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Abstract: The hydraulic bulge test with micro-samples is expected to be useful in the damage assess-
ment of long-service-period metals to understand the degeneration of their mechanical properties.
Since the hydraulic bulge test has a different stress state from the classical uniaxial tensile test, we
need to understand their correlation and differences. In this study, the hydraulic bulge test and
the uniaxial tensile test are employed to analyze the mechanical properties of three typical metals
used in pressure vessels: 316L, 16MnDR, and Q345R. By utilizing Kruglov’s vertex thickness and
Panknin’s curvature radius equivalent, the pressure–displacement curves from the hydraulic bulge
test are converted into biaxial stress–strain curves. Based on the equivalent plastic energy model, the
biaxial stress–strain curves are converted into uniaxial stress–strain curves with an error less than
10% in the strain hardening stage, achieving the unified characterization of mechanical properties
under different stress states. Moreover, the hydraulic bulge test provides a more extensive strain
hardening stage, and the fracture strains are 9–16.5% larger than those of uniaxial tensile test. This
paper provides a reference for using the hydraulic bulge test with micro-samples in studying the
mechanical properties and presents the advantages of this novel test method.

Keywords: hydraulic bulge test; uniaxial tensile test; micro-sample; equivalent plastic energy;
mechanical properties

1. Introduction

Various chemical process apparatuses may suffer significant damage during long-term
service, such as creep, fatigue, and corrosion [1,2]. Assessing the damage level of the metals
used in these apparatuses urgently needs to be addressed. Micro-sample testing techniques
offer the advantage of being non-destruction or causing minimal destruction [3–5], including
the small punch test (SPT), the hydraulic bulge test (HBT), the micro-sample uniaxial
tensile test (UTT), and the indentation test (IT). These methods can evaluate the mechani-
cal properties of metals and assess the damage incurred after long-term service without
compromising the structural integrity of equipment. The small punch test involves ap-
plying a load on the center of a thin sample using a spherical punch until the sample
fractures, while various mechanical properties, including the tensile strength [6], creep [7],
fatigue [8], ductile-to-brittle transition temperature [9], and fracture toughness [10], are
considered. The HBT [11,12] uses liquid to apply uniform pressure instead of a spherical
punch, and the thin sample deforms in a biaxial stress state, obtaining biaxial stress–strain
curves [13–15]. The micro-sample tensile test applies tensile force on the small sample
ends until fracture, in order to obtain tensile parameters such as the elastic modulus [16,17]
and yield strength [18,19]. The indentation test measures hardness [18,19] and the elastic
modulus [20] by pressing a rigid indenter into the material surface.
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Among these micro-sample testing techniques, the HBT is receiving widespread
attention due to its ability to avoid eccentric loading and friction effects [5]. Hill [21] studied
metal diaphragms under lateral pressure, investigating the changes in curvature radius and
vertex thickness, laying the groundwork for subsequent semi-analytical stress solutions.
Based on Hill’s work, Panknin [22] considered the fixture chamfer Rd and redefined the
curvature radius. Chakrabarty-Alexander [23] introduced the strain hardening coefficient n
into Hill’s vertex thickness equation, while Kruglov [24] incorporated the curvature radius
ρ at the vertex into the thickness equation. Tables 1 and 2 present the mechanical models
of the curvature radius and vertex thickness, proposed based on the membrane theory.
Koc [25] conducted HBTs on AA5754 and AISI201 by combining experimental results with
theoretical equations, and found that Panknin’s curvature radius and Kruglov’s vertex
thickness calculation methods provide a suitable combination for obtaining flow stress.

Table 1. Models for curvature radius.

Approach Curvature Radius

Hill [21] ρ = R2+h2

2h
Pankin [22] ρ = (R+Rd)

2+h2−2Rdh
2h

Table 2. Models for vertex thickness.

Approach Vertex Thickness

Hill [21] t = t0

[
1

1+
(

h
Rd

)2

]2

Chakrabarty-Alexander [23] t = t0

[
1

1+
(

h
Rd

)2

]2−n

Kruglov [24] t = t0

[ (
Rd
ρ

)
sin−1

(
Rd
ρ

)
]2

The tensile mechanical properties of metals are typically obtained through uniaxial
tensile tests. However, uniaxial tensile tests can only provide a hardening curve up to the
point of diffuse necking, with strain generally reaching only 0.15–0.25 [26]. This strain range
is often insufficient in biaxial and complex stress states. Traditionally, the hardening curve
is extrapolated to higher strains, but this method has been proven to be unreliable [27].
To address this issue, the hydraulic bulge test is employed to achieve higher levels of
plastic strain and flow stress. Several studies have demonstrated the advantages of the HBT
over the UTT in evaluating mechanical properties in different stress states. A. Boyer [13]
used bulge samples with a diameter of 240 mm to evaluate the biaxial stress–strain curves
of quenched boron steel sheets at high temperatures. Their findings indicate that the
HBT shows similar hardening behavior to that observed in the UTT at high temperatures.
Nasser [15] studied five types of advanced high-strength steels using 254 mm × 254 mm
square bulge samples and compared the results of the UTT, proving that the bulge test
could achieve approximately twice the equivalent plastic strain compared to the UTT,
highlighting its capability to explore higher strain ranges. Tiago [28] evaluated the plastic
behavior of interstitial-free steel sheets through the HBT with a diameter of 180 mm, and
an equivalent work–hardening curve, representing the higher strain ranges instead of the
conventional uniaxial tensile data, was proposed based on the HBT results. Amaral [29]
analyzed the mechanical properties of dual-phase steel using bulge samples with a diameter
of 250 mm through the HBT. Various methodologies were applied to convert the biaxial
stress–strain curve into an equivalent uniaxial curve, effectively addressing the limitations
of extrapolation inherent in uniaxial tensile tests. These studies collectively demonstrate
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that the HBT provides a more comprehensive understanding of material behavior under
different stress states and higher strain ranges compared to the UTT.

To meet the requirements of damage assessment of long-service-period metals, micro-
specimen testing methods need to be developed. The hydraulic bulge test has the advantage
of a biaxial stress state, but it widely uses large samples. Therefore, there is an urgent need
to develop a hydraulic bulge test that uses micro-samples. The novelty of this study is
proposing a conversion method for the biaxial stress–strain curve using the hydraulic bulge
test and the uniaxial stress–strain curve using the uniaxial tensile test and developing our
understanding of the difference between them. Three typical metals widely used in pressure
vessels, 316L, 16MnDR, and Q345R, are used as the testing metals to prove the suitability
of the hydraulic bulge test and the conversion method in engineering metals. This study
not only presents a novelty testing method, the HBT, that can be used to understand
the mechanical properties of long-service-period metals using very limited amounts of
material, but also shows the advantages of the biaxial tensile test with a longer fracture
strain, which has practical significance in the damage assessment of long-service-period
metals in engineering.

2. Materials and Methods
2.1. Materials

Three typical steels used in pressure vessels were investigated: 316L, 16MnDR, and
Q345R. 316L stainless steel is commonly used in the corrosive service environment, due
to its excellent corrosion resistance, while 16MnDR steel is extensively applied in low-
temperature environments because of its superior low-temperature resistance, and Q345R
steel is one of the most widely used carbon steels in pressure vessels. These three metals
were all commercially supplied. 316L was provided by Qingshan Iron Steel Co., Ltd. (Lishui
City, China), 16MnDR was provided by Wuyang Iron and Steel Co., Ltd. (Wugang City,
China), and Q345R was provided by Nanjing Iron and Steel Co., Ltd. (Nanjing City, China).
The chemical compositions of the three materials are listed in Table 3.

Table 3. Chemical compositions of 316L, 16MnDR, and Q345R (wt.%).

Element C Si S P Cr Ni Mn Mo Al Fe

316L 0.017 0.52 0.024 0.011 16.72 10.12 0.71 2.56 - Bal.
16MnDR 0.14 0.35 0.0012 0.013 - - 1.47 - 0.045 Bal.

Q345R 0.18 0.24 0.007 0.015 0.03 0.01 1.27 0.005 - Bal.

2.2. Hydraulic Bulge Test

The HBT procedure follows the guidelines of ISO 16808:2022 [30]. ISO 16808:2022
is primarily for large samples, but there is no HBT standard specified for micro-samples.
The experimental process is consistent, while the sizes of the sample and the fixture are
changed. The experimental details of the HBT are as follows:

(1) Figure 1a illustrates the schematic diagram of the HBT system, and Figure 1b shows
a photo of the test system. The HBT system consists of a high-pressure pump, an HBT
device, a pressure measurement system, and a displacement measurement system. The
upper die of the HBT device has a central hole with a diameter of 5 mm and a chamfer of
1 mm. The precision of pressure measurement is 0.1 MPa, that of displacement measure-
ment is 0.001 mm, and the maximum pressure load is 300 MPa.

(2) Figure 1c shows a HBT micro-sample, with a size of 10 mm × 10 mm and a
thickness of 0.5 mm. Each sample is initially cut to a thickness of 0.6 mm using slow-rate
wire cutting. Then, it is carefully polished by 800#, 1000#, and 2000# grit sandpapers step by
step. During the polishing, the polishing direction is adjusted to different angles to ensure
uniform thickness, and a micrometer with an accuracy of 0.001 mm is used to measure
the thickness of the sample at different locations, which allows us to monitor the sample
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thickness in real time. When the sample achieves the target thickness within the specified
error margin of 0.5 ± 0.005 mm, it is used; otherwise, it is invalid.
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Figure 1. HBT device, sample, and typical result: (a) schematic diagram of the HBT device; (b) HBT
device and pressure–displacement measurement system; (c) micro-sample; (d) pressure–displacement
curve.

(3) During testing, the micro-sample is located between the upper and lower dies,
and the upper die is tightened by the compression bolt. High-pressure water is added
to the bottom of the sample through a pipe connected to the pump, and a 10 MPa/min
loading rate is applied until the sample is fractured. The pressure–displacement curves are
recorded by the pressure measurement system and the displacement measurement system.
Three sets of repeated tests are performed on each material to ensure reliable test data.

(4) Figure 1d displays a typical pressure–displacement curve obtained by means of the
HBT. According to the deformation and damage characteristics, the pressure–displacement
curve can be divided into four stages: Stage I, the elastic bending stage; Stage II, the plastic
bending stage; Stage III, the plastic hardening stage; and Stage IV, the plastic instability
stage. Additionally, the mechanical parameters of the HBT can be extracted from the
pressure–displacement curve, including the yield pressure Py, maximum pressure Pm, and
the displacement corresponding to the maximum pressure dm.

2.3. Uniaxial Tensile Test

The UTT follows the standard of BS EN ISO 6892-1:2019 [31], and digital image
correlation (DIC) was utilized to obtain the stress–strain curves of 316L, 16MnDR, and
Q345R. The experimental details of the UTT are as follows:

(1) Figure 2a shows the dimensions of the UTT sample, which is machined using
slow-rate wire cutting and polished using 800#, 1000#, and 2000# grit sandpapers step by
step. In order to obtain the strain distribution, a layer of white primer is applied on the
sample surface, followed by black paint in a stochastic speckled pattern. The whole gauge
section of sample is sprayed with speckle paint.
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Figure 2. UTT: (a) micro-sample dimensions; (b) full-field strain measurement by DIC.

(2) The UTT is conducted using the UTM5105 electronic universal testing machine
at room temperature, with a displacement rate of 0.2 mm/min. During the tensile test,
a high-resolution Canon EOS M6 Mark II camera, equipped with a 32-megapixel sensor,
captures images of the speckled surface. The camera takes one image every 5 s.

(3) After the tensile test, the images are imported into GOM Correlate (2019) non-
contact strain measurement software [32]. Surface components are created, and Epsilon
(Y) and equidistant deviation annotations are set to detect the displacement of the speckle
pattern. The strain distribution on the sample surface is obtained as shown in Figure 2b.

(4) The engineering stress–strain curves can be obtained by combining the engineering
strain calculated by DIC with GOM Correlate software and the engineering stress recorded
by the UTM5105 electronic universal testing machine.

3. Results
3.1. Results of the HBT

The HBT pressure–displacement curves for 316L, 16MnDR, and Q345R are depicted in
Figure 3. The pressure–displacement curves of three ductile materials demonstrate similar
variations, reflecting the typical characteristics of ductile materials.

In Stage I, known as the elastic bending stage, the displacement increases linearly
with the load, exhibiting elastic deformation behavior, occupying a very short portion
of the curve. As the pressure increases, the curve transitions into Stage II, the plastic
bending stage, where irreversible plastic deformation begins, leading to an acceleration
in the displacement increasing rate. When reaching the critical pressure, the curve enters
into Stage III, characterized as the plastic hardening stage. In this stage, 316L has the
best deformation capacity, and the area under the pressure–displacement curve is the
largest, reflecting its good plasticity. Meanwhile, the displacements and the areas of the
pressure–displacement curves of 16MnDR and Q345R are relatively small, indicating their
lower plastic deformation capacities. Moving into Stage IV, the plastic instability stage, the
pressure–displacement curve shows divergence, indicative of plastic instability phenomena.
From the fracture morphologies in Figure 3, all three materials undergo ductile rupture in
the central region of sample. The fracture area of the 316L sample is larger, with significant
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plastic deformation, while those of 16MnDR and Q345R are smaller, reflecting their lower
plastic deformation capacities and toughness.
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Based on the pressure–displacement curves in Figure 3, the HBT mechanical param-
eters can be obtained, including the yield pressure Py, maximum pressure Pm, and the
displacement corresponding to the maximum pressure dm. The maximum pressure Pm and
the displacement corresponding to the maximum pressure dm are easy to determine in the
curve, while the determination method of the yield pressure is given in Figure 4. Firstly, the
intersection point of the two tangent lines of the elastic stage and the plastic stage on the
HBT curve is plotted. Then, the vertical line across the intersection point is given. Based on
the intersection point of the vertical line and the pressure–displacement curve, the yield
pressure Py can be determined [33], and dy is the displacement corresponding to the yield
pressure.
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Figure 4. Yield pressure determination method.

The yield pressure Py, maximum pressure Pm, and the displacement corresponding
to the maximum pressure dm were determined from the pressure–displacement curves
of 316L, 16MnDR, and Q345R, as listed in Table 4. It can be observed that the maximum
pressure Pm and the displacement corresponding to the maximum pressure dm of 316L are
significantly higher than those of 16MnDR and Q345R, but the yield pressure is lower than
that of the other two metals. This indicates that 316L has good ductility and toughness.
Moreover, the detailed statistical analyses on yield load, maximum load, and the displace-
ment corresponding to the maximum load are listed in Table 4. The standard deviations



Metals 2024, 14, 917 7 of 17

all display low values, indicating that the hydraulic bulge test results with micro-samples
show good test repeatability.

Table 4. HBT mechanical parameters of 316L, 16MnDR, and Q345R.

Material Py/MPa Pm/MPa dm/mm
316L-1 14.6 226.3 2.50
316L-2 15.1 228.6 2.37
316L-3 15.6 227.4 2.44

316L-Mean 15.1 227.4 2.44
316L-Standard deviation 0.50 1.15 0.06

16MnDR-1 16.3 165.5 1.81
16MnDR-2 15.3 163.3 1.79
16MnDR-3 16.7 162.4 1.80

16MnDR-Mean 16.1 163.7 1.80
16MnDR-Standard

deviation 0.72 1.59 0.01

Q345R-1 19.3 179.1 1.88
Q345R-2 18.4 173.1 1.83
Q345R-3 18.7 176.1 1.90

Q345R-Mean 18.8 176.1 1.87
Q345R-Standard deviation 0.46 3.01 0.04

3.2. Results of the UTT

For comparison with the HBT results, 316L, 16MnDR, and Q345R were tested using the
UTT. The engineering stress–strain curves of these three metals were obtained by means of
the UTT, as shown in Figure 5a. Then, the engineering stress–strain curves were converted
to true stress–strain curves using Equations (1) and (2), as shown in Figure 5b.

σtrue = σeng
(
1 + εeng

)
(1)

εtrue = ln
(
1 + εeng

)
(2)

where σtrue is the true stress, εtrue is the true strain, σeng is the engineering stress, and εeng
is the engineering strain.
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In Figure 5, the engineering stress–strain curves of 316L, 16MnDR, and Q345R all
exhibit typical deformation characteristics of ductile metals. 316L stainless steel shows
the most significant plastic hardening stage, with lower yield strength but a higher ulti-
mate tensile strength, indicating good ductility and plastic flow behavior. 16MnDR and
Q345R exhibit higher yield strengths but lower ultimate strength and fracture toughness.
After reaching the maximum engineering stress, the stress drops quickly, indicating poor
plastic deformation capacity before fracture. The true stress–strain curves show the dif-
ferences between 316L, 16MnDR, and Q345R more clearly. 316L stainless steel has the
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best strength, fracture strain, and ductile energy, while 16MnDR and Q345R have similar
strength, deformation, and fracture parameters.

Table 5 summarizes the UTT mechanical parameters of 316L, 16MnDR, and Q345R,
including the yield strength Rp0.2 and ultimate tensile strength Rm. The results show that
316L has the lowest yield strength of 326.34 MPa and the highest ultimate tensile strength
of 580.87 MPa, indicating that 316L begins to undergo plastic deformation at lower stresses
but can withstand higher maximum stresses, demonstrating excellent ductility and plastic
flow behavior. Regarding the ultimate tensile strength, that of 16MnDR is 511.34 MPa,
while that of Q345R is 537.28 MPa. Although 16MnDR and Q345R have higher yield stress,
their ultimate tensile strengths are lower than that of 316L, indicating that 16MnDR and
Q345R can withstand lower maximum stresses, exhibiting lower ductility.

Table 5. Mechanical parameters of 316L, 16MnDR, and Q345R in the UTT.

Material Rp0.2/MPa Rm/MPa

316L 326.34 580.87
16MnDR 355.92 511.34

Q345R 360.52 537.28

3.3. Comparison of Mechanical Parameters between the HBT and UTT

In Figure 6a, the variation in yield pressure among the metals obtained from the HBT
exhibits a consistent trend with the variation in yield stress among the metals from the
UTT, indicating good agreement regarding the yield behavior between the two testing
methods. Figure 6b demonstrates the consistency in the variations in the HBT’s maximum
pressure and the UTT’s ultimate tensile strength among the metals. Despite the good
agreement in the results of the HBT and UTT, they have inherent differences in their testing
principles. The HBT assesses metals’ mechanical properties in a biaxial stress state, while
the UTT evaluates the mechanical properties under uniaxial stress conditions. Therefore, to
accurately characterize and compare the mechanical performance of metals under different
stress conditions, establishing correlation equations between the HBT and UTT results is
crucial.
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3.4. Fracture Mechanisms of the HBT and UTT

To understand the correlation of fracture mechanisms between the HBT and UTT
and compare their differences, SEM observations were conducted to observe the fracture
morphologies of the tested 316L, 16MnDR, and Q345R samples produced by the HBT and
UTT, as shown in Figure 7.
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Figure 7. Comparison of fracture morphologies between the HBT and UTT tests: (a1–a3) 316L-HBT; (b1–
b3) 316L-UTT; (c1–c3) 16MnDR-HBT; (d1–d3) 16MnDR-UTT; (e1–e3) Q345R-HBT; (f1–f3) Q345R-UTT.

From Figure 7(a1,c1,d1), it can be observed that under HBT conditions, the fracture
samples of 316L, 16MnDR, and Q345R all exhibit explosive cracks and tearing-type fractures.
The explosive area of 316L is the largest, while those of 16MnDR and Q345R are similar.
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From Figure 7(b1,d1,f1) under UTT conditions, the fractured samples all display distinct
necking phenomena, and the necking area of 316L is the most obvious.

For 316L under HBT conditions in Figure 7(a1–a3), the fracture surface mainly ex-
hibits uniformly distributed and deep dimples with a high density, indicating significant
plastic deformation under the biaxial stress state. However, under UTT conditions in
Figure 7(b1–b3), the fracture surface also displays dimple fractures, but the depth and
density of dimples are relatively lower, suggesting lower deformation in the uniaxial stress
state compared to the biaxial stress state.

For 16MnDR under HBT conditions in Figure 7(c1–c3), the fracture surface exhibits
shallow and unevenly distributed dimples, indicating relatively weak plastic deforma-
tion capacity in the biaxial stress state. At the same time, under UTT conditions in
Figure 7(d1–d3), the dimple characteristics are also shallow, and the necking phenomenon
is evident, reflecting minimal deformation before fracture in the uniaxial tensile state.

As shown in Figure 7(e1–e3,f1–f3), under both HBT and UTT conditions, Q345R
exhibits typical ductile fracture characteristics. As a comparison, the dimples on the
fractured surface of HBT samples are more dense and more uniform than those on the UTT
samples, indicating the better ductility properties provided by the HBT.

This comparison reveals that the fracture characteristics of the samples tested using
the HBT and UTT are similar, and the fractured sample of 316L exhibits the best ductile
fracture characteristics. Moreover, under the biaxial stress state of the HBT, the fracture
surfaces have deeper and more densely distributed dimples, providng a better plastic
deformation capacity and ductility characteristics. Therefore, the fracture mechanism not
only relates to the metal, but also to the stress state.

4. Discussion
4.1. Correlation between the HBT and UTT

The micro-sample is placed between the upper and lower dies in the HBT. As shown
in Figure 8, the radius of the upper fixture R, the radius of the upper fixture chamfer Rd,
and the initial thickness of the micro-sample t0 can be directly measured. The pressure p
and the dome height h can be obtained from the pressure–displacement curve during the
HBT, but it is necessary to determine the vertex thickness t through analytical formulas
using the initial thickness t0. The radius of curvature at the vertex ρ is determined through
analytical formulas using the dome height h.
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Figure 8. Structural model of the HBT.

To obtain the biaxial stress–strain curve, it is necessary to obtain the pressure p and the
dome height h during the bulge test and then convert them using correlating equations. By
comparing the biaxial stress–strain curve obtained from the HBT with the true stress-plastic
strain curve obtained from the UTT, the differences in the mechanical properties in the
biaxial stress state and the uniaxial stress state can be observed.
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4.2. Calculation of Biaxial Stress

For the HBT in Figure 8, the square micro-sample is clamped and sealed in a circular
cavity, and the pressure is continuously applied to induce biaxial deformation in the sample.
Then, the micro-sample deforms into a spherical shape. During the HBT, it is assumed that
the geometric shape of the bulged sample is spherical. Therefore, based on the assumption
of the membrane stress state at the vertex of the bulge [13,34], the equilibrium equation is

σ1

ρ1
+

σ2

ρ2
=

p
t

(3)

where p is the pressure, t is the current thickness at the vertex, σ1 and σ2 are the principal
stresses, and ρ1 and ρ2 are the radii of curvature at the vertex. Due to axisymmetric
conditions, σ1 = σ2 and ρ1 = ρ2. The biaxial stress σb can be calculated as

σb =
pρ

2t
(4)

Through Equation (4), the biaxial stress σb can be determined, but the curvature radius
ρ needs to be further calculated. According to Hill [21], it can be defined as

ρ =
R2 + h2

2h
(5)

where R is the radius of the upper punch and h is the dome height.
Pankin [22] considered the influence of the radius of the upper fixture chamfer and

modified Equation (5) as follows:

ρ =
(R + Rd)

2 + h2 − 2Rdh
2h

(6)

where Rd is the chamfer radius of the upper fixture.

4.3. Calculation of Biaxial Strain

The biaxial strain can be calculated by considering the thickness reduction at the
pole [22,25]:

εx + εy + εz = 0 (7)

εx + εy = −εz (8)

εt = −εz = ln
(

t0

t

)
(9)

where εx, εy, and εz are the strains in the x, y, and z directions, respectively. t is the thickness
at the vertex and t0 is the initial thickness.

For the calculation of the vertex thickness t, Hill [21] established an analytical formula
for t based on the initial thickness t0 and the vertex thickness t:

t = t0

 1

1 +
(

h
Rd

)2


2

(10)

Chakrabarty-Alexander [23] incorporated the strain hardening coefficient n into the
Hill equation:

t = t0

 1

1 +
(

h
Rd

)2


2−n

(11)
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Kruglov [24] proposed a new formula for calculating thickness, taking into account
the curvature radius ρ at the vertex, making it more accurate in solving for the vertex
thickness t:

t = t0


(

Rd
ρ

)
sin−1

(
Rd
ρ

)
2

(12)

Through the calculations of different curvature radius and vertex thickness solutions,
Koç [25] found that the results of Panknin’s curvature radius and Kruglov’s vertex thickness
calculation methods were the closest. Therefore, in this study, Equation (6) is used to
calculate the curvature radius and Equation (12) is used to calculate the vertex thickness.

4.4. Relationship of the Stress–Strain Curves between the HBT and UTT

By using Equations (4) and (9), the HBT pressure–displacement curves of 316L,
16MnDR, and Q345R are converted into biaxial stress–strain curves. These curves are
compared with the uniaxial stress–strain curves obtained from the UTT. The comparison is
illustrated in Figure 9.
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In Figure 9, it can be observed that there are significant differences in the biaxial
stress–strain curve provided by the HBT and the uniaxial stress–strain curve provided by
the UTT for the same metal. Both the strength and deformation parameters of the HBT
are higher than those of the UTT. The studies on the mild steel named DX56DZ using
the viscous pressure bulge test by Sigvant et al. [26] and on dual-phase steels (DP500,
DP600 and DP780) using the hydraulic bulge test by Rui et al. [29] provided similar results
indicating that the biaxial stress–strain curves displayed higher strength and larger fracture
strain than the uniaxial stress–strain curves. Therefore, the mechanical properties are not
only related to the metals, both also the stress state.

To make them comparable, the biaxial stress–strain curves obtained from the HBT
need to be converted to uniaxial stress–strain curves. The principle of equivalent plastic
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energy is used in this paper. Assuming that the material is incompressible, the increment
of plastic work per unit volume dw can be calculated as follows [26,29,34]:

dw = σb
(
dεx + dεy

)
= −σbdεz = σdε (13)

where σ is the equivalent stress, dε is the equivalent plastic strain increment, and dεx, dεy,
and dεz are the strain increments in the x, y, andz directions, respectively.

The equivalent stress σ can be expressed as

σ = kσb (14)

where k is the scaling factor.
Combining Equations (13) and (14), the equivalent plastic strain increment can be

expressed as

dε = −1
k

dεz (15)

By assuming a proportional strain path, Equation (15) can be expressed as:

ε = −1
k

εz (16)

If the biaxial stress–strain curve is converted into a uniaxial stress–strain curve, the
equivalent stress σ = σtrue and equivalent plastic strain ε = εplastic from Equations (14) and
(16) can be expressed as

σtrue

σ
=

ε

εplastic
= k (17)

σb =
1
k

σtrue (18)

εt = kεplastic (19)

Through Equations (18) and (19), the biaxial stress–strain curve can be scaled to the
uniaxial stress–strain curve by determining the value of k. Here, the conversion is based on
the equivalent plastic energy, where the specific plastic work for the UTT is denoted as Wu
and that for the HBT is denoted as Wb, as follows:

Wb =
∫

σbdεt (20)

Wu =
∫

σtruedεplastic (21)

The parameter k corresponding to the UTT ultimate strength point is determined, as
shown in Figure 10.

Wb = Wu → k =
σmax

u
σb

(22)

Using Equation (22), the values of k for 316L, 16MnDR, and Q345R are determined
to convert the biaxial stress–strain curve into the uniaxial stress–strain curve, as listed in
Table 6.

Therefore, the pressure–displacement curves obtained from the HBT are first converted
into biaxial stress–strain curves using Equations (4) and (9), and then transformed into
uniaxial stress–strain curves using Equations (18) and (19). Figure 11 shows the comparison
of true stress–plastic strain curves obtained from the HBT and UTT.
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Table 6. Values of k of 316L, 16MnDR, and Q345R.

Material 316L 16MnDR Q345R

k 0.9141 0.8157 0.8284
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Figure 11. The true stress–plastic strain curves obtained from the HBT and UTT: (a) 316L; (b) 

16MnDR; (c) Q345R. 

In the strain hardening stage of the UTT, the HBT and UTT show good consistency 

for all three materials, and the errors are less than 10%, as shown in Figure 11. Therefore, 

the true stress–strain curves derived from the HBT pressure–displacement curve using 

Kruglov’s vertex thickness, Panknin’s curvature radius, and the equivalent plastic energy 

model closely match those obtained from the UTT. This demonstrates that the equivalent 

plastic energy model accurately converts biaxial stress–strain curves to uniaxial ones for 
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In the strain hardening stage of the UTT, the HBT and UTT show good consistency
for all three materials, and the errors are less than 10%, as shown in Figure 11. Therefore,
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the true stress–strain curves derived from the HBT pressure–displacement curve using
Kruglov’s vertex thickness, Panknin’s curvature radius, and the equivalent plastic energy
model closely match those obtained from the UTT. This demonstrates that the equivalent
plastic energy model accurately converts biaxial stress–strain curves to uniaxial ones for all
three metals in the strain hardening stage.

It is worth noting that, besides the good consistency in the strain hardening stage, there
are also notable differences in fracture strain. As shown in Figure 11, the fracture strains of
the HBT are 9%, 16.5%, and 12% larger than those of the UTT for 316L, 16MnDR, and Q345R,
respectively. The viscous pressure bulge tests on the advanced high-strength steels DP 600,
DP 780, DP780-CR, DP 780-HY, and TRIP 780 by Nasser [15] indicate that the flow stress
data can be obtained at higher strain values under the biaxial state of stress. Moreover, for
metals with relatively low ductility, such as 16MnDR and Q345R, the differences in fracture
strain are more pronounced, with the HBT showing approximately twice the fracture strain
of the UTT. For metals with relatively high ductility, such as 316L, this difference exists but
is not significant.

The results for the three metals prove that the conversion method using Kruglov’s
vertex thickness, Panknin’s curvature radius, and the equivalent plastic energy model can
effectively transform the biaxial stress–strain curve into an uniaxial stress–strain curve,
especially in the strain hardening stage with an error lower than 10%. Moreover, the
HBT allows for a broader strain hardening stage and provides a more comprehensive
understanding of the mechanical properties under biaxial stress conditions.

5. Conclusions

This paper studies the mechanical properties of 316L, 16MnDR, and Q345R using the
hydraulic bulge test employing micro-samples and constructs a conversion method based
on the plastic energy for the hydraulic bulge test and the uniaxial tensile test. The following
conclusions are drawn:

(1) Mechanical property agreement: The variation in the hydraulic bulge test’s pressure–
displacement curve among the tested metals shows good agreement with the stress–strain
curve of the uniaxial tensile test, validating the effectiveness of the hydraulic bulge test in
evaluating materials’ mechanical performance.

(2) Fracture characteristics: The fracture characteristics observed in the hydraulic
bulge test and the uniaxial tensile test are similar, but the hydraulic bulge test shows better
plastic deformation capacity and ductile characteristics due to the presence of the biaxial
stress state. Specifically, the fracture surfaces provided by the hydraulic bulge test have
deeper and more densely distributed dimples compared to those provided by the uniaxial
tensile test.

(3) Conversion method: The calculation method using Kruglov’s vertex thickness
and Panknin’s curvature radius effectively converts the pressure–displacement curve to a
biaxial stress–strain curve. Using the equivalent plastic energy model, the biaxial stress–
strain curve provided by the hydraulic bulge test can be transformed into a uniaxial
stress–strain curve with an error less than 10% in the strain hardening stage, achieving a
unified characterization of materials’ mechanical properties in different stress states.

(4) Larger fracture strain in hydraulic bulge test: The hydraulic bulge test provides
a more extensive strain hardening stage compared to the uniaxial tensile test for all three
metals, and the fracture strains are 9%, 16.5% and 12% larger than those of the uniaxial
tensile test for 316L, 16MnDR, and Q345R, respectively.
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