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Abstract. Up to this moment, residual stresses are determined by strain gauges and 
drilled holes, both being surface techniques and able to monitor stresses only at certain 
points-areas of the steel surface. The motivation of our group during the last decades 
has been the determination of the stress tensor distribution in steels, using magnetic 
techniques.  
 We offer a concrete method to the community of steel industry offering the 
possibility of stress gradient and therefore crack generation prediction based on 
magnetic non-destructive methods. 
 A considerable amount of residual stresses is introduced during common 
manufacturing processes and operation in steels. Depending on their magnitude and 
distribution, residual stresses are rather useful in elucidating possible causes of failure 
of a material. During welding, the temperature range varies from the material’s 
melting point to the room temperature. Additionally, the mechanical properties of the 
joint are temperature dependent and therefore, these are often degraded due to the 
presence of thermal gradients. Cooling to room temperature invokes stresses, which 
are inevitably incorporated to the material’s residual stress. Therefore, the quantitative 
determination of the residual stresses is important for quality, integrity and 
performance of the welding joints. 
 Any change in grains configuration, due to the existence of stresses results in 
rearrangement of the magnetic domains configuration. Thus, the magnetic signals 
contain information which is closely related to the microstructure of the examined 
ferromagnetic material. The magnetic methods are very sensitive to changes of both 
microstructure and applied stress (tensile stresses increase the magnetic noise, while 
compressive ones decrease it). Our method is based on a self-embedded nano-sensing 
element existing in magnetic steels: the magnetic domain wall. The domain wall 
displacement is dependent on the amount of stress field in its vicinity. The response 
of this sensing element is depicted in several sensing modes. Therefore, the magnetic 
response can be converted to residual stress values by using an appropriate calibration 
curve. However, all grade of steels with substantial microstructure differences should 
be separately considered for calibration. 

More info about this article: http://ndt.net/?id=19296
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Introduction 

Steel industry is one of the largest market sectors in the today’s world. Information provided 
by the World’s Steel Association suggests that the total steel industry activity in Europe 
reflects more than 4,5% of the total European GDP, with China leading the world’s steel 
production, manufacturing & use, with the ~5,5% of its GDP dedicated for this sector. At 
this moment, only residual stresses can be monitored in steel industry & steel products and 
only on the surface of these steels. Furthermore, their annihilation or control is based on 
principles and procedures based on the current international standards, without a feedback 
control system permitting for the precise monitoring and annihilation of the stress level 
distribution in all their volume. 

The proposed technology permits the stress tensor distribution monitoring in the bulk 
and the surface of ferromagnetic steels, concerning the determination of their residual stresses 
and plastic deformation, by using magneto-elastic non-contact and non-destructive methods 
with an uncertainty better than 1%. The speed of stress monitoring can reach 30 m/s under 
certain circumstances. Therefore, the steel producer, manufacturer or user can quantitatively 
measure the precise amplitude of the stress tensor distribution and its gradient on and in the 
produced or used steel. 

The technology can also be used for obtaining stress annihilation or control, by means 
of achieving the proper stress level either by stress relief or by stress accumulation process 
or by their combination. Stress relief is obtained by thermal and/or mechanical methods. 
Thermal annealing permits stress relief, while quenching (achieved by heating and 
consequent fast cooling) provides stress accumulation. Additionally, mechanical treatment 
can also provide stress annihilation or control. In these treating methods, the proposed stress 
monitoring method and instrument can serve as the feedback control of the automated system 
to precisely control stresses at any local point of the examined and treatment steel. The 
additional cost of this automated process system is only the mentioned new measuring system 
and the corresponding software feedback codes, since thermal (annealing & quenching) and 
mechanical treatment processes are currently used in all modern steel production lines. 

This technology, changing the map of non-destructive testing of steels, will allow for 
advanced steel production methods and procedures: those manufacturers who are to adopt 
this method will offer steel products with properly measured and obtained characteristics 
along the whole area and volume of the steel, governed by the corresponding stress 
distribution. It can also be used in steel manufacturing products such as pipeline 
manufacturers, steel tool manufacturers, as well as the users of these products, like energy 
(classic thermoelectric or hydroelectric stations, as well as nuclear stations), oil & gas 
applications, shipping, automotive industry, railway & train industry and construction. 

Apart from that, the method is under standardization process in National, European, 
American and International Standardization Bodies; in parallel, the method is currently being 
adopted from certification bodies, ship classes, specific institutions etc. in the form of 
directives and procedures to be followed by steel manufacturers and users. The described 
demonstration plants and the mentioned standardization process will act as the optimum 
dissemination and exploitation means of the described technology. These demos will permit 
the initial selection of the proper collaborators in each field of steel manufacturing and use 
industry, namely steel coil & rod manufacturers, pipeline manufacturers etc. as well as the 
proper involvement and support from the corresponding steel & steel product institutions, 
insurance & re-insurance houses and standardization bodies. 
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1. The Current State of the Art in Magnetic Properties and Stress Correlation 

The reference methods to monitor residual stresses in steels are the X-ray diffraction Bragg 
– Brentano (XRD-BB) method referring to two-dimensional surface stress tensor monitoring 
[1] and the neutron diffraction (ND) method referring to bulk three-dimensional stress tensor 
monitoring [2]. These techniques are practically laboratory techniques, requiring large 
infrastructure and long time to perform a single measurement. Recently, new instruments 
appeared, concerning the XRD-BB method, suitable to perform stress analysis in some 
environmental cases under proper conditions and procedures [3]. 
Concerning industrial methods, there are three methods existing in the market: 

The first method is the strain gauge method and sensors, according to which, resistive 
films are attached on the surface of the under measurement steel after proper preparation of 
its surface [4]. These gauges are able to monitor the stress tensor level on the surface of the 
under stress steel. Recently, these devices have been capable of operating in real time (during 
operation of the under monitoring steel) under certain conditions, with tele-transfer of the 
measuring data. The method is capable of monitoring the stress tensor only at the point of 
the surface where the gauge is set, considering the previous stress history (before setting the 
gauge equal to zero). 

The second method is the drill hole method, according to which a short depth hole is 
made by drilling the examined steel [5]. The deformation of the whole with respect to stress, 
transforms the circular hole to an ellipse, where the ratio of the two diameters of the ellipse 
determines the amplitude of the stress vector and the direction of the long and short diameters 
determines the two main stress components on the surface of the under-stress steel. Recent 
nano-hole methods promise excellent measurements under very well control laboratory 
conditions [6]. The method can also monitor the two dimensional surface stress tensor at the 
point where the whole has been made. 

The third method refers to Magnetic Barkhausen Noise (MBN) monitoring. The 
method is based on the Barkhausen jumps during magnetization, caused by overcoming 
stress field obstacles, like dislocation forests, precipitations and generally speaking stress 
field distribution on the surface of the under stress steel [7]. Several patents exist based on 
this principle, some of them measuring directly stress level [8]. In some cases, the method is 
capable of monitoring the two-dimensional stress tensor at the surface of the examined steel. 
With this method, the stress distribution is measurable. The MBN method and sensors may 
suffer from large geometrical uncertainties: a small change of the magnetic sensor’s angle 
from its vertical (or angle set) position with respect to the surface of the examined steel causes 
large variations in measurement. 

All these methods refer to surface stress measurement, with the two first of them 
being point stress tensor monitoring methods and not distribution of stress tensor, while the 
third is a surface stress tensor distribution monitoring method, being very sensitive to the 
geometrical uncertainties of the sensor set-up. However, the three-dimensional bulk stress 
tensor distribution may be significantly different than the two-dimensional surface stress 
tensor distribution, for several reasons. 

We have also developed magnetic methods to monitor stress tensor in ferromagnetic 
steels. The proposed method refers to methods and instruments of monitoring surface and 
bulk magnetic properties [9], namely surface MBN and surface magnetic permeability, as 
well as bulk magnetic permeability in the examined steel. These methods have been 
published in the international literature and are related to the monitoring of residual stresses 
in steels with a precision better than 5%. Residual stresses are introduced in steels by 
autogenous welding, thus introducing residual stresses in the examined steel. Then, XRD-
BB and ND stress monitoring methods are used in the laboratory, monitoring stresses across 
the welding line and the heat affected zone, monitoring stresses from the positive (tensile) 
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till the negative (compressive) yield stress. The consequent monitoring of surface magnetic 
properties across the same welding points, namely surface permeability, using our surface 
permeability [10] or MBN sensors is correlated with the XRD-BB measurements, illustrating 
a standard deviation between surface magnetic properties and stress values better than 3%. 
Similarly, the monitoring of the bulk permeability values at the same points where ND 
measurements have been performed, illustrates a standard deviation between the bulk 
permeability and the stress values better than 1% [11]. Having developed the magnetic stress 
calibration curve (MASCC) for residual stresses, i.e. for stresses below the yield point, we 
can evaluate the welding of the steel or determine the residual stresses in it, using also the 
welded samples as reference stress-including samples, as well as a zero stress sample for 
reference reasons. These measurements refer to type II stresses (inter-grain stresses, i.e. the 
average of the stress tensor to a neighbor of steel grains referring to an area or volume of 
diameter in the order of 1 mm). Recently, we have employed electron back scattering 
diffraction (EBSD) to monitor type III stresses (intra-grain stresses, or the average stresses 
on surface in the order of 1 micron), with a standard deviation between surface magnetic 
permeability and stresses determined by the EBSD better than 1%. 

However, the stressed steel may be under residual stresses with and without the 
appearance of hydraulic stress along its length. The general case is that residual stresses offer 
a type II stress tensor (inter-grain stresses) along the length of the steel, while hydraulic stress 
tensor is superimposed to these residual stresses, leading probably towards the plastic 
deformation on the steel. This is the most general problem scenario. 

Hence, our motivation has been to develop a method and an instrument (a sensor or 
a sensing system) able to monitor the total surface and mainly bulk stress tensor distribution 
in steels, including residual stress tensor and hydraulic stress tensor applied simultaneously 
in the examined steel. In this case the most difficult and yet unsolved problem is that the 
magnetic parameters do not obey a monotonic response after the Villari point: the magnetic 
parameters, like magnetic permeability, , remanence etc., have a monotonic dependence till 
the Villari point, and then they change their slope.  

2. Our Innovation 

The basic innovation of the proposed work is the realization, installation and proper operation 
of the stress tensor distribution measuring instrument in steel production and manufacturing 
lines, as well as its use in-field applications, wherever and whenever the stresses on steels 
are needed to be monitored. The use of this apparatus is related to the on-line stress 
measurement in ferromagnetic steels and therefore to the determination of a probable crack 
initiation. Additionally, this optimum sensing element is used in order to monitor, evaluate 
and control in an automated way (or even manually in some cases) the effect of thermal 
(annealing and/or quenching), as well as, mechanical treatment in the stress level and the 
structure of the examined steel. 

We have developed a unique method to determine the localized residual stress tensor 
as well as the localized plastic deformation tensor, using welding methods to introduce 
residual stresses and other mechanical techniques to introduce spatial plastic deformation. 
Residual stresses have been calibrated against XRD-BB and neutron diffraction concerning 
their surface and bulk type II stresses (intra-grain stresses) respectively, as well as the type 
III stress tensor by using EBSD technique. Plastic deformation was calibrated against neutron 
diffraction and the stress-strain curve. This way, thermodynamic, mechanical and phase 
transformation effects have been taken into consideration, permitting for the inclusion of all 
possible reasons, leading to stress development. Measuring the distribution of the residual 
stresses and the deformation along the length of a welded sample or structure subjected to 
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plastic deformation, resulted in the determination of the spatial stresses from the compressive 
to tensile yield point, also including the monitoring of the compressive and the tensile 
stresses. The measurement of the intrinsic surface and bulk magnetic property tensors, 
namely magnetic permeability and magnetostriction, allowed for such un-hysteretic 
correlation, according to the recent pending patent, filed in March 2016. 

The dependence of these local magnetic tensors with the above mentioned local stress 
tensors, resulted in a unique and almost un-hysteretic stress calibration curve of all tested 
grades of steel (17 types of the 42 most often produces, manufactured and used ferromagnetic 
steels in industry). This calibration integrated the steel’s mechanical and thermal history, as 
well as the phase transformations and the presence of precipitations occurring during the 
welding process. Such correlation has been unhysteretic with an uncertainty of ~1%. 

 

Fig. 1. The universal MASC curve: measurement of two specific magnetic parameters permit the stress 
component along the direction of magnetic measurement. 

Furthermore, we have achieved a universal law on such stress-magnetization dependence 
according to which normalization of the so-called Magnetic Stress Calibration (MASC) 
curve with certain parameters, defined in our recent pending patent, resulted in a unique 
universal MASC curve. Such a universal MASC curve is illustrated in Figure 1. The future 
of such innovation is also a challenge, referring to its research and development activity, 
being the investigation of stress tensor distribution monitoring in inter-atomic layer, 
concerning type III stresses. 

3. Related Market 

The market sector of the proposed technology is the steel industry, including two main 
categories: steel production & manufacturing, as well as in-field steel inspection. Steel 
production and manufacturing includes several sub-sectors: 
• Production of steel coils, like oil & gas steels, automotive steels, shipping steels, 

locomotive steels, electric steels, construction steels etc. The size of this steel coil 
production is in the order of 106 tons per year, with ArcelorMittal leading in the market 
size, followed by the Chinese steel industry. 

• Steel casting in various shapes, like rods, I & H shapes, blades, tooling etc. The size of 
the steel casting production is also in the same order of magnitude like in steel coils, with 
ArcelorMittal leading also the market size, followed again by the Chinese steel industry. 

• Steel weld manufacturing, including steel pipelines, steel vessels, steel domes and other 
steel structures. 
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• Steel processing, including steel forging, steel forming and other secondary steel 
manufacturing procedures. 

• Shipyards, including raw material tests, welds and special structures. 
• Automotive industry, including raw material development, welds and special devices. 
• Trains & locomotives, including railway rails, moving parts, special tools etc. 
• Oil & gas industry applications, including oil recovery, refinery and transmission. 
• Steel construction sector, including energy station development, building & bridges 

development etc. 
 Apart from steel production and manufacturing, there are also needs for in-field inspections: 

after the steel or the steel structure is made, then it has to be initially tested and certified, with 
regular follow-ups in testing and certification. The main needs for such in-field inspection 
refers to: 
• Energy stations, like thermoelectric & hydroelectric stations, nuclear stations etc., 

including tests of vessels under pressure, pipelines, blades, nuclear domes, special 
structural tests etc. 

• Oil & gas applications, like recovery tools (drills, drivers etc.), vessels under pressure, 
refinery pipelines, transmission pipelines etc. 

• Shipping, like on-board safety tests and reporting, regular inspections and sea trials, 
continuous monitoring and automation processes, selling aid facility etc. 

• Automotive and train tests, like on-demand or continuous monitoring, selling aid facility, 
prediction of significant failures etc. 

• Constructions, like building periodical tests, bridge test, wired tunnels tests etc. 
The market penetration of the proposed product refers to the magnetic & non-destructive 

monitoring of the stress tensor distribution in steels, which is the basic information for 
knowing the state of health of steel, but more importantly, it provides the main tool for stress 
annihilation or control. Furthermore, the recently appeared Internet of Things, together with 
other information and networking tools can enhance the procedure of tests and diagnostics in 
automated platforms, aiding significantly in the holistic facing-up of steel production, 
manufacturing and use. 

Considering the huge size of the steel industry market, the significant advantage of 
the change of the steel production, manufacturing and use due to the continuous stress 
distribution monitoring, as well as the uniquely offered methodology for stress annihilation 
and/or control in steels, we do not try to make guesses on the market sharing process. Instead, 
we are focusing on the main stakeholders of the steel industry sector to initiate the 
demonstration and application of the method and product, together with the necessary 
standardization process, in order to obtain its establishment in steel industry, as described 
above with emphasis to the big players like ArcelorMittal, Aramco, CCC etc. 
 As it has been mentioned above, the proposed method and measuring system(s) are 
the unique instrumentation, up to this moment, to monitor stress tensor distribution in steels 
and therefore to act as the feedback system for the stress annihilation and/or control. 
 The existing systems used for some similar measurements refer to non-destructive 
testing monitoring cracks and defects from a given size upwards. Some examples used in 
industrial environment are ultrasonic and in general acoustic techniques, radiography, both 
for bulk measurements as well as infrared spectroscopy and eddy currents for surface 
analysis. All these techniques are capable of monitoring existing cracks and defects, which 
are the effect of stress concentration and gradient along the surface and the bulk of the steel. 
 Considering that such systems exist in all modern steel production lines, and taking 
into account that the proposed method and measuring system can be accomplished by these 
state of the art measuring technologies, by means of offering, apart from the information on 
existing cracks and defects, the information on the prediction of crack generation, through 
the stress tensor distribution information. 
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 Furthermore, this technique, as mentioned before will be the sensing feedback control 
device performing the proper heat and/or mechanical treatment of stress annihilation and/or 
control. 

4. Porter’s Analysis 

4.1 Substitution Products 

Substitutes of the proposed method and measuring instruments could be regarded as the 
existing magnetic techniques for monitoring residual stresses on the surface of steels, based 
on Barkhausen noise monitoring. (The classic state of the art of monitoring cracks and defect 
is out of discussion as substitution product, the opposite: the classic diagnostic techniques 
and the proposed method and measuring instruments can collaborate for the benefit of the 
final product). In fact, as we analyzed in our patent, this kind of measurement, apart from 
suffering from large geometrical uncertainties and being a surface monitoring method, it does 
not enter the plastic deformation area, or the superimposed of the residual and the hydraulic 
stresses. Therefore, it cannot be used in reality, except some small steel tools, like gears etc. 
Furthermore, these products exist for more than two decades, without reforming the steel 
production, manufacturing and use, since they did not offer the stress annihilation and 
control. On the other hand, the cost for the end-users of the proposed method and measuring 
instrumentation is low, since the stress annihilation and control, which offer substantial 
improvement in the steel products, can be realized just by using the proposed sensors, since 
the rest of the actuating equipment exists in service in production lines. 

4.2 Threats for the New Comers 

The threats for our method, are insignificant because:  The technology to develop sensors and calibration methodology and systems with the 
required sensitivity and uncertainty can hardly be duplicated.  The existing classic NDT methods can be considered complementary to our stress 
monitoring method.  Obtaining the collaboration with the giants of steel industry, as their technology 
provider, permits a permanent engagement with them.  The cost of our technology can be maintained relatively low, thus allowing for a rather 
permanent market penetration factor.  The costs and overheads of the steel industry and the diagnostics companies are 
significantly high due to the number of personnel needed to operate. 

4.3 Client Power 

The existing & foreseen problem is the power of the users of the new method: since they are 
giants and governing world’s policy on the steel market, they could depress significantly the 
pricing policy of the proposed method and measuring instrument, although the (later to be) 
mentioned price of the proposed systems is lower than the existing diagnostic methods for 
crack monitoring. Besides, the power of the normalizing and standardization bodies is so 
high, that even the giants of the steel industry have to pay attention to. On the other hand, the 
demand of such a product is high and the steel industry players are large and numerous, with 
immediate needs for high quality products, where the novelty of our method and measuring 
technology does not permit other solutions at this moment, except its evolution from type II 
stress monitoring to type III stress monitoring (subject of current basic research in the team 
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of inventors). Besides, maintaining a professional level of service and in-time response, then, 
there is low uncertainty level in the successful industrial realization of the method and 
measuring systems. On the other hand, the high rhythm of development and modernization 
of the steel industry obliges the large stakeholders to improve their steel and bring novelty 
into their products. For this reason, such synergies for high-tech implementation are welcome 
by them. It is also noted that the use of such system does not affect the mass production of 
steel. 

4.4 Supplier Power 

The dependence of the proposed method and measuring instruments on raw materials 
includes top-quality electromagnetic yokes and top quality of electronic hardware for sensor 
conditioning up to the 1 MHz bandwidth. Therefore, it is clear that such magnetic materials 
and classic electronic hardware can be found in many suppliers and markets all over the 
world. Due to our expertise, electronics and sensing systems are designed and tuned in-situ 
(i.e. by the sensor developer), thus eliminating the risk of suppliers to affect the production 
and the cost of production for the development of the monitoring sensors (which is not high 
in any case). Concerning high quality sensing elements, like nano-crystalline ribbons and 
wires, we have established collaboration with specialized laboratories able to provide such 
materials. 

4.5 Existing Competition 

The final cost of manufacturing of the sensor is relatively low, since it refers to 
electromagnetic cores and discrete electronics with bandwidth up to 500 kHz, which can be 
designed to offer optimum operational conditions. Classic methods like price reduction, 
optimization of the products, branding, optimum distribution and better service to the client 
are not related issues to the magnetic stress calibration method, since actual cost of the 
sensors and systems is not high with respect to the contract under discussion. However, the 
potential, future competitors may be a significant issue, due to the given size of the steel 
industry. The only way to maintain the leadership in stress monitoring and 
annihilation/control in steels is to continue the research and development for the successors 
of today’s proposed technology. At this very moment it is foreseen by investing in monitoring 
type III stresses, in order to measure stresses in atomic level in steel. 

4.6 Strategic Consequences 

The competitive environment is attractive since the competition is relatively weak, provided 
that the existing steel stakeholders wish to use the proposed technology, thus maintaining 
leadership via research and development, considering that the substitute products up to this 
moment are limited in quality, and the power of the suppliers is relatively low. 

5. Characteristics of the Steel Industry and our Position in it 

The steel industry has been improved dramatically during the last two decades. An example 
for that, visible to everyone, is the quality of today’s steel chassis in the automotive industry. 
The new compositions and steel phases permitted a dramatic improvement of the existed 
state of the art, making the old types of steel, obsolete with the respect to the new ones. 
Nevertheless, their quality could be significantly improved by means of knowing the 
localized stress levels and acting towards their annihilation and/or control. The ability to offer 
a well-known level of stresses along the three dimensions of the produced steel, permits a 
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total quality control and optimization of the produced and manufactured steel and steel 
products, by means of certified and secure measurements, instead of theoretical predictions 
due to experimental evidence in some parts of these steels. Furthermore, the implementation 
of the method and the measuring system as a standard itself, as well as a regulation from the 
different inspection and specification bodies, will provide additional advantage to those 
having acquired this method and measuring system as a stress monitoring tool, as well as a 
stress feedback control system: those who don’t have it will have to face-up different 
procedures for their product certification process with additional costs and insurance fees. In 
Table 1, the SWOT analysis of the proposed system and method is illustrated. 

Table 1. SWOT analysis of the proposed system and method. 
Strengths The proposed methodology and measuring instruments will change the 

map of steel production, manufacturing and use. Obviously, it will also 
change the map in non-destructive testing in steels. The ability of 
monitoring the plastic deformation and residual stress distribution in three 
axes, provides unique information in predicting the nano-crack initiation 
and propagation. Having calibrated the particular steel examined, there is 
no need of knowing the materials history. Instead, the stress related 
information can be used for stress annihilation and/or control. 

Weaknesses The main weak point of the method and the measuring system is that each 
point measurement requires ½ minute duration for optimum measurements. 
For this reason, an alternative process based on the proposed method and 
described in our pending patent is under development, in order to reduce 
this time to 2-3 ms. Of course, array sensors and automated systems based 
on array sensor scan may be effectively used. 

Opportunities As mentioned above, the shipping, gas & oil, automotive & other transport 
industries, as well as construction & development based on steel are thirsty 
for this method, since it provides safer information for the end-users, 
allowing for lower insurance fees and competitive properties of the used 
steels. The lines involving steel structures, like steel coil producers, 
shipyards, pipeline & vessel factories, automotive industries, train 
manufacturers and constructors can become more effective, improving the 
quality of the final product and the total manufacturing time. 

Threats Completely new product. The method and the sensing systems can be 
duplicated in countries where the international law is not easily applied. In 
such a cases, where the steel industry is expanding rapidly, this may be a 
crucial issue. The way to counteract in this problem, taking into account 
the coherent necessity to provide high quality products and novel 
technologies, is to implement the method to these particular stakeholders 
in order to truly provide high quality steel and steel products. 

 
The sensing prototypes have already been used in relatively small scale demonstration plants 
in: 
• Steel pipeline manufacturing factories, to monitor stress distribution in raw materials, 

welds of pipelines and ductile to brittle transition temperature (CPW, Greece). 
• Shipyards and train manufacturing factories, concerning monitoring of stresses and 

deformation in hulls and ship welds (Skaramagas Shipyards), as well as stresses in 
railway rails (Metro of Athens). 

• Hull and shafting systems in ships, with interesting findings, explaining several 
problems in naval engineering issues (collaboration with the American Bureau of 
Shipping). 
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