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ABSTRACT

Purpose: To reinforce the standardization of the bulge test measuring procedures by comparison of 
two different bulge forming measurement methods.

Design/methodology/approach: Two different bulge forming measurement methods are used 
simultaneously in order to reinforce the standardization of the bulge test measuring procedures. An 
indirect method, Digital Image Correlation (DIC), is compared with a direct one, ultrasound pulse-echo 
method.

Findings: The main conclusion is that the DIC system is a valid indirect measurement method to study 
bi-axial sheet metal forming.

Research limitations/implications: The constant pressure bulge test method was used and 
it yielded positive results for comparing the direct and indirect method (considering thickness 
measurement of the bulge dome), as an important research implication is that the touch less 
measurement method could be applied to other sheet metal forming processes.

Practical implications: Tension tests are used as a standard accepted procedure to determine 
material parameter values for characterizing the forming sheet behaviour. However, by using a tension 
test, only a limited strain range can be considered for determining the true stress – true strain curve. 
Based on this limitation, the bulge test is used to achieve a much larger strain range under bi-axial 
loading conditions.

Originality/value: An indirect method, Digital Image Correlation (DIC), is compared with a direct one, 
ultrasound pulse-echo method, in situ, real time and on the same specimen.

Keywords: Digital Image Correlation; Ultrasound; Bulge test; Instrumentation; Sheet metal forming
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PROPeRTieS

 
 

 
1. Introduction 

 
Blow forming process is one of the most important and 

widely used forming methods in recent years. In this process, gas 
pressure is imposed over a sheet to make it flow into a die of the 
desired shape. For example, to produce maximum ductility in the 

SPF process case, it is desirable to adjust the forming pressure to 
keep the strain rate within an optimum range throughout the 
whole forming process [1]. 

Tension tests are used as a standard accepted procedure to 
determine material parameter values for characterizing the 
forming sheet behaviour [2],[3]. However, by using a tension test, 
only a limited strain range can be considered for determining the 

1.  introduction

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


78 78

E.P. Marinho, A.M. Silva Jr., G.F. Batalha

Archives of Materials Science and engineering 

true stress - true strain curve. Based on this limitation, the bulge 
test is used to achieve under bi-axial loading conditions much 
larger strain range. The sheet metals under biaxial tension can 
withstand much higher strain levels without local necking or 
fracture than in the tensile testing [4]. 

In this regard, the bulge test was proposed by Cheng et al [5], 
in which a thin circular plate is clamped by a hydraulic press and 
argon pressure gas is applied; the sheet is deformed assuming 
a semi-spherical shape. The dome height, h, is measured using an 
LVDT device as a function of time, geometric relationships relate 
pressure with stress, and stress-strain rate curves are obtained. 

Analytical models for bulge forming were proposed 
considering the thickness variation in bulged shapes [6-8]. 
Although the analytical and experimental results were reasonable, 
there is no agreement about how suitable they are to predict the 
thickness, as in the uniaxial tensile test. Thus, to check whether 
a model reproduces an actual test is necessary to develop an 
instrumented biaxial test, in which specific parameters are 
obtained from the test in situ, real time and from the same 
specimen. 

In this paper, a bulge test of a Pb-Sn alloy was conducted 
at room temperature. During the test, the bulge topography is 
continuously recorded using an ARAMIS 3D optical 
measurement system [9] while the dome height is also 
continuously measured with an ultrasonic pulse-echo 
technique [10]. 

Ultrasound is known to be an accurate and reliable measuring 
method. Measurements can be achieved by transmitting a sound 
pulse into just one side of a material and capturing the echo which 
arrives from the pulse reflection on the back-wall. The ultrasound 
pulse-echo is an interesting method to measure the dome height 
during the bulge test. On-line ultrasonic thickness measurement 
should/can provide a proper comparison and improve the 
understanding of the forming process. 

Firstly the indirect measurement system and the direct one are 
presented; the former is a digital image correlation system and the 
latter is the ultrasound pulse-echo method. 
 
 

2. Indirect Measurement System (IMS) 
 
 
2.1 Summary description of IMS 
 

The control system project is divided into tracking variables: 
Strain measurement and pressure measurement. In order to 
analyse thickness reduction through strain measurement, this 
system was already used to make a comparison between 
experimental measurements of the dome thickness reduction and 
the two analytical predictions using equations [11].  

Fig. 1 shows the experimental setup and the schema used to 
measure the strain and the pressure. 

In summary, the acquisition system works to guarantee 
pressure monitoring. The intention here is to analyse thickness 
reduction; thus, the forming pressure applied was constant; this 
setup is able to apply a forming pressure curve responsible for 
maintaining the strains rate constant, for example. 

2.2 Selected System for strain measurements 
 

The strain measurement was carried out employing the optical 
measurement system GOM-ARAMIS. The recorded data was 
compiled and critically analyzed. 

The measurement system used to analyse the strain time 
evolution of a bulge test uses the three-dimensional optical 
measurement system (GOM-ARAMIS). This system provided 3D 
Optical analyses of PbSn 60-40 sheet forming, with high temporal 
resolution, as well as high accuracy, and its measure results are 
the 3D coordinates of position; it is described from the calibration 
steps to the application of this system to measure the thickness 
time reduction under biaxial fluid static expansion. 
 
a) 

 
 

b) 

 
 
Fig. 1. a) Experimental Setup and b) Control instrumentation 
schema  

 

 
N

obser
a 3D 
the ta
in the

C
a 3-d
begin
break
begin
refer

F
in AR
 
 
2.3 

 
In

the v
in the

S
can b

 

 
T

line 
stretc

Fig. 2. 

Nevertheless, Di
rve surfaces of 
 deformation sta
arget surface is n
e thickness direc
Consider the theo
dimensional Euc
nning of the for
king time. In F
nning of the form
s to the position 

Following this n
RAMIS to calcu

Fundament
bases of s
ARAMIS 

n the ARAMIS
variables follows
e work by Vulca
Strain is the mea
be defined as [11

The stretch ratio 
element. A stra
ch ratio . 

 
Definition of a c

igital Image Co
specimens or c

ate, information 
necessary. Due t
ction has to be as
ory under an inf
clidean space at 
rming process a
Fig. 2, the pos
ming process is d

n of particle i in t
nomenclature, so
ulate the strains a

ts and nota
strain mea

 system softwar
s the German co
an [1]: Engineeri
asure for the defo
1]: 

 

 is the relative 
in value  can b

continuum body

orrelation based 
components. Fo
about a materia
to this, the mate
ssumed. 
finitesimal conti
different mome

and (b) at some
sition of its pa
described by vec
the current confi
ome aspects of t
are presented. 

tion employ
asurement 

re, the nomencla
onvention, as can
ing strain: and t
ormation of a lin

elongation of an
be defined as th

 

y 

systems only 
or determining 
al point behind 
erial behaviour 

inuum body in 
ents, (a) at the 
e stage before 
articles in the 
ctor Xi, which 
iguration. 
the bases used 

yed on the 
at GOM-

ature used for 
n be seen also 
true strain:   

ne element and 

 (1) 

n infinitesimal 
he function of 

The fo
measures: 
 Technic

 

 
 Logarit

 

 
 Green's

 

 
 
2.4 Def

Str
 

The def
into the lin
the same m

Thus, th
 

Fig
 

In orde
separate the
and pure str

 

 
 

 
The m

equation (6
deformation
R followed
stretch tens

Values
stretch tens

llowing known 

cal strain: 

thmic or true stra

s strain: 

formation G
rain Values

formation gradie
e element dx. In

material coordinat
he deformation g

g. 3. Translation 

er to calculate th
e deformation gr
retch tensor. 

multiplicative de
6) can be regard
ns U, followed

d by V. Here: Ro
sor V. 

,  v e  xy can
sor U as follows

functions are 

ain: 

 

 

Gradient T
 

ent tensor transfo
n both cases, the
tes. 
gradient tensor, F

 
(u) and strain of

he x-y Strain Va
radient tensor in

ecomposition o
ed as a sequenc
d by R. Simil
otation R, right s

n directly be rea
[13]: 

frequently used

Tensor and

forms a line elem
e line element c

Fig. 3. is defined

f a line element

alues, it is neces
n purely rotation

of a constant 
ce of two homog
larly, equation 
stretch tensor U 

ad from the sym

d strain 

(2) 

 (3) 

 (4) 

d x-y 

ment dX 
onnects 

d as: 

 (5) 

 

ssary to 
n matrix 

 (6) 

 (7) 

tensor, 
geneous 

(7) is  
and left 

mmetric 

2. indirect Measurement System (iMS)

2.1.  Summary description of iMS

2.2.  Selected system for strain measurements

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


79

Comparison between direct and indirect measurement methods for bulge tests 

Volume 61    Issue 2   June 2013

true stress - true strain curve. Based on this limitation, the bulge 
test is used to achieve under bi-axial loading conditions much 
larger strain range. The sheet metals under biaxial tension can 
withstand much higher strain levels without local necking or 
fracture than in the tensile testing [4]. 

In this regard, the bulge test was proposed by Cheng et al [5], 
in which a thin circular plate is clamped by a hydraulic press and 
argon pressure gas is applied; the sheet is deformed assuming 
a semi-spherical shape. The dome height, h, is measured using an 
LVDT device as a function of time, geometric relationships relate 
pressure with stress, and stress-strain rate curves are obtained. 

Analytical models for bulge forming were proposed 
considering the thickness variation in bulged shapes [6-8]. 
Although the analytical and experimental results were reasonable, 
there is no agreement about how suitable they are to predict the 
thickness, as in the uniaxial tensile test. Thus, to check whether 
a model reproduces an actual test is necessary to develop an 
instrumented biaxial test, in which specific parameters are 
obtained from the test in situ, real time and from the same 
specimen. 

In this paper, a bulge test of a Pb-Sn alloy was conducted 
at room temperature. During the test, the bulge topography is 
continuously recorded using an ARAMIS 3D optical 
measurement system [9] while the dome height is also 
continuously measured with an ultrasonic pulse-echo 
technique [10]. 

Ultrasound is known to be an accurate and reliable measuring 
method. Measurements can be achieved by transmitting a sound 
pulse into just one side of a material and capturing the echo which 
arrives from the pulse reflection on the back-wall. The ultrasound 
pulse-echo is an interesting method to measure the dome height 
during the bulge test. On-line ultrasonic thickness measurement 
should/can provide a proper comparison and improve the 
understanding of the forming process. 

Firstly the indirect measurement system and the direct one are 
presented; the former is a digital image correlation system and the 
latter is the ultrasound pulse-echo method. 
 
 

2. Indirect Measurement System (IMS) 
 
 
2.1 Summary description of IMS 
 

The control system project is divided into tracking variables: 
Strain measurement and pressure measurement. In order to 
analyse thickness reduction through strain measurement, this 
system was already used to make a comparison between 
experimental measurements of the dome thickness reduction and 
the two analytical predictions using equations [11].  

Fig. 1 shows the experimental setup and the schema used to 
measure the strain and the pressure. 

In summary, the acquisition system works to guarantee 
pressure monitoring. The intention here is to analyse thickness 
reduction; thus, the forming pressure applied was constant; this 
setup is able to apply a forming pressure curve responsible for 
maintaining the strains rate constant, for example. 

2.2 Selected System for strain measurements 
 

The strain measurement was carried out employing the optical 
measurement system GOM-ARAMIS. The recorded data was 
compiled and critically analyzed. 

The measurement system used to analyse the strain time 
evolution of a bulge test uses the three-dimensional optical 
measurement system (GOM-ARAMIS). This system provided 3D 
Optical analyses of PbSn 60-40 sheet forming, with high temporal 
resolution, as well as high accuracy, and its measure results are 
the 3D coordinates of position; it is described from the calibration 
steps to the application of this system to measure the thickness 
time reduction under biaxial fluid static expansion. 
 
a) 

 
 

b) 

 
 
Fig. 1. a) Experimental Setup and b) Control instrumentation 
schema  
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  (25) 
 

Where t is the length in the thickness direction of the test 
piece, v is the velocity of sound waves in the material, and Tf is 
the measured delay time.  

Measurements are made between two successive back wall 
echoes, using direct contact transducers with a Vaseline couplant 
layer. This mode is employed because there is a clean multiple 
back wall echoes appearance, which typically limits its use to 
materials of relatively low attenuation and high acoustic 
impedance such as Pb-Sn alloy. While using this mode is possible 
regarding the tested material, it offers the highest measurement 
accuracy and the best minimum thickness resolution. 

Fig. 11 shows samples of voltage amplitude signals at 
different stages of the forming process obtained using the 
experimental setup described previously. 
 

 
 
Fig. 11. Three samples of a-scan obtained using pulse-echo mode 
showing the first and second reflection at different time steps 
 
 
3.3 Accurate resolution of echo detection 
 

Basically, the idea is to calculate the time difference at which 
each echo occurs. Instead of using peak-detection or threshold 
detection which relies only on a unique point over the time 
sequence, the cross-correlation is based on multiple points of the 
wave packages. The cross-correlation method is applied to detect 
the time-of-flight between two successive back wall echoes. In 
signal processing, auto-correlation is the cross-correlation of 
a signal with itself. 
 

 (26) 
 

In practice, the time-of-flight, Tf0, can be estimated by finding 
the peak of auto-correlated signals. This happens because the lag 
 relates to the time-of-flight, as the maximum positive correlation 

occurs indicating the arrival of the reflected echo. 
Fig. 12 shows the auto-correlated signals from Fig. 11, 

obtained by using a discrete time approximation of equation (26). 
A vertical line annotation indicates the calculated time-of-flight in 
each graph, showing a decrease as the thickness changes over 
time.  

3.4 Thickness reduction calculation 
 
The percentage of thickness reduction during a material 

thinning process is defined as TR. Considering equation (25), the 
relationship between thickness reduction and the measured time-
of-flight is 
 

 (27) 
 

Where t and t0 represent the current and the initial length in 
the thickness direction; Tf and Tf0 represent the current and initial 
measured time-of-flight, respectively. As the thickness reduction 
calculation does not depend on the knowledge of mechanical 
properties, the term of the sound wave velocity can be dropped in 
equation (27). Fig. 12 shows normalized TR to ignore the energy 
influence in this comparison. 
 

 
 
Fig. 12. Normalized auto-correlation of a-scan signals showing 
the time-of-flight detection for each a-scan 
 
 

4. Experimental methodology 
 

A Pb-Sn60 (40% Pb and 60% Sn) laboratory cast ingot was 
conventionally rolled, and circular blanks (260 mm diameter) 
were machined from the sheet. 

The test was performed at room temperature using 
compressed air, since the league has no oxidation problems.  
Fig. 13 shows a photograph of the bulge test tool fabricated in 
steel ABNT 1045. The blank is inserted between the base and the 
blank holder.  

 

 
 

Fig. 13. The bulge test tooling 

3.  Direct measurement system

3.1.  The direct measurement system summary 
description

3.2.  Ultrasonic thickness technique
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Where t is the length in the thickness direction of the test 
piece, v is the velocity of sound waves in the material, and Tf is 
the measured delay time.  

Measurements are made between two successive back wall 
echoes, using direct contact transducers with a Vaseline couplant 
layer. This mode is employed because there is a clean multiple 
back wall echoes appearance, which typically limits its use to 
materials of relatively low attenuation and high acoustic 
impedance such as Pb-Sn alloy. While using this mode is possible 
regarding the tested material, it offers the highest measurement 
accuracy and the best minimum thickness resolution. 

Fig. 11 shows samples of voltage amplitude signals at 
different stages of the forming process obtained using the 
experimental setup described previously. 
 

 
 
Fig. 11. Three samples of a-scan obtained using pulse-echo mode 
showing the first and second reflection at different time steps 
 
 
3.3 Accurate resolution of echo detection 
 

Basically, the idea is to calculate the time difference at which 
each echo occurs. Instead of using peak-detection or threshold 
detection which relies only on a unique point over the time 
sequence, the cross-correlation is based on multiple points of the 
wave packages. The cross-correlation method is applied to detect 
the time-of-flight between two successive back wall echoes. In 
signal processing, auto-correlation is the cross-correlation of 
a signal with itself. 
 

 (26) 
 

In practice, the time-of-flight, Tf0, can be estimated by finding 
the peak of auto-correlated signals. This happens because the lag 
 relates to the time-of-flight, as the maximum positive correlation 

occurs indicating the arrival of the reflected echo. 
Fig. 12 shows the auto-correlated signals from Fig. 11, 

obtained by using a discrete time approximation of equation (26). 
A vertical line annotation indicates the calculated time-of-flight in 
each graph, showing a decrease as the thickness changes over 
time.  

3.4 Thickness reduction calculation 
 
The percentage of thickness reduction during a material 

thinning process is defined as TR. Considering equation (25), the 
relationship between thickness reduction and the measured time-
of-flight is 
 

 (27) 
 

Where t and t0 represent the current and the initial length in 
the thickness direction; Tf and Tf0 represent the current and initial 
measured time-of-flight, respectively. As the thickness reduction 
calculation does not depend on the knowledge of mechanical 
properties, the term of the sound wave velocity can be dropped in 
equation (27). Fig. 12 shows normalized TR to ignore the energy 
influence in this comparison. 
 

 
 
Fig. 12. Normalized auto-correlation of a-scan signals showing 
the time-of-flight detection for each a-scan 
 
 

4. Experimental methodology 
 

A Pb-Sn60 (40% Pb and 60% Sn) laboratory cast ingot was 
conventionally rolled, and circular blanks (260 mm diameter) 
were machined from the sheet. 

The test was performed at room temperature using 
compressed air, since the league has no oxidation problems.  
Fig. 13 shows a photograph of the bulge test tool fabricated in 
steel ABNT 1045. The blank is inserted between the base and the 
blank holder.  

 

 
 

Fig. 13. The bulge test tooling 

3.3.  Accurate resolution of echo detection

3.4. Thickness reduction calculation

4.  experimental methodology
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of them it is possible to note that the difference between the 
tendency curve of the indirect results and the direct measurement 
are approximately 0.5 % of thickness reduction. 

The ultrasound pulse-echo method has the resolution of 
1.5 µm and the DIC has the resolution of 1 µm.  

Based on the resolution of the measurement systems, and the 
constant difference between the tendency curve of the indirect 
results and the direct measurement over time, the comparison 
between the direct and indirect measurement systems is validated. 

Fig. 20 represents the time behaviour agreement for the 
monitored points, the six-stage point (0-5) and the ultrasonic 
measurement point. 
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