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Abstract: The paper describes some procedures required for functional verification of a 
newly designed unique positioning device developed to quantify residual stresses by modern 
optical methods with a combination of the hole-drilling method based on ASTM-E 837-13a 
American standard. The high precision of milling a circular groove or a hole belongs to essential 
requirements for achieving relevant results in the quantification of residual stresses using semi-
destructive methods. At the beginning of the paper, the mechanical parts of the developed 
drilling device are briefly described. Subsequently, two analyses were realized and present in the 
paper. While the first one verifies the possibilities and accuracy of the cutter positioning in the 
vertical direction, the second one is focused on the investigation of the milled groove circularity. 
The results of both analyses are processed tabularly and prove the possibility to use the drilling 
device in residual stress analysis.
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1. Introduction

As each manufacturing process leads to the occurring of residual stresses, they can 
be present almost in any structure and thus can be considered as one of the important 
factors of structural failure, especially in cases if the structure is exposed to variable 
operating loads or corrosive environment [1], [2], [3]. On the other hand, residual 
stresses can have also positive meaning, e.g. these produced by an operation known 
as shot peening, by which the occurring compressive stresses improve the mechanical 
properties of the material. 

Taking into account that in real structures the residual stresses cannot be 
determined analytically, several experimental methods allowing their assessment were 
discovered. One of the most useful methods for determining residual stresses is a semi-
destructive hole-drilling method [4], [5]. As the residual stresses can be very dangerous 
when superposing with stresses from operational loading, it is necessary to asses them 
as accurate as possible. The inaccuracy of the measurement using the hole-drilling 
method has already been addressed, e.g. by Barsanti et. al [6] or Wang [7]. It has to be 
stated that the accuracy of the hole-drilling method is directly related to the proper 
positioning of the drilling tool to the centre of the special strain gage rosette. A study 
performed by Sandifer and Bowie [8] proves that the calculated uniaxial stress error 
does not exceed 3% when the hole is not drilled more than 0.025 mm outside the 
rosette centre. To find the residual stresses distributed unevenly over the thickness 
of an analysed component, various correction coefficients have to be used [9], [10]. 
Mentioned parameters, required also for a case of eccentric drilling of the hole, are 
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commonly determined using numerical modeling 
or experimental calibration.

Recently, a tendency to use the optical 
methods, especially Digital (Electronic) Speckle-
Pattern Interferometry (DSPI, ESPI) or Digital Image 
Correlation (DIC) in combination with the hole-
drilling method can be observed [11], [12], [13]. 
Already at the turn of the 1960s and 1970s, the 
application of photoelasticity to determine stresses 
around drilled holes was described by Nisida [14] 
and Redner [15].

As the accuracy of the hole-drilling method 
depends mainly on selection of sensors and their 
installation, centring the tool and drilling the hole, 
instruments for measuring deformations, the 
following part of the paper will be focused on an 
experimental testing of a unique drilling device 
developed at the authors’ department allowing 
assessment of the residual stresses using optical 
non-contact systems. The authors plan to test the 
proposed device for the determination of residual 
stresses in composites [16] or other modern 
materials used e.g. in the aviation industry [17].

2. Testing of a developed unique drilling device 
The authors’ workplace has concerned with 

several practice-oriented problems, by which the 
residual stresses have been determined using 
devices SINT MTS 3000 and RS 200 working on the 
hole-drilling method following ASTM E837-13a 
American standard [18], [19]. Besides, the author’s 
workplace disposes of SINT MTS 3000 Ring-Core 
measuring system used mainly in laboratory 
conditions. In each of the mentioned methods, the 
residual stresses are assessed at the near surrounding 
of chosen location using special strain gage rosette. 
In comparison to the mentioned methodology, the 
optical methods provide a full-field analysis around 
a drilled hole or an annular groove [20], [21], [22]. 
On the other hand, the disadvantage can be seen 
in the fact that a high-precision positioning device 
is required for the experimental measurement of 
residual stresses to allow gradual drilling of the hole. 
For these reasons, the authors decided to design 
the unique device (Fig. 1) allowing quantification 
of residual stresses using optical methods by the 
procedure given in the standard ASTM E837-13a [23]. 
The device has been designed to allow drilling of a 
hole or an annular groove and to evaluate relaxed 
deformations in adjacent areas using PhotoStress® 

or Digital Image Correlation method.
Although the high precision of positioning is 

required mainly by the machining of components 
[24], it also belongs to the factors affecting the 
accuracy of the results obtained by the hole-drilling 
method. For positioning of the cutting tool, two ball 
screws 16x5Rx3-4 with accuracy T5/0.023/300 mm 
were used. These screws rotate two servomotors 
of 8LVA23 type controlled by software. The feed 
parameter is 1 step = 1/1,000 REV.

Figure 1: 3D model of the tested positioning device.

 
  

 

2.1 Accuracy of the cutter positioning 
The experimental investigation was aimed to 

determine the accuracy of drilled annular grooves, 
taking into account the clearances of the drilling 
device mechanical parts, such as ball screws, 
bearing bodies, coupling and also own-weight of 
propelled parts, etc. For all the measurements, the 
specimen made from ENAW5083 material was used. 
The annular grooves were drilled using a milling 
cutter from the manufacturer of SINT MTS 3000 
Ring-Core, which is based on the groove method. 
The outside diameter of the cutter is 18 mm and the 
inside diameter is 14 mm.

The experimental measurement procedure 
included the drilling of the annular grooves with 
varying depth set in the control software of the 
drilling device. During milling, vertical displacement 
of the milling cutter was measured by a calibrated 
inductive displacement transducer HBM WA-50mm 
and a centesimal analogue dial indicator with 
0.01 mm accuracy. The maximum deviation of the 
mentioned inductive displacement transducer 
measured between the start point and endpoint, 
indicated by the manufacturer is ±0.2%. The 
developed unique positioning device with applied 
measuring instruments is shown in Fig. 2. The 
drilling parameters set for each location can be 
found in Table 1.
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Table 1: Parameters for the drilling of annular grooves.

Location

I II III IV V VI

Total groove depth (mm) 0.2 0.5 1.0 1.0 1.0 1.0

Total number of divisions* 
/ number of steps

40 
/20

100 
/25

200
/50

200
/50

200
/50

200
/50

Step (mm) 0.01 0.02 0.02 0.02 0.02 0.02

*1000 divisions correspond to 1 revolution of the used ball screws, which causes 5 
mm displacement

At the beginning of each measurement, the 
cutter was lowered freely to contact the surface 
of the specimen (Fig. 3). The output from the 
inductive displacement transducer was recorded 
by the strain gage amplifier Quantum. Before every 
measurement, both measuring instruments were 
balanced/set to zero (Fig. 4).

Figure 2: Measuring instruments applied to the positioning 
device.

 
  

 

Figure 3: Starting position of the cutter.

 
  

 

Figure 4: Balance of the measuring instruments.
 

  
 

Figure 5: Analysed specimen with milled grooves.
 

  
 

in time was registered by Quantum during the 
entire measurement. Fig. 6 presents an example 
of time recording for vertical displacement of the 
milling cutter during milling. In area A, the cutter 
displacement was set to 0.5 mm (100 divisions). 
As indicated in the graph (see Fig. 6), the value 
registered by the inductive displacement transducer 
was 0.4495 mm. Such deviation was caused by the 
clearance of device mechanical parts. In zone B, the 
servomotor was actuated together with the milling 
cutter. After ca. 85 seconds (area C), the milling cutter 
was gradually lowered to contact the specimen 
surface. Lowering was performed in several steps. 
The contact occurred after 155 seconds. It was 
determined that the contact occurred after 0.425 
mm (85 divisions) displacement and not after 0.5 
mm (initial milling cutter stroke). The achieved 
position was taken as a reference one and the depth 
of the annular groove was measured here from. The 
groove depth was set to 1.0 mm corresponding to 
200 divisions. The milling was performed gradually 
in 50 steps (area D). After ca. 985 seconds, the 
milling was completed and the position of milling 
cutter was set to starting one (area E).

Figure 6: Recording the time of vertical offset during groove 
milling at location IV.

 
  

 

Table 2 shows the final depth values recorded 
by the inductive displacement transducer and the 
analogue dial indicator in every location. According 
to HBM assessment of calibration no. 171710317, 
the displacement deviation of HBM WA-50mm 
reaches ±0.09%. It has been noted that the values 
achieved by the analogue dial indicator (with 
displacement deviation ±0.5%) were recorded by 
the experimenters manually.

After adjusting all the parameters, six grooves 
(Fig. 5) were milled to the desired depth (see Tab. 1).

The change of the vertical position of the cutter 
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Table 2: Final depth values recorded by the inductive 
displacement transducer and the analogue dial indicator.

Location

I II III IV V VI

Set value 
(mm)

0.2 0.5 1.0 1.0 1.0 1.0

WA-50mm-T 
(mm)

0.2114 0.5069 0.9862 0.9745 0.9651 0.9731

Dial indicator 
(mm)

0.21 0.51 0.99 0.98 0.97 0.98

Although the results do not correspond to the 
set groove depth, it can be stated that the values 
recorded by the inductive displacement transducer 
and the analogue dial indicator show a very good 
agreement in every single measurement. The 
absolute value of deviation can be corrected at 
the beginning of the measurement. As shown in 
Fig. 6, individual increments (steps) are the same 
and thus fulfil one of the conditions of quantifying 
residual stresses, namely to know the groove depth 
corresponding to released relative deformations on 
the surface of the component being analysed.
2.2 Measurement of milled groove circularity 

The following testing was focused on the 
investigation, whether the circular annular groove 
is achieved by milling. The measurement consisted 
of a process to specify the position of four points 

located on the outside and inside diameters of 
the groove, turned by 90° relative to each other  
(Fig. 7a), from which the diameter of the milled 
groove was determined in two mutually 
perpendicular directions.

Mitutoyo 176 electron microscope with 22.5x 
magnification was used for the measurement (see 
Fig. 7b). Three measurements were done for every 
examined diameter. The obtained values can be 
found in Table 3. 

Location

I II III IV V VI

External diameter X
(mm)

18.046 18.072 18.054 18.060 18.142 18.062

18.055 18.09 18.049 18.064 18.027 18.082

18.079 18.091 18.061 18.067 18.037 18.086

Mean value (mm) 18.060 18.084 18.055 18.064 18.069 18.077

External diameter Y
(mm)

18.006 18.055 18.054 18.066 18.055 18.08

18.016 18.071 18.053 18.073 18.072 18.018

18.005 18.093 18.067 18.016 18.082 18.04

Mean value (mm) 18.009 18.073 18.058 18.052 18.070 18.046

Internal diameter X
(mm)

13.215 13.188 13.195 13.167 13.226 13.173

13.217 13.183 13.199 13.183 13.217 13.166

13.207 13.183 13.197 13.19 13.193 13.171

Mean value (mm) 13.213 13.185 13.197 13.180 13.212 13.170

Internal diameter Y
(mm)

13.199 13.186 13.178 13.195 13.169 13.045

13.190 13.176 13.18 13.184 13.180 13.028

13.174 13.174 13.178 13.190 13.188 13.037

Mean value (mm) 13.188 13.179 13.179 13.190 13.179 13.037

Figure 7: a) Position of measured points along the 
circumference of the annular groove, b) measurement of 
position X2 using Mitutoyo 176 V.

 

 
  

 

( )a

( )b

Table 1: Mechanical properties of DC06 deep – drawing quality steel.
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Data presented in Table 3 indicates that a 
groove has been formed with the outer diameter of  
ca. 18.059 mm and the inner diameter of ca.  
13.176 mm (mean values from all the measurements). 
Deviation of the groove internal diameter is caused 
by the shape of used cutting inserts because by 
milling there is a high probability that the material 
is pushed towards the centre of the groove. Taking 
into account that analysed distances directly on 
the specimen surface were measured under the 
microscope, they do not correspond to the internal 
diameter of the applied 14 mm miller. In spite of 
measured deviations, it can be stated that a circular 
annular groove has been formed at each location 
from I up to VI.

3. Conclusions 
To determine residual stresses, the strain gage 

method belongs to one of the most used methods 
in technical practice, either for a through-hole 
method, a blind-hole method or a groove method. 
In any case, the ASTM E837-13a suggests the 
determination of residual stresses by the evaluation 
of released relative deformations as a function of 
the drilling depth of the drilled hole or groove. The 
advantage of today’s modern measuring devices is 
that the set depth, as well as the number of drilling 
steps, is controlled by software. The disadvantage 
can be seen in the fact that on the real (analysed) 
object it is often impossible to determine the 
actual depth of the hole or the groove. It is not yet 
necessary to determine specific values of drilling 
increments.

The authors present in the paper that it is 
necessary to pay increased attention not only to 
preparation and execution of the experimental 
measurement and error analysis of measured 
data (statistical deviations) but also to observe 
manufacturer instructions – calibrate equipment, 
use appropriate cutting tools according to the type 
of material to be examined, etc. Achieved results 
support the fact that developed positioning device 
has the potential to quantify residual stresses not 
only by optical methods but after a slight structural 
modification (addition of positioning in the third 
axis) also for use by strain gage method. Fig. 8 
illustrates the application of the proposed device 
within the determination of simulated uniaxial 
tensile stresses by the PhotoStress® method.

At present, there is a tendency to develop 

composite materials with improved mechanical 
properties while achieving a lower weight. Even 
in this field, there are possibilities to apply residual 
stress determination methods used so far, not only 
by the hole-drilling method but also by the non-
destructive methods such as X-Ray method or 
others.

Figure 8: General view on the developed device with applied 
FLZ 2 based on PhotoStress® method.
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