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Freeform surfaces have become a major element in high precision
industrial design, such as moulds and dies. These sculptured surfaces are
characterised by non-uniform and aesthetic features requiring high-
quality surface finishing. Therefore, minimising surface roughness
becomes critical, especially when machining Stavax, a well-known
material, in moulds and dies. This study aims to optimise 3-axis CNC
ball nose milling parameters, namely spindle speed (vc), feed rate (),
and depth of cut (ap), in minimising areal surface roughness on the B-
Spline tensor product of the Stavax freeform profile. A total of 17
experimental runs were designed using a face-centred composite
approach (FCD) under the response surface methodology (RSM). Areal
surface roughness data were captured via Alicona InfiniteFocus and then
evaluated by MountainsLab in compliance with ISO 25178. ANOVA
validation indicated a highly reliable predictive model, characterised by
an R? 0f 0.9680, an adjusted R? of 0.9268, and a predicted R? of 0.8762
with the difference less than 0.2. This study also developed the FCD
mathematical model for factors influencing the roughness.
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Nomenclature (Greek symbols towards the end)

Ve spindle speed (rev/min)

f: feed rate (mm/min)

ap depth of cut (mm)

Sa areal surface roughness (um)
0 diameter (mm)
Abbreviations

CAD/CAM computer aided design/computer aided manufacturing

CNC computer numerical control

AlSI American Iron and Steel Institute
TiAIN titanium aluminum nitrate

DOE design of experiment

HRC hardness Rockwell C

ESR electroslag remelting

1. INTRODUCTION

Surface topography analysis has become a critical indicator in precision manufacturing, especially when
involving mould and die machining. Surface-finish quality of the machined part and efficacy of the
manufacturing are the main factors that influence the performance and durability of the final product [1].
In modern manufacturing, freeform surfaces are integral to the design and fabrication of diverse engineering
components, particularly in the production of moulds and dies, aerospace, and energy industries [2]. For
such demands, especially in mould and die manufacturing, Stavax has emerged as a preferred steel-based
alloy due to its superior strength, corrosion resistance and exceptional thermal stability [3]. However, these
properties create significant challenges during free form ball nose milling, particularly when a high-quality
surface finish is required.

Milling machinings are broadly utilised in mould and die production to fabricate very detailed curved
components with an acceptable surface finish and within dimensions [4]. According to Rashid et al. [4], in
milling machining, ball nose mills are usually used in die manufacturing because they can achieve plane or
freeform sculptured machining. Due to the industrial demand that requires excellent surface finishes,
secondary finishing processes such as grinding, shot peening, sand blasting, polishing, and burnishing are
employed after CNC machining [5]. Hence, attaining the specified surface finish is critical to reduce
reliance on secondary finishing processes. As highlighted by Yildiz et al. [6], numerous studies have
investigated the influence of various milling parameters to minimize surface roughness. Based on previous
studies, the optimisation of CNC milling parameters, namely depth of cut, feed rate, and spindle speed,
have a substantial outcome on Stavax freeform areal surface roughness.

CAD 3D software generates freeform surfaces using the boundary representation method that contains
of topology and geometry. Topological elements, such as faces, edges, and vertices, describe the boundaries
of a shape and establish hierarchical and connectivity associations among them [7]. In this case, B-splines
are advantageous for both geometric design and mathematical modelling, specifically in defining complex
geometries such as freeform surfaces [8-9]. The B-spline surface is defined using a tensor product
representation, comprising an infinite array of B-spline curves oriented in two parametric directions [10].
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Isoparametric curves along the u- or v-directions are constructed by holding the respective parameter
constant. Because tensor product surfaces are mathematically derived from their constituent curves, the
advantageous properties of individual B-spline curves are inherently transferred to the freeform surface
[10]. Thus, in the present study, a tensor product B-spline algorithm was utilized in MATLAB to generate
a freeform surface topology based on modern automotive bumper designs.

Response Surface Methodology (RSM) is an advanced statistical and mathematical approach used to
explore the detailed interactions between independent parameters and response variables [11-12]. Face
Centred Composite Design (FCD) is a variant of Central Composite Design (CCD) that is widely employed
in response surface methodologies for experimental optimisation [13]. FCD provides an efficient statistical
alternative to standard full-factorial designs by enabling the formulation of second-order (quadratic) models
without requiring a comprehensive three-level factorial setup [13-14]. Benefiting from center and axial
points that precisely model response surface curvature, a 17-run FCD was formulated in this study. This
experimental setup evaluated combinations of spindle speed (v.), feed rate (f2), and depth of cut (a,) to
minimise areal surface roughness on the freeform surface of Stavax.

The arithmetical mean height S, serves as the primary parameter to define and quantify areal surface
roughness, as specified by the ISO 25178:2012 [15-16]. Unlike traditional profile roughness, which
evaluates the surface along a single linear trace, areal surface roughness is computed by assessing the
topographical data across a captured image by optical instruments [16]. The requisite ISO-standardised
form removal and filtering for areal surface roughness are managed through default, automated workflows
within metrology software such as Zygo Mx and MountainsLab [17-19]. Thus, it ensures accurate and
consistent quantification of the areal surface roughness. Serving as a reference baseline, Kalisz et al. [19]
reported that by utilising the #8 mm ball-end milling parameters (cutting speed = 350 m/min, feed = 0.04
mm, stepover = 0.53 mm, depth of cut = 0.5 mm) results in S,= 2.67 um on the concave surface and S,=
2.71 pm on the convex surface.

Analysis of Variance (ANOVA) is a statistical method used to determine whether there are
noteworthy variances in surface roughness among various groups or circumstances within an experiment,
with p-values less than 0.05, indicating significant effects of process variables on surface roughness
[20],[21]. To augment the ANOVA, three statistical metrics are used to evaluate the model fit, namely R,
adjusted R?, and predicted R’ [11]. An elevated predicted R? confirms that the model generalizes effectively
and accurately predicts new responses. Furthermore, when the R, adjusted R’, and predicted R’ values
approach 1 with a variance of less than 0.2 between adjusted R and predicted R?, the model demonstrates
reliability [11]. These evaluation metrics comprehensively validate the model’s stability, ensuring it
accurately captures inherent data patterns for reliable predictive performance [11].

2. METHODOLOGY

The experiment began by implementing B-spline curves in MATLAB to design the freeform surfaces. The
freeform surface of Stavax in the current study replicated a subsection of the mould design that produces
the aesthetic form of an automobile bumper. To optimise the machining of the Stavax surface, the 17
experimental runs were formulated using Stat-Ease's Design-Expert. A 3-axis CNC milling machine
equipped with a Mitsubishi M70 controller was used to execute the scallop toolpath generated in
CAD/CAM software. Alicona InfiniteFocus was employed to determine the areal surface roughness (.S,) of
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the machined surface. Finally, statistical validation via ANOVA was performed to ascertain the individual
significance of each machining parameter and derive the corresponding predictive model. Fig. 1 presents a
detailed flowchart that outlines the steps of experimental methodology.

Design a B spline freeform surface

Cutting parameters
l sefup
i . DOE RSMFCD (17
> 3 axis CNC milling - = runs)
l Tool path programming
Machine/workpiece
Surface roughness measurement setup

Not valid

Model for FCD Design

Fig. 1: The flowchart shows experimental procedures

2.1 Tensor product B-Spline surface formulation

The freeform surface generation algorithm is based on Tensor Product B-Spline formulation. This
method constructs a parametric surface S (u#,v) by computing the tensor product of two single variable B-
spline basis functions over a defining grid of control points. The general mathematical definition of a B-
spline surface defined by polynomial degrees p and ¢ along the u and v axes, respectively is given by Eq.

(1):
no_ 1
S@v)=) S NP, v

Where S (u, v) is the Cartesian coordinate vector [x(u, v), y(u, v), z(u, v)]" of a point on the surface, u, v €
[0,1] are the normalised parametric coordinates, P;; represents the (n + 1) X (m + 1) grid of control
points (cp) defining the hull of the surface and lastly N;,(u) and N;,(v) are the normalised B-Spline
blending functions of degree p and ¢ respectively. In the implementation, a quadratic surfce is generated
(p = q = 2) using a 3 X 3 control point grid (n = m = 2).
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The base functions N;,(u) are computed recursively using the Cox-de Boor algorithm, which ensures

numerical stabilility.
Base case (p = 0):

1 ifu Ssu<upy, (2)

N, =
L0 {0 otherwise

Recursive step (p > 0):

u—u; u; -u
Nip@) =3 Nip-2 (W) + ﬁlviﬂ,pq(u) 3)

The knot vector U determines the topology of these functions. For this study, an open uniform
(clamped) knot vector was utilised to ensure the surface interpolates the boundary control points: U=V =
{0,0,0,1,1,1}. A critical requirement of this is the precise control of the surface’s maximum depth at a
shifted location. The necessary control point in vertical position (P-) was derived to achieve a specific target
depth (Zige:) at the geometric center (¥ = 0.5, v = 0.5). For a quadratic B-Spline with knot vector
{0,0,0,1,1,1}, the base functions correspond to Bernstein polynomials. The value of the central basis
function (i = 1) at (u = 0.5) is derived in Eq. (4):

Ny,(0.5) = 2u(1 —u) | u-05=2(0.5)(0.5)=0.5 (4)

The surface depth Z (u,v) at the center is the tensor product sum of the control points’ Z-coordinates (Pz; ;).
By using the Eq. (1), it becomes:

2
(0.5,0.5) = Z':o Z?:o N;5(0.5)N;2(0.5)Pz; ; ®

Since the boundary/rim control points are constrained to Z = 0, only the central control point Pz; ; is non-

zero. Hence, the equation simplifies to:
Z(0.5,0.5) = N, ,(0.5)N; ,(0.5)Pz, 4 (6)

In order to solve the height of the control point, substitute the simplified Eq. (6) in Eq. (4) which gives:
Ztarget = (0-5)(0-5)PZ1,1 (7

Rearrange Eq. (7) to solve the required control point height:

Ztarget 8
Pzin = 5as ®)

If the surface depth is Zireer = -2.0 mm hence, the central control point must be positioned at Z = -8.0 mm.
As a result, the surface size of 18 mm x 15 mm X 2 mm depth was created as shown in Fig. 2.

https://doi.org/10.24191/jaeds.v6i2.222 UiTM Press, Universiti Teknologi MARA



67 Yasak et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2

Y (mm)

0 o X (mm)

Fig. 2: MATLAB-generated B-spline surface representing the subsection of automotive bumper mould

2.2 Face Centred Composite design (FCD)

Regarding the process parameters, the study evaluated three specific independent factors: spindle speed
(ve), feed rate (f2), and depth of cut (a,). The parameters were determined based on existing literature and
experimental data [22-23]. The range for these parameters is rigorously established based on the tool
manufacturer's recommended cutting data for CNC milling of pre-hardened steel, as listed in Table 1.

Table 1: Cutting parameters for a 6 mm TiAIN-coated carbide dual-flute ball-nose end mill

. Lower Level Middle Level r Level
Parameter Unit (_?;ve evel (o)dd e Level gr[;}))e eve
Spindle Speed rpm 2560 3200 3840
Feed Rate mm/min 144 180 216
Depth of Cut mm 0.1 0.2 0.3

Based on the experimental design of Design-Expert RSM Face-Centred Composite (FCD), a total of 17
assessments need to be conducted. Each parameter was systematically varied across three discrete levels,
namely low, centre, and high, to evaluate their individual and interactive effects. The experimental matrix
included three replications at the median parameter levels, utilising a spindle speed of 3200 rpm, a feed rate
of 180 mm/min, and a depth of cut of 0.2 mm. These centre point runs were integrated to estimate pure
experimental error, assess machine repeatability, and allow the ANOVA to test for significant curvature in
the response surface model.

2.3 Programming and machining

The surface size of 18 mm x 15 mm x 2 mm depth was matched with @6 mm TiAIN-coated carbide
dual-flute ball nose milling on Stavax. The modified AISI420 is a fine stainless mould steel for small and
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medium inserts and cores that integrate corrosion and wear sturdy with outstanding polishability, decent
machinability and stability in hardening [24]. The author limited the study to a shallow concave surface
while maintaining B-Spline free-form and aesthetic characteristics. While the size of the experimental
surface is relatively minuscule compared to any actual product, one must agree that there are a number of
experiments that must be conducted based on the Face Centered Composite Design (FCD). In the CNC
machining, an experienced programmer prioritizes machining cycle time together with aesthetic view.
Furthermore, the optical 3D surface roughness measurement tester, Alicona InfiniteFocus only requires a
path length below 3 mm to summarise the areal surface topology. Following the selection of @6 mm TiAIN-
coated carbide dual-flute ball nose milling, the author also made reference from Xie et al. [25] and Sun et
al. [26]. In their studies, the size of the radius of ball nose directly affected the surface roughness during
machining. With a bigger tool radius, a CNC programmer can increase the spindle speed, use a deeper depth
of cut and use a faster feed rate; hence, lower the cycle time. However, the tool radius must be lower than
the curvature of the surface to avoid overcut and ensure the precision of the shape as per design.

CNC programs were generated using Autodesk Fusion to execute the 17 experimental runs defined by
the FCD. For each experiment, the specific levels of spindle speed (v.), feed rate (f2), and depth of cut (a,)
were integrated into the toolpath parameters within the CAM environment. Given the geometry of the free-
form surface, the 3D pocket clearings were employed as a roughing strategy for clearing unwanted materials
from the surface, leaving from 0.1mm to 0.3 mm of a thin layer as a finishing clearance as shown in Fig. 3.
The toolpath strategy utilised flood coolant and a #6 mm TiAIN-coated carbide dual-flute carbide ball nose
mill with an inclination angle of 10°. Tool inclination evades the non-cutting region in the centre of the
tool, thus preventing ploughing [2],[26]. The @6 mm TiAIN-coated carbide dual-flute ball nose mill with
a 30° helix angle is effective for machining pre hardening Stavax ESR at hardness levels below 48 HRC.
The TiAIN coating provides the necessary thermal stability and wear resistance during the milling of free-
form surfaces [28]. In the finishing strategy, the step distance was fixed at 0.2 mm for all 17 experiments.
A new ¥6 mm TiAIN-coated carbide dual-flute ball nose mill was utilised for each individual run to negate
the effects of tool wear on surface roughness and ensure experimental consistency.

a) b) <)

Fig. 3: Cutting simulation of scallop toolpath for ball-nose end milling. a) Roughing b) Semi finishing c¢) Finishing

While the 3-axis CNC milling worktable was capable of supporting the initial 50 mm % 200 mm % 30
mm Stavax workpiece, sectioning the material was necessary because the full block exceeded the weight
limitations of the focus variation microscope platform. Therefore, the initial 200 mm long workpiece was
sectioned into four individual blocks, each with dimensions of 50 mm x 50 mm % 30 mm. To accommodate
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17 experimental trials proposed by the face-centred composite design (FCD), each block was subdivided
into four equal 18 mm X 15 mm machining areas on its top surface. This configuration yielded 16 machined
surfaces. The remaining trial was subsequently executed on the opposite surface of one of the blocks. Based
on the density of Stavax, the weight of each sample was approximately 0.585 kg.

2.4 Areal surface roughness measurement

The Alicona InfiniteFocus non-contact microscope (Alicona Imaging GmbH,Austria), utilizing the
focus variation principle, was used to measure the areal surface roughness of the machined Stavax surface.
It has been utilised as a multipurpose measurement tool for various industries, with its high-resolution, non-
contact measurement capabilities supporting both process optimisation and quality assurance [28-30].

The process to determine the areal surface roughness is shown in Fig. 4. The microscope captured a
field of view measuring 2.85 mm x 2.16 mm at 10x magnification. Areal surface roughness was extracted
from the non-contact profilometer measurements by applying the steps outlined in ISO 25178-2:2021.
MountainMap® was used to analyse the image. In the beginning, the raw data, representing the primary
topography, was initially leveled using a least squares plane (LSPL) operator to establish a horizontal
reference baseline. Then, the software removed the form (F-operation) by applying a least squares
polynomial of the 3rd degree (LSP3) to flatten the data [32]. A 3rd-degree polynomial is highly effective
for isolating roughness on machined freeform surfaces. Then, a standard Gaussian filter was applied with
a cut-off length of 0.8 mm [32]. Any surface undulations with a wavelength longer than 0.8 mm are
classified as waviness, and those shorter than 0.8 mm are classified as actual surface roughness.

-3

Topography channel > Leveled (LSPL)

a) Image captured b) Primary topography

Roughness (5-1), Gaussian 0.8 mm Surface, form removed (LSP 3)

b [ wm

c) Established horizontal reference plane

at Sl T 0
- % Sk, 10

[ [ nm

e) Applied Gaussian filter to determine d) Removed form to isolate roughness
roughness

Fig. 4: Steps in measuring areal surface roughness
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3. RESULTS AND DISCUSSION

3.1 Analysis of Variance

ANOVA, as a part of response surface methodology, is utilised to calculate p-values in order to verify
that magnitudes of spindle speed, feed rate, and depth of cut are statistically significant. The areal surface
roughness (S,) data gathered from the 17 experimental trials are tabulated in Table 2. These data are utilised
to develop a statistically significant predictive model.

Based on Table 3, the predictive model was determined to be highly significant, evidenced by an F-
value of 23.52 and a p-value of 0.0002. Terms with p-values below 0.05 are considered statistically
significant [32],[33]. According to ANOVA analysis, cutting parameters 4 (spindle speed) and C (depth of
cut) significantly influence the areal surface roughness. The validity of the model was further confirmed by
an insignificant lack-of-fit F-value of 1.41; thus, the predicted values are in strong agreement with the
observed responses and not heavily influenced by noise.

Table 2: Measured surface roughness under varying spindle speed, feed rate, and depth of cut

Run Spindle Speed Feed Rate Depth of Cut Areal Surface
(rev/min) (mm/min) (mm) Roughness (um)
1 3840 144 0.1 1.682
2 3200 216 0.2 2.642
3 3840 180 0.2 2.172
4 3200 180 0.2 2.387
5 2560 144 0.1 2.294
6 3200 180 0.1 2.155
7 3200 180 0.3 2.962
8 2560 216 0.1 2.557
9 2560 144 0.3 3.310
10 3200 180 0.2 2.509
11 3840 144 0.3 2.349
12 2560 180 0.2 3.065
13 3200 180 0.2 2.280
14 3840 216 0.1 1.759
15 3840 216 0.3 2.373
16 2560 216 0.3 3.457
17 3200 144 0.2 2.560

3.2 Response Surface between Milling Parameters and Areal Surface Roughness

The validity of response surface model was confirmed by the normal probability plot of the externally
studentised residuals in Fig. 5a. The close conformity of the studentised residual points to the straight
diagonal line confirmed that the error distribution is approximately normal. The model exhibited consistent
predictive accuracy across the entire experimental design space, as evidenced by the uniform dispersion of
the surface roughness values of 1.682 to 3.457 um along the normal probability line. Fig. 5b illustrates the
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residuals versus predicted plot for confirming homogeneity of variance. While a slight vertical clustering
of residuals was observed near the center of the design space, the overall dispersion lacked any severe
structural patterns, such as a distinct funnel shape. All residual points fell safely within the upper and lower
control limits of 4.81963, satisfying the assumption of constant variance and validating the model's

adequacy.

Table 3: Analysis of variance (ANOVA) for assessing model significance of areal surface roughness of

Stavax freeform machining.

Source Sum of Squares df Mean Square F-value p-value
Model 3.60 9 0.4000 23.52 0.0002 significant
A-Spindle speed  1.89 1 1.89 111.17 <0.0001
B-Feed rate 0.0034 1 0.0034 0.1977 0.6700
C-Depth of cut 1.60 1 1.60 94.28 <0.0001
AB 0.0119 1 0.0119 0.7018 0.4298
AC 0.0504 1 0.0504 2.96 0.1288
BC 0.0036 1 0.0036 0.2099 0.6607
A? 0.0015 1 0.0015 0.0865 0.7772
C? 0.0044 1 0.0044 0.2567 0.6280
A’B 0.0008 1 0.0008 0.0492 0.8307
Residual 0.1190 7 0.0170
Lack of Fit 0.0928 5 0.0186 1.41 0.4637 not significant
Pure Error 0.0263 2 0.0131
Cor Total 3.72 16
Normal Plot of Residuals Residuals vs. Predicted
a) b)
6.00 —
99— 481963
5 =] o 400
s ©
3 8 3
3 920 o°
% 80 = I:‘IZID ﬁ 2004
[
g " a8 g m oo
ﬂb. 50 D. g 0.00 l =
® a 2 " of ® ..
© 30— @ g 2 5]
E 20 - o “
=} 3 | | :>~ 2.00 —
Z 03 - < 5
s <
1 | 3 400
1 -4.81963
6.00 —
T T \ T \ T T \ T
-3.00 -2.00 -1.00 0.00 1.00 200 15 2 25 3 35
Externally Studentized Residuals Predicted

Areal surface roughness : 1.682 3.457

Fig. 5: Model adequacy diagnostic plots for areal surface roughness: a) normal probability plot, and b) residuals versus
predicted plot.
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a) b)

Areal Surface Roughness
Areal Surface Roughness

C:Depthofcut  °" 2880 A: Spindle speed

B: Feed rate A: Spindle speed

Areal Surface Roughness

030

C: Depth of cut B: Feed rate

Areal surface roughness : 1.682 - 3.457

Fig. 6: 3D response surface plot for areal surface roughness as a function of a) feed rate and spindle speed b) depth of
cut and spindle speed c) depth of cut and feed rate

Fig. 6a illustrates the linear 3D response surface plot of spindle speed and feed rate on areal surface
roughness, evaluated at a constant depth of cut. The plot illustrated the lowest areal surface roughness
(Sq) when maintaining a constant depth of cut of 0.10 mm. The graph also indicated that spindle speed has
a significant inverse relationship with areal surface roughness. For the %6 mm TiAIN-coated carbide dual-
flute ball-nose mill, increasing the spindle speed from 2560 to 3840 rpm resulted in a significant reduction
in areal surface roughness of freeform Stavax ESR. In another way, increasing the feed rate from 144 to
216 mm/min led to a gradual deterioration in surface finish. The topography of the response surface
demonstrated that the minimum S,= 1.682 um is achieved at the maximum spindle speed of 3840 rev/min
and the minimum feed rate of 144 mm/min.

Fig. 6b illustrates an inverse relationship between spindle speed and areal surface roughness, evaluated
at a constant feed rate of 144 mm/min. As illustrated by the plot, maintaining this constant feed rate
produces the lowest areal surface roughness. The topography of the plot revealed the lowest S,=1.682 uym
when maintaining the highest spindle speed of 3840 rev/min coupled with the lowest depth of cut of 0.10
mm. Visually, the response surface revealed that the gradient along the depth of cut axis is slightly steeper
than that of the spindle speed. This indicates that the depth of cut has a slightly greater effect on the areal
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surface roughness (S, ) of the freeform Stavax ESR than the spindle speed when utilising the ¥6 mm TiAIN-
coated carbide dual-flute ball-nose mill.

Figure 6¢ illustrates the interactive effect of feed rate and depth of cut on areal surface roughness (S,),
evaluated at a constant spindle speed. The plot illustrated the lowest areal surface roughness (S;) when
maintaining a constant spindle speed of 3840 rev/min. The minimum areal surface roughness S,= 1.682
pm was achieved only when combining the minimum feed rate and depth of cut, which are 144 mm/min
and 0.1 mm, respectively. Moreover, the plot revealed that the gradient along the depth of cut axis is
significantly steeper than that of the feed rate axis. Thus, it confirmed the dominant effect of depth of cut
on the areal surface roughness (S,) for the 6 mm TiAIN-coated dual-flute ball-nose mill

3.3 Regression Model of Areal Surface Roughness

The areal surface roughness (S,) regression model for the freeform machining of Stavax ESR utilising
»6 mm TiAIN-coated carbide dual-flute ball-nose mill is presented in Eq. (9). However, the relative
influence of each machining parameter cannot be directly compared using these coefficients, as they are
inherently scaled to accommodate different measurement units. Instead, the relative significance and
dominant effect of each parameter were determined by evaluating their respective F-values within the
ANOVA framework as presented in Table 3. In the Eq. (9), S, is areal surface roughness, A4 is spindle speed
(rpm), B is feed rate (mm/min), and C is depth of cut (mm).

S, = —0.752574 + 0.00131324 + 0.0235625B + 10.5475C — ©)
1.16048 x 10™°AB — 0.00124023AC — 0.00586806BC — 2.25433 X
1077A? — 3.79623C? + 1.55131 x 107° A*B

Subsequent fit statistics, detailed in Table 4, confirm the robust predictive capability of the formulated
model. The model demonstrated strong predictive capability, with the predicted R? = 0.8762 being in close
agreement with the adjusted R’ = 0.9268 while the difference between them is <0.2. The value of nearly
1.0 indicates the best possible correlation between surface roughness and process variables [16-17].
Furthermore, an adequate precision value of 17.979 confirms a sufficient signal-to-noise ratio, indicating
that the regression model can accurately predict the areal surface roughness (S,) of the freeform Stavax
ESR based on the evaluated combinations of spindle speed, feed rate, and depth of cut.

Table 4: Evaluation criteria of the model

Predicted Adeq The
o, 2 3 2
Std. Dev. Mean C.V. % R Adjusted R R Precision Difference
0.1304 2.50 5.21 0.9680 0.9268 0.8762 17.9786 0.0506

4. CONCLUSION

This study investigated the optimisation of spindle speed, feed rate, and depth of cut to minimise the areal
surface roughness (S;) during the freeform milling of Stavax ESR using a 6 mm TiAIN-coated carbide
dual-flute ball-nose mill. The ANOVA results dictate that the spindle speed is the most significant
parameter influencing surface finish followed closely by depth of cut. The minimum areal surface
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roughness S, = 1.682 pum, is achieved by applying a minimal depth of cut of 0.10 mm, feed rate of 144
mm/min alongside a spindle speed of 3840 rev/min. A regression model was successfully developed to
establish the mathematical relationship between these machining parameters and the machined Stavax ESR
surface roughness. Statistical validation confirms the high reliability of this equation, yielding a predicted
coefficient of determination, R?= 0.8762. As this value substantially exceeds the 0.80 threshold for strong
correlation, the formulated model can be confidently utilized to predict surface roughness in the freeform
milling operations of Stavax ESR. Furthermore, this empirical model can serve as the objective function
within metaheuristic optimization algorithms to systematically determine the optimised cutting parameter
combinations required to minimise areal surface roughness (S,).
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