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Abstract 

The contribution is dedicated to surface integrity assessment of components from the point of view of residual stress profile after 
machining and finishing technologies. Residual stresses play the key role for dynamic life and service reliability of the part, especially 
rotating aircraft airfoils made of titanium and nickel base alloys.  Except a brief summary of measurement methods practical experi-
ence with application of Beam deflection method combined with electrolytic etching is published. Specific measurement results for 
real aircraft Ti6Al4V airfoils and Ti6Al4V plates following its manufacturing technology are the subject of experimental part. 
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1. Introduction 

The properties of the surface layer have a major influence 
on service properties of machine parts. Assessment of sur-
face integrity for particular application is not an easy task 
and requires comprehensive approach. Apart from routine 
dimension and roughness measurement great importance 
needs to be dedicated to defectoscopy methods, metallog-
raphy, microhardness profile, residual stress investigation 
to avoid microcracks, surface burns, surface microstruc-
tural changes and also undesirable tensile stress, which 
significantly accelerates crack propagation and reduces 
fatigue properties [7]. Obtaining optimum condition in 
terms of roughness, dimensional stability during opera-
tion, residual stress distribution are the subject of inten-
sive optimization of the machining process parameters 
and finishing technologies. Given the scope of the article 
only some measurements are published to highlight the 
differences in the state of residual stress profile in the sur-
face after five different technologies. [4, 2, 7] 

2. Residual stress 

Residual stresses are internal and remain in the part even 
after removal of load, that caused them assuming local ex-
ceeding over yield strength [8]. In the simplest way tensile 
and favourable compressive residual stresses are differen-
tiated. From the point of view of distances on which they 
can reach equilibrium microscopic and macroscopic re-
sidual stresses exist [10]. Intervention to macroscopic 
state of stress every time result in change of macroscopic 
dimensions. Loading of compressive layer of surface by 
external forces (e.g. from bending) are transmitted on the 
rest of the cross-section only after overcoming them. 
When part is operating real stress in particular point of 
cross section is result of superposition of operating load 
and residual stress [11]. In case of most types of loadings 
maximum tensile stress is placed in the surface layer 

(bending, torsion) and therefore this needs a lot of atten-
tion. Surface strengthening technologies enables to induce 
compressive residual stresses in the sur-face and prevent 
the part from exceeding ultimate tensile strength in the 
surface and creation of cracks. Compressive residual 
stress also tends to close grooves, indents and nicks that 
appears in service, for example creating foreign object 
damages on leading edges of turbine engine blades. [5, 
3, 1]. 

The mechanisms and causes of residual stresses for-
mation are nonuniform plastic deformation, nonuniform 
heating and cooling and phase transformation and absorp-
tion of elements into the surface layer [6]. 

3. Measurement methods 

Due to the limited scope of the article only the most fre-
quently used methods without more detailed descriptions 
and specifications are mentioned. The main attention is 
paid to the Beam deflection method (Method of electro-
lytic etching of layers) and its practical application and 
results on titanium parts measurement.  
• Magnetic methods - Barkhausen noise – Evaluation 

of deformation on the hysteresis loop due to state of 

stress. 

• Ultrasonic method - Residual stress measurements 

by ultrasonic methods are based on acoustoelastic 

effect. According to which the sound propagation 

(waves) in solids depends on the mechanical stress 

[9]. 

• Brittle lacquers - Method of brittle lacquers/coat-

ings can receive the results of similar scope and 

quality as chemical methods. Brittle lacquer is ap-

plied on the part being investigated. Part is subse-

quently hole-drilled and the part tends to get into a 

new state of equilibrium, redistribute residual 
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stresses, and deform its shape. This deformation brit-

tle lacquer cannot resist and cracks. The size, density 

and direction of cracks in the lacquer serves to assess 

the magnitude and direction of the residual stress. [7] 

• Chemical method – Method based on hydrogen 

content pick-up principle. Atomic hydrogen diffuses 

into the base material, wherein is recombined to 

form of molecular hydrogen. Molecular hydrogen is 

preferably placed in submicroscopic cracks in the 

metal. Molecular hydrogen recombination increases 

its volume and induces stress field. This stress is 

added to the residual stresses in the surface e.g. after 

grinding, and if it exceeds locally ultimate tensile 

strength, creating the cracks. The larger the residual 

tensile stress, the sooner cracks occur. [7] 

• Hole drilling method - Partial relaxation of residual 

stresses caused by hole-drilling and subsequent de-

formations of the hole are measured using strain 

gauges (usually 3 apart of 45°). Method is able to 

determine principle stresses. Ring-core drilling 

works on exactly the same principle.  

• X-ray diffraction techniques – In x-ray diffraction 

residual stress measurement, the strain in the crystal 

lattice is measured, and the residual stress producing 

the strain is calculated, assuming a linear elastic dis-

tortion of the crystal lattice. Method is non-destruc-

tive in case of surface measurement up to the pene-

tration depth in particular combination X-Ray tube 

and investigated material (units of microns). To get 
residual stress profile it is necessary to introduce 

electrolytic etching a remove material and measure 

the sample on multiple clamping. Residual stress 

profile determination by this method is very time-

consuming and expensive. [8, 7] 

• Neutron diffraction - The same physical principle 

as a diffraction X-ray diffraction also works neutron 

diffraction. Neutron radiation is not limited penetra-

tion depth as much as X-ray. Penetrating power of 

neutrons is significantly higher, since their attenua-

tion coefficient is about 3 orders lower than X-rays. 

The basic limiting condition is a disposition of 

equipment and neutron source. [9] 

• Beam deflection method – Technique measures 

macrostresses and determines residual stress profile. 

Subject of separate paragraph. 

4. Beam deflection method 

Beam deflection method is kind of mechanical method of 
measurement with long tradition on Faculty of Mechani-
cal engineering of CTU. In 2015 method and the same 

computational processing went through significant devel-
opment. Method is based on beam deflection after layer 
removal. Layer removal is realized by electrolytic etch-
ing. 

Force-free and heating-free slow removal of material 
predestined this method for reliable measurement of re-
sidual stress profiles especially at shallow depths beneath 
the surface. In the literature, this technique can also be 
found under the names: Method of sequential electrolytic 
dissolution, Method of cantilever beam and Layer re-
moval method. However, the practical implementation at 
Department of Machining of CTU (Fig. 2) has certain spe-
cific features and is designed to measure the blade com-
ponents from advanced materials for aerospace industry 
(titanium, nickel-base alloys, stainless steels). 
 

 

Fig. 1. Equilibrium of residual stress across the beam 

 

Fig. 2. Residual stress measurement device, CTU 

Continuous measurement of beam deflection (e.g. 
strip, ring, coupon, or airfoil) is measured by proximity 
sensor with high resolution. Whole measurement cycle is 
performed in one clamping eliminating one of key source 
of error. As the deflection is continuous, the same removal 
of the material is continuous. Deflection is caused by 
breaching of static equilibrium through the electrochemi-
cal removal in certain strip or area. This forces the sample 
to deflect and establish in a new state of static equilibrium. 
Etched strip (Fig.3) is considered as restrained end of one-
side cantilever beam. Removed depth is divided into lay-
ers and deformation increments are evaluated in those lay-
ers, in which residual stress is calculated. In other words 
in individual increment of depth ΔH is calculated such a 
value of stress, that would cause the same deformation in 
case of loading by external forces. This value of residual 
stress is an average on particular depth increment. Modern 
computational capabilities enables to calculate residual 
stress in such small increments, that we can assign the 
value of residual stress directly to depth beneath the sur-
face. [12, 7, 6] 
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5. Experimental measurement 

Department of Machining, Process Planning and Metrol-
ogy of Czech Technical University has been involved in 
research of surface integrity of titanium alloys in long 
term. Beam deflection method is key analytical tool for 
study of surface after different finishing technologies and 
study of theirs parameters on residual stress profile. For 
purpose of this publication residual stress samples were 
manufactured in shape of coupons of 4 mm thickness. Ex-
tracts of real titanium airfoils were manufactured as well 
(Fig.3). Residual stress distribution was studied after fol-
lowing technologies: 
• Sample #1: thin airfoils – 5-axis surface contouring 

by ball mill 

• Sample #2: thin airfoils – 5-axis surface contouring 

by ball mill + vibrational thumbling 

• Sample #3: coupons– face milling 

• Sample #4: coupons - face plane milling and subse-

quent laserpeening 

• Sample #5: coupons – cut out by wire EDM 

 

 

Fig. 3. Thin airfoil segment measured close to the root 

5.1. Sample #1: thin airfoils – 5-axis surface con-
touring by ball mill 

Residual stress measurement was performed in close 
proximity of leading edge of Ti6Al4V compressor air-
foils. In order not to influence investigated area compres-
sor wheel was cut radially by WEDM. In case of mechan-
ical sectioning there is danger of thermal influence and 
also mechanical damaged due to small thickness of airfoil 
– approx. 1 mm. 

5 axis finishing surface contouring by ball mill exhib-
its compressive residual stress profile. In the depth of 5 
microns compressive stress of -205 N.mm-2 was meas-
ured. Compressive stress decreases almost linearly up to 
depth of 0,03 mm, followed by degressive decrease and 
transition to balancing residual tensile stresses in 
0,045 mm. Sum of area under residual stress curve 
through entire cross-section equals to 0. Otherwise part 
could not be in static equilibrium. In other word: the 
higher and deeper compressive layer on the surface is, the 
higher is tension in the middle of the cross-section to bal-
ance the sample (Fig. 1). 

In case of milling of titanium three main principles 
needs to be taken into consideration. 

• Regarding the ratio of UTS/YTS (approx. 1.1), pri-
mary sheer zone tilts to the face of the tool and do not 

affect surface layer so much. Connection between chip 

and surface layer is being interrupted with high fre-

quency. 

• Specially, in case of small depth of cuts and thin air-

foils, cutting edge of the ball mill tends to not only cut 

but also smear the surface layer. Surface layer is plas-

tically deformed (elongated) but subsurface elastically 

deformed layer holds still the same length of the sur-

face. Therefore compressive residual stresses are in-

duced in the surface.  

• Heat generating in cutting zone is undesirable and in 

vast majority of examples leads to tensile residual 

stresses or even microstructural changes on the sur-

face. In this particular case this phenomenon didn’t 

predominate. 

5.2. Sample #2: thin airfoil – 5-axis surface con-
touring by ball mill + vibrational thumbling 

Due to shallow depth of compressive layer after milling 
technologies of surface strengthening was taken into con-
sideration. Even there is compressive residual stress layer 
in particular investigated area after 5-axis milling, surface 
contouring of thin airfoils tends to unstable process, be-
cause tilt angle of tool always changes, wrap angle 
changes (specially in roots of blades, corners), cutting 
speed, rigidity of the system tool-workpiece isn’t still the 
same. Consequences of these phenomenon are very often 
observable on wavy surface, tool fluttering and sound ex-
pression of machining.  

Surface of milling was finished by vibrational 
thumbling technology, that uses kinetic energy of steel 
balls of larger diameter (2 to 4 mm) to induce compressive 
residual stresses. Samples or airfoils are mounted in a 
cover making oscillating motion and giving kinetic en-
ergy to balls. 

Larger diametr and weight has positive impact on sur-
face roughness and primarily on the depth of compressive 
layer. Surface residual stress in the depth of 5 microns in-
creased to -240 N.mm-2, but subsequent decrease of com-
pressive residual stress is not so steep and the depth of 
transition was significantly shifted to 0,12 mm. Tensile 
residual stresses deeper in core of the airfoil inevitably in-
creased (Fig. 4). 

5.3. Sample #3: coupon– face milling 

Face milling represents initial state of the test coupons. 
Face milling by carbide inserts and productive cutting 
conditions was used to reduce coupons thickness to re-
quired 4 mm. Residual stresses on surface are almost neg-
ligible but increases to tensile with subsurface tensile peak 
of 100 N.mm-2 at 0,05 mm under the surface. Tensile 
stresses decreases gradually and they are fully compen-
sated approximately 0,16 mm beneath the surface. 
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Fig. 4. Residual stress profile in Ti6Al4V airfoils 

 

Fig. 5. Residual stress profile in Ti6Al4V coupons

 

5.4. Sample #4: coupon - face plane milling and 
subsequent laserpeening 

Coupon manufactured by face milling, having residual 
stress profile acc. to sample #3, was subsequently la-
serpeened to induce compressive stress layer. Residual 
stress on the surface in the depth of 5 microns is -4 N.mm-
2 and compressive residual stresses increases with steep 
slope to maximum value of -370 N.mm-2 in the depth of 
0,03 mm. Exceeding this maximum residual stress curve 
turns back and from 0,15 mm up to the depth of transition 
to tensile 0,7 mm there is linear increase. Lasepeening 
technology provided highest residual stresses and incom-
parably deeper layer of compressive residual stress. 

5.5. Sample #5: coupon – cut out by wire EDM 

The surface manufactured by wire EDM cut exhibits 
tensile residual stress +130 N.mm-2 up to the depth of 5 
microns under the surface. Beyond this depth compressive 
residual stresses increases with steep slope up to compres-
sion peak of -180 N.mm-2 in 0,15 mm followed by fast 
return back to tensile with transition at 0,025 mm. Second 
tensile peak is insignificant in the depth of 0,05 mm resid-
ual stress are balanced at 0 N.mm-2 with insignificant de-
viation in the order of unit of N.mm-2, caused by external 
factors and measurement error. 

6. Conclusion 

Machining and finishing technologies has significant im-
pact on parameters of surface layer of parts and theirs ser-
vice properties. Summary of residual stress measurement 
techniques gives theirs principle and field of application. 
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Practical experience in the application of beam deflec-
tion method in connection with electrolytic etching for 
measurement on different samples is mentioned. 

In case of titanium alloy airfoils vibrational thumbling 
exhibits significant improvement in absolute value of 
compressive residual stress, but first of all in higher depth 
of the layer. Mechanism of inducing surface compressive 
residual stresses after 5–axis milling was discussed on the 
basis of general known phenomenon. 

Titanium alloy coupons were measured in 3 different 
conditions. Face milling represent initial status before ap-
plication of finishing technologies and exhibits low ten-
sile residual stress up to the depth of than 0,1 mm. Resid-
ual stress profile of surface manufactured by wire EDM 
showed surface tensile stresses and subsurface compres-
sive residual stresses. Depth of transition (10 microns) in 
this particular case correlates with the thickness of recast 
layer measured on metallographic sample. Initial an-
nealed stress-free state is reached in 0,05 mm beneath the 
surface and this depth also represents a stock, that should 
be removed before application of strengthening technolo-
gies in case of surface preparation for experiments by wire 
EDM cutting. 

Laserpeened sample exhibited noticeable compressive 
peak -370 N.mm-2 in the depth of 0,03 mm and incompa-
rably deeper compressive layer with the transition to ten-
sile balancing stresses in 0,7 mm. Such a depth isn’t 
achievable by strengthening technologies of shotpeening 
and thumbling working on the principle of impact energy. 

Beam deflection residual stress measurement method 
has been tested on different surfaces of Ti6Al4V alloy and 
it was considered as productive and cost efficient tech-
nique for residual macrostress profile determination. 
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 Yield Tensile Strength (N.mm-2) 

References 

Mádl, J. - Rázek, V. - Koutný, V. - Kafka, J.: Surface In-
tegrity in Notches Machining. In Precision Machining. 
Uetikon-Zurich: Trans Tech Publications, 2011, p. 
176-181. ISBN 978-3-03785-297-2. 

LI, Yu-Jia, Fu-Zhen XUAN, Zheng-Dong WANG a Shan-
Tung TU. Effects of Residual Stresses on the High Cy-
cle Fatigue Behavior of Ti-6Al-4V. In: ASME 2010 
Pressure Vessels and Piping Conference: Volume 5 
[online]. 2010 [cit. 2015-02-27]. DOI: 
10.1115/pvp2010-25364. 

Kafka, J. – Rázek, V.: Vliv technologických procesů na 
zbytková pnutí v povrchové vrstvě Technická univer-
zita Liberec, 2011,  

YAKOVLEV, M. G., V. A. GORELOV, N. S. MERKU-
LOVA a A. S. KUDROV. Study of the influence of 
residual stresses on the fatigue strength of samples 
made of titanium and nickel alloys. Journal of Machin-
ery Manufacture and Reliability [online]. 2014, vol. 
43, issue 5, s. 389-392 [cit. 2015-02-24]. DOI: 
10.3103/s1052618814050203. 

SCHAJER, Gary S. Practical residual stress measurement 
methods. 1 online resource (330 pages). ISBN 
9781118402818-. 

Rázek, V. - Koutný, V. - Mádl, J: Řezný proces a kvalita 
obrobené plochy při progresivním obrábění, TRANS-
FER 2009 

NECKÁŘ, Ferdinand a Ivo KVASNIČKA. Vybrané statě 
z úběru materiálu. Vyd. 1. Praha: Ediční středisko 
ČVUT, 1991, 88 s. ISBN 80-010-0696-4. 

KAFKA, J. aj. Vznik zbytkových pnutí ve strojních 
součástech a metodika jejich měření [Zpráva o 
výzkumu]. Praha: ČVUT Fakulta Strojní, 1982. 

GAUTHIER, J., T.W. KRAUSE a D.L. ATHERTON. 
Measurement of residual stress in steel using the mag-
netic Barkhausen noise technique. NDT [online]. 
1998, vol. 31, issue 1, s. 23-31 [cit. 2013-11-27]. DOI: 
10.1016/S0963-8695(97)00023-6. Dostupné z: 
http://linkinghub.elsevier.com/re-
trieve/pii/S0963869597000236 

KÖHLER, J., T. GROVE, O. MAIß a B. DENKENA. Re-
sidual Stresses in Milled Titanium Parts. Procedia 
CIRP [online]. 2012, vol. 2, s. 79-82 [cit. 2015-02-25]. 
DOI: 10.1016/j.procir.2012.05.044. 

WONG, W. a M. R. HILL. Superposition and Destructive 
Residual Stress Measurements. Experimental Me-
chanics [online]. 2012, vol. 53, issue 3, s. 339-344 [cit. 
2015-02-25]. DOI: 10.1007/s11340-012-9636-y. 

MÁDL, Jan, Vítězslav RÁZEK, Václav KOUTNÝ a 
Jindřich KAFKA. Surface Integrity in Notches Ma-
chining. Manufacturing Technology. Ústí nad Labem, 
2013, 13(2), 188-193. ISSN 1213– 2489. 

 
 


