
Ultrasonic stress evaluation through thickness of a stainless steel
pressure vessel

Yashar Javadi a, *, Hamed Salimi Pirzaman b, Mohammadreza Hadizadeh Raeisi b,
Mehdi Ahmadi Najafabadi b

a Department of Mechanical Engineering, Semnan Branch, Islamic Azad University, Semnan, Iran
b Department of Mechanical Engineering, Amirkabir University of Technology, 424 Hafez Ave., Tehran, Iran

a r t i c l e i n f o

Article history:
Received 27 September 2012
Received in revised form
22 July 2013
Accepted 26 August 2014
Available online 6 September 2014

Keywords:
Finite element welding simulation
Pressure vessel
Ultrasonic stress measurement
Through thickness stress
Acoustoelastic constant

a b s t r a c t

This paper investigates ultrasonic method in stress measurement through thickness of a pressure vessel.
Longitudinal critically refracted (LCR) waves are employed to measure the welding residual stresses in a
vessel constructed from austenitic stainless steel 304L. The acoustoelastic constant is measured through
a hydro test to keep the pressure vessel intact. Hoop and axial residual stresses are evaluated by using
different frequency range of ultrasonic transducers. The welding processes of vessel shell and caps are
simulated by a 3D finite element (FE) model which is validated by hole-drilling method. The residual
stresses calculated by FE simulation are then compared with those obtained from the ultrasonic mea-
surement while a good agreement is observed. It is demonstrated that the residual stresses through
thickness of the stainless steel pressure vessel can be evaluated by combining FE and LCR method (known
as FELCR method).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The engineering properties of the structural components,
particularly fatigue life, deformation, dimensional stability, corro-
sion resistance, and brittle fracture can be significantly influenced
by residual stresses. Residual stresses can be defined as the stresses
that remain within a material after manufacturing, in the absence
of external loads or thermal gradients. Welding is an essential
production process in the industry which generates residual
stresses at a notable level. The welding residual stresses are formed
in the structure as the result of differential contractions during the
weld cooling. Ultrasonic method, known also as longitudinal criti-
cally refracted (LCR) wave techniques, is not limited by the material
type and can be employed for stresses measurements on thick
samples. The technique is based on the acoustoelastic effect, ac-
cording to which the velocity of elastic wave propagated in solids
depends on the mechanical stress.

Ultrasonic stress evaluation was discussed by Thompson et al.
[1] and Schneider [2]. Applications of the LCR technique were given

in a number of studies, remarkably Santos and Bray [3,4] and Bray
and Chance [5]. Tanala et al. [6] explained a combination of sub-
surface longitudinal and Rayleigh waves to determine the welding
stresses near surface. Employing the subsurface longitudinal waves
in rail stress measurement has been studied by Szelazek [7].

Pressure vessels, piping and tanks are important engineering
equipments which contain various types of fluids at the range of
temperatures and pressures. Residual stresses were ultrasonically
measured in a pressure vessel by Bray [8]. He constructed a pres-
sure vessel from A106 carbon steel to demonstrate the LCR ultra-
sonic technique for indicating changes in wall and weld stress.
However, he did not completely measure the hoop and axial re-
sidual stresses of the pressure vessel. Since stainless steel pressure
vessels are widely utilized in the industry, the residual stress
measurement of a pressure vessel constructed from 304L stainless
steel is investigated in this study. The ultrasonic measurements are
verified with the values of stresses measured by hole-drilling
method. However, the hole-drilling and the other common non-
destructive methods for stress measurement (like X-ray diffrac-
tion, Barkhausen Noise and …) are considered as the surface
methods [9]. In this study, residual stresses through the thickness
of pressure vessel are evaluated by four different series (1 MHz,
2 MHz, 4 MHz and 5MHz) of ultrasonic transducers. Furthermore, a
3D finite element model of pressure vessel is used to verify the
ultrasonic results through the thickness. The combination of finite
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element and LCR method (known as FELCR) is employed to evaluate
the pressure vessel residual stresses through the thickness.

2. Theoretical background

2.1. LCR method

Different ultrasonic configurations can be utilized for residual
stresses measurements by LCR waves. Generally, waves are
launched by a transmitter transducer, propagate through a region
of the material, and are detected by a receiver transducer, as show
in Fig. 1. The residual stress in a subsurface layer is determined
while the depth of layer is related to the ultrasonic wave-length,
often exceeding a few millimetres.

The relation between measured travel-time change of LCR wave
and the corresponding uniaxial stress is derived by Egle and Bray
[10] to be:

Ds ¼ E
Lt0

ðt � t0 � DtTÞ (1)

where Ds is stress change, E is the elastic modulus and L is the
acoustoelastic constant for longitudinal waves propagating in the
direction of the applied stress field. Also, t is the experimental
travel-timewhich would bemeasured on the welded structure that
is being evaluated; t0 is travel-time for a homogeneous, isotropic,
stress-free sample at the room temperature and DtT is temperature
difference effect between the measurement temperature and room
temperature on the travel-time. With knowledge of the weld
induced change in travel-time and the measured acoustoelastic
constant, the stress change produced by the weld may be
calculated.

2.2. Finite element welding simulation

Numerical simulation of welding residual stresses needs to
accurately take into account the interactions between heat transfer,
metallurgical transformations and mechanical fields. The phe-
nomena involved in the heat input such as arc, material in-
teractions, as well as, fluid dynamics in the weld pool are not
precisely described. From the thermo-mechanical point of view, the

heat input can be seen as a volumetric or surfaced energy distri-
bution, and the fluid flow effect, which leads to homogenized
temperature in the molten area, can be simply taken into account
by increasing the thermal conductivity over the melting tempera-
ture. As no metallurgical transformation occurs in the austenitic
stainless steel (304L), the detailed modelling of the melting is not
considered. Heat transfers in solids are described by the heat
equation as following:

r
dH
dt

� divðkVTÞ � Q ¼ 0 (2)

kVT$n ¼ qðT ; tÞ on vUq (3)

T ¼ TpðtÞ on vUt (4)

where r, H, K and T are density, enthalpy, thermal conductivity and
temperature respectively. Q represents the internal heat source. In
Eq. (3), n is the outward normal vector of domain vU and q the heat
flux density that can rely on temperature and time to model
convective heat exchanges on the surface and Tp is a prescribed
temperature. In the present study, the double ellipsoid heat source
pattern proposed by Goldak et al. [11] is used. The Goldak equations
for the front and rear heat source are expressed by the Eqs. (5) and
(6) respectively:

qf ðx; y; zÞ ¼
6

ffiffiffi

3
p

ffQ
abcfp3=2e

ð�3x2=a2Þeð�3y2=b2Þeð�3z2=c2Þ (5)

qrðx; y; zÞ ¼ 6
ffiffiffi

3
p

frQ
abcrp3=2e

ð�3x2=a2Þeð�3y2=b2Þeð�3z2=c2Þ (6)

where x, y and z are the local coordinates of the double ellipsoid
model aligned with the welded vessel; ff and fr are parameters
which give the fraction of the heat deposited in the front and rear
parts, respectively. Q is the welding energy which is calculated by
knowing the welding current and voltage and considering the arc
efficiency. The parameter a is one-half the width of melted zone; b
is depth of the melted zone; cf and cr are the front and behind
section dimensions of the heat source respectively. In this study,

Fig. 1. LCR wave propagated in the stainless steel pipe through the PMMA wedge.
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