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Abstract: Fused deposition modelling (FDM) opens new ways across the industries and helps to
produce complex products, yielding a prototype or finished product. However, it should be noted
that the final products need high surface quality due to their better mechanical properties. The main
purpose of this research was to determine the influence of computer numerical control (CNC)
machining on the surface quality and identify the average surface roughness (Ra) and average peak
to valley height (Rz) when the specimens were printed and machined in various build orientations.
In this study, the study samples were printed and machined to investigate the effects of machining on
FDM products and generate a surface comparison between the two processes. In particular, the block
and complex specimens were printed in different build orientations, whereby other parameters were
kept constant to understand the effects of orientation on surface smoothness. As a result, wide-ranging
values of Ra and Rz were found in both processes for each profile due to their different features.
The Ra values for the block samples, printed samples, and machined samples were 21, 91, and 52,
respectively, whereas the Rz values were identical to Ra values in all samples. These results indicated
that the horizontal surface roughness yielded the best quality compared to the perpendicular and
vertical specimens. Moreover, machining was found to show a great influence on thermoplastics in
which the surfaces became smooth in the machined samples. In brief, this research showed that build
orientation had a great effect on the surface texture for both processes.

Keywords: additive manufacturing; fused deposition modelling; computer numerical control; surface
roughness; machining; FDM; CNC; Polylactic acid (PLA)

1. Introduction

Nowadays, manufactured products are getting more complex and requiring more tasks undertaken
in their product development stage. In particular, curves and specific designs exist in various applications,
such as aircraft industries, construction, and automotive companies [1,2]. For example, vehicle
components are improving and many difficulties have thus been noted in producing complex products
in the industry. The features of these components are mostly complex, consisting of fillets, chamfer,
and circles. Therefore, complex products are vital in manufacturing industries. Rapid prototyping
(RP), which is formerly known as additive manufacturing (AM), is the foundation for a large number
of manufacturing techniques involving fusing of materials layer-by-layer. By utilising AM in various
applications, such as aerospace, construction [3], medical [4], and automation [5], it allows the engineers
to enhance the end-user and assembly products accordingly [6]. Cabin accessories in airplanes, scale
models in the construction field, implants and prosthetic hand in the medical field, rear wing, jigs,
and fixtures in automotive and manufacturing fields, and toys in the assembly section are a few
examples which can be handled by AM. Furthermore, reducing the material waste, time, cost, and errors
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are some of the main advantages of AM, whereby it is possible to fabricate complex parts using such
technologies [7]. Calignano et al. [7] reviewed and analysed different types of AM processes to focus
on process capabilities and their features to print various products. Thus, this research identified the
advantages and disadvantages of AM processes. Its processes are divided into six categories, namely:
directed energy deposition [8], material extrusion [9], material jetting [10], powder bed fusion [7],
sheet lamination [11], and vat photopolymerisation [12]. In the process, exclusive software programs
are employed to monitor and obtain the optimum parameters towards improving product quality by
changing parameters such as layer thickness, temperature, and build orientation [13]. Ariffin et al. [13]
analysed accuracy and surface texture of FDM samples by comparing CuraEngine® and Slic3er®
softwares. They found out CuraEngine® was more accurate while Slic3er® was better for hanging
structures. Moreover, a wide range of base materials such as metals, plastics, composites, ceramics, and
more recently, bio-materials can be used in AM [7,14,15]. These materials can be powder, liquid, and solid
in such processes, whereas plastics are deemed as superior compared to metals as a base material for the
performance and ease of manufacturing [16]. Moreover, the most commonly used material in 3D printers
is polymer due to its diversity and ease of adoption [14]. In general, fused deposition modelling (FDM)
is one of the most typically utilised AM techniques, which is similar to a hot glue gun and offers low cost
and ease of use without any chemical and harmful post-processing requirements [17,18]. FDM (and AM
in general) gives more freedom in terms of design compared to conventional subtractive manufacturing
techniques [19]. For example, Panda et al. [19] evaluated the FDM process and its parameters to
find out the strengths and limitations such as warping in printing various samples. Furthermore,
it should be noted that FDM is a capable process for building composite based materials [20-22],
geopolymers [23], metal alloys [24,25], and biocomposites [26]. This method consists of processing
a Stereolithography (.STL) file, which will then mathematically slice the designed model to initiate
the process. Then, molten material is extruded and deposited on a flat surface, namely either the
printer tray or another layer of printed material. As soon as the material leaves the nozzle where it
is extruded, it is solidified and bonded to the previous printed layer, resulting in a fully-built piece
using thermoplastic bottom-up [27]. However, severe temperature differences will lead to defects
such as warpage and shrinkage in the process [28,29]. Kuo et al. [28] developed a closed chamber to
control the temperature and analysed FDM parameters” effects on samples. By this technique, they
have found optimal process parameters to eliminate warpage. Moreover, support material is necessary
for AM, especially when a particular geometry has no material underneath with the print platform.
Regardless, support material waste is a significant issue in this process due to printing parameters,
whereby following its completion, the supports should be removed by post-processing techniques [30].
In the past few years, developments have been made in the FDM machine, which can build a product
with high accuracy and less error [31-33]. For example, developing FDM 3D printers to 4-axis and
5-axis or changing the cartesian coordinate robot to a delta robot would give more freedom and tight
tolerances [31,33]. These changes can reduce dimensional errors, defects, and printing time. However,
in some cases, AM is not the best solution to produce products, thereby rendering them to be easily
milled or turned without cracks by using computer numerical control (CNC) machines in a proper
condition [18,34]. Many parameters can affect the final shape in FDM compared to other AM processes,
such as layer thickness, build orientation, raster angle, infill pattern, infill density, nozzle temperature,
nozzle angle, etc. Each of these elements poses a great effect on the final surface smoothness. Moreover,
high surface quality is a vital factor, resulting in aerospace, automotive, and manufacturing companies
attempting to reach a high standard of quality. Manufacturing industries, in particular, pursue a
particular aim to increase the product quality and reduce the development time in manufacturing
processes. Following the improvement of design tools such as computer-aided design (CAD) over
the past few decades, many obstacles have been identified in the manufacturing process in order to
make a specific product. For example, computers allow complex components to be drawn but the
parts cannot be easily built using conventional methods. Therefore, new processes such as AM bring
many advantages at a lesser cost [8,35]. Regardless, mechanical properties, surface quality, and product
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structure are some of the main concern in machining and AM processes, resulting in many studies
geared towards improving machine’s capabilities [36-38]. Despite AM being a potential technique,
many challenges exist during the process [5]. By selecting the optimal process parameters in both
processes, high precision and accuracy can thus be achieved [39,40]. Salmi et al. [40] examined the effect
of build orientation in different AM processes to find out their capability and performance.

Producing parts with tight tolerance and high accuracy are the main features of CNC machines,
whereby developing efficient algorithms makes it possible to eliminate the faults within a precision
engineering process [41,42]. Modelling and simulation techniques are thus used to reduce the costs and
time required to design CNC machines, thereby yielding many advantages financially. Furthermore,
CNCs have a strong tendency to form aggregate structures, making it difficult for them to disperse
homogenously in polymer matrices [43]. Therefore, specific feed rate, cutting speed, cutting tool,
and depth of cut are the requirements of machining due to material characteristics in order to attain their
functional features [44,45]. Meanwhile, product roughness can be predicted by surface measurement
with specific equipment [46,47]. In the manufacturing process, controlling the surface roughness is
difficult, especially for FDM parts [48]. By decreasing the surface roughness, the product cost will
increase. Based on ISO 4287:1997, some parameters such as roughness average (Ra), average maximum
height of the profile (Rz), skewness (Rsk), kurtosis (Rku), and more are presented to understand surface
roughness clearly [46]. The problem arises when surface quality is compromised; it is a must for some
products to meet the specified quality of surface finish.

Thermoplastic machining has been used to reach better accuracy and quality. To eliminate defects
in 3D printed samples and meet smoothness in surface texture. CNC machining was used in this study
due to tight tolerances. Thus, a CNC machine can meet lower tolerance and high quality in products.
Also, staircase defect is the main issue in AM due to layer by layer binding process. This defect is
changing in different build orientations due to angle that the machine starts to print. Further, build
orientation is an important parameter in FDM and it affects surface quality and mechanical properties.
Thus, this study investigated the build orientation and two processes that can be combined and used in
hybrid manufacturing (HM). One the other hand, machining of composite polymers and thermoplastics
requires specific features, parameters, and tools due to their low melting point [44,49]. Some difficulties
may thus be faced while completing the objectives. In contrast, polylactic acid (PLA) does not have
the same mechanical properties in all directions (i.e. not isotropic) [11]. Moreover, plastics commonly
melt during the machining process, and machining complex plastic products are difficult due to the
CNC machine’s limitations towards obtaining complex shapes [2]. Additionally, the products surface
quality in the FDM process is not as good as other AM processes, such as Stereolithography (SLA) [50].

Unfortunately, not much research has been done in the topics of smooth machining of FDM
products and PLA material. Therefore, this study investigates the machinability of FDM products
based on various build orientations to distinguish the surface quality after and before machining.
In particular, surface roughness testing is conducted on specimens manufactured in both processes and
the generated data are used to investigate the relationship between the process parameters and surface
quality. Furthermore, it investigates the optimum build orientation to attain better surface quality in
both processes by analysing the average roughness (Ra) and average peak to valley height (Rz). Finally,
a comparison between all 3D printed and machined parts is done based on their respective surface
roughness behaviour.

2. Literature Review

Surface roughness is a technique that can be used to measure the smoothness of products.
It indicates the state of a machined surface. Cover of products, panels, and a vehicle’s body have
different appearances which are smooth or rough. The most important 2D parameters are explained
here point by point, as shown in Table 1. Finding surface roughness characteristics can be done by using
these parameters. Moreover, there are factors that may affect appearance, texture, and mechanical
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properties, such as friction, fatigue behavior, light reflection, etc. In this study, Ra and Rz were used to
analyse the surface roughness of each sample.

Table 1. Surface roughness parameters [51,52].

Parameter Description Equation
The arithmetical mean of the absolute values of Z(x) 1l
Ra in a sampling length =1 fO |Zxdx
R Root mean square average of the profile heights over I ERrY
1 the evaluation length Ry, \/t fo Z
Skewness uses the cube of the root mean square ’
Rsk deviation to display the dimensionless cube of the Ry = Mz% fo Z3(x)dx
sampling length Z(x) K
Rku The peaks of the profile (Zx) about the mean line Ry = % fol Z4(x)dx
qi
Ro The point along the sampling length at which the R, — Min 7
profile curve is lowest G 1<j<m Y
R The maximum value of peak height Zp is a sampling R — Max
P length on the profile curve P 1<j<m TP
Rz The absolute vertical distance between Rp and Rv Rz = Rp+ Ro

along the sampling length

It can be noted that FDM has the worst surface quality compared to the stereolithography
(SLA), selective laser sintering (SLS), and Material jetting (M]) processes due to the various process
parameters that affect surface quality [53,54]. Regardless, improving the product surface can help
to increase its stiffness and mechanical properties in which pre- and post-processing techniques
can increase or decrease the roughness in FDM based on different conditions. Using various
techniques in post-processing will lead to better accuracy and higher precision; however, they are also
time-consuming [55]. Chen et al. [56] investigated the manner in which product surface reflectivity
can be improved by using a corner cube retroreflector (CCR) array. The work proposed a curved
layer fused deposition modelling (CLFDM) algorithm which allowed printing various depth curved
thicknesses within a layer. Due to FDM limitation to print complex curves, this technique will be
suitable to improve the surface smoothness in complex curves as printing curves requires more support
structure, which will affect final accuracy. Furthermore, developing a multi-axis machine and CLFDM
algorithm allows complex products to be printed without stair-case defects.

Furthermore, Taufik et al. [50] used a carbon dioxide (CO;) laser engraving technique to enhance
the surface roughness, and the Ra, Rsk, and Rku were studied to assess their spatial features. The results
showed that build orientation was increased as the surface roughness parameters were increased.
Moreover, the build orientation and laser power yielded an extraordinary interaction based on their Rsk
and Rku, whereas the surface roughness was improved by low Ra, as well as negative Rsk, and Rku > 3.
Meanwhile, Adel et al. [57] have developed a hot air jet system to evaluate surface roughness as seen
in Figure 1. The results showed that by increasing the jet velocity, the Ra decreased significantly up to
88% from a single pass. Similarly, the optimal condition was the highest jet temperature, which was
higher than 235 °C and yielded low-to-moderate jet velocity (20 m/s).
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Figure 1. Hot air jet process [55].
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Build orientation is a vital element that can affect the dimensional accuracy, build time, and surface
finish [58,59]. Meanwhile, Boschetto et al. [60] developed a novel formulation to predict the dimensional
deviations of FDM samples, which is thus shown to depend on the deposition angle. For the 90°
deposition angle, the dimensional deviation was 0; however, it increased in the range of 0° to 50°
and 135° to 180°. Additionally, warping and other defects occurred when the surfaces had small
dimensional deviations.

In contrast, another approach has been proposed by Ahn et al. [61] to investigate the surface
roughness of FDM products, whereby it is assumed that the filament profile acts as an elliptical curve.
A theoretical model based on the surface angle was derived by considering vital factors affecting surface
smoothness, which was verified by printing acrylonitrile butadiene styrene (ABS) and Maxum samples
and measuring surface roughness in all conditions from various angles. Moreover, Durgun et al. [62]
have found that perpendicularly-orientated specimens have the worst surface roughness compared to
horizontal and vertical parts.

Moreover, Zhang et al. [63] investigated the effects of layer thickness and road width by using
finite element analysis (FEA) in the FDM process, revealing that the level of stress is increased by
the increasing road width at smaller layer thickness. Subsequently, in the simulation process and at
a constant layer thickness and road width, the distortions increase dramatically. It can be seen that
various factors, except FDM parameters, affect the surface roughness. For example, Alsoufi et al. [29]
measured the inner and outer surfaces of hollow (0° infill) printed cubes in 0°, 45°, and 90° orientations
to find that the 0° specimens have the best surface roughness compared to 45° and 90°. Further,
the results show that the outer surfaces are smoother compared to the inner surfaces due to the
solidification process.

Furthermore, one of the subtractive methods in manufacturing is high-speed machining [64],
which consists of high feed rate, high spindle turning, and cooling system. Assuming that the 3D
printer cannot meet the dimensional requirements, it will be possible to make the parts by machining
or other post-processing techniques [65,66]. Thermoplastics machining produces a constant stress
factor and tight tolerance compared to injection moulding. Meanwhile, heat is an important factor in
plastic machining as increasing the heat will change the cutter tool to a melting tool. By considering the
proper cutting speed, feed rate, suitable coolant, and tool design, product melting can be eliminated.
Pandey et al. [67] thus developed a statistical model to prognosticate roughness in order to improve the
surface finish of products by using hot cutter machining (HCM) by using turning, milling, and grinding
processes. As a result, a high correlation (99%) was seen between the model and HCM, whereas
a limited cutting tool accessibility during the machining was considered the main limitation of the
machining process. Accordingly, other studies have been conducted, showing that the surface quality
of FDM parts depends on the deposition angle, cutting depth, and cutting tool [68,69]. Additionally,
another study has obtained the values of 0.599 um average roughness via the parameters of 4138 rpm
speed, 1241 mm/min feed rate, and 0.5 mm depth in the machining of polypropylene (PP) products [70].
Meanwhile, to analyse more factors in the CNC machining of polymers, Dhokia et al. [71] have proposed
a neural networks (NNs) to predict the surface roughness. The results showed that, at maximum
speed, feed rate, and depth of cut, the average roughness was the highest, whereas the intermediate
range of CNC parameters would lead to better surface roughness. Moreover, Raju et al. [72] found
that by increasing the feed rate, surface roughness was increased and by increasing the spindle speed,
roughness was decreased.

Next, Pamarac et al. [73] investigated the optimum CNC milling parameters for machining
FDM products, whereby ABS and PLA were the main materials used in the study. Following this,
the optimum feed rate for contour and face milling in the end-mill process was found via 3500 rev/min
spindle speed. Meanwhile, Prakasvudhisarn et al. [74] developed a model to minimise the machining
time and reach the desired surface roughness. Here, support vector machines (SVMs) and particle
swarm optimisation (PSO) are used to find the optimum condition. By considering the spindle speed,
feed rate, and depth of cut, SVMs are able to predict the surface roughness, whereas the PSO algorithm
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can successfully model and determine the optimal results. Then, Taufik et al. [75] developed a 3-axis
CNC-assisted selective melting tool (SMT) and found that the surface quality of post-treated surface
is affected by feed rate. Subsequently, products with lower orientation angles showed poor surface
quality compared to a higher orientation angle, which needed a low feed rate. Finally, the Ra was
found to be 2.173 um for the SM profile. Also, Krolczyk et al. [76] investigated FDM and turning
process to find out surface roughness parameters such as Ra, Rz, Rp, etc. They used auto correlation
and gradient distribution methods and observed smooth gradient after turning process while the
values were fluctuated in a large range for FDM samples.

In view of these research works, using the proper tools such as solid carbide or stainless-steel
cutters and coolants like pressurized air and flood (e.g., Astro-Mist 2001A and Trim 9106CS), machining
plastic is achievable and feed rate, spindle speed, and depth of cut parameters are found to be dominant
in the CNC milling process. In particular, the feed rate, spindle speed, and depth of cut are the main
elements affecting the surface roughness during the process. By controlling these factors, it will lead
to the desired roughness and product of high quality. Moreover, many post-processing and second
processing techniques have been designed to enhance the surface quality. Unfortunately, not much
literature is available on the machining of PLA printed products to identify the optimum printed
orientation in the machining process.

3. Materials and Methods

The study was divided into two parts, whereby the first part consisted of printing the specimens
by FDM machine (Ultimaker 2+, Ultimaker B.V, Utrecht, Netherlands), followed by machining the
printed bulks by CNC to investigate the effect of various build orientations on surface roughness.
Many parameters can affect mechanical properties and final surface quality of the product [77]
but this study focused on the build orientation due to its importance in rapid prototyping [78,79].
Bulk rectangle specimens and complex parts were designed in CATIA V5® software (R21, Dassault
Systemes, Vélizy-Villacoublay, France), whereby the dimensions of the artefact were 85 mm length,
85 mm width, and 40 mm height, as shown in Figure 2. This part was printed by the FDM machine
for further activities. The cube was then chosen to determine the surface roughness and identify the
quality of final products in various orientations before and after machining. The specific features such
as fillets, holes, curves, and pockets are shown in Figure 3. These features were used to investigate the
effect of FDM and CNC processes on the small elements in thermoplastics. Additionally, curve surfaces
were used due to their application in various industries in order to identify the manner in which
machining would affect the curves.

29

s

Figure 2. Block sample.

Meanwhile, the Ultimaker 2+ machine (Ultimaker B.V, Utrecht, Netherlands) was used to print
fabricates in various build orientations. First, the sample was sliced by Cura® software (Cura 4.4,
Ultimaker B.V, Utrecht, Netherlands) using default setting parameters for the printing process, whereas
White PolyLite™ (Polymaker, Shanghai, China) Polylactic acid (PLA) was used to print the products.
The goal was to identify the optimum build orientation before and after machining of the FDM parts;
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therefore, other elements were kept constant during the process. Figure 4 shows the products are built
in seven orientations ranging from 0° to 90°. The values of 0.4 mm for extruder diameter, 2.85 mm
filament diameter, 0.15 mm layer thickness, 200 °C nozzle temperature, and 60 °C bed temperature
were then chosen to print blocks. By changing these factors, finding the optimum build orientation in
machining process would be hard. Each part needed at least two days for printing due to the long
process. Therefore, each part was printed separately to reach the optimal conditions, such as reasonable
cost and building time.

Figure 3. Complex sample’s design.

Figure 4. Blocks in different build orientations.

Meanwhile, a comparison between machined parts and complex printed parts was made by
printing seven complex samples, which were identical to the bulk specimens’ orientation (see Figure 5).
Due to the main goal of surface roughness, 20% infill was chosen for the complex samples as it would
not have a significant effect on surface roughness [80,81]. Other parameters such as nozzle diameter,
layer thickness, bed temperature, and build orientation were kept similar to the blocks.

Figure 5. Printed complex Samples.

A DMU 70 Heidenhain iTNC 530 machine (DMG Mori, Bielefeld, Germany) was used to subtract
any excess materials from the blocks in order to attain a complex shape. Four samples with 0°, 30°,
60°, and 90° build angles, respectively, were chosen for the machining process (see Figure 6) and five
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steps were used to machine the samples and reach the desired smoothness (see Table 2). Solid carbide
cutters were used in this study, whereas the Powermill® software (Autodesk, San Rafael, California,
United States) was used to get G-codes. As mentioned, PLA absorbs water and moisture in the air.
To eliminate this issue, pressurized air was used to make the samples cool during machining process.
Side C was chosen for machining process because of our design. Unfortunately, there have not been
researches on smooth machining on PLA printed samples. Thus, a catalogue supplier was used for
finishing steps and other parameters were like end-mill steps.

Figure 6. Machined samples.

Table 2. Steps in machining process.

Machining Process Cutter Spindle Speed Cutting Speed  Feed Rate Feed Per Depth of Cut
Step Type () (mm) (rpm) (mm/min) (mm/min) Tooth (mm)

1 End-mill 12 4377 [73] 165 [73] 1000 [73] 0.057 1

2 End-mill 5 3283 165 1000 0.057 1
s 5

3 Finishing top Ball nose 10,504 165 1000 0.057 1
Finishing curves 5

4 and pockets Ball nose 10,504 165 1000 0.057 1

5 Finishing holes 6 10,504 165 1000 0.057 1

and whole model Ball nose

To determine the surface behaviour, measuring surface roughness parameters such as average
roughness (Ra) and average peak to valley height (Rz) was necessary. Undoubtedly, roughness,
waviness, and profile curve were the main factors affecting the final quality of the product texture.
These parameters were evaluated by Mahr Perthometer S2 machine (Mahr Inc, Géttingen, Germany),
whereby the printing samples showed different features in bulk parts. Therefore, each side of the parts
yielded its features due to the layer-by-layer structure. Then, three zones of all rectangular parts were
measured by the machine to investigate the Ra and Rz outcomes. The machine could measure the
surface point by points, so five perpendicular points were chosen for zone C and three points were
determined for zones A and B, respectively (see Figure 7).

Figure 7. Blocks’ sides for surface measurement.
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On the other hand, various points were chosen for complex parts to measure the surface roughness.
Due to the non-constant geometry and various angles, each point showed specific feature and the
surface angles had an extraordinary effect on surface smoothness [61]. Accordingly, for a reasonable
and comprehensive comparison between printed and machined parts, the distributed points were
chosen (see Figures 8 and 9). Finally, a comparison between each profile to identify the average
roughness and high surface quality among samples was done. Due to machine limitations in measuring
the curves at 5.6 mm tracing length (Lf), the lowest Lt of 0.560 mm was chosen. The Ra and Rz values
are affected by the decreasing Lt and the specific values are provided in Table 3 [82]. Based on Table 3,
choosing a low Lt allows the Ra and Rz to play their roles in a lower frequency. In brief, each point was
measured twice to find out Ra and Rz values. Due to the numerous values (e.g., 64 Ra and Rz) that were
found for each sample, the average value was calculated for profiles. For example, in profile A, 8 Ra
and Rz values were obtained while the average of 8 values were calculated for further examination.
Then, each profile was analysed separately to find out its features and values. Finally, to find out how
surface roughness changed in samples, the average value of all profiles was calculated.

Y T G TN SR R—

B

D

(b)

Figure 8. (a) Profiles for surface measurement; (b) Points for surface measurement.

Figure 9. M side and points for surface measurement.
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Table 3. Surface roughness elements [82].

Aperiodic Profiles Cut-off Wavelength Evaluation Length ~ Tracing Length
Rz (um) Ra (um) Ac (mm) Ln (mm) Lt (mm)
<0.1 <0.02 0.08 0.40 0.56
0.1-0.5 0.02-0.1 0.25 1.25 1.75
0.5-10 0.1-2 0.8 4.0 5.6
10-50 2-10 2.5 12.5 17.5
>50 >10 8 40 56

4. Results and Discussion

The defects in machining and surface reaction during the printing process for blocks and complex
samples were investigated in this study. Besides, the image of deformations and failures for both
processes were recorded and discussed. Many parameters have an effect on surface roughness, such as
build orientation, layer thickness, nozzle, and bed temperature. Meanwhile, some factors may affect
surface quality during the printing process, such as product design, geometry, and material properties.
For example, acrylonitrile butadiene styrene (ABS) has better surface characteristics compared to PLA
materials [83]. Subsequently, stair-stepping effect and warpage are the main problems in FDM [84].
In this case, staircase defects were observed at the sides where the machine used supports in the
blocks and complex samples during the printing process (see Figure 10). Therefore, post-processing
techniques would be needed to make these sides smooth, such as sandpaper. On the other hand,
for the 60°, 75°, and 90° orientations, the complex samples machine used supports inside the holes
and slots, which would affect the surface roughness and prevent material drops during the printing
process when building the specimens (see Figure 11).

Figure 10. Staircase defect.

Figure 11. Supports in 60°, 75° and 90° samples.
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As shown in Figure 12, due to the machine’s limitation to print bulk and complex parts in the 45°
orientation, support was added to the specimens at the designing stage as the FDM machine could not
build support itself as it had a sharp edge. Eventually, the support was removed by a grinder to make
the bottom side flat. In brief, both processes were capable of producing small features, such as holes,
fillets, and sluts.

Figure 12. Support in 45° specimens.
4.1. Surface Profile Measurement

The tracing length was decreased to 0.560 mm in order to allow the machine to measure curves.
Table 4 shows the average surface roughness (Ra) and average peak to valley height (Rz) of each block.
Due to the angles between each layer in section A, Ra showed an opposing direction compared to
the build orientation. In other words, by increasing the orientation, the value of Ra decreased step
by step, which was why the 90° specimen had the lowest Ra and Rz (e.g., 0.648 and 3.13 um) among
other samples. In section B, both Ra and Rz decreased gradually from 0° to 60° before a sharp increase
was seen for 75° and 90°, respectively. Meanwhile, in the C side, Ra increased slightly following an
increasing build orientation. However, a slight reduction after 60° was seen in the stable orientation,
namely 90°. Accordingly, the 0° sample had the lowest Ra while the 60° sample showed the highest Ra.
Besides, the value of Rz became bigger in each orientation for side C. To conclude, each side showed
specific behaviours in different orientations due to the layer binding and layer angles. However,
after 60°, the specimens presented different values for Ra and Rz. This may occur due to different
printing procedures as the top side in 0°, 15°, 30°, and 45° will become side surfaces in 60°, 75°, and 90°,
and thus the features will change. As shown in Table 4, side C, which was the important side in printing
process, the values of Ra and Rz were 0.690 and 3.294 pm which were the lowest value among printed
blocks. Lowest Ra and Rz value, in this case, showed that sample had a smooth surface. It should be
noted, the values are fluctuated in a small range between 0.6 to 2.5 um for Ra and 3 to 10 um for Rz.
To continue this research, side C was chosen due to its machining design.

Table 4. Blocks’ surface measurement.

Samples . Samples .
(BO) Side Ra (um) Rz (um) (BO) Side Ra (um)  Rz(um)
A 1.737 7.17 A 1.541 5.89
0° B 1.52 5.74 60° B 1.182 4.55
C 0.690 3.294 C 2.149 9.602
A 1.67 6.93 A 1.36 4.86
15° B 1.363 4.86 75° B 1.412 5.12
C 1.059 3.824 C 1.825 9.421
A 1.597 6.84 A 0.648 3.13
30° B 1.217 4.67 90° B 1.626 6.16
C 1.386 4.848 C 1.687 8.036
A 1.574 6.24 - - - -
45° B 1.192 4.63 - - - -
C 1.633 6.32 - - - -
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Table 5 provides the Ra and Rz for different orientations. As mentioned before, the surface angle
plays an important role in surface measurement, whereby each profile represents the specific values of
Ra and Rz. To generate a comprehensive comparison between each profile, Figures 13 and 14 illustrate
the differences between each profile. Note that it was not possible to compare each sample due to
different features. Therefore, the profiles in the samples were investigated separately.

Table 5. Printed complex specimens’ surface measurement.

S(a]13n g)l € Profile Ra (um) Rz (um) S(a];n g)l € Profile Ra (um) Ra (um)
A 1.660 7.14 A 1.923 9.5
B 0.891 3.81 B 1.589 6.50
C 1.498 6.83 C 1.832 8.35
D 0.587 2.63 D 1.799 7.67
E 1.986 8.30 E 2.340 9.20
F 0.611 2.74 F 1.670 7.70
G 0.977 4.14 G 1.600 6.10
0° H 1.766 7.6 30° H 2.26 9.2
I 0.620 2.18 I 1.725 6.94
J 1.865 8.56 J 1.93 9.52
K 1.053 443 K 1.470 5.96
L 1.653 7.62 L 2.40 11.52
M 1.834 8.16 M 1.467 5.80
Average 1.293 5.70 Average 1.846 7.99
Std dew. 0.55 241 Std dew. 0.32 1.74
Variance 0.3 5.82 Variance 0.1 3.01
A 1.832 9.38 A 2.039 9.8
B 1.24 5.53 B 2.200 7.89
C 1.647 7.50 C 1.971 9.25
D 1.732 7.61 D 2.591 11.27
E 1.398 6.24 E 1.873 8.90
F 1.600 7.45 F 2.770 11.90
G 1.371 6.05 G 2.190 9.07
15° H 1.529 7.47 45° H 2.038 8.88
I 1.504 6.00 I 2.543 10.58
] 1.890 9.40 J 2.433 9.8
K 1.486 7.66 K 2.2 10.08
L 1.418 6.81 L 2.388 11.49
M 1.607 6.99 M 1.034 3.87
Average 1.558 7.23 Average 2.174 9.44
Std dew. 0.19 1.18 Std dew. 0.43 2.04
Variance 0.03 1.40 Variance 0.19 4.15
A 2.894 11.16 A 1.919 9.32
B 2.356 9.97 B 1.406 6.73
C 2.100 9.69 C 1.808 7.29
D 2.122 10.61 D 1.293 5.56
E 2.617 10.90 E 1.70 8.89
F 1.642 7.29 F 1.57 6.64
G 2.210 9.39 G 1.540 6.77
60° H 1.859 8.7 90° H 1.490 6.50
I 1.990 8.99 I 1.268 5.96
] 2.849 11.52 J 1.738 6.82
K 2.269 10.5 K 1.470 6.67
L 2.1 9.46 L 1.608 6.50
M 1.260 5.44 M 1.478 6.29
Average 2.175 9.50 Average 1.56 6.91
Std dew. 0.45 1.67 Std dew. 0.19 1.06

Variance 0.21 2.80 Variance 0.04 1.13
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Table 5. Cont.

Sample . Sample .
(BO) Profile Ra (pm) Rz (um) (BO) Profile Ra (pm) Ra (pm)
A 2.36 10.1
B 1.597 6.93
C 1.883 9.01
D 1.317 5.88
E 1.990 9.02
F 1.60 6.92
G 1.630 6.85
750 H 1.530 8.50
I 1.32 6.04
] 2.506 10.70
K 1.54 7.01
L 1.949 9.32
M 1.44 6.85
Average 2.174 7.87
Std dev. 0.37 1.64
Variance 0.14 2.68
35
3
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[
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Figure 13. Ra comparison in complex printed samples.
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Figure 14. Rz comparison in complex printed samples.

Both Figures 13 and 14 show the values of Ra and Rz for each profile. First, the influence of
infill density on surface roughness is not significant [80,81]. Furthermore, the 0° orientation had the
lowest Ra and Rz roughness among all specimens, except in the E, H, ], L, and M profiles. However,
on average, 0° orientation had the lowest Ra and Rz values while the variance of this sample was
highest. Figures 15 and 16 were conducted by MATLAB® to make the differences clear. As shown
in Figures 15 and 16, the values of Ra and Rz were high for perpendicular samples while Figures
show profiles had better quality in horizontal and vertical ones [48]. Based on information in Table 5,
standard deviation for Ra and Rz was higher for 0° part among samples. It means each profile had
different quality in this sample. On the other hand, the 60° orientation had the worst quality in the
A,B,C,E, G, ], and K profiles similar to the block part. Holes and pockets, which consisted in F, D,
and I profiles, had the worst surface roughness in 45°, while in 0°, the values for these profiles were
the lowest. In E and H profiles, the values were different due to the slippery surfaces, whereas their
Ra and Rz in the 15° and 90° samples were the lowest. In contrast, these values were the highest for
the 60° and 30° samples. Therefore, the data showed that surface angle was affected in the printing
procedure due to specific orientation and layer binding. In section L, the 15° and 30° samples had
the worst surface smoothness, while they had the lowest outcomes in 90°. Surprisingly, in profile M,
the 0° orientation had the worst Ra and Rz values 1.834 and 8.16 pm, while the graph showed that
the 45° sample had the best surface roughness for this profile. Allin all, by increasing the orientation,
the Ra and Rz values were increased as well. Similar to the blocks, the surface roughness values
decreased after 60°. Additionally, 0° had better surface quality compared to other specimens. Based on
information in Table 5, the average values of Ra and Rz for profiles in samples are lowest for 0° part
compared to other specimens which are 1.293 and 5.70 um, respectively. It means, 0° part had the
smoothest surface among others. Moreover, the samples illustrated that the FDM machine was capable
to print details such as slopes, fillets, and small holes. In contrast, defects such as stair-step effect were
seen in the printed parts, which were a major drawback in AM processes [19]. This result indicated
that horizontal and vertical samples yielded better surface quality compared to perpendicular ones.
In brief, build orientation had a great effect on sample in FDM process. Thus, by increasing the build
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orientation (e.g., 0° to 60°) the surface roughness became worse and, after 60° parts, surface roughness
showed the opposite direction.

P o e B B e gy P e o e e e
Profile

Build Orientation

(a) (b)
Figure 15. (a) Ra values for printed complex samples in 3D graph, (b) Ra values for printed complex
samples in 2D graph.
: M
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e ]
I
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Figure 16. (a) Rz values for printed complex samples in 3D graph, (b) Rz values for printed complex
samples in 2D graph.

Both Figures 15 and 16 show that, between 30° and 75° samples, the values of each profile were
high compared to the 0°, 15°, and 90°. These differences between these specimens are clearer in
Figure 16 because the values of Rz were high. Meanwhile, some profiles in these three samples were
high due to the layer binding in the FDM process which is one the big challenges in AM [40].

The next step was to measure the surface roughness of machined samples in order to identify
which had the lowest and highest values, respectively. To investigate the details of each profile, Table 6
shows the specific features of the samples. The Ra and Rz values were obtained by surface roughness
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machine and the tracing length was set at 0.560 mm to measure each point and identify the average
value of each profile. Moreover, Figures 17 and 18 show the characteristics of each profile accordingly.

Table 6. Machined specimens’ surface measurement.

Sample . Sample .
(BO) Profile R, (um) R, (um) (BO) Profile R, (um) R, (um)
A 0.265 1.145 A 0.765 3.31
B 0.378 1.75 B 0.992 4.64
C 0.315 1.54 C 0.9 39
D 0.548 2.13 D 1.139 493
E 0.199 0.89 E 1.59 7.36
F 0.789 3.65 F 1.28 5.95
G 0.232 1.07 G 1.09 4.76
0° H 0.382 1.68 60° H 0.804 4.17
I 0.478 2 I 0.785 33
J 0.306 1.61 J 1.056 4.78
K 0.396 1.814 K 0.683 3.04
L 0.145 0.66 L 0.519 2.35
M 0.226 1.15 M 0.287 1.25
Average 0.358 1.622 Average 0.914 413
Std dev. 0.17 0.75 Std dev. 0.34 1.57
Variance 0.03 0.57 Variance 0.12 2.46
A 0.724 3.185 A 0.502 2.35
B 0.915 445 B 0.883 3.62
C 0.676 3.08 C 1.274 6.04
D 0.845 3.38 D 0.753 3.39
E 1.56 7.22 E 1.67 7.45
F 1.39 6.09 F 0.901 4.02
G 1.116 5.3 G 0.981 4.64
30° H 0.815 4.155 90° H 1.26 6.43
I 0.755 3.1 1 0.942 4.39
J 1.13 5.89 ] 1.124 5.38
K 1.093 441 K 0.686 3.17
L 0.426 2.25 L 0.849 4.57
M 0.274 1.17 M 0.26 1.19
Average 0.901 4.12 Average 0.929 4.35
Std dev. 0.36 1.68 Std dev. 0.36 1.71
Variance 0.14 2.83 Variance 0.12 291
1.8
1.6
14
1.2
1 \
o]
= [
nd
0.6 ‘ ‘ ‘
| | |
0.2
0
A B C D E F G H J K L M
Profile
N 0° EEEm 30° . 60° 90° e=@==Average

Figure 17. Ra comparison in machined samples.
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Figure 18. Rz comparison in machined samples.

In Figures 17 and 18, each profile showed different features in the machining process due to the
layer-by-layer structure. Similar to the printed samples, 0° orientation showed better surface quality
among the specimens due to its stable orientation. Same to the block and printed samples, 0° specimen
had the lowest average values in profiles for Ra and Rz which were 0.358 pm and 1.622 pum, as shown
in Table 6. Also, 0° sample had the lowest standard deviation (e.g., 0.17) and variance 0.03 for Ra value
which shows the machining had a great impact on this sample. Furthermore, as the build orientation
was increased, the values of Ra and Rz were increased as well. Slippery surfaces (i.e. E and H) had the
highest values in the 90° sample, namely 1.67 pm and 1.260 um (i.e., Ra) and 7.45 pm and 6.43 um
for Rz, respectively. In contrast, the holes had the worst surface quality in 30° (see Figures 19 and 20).
In profile M, the values of Ra and Rz were different compared to the printed samples, whereby the
0° sample had the best surface smoothness compared to other profiles. This might happen due to
the side milling process, indicating that this process would lead to better surface quality compared
to surface milling. As shown in Figures 19 and 20 the highest value was for holes and it started to
increase from 30° sample to 90°. Also, it can be seen from Figures 19 and 20 that profile M had the
best quality among other profiles. Meanwhile, one of the biggest limitations in plastics machining
is material tendency to melt due to the high temperatures. Therefore, a pressurized air was used
to reduce the temperature during the machining process. Astonishingly, each slut showed different
values due to the machining defects, which would be discussed further. In Figure 21, some defects
are seen in all machined samples and affected the final surface quality. The defect was similar to very
small shattered materials or chips stuck to some parts of the surface and might occur due to poor feed
rate or cutting speed in the final machining stage. As an example, this defect affected profile K in 30°.
Therefore, the values of Ra and Rz were highest for profile K based on the Figures 17 and 18. After the
machining process, no layer structure was seen in the specimens (see Figure 22). Further, the surfaces
were examined and showed better quality compared to the printing process in which elements such
as fillets, sluts, slopes, and pockets showed a reasonable quality. Therefore, plastic machining could
be done on small features for PLA material. Nevertheless, a comparison between the machined and
printed samples was done to identify the differences and improvements between the two processes.
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Figure 19. (a) Ra values for machined samples in 3D graph, (b) Ra values for machined samples in
2D graph.
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Figure 20. (a) Rz values for machined samples in 3D graph, (b) Rz values for machined samples in
2D graph.

Figure 21. Defect in machining samples.



Materials 2020, 13, 2608 19 of 28

Figure 22. Surface texture in machined sample.

4.2. Comparison between Printed and Machined Samples

To investigate the differences between each sample, Figures 23-26 are provided to indicate the
surface roughness values of each profile and show the improvements of each sample in the machining
procedure. As shown in Figure 23, for 0° sample, an improvement in the major profiles was seen,
except for the holes and pocket, namely the F and I profiles. Moreover, the differences in values
were insignificant in profile D. To investigate the extent to which these profiles are enhanced in the
machining process compared to printing, the percentage of error is calculated for Ra and Rz as follows:

Printed value — Machined value
Error (%) = Printed value * 100 @)

2
<
a4
1
0
A B C D E F G H | J K L M
Profile
e=@==|\achined e=@==Printed
(@
10
8
N 6
Koy
2
0
A B C D E F G H J K L M
Profile

«=@==|\achined «=@==Printed

(b)

Figure 23. (a) Ra comparison between machined and printed for 0° specimens, (b) Rz comparison
between machined and printed for 0° specimens.
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Figure 24. (a) Ra comparison between machined and printed for 30° specimens, (b) Rz comparison
between machined and printed for 30° specimens.

Differences for all samples are provided in Table 7. First, the Ra values in the machined part
fluctuated between 0.1 pm and 0.8 um, which were very low compared to the printed samples. In profile
E the differences of Ra value between printed and machined samples were —29.13%. The values in the F
section for the machining process were a little high due to the machining defects mentioned. In contrast,
the results showed that flat surfaces yielded good quality compared to curves in the printing process.
Nevertheless, a significant enhancement was seen in all profiles in the milling machining process.
Further, it could be concluded that the FDM process was capable of printing flat surfaces of high quality
in 0° due to the low values in the F, D, and I profiles. Moreover, profile E had the highest differences
for Ra and Rz, namely 89.97% and 89.27%, respectively, compared to other sections. Therefore, a major
improvement was seen in profile E. In machining, the holes had high Ra values, while profile E was
the worst outcome in the printing sample. It should be noted that the surface angle could be affected in
the printing process.

To verify this research, other samples were also investigated to identify the manner in which CNC
machining affected the surface quality. The differences between all sections were positive and revealed
how the machining process changed the roughness of the 30° sample. Besides, a major improvement
was seen for profile L, yielding 82.25% of Ra value in 30°. Moreover, Figure 24 indicates the value of Ra
and Rz for the 30° orientation sample. Each profile data showed that the machined part had better
surface quality compared to the printed sample. Subsequently, in the machined sample, the pockets
and holes had better surface quality; thus, the main problem in the 0° specimen was the defect of
machining, which affected the surface quality and made the profiles rougher. In fact, by increasing the
surface angle, the roughness increased as well. However, the sample’s texture was quite impressive,
and each profile showed that machining had a great influence on thermoplastics (i.e., PLA).
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Figure 25. (a) Ra comparison between machined and printed for 60° specimens, (b) Rz comparison
between machined and printed for 60° specimens.

Then, the 60° sample also showed an enhancement throughout the specimen similar to the 0° and
30° samples (see Figure 25). In this case, the holes yielded better surface roughness but section M had
the best surface quality. Meanwhile, profile E in machining had the worst surface quality due to the
30° angle, while its holes revealed acceptable quality in the printed sample. However, profile M was
the best compared to other profiles in both processes. Table 7 shows that it has the highest difference
among other profiles in 60°, namely 77.22% and 77.02% for the Ra and Rz, respectively.

The last sample of 90° was investigated accordingly. Figure 26 shows that the value of Ra in the
printed sample for profile E is close to the machined sample, with a surprising difference of 0.6%.
However, other profiles yielded better surface smoothness, whereby a major variance was recorded for
profile M. This profiled yielded values of 82.40% and 81.08% for its Ra and Rz, respectively, which were
due to the low quality of the printed sample. Moreover, the different printing and machining processes
as shown in Figure 27 result in most profiles having the worst surface quality in the perpendicular and
vertical samples. Here, the printing started from one side while the machining removes the material
from another side. Same to the 90° orientation, the 30° sample used a different machining angle and
might affect the surface roughness.
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Figure 26. (a) Ra comparison between machined and printed for 90° specimens, (b) Rz comparison
between machined and printed for 90° specimens.

Table 7. Ra & Rz differences between machined and printed samples.

Sample Profile R, (%) R, (%) Sample Profile R, (%) R (%)
A 84.04 83.96 A 62.35 66.47

B 57.57 54.06 B 42.41 31.53

C 78.97 77.45 C 63.10 63.11

D 6.64 19.01 D 53.02 55.93

E 89.97 89.27 E 33.33 21.52

F -29.13 -33.21 F 16.76 20.90

0° G 76.25 74.15 30° G 30.25 13.11
H 78.36 77.89 H 63.93 54.83

1 22.90 8.25 1 56.23 55.33

J 83.59 81.19 J 41.45 38.13

K 62.39 59.05 K 25.64 26.00

L 91.22 91.33 L 82.25 80.46

M 87.67 85.90 M 81.32 79.82

A 73.56 70.34 A 73.84 74.78

B 57.89 53.46 B 37.19 46.21

C 57.14 59.75 C 29.53 17.14

D 46.32 53.53 D 41.76 39.02

E 39.24 32.47 E 0.60 16.19

F 22.04 18.38 F 42.61 39.45

60° G 50.67 49.30 90° G 36.29 31.46
H 56.75 52.06 H 15.43 1.07

I 60.55 63.29 1 25.70 26.34

J 62.93 58.50 J 35.32 21.11

K 69.89 71.04 K 53.33 52.47

L 75.28 75.15 L 47.20 29.69

M 77.22 77.02 M 82.40 81.08
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Figure 27. Printing and machining process for 90° orientation.

In this section, all samples were examined to identify the manner in which the machining and
printing processes affected surface roughness across different build orientations. It was found that HCM
was a process capable of machining PLA blocks with high quality and accuracy. In the printing process,
surface roughness was increased by increasing the build orientation but the roughness decreased step
by step as upon reaching 90°, which was a stable orientation. The quality also became better compared
to the perpendicular samples. Moreover, the results indicated 0° as the best orientation in blocks,
complex printed samples, and complex machined specimens. By comparing the machined samples,
no sign of layer-by-layer structure was found and each profile showed different characteristics due
to the surface angle and curves. Additionally, this case showed profile M having the best quality
of machined specimens due to side milling. Even though the printed samples showed a rougher
surface, the process was capable of printing more complex products, which would not be possible
by machining.

5. Conclusions

The surface quality and material attributes in the components produced via AM are important.
In this study, the FDM 3D printer produced blocks and complex samples with different surface
roughness, while works detailing different factors and parameters affecting the surfaces produced
by AM were included. Seven printed blocks and complex printed samples both were printed by the
FDM machine, which were then measured and analysed in terms of the surface roughness. Moreover,
four blocks of 0°, 30°, 60°, and 90° orientations were machined by a CNC machine. The roughness of
the samples was analysed in different build orientations and allowed a comparison in order to evaluate
and measure the roughness and surface quality of printed and machined samples.

1.  The main aim of this study was to identify the effect of machining 3D printed samples in different
build orientations, where it was found that orientation had a great impact on surface roughness.

2. In this case, the roughness was highest in perpendicular such as 60° sample, and then it started to
decrease gradually.

3. Machining had an extraordinary effect on surface roughness in which its samples had better
surface quality compared to printed ones.

4. The results showed 0° sample had the best surface quality between both processes. The average
values of Ra and Rz in profile for 0° specimen were 0.0690 um and 3.294 um in printed blocks,
1.293 pm and 5.7 pum in printed complex samples, and 0.358 pm and 1.622 pm in machined
samples, respectively.

5. Sample with 90° orientation showed a higher Ra value compared to other machined samples due
to the different printing and machining orientation as discussed before.
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6.  Shattered materials were found on machined samples surface after finishing process. Surfaces
were affected due to the defects. A poor feed rate or cutting speed may cause this issue. It is
recommended to find out the best machining parameters in the finishing process to eliminate this
issue for further researches.

7. Holes in machining samples had the worst surface quality in this case due to the defect that
is mentioned.

8. In machining process, profile M had the best surface quality. It means the machining parameters
were suitable for side milling which lead to better surface.

9.  Besides, this study showed that the surface roughness was better at certain angles than others,
implying that one could improve the surface quality of the parts intended for 3D printing.

10. It should be noticed, the flat surfaces had better surface quality compared to slippery profiles.

11. By changing the build orientation, the slope surfaces are changed as well. This means that if the
angle and orientation are aligned, the surface quality becomes better.

12.  This study could be used as a guideline for the users of 3D printers requiring sample machining
as a second process for better surface quality in different applications such as automotive,
medical, and consumer products manufacturing which need good functional and tolerances.
As a secondary process, CNC machining provides additional dimensional accuracy with tighter
tolerances on additive parts while maintaining all the benefits of FDM. Popular applications,
in this case, are jigs and fixtures which are made by FDM with light weight and ergonomically.
Depending on the complexity of the jig or fixture, CNC machining is needed to line bore parts
for alignment, face mill for smooth surfaces, or machine complementary metal parts. Another
application is when products require complementary metal or plastic parts in different materials.
This can be done by attaching machined plastic parts to the incomplete sample by pausing the
FDM process to make an assembly product. Furthermore, hybrid manufacturing can be another
application which is used FDM and CNC machining simultaneously.

13. Nevertheless, a lot of work is required and an expansive room for research is present in the field
of FDM surface analysis. For example, no focus has been placed on layer thickness and its effects
in the machining process. Therefore, future works can opt for samples that are 3D printed at
different layer thicknesses to determine the effect on the surface roughness in the machining
process. Moreover, different materials should be tested and analysed. The influence of different
parameters in finishing machining and how they affect the surface can also be investigated in
future studies.
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