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Available online: 29 December 2024  in producing parts with complex geometries. However, there are also
several challenges such as surface roughness which limit its
applications where surface quality is a critical factor. Post-processing
methods - including milling, have been analyzed to improve the surface
3D printing, FDM, post-processing, quality of FDM-printed parts. This paper focused on optimizing milling
surface quality, machinability, parameters for PLA thermoplastic parts manufactured via FDM. A
milling series of systematic experiments changing spindle speed, feed rate, and
tool radius were investigated to determine optimal combination for
getting optimal milling results. The gathered results showed that a
spindle speed of 1500 RPM and a feed rate of 500 mm/min with a 4 mm
radius milling tool represented optimal surface quality and
dimensional accuracy. Practical applications include streamlined
manufacturing processes and improved part quality, improving the
usability of FDM-based manufacturing. Further research works are
recommended to investigate advanced processing techniques and
parameter optimization methods to unlock the full potential of this
technology.
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1. Introduction

Fused Deposition Modeling, also known as Fused Filament Fabrication (FFF), is a widely utilized and cost-effective
additive manufacturing technology. It operates by extruding thermoplastic materials, such as polylactic acid
(PLA), layer by layer to create three-dimensional parts from CAD models. FDM has become increasingly popular
in various industries due to its ability to produce parts with complex geometries and with reduced cycle times,
which doesn't require expensive tooling [1]. The technology is not only used for prototyping but has also found
applications in end-use products, including medical implants [2], parts for automotive [3] and robotics [4]
industries, and even aerospace [5] systems. Although it has a high number of advantages, the FDM technique has
some challenges in terms of mechanical properties, surface quality, and dimensional accuracy, which can limit its
application where precision and strength are crucial [6].

To solve the limitations of FDM, post-processing methods such as milling, chemical treatment, and various
forms of surface treatments have been developed to improve the surface quality and dimensional accuracy of
printed parts. These analysed methods can significantly reduce surface roughness and improve the mechanical
properties of the parts. For instance, chemical treatments, like acetone vapor smoothing, represent significantly
reduced surface roughness and improve functional qualities of the parts [7]. In addition to chemical treatments,
thermal post-processing techniques, such as controlled heating and pressure, have also been employed to improve
the dimensional accuracy and surface reflectivity of FDM parts. These methods can be particularly beneficial for
creating optical elements or parts that require precise dimensions [8]. Moreover, the application of coatings, such
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as aluminum, can not only improve surface roughness but also enhance thermal properties, with making FDM
parts suitable for high-temperature applications. This expands the potential use cases for FDM parts into areas
that were previously inaccessible due to material limitations [9]. The optimization of FDM process parameters,
such as layer thickness and nozzle diameter, can also contribute to better surface quality and dimensional
accuracy. However, achieving optimal combination of parameters is challenging and needs several research
works. That's why post-processing steps are still necessary process for many applications [10].

Moreover, the machining of printed polymers is a critical step in improving the surface quality of the final
product. This process is especially utilized for applications where precision and friction behavior are critical, such
as in mechanical components and decorative finishes. Conventional machining parameters like cutting speed, feed
rate, and etc. significantly influence the machinability and the surface roughness of printed plastics. Optimal
machining parameters are varying for different materials and machining processes. Mechanical finishing, such as
CNC milling, can substantially improve the surface roughness of printed polylactic acid thermoplastic material,
achieving smoother and more consistent surfaces [11], [12].

According to the wide adaptation of additive manufacturing technology to several industries, lots of research
works were performed to improve final part quality by applying several post-processing methods. For instance,
this study [12] investigated the potential of hybrid manufacturing (AM + milling) to improve the surface quality of
FDM-produced polyamide parts. The paper analyzed the effects of machining parameters such as cutting depth,
feed rate, and rotation speed, by applying the end milling process to the printed polyamide samples. It highlighted
the importance of optimizing milling parameters to getimproved surface quality in post-AM processes. The results
suggested that low rotation speed and high feed rates should be applied for achieving better surface quality for
polyamide parts. In addition, the research work [13] investigated the machinability of 3D printed carbon fiber
reinforced polymer (CFRP) composites, analyzing the effects of different matrix arrangements and machining
parameters on surface finish, burr formation, and tool wear. Experimental results showed that post-process
machining improved surface quality, while minimum quantity lubrication (MQL) techniques reduced burr
formation and improve tool wear during the machining process. The next paper [14] used orthogonal cutting tests
to investigate the machinability of 3D printed PEEK, both with and without short carbon fiber reinforcement. It
analyzed that how force generation, superficial damage, and temperature were affected by printing orientations
and machining parameters. It provided insights into the feasibility and challenges of machining reinforced PEEK
components. Furthermore, in order to improve the surface finish quality of 3D printed objects, this study [15]
looked into the optimization of machining parameters. The full factorial method was utilized in a series of
experiments to identify optimal parameters to get the necessary surface roughness levels along the x and y-axes.
Findings suggested specific parameter combinations for each axis, emphasizing the importance of customized
optimization techniques in surface finishing for printed parts.

The article [16] proposed a mechanical finishing process via CNC milling to get better the surface quality of
printed continuous carbon fiber reinforced polymer composites. The study investigated the surface roughness
and morphology of samples produced using the FDM technique and laser-assisted laminated object manufacturing
(LA-LOM). As a result of performed machining processes, smooth and consistent surface morphology was
achieved by applying various cutting depth values while surface roughness improved by 70% for FDM and 60%
for LA-LOM components. Additionally, there is a review research paper [17] that analyzed the significance of
several post-processing methods to improve the properties and characteristics of printed polymer materials. It
discussed several different techniques, their advantages and disadvantages, cost results, and future prospects as
well. It investigated all the mentioned things by emphasizing the critical role of post-AM processes in industrial
applications.

As mentioned before, although FDM easy to easy-to-use and cost-effective method for producing complex
geometries with thermoplastic materials, FDM-printed parts often show surface irregularities and dimensional
inaccuracies due to inherent process limitations. Post-processing techniques such as milling offer a viable solution
to improve the surface quality of printed parts by using the FDM technique. The main objective of our study was
to optimize milling parameters specifically used for PLA thermoplastic parts manufactured by FDM. By
systematically changing them, our goal was to find optimal combination of machining parameters such as spindle
speed, feed rate, and tool radius that results in optimal surface finish. To improve surface roughness and overall
quality of samples, the most efficient milling approach had to be determined through extensive experimentation
and analysis as a part of the optimization process. Our aim in performing this research study was to maximize the
performance and usability of printed parts by offering useful post-processing recommendations. Manufacturers
can increase the precision, reliability, and functionality of FDM based printing processes by optimizing the milling
parameters. This will also increase the potential applications for this exciting new manufacturing technology.

2. Experimental Setup and Methodology

The Fused Deposition Modeling printing process was utilized to produce PLA plastic sample using a Qidi Tech X-
CF Pro 3D printer machine. PLA is a commonly used thermoplastic material known for its ease of printing and
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biodegradability. FDM printing technology (illustrated in Fig. 2) works by melting and extruding thermoplastic
filament through a heated nozzle, and using layer by layer method to create a three-dimensional part. The first
step in the procedure is to create a digital 3D model, either by utilizing computer-aided design software or by
getting an already-existing model. Then the 3D model is sliced into thin horizontal layers by using slicing software
(Qidi Tech slicer software for our case). The thickness of each layer is determined by the required resolution and
the capabilities of the printer machine. Then, during the printing process, the printer's nozzle is heated to the
melting temperature of the filament material. The nozzle moves along the predetermined path and deposits
molten material onto the build platform. Each upcoming layer is deposited to the previously printed layer by
bonding to it. Then the molten material quickly cools and solidifies to form each layer. The mentioned process
repeats continuously until the final part is produced [6].
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Fig. 1 Chemical structure of polylactic acid [18]
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Fig. 2 Diagrammatic representation of working principle of the FDM process [19]

The printer's build volume allowed for the production of parts with dimensions up to 300 mm in length, 250
mm in width, and 300 mm in height. The printer has a heated build plate and a single extruder capable of reaching
temperatures up to 300 degrees Celsius. To receive optimal print quality and dimensional accuracy, the printer
should be prepared accurately before the 3D printing process. In addition, the build plate was also levelled to get
optimal possible layer deposition and adhesion. Test specimen with dimensions of 80 mm (length) x 30 mm
(width) x 30 mm (height) was designed using computer-aided design (CAD) software and then sliced into layers
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using Qidi Tech slicing software which is suitable with the used printer machine. The modelled part was then
printed from PLA material by using the following printing parameters - Table 1.

30.00

30.00
30.00

80.00

Fig. 3 Geometric characteristics of the sample

Table 1 The applied printing parameters

Parameters Value
Filament diameter, [mm] 1.75
Nozzle diameter, [mm] 0.4
Line width, [mm] 0.4
Layer height, [mm] 0.2
Infill density, [%] 25
Printing speed, [mm/s] 60
Nozzle temperature, [°C] 210
Build plate temperature, [°C] 60
Number of top layers 25
Number of bottom layers 5
Top/Bottom pattern Lines
Infill pattern Zig Zag

After the finishing of 3D printing, see Fig. 4. the manufactured PLA specimen was carefully checked for any
surface defects or irregularities. Before the planned machining (milling) process, the sample was securely
mounted onto the worktable of the machine using appropriate fixtures to provide stability during the machining
process. A CNC (Computer Numerical Control) milling machine (Emco PC Mill 55) with a 4 mm radius milling tool
(48x13/R1 solid carbide shoulder/slot mill; type number: H4038217-8-1; 4 cutting edges; 49° flute helix angle)
was used for the machining trials. The milling machine offered control over feed rate and spindle speed along with
precise movement in the X, Y, and Z axes. In addition, a secondary milling test was carried out utilizing a milling
tool with a 6 mm radius (HSS CO8 TiN coated four flute end mill) in order to investigate the impact of tool diameter
change on milling results. Multiple milling trials were performed, changing parameters such as spindle speed and
feed rate while keeping other factors constant. The milling parameters for each trial were carefully documented.
This experimental setup simplified the systematic analysis of the effect of milling parameters on the post-
processing quality of specimens. It was also aimed at the optimization of milling operations to improve surface
finish.

Penerbit
UTHM



250 Int. Journal of Integrated Engineering Vol. 16 No. 6 (2024) p. 246-253

Fig. 4 Sample of 3D-printed PLA part before any post-processing

Milling Tests and Evaluation Criteria: Spindle speed, measured in revolutions per minute (rpm), is a critical
parameter that affects the cutting efficiency and heat generation during milling. In our experiments, milling trials
were performed on the top surface of the samples, and spindle speed was varied to analyze its impact on the
surface quality of machined parts. Additionally, all milling trials were conducted using the up-milling method. In
up-milling, the workpiece is fed against the direction of the rotation of the cutting tool. This method was chosen
for its benefits in terms of tool wear and surface finish. Three different spindle speed parameters were tested:
1000 rpm, 1500 rpm, and 2000 rpm. The feed rate represents the linear speed at which the milling tool moves
along the workpiece surface during machining, which was another critical parameter under investigation. It
affects material removal rate and chip formation, which also influences surface finish and tool wear.

Two feed rate values were tested: 250 mm/min and 500 mm/min which were systematically set to optimize
the milling performance. These feed rates were selected to study the effect of cutting speed on material removal
rate and surface finish while providing the stability of the milling process. The radius of the milling tool determines
the width of the cut and the amount of material removed per pass and for our case, it was changed to evaluate its
influence on machining (milling) performance. Two different tool radiuses were utilized in our experiments: 4
mm and 6 mm. The selection of these tool sizes was made while considering the geometry of the printed PLA
samples. It was aimed at discovering the trade-off between machining efficiency and surface quality. Table 2
summarizes performed various trials and their corresponding spindle speed, feed rate, and tool radius.

Table 2 Summary of milling trials and cutting parameters

Trials 1 2 3 4 5
Spindle speed, [rpm] 2000 1500 1500 1500 1000
Feed rate, [mm/min] 250 250 500 500 500
Depth of cut, [mm] 1 1 1 1 1
Tool radius, [mm] 4 4 4 6 6
Cutting width, [mm)] 8 8 8 12 12

A visual inspection was performed to evaluate the surface quality of the milled PLA sample. Any visible
defects, such as tool marks, surface imperfections, or material melting/burning, were identified and documented.
This qualitative investigation gave insight into the effects of various milling parameters on surface finish and
material integrity. Caliper and digital micrometer were utilized to measure the dimensional correctness of
machined features. Any deviations from the specified dimensions were recorded for analyzing of milling precision.
A detailed evaluation of milling results was carried out, taking into consideration visual inspection findings. As a
result of visual inspections, the machining quality was determined based on which the milled trials addressed the
better surface quality.

3. Results and Discussion

In this section, the gathered outcomes from several trials to optimize the milling parameters are presented. The
realized trials focused to determine optimal combination of spindle speed, feed rate and tool radius for milling
PLA plastic parts. Each mentioned trial was evaluated based on surface quality and observed defects. The initial
trial, see Fig. 5. presented significant challenges in which the surface of the printed part exhibiting noticeable
melting. This happened most likely because of the high spindle speed that was generated excessive heat during
the milling process. Thus, it led to material deformation and a very poor surface finish. Recognizing the need to
reduce heat generation, the spindle speed was reduced in the second trial (Fig. 5.) while keeping all other
parameters constant. While this change improved the surface quality slightly compared to the initial trial, surface
quality still didn't meet our expectations. Although it was in reduced level, the melting was still present, and it

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 16 No. 6 (2024) p. 246-253 251

indicated that further parameter optimizations were still required to get the expected milling results. Based on
the insights gained from the previous two trials, the amount of feed rate was increased in the third trial (Fig. 5.)
to accelerate material removal and dissipate heat in a more effective way. This change represented notable
improvement in surface quality and the result of performed milling process generally (fewer distortions and
defects). This third trial provided optimal results among the initial attempts which also indicated that optimizing
the feed rate played a crucial role in achieving desired milling outcomes.

Trial 3

Fig. 5 Comparison of milled surfaces from trials 1-3 (4 mm tool radius)

In the next step, see Fig. 6. a new milling tool with a larger radius (6 mm) was used aiming to distribute cutting
forces more evenly and reduce the risk of surface melting. However, despite maintaining the same spindle speed
and feed rate as the third trial, the results were unsuccessful. The change to the larger tool radius resulted in
unexpected challenges - because the bigger tool diameter increased heat generation and material deformation,
surface quality disrupted again, and melting reoccurred. This trial highlighted the importance of considering tool
geometry (diameter) together with other parameters to achieve better milling post-processing results. Based on
the challenges that were faced in the larger tool radius, additional strategic modifications had to be made to the
milling parameters. Considering the influence of tool diameter on cutting forces and at the same time, the
importance of balancing cutting forces with spindle speed, the amount of spindle speed decreased to reduce heat
generation during machining. It was clearly seen (Fig. 6.) that this modification represented notable results and
an improvement in surface quality. But the acquired surface quality was not enough if we compare it with the
result of the third trial.

=

Fig. 6 Comparison of milled surfaces from trials 4-5 (6 mm tool radius)
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4. Conclusion

In this study, a detailed investigation was performed to optimize milling parameters for parts printed from PLA
thermoplastic material. Through a systematic series of machining experiments, different spindle speeds, feed
rates, and tool radiuses were used while keeping other parameters constant to determine optimal combination
for achieving the planned milling results. The findings clearly showed that the milling process for PLA plastic
samplesis extremely sensitive to differences in spindle speed, feed rate, and tool geometry. Among the parameters
investigated, we determined that a spindle speed of 1500 rpm and a feed rate of 500 mm/min with a 4 mm radius
milling tool provided optimal results in terms of surface quality and dimensional accuracy. This combination
resulted in improved machining (milling) performance that led to smoother surface finishes. The practical
implications of these findings are significantly important for researchers and several industries which are actively
using milling as a post-printing process. By using optimized machining parameters, researchers and
manufacturers can make their production process simplified and smooth which will be able to improve the overall
quality and consistency of PLA printed parts. In addition, it is known from the current research study that there
are complex relationships between the machining parameters and material properties of printed plastics that
should be analyzed carefully. Further research works in advanced machining and process optimization are highly
recommended to perform especially considering that additive manufacturing continues to be popular in recent
years. Future investigations could analyze the effects of different parameters (milling tool geometries, cooling
strategies and etc.) on the different types of plastic materials to get better surface integrity and machining
efficiency. As additive manufacturing continues to develop, optimizing post-processing techniques like milling is
important for unlocking the full potential of this transformative technology.
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