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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. Almen. In our experimental work 
we were focused on capture Barkhausen noise signals and analysis of surface roughness, 
microstructure, micro hardness and residual stresses. 
In process of shot peening there is occurrence of compressive residual stresses. The shot peening 
process was performed under four different pressures (0,4; 0,6; 0,8 and 1 MPa) and in two 
different acting times (t1 = 30 s and t2 = 60 s). Residual stresses in surface layer were 
determined with non destructive micro magnetic method on the basis of magnetic Barkhausen 
noise. Comparison of residual stresses was also determined by semi-destructive method known 
as blind hole-drilling method. 
 
Key words: Shot peening, Almen intensity, Residual Stresses, Micro hardness, Surface 
roughness, Micro-magnetic method, Blind-hole drilling method. 
 
 
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. 
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 
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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., micro 
hardness, 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.  
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. 
Grum and 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. 
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 σ [Ω 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. 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]. 
Jiles and Suominen [11] micro-hardness and residual stresses were determined from the captured 
voltage signal of Barkhausen noise according to the measured depth. They found that at the same 
analyzing frequency and given specific electric conductivity and relative permeability of the 
material, a smaller depth of the micro magnetic change was obtained and vice versa. Wojtas [12] 
stated that the X-ray measurement method is a reliable method for residual stress 
characterization, but it is slow and appropriate only for laboratory conditions. On the other hand, 
the magnetic Barkhausen noise technique is fast and based on calibration curves for the 
determination of residual stresses. Savaş and Hakan Gür [13] studied non-destructive evaluation 
of surface residual stresses in shot peened steel components using the magnetic Barkhausen 
noise method. For this purpose, various sets of steel specimens were prepared by a controlled 
shot peening process with different intensities, impact angles and coverage values. The 
measurements showed that a clear relationship exists between surface residual stresses and the 
Barkhausen noise signals. Lo, C. C. et al [14] studied the effects of micro-structural variations 
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with depth on Barkhausen effect (BE) signals in surface-modified ferrous materials through 
measurements and simulations based on a hysteretic-stochastic model. Theoretical analysis 
showed that the model parameters, which describe the domain-wall pinning strength and the 
range of interaction of a domain wall with pinning sites, respectively, are related to each other. In 
paper J. M. Champaigne [15] described how to properly calibrate Almen gauges before its usage 
and how to obtain useful data after shot peening treatment. J. S. Romeo [16] compared in his 
paper two models of theoretical data prediction for shot peening coverage (Avgrami model and 
Holdgate model) with his experimental data. He concluded that the Holdgate model agrees better 
with the experimental results than Avgrami model. 
 
 
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 Ø 8 mm. 
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 S170SP and an average diameter of Ø 0.43 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 Description of shot peening parameters 
The Almen gage is used to measure the curvature or arc height of the Almen test strip that has 
been subjected to particle impacts on one side. The resulting impingement on the test strip causes 
it to stretch and arch. The resulting measurement is used to determine the blast stream energy or 
peening intensity. 
The Society of Automotive Engineers, SAE, has developed a standard practice for the 
construction of the gage. The present application of the gage includes the use of a digital 
indicator replacing the original dial indicator and the addition of end-stops to help assure proper 
positioning of the strip for measurement. The SAE specification gives dimensional data 
necessary to construct the gage but does not mandate a calibration procedure. Three areas are 
explored: 

• Calibration of the indicator, 
• measurement of ball position and 
• matching gages with special gage block. 

 
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. Almen. Very important 
parameters are shot peening intensity, saturation and coverage. 
Shot peening intensity was introduced by John Almen and involves peening a Almen strip of 
given dimensions and material, fixed to a mounting fixture by means of four roundhead bolts 
with nuts as in Fig. 1(a). Once the bolts are removed, the strip will curve towards the peening 
direction as in Fig. 1(b). The residual arc height over a fixed length is measured by means of an 
Almen gauge [15]. 
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Figure 1: Schematic view of shot peening on a strip  
 
The induced stress is a stress profile caused by shot peening of a constrained component. Since 
the induced stress is not self-equilibrated, a bending moment and a stretching force and the arc 
height of the deformed component and residual stress profiles can be calculated with equations 
introduced in paper of  M. Guagliano [17]. In this paper, the average induced stress profiles after 
multiple randomly impacting shots replaced the res

impσ values, which is the stress profile beneath 
the impact point. 
Shot peening intensity is the measure of the energy of the shot stream. It is one of the essential 
means of ensuring process repeatability. The energy of the shot stream is directly related to the 
compressive stress that is imparted into a part. Intensity can be increased by using larger media 
and/or increasing the velocity of the shot stream. Other variables to consider are the 
impingement angle and peening media. 
Intensity is measured using Almen strips. An Almen strip consists of a strip of SAE1070 spring 
steel that is peened on one side only. The residual compressive stress from the peening will cause 
the Almen strip to bend or arc convexly towards the peened side. The Almen strip arc height is a 
function of the energy of the shot stream and is very repeatable. 
There are three Almen strip designations that are used depending on the peening application: 

• N  Strip thickness: 0.79 mm, 
• A  Strip thickness: 1.29 mm, 
• C  Strip thickness: 2.39 mm. 

More aggressive shot peening utilizes thicker Almen strips. The Almen intensity is the arc height 
(as measured by an Almen gage) followed by the Almen strip designation [15]. 
Saturation - initial verification of a process development requires the establishment of a 
saturation curve. Saturation is defined as the earliest point on the curve where doubling the 
exposure time produces no more than a 10% increase in arc height. The saturation curve is 
developed by shot peening a series of Almen strips in fixed machine settings and determining 
when the doubling occurs. 
Complete coverage of a shot peened surface is crucial in performing high quality shot peening. 
Coverage is the measure of original surface area that has been obliterated by shot peening 
dimples. Coverage should never be less than 100% as fatigue and stress corrosion cracks can 
develop in the non peened area that is not encased in residual compressive stress. If coverage is 
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specified as greater than 100% (i.e. 150%, 200%) this means that the processing time to achieve 
100% has been increased by that factor. A coverage of 200 % time would have twice the shot 
peening exposure time as 100 % coverage. 
 
2.3 Description and calculation of shot peening parameters for our example 
Almen strips are placed on the specimens and processed as shown in Figure 2 and should be 
mounted in locations where verification of impact energy is crucial. Actual intensity is verified 
and recorded prior to processing the first part. This verifies the peening machine is set up and 
running according to the approved, engineered process. After the production lot of parts has been 
processed, intensity verification is repeated to insure processing parameters have not changed. 
For long production runs, intensity verifications will be performed throughout the processing as 
required. 
 

 
 
Figure 2: Experimental set-up for capturing magnetic Barkhausen noise voltage signal and 
determination of surface integrity 
 
For our case the available given parameters are: 

• Specimen length mm150a = , 
• Specimen width mm45b = , 
• Nozzle diameter mm8dn = , 
• Stand-off distance mm150H = , 
• Divergence angle 15=α , 
• Incidence angle 90=θ , 
• Shot density 3mkg7860=ρ  
• Pressures MPap 4,01 = , MPap 6,02 = , MPap 8,03 = , MPap 14 =  

The well known Avrami relationship is given in:  
 

( ){ }Rtrexp1100)t(C 2π−−=              (1) 
 
where C(t) is the coverage at any particular time, r is the average radius of the indentations, R is 
the uniform rate of indentation creation and t is the time during which the dimples were being 
created. 
Eq. (1) can be modified to accommodate the parameters that are easily determined for a 

particular peening system. Thus 
m
MR = , where M is the mass of shot thrown per unit area per 

unit time and m is the mass of a shot. Thus 
A
mM


= , where m  is the mass flow rate of shots and 
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A is the area of shot spread. Therefore ρπ= 3r
3
4m , where ρ  is the density of the shot and r  is 

the average radius of the shots. The Avrami model can be re-written as [16]: 
 

















ρ

−−= 3
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             (2) 

 
In our case we had available two times for calculating coverage t=30s and t=60s. We calculated 
that coverage in both chases was 100% for all different pressures, using Avrami model. 
 
2.4  Experimental set-up for capturing magnetic Barkhausen noise and determination 
       of surface integrity  
Experimental set-up for capturing magnetic Barkhausen noise voltage signals and determination 
of surface integrity is shown in Figure 3.  
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. 
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 of surface integrity such as microstructure, hardness, residual stress 
and others. 
NDT micro-magnetic method described and designed for determination of surface integrity 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. 
 

 
 

Figure 3: Experimental set-up and Calibration procedure with etalons 
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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 power signal and the residual stress obtained at the etalon after loading. 
The calibration procedure is shown in Figure 3. The following findings can be stated: 

• 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. 

 
2.5 Comparison measurement with the hole-drilling strain gauge method 
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 4 shows high speed drilling device marked 
RS200. 
 

 
 

Figure 4: Hole drilling device RS200 
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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 5 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 0.43 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., 
0.4 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; 

• With the longer peening times somewhat higher surface roughness ranging between 14.9 
µm and 22.2 µm was obtained depending on the air pressure. 
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Figure 5: Surface roughness (Ra) at different air pressures and peening times 
 
Figure 6 shows macrographs of the surface layer obtained with individual air pressures, i.e., 0.4 
MPa (a), 0.6 MPa (b), 0.8 MPa (c) and 1.0 MPa (d), and magnified by 65 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. 
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Figure 6: 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) 
 
3.2   Micro hardness 
Hardness of the base material, i.e., Ck 45, in the soft state was in average around 170 HV. Figure 
7 shows the through-depth variations of micro hardness with reference to the peening conditions 
including different air pressures and different peening times, i.e., t = 30s (Figure 7A) and t = 60s 
(Figure 7B).  
The data in the diagram indicate that: 

• The surface micro hardness 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 micro hardness of the shot peened 
surface layer increased as well, the micro hardness 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 micro hardness to a depth of 400 µm 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. 

•  
A                                                         B 

 
                       Figure 
7: Micro hardness profiles below the surface layer, with different shot peening times:       t = 30s 
(A), t = 60s (B) 
 
3.3   Residual stress analysis 
Figure 8 shows the residual stress profiles measured in surface layer of the specimen as a 
function of air pressure determining the various levels of kinetic energy of shots, and different 
shot peening times t. 
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A                                                          B 

 
 

Figure 8: Residual stress profiles in shot peened layer at different air pressures and shot peening 
times: t = 30s (A), t = 60s (B) 
 
The residual stresses concerned were compressive and ranged, depending on the air pressure, 
between -290 MPa and -420 MPa with the shorter peening time t1=30s and between -400 and -
530 MPa with the longer peening time t2 = 60 s. Determination of residual stresses from the 
calibration curves is relatively easy and fast 
Figure 9 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 t = 
30s (A) and t = 60s (B). The difference is shown in the depth of hardening and in the magnitude 
of compressive residual stresses. With specimen at pressure of 0,4 MPa and peening time of t = 
60 s, a maximum compression residual stress, i.e. -440 MPa, was obtained in a depth of 500 µm. 
With specimen at pressure of 0,6 MPa, compression residual stresses were increasing through the 
hardened-layer and in a depth of around 550 µm and they amounted to -480 MPa. With pressure 
of 0,8 MPa a maximum value of the residual stresses were slightly reduced to a value -520 MPa. 
The maximum compression residual stress amounted to -540 MPa with specimen treated by 
working air pressure at 1,0 MPa, and depth of 600 µm. On specimens at peening time of t = 30 s, 
we got a similar residual stress profiles, with approximately 25 % lower levels. 
With all of the specimens the variation of compression residual stresses achieved a maximum 
value in a depth between 500 µm and 600 µm. 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. 
 
                                             A                                                           B 

 
 

Figure 9: Residual stress profile of shot peened layer at different air pressures and shot peening 
times: t = 30s (A), t = 60s (B) 
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4 Conclusions 
 
In all our cases with different shot peening parameters such as pressure, mass flow and penning 
time we obtain coverage which was 100%. Using Avrami model for calculating shot peening 
coverage also confirms that.  
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 micro hardness 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. 
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