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ABSTRACT 

In the paper there will be introduced method for relative determination of induced kinetic energy of 

hardened balls on treated surface, which was invented by J. Alemen. In our experimental work we 

were focused on measuring Barkhausen noise signals and comparison with microstructure, 

microhardness, and residual stress analysis of surface roughness. In process of shot peening there is 

occurrence of compressive residual stresses. The shot peening process was performed under four 

different pressures (4, 6, 8 and 10 bar) and in two different acting times (t1 = 30 sek and t2 = 60 

sek). Residual stresses in surface layer were determinated with nondestructive micromagnetic 

method on the basis of magnetic Barkhausen noise. Comparsion of residual stresses was also 

determinated by semi-destructive method known as blind hole-drilling method. 

Key words: Shot peening, Barkhausen noise, Residual stress, Microhardness, Blind-hole drilling.

1. Introduction 

Shot peening is a process of mechanical hardening applied machine parts for surface layers in order 
to ensure compressive residual stresses with these layers. The compressive residual stresses in the 
surface layer improve: 

- fatigue strength of a material, 
- resistance to fretting fatigue, and  
- stress-corrosion resistance. 

In the quality assessment of the shot peened layer, the highest value of the compressive stress at the 
surface or just below it and the gradient of compressive stress are of major importance. Suitably 
selected shot peening conditions may ensure ideal variations of residual stresses in the layer of a 
machine part so that the required life may be achieved. In practice the quality of surface layers is 
mostly determined by various destructive testing methods applied to specimens specially prepared 
for a microstructural analysis, hardness and residual stress measurements. In case of larger series of 
machine parts, measurements at a sufficiently large number of them are needed to be accomplished, 
and the adequacy of machining to be confirmed by statistical testing of the results obtained. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=8
11

9



 540

To this end non-destructive methods have recently become established, particularly due to their 
direct applicability to material analyses of machine parts and their suitability for integration into 
automated production systems. An automated production requires on-line monitoring of the state of 
the material used, ensured by various non-destructive methods. The latter, however, should be 
sufficiently reliable, fast, and reproducible. For successful implementation of the complex non-
destructive testing methods, the development of sensor technique for capturing signals and computer 
techniques for processing and analysing test results are of key importance. One such non-destructive 
method is the micro-magnetic method based on the Barkhausen noise. This method permits non-
destructive determination of the type of microstructure, hardness, i.e., microhardness, of a material 
and determination of the extent and variation of the residual stresses in the thin surface layer of a 
material. The micro-magnetic method using the Barkhausen noise is based on the physical 
phenomenon that any ferromagnetic material, when magnetized by the alternating current, will 
contain small magnetic regions called magnetic domains. When a ferromagnetic material is affected 
by a magnetic field, a movement of magnetic-domain walls will occur thus producing changes in 
size and shape of the individual domains. Any abrupt increase in the magnetic flux will induce 
voltage jumps which can be registered by a suitable sensor unit for further processing. 
Ferromagnetic materials show different mechanical properties, i.e., they are exposed to different 
external mechanical influences, therefore their response to magnetic domains will be different.
Jiles et al [1] assessed a shot peened surface layer modified under different conditions on a HP 9430 
high-strength steel by analysing the maximum values of the Barkhausen voltage signal obtained 
with different magnetic field strengths and different settings of the frequency range. Chang et al [2] 
performed a series of experiments, i.e. measurements of residual stress probe in shot peened surface 
specimens made from Ti6Al4V titanium alloy and 7075 aluminium alloy. The efficiency of 
determining the variation of residual stresses in various specimens machined under different 
conditions was confirmed by the X-ray diffraction method. They used a commercial device for 
Eddy-current testing. Barac et al [3] later developed and patented a considerably more sensitive 
system permitting capturing, transformation, and processing of the voltage signal to determine 
residual stresses in differently machined flat specimens. Dybiec et al [4] assessed residual stresses in 
differently hardened and tempered steel specimens, as well as in specimens of aluminium and 
aluminium alloys, using the Eddy-current testing method. Herzog et al [5] studied influences of the 
peening velocity, size and geometry of shot particles and their hardness on the variation of residual 
stresses in specimens of an X35CrMo17 steel (DIN) and an Al 7020 aluminium. Scholtes [6] made a 
general representation of the above-mentioned influences on the variation of residual stresses in the 
shot peened surface layer using a diagram.

2. Experimental procedure 

2.1.   Material and specimen preparation  

For the study of shot peening, flat specimens made of Ck45 heat-treatable carbon steel with 
150×45×8.0 mm in size were chosen. Prior to shot peening, the specimens were annealed at a 
temperature of 680 °C in order to reduce the residual stresses present because of previous 
machining. The annealing temperature was the same prior to shot peening for all specimens. This 
permitted an efficient comparison of different cold-hardening conditions. The experiment was 
performed with a shot peening device consisting of a compressor, Atlos Copeo XAS 350, with a 
Venturi nozzle made of silicon nitride with a diameter of 8 mm. 
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The optimum distance between the nozzle and the specimens, i.e., 150 mm, in shot peening was 
selected in previous tests aiming to ensure a uniform cold hardening across the entire specimen 
width. Material for chosen shots was S 170SP and an average diameter of 0.5 mm. The flow rate of 
the shots depended on the air pressure chosen. With the pressure of 0.8 MPa it was equal to 
approximately 8.0 kg/min. Shot peening was performed with four different pressures, i.e., 0.4, 0.6, 
0.8, and 1.0 MPa, and with two peening times, i.e., 30 s and 60 s. 

2.2.   Experimental system  

A universal experimental set-up for capturing magnetisation curves and the magnetic Barkhausen 
noise voltage signals is shown as a block scheme in Figure 1. The magnetisation unit consists of a 
signal generator, a current power amplifier, and a magnetising yoke. The unit for capturing voltage 
signals consists of a detecting coil, a signal amplifier, and a band-pass filter, and it is used only for 
capturing the Barkhausen noise (BN) voltage signals. The sensor for capturing signals is designed in 
a way to sense changes of magnetic flux density B, which are related to movements of magnetic-
domain walls. The last unit of the set-up is a computer-assisted unit for signal processing and 
statistical data processing. 
Before the start of experiments, it was necessary to determine the optimum magnetisation 
parameters. Various magnetisation parameters affect the shape of the signal captured, the number of 
voltage jumps in the signal, and the time delay of the signal. In the first phase, the number of voltage 
jumps in the voltage signal was determined as a function of the magnetising frequency and the 
magnetising current. The experimental work accomplished hitherto indicates that the voltage signals 
with a higher density of voltage jumps provide a higher number of data on the material. 
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Fig. 1: Universal experimental set-up for capturing magnetisation curves and magnetic Barkhausen 
noise voltage signal 

The captured BN voltage signal is represented by a series of abrupt changes of voltage produced by 
the movement of the magnetic domain walls. The captured voltage signal cannot be directly related 
to the different parameters describing properties of the surface layer. Consequently, a suitable 
method of voltage-signal processing should be chosen to obtain a satisfactorily statistical relation 
with the parameters such as microstructure, hardness, residual stress and others. Results of the 
studies made are thus given in terms of four characteristic of the voltage signal, i.e.: 
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- voltage signal, 
- the frequency spectrum, 
- the voltage-signal envelope, 
- the time delays of the voltage signal. 

Comparison measurement of residual stresses was performed with the hole-drilling strain gauge 
method described in ASTM Standard E837. With this method, a specially configured electrical 
resistance strain gauge rosette is bonded to the surface of the specimen, and a small shallow hole is 
drilled through the centre of the rosette. The local changes in strain due to introduction of the hole 
are measured, and the residual stresses are computed from the measuring depths. The hole-drilling 
method is generally considered semi-destructive, since the drilled hole may not noticeably impair 
the structural integrity of the part being tested. Depending on the type of rosette gauge used, the 
drilled hole is typically 1.5 mm or 3.0 mm, both in diameter and depth. In many instances, the hole 
can also be plugged, if necessary, to return the part to service after the residual stresses have been 
determined. Figure 2 shows high speed drilling device marked RS200. 

Fig. 2: Hole drilling device RS200 

3. Experimental results 

3.1.   Surface roughness and macroscopic appearance of the surface layer 

After shot peening of the surface, surface roughness and the condition of the thin surface layer are 
very important. Surface roughness indicates macro-geometrical imperfections due to shot peening of 
the surface. The surface roughness obtained depends on the kinetic energy of the shots striking the 
surface. This further indicates that surface roughness mainly depends on the air pressure, the flow 
rate and size of the shots striking the surface. Figure 3 shows results of the measured mean 
arithmetic roughness as a function of the air pressure after duration of t1=30 s and t2=60 s of shot 
peening, the shots diameter being 0.5 mm.  
The data in the diagram indicate that: 

- the lowest roughness Ra, i.e., 14.3 µm, was obtained with the lowest air pressure, i.e., 0.40 
MPa, and with the shortest peening time; 

- with the same peening times but with the increasing pressure, the surface roughness Ra 
increased from 14.3 µm to 20.0 µm; 
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- with the longer peening times somewhat higher surface roughness ranging between 14.9 µm 
and 22.1 µm was obtained depending on the air pressure. 
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Fig. 3: Surface roughness (Ra) at different air pressures and peening times 

Figure 4 shows macrographs of the surface layer obtained with individual air pressures, i.e., a) 0.4 
MPa, b) 0.6 MPa, c) 0.8 MPa and d) 1.0 MPa, and magnified by 100 times. It was found out from 
the macrographs that there were considerable differences in the surface roughness and in the 
microstructure of the shot peened surface layer. 

     

            
Figure 4: Micrograph of the shot peened surface at different air pressures: 0.4 MPa (A), 0.6 MPa 

(B), 0.8 MPa (C), 1.0 MPa (D) 
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3.2. Microhardness 

Hardness of the base material, i.e., Ck 45, in the soft state was in average around 170 HV. Figure 5 
shows the through-depth variations of microhardness with reference to the peening conditions 
including different air pressures and different peening times, i.e., t1 = 30 s (Figure 5A) and t2 = 60 s 
(Figure 5B).  
The data in the diagram indicate that: 

- the surface microhardness and its through-depth variation depended on the air pressure; it 
ranged between 250 and 300 HV0.1 with shorter peening times and between 290 and 355 
HV0.1 with longer peening times, depending on the air pressure; 

- with an increase in the air pressure the through-depth microhardness of the shot peened 
surface layer increased as well, the microhardness gradient between the highest and the 
lowest air pressures chosen amounting to HV0.1 = 65 and then decreasing with depth to 

HV0.1 = 20; 
- the variation of microhardness to a depth of 400µm was gradual, which had a very 

favourable influence on an increase of fatigue strength of the material, i.e., a machine part; 
- the depth of shot peened layer was almost independent of the air pressure and the peening 

time. 
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Fig. 5: Microhardness profiles below the surface layer, with different shot peening times:       t1 = 30 
s (A), t2 = 60 s (B) 

3.3. Residual stress analysis 

NDT micro-magnetic method described and designed for measurement of residual stresses is a 
comparative one: therefore, in the first phase, calibrating measurement had to be carried out. This 
means that stress calibration curves determining the dependence between the signal power with the 
given analysing frequency and the stress condition in the etalon were to be determined. The initial 
measurements at the etalons were made in an unstressed condition presuming that there are no 
residual stresses in the etalons. Then the etalons were gradually subjected to tensile loads at a tensile 
testing machine and additionally to compressive loads. After each application of load, a voltage 
signal was captured and processed. After etalon calibration at the experimental set-up, stress 
calibration curves were obtained which indicate the dependence between the signal power with the 
given analysing frequency and the residual stress obtained at the etalon after loading. The calibration 
procedure is shown in Figure 6. The following findings can be stated: 

Material: Ck45 
Air pressure: p [MPa] 
Peening time: t=30s 

Material: Ck45 
Air pressure: p [MPa] 
Peening time: t=60s

170 HV 0.1 170 HV 0.1
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- there are etalons in the unstressed condition. At variously heat-treated specimens in the 
unstressed condition, different values of signal power are obtained with the given analysing 
frequency; 

- the same etalons are then subjected to tensile loads, which produces different residual tensile 
stresses, which result in higher values of the signal power with the given analysing 
frequency; 

- the same etalons are then subjected to bending. In the compression zone the signal powers 
are established for the given analysing frequency; 

- when measuring an unknown stressed condition of the material or unknown specimens, a 
suitable calibration curve determined on the basis of a preliminary measured material 
hardness after heat treatment should be selected; 

- a suitable calibration curve having been selected, measurement is carried out at the 
specimens with an unknown stressed condition. After measurements, the signal power with 
the given analysing frequency, i.e. with a certain depth, is calculated. By means of the 
calibration curve, the corresponding residual stress value in the depth is determined. 
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Fig. 6: Calibration procedure for the experimental set-up with etalons and measurement of the 
unknown stressed condition 

Figure 6 shows results of the residual stress measurements in surface layer of the specimen surface 
as a function of air pressure determining the various levels of kinetic energy of shots, and different 
shot peening times t1 and t2.
J. Grum and P. Žerovnik [7] developed a method suitable residual stress measurement and a method 
for determining the through-depth variation of residual stresses in the shot peened layer. To 
calculate the residual stresses, permeability and electric conductivity of the material in the thin 
surface layer should be known and a suitable analysing frequency chosen. In general, in calculations 
of residual stress profiles in the shot peened layer, the differences in permeability and electric 
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conductivity are not taken into account, i.e., the focus is on the analysing frequency and the 
selection of a suitable narrow band-pass Butterworth filter of the Barkhausen noise voltage signal. 
Suominen and Tiitto [8] and Vöhringer [9] described the dependence of the depth of Barkhausen 
emission i.e., the theoretically calculated depth of sensing, and the selected analysing frequency by 
an equation. The equation indicates that not only the analysing frequency fa [Hz] but also the 
absolute permeability µ0 [Vs/Am], electric conductivity [ 1 m 1 ] and relative permeability µr,
which are material properties and thus depend on the kind and state of the material, affect the depth 
of sensing. 
The relative permeability µr can be calculated from magnetic flux density B [mT] and magnetic field 
intensity H [A/m]. The values of B and H will be read from the hysteresis loops obtained with 
specimens in different states. The theoretically calculated depth of sensing of micro-magnetic 
changes sensing amounts to: 

r0a ...f.

1
m               (1)

    
Figure 7 shows increased values of the residual stresses at the different air pressures and after the 
different peening times. The measured residual stresses represent an average value up to a depth of 
600 m of the shot peened layer.   
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Fig. 7: Residual stress profiles in shot peened layer at different air pressures and shot peening times 

The residual stresses concerned were compressive and ranged, depending on the air pressure, 
between –280 MPa and –420 MPa with the shorter peening time t1=30s and between -480 and     -
630 MPa with the longer peening time t2=60s. The determination of the average residual stress was 
relatively easy and fast since this datum could be obtained after a single measurement. Another 
possibility was to use different analysing frequencies and thus determine residual stress profiles in 
the thin shot peened layer. If using the four band-pass filter, four frequency ranges can be chosen, 
and consequently, four average values of the residual stresses at certain depths can be determined. In 
case of cold hardening, it can be presumed with the small depths that the transition from the 
compressive to corresponding residual stresses occurs at the transition between the shot peened and 
not shot peened materials. Second, if it is presumed that the residual stress profiles are in accordance 
with the variation of microhardness of the through-depth shot peened layer, the residual stress 
profiles can be determined from the known residual stress value in given depth.  On the basis of the 
relaxation measured, the magnitude and variation of the residual stresses were calculated using a 
program package called Restress for Windows [10]. Figure 8 shows a comparison of residual stress 
profiles with blind hole-drilling method in the cold hardened layer of individual specimens which 
were shot peened at the duration time of 60 seconds. The difference is shown in the depth of 

Micro-magnetic method 
Material: Ck45 
Peening time: t=30s 

Micro-magnetic method 
Material: Ck45 
Peening time: t=60s 
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hardening and in the magnitude of compressive residual stresses. With specimen at pressure of 0,4 
MPa, a maximum compression residual stress, i.e. -548 MPa, was obtained in a depth of 500 m.
With specimen at pressure of 0,6 MPa, compression residual stresses were increasing through the 
hardened-layer and in a depth of around 600 m and they amounted to -638 MPa. With pressure of 
0,8 MPa a maximum value of the residual stresses were slightly reduced to a value -602 MPa at 
depth of 600 m. The maximum compression residual stress amounted to -679 MPa with specimen 
treated by working air pressure at 1,0 MPa, and depth of 500 m. With all of the specimens the 
variation of compression residual stresses achieved a maximum value in a depth between 500 m
and 600 m. The maximum compression residual stresses were then decreasing with almost the 
same gradient. Comparison of all specimens shows that the working pressure affects the depth and 
variation of compression residual stresses. 
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Fig. 8: Residual stress profile of shot peened layer at different air pressures 

4. Conclusions 

From the surface roughness analysis it can be inferred that the surface roughness increases with 
increasing of the working pressure and also shot peening duration have significant influence on 
roughness. At longer times we notice higher values of roughness and other way round. 
The depth of the hardened layer and microhardness are mutually dependent on peening conditions. 
The higher working pressure and longer peening times gives us greater depth of hardened surface 
and subsurface layers. 
The residual stresses present indicate that with the NDT micro-magnetic method and with the 
relaxation hole-drilling method the gradients of compression residual stresses are very similar. With 
increasing of working pressure the depth and variation of compressive residual stresses increases 
with both methods. At a higher pressure, the kinetic energy of shot peening the surface and inducing 
a higher compression residual stress profiles is higher too. 
We suggest that shot peening method is used when we have tensile residual stresses of the surface 
layers. Shot peening of a surface induces compression residual stresses, which contribute to an 
increase in surface carrying capacity under dynamic loading. 

5. References 

[1] D.C. Jiles, R. Kern, W.A. Theiner: Evaluation of Surface Modifications in High Strength 
Steel, The Sixth Int. Conf. on Shot Peening, San Francisco 1996, USA, Ed.: J. Champaigne, 
p.p. 192-206. 

[2] H. Chang, F.C. Schoenig, J.A. Soules: Non-destructive Residual Stress Measurement with 
Using Eddy Current, The Sixth Int. Conf. on Shot Peening, San Francisco 1996, USA, Ed.: J. 
Champaigne, p.p. 356-384. 

Hole-drilling method 
Material: Ck45 
Peening time: t=60s 



 548

[3] D. Barac, W. Katcher, J. Soules: Advances in Eddy Current Measurement of Residual Stress, 
7th Int. Conf. on Shot Peening, Warsaw 1999, Poland, Ed.: A. Nakanieczny, p.p. 326-335. 

[4] G. Dybiec, M. Dybiec: Control Effects by Shot Peening with Application of the Eddy Current 
Method, 7th Int. Conf. on Shot Peening,  Warsaw 1999, Poland, Ed.: A. Nakanieczny, p.p. 
321-325. 

[5] R. Herzog, W. Zinn, B. Scholtes, H. Wohlfahrt: The Significance of Almen Intensity for the 
Generation of Shot Peening Residual Stresses, The Sixth Int. Conf. on Shot Peening, San 
Francisco 1996, USA, Ed.: J. Champaigne, p.p. 270-281. 

[6] B. Scholtes: Eigenspanungen in mechanish raund schicht – verformten werkstoffzuständen 
Ursachen, Ermittlung und Bewertung, DGM Informationsgesellschaft mbH Verlag, Oberursel 
1991, p.p.236. 

[7] J. Grum, P. Žerovnik: Use of the Barkhausen effect in the measurement of residual stresses in 
steel, Insight Vol.42, No.12, 2000, p.p. 796-800. 

[8] L. Suominen, K. Tiitto: Use of X-ray Diffraction and Barkhausen Noise for the Evaluation of 
Stresses in Shot Peening, Proc. of 4th Int. Conf. on Residual Stresses, Baltimore 1994, USA, 
p.p. 443-448. 

[9] O. Vöhringer: Changes in the State of Material by Shot Peening, Ed. Wohlfahrt R., R. Kopp, 
O. Vöhringer: DGM Informationsgesellshaft, Oberusel 1987, p.p.185-204. 

[10] S. Žagar, J. Grum: Analysis of Surface and Subsurface Layers after Shot Peening of Various 
Aluminium Alloys, Int. Conference on Processing & Manufacturing of Advanced Materials, 
Thermec 2009, Berlin, Germany, to be published. 


