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Studying the evolution characteristics of damage strength and water absorption behavior of hollow glass beads solid buoyancy
materials used for manned submersibles in the hyper-pressure environment will help people to understand the damage
mechanism and induced mechanism of buoyancy materials for manned submersibles. To explore the infuence mechanism of
diferent pressure, temperature, loading rate and load cycle times on deformation, failure, and water absorption behavior of solid
buoyant materials, hydrostatic pressure tests of solid buoyant materials under diferent conditions are conducted in this study.
Based on the test data, the nonlinear characteristics of mechanical properties and water absorption behavior of two buoyant
materials are obtained. Te results show that the water absorption characteristics of solid buoyant materials are afected by
hydrostatic pressure, and the water absorption characteristics increase exponentially as the hydrostatic pressure increases. Te
loading rate insignifcantly afects the compressive strength and water absorption characteristics of both materials. Ambient
temperature has a great infuence on water absorption characteristics and failure strength of high-strength solid buoyant
materials. After cyclic loading, the properties of buoyant materials decreased, and X-ray micro-CTshowed that the internal hollow
glass beads had a good shape and no signifcant change in the glass beads breakage rate. Te change of solid buoyancy material
properties is mainly due to the change of resin base material properties, resulting in material aging and performance attenuation.
Te research results are helpful to further explore the fracturing evolution and water absorption behavior of solid buoyant
materials and then play a guiding role in calculating the counterweight of manned submersible operation and performance
prediction and maintenance of buoyant materials for manned submersibles.

1. Introduction

Solid buoyancy material is one of the key technologies in
manned submersibles. Its importance in deep-sea explora-
tion has been widely recognized [1, 2]. Te solid buoyancy
material of manned submersible is composed of hollow glass
beads and resin substrate by mixing and heat curing, in
which hollow glass beads are the key [3, 4]. To fulfll the
requirements of deep-sea exploration for China, a full deep-
sea manned submersible was developed by using solid
buoyancy material with domestic hollow glass beads, set a
Chinese record of 10,909 meters in manned deep-sea diving
in 2020, and was named “Fendouzhe.” Te properties of
solid buoyant materials mainly include density, water ab-
sorption, and compressive strength. Tere are no

commercial products that can provide the buoyancy ma-
terial to satisfy the classifcation rule requirement; the de-
crease of compressive strength and the increase of water
absorption of solid buoyancy material seriously endanger
the safety and usability of the full ocean depth manned or
unmanned submersibles, and thus this component should be
used with specifc monitoring of its damage state in order to
guarantee the safety of a manned submersible operation.
Terefore, studying the evolution characteristics of damage
strength and water absorption behavior of solid buoyancy
materials used for manned submersibles in the hyper-
pressure environment will help people to understand the
damage mechanism and induced mechanism of this com-
ponent and then play a guiding role in calculating the
counterweight of manned submersible operation and
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performance prediction and maintenance of buoyant ma-
terials for manned submersibles.

Currently, studies on solid buoyancy materials mainly
focus on material ratio, manufacturing process, and material
strength [5–9]. Te strength of the material depends on the
strength and toughness of the resin matrix, the bonding
strength between the matrix and microspheres, the strength
of the hollow microspheres, and Poisson’s ratio of com-
ponents [10]. Concerning the strength of solid buoyancy
materials, scholars worldwide have usually used uniaxial
compression tests, high-pressure environment simulation
tests, numerical simulation approaches, and other methods
to determine the mechanical properties and pressure-
resisting performances of buoyant materials under high-
pressure environments [11–15]. Liang et al. investigated the
hydrostatic pressure performance and water absorption of
buoyant materials with diferent density characteristics and
studied the relationship between the density, hydrostatic
pressure, and water absorption of buoyant materials [16, 17].
Liang et al. investigated the efect of the density of a buoyant
material on its water absorption characteristics under
110MPa hydrostatic pressure [18]. Gupta and Woldesenbet
investigated the micromorphology of a buoyant material
after stress deformation under diferent local stress condi-
tions and confrmed that there were many broken micro-
spheres on the buoyant material’s surface under
compression [19]. Liang studied the fracture behavior of
hollow glass beads of solid buoyancy materials [20–22]. Yan
et al. studied the mechanical properties of high-performance
hollow glass beads [23]. Gupta and Woldesenbet used fve
kinds of hollow glass beads as fllers to conduct research, and
the results showed that the compression strength and
compression modulus of buoyant materials increased with
the increase of the strength of the beads when the epoxy resin
matrix and volume flling amount were the same [24]. Kim
and Plubrai carried out a study about failure mechanisms for
solid buoyancy material. Two diferent failure modes were
found, where one is characterized by longitudinal splitting
and the other by layered crushing. Te former occurred at a
low density of foam and the latter at relatively high densities
of foam, and a schematic model for the layered crushing is
proposed to explain its mechanism [25]. Bo et al. studied the
damage and failure behaviors of the epoxy buoyant materials
after quasi-static and dynamic loadings [26]. Ozturk and
Anlas carried out a study about hydrostatic compression of
anisotropic low-density polymeric foams under multiple
loadings [27]. Zhao et al. conducted high-pressure envi-
ronmental tests to explore the damage mechanism of
buoyant materials because of the damage of buoyant ma-
terials in the recent application of “Jiaolong” HOV [28].
Wang et al. proposed a theoretical model of compressive
strength and water absorption of solid buoyancy materials
used in full-depth submersibles [29].

In studying solid buoyancy materials for manned sub-
mersibles, the evolution law of mechanical properties and
failuremechanism of solid buoyancymaterials under long-term
exposure to extreme deep-sea environments remain superfcial
and lack systematic research [30, 31]. No relevant research
literature has been reported on the coupled efects of diferent

pressure, temperature, loading rate, and load cycle times on
deformation, failure, and water absorption behavior of solid
buoyant materials. Currently, studies on solid buoyancy ma-
terials mainly focus on material ratio, manufacturing process,
and material strength. Terefore, in this study, hydrostatic
pressure tests of solid buoyant materials under diferent con-
ditions were conducted and comprehensively analyzed the
coupled efects of diferent pressure, temperature, loading rate,
and load cycle times on deformation, failure, and water ab-
sorption behavior of solid buoyant materials. Secondly, the
characteristics of solid buoyant materials after long-term cyclic
loading were further analyzed, and the microstructure of the
materials was analyzed by X-ray micro-CT.Te research results
are helpful to further explore the fracturing evolution and water
absorption behavior of solid buoyant materials and then play a
guiding role in calculating the counterweight of manned
submersible operation and performance prediction and
maintenance of buoyant materials for manned submersibles.

2. Experiment Overview

2.1. Experimental Materials and Equipment. Te materials
selected for the experiment are 4500- and 11000m solid
buoyancy materials, T-54 and T-68, independently devel-
oped by the Institute of Physical and Chemical Technology,
Chinese Academy of Sciences. Figure 1 shows the buoyancy
material samples for the tests, and the material parameters
are shown in Table 1. Te loading equipment adopts a
200MPa controllable temperature isostatic pressure simu-
lation test device (Figure 2). Te maximum working pres-
sure of the test device is 200MPa, the inner diameter of the
working cylinder is 180mm, the efective height is 400mm,
the pressure-lifting speed is 0.4–25MPa/min, the pressure
value control accuracy is ±1MPa, and the temperature
control range is 2°C–35°C.

2.2. Experimental Method

2.2.1. Water Absorption Test Method. Before the experi-
ment, the sample size was measured. Next, the sample was
soaked in water for 2min, taken out, and dried. Afterward,
the sample was weighed using an electronic balance with an
accuracy of 0.001 g. Furthermore, the sample was put in the
controllable temperature isostatic pressure simulation test
device for the hydrostatic loading test. After the hydrostatic
test, the sample was taken out of the isostatic pressure test
device, wiped of the water on the surface, and weighed.
Next, the water absorption is calculated as follows:

m �
m1 − m0

m0
× 100%, (1)

where m0 is the sample’s mass before loading, m1 is the
sample mass after loading, and m is the water absorption of
the buoyant material.

2.2.2. Measurement Method of Bulk Elastic Modulus. Te
bulk elastic moduli of the solid buoyancy materials were
measured using an ultrasonic device (Figure 3).
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According to the ultrasonic theory, by measuring the
longitudinal (CL) and transverse (CS) wave velocities of
the solid buoyancy materials, combined with their den-
sity (ρ), the bulk elastic modulus (k) of T-54 and T-68 is
calculated as follows:

k �
ρC

2
s 3 CL/Cs( 

2
− 4 

CL/Cs( 
2

− 1
, (2)

where CL is the longitudinal wave velocities of the solid
buoyancy materials, CS is the transverse wave velocities of
the solid buoyancy materials, ρ is the density of the solid

buoyant materials, and k is the bulk elastic modulus of the
solid buoyancy materials.

2.2.3. Test Method for the Strength of Solid Buoyancy
Materials. After fxing the buoyant material, it was placed
in the isostatic pressure test device. Next, the ambient
temperature and loading rate were controlled. Afterward,
the device was gradually pressurized to the set pressure,
and the pressure holding time was calculated. After
holding the pressure for the duration of the pressure

T-68 T-54

Figure 1: Two types of buoyancy materials.

Table 1: Parameters of buoyancy materials.

Type Working depth (m) Material density (g/cm3) Poisson’s ratio Size
T-54 4500 0.54 0.3 Φ50×100
T-68 11000 0.68 0.3 50× 50×100

Monitoring
system 

Supecharged
loading system

Air compressor

Pressure
tank 

Temperature
control box 

Figure 2: Controllable temperature isostatic pressure test device.
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holding time, the pressure is released. Te loading curve
in the pressure chamber during the test is shown in
Figure 4.

2.2.4. Test Scheme. Te test is divided into four groups. Te
frst group conducted the water absorption test of the material
in the process of ultimate pressure failure. For two solid
buoyancy materials, the water absorption and crushing
strength of the material at each stage of pressure rise to failure
pressure were measured. Te second group loaded the ma-
terial at diferent temperatures on the working pressure for
24 h, and the water absorption and crushing strength char-
acteristics of the material were measured. In the third group,
the materials were loaded to the working pressure at diferent
loading rates for 0.5 h, and the water absorption and crushing
strength were measured. Te fourth group is the material
cycle test, which measures the water absorption and crushing
strength of the material under working pressure and after
diferent cycle pressurization times. Table 2 presents the
experimental parameters of each group.

3. Results and Analysis

3.1. Efect of Hydrostatic Pressure on Water Absorption.
Figure 5 shows that the water absorption of the two buoyant
materials increases exponentially as the hydrostatic pressure
increases, and the growth trend is similar. When the hy-
drostatic pressure of T-54 is between 0 and 80MPa, the
increased range of water absorption is small. When the hy-
drostatic pressure exceeds 80MPa, the water absorption in-
creases exponentially until the hydrostatic pressure reaches
94MPa and the sample is damaged. When the hydrostatic
pressure of T-68 is between 0 and 100MPa, the increase in
water absorption is small. When the hydrostatic pressure
exceeds 100MPa, the water absorption increases exponen-
tially until the sample damages after the hydrostatic pressure
reaches 176MPa. Figure 6 presents the pressure feed point
area curve of T-68 under the ultimate strength test.

3.2. Efect of Ambient Temperature on Water Absorption and
Failure Strength. Te ambient temperature of the test device
was controlled to 4°C, 10°C, 20°C, and 35°C, respectively, and
pressurized at the rate of 2MPa/min until the sample was
pressed and fed. Next, the water absorption and strength
changes of the buoyant materials under diferent ambient

temperatures and working pressure for 24 h were investi-
gated. Figure 7 shows that the water absorption charac-
teristics of the two buoyant materials are incompletely
afected by temperature. Between 4°C and 20°C, the water
absorption characteristics of the two buoyant materials
change insignifcantly. Here, the water absorption charac-
teristics of the two buoyant materials are almost the same
and change between 0.1% and 0.2%. At 35°C, the water
absorption of T-68 increases signifcantly to 0.33%. Fur-
thermore, Figure 8 shows that the crushing strength of T-54
is insignifcantly afected by the ambient temperature
change, and the crushing strength is maintained at 94MPa
between 4°C and 35°C. Whereas the crushing strength of T-
68 decreases as the temperature increases; the crushing
strength decreases from 174 to 160MPa. When the ambient
temperature exceeds 20°C, the water absorption perfor-
mance of T-68 increases signifcantly, and the crushing
strength decreases. In contrast, the water absorption of T-54
is insignifcantly afected by temperature change, and its
crushing strength hardly changes.

3.3. Efect of Loading Rate on Water Absorption and Failure
Strength. Te ambient temperature of the test device was
controlled to 10°C, and the sample step was pressurized at the
rates of 0.6, 2, 10, 15, and 25MPa/min, respectively, until the
sample was pressure fed. Afterward, the infuence of the loading
rate on water absorption and crushing strength was analyzed.
Figures 9 and 10 show that the water absorption characteristics
of the two buoyant materials change insignifcantly with the
loading rate. Te water absorption of T-54 increases slightly as
the loading rate increases, whereas that of T-68 does not in-
crease or decrease signifcantly as the loading rate increases.
Comparing the infuence diagram of the crushing strength of
the two buoyant materials with the loading rate shows that the
loading rate slightly afects the failure strength of the buoyant
materials, and the crushing strength of the two materials re-
mains unchanged as the loading rate increases.

3.4. Efect of Cyclic Loading onWater Absorption and Failure
Strength. Te ambient temperature of the test device was
controlled to 10°C, and the device was pressurized to the

Figure 3: Acoustic measurement bulk modulus of elasticity.
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Figure 4: Ultimate strength test curve of T-54.
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working pressure at the rate of 25MPa/min and maintained
for 5min. Afterward, the pressure was released. According
to this procedure, it was loaded 100, 200, 400, 500, 600, and
800 times, and the water absorption and crushing strength of
the material were measured, respectively, after 1000 times.
Figure 11 shows the cyclic loading curve (fve cycles).

Figures 12 and 13 show that the water absorption
characteristics of the two buoyant materials increase ex-
ponentially as the number of cyclic loading increases, and
the growth trend is similar. Considering the actual operating
load spectrum of manned submersible, the maximum cyclic
loading durations of buoyant materials is 1000 times. At this
time, the water absorption values of T-54 and T-68 are 0.62%
and 0.84%, respectively. Te corresponding water absorp-
tion increases exponentially with the number of cycles, and

the crushing strength of the two buoyant materials decreases
linearly as the number of cycles increases. When the number
of cycles is 800, the crushing strength characteristics of T-54
and T-68 decrease to 78 and 162MPa, respectively. When
the number of cycles is 1000, the crushing strength of T-54
decreases to 72MPa, and its decrement rate is 23.4%. In
contrast, the crushing strength of T-68 decreases to
160MPa, and its decrement rate is 9.1%.

3.5. FailureModeAnalysis. Figure 14 shows the sample after
the isostatic pressure loading failure. After the isostatic
pressure failure test, the buoyant material sample is complete
as a whole, and there are flamentous cracks, surface collapse,

Table 2: Experimental parameters.

Holding time Hydrostatic pressure (MPa) Temperature (°C) Loading rate (MPa/min) Number of cycles
Group 1 5min 0–200 10 2 —
Group 2 24 h 45, 110 4, 10, 20, 35 2 —
Group 3 30min 45, 110 10 0.6, 2, 10, 20, 25 —
Group 4 5min 45, 110 10 25 100, 200, 400, 500, 600, 800, 1000
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Figure 5: Water absorption vs. hydrostatic pressure.
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and even cracking on the sample surface.Te failure mode of
T-68 is flamentous cracks and local compression defor-
mation. T-54 is mainly damaged in the form of middle

expansion and compression at both ends, and individual
samples form failure cracks at both ends.

3.6. Micromorphologies of Buoyant Materials. Te micro-
morphologies and microstructures of buoyant materials can
be observed directly by scanning electron microscope.
Figure 15(a) shows that at 500 times magnifcation, the
buoyancy material is composed of high-strength glass
hollowmicrospheres and densely packed high-strength resin
substrate. Te diameters of the hollow microspheres difer,
and the fracture edge can be clearly distinguished in the
material crushing area. Figure 15(b) shows that the thickness
of the edge of hollow microspheres is 1 μm.

X-ray micro-CT was used to analyze the micromor-
phology of the samples before/after cyclic loading, and
Figure 16 shows that the data with the size of
600 μm × 600 μm × 600 μm were captured from the CT
scanning data. Further quantitative analysis showed that
the breakage rate of hollow glass beads inside the material
did not change signifcantly before/after cyclic loading,
and the breakage rate of the beads was low. It can be seen
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that the compressive resistance of hollow glass beads
inside solid buoyant materials is better, and the change of
material properties is mainly due to the change of resin
base material properties, which leads to material aging
and performance attenuation. Te results show that the
overall mechanical behavior of buoyant materials is
strongly afected by the properties of the matrix [32]. For
the long-term cyclic load test, the characteristics of the
epoxy resin matrix of buoyant materials should be further
studied.

3.7. Safety Analysis of Solid Buoyancy Materials. Te tests
helped determine that the performance of solid buoyancy
materials shows an attenuation trend after long-term aging.
Tere is no evaluation criterion for the efective service life of
solid buoyancy materials in the relevant literature. With the
long-term service of submersibles, the water absorption of
solid buoyancy materials increases, and the crushing
strength decreases, reducing the service safety factor. Te
water absorption causes the hydrolysis and swelling of epoxy
resin, which reduces the bonding strength of hollow glass

Figure 14: Sample picture after loading failure.
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Figure 15: SEM image of buoyant material. (a) 500 times. (b) 5000 times.
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Figure 16: Four views of local data. (a) Before cyclic loading. (b) After cyclic loading.
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beads and epoxy resin. Ten, the compressive strength of
solid buoyancy material is reduced, which endangers the
safety of manned submersibles [33, 34]. According to the
CCS specifcation for the water level of diving systems and
submersibles, the safety factors of the water absorption
characteristics of 1000- and 4500m buoyant materials are
1.231 and 1.15, respectively. Te safety factor of the crushing
strength is 1.5. According to the cyclic test results, the
crushing strength characteristics of the two buoyant ma-
terials decrease linearly as the number of cycles increases.
T-54 has a greater safety factor; the number of cycles is 1000,
and its crushing strength decreases to 72MPa, still satisfying
the specifcation requirements. Concerning T-68, the
number of cycles is 800, its crushing strength decreases to
162MPa, and the safety factor of the crushing strength is
<1.5, which does not meet the specifcation requirements, so
the buoyant material shall be inspected and replaced. After
1000 cycles, the water absorption of the two buoyant ma-
terials is <1%, still satisfying the specifcation requirements.

Te water absorption of solid buoyancy materials de-
creases after long-term corrosion, which reduces the safety
factor. Also, the buoyancy loss of buoyant materials in-
creases due to the reduction in the performance of buoyant
materials. Te buoyancy loss of the buoyant material in-
cludes the buoyancy losses due to the increase in water
absorption and the volume shrinkage.Te volume shrinkage
of buoyant materials under high hydrostatic pressure is
independent of the shape and volume of buoyant material
components but related to the uniformly distributed hy-
drostatic pressure and bulk elastic modulus. Te volume
shrinkage of buoyant materials is calculated as follows:

e � −
p

k
, (3)

k �
E

3(1 − 2μ)
, (4)

where E is the Young’s modulus of elasticity, and μ is
Poisson’s ratio, k is the bulk elastic modulus of the solid
buoyancy materials, p is the hydrostatic pressure, e is the
volume shrinkage of buoyant materials.

Te buoyancy loss is calculated as follows:

F1 � v0 × ρ × η × g, (5)

F2 � Δv · ρ′ · g � v0 · e · ρ′ · g, (6)

where v0 is the volume of solid buoyancy materials for
manned submersibles, ρ is the density of solid buoyant
materials, η is the water absorption of solid buoyancy
materials, and ρ′ is the density of seawater at the operating
depth of the manned submersible. F1 is the buoyancy losses
due to the increase in water absorption, and F2 is the
buoyancy losses due to the volume shrinkage of buoyant
materials. Te sum of F1 and F2 represents the total
buoyancy loss.

Figure 17 shows the curves of cyclic loading times against
the buoyancy loss of “Shenhaiyonshi” manned submersibles
and “Fendouzhe” manned submersibles at the design

working depth calculated according to the test results. As the
cyclic loading time increases, the water absorption charac-
teristics of the buoyant materials decrease, and the buoyancy
loss increases. For the “Fendouzhe” manned submersible
with T-68, after 1000 loading cycles, the buoyancy loss value
caused by the increase in water absorption of buoyant
materials is close to the load of the manned submersible.
Tus, the sampling test of water absorption of buoyant
materials should be conducted regularly, which provides a
basis for the counterweight calculation of manned
submersible.

4. Conclusion

To explore the infuence mechanism of diferent pressure,
temperature, loading rate, and load cycle times on defor-
mation, failure, and water absorption behavior of solid
buoyant materials, hydrostatic pressure tests of solid
buoyant materials under diferent conditions are conducted
in this study. Based on the test data, the nonlinear char-
acteristics of mechanical properties and water absorption
behavior of two buoyant materials are obtained. Tere are
two major limitations in this study that could be addressed
in future research. First, the fndings of this study must be
considered in the context of experimental limitations, the
results were obtained in a freshwater environment, and the
efect of seawater should be further considered for long-term
cycling tests. Te second limitation concerns the coupling
parameters, limited by the test conditions; this study con-
siders single conditions such as pressure strength, temper-
ature environment, loading speed, and cycle times,
respectively, and lacks multiparameter test coupling anal-
ysis. Nevertheless, the results we obtain are benefcial. Te
research results are summarized as follows:

(1) Te water absorption characteristics of T-54 and
T-68 are obviously afected by the hydrostatic
pressure, and the changing trend is the same. When
the hydrostatic pressure exceeds 80MPa, the water
absorption of T-54 increases exponentially. When
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Figure 17: Cyclic load times vs. buoyancy loss.
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the hydrostatic pressure exceeds 100MPa, the water
absorption of T-68 increases exponentially. Te
loading rate has no obvious efect on the compressive
strength and water absorption characteristics of the
two materials.

(2) T-54 and T-68 are afected by the ambient tem-
perature. When the ambient temperature exceeds
20°C, the water absorption of T-68 increases sig-
nifcantly, and the crushing strength decreases. In
contrast, the water absorption and crushing strength
of T-54 are unafected signifcantly by the ambient
temperature.

(3) After cyclic loading, the properties of buoyant ma-
terials decrease. As the cyclic loading time increases,
the water absorption characteristics of the two
materials increase exponentially, and the crushing
strength decreases linearly as the cyclic loading time
increase. When the number of cycles reaches 1000,
the crushing strength of T-54 decreases to 72MPa,
and the decrement rate of the crushing strength is
23.4%. At this time, the crushing strength still sat-
isfes the specifcation requirements. Te number of
cycles is 800, the crushing strength of T-68 decreases
to 162MPa, and the decrement rate of the crushing
strength is 7.4%. At this time, the crushing strength
safety factor is <1.5, which does not meet the
specifcation requirements; thus, sampling inspec-
tion and replacement of buoyancy materials shall be
conducted. After 1000 cycles of loading, the water
absorption of the two materials is <1%, X-ray micro-
CTshowed that the internal hollow glass beads had a
good shape and no signifcant change in glass beads
breakage rate. Te change of solid buoyancy material
properties is mainly due to the change of resin base
material properties, resulting in material aging and
performance attenuation.

(4) With the long-term service of the submersible, the
water absorption performance and buoyancy loss of
the buoyant material decreases and increases, re-
spectively. For the “Fendouzhe” manned submers-
ible with T-68, after 1000 cycles of loading, the
buoyancy loss caused due to the reduction of the
water absorption of the buoyant material is close to
the load of the manned submersible.

Te outcomes of this study are helpful for us to un-
derstand the evolution law of buoyancy material properties,
the infuence law of temperature and temperature change on
performance attenuation, the infuence of loading strength
and loading change mode on performance evolution, and
the relationship between the setting of safety factor and
service life of buoyancy materials, which are helpful for
solving key problems such as accurate early warning and
service life assessment of buoyancy materials. It provides the
basis for realizing the health management in the whole life
cycle of materials. In addition, the research results provide a
basis for the calculation of counterweight in manned sub-
mersibles operation, the maintenance of manned

submersibles, and the performance evaluation of manned
submersibles in service under complex thermal and me-
chanical environment.
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