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ABSTRACT: 

The purpose of the burnishing process is to achieve a good 
surface finishing, enhancing the mechanical properties and 
increasing the lifecycle of parts with different geometries. In 
this investigation, the effect of this process on the surface 
topology of parts made of X40CrMoV5 steel hardened to 40-42 
HRC, used for the manufacture of moulds, is analysed. The 
starting surfaces are prepared by applying a standard 
machining with a milling and the subsequent burnishing 
process. This is done with a new burnishing tool with a 
rounded tip designed for this purpose. The surface roughness 
values are then evaluated, depending on different feed rates 
and forces, to obtain the best combination of burnishing 
parameters. These roughness values are measured parallel 
and perpendicular to the burnishing direction. To start a 
previous research was taking into account to decide the best 
values for the force and feed rate used. Each condition is 
tested 3 times to validate the repeatability of the obtained 
results. It was demonstrated that the burnishing improves the 
surface properties of the material, and a technological 
recommendation on the best parameters to apply this process 
on this type of surfaces is obtained. 

Keywords: burnishing, roughness, inclination, moulds, 
topology 

RESUMEN:  

El proceso de bruñido tiene como finalidad lograr un buen acabado 
superficial, mejorar las propiedades mecánicas e incrementar la vida útil 
de piezas con diferentes geometrías. En este estudio se analiza qué 
efecto tiene este proceso sobre la topología superficial de piezas 
fabricadas en acero X40CrMoV5 templado a 40-42 HRC, utilizado para la 
fabricación de moldes. Las superficies de partida son preparadas 
aplicando un mecanizado estándar con fresa para su posterior proceso 
de bruñido. Este se realiza con una nueva herramienta de bruñido de 
punta redonda diseñada para tal efecto. A continuación, se evalúan los 
valores de rugosidad superficial, en función del avance y de la fuerza, 
para obtener los mejores parámetros para aplicar el bruñido. Estos 
valores de rugosidad se medirán paralela y perpendicularmente a la 
dirección de bruñido. Se parte de un trabajo previo para tomar los 
mejores valores encontrados para decidir los valores de fuerza y avance 
a utilizar. Cada condición es ensayada 3 veces para validar la 
repetibilidad de los resultados obtenidos. Se demostró que el bruñido 
mejora las propiedades superficiales del material y se obtiene una 
recomendación tecnológica sobre los mejores parámetros para aplicar 
dicho proceso en este tipo de superficies. 
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1.- INTRODUCTION  

During the last few decades, numerous investigations have been carried out that confirm that burnishing improves certain mechanical 
properties of a part. Specifically, the process simultaneously reduces roughness, increases surface hardness and increases the 
compressive residual stresses of the materials under study. Ball burnishing consists of plastically deforming the irregularities of a 
surface using a tool that applies a regulated force through passes adjacent to each other, all controlled by a routine programmed on a 
CNC machine [1]. 

Regarding the superficial hardness, Travieso-Rodriguez et al. [2] investigated the effect of ball burnishing on different materials and 
explained how the variation of input burnishing parameters, affects the final superficial hardness. Also, Travieso-Rodriguez et al. [3] 
showed that the lateral pass on G10380 steel specimens had no significant effect on the final surface hardness measured after 
burnishing. On the other hand, other investigations have shown that burnishing improves, among other properties, surface roughness 
and hardness in parts made of polymers such as polypropylene [4], Ti-6Al-4V titanium alloys [5] or AISI 1045 steel [6]. It has been 
demonstrated that these improvements can be close to 90% in case of surface roughness and 34% in hardness, in case of stainless 
steels [7]. 

Nowadays, there is a low commercial supply of tools that are capable of performing the burnishing process and therefore have a high 
cost and manufacturing time, being inaccessible to many manufacturers. Furthermore, in many cases the existing tools are only 
suitable for burnishing flat or low-slope surfaces. In order to contribute to solve this problem, this publication presents a new prototype 
tool of our own design with a technology based on burnishing with a round tip [8], which is also validated through two experimental 
phases that provide preliminary results to confirm the suitability of the tool and to know if its performance is similar to that of other 
burnishing tools that have been more widely studied. The innovation that the tool introduces is that it is conceived in such a way that 
the deformed surface does not roll onto the surface, but is fixed, despite having in common with other ball burnishing processes that 
have a spherical geometry. The most relevant term of this new design is that this configuration allows to access to surfaces that would 
not be accessible with a ball and housing design. As an example, it can be cited the concave surfaces with low radius of curvature or 
high inclination, which are surfaces present in parts of high industrial interest, such as moulds or dies, which require long manual 
polishing times that could be replaced by an automatic process. The burnishing tool that is the focus of analysis in this work has been 
subjected to different tests in order to ensure the correct performance of this technology. 

The material selected for the tests will be X40CrMoV5-1 steel, due to its high industrial demand in mould and die manufacturing sector. 
In the first study, the surface modification of flat parts finished by milling and then burnished with different force values is explored in 
order to check the effect that this factor has on the different surface roughness parameters of parts manufactured in this particular 
steel. The second study is done with a part similar to an injection mould, which is used to check the performance of the tool on three-
dimensional surfaces. In this case, the results are presented in terms of three-dimensional roughness measurements.  

In the first experimental phase developed in the work, as the surfaces are flat, it has been decided to use the 2D parameters to measure 
the roughness, since it is a simpler methodology, it can be measured on the machine itself while the burnishing process is being done 
without disassembling the part. However, in the second experimental phase, following recommendations from previous works [9] where 
it has been found that burnished surfaces, especially when they have a certain level of geometric complexity, present very anisotropic 
topologies, it has been decided to analyse the 3D textures once the part has been removed from the machine. This will allow minimizing 
the error and obtaining more accurate conclusions, since depending on which burnished area is measured and in which direction, the 
results can be very different. 

It should be noted that the use of this tool of own creation is a novelty in the industry, given its versatility in 3-axis machining centres 
and a system of interchangeable tips. The prototype is designed to achieve greater accessibility to mould and die cavities. This study 
is a pioneer in the burnishing of complex surfaces in 3 dimensions. 

 

2.- MATERIALS AND METHODS 

2.1- BURNISHING TOOL 

Fig. 1 shows a schematic representation of the tool used for this study, which is composed of two parts: the force transmission module 
and the force regulation module. The force regulation module consists of a calibrated spring, which when is pre-compressed by means 
of an external nut, allows adjusting the static preload force to be exerted on the treated material. On the other hand, the force 
transmission unit consists of a conical shaped tip with a spherical section, made of 1.2379 steel (according to UNE-EN ISO 4957:2019 
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standard) treated so that its hardness is 63 HRC, and with a tip diameter of 3.386 ± 0.004 mm. This tip is responsible for adding the 
preload force and the force exerted by the machining centre. The tool is protected according to the Spanish patent P201931092 [8]. 

 

Fig. 1: Schematic representation of the tool used in the investigation. 

2.2- DESCRIPTION OF THE WORKPIECES 

The material used in this study is X40CrMo5V5-1 steel (mechanical and chemical composition is shown in Table 1) with a hardness 
of 40-42 HRC, which is commonly used in the manufacturing of injection moulds due to its high thermal shock resistance, as well as 
its good tenacity and thermal conductivity. Also shown are some of its mechanical properties as reported by the supplier of the raw 
material. 

Chemical composition: (%) Element  

 C Yes Mn P S Cr Mo V 

  Min 0,35 0,80 0,25 - - 4,80 1,20 0,85 

Max 0,42           1,20 0,50 0,03 0,02 5,50 1,50 1,15 

Property Value Unit 

Young's modulus 200 GPa 

Yield strength 350-550 MPa 

Tensile strength 650-880 MPa 

Poisson's Coefficient 0,30 - 

Elongation 8-25 % 

Table 1: Chemical and mechanical properties of X40CrMoV5-1 steel. 

The experimental stage presented in this contribution was done in two phases, with two different workpieces respectively. The first 
experiment is performed on a flat surface, which is prepared by milling one of its 50 x 50 mm faces, in order to eliminate possible 
imperfections and improve the initial roughness of the bulk before burnishing. This process is performed by simulating the conditions 
of the real process performed on an injection mould surface [9]. The cutting conditions used with a 60 mm diameter 5-insert planer 
with 5 inserts are: cutting speed of 294 m/min and feed rate of 600 mm/min. 

As can be seen in Fig. 2, the workpiece has been divided into 9 sections, on which the burnishing will be performed using different 
force values. Sections 1.1, 1.2 and 1.3, are 3 repetitions burnished with a force of 60 N, 2.1 to 2.3 with 90 N and 3.1 to 3.3 with 120 N. 
The dimensions of each burnishing path are 10 x 10 mm, and they are separated by 5 mm horizontally and vertically. At the end, the 
roughness was measured both on the milled part of the workpiece and on the burnished paths. The best burnishing force resulting 
from this analysis is taken as a recommendation for the burnishing of the workpiece in the second experiment. 
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F =  60 N  90 N 120 N 

 

Fig. 2: Flat surface used in the first experiment. (b) Diagram of the burnishing prints to be done at different force levels. 

The second part used simulates the shape of an insert of an injection mould for manufacturing plastic parts. Fig. 3 shows the shape of 
the second workpiece under study. The different parts of this workpiece were obtained by milling. A 16 mm diameter carbide ball end 
mill was used for this purpose, machining at a rotational speed of 8000 rpm and a feed rate of 11800 mm/min. These surfaces were 
then burnished. In order to study the evolution of the surface characteristics of the part, texture measurements were taken on it after 
milling and after burnishing.  

 

Fig. 3: (a) Complex surface used in the second experiment. (b) Diagram of the burnishing paths. 

2.3.- EXPERIMENTATION 

From previous experience [10] it is known that in this type of material, the burnishing force is the parameter that influences the most 
on the surface quality obtained after the process. For the steel used, a previous test phase allowed to establish the values of 60, 90 
and 120 N as the fundamental burnishing force. Each force level was used on three different paths to check repeatability.  Taking into 
consideration the work developed in [3] it was decided that the value of the lateral tool pitch between passes was taken as constant 
and with a value of 0.1 mm and the feed rate of 1000 mm/min. 

With the aim of evaluating the results obtained in the experiment described above, a Mitutoyo SJ-210 2D roughness acquisition device 
will be used for each of the 9 burnished surfaces, as well as on the surface milled for this test, with a cut-off of 0.8 mm. Ten 
measurements were done for each surface in order to obtain a complete representation of the surface on each sample, 5 
measurements being perpendicular and 5 parallel to the burnishing passes in order to obtain the profile of the same surface in two 
different directions. Two surface roughness parameters were measured on each of the samples obtained, following the ISO4287:1999 
standard [9]. Ra was selected as the arithmetic mean and Rz as the mean of the absolute values of the 5 highest peaks and the 5 
lowest ridges, both for the analysed cut-off length. These values were measured both parallel and perpendicular to the burnishing tool 
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feed. With the aim of making decisions about the level of the burnishing force to be used in the second experimental phase, these 
values were analysed to ensure its significance by the statistic point of view.  

In the second experiment, considering the results obtained in the first experiment, the burnishing process was performed on the entire 
inner surface of the workpiece shown in Fig. 3. The process was performed in continuous, and the objective was to evaluate the 
performance of the tool on a real part. For this purpose, the burnishing force level that resulted in the highest surface roughness 
improvement on the flat surface of the workpiece used in the first experiment was used. To ensure that the experiments are done at 
the desired force levels, a calibration curve of the tool was previously done, where the force values can be related to the corresponding 
depth values in the Z coordinate, as shown in Fig. 4. In this second experimental stage, to evaluate the results of the burnishing 
process on the inclined surfaces, measurements of 3D texture and not of 2D roughness are done. It has been shown in previous works 
[10] that burnished surfaces, especially when they have a certain level of geometrical complexity, present very anisotropic topologies. 
This means that if only 2D roughness profiles are measured, there is a risk of obtaining partial conclusions, since depending on which 
burnished area is measured, and in which direction, the results can be very different. That is why in this case the measurement of the 
3D parameters that characterize the textures of a surface is used. The definition of these parameters is contained in the ISO 25178 
standard [11]. For this purpose, a STIL 3D micromesurestation profilometer is used. 

 

Fig. 4: Burnishing tool calibration curve. 

3.- RESULTS 

3.1.-FIRST EXPERIMENT: BURNISHING ON A FLAT WORKPIECE 

As the results in Table 2 show, the best Ra values measured parallel to burnishing were obtained in zone 3, where the force used was 
120 N (the highest). The percentages of improvement are at most 40.15 % for Ra and 43.45 % for Rz. The same happens in the 
measurements done perpendicular to the burnishing, where the improvement percentages are at most 37.16 % in Ra and 12.35 % in 
Rz. 

Zone Ra// (μm) ΔRa//(%) Ra⊥(μm) ΔRa⊥ (%) Rz//(μm) ΔRz//(%) Rz⊥ (μm) ΔRz⊥ (%) 

Milled 1,37  - 1,48  - 7,02  - 4,86  - 

Burnished 1, 
60N 

0,90 ± 0,08 34,31 0,99 ± 0,04 33,11 4,35 ± 0,31 38,03 4,57 ± 0,18 5,97 

Burnished 2, 
90N 

0,85 ± 0,08 37,96 0,97 ± 0,04 34,46 4,14 ± 0,37 41,03 4,42 ± 0,12 9,05 

Burnished 3, 
120N 

0,82 ± 0,09 40,15 0,93 ± 0,04 37,16 3,97 ± 0,44 43,45 4,26 ± 0,13 12,35 

Table 2: Results of measurements parallel to burnishing of the different roughness parameters. 
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Linear correlation tests are carried out to look for statistical coherence of the results obtained. With a 95% confidence level, the 
significance test is performed through Fisher's F correlation. In Fig. 5, it can be seen that in all cases there is a linear correlation 
between the burnishing force and the measured roughness results. This allows to argue, not only that the level of force defines the 
burnishing results, but also that there is a dependence between the mean and peak-valley roughness. This reinforces the theory 
considered by different publications found in the literature [12]. 

 

 

Fig. 5: Linear regression plots for (A) Ra values measured parallel to burnishing; (B) Rz values measured parallel to burnishing, (C) 
Ra values measured perpendicular to burnishing, (D) Rz values measured perpendicular to burnishing.  

3.2.- SECOND EXPERIMENT: BURNISHING ON A MOULD INSERT 

In the second experiment, the burnishing process was done by applying 120 N of force, taking into account the previous results. From 
the results shown in Table 3, analysing the evolution of the different parameters measured, it can be seen that the average texture Sa 
in the burnished areas improved by approximately 80%, Sz by 64%, Sp by 69% and Sv  by a 58%; with respect to the texture of the 
previous milling. In the different zones, the values of the parameters that characterize the texture are different. However, in zones 1 
and 3 they are relatively lower. This is due to the fact that these two zones are completely flat, so the tool burnishes them with the 
lowest spherical zone of its tip. Zone number 2, however, is not completely perpendicular to the tool axis, so it is burnishing with one 
side of the burnishing tool tip. This effect means that the force that is actually being applied to the surface is not the expected force 
(120 N), but a component of it, which is slightly lower and will depend on the part of the tool that passes over the surface. On the other 
hand, the values of Sp and Sv in each experiment have values quite similar to each other, which makes us think that the extreme 
points of the burnished surfaces are very similar to each other. All of the above can be verified by observing the graphs in Fig. 6, where 
it can be seen on the one hand the significant improvement in the texture of the part in the burnished areas compared to the milled 
areas, and the flat surfaces that have also been mentioned. 
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Zone Sa(μm) ΔSa(%) Sz(μm) ΔSz(%) Sp(μm) ΔSp(%) Sv(μm) ΔSv(%) 

Milled 1,11 - 6,97 - 3,79 - 3,18 - 

Burnished 1 0,44 60,36 4,30 38,31 2,37 37,47 1,93 39,31 

Burnished 2 0,79 28,83 6,83 2,01 3,41 10,03 3,42 -7,55 

Burnished 3 0,22 80,18 2,51 63,99 1,17 69,13 1,34 57,86 

Table 3: Measurement results and percentage improvements of the different roughness parameters. 

 

Fig. 6: Texture graphs measured in the different areas of the workpiece in the second experiment. (A) Milled surface. (B) Burnished 
surface 1.(C) Burnished surface 2.(D) Burnished surface 3. 

The effect of burnishing can also be seen in how the surface height distribution is redistributed as the peaks of the original 
surface are plastically deformed. Fig. 7 represents the height distribution of the milled and burnished surfaces. The bimodality 
of the milled surface can be observed, which indicates a non-optimal distribution of the load-bearing surface along with gaps 
that allow evacuation of particles from eventual wear of the surface along with the necessary accommodation of lubricant. The 
histograms of the burnished surfaces show that the application of the process has a redistributing effect on the profile heights, 
eliminating the bimodality, and bringing the height distribution closer to a state similar to the Gaussian distribution, seen as 
the topological optimum state of the surfaces in functional terms. Particularly, it is the surfaces of zones 1 and 3, which show 
a more Gaussian distribution, also in view of their representative values of kurtosis and skewness (closer to 3 and 0 
respectively). The fact that the best redistributive effect is accompanied by the greatest reduction in texture amplitude is a 
positive combination of effects that is not strange for this type of process, as was already observed and highlighted in the work 
of Jerez-Mesa et al. [9]. 
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Zone Ssk Sku 

(A) Milled 0,36 2,42 

(B)Burnished 1 0,06 2,89 

(C)Burnished 2 0.23 2,68 

(D)Burnished 3 0,01 3,29 

Fig. 7: Left: Histograms of texture measurements in the different zones of the part in the second experiment. (A) Milled zone, burnished 
surfaces (B) Zone 1, (C) Zone 2, (D) Zone 3 Right: Kurtosis and Skewness values in the different zones. 

4. CONCLUSIONS 

After finishing the present study, and analysing its results, the following conclusions can be drawn: 

1. The burnishing process is suitable for improving the surface quality of inclined parts made of X40CrMoV5-1, used 
to manufacture injection moulds. 
2. The surface roughness obtained on the parts after burnishing is inversely proportional to the burnishing force used, 
within the set of values evaluated in this study. 
3. Although the burnishing tool tested in the experimental stage has proved to be effective in improving texture 
parameters, the results are unequal in function of the target surface inclination, concluding that the greater the inclination is, 
the greater the inequality is (especially in Zone 2). The deepening of this aspect allows opening new lines of research on 
this topic for the development of a commercially viable prototype. 
4. The burnishing force of 120 N used has proven to be effective not only in reducing the surface topology amplitude 
descriptors, but also in redistributing the peaks and valleys of the surface to a Gaussian surface of optimal material 
distribution in order to reduce the wear and reduce the risk of fatigue fracture. These aspects are fundamental in mould 
surfaces, due to the type of working regime to which they are subjected. 
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