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Abstract. The transition from any Non Destructive Evaluation (NDT) of Stress to
NDT  measurement  of  internal  stress  tensor  components  is  challenging  step  of
considering and  compensation of  influencing factors  during both calibration and
measurement  itself.  The  main   influencing  factors  in  ferromagnetic  steels  are
material microstructure, self interaction of principle stress tensor components and
surface layer condition. Due to their diverse physical nature each one needs different
approach for recording and compensation. The research experimentally investigates
the nature of stress component measurement results uncertainty, caused by surface
layers  condition,  using  the  potentiality  of  Magnetic  Barkhausen  Effect  (MBE)
method.  This  uncertainty  appears  both  within  the  stage  of  calibration  and
measurement itself. Different stress conditions were realized by different techniques
of surface treatment, namely mechanical processing with diverse instruments as well
as  by  stepwise  electrolytic  polishing  under  different  time  exposure.  The  treated
specimens were then used to plot the calibration characteristics under varied both
bending and tensile loading. Barkhausen Noise (BN) measurements were provided
in  both  principle  directions  after  each  layer  removal,  while said  plots  displayed
enormous differences due to this level. It was discovered that the cross points of two
plots, measured in self perpendicular directions respectively, unambiguously depend
upon the removed layer value. That technique for the compensation of stress state
influence on the measurement  result  is  proposed and verified,  using independent
measurement technique. The invariant parameter for stress value display is proposed
in the normalized form of BN  measured data. The research opens the opportunity to
use  in  some practical  applications  the  BN for  internal  stress  measurement  with
practically admissible accuracy. 

Introduction 

The transition from any Non Destructive Evaluation (NDT) of applied stress to Residual
Stress (RS) measurement of stress tensor components is challenging step, which assumes
accounting  and  compensation  of  influencing  factors  during  both  calibration  and
measurement itself. Different approaches have been studied to solve the problem of stress
measurement uncertainty, main are given in [3], but the problem is still very critical.  

In ideal materials  with uniform and stable structure the stress measurement is  a
simple comparison between measured values and calibration characteristics [4, 5]. In real
materials it is much more complex. The main influencing factors in ferromagnetic steels are
material microstructure, self influence of principle stress tensor components and surface
layer condition. Due to their diverse physical nature each one needs different approach for
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recording and compensation. The research experimentally investigates the nature of stress
component measurement results uncertainty, caused by surface layers condition, using the
potentiality of Magnetic Barkhausen Effect (MBE), and principle contradictions being the
same for other NDT methods. This uncertainty appears both within the stage of calibration
and measurement respectively. It originates from a strong surface structure change during
metal heat and deformation treatment,  tear  and wear, oxidation,  cold working, etc.  The
other reason comes from specific features of different NDT methods, especially penetration
depth, which is not comparable for different techniques like ultrasonic, magnetic, x- ray
[2, 4, 5]. As the penetration depth for MBE method is known to be in the range 0,5-1,2 mm,
very  close  to  that  possible  for  removal  by usual  methods  for  mechanical  and  electro-
mechanical surface treatment.

The  article  is  an  attempt  to  study,  with  Magnetic  Barkhausen  technique  as  an
example, the surface conditions uncertainty using measurement after surface layer removal.
The treated specimens were then used to plot the calibration characteristics under varied
both bending and tensile loading. Barkhausen Noise (BN) measurements were provided in
both principle directions after each layer  removal,  while said plots displayed enormous
differences due to this level.

1. Calibration characteristics. Experimental technique.

Bending experiments were provided using low alloy steel specimens 250х40х7,5 mm in the
condition after cold rolling as final  treatment.  This condition is  typical for use in steel
constructions,  and characterized by surface plastic deformation,  decarburization,  surface
heat  treatment,  spreading  to  the  thickness  close  to  0,1  mm.   Specimens  were  bended
elastically in the device in the condition of four-point bending. The calibration functions
V (σ )  (with V – Barkhause noise (BN) intensity in mV and σ – stress value in MPa), were

plotted, while  bending parameters were controlled and recorded. Random measurement
error was less than ±5%. Surface layer removal was done stepwise sequentially by milling,
grinding polishing and electrolytic etching respectively. BN intensity measurements were
provided with the stress analyzer INTROSCAN.  Electrolytic etching (ELE) was done point
wise  in  the  solution  with  65% H3PO4,  15% H2SO4,  20% H2O.  The  etching  time  was
increased stepwise over 5 minutes, maximum time being 80 minutes.  

BN intensity was measured in both principal directions respectively by directing
magnetization field to each one.  Those directions matched with specimen’s deformation
axes. Being plotted on one diagram, these curves intersect in the Y-axis only if a surface is
without residual stress. The offset means a surface with residual damaged condition: offset
to the right means that residual stress is tension and to the left – compression. Examples for
the steel 09Г2С (0,9C, 1%Mn, 2%Si) are shown in the fig.1. 

Due to Poisson deformation of the specimen in the short width direction the offset
for them is opposite to that along longitudinal axis. 

The calibration characteristics measured along longitudinal (a) and across it (b) axes
after different surface treatment, shown in the legend, after different surface treatment are
shown in the fig.2. Strong dependence via surface condition are quite clear, as well as their
inability to be used unbiased as a unique calibration facility. The functions are monotonic,
the first being ascending, while the second descending due to Poisson effect.
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Fig. 1. Calibration characteristics before (a) and after (b) grinding for steel 09Г2С (0,9%C,
1%Mn, 2%Si). 1-st side – after cold rolling, 2-nd side after milling.

Fig. 2. Calibration characteristics measured along longitudinal (a) and across it (b) axes
after different surface treatment, shown in the legend.
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If to plot both characteristics in one chart  (not shown) and to fix x-position of the
cross  points  by  the  corresponding  curves,  one  can   then  plot  x-positions  for  different
treatments, numbered as they appear  in the legend in the fig. 3.

Fig. 3. Influence of the type of surface treatment on the offset of the cross points of
longitudinal and perpendicular calibration characteristics respectively: 1 – milling; 2 –

rough polishing with  80+120 grain size abrasive paper; 3 – fine polishing with 120 grain
size abrasive paper; 3,4 – hand made rough and fine polishing respectively; 5 – ELE(5

min); 6 – ELE (10 min); 7 – ELE (15min); 8 – ELE (20 min); 9 – ELE (25 min); 10 – ELE
(30 min); 11 – ELE (35min); 12 – ELE (40 min); 13 – ELE (45 min); 14 – ELE (50 min);

15 – ELE (min); 16 – ELE (60 min); 17 – ELE (65 min); 18 – ELE (70 min); 19 – ELE (75
min); 20 – ELE (80 min).

As offset is due to residual stress on the surface, one can make some important
conclusions from above figure: 1) The more rough is the layer removal, the larger is tension
caused offset, the largest is for rough milling; 2) the close to zero offset is for ELE during
35-50 min (corresponds to total maximum 70 µk layer removal; 3) more than 70 µk layer
removal causes the appearance of compressive residual stress.  

The next step could be the task to displace all cross points to y-axis. By this step one
can think about compensation of residual surface stress on the calibration characteristic in
order to acquire function, invariant to the type of surface treatment. The result is shown in
the fig.4. The set of curves, distinguishing for the surface treatment before ELE are close to
form function, which could be considered as unique for practical applications. Now it is
important to mention that results in the fig.4 were acquired for the special processing of the
measured signal of BN: namely its normalized form, the normalization of corresponding
signal  is  provided  respectively  to  the  summarized  values  of  longitudinal  (V (׀׀  and
perpendicular (V┴) components of BN intensity. 

V ║
1=

V ║
V ║+V ┴

                                                                (1)

V ┴
1=

V ┴
V ║+V ┴
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Fig. 4. The set of calibration curves in the form of formula (1, 2) after displacement of
united functions in the fig. 3 to y-axis by the corresponding offset in the fig. 3. The

separated subsets of calibration curves are observed, giving the opportunity to extract the
subset.

The above technique can be named as a Technique  Invariant to Surface Condition
(TISC).

2 Verification of TISC and the accuracy estimate

To verify  the  TISK  calibration  procedure  regardless  of  the  above  offset  displacement
technique for bended specimen we used the traditional strain gauge technique and specimen
deformation in the tensile machine. The strain gauges were glued on the opposite specimen
sides  and  the  longitudinal  applied  force  was  defined  with  the  help  of  machine.  The
specimen was loaded stepwise. The stress was simultaneously calculated from measured by
the machine and strain gauge readings, as well as from BN measurements recalculated to
stress  using  calibration  curves  acquired  in  the  previous  paragraph.  The  results  for
specimens 1 and 2 respectively are shown in the table 1.
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Table 1. Verification measurement results for the specimen 1.

Table 2. Verification measurement results for the specimen 2.         

Fig. 5 combines these results in the diagrams (a) (sample 1) and (b) (sample 2).   

                                       a)                                                                 b)
Fig. 5. Diagram, displaying  the verification data for specimens 1 (a) and 2 (b).
From displayed plots it  is  clear the similarity of calculated stress data by strain

gauge and tensile machine, their relative error is less than 2%. Stress values calculated with
BN measurement results varies in the range 10% to 25% with minimum in the stress range
from 87 MPa to 174 MPa. To estimate BN stress measurement error we provided separated
investigation using independent measurement on the 1000mm diameter pipeline. For this
on its surface 12 spots were prepared as explained in the paragraph 2. Principal error of BN
stress measurement was determined with formula (3)

mountmsinstrBN
  22

                                                    (3)

where  δinstr – instrumental error;  δms– error, originated from the materials microstructure
difference (in fact measurement in different pipeline points;  δmount– error, originated from
non repeatability of measurement results in one point (sensor mounting error). 

We estimated  different  errors  at  the  following levels:   δinstr=1-2%;  δmount=2-5%,

while main contribution is done by δms error. Its determination is done by repeated multiple
measurements on the same pipeline. It was found in the level of 17-26%. As a result the
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summarized error of blind measuring stress value by proposed technique was estimated at
the level 25-30%.
3. Conclusion

The  technique  proposed  for  Barkhausen  Noise  stress  measurement  in  steel  with
unprejudiced stress calibration procedure. It is based on the developed technique of offset
displacement of calibration curve to compensate surface layer hardening. The technique
verification  confirmed  the  its  ability  to  measure  stress  in  unknown  material  with  the
accuracy not  worse  than  25-30%.   The  invariant  parameter  for  stress  value  display  is
proposed in the normalized form of BN  measured data. The research opens the opportunity
to  use  in  some  practical  applications  the  BN  for  internal  stress  measurement  with
practically admissible accuracy. 

Future investigation should spread the statistics to other steel types and to include
the four-parameter diagrams [4] into improved stress calibration procedure. 
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