794.0

Method based on testdata ~ —790.6 —753.0 —715.3 —873.9 —835.1 —796.2
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Fig. 13. Stress distribution contours under the hydrostatic pressure of 115 MPa: (a) the scale model, (b) the full-size pressure hull.

pressure hull, and principal dimensions of the scale model are designed
according to the scale ratio. This indicates that the result of the scale
model in the creep test could represent that of the full-size pressure hull
structure, that is, there is no measurable creep in the full-ocean-depth
manned submersible under the maximum operating pressure.

3.3. Creep constitutive equation

It is found from the creep curves in Fig. 10 that the creep strain rate
gradually decreases and eventually tends to zero at the measuring points
outside the model under low stress. While at the measuring points inside
the model under high stress, the creep strain gradually enters to the

steady-state creep stage with a constant strain rate. This indicates that
there is a threshold stress o¢ for the compressive creep characteristic of
the pressure hull scale model of the full-ocean-depth manned submers-
ible. When the stress is greater than o, the creep will enter to the steady-
state stage. Otherwise, the creep will saturate, i.e., the creep strain no
longer grows. This phenomenon is similar to that of compressive creep
characteristic of titanium alloy materials at room temperature [31].

In order to study the relationship between steady creep strain rate
and structural stress, the strain data of measuring points which increase
linearly are selected, and the creep strain rates for the steady-state creep
are calculated, as shown in Table 7.

Norton’s equation is modified by introducing the stress threshold
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Table 7

Creep strain rate and stress of typical measuring points.
Strain gauge number A3 A6 A8 A9 Al0
Stress (MPa) -960.3 —892.8 —873.3 —854.9 —864.9
Creep strain rate (h’l) —0.407 -0.316 —-0.224 —0.0864 -0.166

oo [20], and a more reasonable relational expression between creep
strain rate & and critical stress is expressed as follows:

& =A(c—0o)" 5)

where é&; is creep strain rate, A denotes a constant related to the material,
0 is the stress threshold, and m denotes the creep stress index.
Nonlinear regression analysis of the creep strain rate and stress data
are carried out, and the results are illustrated in Fig. 14. The parameters
for the creep constitutive equation are listed in Table 8.
As a result, the compressive creep constitutive equation of the tita-
nium alloy pressure hull is present as:

&= —0.7753(c — 853.7)** (6)

It is seen from Eq. (6) that the compression creep stress threshold
value for steady-state creep of the pressure hull model is 853.7 MPa,
which is 0.88Rp0.2 compared with the yield strength and is 0.84Rc0.2
compared with the compressive yield strength of the material for the
pressure hull model.

4. Conclusions

In this paper, a new compressive creep test method for titanium alloy
pressure hulls of manned submersible was established, and creep tests of
the titanium alloy pressure hull model of a full-ocean-depth manned
submersible under a series of hydrostatic pressures were performed
based on this test method. The main findings of the paper are as follows:

1) It is verified that there is no measurable creep strain for pressure hull
scale model of the full-ocean-depth manned submersible under the
pressure of 115 MPa and 130 MPa. Since the spherical scale model
can represent the full-size pressure hull, it can be indicated that there
is no measurable creep occurred in the full-ocean-depth manned
submersible under maximum operating pressure.

Compressive creep strain occurs at most of the measurement points
inside and outside the model under the pressure of 144 MPa, and the
steady-state creep even appeared in high stress areas. The creep
strain of the spherical hull structure generally presents the distri-
bution characteristics of internal creep strain and strain rate being
greater than the external counterparts, and the maximum value of
creep strain is located on the internal surface of the access hatch.
When the structural stress of the manned spherical hull is less than
784.1 MPa (equivalent to 0.81Rp0.2), no creep strain will occur. The
stress threshold value of the pressure hull model for steady-state
creep is 853.7 MPa (equivalent to 0.88Ry.2), and a creep constitu-
tive equation is proposed based on the improved Norton power law
model.

2

—

3)

The results of this paper can provide support for the safety assess-
ment and optimization design of manned submersibles for long-term
service.
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