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Abstract. Electro-Magnetic Acoustic Transducers (EMAT) can radiate ultrasonic 

waves in conductive material, without mechanical contact with the component.  

 CETIM developed EMATs to generate simultaneously compression and shear 

waves, in order to apply a method of non-destructive measurement of tightening 

stresses in bolt heads through acoustoelastic effect. The method, which will be 

reviewed, allows one estimating bulk stress in already tightened bolts without the 

needs for untightening and for the preliminary knowledge of unstressed bolt length. 

 Waves generated up to 8 MHz allow very accurate measurements of preload 

stress in bolts. Uncertainties of around 5% in applied stress estimation in bolt are 

achieved, this constituting a much better and reproducible method than torque 

wrench measurements. The method is applied by CETIM both in laboratory and in 

industrial sites. As far as the industrial application is concerned, the absence of a 

coupling medium makes it possible i) to apply the method in harsh conditions 

(temperature below 0°C or above 60°C); ii) to lower errors in time-of-flight 

measurements. 

 EMAT used in this application was experimentally designed at CETIM. To 

improve its design for higher performances, a simulation study has been led at CEA. 

Notably, developed models  allow accounting for the various transduction processes 

involved in ferromagnetic materials (magnetization and magnetostrictive effects 

adding to Lorentz’s force). Therefore, wave radiation by an EMAT is predicted with 
high enough accuracy to exhibit the influence of EMAT main component 

parameters (coil and permanent magnet shapes, electrical excitation, bias magnetic 

field intensity) and of elasto-electromagnetic material properties, on its actual 

performances. 

 Application examples of the method are presented, in both the classical 

differential mode case, which is largely industrialized, and the bi-wave method case 

performed by CETIM in several on-site applications for which specific portable 

equipment has been developed. The good performances obtained on carbon steel 

bolts are presented, and some limitations observed on non-ferritic steels are 

discussed. Some ways to overcome these limitations are presented. 

More info about this article: http://ndt.net/?id=19591
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Introduction  

The acoustoelastic effect consists in the change of the velocity of acoustic waves when a 

material is under mechanical load. This property can be exploited for stress measurement in 

the material itself when the stress concerns the surface of the material, or in the bulk 

material, as in bolts. Most of the time, the bolt tightening control is commonly performed 

with a torque-wrench. Unfortunately, in bolts, the dispersion of lubrication, surface and 

geometrical condition produces many uncertainties in mechanical coefficients, and induces 

important random resistive torques, reducing the efficiency of applied torque. This leads, 

for a given applied torque, to very dispersive values of bolt stress. This is the reason why 

ultrasonic measurement of tightening was developed, to get the value of the applied stress 

in the bolt itself, independently of random mechanical friction conditions. The 

measurement is based on analysis of ultrasonic time of flight of an ultrasonic wave through 

the bolt. So, we can consider the ultrasonic wave as a stress gauge in the bolt itself, making 

available an in-situ measurement, thanks to the use of acoustoelastic effect explained 

below. The ultrasonic measurement is often performed by measuring the time of flight 

before and after tightening. Now, a method called “bi-wave” has been developed by 
CETIM, to enable measuring the stress on already tightened bolts.This method exploits 

compressive and shear ultrasonic waves, generated by electromagnetically coupled 

transducers (EMAT), specially developed by CETIM. CETIM has the need to improve the 

conception of these transducers, to optimize their characteristics, and a common study was 

initiated with CEA, in the field of two PHD.  

In the paper, the interest of bi-wave method is outlined, some applications cited, and  

limitations observed depending of the shape of bolt head and bolt end, or steel 

microstructure are discussed.   

 

1. Theoretical basis of ultrasonic stress measurement 
 

The ultrasonic method of stress measurement is based on the application of the theoretical 

results developed in the articles [1].The elastic waves which are propagated in isotropic 

solids are characterized by their propagation velocity in material . The velocity dependence 

versus stress slopes (Fig. 1) is given by quasi-linear curves having different slopes, 

according to propagating modes, as described by Egle and Bray [1]. 

 

 

 

 

 

 

 

 

 

 
Fig 1: Propagation of acoustic waves in a solid against various modes and Sensitivity of ultrasonic velocity 

versus stress, according to the propagating mode considered 
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Some laboratory trials and studies show the interest of ultrasonic technique for measuring 

the residual stresses [2] [3] [4]. We now will describe the application of the acoustoelastic 

effect on the determination of the stresses for bolt tightening control. 

 

2.  Application of the ultrasonic method to ultrasonic control of bolt 

tightening 
 

 

2.1. The need. 

The presence for a sufficient pre-stressing in the screw of an assembly allows to ensure the 

good behavior in the time of this one, as well as good performances in fatigue. A torque 

wrench gives in best case an uncertainty on the tension introduced into the material of the 

screw about ± 20 %. 
 

The tightening process produces bolt length increase plus stress increase also. This results 

in ultrasonic time of flight (T.O.F.) increase in the bolt. Calibration of T.O.F. measurement 

versus load applied enables the knowledge of the load on bolts [5]. 

Two ways of application of ultrasonic methods can be used:  

 

 • the mono-wave method, using only the longitudinal waves (Fig 2). It is of differential 

type because it requires both on the same stressed bolt a measurement of time of flight at 

unstressed state, plus a measurement at stressed state. This method is employed 

industrially, generally during the tightening. The use of EMAT transducers in this case 

would allow reduction of dispersive effects due to ultrasonic coupling condition variations. 

Former works lead in CETIM showed the interest of integration of an ultrasonic transducer 

in a wrench, to allow measuring the stress while tightening. 

 

 • the bi-wave method exploits two types of waves of different nature : longitudinal waves 

and transverse waves. It can be called “absolute” because it applies during or after 
tightening without needing a measurement with null constraint [6], [7]. So, it is applicable 

on already tightened bolts or screws. Currently, CETIM uses it in provision of services with 

prototype portable equipment [8].  

 

2.2. Description of the method  

 

 

2.2.1. Mono-wave method or differential method 

 

In practice, the control of the tightening of the screws in differential mode is carried out in 

two successive phases:  

 

   • the phase of calibration where a standard screw (which is representative of that to be 

measured) is loaded (i.e. tightened) with the same conditions as the screw to be controlled. 

The screws are of the same material, have the same geometry and the same tight length.  So 

are obtained calibration curves (abacuses) representing the variation of times of transit 

according to the tensions, or load applied.   

 

  • the phase of measurement during which ultrasonic time of transit journey in the screw 

are measured, before tightening and after tightening. The report of the so-measured 

differential time on the calibration curve enables establishing the constraint of tightening. 
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So, the mono-wave method, which represents a widely industrialized method, is operated  

in differential mode, but requires a measurement before and after tightening. 

 

The principles of the control of differential tightening, used industrially, are summarized 

below in Fig. 2.  

 

 
 

Fig 2: Principles of ultrasonic tightening control in differential mode 

 

2.2.2. Bi-wave method.  

 

The control of tightening in bi-wave mode exploits the longitudinal and transverse waves. 

The use of these two waves enables to eliminate the need of the knowledge of exact length 

of the unstressed screw, or the time of flight on untightened bolt, which is necessary in 

differential mode. In this case, the transducers used to generate both compressive and shear 

waves are EMAT transducers, which apply on conductive material and do not need 

physical contact or coupling agent.  On Fig 3 are displayed the typical echoes produced by 

EMAT transducers developed by CETIM, for both compressional and shear mode. 

The echoes obtained on a 30 mm thick 35NCD16 block part and its Fourier transform are 

given. It appears that the ultrasonic spectrum is centered near 6.5 MHz, leading to a good 

time measurement resolution. An example of a calibration curve Tt/Tl versus load (ratio of 

time of flight for shear and compressional waves),  obtained on 520 mm length M30 bolts 

is given in Fig.4.  

 

 

 
 

 
Fig 3: Principles of EMAT generation of ultrasound, typical echoes obtained and ultrasonic spectrum 
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Fig 4: Tension calibration curve on 520mm long M30 bolt 

 

2.3. Advantages and limitations of EMAT ultrasonic method used for bolt tightening 

assessment 

2.3.2. Advantages. 

EMAT transducers enable measurements without coupling agent, such as gel for 

compressive waves, and viscous coupling agent, for shear wave coupling. So, the 

dispersions due to various application conditions of this coupling agent are suppressed. So, 

a precision of around 5% is achievable [9] [10]. The absence of gel or grease on the bolt 

can be an advantage in certain industries. More, EMAT coupling allows measuring at low 

and high temperatures, as 500°C, which is not possible with traditional gel (compressional 

waves) or viscous coupling (shear waves).  Coupling on a rotating bolt is also possible. 

Now, applications are performed with a portable equipment developed by CETIM for the 

purpose. Examples of components where the bi-wave method was applied, in various 

industrial conditions, are given in fig 5:  

• control after tightening of  M36 bolts on a compressor 

• Pre-load  testing on a great number of M16 and M20 bolts in marine engines, during 

and after tightening 

• M18 bolts on the glazed frontages of Paris Airport (more than 1000 bolts tested by 

two-wave ultrasonic method on the structures by scaffolding and boom lift) 

 

 

           
 

Fig 5: Examples of bi-wave pre-load measurement on industrial field 

 

2.3.3. Limitations 

 

The EMAT ultrasonic coupling solution have however some limitations. The main is, as for 

contact gel coupling, the influence of surface shape. So, coupling ultrasonic wave with 

EMAT, remains difficult on complex surface shapes, with an irregular profile . 
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So, a strongly corroded surface may be affected by random geometrical lift-off that lower 

the strength of ultrasonic wave and affects the shape of ultrasonic beam.  

There is also a strong limitation when the shape of the bolt head or the bolt end is strongly 

curved, due to cold forging. This leads also to wave attenuation.  

Another limitation consists in the lift-off created by the embossed mark on screw head. So, 

the best coupling performances are achieved with flat bolt heads. 

It is also notable that, in the case where ultrasonic transducers are used to produce both 

compressional and shear waves, to enable bi-wave stress measurement, the accuracy is 

linked to the stability of heat-treatment of the bolts tested [10]. So, varying heat treatment 

conditions of ferritic steels may affect the offset of calibration curve shown in fig 5. In 

austenitic steels, the microstructure variations observed in the same heat treatment batch 

lead to strong limitation of bi-wave method. 

A last limitation consists for EMAT transduction in its low efficiency, leading to a limited 

signal to noise ratio, compared to that from piezoelectric transducers (by 40 dB).  

As the interest of using EMAT is very important for bolt testing, CETIM (Technical Center 

for Mechanical Industries) is studying, in the field of a P.H.D. thesis, and in collaboration 

with CEA [11] [12], the ways to improve the efficiency of EMAT transduction and 

receiving process.  

 

3. Modelling and simulation of the ultrasonic transduction processes 

involved in EMAT application. 
 

3.1. The ultrasounds generation by an EMAT in ferromagnetic media 

 

EMATs are generally made of one (or several) permanent magnet(s) and coil(s). The 

dynamic transduction processes they generate are produced by electromagnetic fields from 

the different constituting elements through a lift-off. The interaction of these fields with the 

elastic part converts the non-mechanical energy involved into dynamic mechanical effects 

within the piece material, which in turn becomes a source of elastic waves. The mechanical 

sources are generated in a thin layer below the solid free (of coupling medium) surface. 

Three main electromagnetic dynamic excitations coexist in case of ultrasounds generation 

by EMAT into a ferromagnetic material: Lorentz force, magnetization force and 

magnetostrictive effects. 

The Lorentz force appears in any conductive material and represents the fundamental force 

which acts on moving charges [13] [14]. In EMAT application, it stems from the interaction 

between the eddy currents density �  and the magnetic induction field � in the material, with 

a static component produced by the permanent magnet and a dynamic one generated by the 

coil. The magnetization force is specific to ferromagnetic materials, and can be understood 

as the force acting on atomic magnetic moments inside the material in the presence of a 

spatially varying magnetic field. The magnetostrictive effects are also specific to 

ferromagnetic materials. They are related to magnetoelastic interactions at the material 

microscopic scale, resulting in macroscopic elastic variations of a material under external 

magnetic fields. For the moment, the modelling work is focused on the longitudinal Joule’s 
magnetostriction, which is a pure inelastic strain at the macroscopic scale measured along  

 

 

the magnetization direction. For the sake of an efficient semi-analytical model of 

ultrasounds generation by EMAT, a mathematical model allowing the transformation of 

this magnetostrictive strain into an equivalent body force of magnetostriction has been 
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developed [15], under the assumptions of a magnetically isotropic material at macroscopic 

scale, and of a dynamic magnetic field much smaller than the static one. 

 

3.2. Simulation of the ultrasonic waves generated by EMAT in ferromagnetic media 
 

The three dynamic excitation processes involved in the generation of ultrasounds by an 

EMAT in ferromagnetic media are then modelled as equivalent body forces. However, 

many models developed for predicting ultrasonic field radiation and propagation in solids 

assume source terms given as surface distributions of stress, as those generated by 

piezoelectric transducers in direct contact. In order to predict ultrasonic fields radiated by 

EMAT by using these models, a method able to accurately transform body forces into 

equivalent surface stress distributions, that is to say, which radiate the same ultrasonic field 

into the mechanical part, has been developed for planar isotropic parts [16]. To make this 

transformation applicable even broadly, this method has been recently extended to parts of 

complex shape [17], implying thorough differential and tensorial analyses. It relies on a 

second order expansion of Green’s integral formulation of the elastic wave equation and 

takes into account the moments of a body force up to the second order. 

 

The implementation of the different mathematical models are performed in the CIVA 

software platform [18] developed at the CEA List and dedicated to the numerical 

simulation of non-destructive evaluation techniques. As an example, the case presented 

below uses a 3D EMAT composed of a cubic permanent magnet with an induction intensity 

along the x-direction of な T placed over a rectangular spiral coil with an excitation current 

intensity of な mA at an excitation frequency � = 5 MHz. The studied ferromagnetic 

material is a planar low-carbon steel with a relative magnetic permeability �眺 = に and an 

electric conductivity � = に MS. m. It is further assumed elastically isotropy with the elastic 

quantities: � = ば.ぱ g. cm−3, �� = 5ひどど m. s−1, and �聴 = ぬにぬど m. s−1. The lift-off (air) 

between the coil and the material is fixed at ど.にmm. The maximum amplitudes of focal 

spots at a 5ど mm depth of the transversal ultrasonic wave generated with the three 

electromagnetic body forces taken separately and all together are given below in Fig 6: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 6: Map of the maximum amplitude of the T-wave induced by the EMAT at 50-mm-depth under the 

surface of excitation of a planar low-carbon steel at 5MHz.  

From left to right: amplitude due to the Lorentz force, to the Magnetization force, to the Magnetostrictive 

effects, due to all the dynamic excitations superimposed. 
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Such a simulation tool is valuable since it predicts all the transduction processes involved 

in ultrasounds generation by an EMAT in ferromagnetic materials, which allows parametric 

studies in order to optimize the inspection configuration. 

 

4. Conclusion 

The methodology of tightening control by ultrasounds enables to know pre-

stressing in the body itself of the assembly, within the inside even of the bolt or the screw.  

The bi-wave method is very promising taking into account of the results obtained in lab 

and on field. Provided appropriate calibration, it allows measurements with an accuracy of 

5%. Now, additional works are performed by CETIM and CEA to understand the physical 

mechanisms of EMAT generation of ultrasonics, by studying both Lorentz and 

ferromagnetic effects. The simulation studies let us improve the design of EMAT 

transducers, with enhancement of signal to noise ratio, and probe size reduction.   
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