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Abstract
One of the main issues of laser-based powder bed fusion (LB-PBF) parts is surface quality and dimensional deviations, which 
require post-processing. Conventional post-processing such as turning and milling cannot machine internal surfaces and 
therefore is not suitable for hollow components. In this paper, Ti–6Al–4 V components with different hollow shapes were 
printed by LB-PBF and post-processed by centrifugal barrel finishing (CBF). Samples were printed based on Taguchi L18 
design of experiments (DoE) on the (L18: 21 × 33) matrix and polished in abrasive solution by porcelain triangular media 
2 × 2 mm. The effect of process parameters including rotation direction, speed, time and volumetric percentage of abrasive 
on hardness and manufacturability, including surface quality, material removal rate (MRR) and dimensional deviation, are 
discussed. The novelty of this work is the application of this process to clean both the internal and external surfaces of LB-
PBF parts, where previously it has only been investigated for external surfaces. This paper scrutinized the performance of 
the CBF on internal geometries, and it was shown for the size of the investigated components, the hexagonal hollow achieved 
the highest maximum removal rate over the square and circular hollows. In addition, the effect of CBF on plastic deformation 
and microstructural characterization has been investigated to find the effect of this process on work hardening. The results 
of this study also show that the rotational speed and the volumetric percentage of the abrasive directly drive the MRR. A 
higher rotational speed increases the slope of the sliding path and the sliding speed between printed parts and abrasive media, 
which causes higher cutting and grinding, MRR and media wear rate.

Keywords  Additive manufacturing · Powder bed fusion · Water abrasive barrel finishing · Process parameters · 
Manufacturability

Abbreviations
ACBF	� Abrasive centrifugal barrel finishing
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MANOVA	� Multivariate analysis of variance
DoE	� Design of experiment
OEM	� Original equipment manufacturer
DED	� Directed energy deposition
SEM	� Scanning electron microscope
EBSD	� Electron backscattered diffraction
SNR	� Signal to noise ratio

1  Introduction

The commercial application of additive manufacturing 
(AM) is rapidly expanding due to freedom in design, the 
ability to produce complex geometry in a single produc-
tion process and reduction in labour costs [1–3]. Among all 
seven AM processes that have been defined by Gibson et al. 
[4], directed energy deposition (DED), powder bed fusion 
(PBF) and binder jetting (BJT) are mainly used to process 
metal components. LB-PBF produces good surface qual-
ity and dimensional accuracy in comparison with other AM 
methods; however, this process still suffers from a lack of 
dimensional accuracy and rough surface quality in compari-
son with conventional machining [5–7].

Ti–6Al–4 V has a high strength-to-weight ratio and is 
therefore popular in the aerospace, automotive and medi-
cal industries. The mechanical properties, microstructure 
and melt pool features of LB-PBF Ti–6Al–4 V components 
are thoroughly discussed in the literature [8–10]. However, 
another prominent factor, which has as yet received little 
attention, is the surface quality of the LB-PBF components. 
The average surface roughness (Ra) achieved by this process 
is approximately 15–20 times higher than for conventional 
machining methods such as milling and grinding. This com-
promised surface finish of parts can cause high mechani-
cal frictional forces and premature failure of parts during 
operation due to surface-initiated cracks [11–13]. It is well 
known that increasing the production rate in LB-PBF nega-
tively affects the surface quality and mechanical properties. 
de Formanoir et al. [14] showed that by increasing the layer 
thickness from 30 to 90 µm, the roughness on the vertical 
and horizontal surface increases from 4.32 to 15.24 µm and 
6.22 to 10.13 µm respectively, which can increase the prob-
ability of failure under mechanical loading. Khorasani et al. 
[15] proposed a model to predict the average areal surface 
roughness (Sa) and analysed the effect of laser power, scan 
speed, hatch space and scan pattern angle on the quality of 
the surface of LB-PBF of Ti-6Al-4 parts. They showed that 
the process parameters drive the rheology of meltpool and  
surface quality. This study proved that heat treatment can also 
affect the surface quality of the printed component. Gibson  
et al. [16] showed that a conventional multi-axis process can 
improve both dimensional accuracy and surface quality of 
the LB-PBF curved parts. However, due to the brittle nature 

of LB-PBF parts, the chattering effect from cutting tools was 
observed, thus reducing the surface quality.

Abrasive machining is broadly used in the industry for pol-
ishing, deburring, finishing and other purposes. The biggest 
advantages of this process are its simple operation, no need 
for expert operators and no constraint of the sample shape 
or clamp-free (jig and fixtures). Besides, almost all materi-
als can be processed with this technique [17–19]. Ferchow  
et al. [20] investigated abrasive flow machining for polishing 
internal surfaces of LB-PBF tubular components. This study 
showed that an acceptable deviation was found between the 
proposed rheological model and the measurements for mate-
rial removal in a thickness of down-skin and up-skin areas. 
Chemical-assisted magnetic abrasive finishing of Inconel 
625 tubes was investigated by Singh et al. [21]. The effect of  
process time, rotational speed, abrasive size, amount of abra-
sive and chemical agent on the surface quality and material 
removal rate (MRR) of Inconel parts was investigated in this 
study. Results showed that processing time and media size 
were the most influential parameters. Khorasani et al. [22]  
investigated the effect of CBF on solid components of stain-
less steel 316L made by LB-PBF. This study showed that sur-
face roughness and MRR have a non-linear correlation with 
the process parameters, with an almost homogeneous material 
removal rate obtained by CBF, making it a promising post-
process candidate to finish the surfaces of the LB-PBF parts.

Na et al. [23] worked on the effect of speed and time 
in abrasive centrifugal barrel finishing (ACBF) on the 
roughness of stainless steel parts. They found that surface 
roughness decreased by 70% at 60 rpm, and no significant 
improvement was observed for longer process times. Lesyk 
et al. [24, 25] compared ACBF, ultra-sonic impact treatment 
and ultra-sonic shot peening for polishing of Inconel 718 
parts. The results showed that ACBF due to low impacting 
effect induced less residual stress compared to other meth-
ods. They also found that surface quality was enhanced by 
ACBF, while shot peening improved mechanical proper-
ties because induced compressive residual stresses improve 
micro and macro defects. Nalli et al. [26] worked on the 
effect of process parameters of ACBF on dimensions and 
tensile behaviours of Ti–6Al–4 V parts. The results showed 
that the surface quality improved by increasing rotational 
speed while time was found as another important factor in 
this process by Boschato et al. [27].

Most of the current studies, however, relate to either 
conventional machining or advanced material removal pro-
cesses for simple LB-PBF geometries and external surfaces. 
The surface conditions of internal LB-PBF surfaces have 
not been considered. This research, based on Taguchi L18 
samples printed by an LB-PBF process, provides detailed 
analysis of the improvement to the surface quality for both 
internal and external surfaces, where centrifugal barrel 
finishing (CBF) was used as post-processing. Different 
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properties such as hardness and machinability, including 
surface roughness, material removal rate and dimensional 
accuracy, were examined to characterize the effect of CBF 
on LB-PBF components. This timely research will provide 
the field with useful knowledge about this commercially sig-
nificant post-processing technique.

2 � Experimental setup

2.1 � DoE

In the case of using full-factorial DoE, the number of 
samples, production time and cost of the experiments 
increase for expensive experiments such as in AM pro-
cesses. In this experiment, we used Taguchi DoE to 
reduce the cost and time of the experiment that have an 
insignificant influence on the accuracy of the results 
compared to full-factorial DoE [28, 29]. Taguchi L18 
DoE was selected to analyse four parameters on differ-
ent levels. The examining factors are speed direction, 
rotational speed, rotational time and volumetric per-
centage of abrasive media. The proposed DoE factors in 
each column have to be examined independently so that 
the number of replications in each column is balanced, 
and the design is stated as orthogonal. Before the main 
test set, the initial experimentations at different speeds, 
time, and volumetric percentage of abrasive were car-
ried out and to find out the best values for selecting the 
optimum process parameters. Table 1 shows the process 
parameters and their levels. For the used machine, two 
types of rotational speed including clockwise (CW) and 
counter clockwise (CCW) were available. In addition, 
three levels for rotational speed, time and the volumetric 
percentage of abrasive fluid were selected; therefore, the 
(L18: 21 × 33) matrix was selected for DoE.

2.2 � Powder material and powder bed fusion process

Samples were printed using an SLM 125HL system (SLM 
Solutions GmbH, Lubeck, Germany), equipped with YLR-
Fiber laser. The samples were manufactured in bulk includ-
ing engineered hollow features and then wire cut from the 

solid bed to the nominated sizes. Table 2 shows the process 
parameters of this experiment.

The powder material was Ti–6Al–4 V, and the specimens 
were designed in the form of a hollow component with a 
combination of circular, hexagonal, and square hollow fea-
tures (Fig. 1). The size of the hollow feature for each sample 
was designed in such a way that provides the same hollow 
cross-sectional area and volume for each feature, which was 
done to remove any effect of different surface-to-volume 
ratios. The result is to have a fair comparison between the 
different hollow geometry. The hollow part specimens were 
designed to investigate how increasing internal curvature 
changes the MRR. The lowest curvature is given by the con-
tinuous curve of the circular while the mid-level curvature is 
represented by the hexagonal with an angle of 60°, and the 
highest-level curvature is represented by the square hollow 
(right angle corner).

2.3 � Abrasive centrifugal barrel finishing process

CBF uses media, compound and water to surface finish and 
deburrs components [30, 31]. Centrifugal action causes a 
very fast, highly controllable operation. CBF is also called 
mass orbital barrel finishing and maintains a smooth rub-
bing action with little damage on the components, making 
it possible to produce high surface quality for both ductile 
and fragile parts.

A commercial MFI HZ-40 from Mass Finishing 
Incorporation equipped with Latched-End Barrel was 
used for mass finishing of hollow LB-PBF samples. For 
Ti–6Al–4  V and the size of the samples, the original 
equipment manufacturer (OEM) recommended equilat-
eral triangle media 2 × 2 mm from BV products, which are 
shown in Fig. 2A. To perform the post-processing water, 
media and printed parts were loaded in latched-end barrel 
with a length and diameter of 317.5 × 174.6 mm, respec-
tively. The process parameters were selected based on 
OEM recommendations. The control factors identified in 
the Taguchi L18 DOE (Table 1) were applied to quantify 
the effect on internal and external hardness and roughness 
as well as MRR of the hollow area.

Table 1   Experimental process parameters and levels

Rotational 
direction

Rotational 
speed (RPM)

Rotational 
time (min)

Volumetric percentage 
of abrasive fluid (%)

CW 100 150 60
CCW​ 125 180 70

150 210 80

Table 2   Machine build process parameters

System parameters Value

Min. scan line/wall thickness 120 µm
Operational beam focus variable 100 µm
Layer thickness 30 µm
Laser power 175 W
Hatch space 120 µm
Scan speed 560 mm/s
Laser spot diameter 200 μm
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3 � Experimental procedure

3.1 � Profilometry for surface roughness

Surface roughness measurements were carried out by using 
Alicona Infinite Focus optical profilometer. For this pur-
pose, the roughness of the samples before and after under-
going CBF was measured on both the outer and inner sur-
faces. The roughness of the sample was recorded in Ra, 

Rq and Rz, along with the direction of the laser. To obtain 
general and precise results, an area of 10 × 10 mm was 
scanned for each measurement. The normalized value of 
surface parameters was calculated according to ISO 11056 
and ISO 4288, and to filter the noise, a high-pass built-in 
Gaussian filter was used. The vertical and lateral resolu-
tions of the profilometer were 400 and 10 nm respectively. 
The scanned area was selected randomly in different parts 
of the components. The outer measurements were carried 

Fig. 1   A Specimen plan view 
drawing (dimensions are in 
mm). B Printed sample and 
halved sections

Fig. 2   A Media. B ACBF machine. C Latched-end barrel
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out in front and side of the samples. For the inside meas-
urements, samples were wire cut in half to have access to 
internal surfaces.

3.2 � Dimensions, hardness and MRR

The dimensions and deviations from the nominal values 
were measured by an optical measurement gauge. Sam-
ples were scanned vertically, and internal surfaces were 
captured and measured. In order to remove the effects of 
the attached powder particles and related errors, the sam-
ples were cleaned using an ultrasonic bath for 30 min. To 
increase the repeatability and precision, each measurement 
was repeated five times. Distance measurements were con-
ducted for the square hollow: all sides and the perimeter; 
for the hexagonal hollow: all diameters and the perimeter 
and the circular hollow: two diameters and the perimeter. 
Then, we used the side length for the square and the diameter 
for the hexagonal and circular for the calculations. Figure 3 
shows the measurements.

Struers Durajet Hardness Tester was used for harness 
measurements in the Brinell scale. For the as-received and 
machined samples, hardness was measured at 20 points on 
the external surface, and the average values were reported. 
In addition, after post-processing, samples were sectioned 
by electrical discharge wire, and the hardness of internal 
surfaces was measured. For each hollow geometry, 10 points 
were measured from each sectioned piece.

3.3 � Microstructure characterization

The overall microstructure of the CBF Ti–6Al–4 V alloys 
was investigated on the cross-section containing both inter-
nal and external surfaces as indicated in Fig. 12. The sam-
ples were hot mounted, ground with 4000 grit SiC paper 
then mechanically polished with 0.4 μm OPS suspension. 
The electron backscattered diffraction (EBSD) analyses 

were conducted in a FEG Quanta 3-D FEI scanning electron 
microscope (SEM) under a 20 kV and 8 nA probe condition. 
Areas of 100 × 100 μm were mapped with a step size of 
0.2 μm. The post-processing of the EBSD maps was accom-
plished using the TexSEM Laboratories Inc. software (TSL 
OIM analysis 6 × 64).

4 � Results

4.1 � Taguchi analyses

To verify the performance of the experimental results based 
on Taguchi DoE, “signal to noise ratio” (SNR) diagrams 
were generated (Fig. 4). SNR shows the control factors that 
can decrease the variability in an experiment by minimizing 
the effects of uncontrollable factors (noise factors). In this 
section, we show the SNR for the experimental variables, 
which are obtained from internal surfaces such as MRR and 
average roughness. To provide a more robust mechanical 
assembly with tighter tolerances, higher surface quality is 
required. Therefore, the criterion of “smaller is better” was 
selected for this factor. Meanwhile, for MRR, the criterion 
of “larger is better” was selected to increase the process-
ing speed and reduce the cost of production. In this type 
of analysis, the more horizontal SNR curves identify the 
lower influence of the input parameters on the variability of 
the outputs [32]. Higher values of the SNR classify control 
factor settings that minimise the effects of the noise factors. 
As can be seen in Fig. 4, the effective variables for MRR are 
rotational speed and volumetric percentage of abrasive. For 
the internal Ra of hexagon, SNR shows that the only effec-
tive factor is the volumetric percentage of abrasive; however, 
for the circular and square hollows, a volumetric percentage 
of abrasive was detected as an effective factor. The SNR also 
shows that the third and first levels of rotational speed and 

Fig. 3   Dimensional measurements by optical device A square, B hexagonal and C circular hollow features
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volumetric percentage of abrasive respectively provide the 
appropriate conditions to reduce variability in the roughness 
and increase the MRR.

4.2 � Analysing the effective parameters using 
MANOVA

Multivariate analysis of variance (MANOVA) is a statisti-
cal method to compare the multivariate average of outputs. 
This analysis can be used considering that more than one 
dependent variable influence the results. In a MANOVA, 
statistical differences on one continuous dependent factor by 
an independent grouping factor are analysed. The results of 
MANOVA will show whether or not the independent group-
ing variable (inputs) has a significant effect on the dependent 
variable or outputs [33, 34]. The significance of the depend-
ent variables can be determined by comparing them to the 
null hypothesis using P-values. The null hypothesis proves 
(to a given confidence level) that no relationship between the 
two investigated variables exists (that is, the input variable 
does not affect the output). The level of statistical signifi-
cance is expressed as a P-value between 0 and 1. To accept 
or reject the null hypothesis, the value of the P-value is cal-
culated. A smaller P-value proves stronger evidence to reject 
the null hypothesis. In this analysis, P ≤ 0.05 shows that the 
independent variable can significantly change the depend-
ent variable, which in turn shows strong evidence against 
the null hypothesis. It means that there is less than a 5% 
probability that the null hypothesis is correct. The P-value 
analysis has been carried out, and the results based on Wilk’s 
criterion are listed in Table 3. Table 3 shows the value of 
MRR, Ra and hardness.

According to the results, the volumetric percentage of 
abrasive fluid was found to have a P-value of ≤ 0.05 for 
almost all dependent variables or outputs. Also, for most of 
the experiments, the mean analysis showed that the process-
ing speed has a P-value of ≤ 0.05. Thus for these two factors, 
the null hypothesis is rejected. The volumetric percentage 
of abrasive and rotational speed has a significant impact 
on the variation of external hardness, MRR and external 
roughness. Interestingly, the results showed that the internal 
surface roughness of the square and circular has no effec-
tive process parameters. In addition, the internal hardness 
and internal surface roughness of the hexagonal have only a 
single effective process parameter. The results of MANOVA 
and SNR analysis confirm that rotational direction and pro-
cessing time have a negligible effect on almost all of the 

dependent variables because P-values > 0.05, and therefore, 
the null hypothesis is accepted for these variables. Thus, the 
outputs are not changed significantly by changing these two 
parameters.

5 � Discussion

From the P-value analysis, the effect of the rotational speed, 
time and the percentage of media on the outputs were found 
and will be now discussed.

5.1 � Interaction of effective parameters on the  
roughness and MRR for hollow areas

Figure 6A–C shows that the rotational speed and the per-
centage of the abrasive are significant variables tochange 
MRR. Figure 6A–C shows that, in this experiment, the MRR 
increases by increasing the rotationalspeed.

The highest value of MRR and the lowest roughness 
were obtained when the barrel was loaded to about 60% 
of capacity with a mixture of workpiece, media, water and 
compounds. Higher load levels to 80% reduce the length of 
the slide, thus decreasing the chance of contact between the 
workpiece and media. This leads to a reduction in media 
wear and a reduction of the force of workpiece contact and 
subsequently MRR. The media wear or depreciation rate of 
the media is calculated according to Eq. (1):

where f is the final dimension of media pieces, i is the initial 
dimension of media pieces, and H is working time. Since the 
rotation of media is completely stochastic, the wear rate for 
each side and direction are assumed to be the same. To cal-
culate the media wear, the sizes of 50 media after each test 
were measured, and the average values were used in Eq. (1).  
The values of final media dimensions and media wear rate 
for different loading values are presented in Table 4.

As shown in Fig. 5, by using higher loads the media wear  
reduces. These results prove that higher barrel loading 
causes less contact, tool wear and therefore less material 
removal for hollow components.

To analyse the effect of rotational speed, process time and 
the volumetric percentage of abrasive media, main effect 
diagrams for each of the dependent variables were plotted.

The results showed that the internal roughness of circu-
lar and square hollows is not significantly changed by the 
variation of process parameters as shown in Fig. 6D, E. The 
results of the material removal showed that for all circular, 
square and hexagonal hollow shapes, rotational speed and 
the volumetric percentage of abrasives have a significant 

(1)Mw =

[

1 − (
f

i
)
3
]

× 100

H

Fig. 4   Signal-to-noise and mean analysis A, B MRR and internal Ra 
for the circular, C, D MRR and internal Ra for square MRR and inter-
nal Ra for the hexagonal and G, H internal and external hardness (1 is 
related to clockwise barrel rotation and 2 is related to counter clock-
wise barrel rotation)

◂
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effect on the MRR. However, these variables do not signifi-
cantly change the value of roughness, which is related to the 
random movement of the media. In mass finishing especially 
in rotary-based systems, the flow of media on the samples 
is not in the specific direction; therefore, it can remove the 
material in different directions (X, Y and Z). The interac-
tion of this random material removal process can affect the 
roughness. As a result, no significant change in the rough-
ness of circular and square hollows is observed while MRR 
is significantly changed by rotational speed and the volumet-
ric percentage of abrasives.

Up to a certain point, the faster the barrel rotates, the 
steeper the angle of the slide which results in higher removal 
of material in CBF. The best MRR and the most lustrous 
finish occur at a higher sliding velocity. In CBF, the sliding 
velocity is obtained by the following equation:

where N is rotational speed, and D (in mm) is barrel diameter. 
According to Eq. (2), increase in rotational speed or bar-
rel diameter leads to an increase in velocity, which means 
higher centrifugal force applied to media and parts and as 
shown in Fig. 7 affects sliding. During barrel rotation, the 
abrasive particles inside the barrel form two types of layers, 
which are named the active layer and the passive layer. The 
thickness of the active layer depends upon the rotational 
speed and size of the abrasive particles. Rotational speed 
also drives the number of particles in the active layer [35]. 
Figure 7A shows the sliding path angle that appears for a low 
speed (around 55 m/min that was obtained from Eq. (2)). 
Higher rotational speed increases the slope of the sliding 

(2)V =
N × � × D

1000

Table 3   P-values from a statistical test for MANOVA

P-values less than 0.05 have a significant effect

MRR circular MRR square
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
P-value 0.678 0.025 0.92 0.049 0.466 0.0008 0.267 0.0004

MRR hexagonal Internal Ra (circular)
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
P-value 0.54 0.001 0.495 0.009 0.587 0.473 0.687 0.210

Internal Ra (square) Internal Ra (hexagonal)
Rotational 

Direction
Rotational 

Speed
Process Time Abrasive Fluid 

(%)
Rotational 

Direction
Rotational 

Speed
Process Time Abrasive fluid 

(%)
P-value 0.894 0.711 0.63 0.113 0.932 0.962 0.648 0.011

External Ra (front surface) Internal hardness
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
P-value 0.472 0.0004 0.273 0.02 0.159 0.193 0.128 0.010

External hardness
Rotational 

direction
Rotational 

speed
Process time Abrasive fluid 

(%)
P-value 0.36 0.033 0.305 0.017

Table 4   Results of final media 
dimensions and media wear

Test no. Final media dimensions 
(mm)

Media wear 
rate (%)

Test no. Final media dimensions 
(mm)

Media 
wear rate 
(%)

1 2.72 25.13 10 2.92 7.60
2 2.86 13.72 11 2.85 13.77
3 2.97 2.56 12 2.92 9.11
4 2.45 45.02 13 2.86 13.56
5 2.90 9.42 14 2.90 9.89
6 2.98 1.49 15 2.43 46.99
7 2.50 41.75 16 2.53 40.21
8 2.60 34.98 17 2.30 54.94
9 2.55 38.31 18 2.56 38.11
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path (Fig. 7B, C), and in this condition, the sliding speed 
between abrasive media and the components increases. This 
leads to higher cutting or grinding operation which produces 
a higher MRR and media wear rate. Figure 7D shows how 
when the speed is higher than the optimum value and a 
pocket in the middle of the media is formed, the components 
are allowed to tumble against each other and cause damage 
or breakage. Figure 7E illustrates how when the rotational 
speed is extremely high, the centrifugal force pushes the 
media and the components to the walls of the barrel. In this 

condition, no contact happens between media and the com-
ponents, so there is a radical reduction in the MRR. Since 
no damage occurred in our experiments, it is assumed that 
the first two cases occurred at the selected rotational speeds.

Figure 8A shows the value of sliding velocity, media wear 
and MRR for different rotational speeds. In thisfigure, the 
black and red zones are related to the sliding layer of media. 
As can be seen in this figure, slidingvelocity increases 
by increasing the rotational speed. The deburring or cut-
downcut down operations areperformed better at higher 

Fig. 5   Main effect plots for MRR and roughness
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speeds. Figure 8B shows that in higher rotational speeds, 
more media wear isobserved. The media wear is directly 
related to material removal rate; therefore, when rotational 
speed reaches150 rpm, the slope of β3 increases drastically 
(Fig. 7C), leading to a significant increase in media wear 
rateand MRR. As a result, a substantial increase in MRR 
and media wear are is observed for a rotational speed of150 
rpm. Table 5 in the appendix Appendix shows the rough-
ness values for the reference sample, and Tables 6, 7 and 8 
represent MRR, hardness and surface roughness for all test 
cases. Figure 7 and theresults of Fig. 8 show that the opera-
tional mode for our test cases was similar to the presented 
conditions in Fig. 7A–C.

5.2 � The effect of hollow shape on area of removed 
materials and MRR

To find out the effect of hollow shapes on the mass finishing 
process, the value of MRR and area of removed materials 
is investigated. Figure 8C, D show that the area of removed 
material and MRR is a direct function of hollow shape. The 
MRR in the circle is lower than hexagon and square. It is 
related to the difference between contact areas of abrasive 
media in different shapes. In the firDeclast point, it is nec-
essary to mention that the size of media is less than holes 
in all shapes, so, media can easily flow in the holes. Con-
tact mechanism in a circular hole is almost point to point 
and liner also may happen rarely, and the flat surfaces of 
media have no effects on material-removing (surface to sur-
face contact cannot happen in this shape). But in the case of 
the flat surface of hexagonal and square shape, the contact 
mechanism is point to point for the corner of media, line 
to line for the edge of media and surface to surface for flat 
surfaces of media, so the area of contact between media 
and surface of the part in square and hexagonal shape is 

extremely more than circular shape. The highest dimensional 
deviation and MRR were found for the hexagonal hollow 
followed by the square and circular hollow geometry. The 
optical measurements (Fig. 3) show that this observation is 
related to the material removal rate in the corners. Rougher 
surfaces were found in the area close to the corners, which 
shows that CBF has a shortcoming when removing mate-
rial from geometrically constrained areas. Figure 9A shows 
that the step height H1 is smaller than the media radius Rm. 
In this case, the media will often bend the burr over rather 
than cut/remove it, and complete removal needs a long cycle 
time. However, increasing the cycling time in mass finish-
ing processes can thermally affect the media and the com-
ponent, which finally results in breaking and impingement. 
As a result, less cutting occurs when H1 < Rm such as in the 
circular hollow geometry in our experiment. This leads to 
producing a smaller area of removed materials and MRR for 
circular hollows that is illustrated in Fig. 8C, D.

When samples have larger step height, as shown in 
Fig. 9B, the media can work over the edge and against both 
vertical and horizontal surfaces of the component, which can 
eliminate the above issue. Comparing the results of the area 
of removed materials and MRR for the hexagonal and square 
hollows shows that the CBF process is more effective for the 
hexagonal hollows. This is related to the geometrical con-
tact of the media and the corners as well as the subsequent 
flow of the media in the hollow. When the inner surface is 
finished by CBF, the near fillet radii of the component (RW) 
must be equal to or exceed the major radius on the media 
(Rm) (Fig. 10C). The mentioned ratio of the media and hol-
low radius allows the media to abrade easily on the corners 
and have a more efficient material removal process. Thus, 
hexagonal hollow shows to have a higher area of removed 
material and MRR. The media has an equilateral shape, and 
the corner of the media will better fit the fillet of the hollow 

Fig. 6   A Media wear and B MRR for different loadings
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hexagonal, a region with an angle of Ɵ = 120°, while the 
media is unable to access the fillet area for the square corner 
(Fig. 10E, F). These two corner regions are untouched by 
the media and will not receive significant deburring action. 
The untouched region area of the hexagon and square was 
obtained by Eqs. (3) and (4). In this equation, R is the radius 
of media corners:

(3)Section area of hexagon = R
2

(

tan
(

�

6

)

−
�

6

)

(4)Section area of square = R
2 −

1

4
�R

2

The radius of the media Rm = 0.365 mm, so the values 
of the section area for hexagonal and square obtained were 
0.0072 mm2 and 0.0286 mm2 respectively. This estimates 
that the untouched area for the hexagonal hollow is four 
times smaller than the square hollow, and this is another 
reason for the higher area of removed material and MRR for 
the hexagonal hollow shape.

When H is significantly bigger than the radius of the 
media, such as for our square hollow shape, the reaction 
force of the component edges lifts the media (Fig. 10B) and 
the effective contact points slide on the edges and reduce the 
efficiency of the deburring process. However, for hexagonal, 
as shown in Fig. 10C, D, the media is rotating on the curves, 
and both effective contact points and effective surface (on 

Fig. 7   Actions in barrels at different speeds, A low speed and sliding angle, B, C medium speed and sliding angle, D high speed and pocked in 
the middle, E extremely high speed and no machining (β is sliding angle)

Fig. 8   A Sliding speed of dif-
ferent rotational speeds. B The 
persantage of media wear in 
diffrent barell time. C Material 
removal rate of hollow shapes 
in each rotational speed. D 
Average removed areas in each 
hallow shape
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the radius of the media) remove the material. In this case, 
the efficiency of the deburring improves, and the MRR and 

area of removed materials increase, which is in agreement 
with Fig. 8C, D.

5.3 � Interaction of effective parameters 
on the internal and external hardness

Figure 11 shows the interaction between rotational speed, 
process time and the percentage of media on external 
roughness, internal and external hardness. As can be seen 
in Fig. 11, the roughness of external surfaces has a rela-
tive trend with the hardness. Also, the results of the P-value 
analysis in Table 3 and Fig. 6 show that the external rough-
ness has an indirect relationship with the rotational speed 
and direct trend versus the volumetric percentage of abrasive 
media. Higher rotational speed increases the slope of the 
active area (β) in the barrel (Fig. 8A–C), which produces 

Fig. 9   A Poor design and deburring and B good design and complete 
deburring (α is deburring angle)

Fig. 10   Poor design for material 
removal A first step and B sec-
ond step of the removal process. 
Good design C first step and 
D second step of the removal 
process
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a higher sliding velocity (Fig. 8A). The higher the sliding 
velocity of the media, the higher the impact force on the 
component, so the wear rate for both media and the compo-
nent increases, which leads to removal of the roughness and 
improvement in the surface quality. Figures 6 and 11 also 
show that the area of deviation and MRR is directly related 
to the external roughness. This proves that higher MRR pro-
duces the better surface quality of the external surfaces.

A lustrous surface finish in external surfaces was obtained 
using the latch-end barrel with a length and diameter of 
317.5 × 174.6 mm and the appropriate speed of  33√

D
 (D is the 

diameter of the barrel). As the rotational speed N increases 
and approaches 49√

D
 , the sliding velocity increases so that the 

cutting efficiency and MRR increases. Our primary test 
showed when the rotational speed is greater than 49√

D
 due to 

high centrifugal force, the relative motion stops between the 
burrs and the components, and no cutting occurs.

External surface roughness showed similar behaviour 
with internal surfaces against the barrel load. Figure 12 
shows that by increasing the barrel load, the slope of the 
active line (β) reduces at even higher speeds. Thus, the slid-
ing speed reduces and media/component wear and MRR 

decrease, which is in agreement with the results presented 
in Fig. 5. In other words, the media flow in higher barrel 
loads reduces, which negatively affects the surface quality.

5.4 � Evaluation of the CBF processed Ti–6Al–4 V 
microstructure

Similar to the other surface treatments such as cold rolling 
[36, 37], shot peening [38, 39] or laser shock peening [36, 
40], during the CBF process, the surface region experiences 
severe plastic deformation, leading to significant stress con-
centrations, the formation of dislocation structures and pos-
sible grain refinement. According to the Hall–Petch theory 
(Eq. (5)), reducing grain size to 10 nm leads to an increase 
in the strength of the material. It is related to increasing the 
number of dislocation and sliding systems in material and 
increasing the resistance of lattices to motions of dislocation.

In Eq. (5), σ0 is a constant value for the stress and is 
related to the resistance of lattice to dislocation motions, k 

(5)� = �
0
+

k
√

d

Fig. 11   Main effect plot for A external roughness B internal hardness and C external hardness
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is the constant specific coefficient for the material named 
strengthening factor, and d is the average grain size.

This gradient of characteristic microstructure from the 
surface to the interior plays an integral role with regard to 
the mechanical and chemical performance of the material 
and hence requires extensive attention. To this end, the 
microstructure and crystallographic characteristics of the 
Ti–6Al–4 V alloy after the CBF process were investigated 
to analyse the evolution of microstructure for both the inter-
nal and external surfaces. Figure 13 reveals the orientation 
imaging embedded with image quality maps for the cross-
section areas of test cases 9 and 10 (see Tables 6 and 8). 
These samples were selected to trace the microstructure 
characteristics after a high, 38% (Sample 9), media wear 
rate and a low, 7% (Sample 10), media wear rate as indi-
cated in Table 4. In both conditions, the cross-section shows 
a typical colony basket weave-α microstructure consisting 
of thin α-laths in coarse prior β grains separated continu-
ous β films. This is a typical observation of LB-PBF-pro-
duced Ti–6Al–4 V alloys where the later deposited layers 

experience lower cooling rates, resulting in the formation 
of a Widmanstätten-like α structure within the columnar β 
grains along the build direction [41–43].

The Kernel Average misorientation (KAM) analysis was 
conducted to analyse the strain distribution on the surface 
region of the CBF samples (Fig. 14). KAM analysis can be 
used as a measure of local grain misorientation. KAM quan-
tifies the average misorientation around a measurement point 
with respect to a defined set of nearest neighbour points. In 
this mode, the local misorientation assigned to the centre 
point of a particular grain with respect to all points in the 
perimeter of the kernel is measured. This map reveals the 
local variations of lattice orientations due to the presence 
of dislocations which therefore can be considered a mani-
festation of the residual strain. Generally, KAM is high in 
deformed grains due to higher dislocation density [44, 45]. 
The area near the surface representing higher KAM values 
(coloured region with green, yellow and red) is confined to 
a thin layer for all conditions, indicating a relaxed surface 
developed through the CBF procedure. This region can be 

Fig. 12   The slope of the active 
line in different barrel loadings 
and rotational speeds, A low 
rotational speed, B medium 
rotational speed, C high rota-
tional speed for 60% abrasive 
fluid, D low rotational speed, 
E medium rotational speed, F 
high rotational speed for 70% 
abrasive fluid, G low rotational 
speed, H medium rotational 
speed, I high rotational speed 
for 80% abrasive fluid (β is slid-
ing angle)
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also identified as lower indexed areas (darker regions) at 
the top of the KAM region (Fig. 14). The increase in the 
KAM values is associated with a higher local misorientation 
induced by the surface deformation of CBF media. There-
fore, as the process becomes intense, a higher value of KAM 
and a larger affected surface depth are to be expected. The 
thickness of the highly strained region (coloured region) is 
higher at the external surfaces for both test cases 9 and 10. 
However, the internal surfaces have a relatively lower stress 
concentration compared to the external regions. For the 
more intense barrel finishing condition (i.e., sample 9), the 
thickness of the highly strained region is around 10 μm and 
3.5 μm for the external and internal surfaces, respectively. 
On the other hand, the thickness was calculated at around 
2.8 μm (external surface) and 1.5 μm (Internal surface) for 

sample 10. Interestingly, no signs of deformation structures 
such as slip lines or the well-known (101 ̅2) deformation 
twinning were observed within the deeper regions of the 
printed samples. This further shows that the impact of the 
plastic deformation induced by the media was only limited 
to the surface region of the printed Ti–6Al–4 V alloys.

The small depth of residual stress development compared 
to the other surface modification techniques is interesting as 
the previously reported results on shot peening and/or laser 
shock peening research reveal comparatively thicker regions 
up to 2 mm depth from the surface area [40, 46]. The highly 
misoriented regions illustrate the severe deformation on the 
surface of the samples leading to the disappearance of the 
Kikuchi lines for EBSD measurements. The area of regions 
grows with the increase of the rotational speed and time at 

Fig. 13   The orientation maps embedded with the image quality maps for a sample 9 and b sample 10 external, c sample 9 and d sample 10 inter-
nal surfaces
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an optimum volumetric percentage of abrasive media. This 
increase in the deformed region can be observed within sam-
ple 9, which is further accompanied by the improvements in 
the surface hardness (in comparison to sample 10: Table 8). 
Furthermore, the current crystallographic orientation map-
ping reveals that deformation induced by the CBF can lead 
to fragmentation of the α laths into the refined structure 
(Fig. 13a). This highly refined region can inhibit the crack 
growth from the inner regions and effectively retard the pre-
mature component breakdown, leading to improvements in 
the fatigue life of the Ti–6Al–4 V alloy [38, 40]. There-
fore, the CBF process may also play an important role in the 
printed material properties.

6 � Conclusion

In this paper, the LB-PBF components were printed and 
post-processed by CBF to improve the internal and exter-
nal surface quality. The effect of CBF process parameters 

was analysed on different dependent variables such as MRR, 
internal and external roughness and hardness. The effect of 
CBF process on the variation of residual stress and hardness 
was also identified from microstructure and crystallographic 
features. In CBF, a few considerations for workpiece design 
should be taken into consideration to produce the best results. 
The tumbling media should have access to all surfaces and 
edges. Furthermore, the media must freely slide overall criti-
cal surfaces and edges; thus, the size of the media has to be 
selected in accordance with the area of the internal surfaces.

Results showed that the rotational speed and the percent-
age of the abrasive are the driving factors for MRR. The 
highest MRR and the best surface quality were obtained 
when the barrel was loaded up to 60% of volume with a 
mixture of water and compounds, workpiece and media. 
The length of the slide reduces in higher barrel loads up 
to 80%. This reduces the chance of contact between media 
and workpiece, which leads to a reduction in contact force, 
media wear and MRR.

Fig. 14   The kernel average orientation maps embedded with the image quality maps for the a sample 9 and b sample 10 external, c sample 9 and 
d sample 10 internal surfaces
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The results showed that the internal roughness of circular 
and square hollows is not significantly driven by process param-
eters that can be related to the random movement of the media.

The results showed the CBF has a better performance for 
the external surfaces compared to the internal hollow area. This 
can be related to easier sliding on corner-free external surfaces.

The faster barrel rotation produces a steeper sliding angle 
and higher removal of material, so the best MRR and the 
most lustrous finish are obtained at higher sliding velocity. A 
higher rotational speed increases the slope of the sliding path 
and the sliding speed between abrasive media and component 
increases, which leads to a higher cutting or grinding process, 
MRR and media wear rate. When too high rotational speed 
is selected, the pocket in the middle of the media is shaped 
and tumbles the parts against each other, causing damage 
or breaking. In the case of extremely high rotational speed, 
centrifugal force sticks the media and the parts to the walls 
of the barrel, and no contact occurs between media and the 
parts so media wear and MRR drastically decreased.

Both MRR and the area of removed materials are a direct 
function of hollow shape. The biggest dimensional devia-
tion and MRR were found for hexagonal hollow followed 
by square and circular, which can be related to the material 
removal process in the corners.

The best lustrous or surface finish for external surfaces 
was obtained when using a latch-end barrel with a length 

and diameter of 317.5 × 174.6 mm and the rotational speed 
of  33

√

D
 (D is the diameter of the barrel). As the rotational 

speed increases to 49
√

D
 , the sliding velocity increases; thus, 

the cutting efficiency and MRR also increase.
For an optimum CBF set of process parameters, a thick 

layer of deformed microstructure was obtained. The increase 
in the deformed layer depth was associated with an increase 
in the hardness of the CBF samples. This resulted from the 
small grain size structure along with high dislocation density 
development during the CBF process that may ultimately 
improve the crack propagation resistance and ultimately 
increase the fatigue life of Ti–6Al–4 V components.

Table 5   Reference values

Parameter Value Unit

Internal Ra for circular reference sample 18.621 µm
Internal Ra for hexagon reference sample 27.839 µm
Internal Ra for square reference sample 20.249 µm
External Ra for reference sample 21.098 µm
Internal hardness 222.40 HV
External hardness 256.09 HV

Table 6   MRR for different hollow shapes

Test case Rotational 
direction

Rotational 
speed (RPM)

Process time 
(min)

Percentage of 
abrasive (%)

MRR circular 
(mm2/min)

MRR square 
(mm2/min)

MRR hexagonal 
(mm2/min)

1 CW 100 150 60 0.0126 0.0229 0.0112
2 CW 100 180 70 0.0099 0.0066 0.0059
3 CW 100 210 80 0.0060 0.0039 0.0018
4 CW 125 150 60 0.0059 0.0204 0.0221
5 CW 125 180 70 0.0036 0.0054 0.0040
6 CW 125 210 80 0.0030 0.0037 0.0012
7 CW 150 150 70 0.0127 0.0130 0.0201
8 CW 150 180 80 0.0070 0.0110 0.0169
9 CW 150 210 60 0.0179 0.0221 0.0182
10 CCW​ 100 150 80 0.0014 0.0033 0.0040
11 CCW​ 100 180 60 0.0029 0.0020 0.0059
12 CCW​ 100 210 70 0.0018 0.0035 0.0038
13 CCW​ 125 150 70 0.0040 0.0039 0.0058
14 CCW​ 125 180 80 0.0014 0.0037 0.0046
15 CCW​ 125 210 60 0.0193 0.0184 0.0233
16 CCW​ 150 150 80 0.0147 0.0188 0.0204
17 CCW​ 150 180 60 0.0323 0.0250 0.0285
18 CCW​ 150 210 70 0.0119 0.0152 0.0181

Appendix
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Table 8   Internal and external 
hardness

Test case Rotational 
direction

Rotational 
speed (RPM)

Process 
time (min)

Percentage of 
abrasive (%)

Internal hardness External 
hardness

1 CW 100 150 60 254.16 320.14
2 CW 100 180 70 257.94 314.09
3 CW 100 210 80 255.03 278.54
4 CW 125 150 60 281.06 303.63
5 CW 125 180 70 268.87 322.40
6 CW 125 210 80 267.05 328.02
7 CW 150 150 70 263.64 324.07
8 CW 150 180 80 265.65 312.04
9 CW 150 210 60 301.09 345.82
10 CCW​ 100 150 80 257.58 264.70
11 CCW​ 100 180 60 274.33 313.92
12 CCW​ 100 210 70 291.57 300.93
13 CCW​ 125 150 70 280.02 307.20
14 CCW​ 125 180 80 255.76 297.05
15 CCW​ 125 210 60 294.17 345.09
16 CCW​ 150 150 80 257.46 312.66
17 CCW​ 150 180 60 304.30 341.40
18 CCW​ 150 210 70 271.38 307.06

Table 7   Surface roughness for internal and external surfaces

Test case Rotational 
direction

Rotational 
speed (RPM)

Process 
time (min)

Percentage of 
abrasive (%)

Ra internal 
circular (µm)

Ra internal 
square (µm)

Ra internal hex-
agonal (µm)

Ra external 
front (µm)

1 CW 100 150 60 6.819 5.818 6.672 3.446
2 CW 100 180 70 6.513 6.825 8.102 4.405
3 CW 100 210 80 7.331 7.333 9.596 5.119
4 CW 125 150 60 5.574 5.839 6.695 1.882
5 CW 125 180 70 8.052 7.029 8.156 3.355
6 CW 125 210 80 7.803 7.458 8.660 3.841
7 CW 150 150 70 5.255 5.997 6.681 2.931
8 CW 150 180 80 6.171 7.706 8.246 1.918
9 CW 150 210 60 5.424 5.804 6.069 1.228
10 CCW​ 100 150 80 7.335 9.149 8.989 6.395
11 CCW​ 100 180 60 5.776 8.142 6.835 4.682
12 CCW​ 100 210 70 4.867 4.318 6.075 2.354
13 CCW​ 125 150 70 7.810 6.988 8.992 3.751
14 CCW​ 125 180 80 5.437 6.774 7.624 4.039
15 CCW​ 125 210 60 6.029 6.228 6.361 2.434
16 CCW​ 150 150 80 7.268 6.855 9.724 3.629
17 CCW​ 150 180 60 4.814 5.173 5.031 1.405
18 CCW​ 150 210 70 7.036 6.829 9.675 2.086
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