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INTRODUCTION 

Selective laser melting (SLM) is currently 
one of the key technologies enabling the pro-
duction of high-performance components for 
the aerospace and automotive industries [1, 2]. 
Thanks to the use of metal powders such as Mar-
aging Steel MS1 (1.2709), it is possible to fab-
ricate parts with complex internal geometries, 
including lattice structures, which offer a superior 
strength-to-weight ratio [3, 4]. However, faced 
with the requirements for high dimensional accu-
racy and surface quality of functional surfaces, 
manufacturers must subject printed components 
to post-process machining, usually turning or 
milling. Regardless of the additive manufacturing 

precision, the mating surfaces must be machined 
within strict tolerances to ensure proper assembly 
and operation [5, 6].

A technology that affects the competitiveness 
of SLM production is the ability to efficiently 
machine these porous structures without damag-
ing the delicate internal struts [7, 8]. This process 
brings major technological challenges. Similar to 
the drilling of package sheets where individual 
layers form micro-gaps, the machining of lattice 
structures is characterized by harsh intermittent 
cutting conditions [9]. In this type of process, the 
tool alternates between cutting the solid material 
of the struts and the voids, which leads to extreme 
inhomogeneity in the cutting zone. Such extreme 
kinematic instability inevitably triggers violent 
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force fluctuations and vibrations, severely degrad-
ing both insert life and the macroscopic dimen-
sional accuracy of the machined part [7, 10].

Additionally, such stratification of the mate-
rial results in dynamic impact loads on the cutting 
edge. An additional complication of conducting 
this type of process is the frequent use of high-
strength steels like MS1, the processing of which 
affects the wear of the insert much more than 
standard carbon steels due to pronounced work 
hardening and abrasive nano-precipitates formed 
during LPBF [11, 12]. Current literature provides 
limited data on cutting force dynamics during 
the face turning of Fluorite topologies, whereas 
industrial practice frequently reports challenges 
in maintaining edge integrity [4].

The genesis of this testing is related to the 
need for high-quality functional surfaces in 
hybrid manufactured components [13, 14]. Thus, 
requirements for adequate dimensional and shape 
tolerance must be met to ensure the industrial 
applicability of lattice structures [15, 16]. Learn-
ing about the impact of cutting speed on the 
force dynamics in lattice structures is therefore 
an important piece of engineering knowledge 
expected by the industry. The presented research 
aimed to evaluate the machinability of Maraging 
Steel lattice structures compared to solid material 
and to define optimal kinematic conditions for 
minimizing process instability [6, 8].

MATERIALS AND METHODS

Based on information regarding the require-
ments for high-performance components in the 
aerospace industry, the research focused on Mar-
aging Steel grade MS1 (1.2709). Four types of 
disc-shaped specimens with an outer diameter 
of 84 mm, a thickness of 20 mm, and a central 
through-hole diameter of 6.2 mm were selected 
for testing. To evaluate the differences in the pro-
cessing of lattice architectures compared to solid 
material, verification tests were performed on a 
monolithic reference sample manufactured from 
rolled bar stock alongside three lattice structures 
with varying relative densities of 30, 40, and 50%. 
The lattice specimens were manufactured utiliz-
ing SLM technology. A detailed characterization 
of the material used is presented in Table 1 [17].

The lattice workpiece was manufactured on 
an EOSINT M280 industrial SLM platform using 
MS1 metal powder. Specimens featured a fluorite 

unit cell topology measuring 3 × 3 × 3 mm. Rela-
tive density was varied by changing strut thick-
ness while the unit cell size remained constant. 
Distinct exposure parameters were applied to the 
core and boundaries to achieve optimal structural 
integrity. The hatch strategy employed a laser 
power of 285 W at a scanning speed of 960 mm/s, 
whereas the contour strategy used 138 W at 300 
mm/s. All lattice samples incorporated a circum-
ferential solid wall 2 mm thick, as detailed in 
Figure 1. A full overview of the tested specimens 
appears in Table 2.

Face turning tests were performed on an 
Okuma Genos L200E-M CNC lathe that provides 
high spindle stability. The cutting force compo-
nents Fc, Ff, and Fp were measured with a Kis-
tler Type 9129AA multicomponent piezoelectric 
dynamometer connected to a charge amplifier 
and recorded through LabVIEW-based software. 
A Tungaloy ATXOL 2020K25-A tool holder 
equipped with a Tungaloy 6V-TQMG250604F-
TSF T9215 cemented carbide insert served as 
the cutting tool. This grade features a triple-layer 
coating consisting of Ti-compound, Al2O3, and 
TiN, which is specifically designed for finishing 
operations. To minimize the influence of progres-
sive tool wear on the experimental results, each 
machining test was conducted using a new cutting 
insert. Additionally, the insert condition was qual-
itatively evaluated after machining and remained 
within an acceptable wear range, with no evidence 
of severe edge degradation. The testing plan relied 
on face turning under constant kinematic condi-
tions to enable a direct comparison between the 
solid reference specimen and the lattice structures. 
For all tested specimens S-100, C-50, C-40, and 

Table 1. Characteristics of maraging steel MS1 
(1.2709)

Chemical composition Element (weight, %)

Ni 17.0–19.0

Co 8.5–9.5

Mo 4.5–5.2

Ti 0.6–0.8

Al 0.05–0.15

Fe Balance

Mechanical properties of parts at 20 °C

Density 8.0–8.1 g/cm3 (Solid)

Hardness (after aging) 33–37 HRC

Tensile strength for direction XY 1200 ± 100 N/mm2

Tensile strength for direction Z 1100 ± 150 N/mm2
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C-30 the process parameters remained identical 
with a spindle speed (n) of 2000 rpm, a feed rate 
(fn) of 0.1 mm/rev, and a depth of cut (ap) of 0.1 
mm. Tool path progression from the outer periph-
ery at a diameter of 84 mm toward the central hole 
at a diameter of 6.2 mm produced a continuous 
linear decrease in cutting speed vc from a maxi-
mum of 527.8 m/min down to 39.0 m/min. This 
finishing regime permitted evaluation of machin-
ability and force behavior across a wide range of 
cutting velocities within a single pass.

DATA PROCESSING STRATEGY

To enable the evaluation of cutting force com-
ponents for different values of relative density, a 
signal data processing algorithm was implement-
ed, as shown in the flowchart presented in Figure 
2. The raw Fc, Ff, and Fp signals generated during 

the face turning operations were acquired at a con-
stant sampling frequency of 5000 Hz. The experi-
ments were conducted using a single machining 
pass for each investigated lattice density under 
constant cutting conditions, while the continuous 
radial variation of cutting speed provided a highly 
resolved intra-pass dataset for the analysis of pro-
cess dynamics. Although the physical machining 
path spanned from the outer periphery at a radius 
R of 42 mm to the boundary of the central hole at R 
of 3.1 mm, the analyzed dataset was trimmed to a 
unified stable measurement window ranging from 
R of 39.1 mm to R of 3.8 mm. This preliminary 
filtering step was strictly necessary to eliminate 
transient impact phenomena, specifically the tool 
initial engagement with the 2 mm solid circumfer-
ential wall and the instability occurring during the 
exit phase into the ∅ 6.2 mm through-hole.

Subsequently, a kinematic transformation was 
applied to provide a technological context for the 

Table 2. Configuration of tested specimens 

Specimen ID Structure Type Topology Relative Density, % Manufacturing Method

S-100 Monolithic Solid 100 Rolled bar stock

C-50 Lattice Fluorite 50 SLM

C-40 Lattice Fluorite 40 SLM

C-30 Lattice Fluorite 30 SLM

Figure 1. Tested workpieces: a) C-50, b) S-100, c) C-40, d) C-30
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spatial coordinates. The instantaneous vc mea-
sured in m/min was calculated for each measure-
ment point based on the current cutting diameter 
D, and the constant spindle speed n of 2000 rpm. 
This transformation established an active evaluat-
ed vc range from 491.35 m/min at the outer bound-
ary down to 47.72 m/min near the center. To accu-
rately capture the dynamic evolution of the inter-
mittent cutting process, the continuous stable data 
window was further discretized into seven equal 
radial segments. This segmentation serves as the 
foundational framework for tracking the process 
stability as the tool progresses toward the center.

The analytical procedure was then bifurcated 
based on the physical nature of the individual 
force components. For the Fc and Ff compo-
nents, a statistical distribution analysis was uti-
lized. Boxplots were generated for each segment 
to quantify the process instability and dynamic 
oscillation severity via the IQR and total whis-
ker spread. Conversely, the Fp was subjected to 
a trend analysis of its median values to evaluate 
the variations in axial resistance during the cut. 
Finally, a comprehensive correlation analysis was 
performed. The statistical force dynamics from 
each of the seven zones were directly compared 
with the resulting surface integrity of the lattice 
struts. The topological quality was quantified 

using 3D surface roughness parameters Ra, Rz, 
and Rt, allowing for a direct evaluation of how 
kinematic conditions and force dispersion dic-
tate the physical material removal mechanisms in 
SLM lattice structures.

RESULTS AND DISCUSSION

Statistical analysis of the Fc and Ff dynamics

The evaluation of the cutting force dynamics 
must fundamentally begin with the monolithic 
S-100 reference sample to establish a thermo-
dynamic and kinematic baseline. As expected in 
conventional continuous face turning, the solid 
100% material exhibits a highly stable mate-
rial removal mechanism governed by continuous 
plastic deformation and shearing. This stability 
is quantitatively evidenced by a narrowly con-
strained IQR approximating 2 to 11.5 N across all 
cutting speeds for both the Fc and Ff components 
as illustrated in Figure 3 and Figure 4. 

When normalized against the median force 
to evaluate relative process volatility, this solid 
baseline demonstrates exceptional dynamic sta-
bility, with the interquartile boundaries deviating 
by only 0.9% to 4.4% from the median throughout 

Figure 2. Data processing methodology from raw signal acquisition to comparative correlation analysis
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the entire kinematic spectrum. Furthermore, 
as the vc increases from the center towards the 
periphery, the median force smoothly declines, 
confirming the dominant role of classical thermal 
softening in the primary shear zone.

However, the transition to processing SLM 
lattice architectures including C-50, C-40 and 
C-30 introduces a severe disruption to this equi-
librium functioning as a topological shock to the 
machining system. The inherent porosity of the 
Fluorite unit cell transforms the continuous shear 
process into an aggressive intermittent cutting 
regime. This fundamental shift in the physical 
interaction is distinctly captured by the extreme 
expansion of the statistical distribution limits, 

specifically the whisker spread detailed in Figure 
5 through Figure 10. The severity of this topo-
logical shock is most apparent when evaluating 
the relative force dispersion. For instance, while 
the absolute nominal load decreases when transi-
tioning to the critically sparse C-30 structure, its 
relative process instability exponentially magni-
fies. At the lowest cutting velocities, the inter-
quartile boundaries for the 30% lattice deviate by 
a pronounced reduction +93.4% and -83.7% from 
the median Fc compared to the negligible ±3.2% 
deviation observed in the solid reference.

In the lattice structures, the UW values spike 
dramatically and frequently exceed the nominal 
median force by a factor of two or more. These 

Figure 3. Statistical distribution of the Fc across radial intervals for S-100

Figure 4. Statistical distribution of the Ff across radial intervals for S-100
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extreme positive peaks represent the rigid, high-
energy impact loads generated at the exact mil-
lisecond the cutting edge engages the unyielding 
solid wall of a lattice strut. Conversely, a criti-
cal physical anomaly characterizing the lattice 
machining is observed in the LW behavior. While 
the solid material maintains strictly positive LW 
values that closely track the median, the lat-
tice topologies generate deep negative LW met-
rics often plunging tens of Newtons below zero 
as demonstrated in Figure 7 and Figure 9. This 
deep negative force is a direct physical manifes-
tation of severe elastic rebound and mechanical 
relaxation within the tool-holder system. As the 
insert abruptly exits a metallic strut and plung-
es into a topological void, the elastic deflection 
accumulated during the impact phase is vio-
lently released, causing the tool to pull back and 

oscillate. Consequently, the macro-dynamics of 
machining lattice topologies cannot be treated 
merely as a scaled-down version of solid material 
cutting proportional to the density, as it is a fun-
damentally distinct process dominated by cyclic 
impact-induced structural deflection and sudden 
elastic recovery.

Despite the severe intermittent conditions 
inherent to the C-50 and C-40 lattice structures, a 
distinct kinetic stabilization is observed in the Fc 
as the vc increases. Moving from the low-speed 
central zone towards the high-speed periphery, 
the statistical dispersion of the Fc undergoes a 
critical contraction. This is quantitatively dem-
onstrated by the relative process volatility which 
normalizes the IQR limits against the median 
cutting load to evaluate true structural instabil-
ity. In the C-50 specimen detailed in Figure 5, 

Figure 5. Statistical distribution of the Fc across radial intervals for C-50

Figure 6. Statistical distribution of the Ff across radial intervals for C-50
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the relative dispersion of the quartiles shrinks 
dramatically from +43.2% and -46.0% at the 
lowest velocities down to +27.4% and -28.1% 
at the highest speeds. Furthermore, the cross-
structural comparative analysis reveals a highly 
non-linear density-stability relationship where 
the C-40 structure presented in Figure 7 unex-
pectedly emerges as a technological sweet spot 
exhibiting significantly tighter relative stability 
limits that contract from roughly ±32% down 
to ±21.8% compared to the denser C-50 topol-
ogy. This indicates that the thicker struts in the 
50% fill generate excessively rigid impact loads 
known as a hammering effect, whereas the 40% 
density provides a more optimal balance of struc-
tural compliance and shearing resistance.

This progressive stabilization reflects not only 
reduced mechanical vibrations but a genuine shift 
in the material removal mechanism governed by 
the strain rate effect. At lower cutting speeds the 
interaction time between the cutting edge and 
individual lattice struts increases substantially. 
Owing to the limited bending stiffness of the thin 
struts, the tool drives the material into an elasto-
plastic bending and squeezing regime known as 
ploughing prior to actual chip separation. This 
behaviour produces wide force fluctuations and 
highly erratic loads.

In contrast, when vc exceeds 400 m/min the 
strain rate rises sharply. Tool velocity then sur-
passes the propagation speed of gross plastic 
deformation inside the strut, which promotes 

Figure 7. Statistical distribution of the Fc across radial intervals for C-40

Figure 8. Statistical distribution of the Ff across radial intervals for C-40



46

Advances in Science and Technology Research Journal 2026, 20(10), 39–53

adiabatic localized shearing. Under these condi-
tions the lattice struts are severed cleanly before 
significant deflection or bending can occur. As a 
result, the relative amplitude of dynamic force 
oscillations drops abruptly to the topological min-
imum. High-speed cutting therefore constitutes 
an essential technological requirement for SLM 
lattice topologies. It effectively compensates for 
their structural compliance and enforces stable 
shearing instead of erratic ploughing.

While the C-50 and C-40 structures gener-
ally adhere to the principle of thermal softening 
by exhibiting a gradual decrease in the median 
Fc at higher velocities, the C-30 topology pres-
ents a profound physical anomaly. As observed in 
the statistical distribution for the 30 percent rela-
tive density specimen presented in Figure 9, the 
median Fc undergoes a complete kinematic inver-
sion. At the lowest cutting speeds near the center 
of the workpiece, the median force is surprisingly 
minimized and records values as low as 17.45 N, 
whereas at the highest peripheral speeds, it nearly 
doubles to reach 33.07 N.

This inverse relationship contradicts classical 
machining theory yet aligns fully with the extreme 
loss of topological stiffness. In the C-30 structure 
the individual lattice struts are critically thin and 
exhibit minimal cross-sectional inertia. At low 
cutting speeds these fragile struts cannot pro-
vide adequate resistance to the advancing cutting 
edge. As a result, the tool predominantly deflects 
and bends the struts rather than initiating proper 
chip formation. The material undergoes severe 
elasto-plastic yielding, which produces a decep-
tively low median force because the lattice matrix 

is pushed aside instead of being cleanly sheared. 
However, this low force is accompanied by mas-
sive relative IQR fluctuations indicating constant 
structural flutter and erratic tearing rather than 
stable machining. Quantitatively, the relative dis-
persion analysis exposes the absolute severity of 
this structural collapse: at the lowest vc dropping 
below 111 m/min, the interquartile boundaries for 
the C-30 structure violently deviate by +93.4% 
and -83.7% from the median Fc. This extreme 
relative percentage confirms that stable cutting is 
practically nonexistent, replaced entirely by cyclic 
tearing and unconstrained vibration.

Conversely, as the vc escalates to the maxi-
mum range, the rapid tool engagement denies the 
struts the necessary time to elastically deflect. 
The high strain rate effectively overpowers the 
lack of structural stiffness by forcing the material 
directly into an adiabatic shearing mechanism. 
While the actual shearing and separation of the 
strut demand a higher nominal energy input that 
consequently raises the median Fc, this mecha-
nism simultaneously enforces kinematic stability. 
This stiffness paradox conclusively demonstrates 
that below a critical topological density thresh-
old, classical cutting laws collapse and process 
stability becomes entirely reliant on achieving 
strain rates high enough to overcome the inherent 
structural compliance of the lattice matrix.

In contrast to Fc, the Ff component exhibits 
pronounced sensitivity to the intermittent micro-
geometry of the lattice matrix along the tool 
path. The monolithic S-100 specimen maintains 
a consistently narrow force dispersion across the 
entire kinematic range, as shown in Figure 4. In 

Figure 9. Statistical distribution of the Fc across radial intervals for C-30
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comparison, the lattice topologies C-50, C-40, 
and C-30 display highly non-linear volatility 
profiles, as illustrated in Figure 6, Figure 8, and 
Figure 10. The statistical boxplots reveal that the 
maximum instability, characterized by the widest 
IQR and the most extreme whisker spread, does 
not occur at the lowest vc but rather manifests as a 
distinct volatility hump in the intermediate veloc-
ity range corresponding to the vc interval between 
364 m/min and 174 m/min.

This mid-speed instability is explicitly vali-
dated by the relative dispersion metrics. For 
instance, in the denser C-50 topology, the Q1 
drops by 44.6% at the maximum peripheral vc and 
57.4% at the lowest central vc. However, within the 
intermediate velocity zone, this downward devia-
tion drastically amplifies and plummets to 68.6% 
relative to the median. This suggests the presence 
of a technological resonance zone. Within this 
specific kinematic window, the structural passing 
frequency, defined as the rate at which the cutting 
edge engages the solid struts and disengages into 
the topological voids, likely aligns with the natu-
ral frequency of the tool-workpiece system elastic 
deflection. Alternatively, this velocity range cor-
responds to thermomechanical conditions highly 
conducive to unstable built-up edge formation 
and cyclic tear-off, further aggravating the cut-
ting resistance. As a result, the tool is subjected 
to amplified axial oscillations violently pulling 
and pushing the insert, which is quantitatively 
reflected in the massive peak-to-valley distance 
between the UW and LW.

It is only by accelerating beyond this resonant 
barrier into the high-speed regime where the vc 
exceeds 400 m/min that the Ff relative dispersion 
reliably compresses below the 50 percent thresh-
old, allowing the process to regain kinetic stabil-
ity. Consequently, from an industrial application 
perspective, a critical technological guideline 
for the machining of SLM lattice architectures 
is established: an intermediate vc provokes expo-
nential increases in relative dynamic chatter and 
must be strictly avoided. Therefore, the applica-
tion of high cutting-speed kinematics is critical 
for reducing feed-direction vibrations and ensur-
ing the geometric integrity of the machined struts.

Evaluation of axial resistance 		
and the Fp anomaly

While the Fc and Ff generally exhibit a pre-
dictable reduction in nominal load with decreas-
ing material density, the Fp demonstrates a pro-
found physical anomaly. The comparative analy-
sis of the median Fp trends summarized in Figure 
11 reveals a severe density-resistance paradox 
that fundamentally contradicts conventional con-
tinuous machining principles. As established by 
the monolithic S-100 baseline, a continuous face 
turning process generates a highly stable Fp tra-
jectory maintaining a relatively consistent axial 
resistance that ranges exactly from a maximum 
of 22.75 N to a minimum of 17.26 N across the 
entire kinematic spectrum. Furthermore, the rela-
tive dispersion analysis confirms this process 

Figure 10. Statistical distribution of the Ff across radial intervals for C-30
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stability with the interquartile boundaries for the 
solid reference deviating by a tightly constrained 
+9.4% to -8.3% from the median. However, in the 
high to intermediate vc ranges corresponding to 
the diameter intervals from 78.2 mm down to 27.8 
mm, the C-50 and C-40 lattice topologies con-
sistently generate a significantly higher median 
axial resistance than the 100 percent solid mate-
rial reaching peak values of 26.22 N and 28.43 N 
respectively as presented in Figure 11.

This counterintuitive inversion arises from 
localized densification and strain-hardening 
induced by the intermittent cutting of lattice 
architectures. During continuous turning of the 
solid material, Fp is governed exclusively by the 
steady-state mechanics of the primary and sec-
ondary shear zones. In contrast, machining the 
lattice matrix involves repetitive impacts of the 
insert against individual struts, which induce 
severe elasto-plastic axial compression prior to 
actual material separation. Furthermore, due to 
the intermittent tool-workpiece engagement, the 
generated micro-chips and plastically deformed 
strut edges are frequently forced and packed into 
the adjacent topological voids rather than being 
effectively evacuated. This localized accumula-
tion creates a compacted and highly work-hard-
ened cushion of material directly ahead of the 
cutting edge. Consequently, the tool must con-
stantly overcome this artificially densified struc-
tural barrier resulting in a substantial amplifica-
tion of the Fp component despite the reduction in 
the macroscopic material volume. The severity 
of this interaction is quantitatively reflected in 
the relative process volatility, where engagement 

with the hardened topological accumulation 
layer induces significant axial vibrations, result-
ing in relative dispersion limits for the C-50 
structure reaching +293.2% and −283.0% at the 
lowest cutting speeds. Such an extreme fluctua-
tion confirms that the tool is subjected to violent 
and unconstrained axial bouncing rather than 
steady-state engagement.

Conversely, as the process enters the low-
speed regime toward the workpiece centre, a pro-
nounced secondary effect appears most clearly 
in the C-30 topology. While the C-50 and C-40 
structures exhibit a relatively gradual decline in 
axial resistance, the specimen with 30% rela-
tive density demonstrates a pronounced reduc-
tion in the Fp component, as illustrated by the 
blue trajectory in Figure 11. At the high-speed 
peripheral zone corresponding to the diameter 
interval from 78.2 to 68.1 mm, the median Fp for 
the C-30 structure registers at a substantial 26.51 
N. However, as the vc decreases radially inward, 
this absolute resistance plummets linearly and 
reaches a mere 9.48 N in the lowest vc interval 
from 17.7 to 7.6 mm. This steep gradient is gov-
erned by the strain-rate stiffening effect com-
bined with a critical loss of topological rigidity. 
At a high vc, the elevated strain rate forces the 
structurally fragile 30 percent lattice to shear 
before it can undergo gross axial deflection, 
thereby generating significant passive resistance 
and somewhat constraining the relative force 
dispersion by recording a +71.6% and -67.1% 
deviation from the median.

However, as the tool advances toward the 
centre and vc decreases, the engagement time 

Figure 11. Comparison of median Fp trends across varying relative densities as a function
of the radial tool position
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between the insert and individual struts increases 
markedly. The exceptionally thin struts of the 
C-30 topology lack sufficient bending stiffness 
to resist the advancing cutting edge. Rather than 
being cleanly sheared, the material elasto-plasti-
cally deflects and yields axially, essentially bend-
ing away from the advancing tool. This inability 
of the material to support the cutting mechanism 
explains the drastic drop in the Fp to 9.48 N. Cru-
cially, the relative dispersion analysis exposes the 
perilous nature of this low-force regime where, 
as the absolute force minimizes, the relative axial 
volatility undergoes an explosive expansion driv-
ing the interquartile boundaries to an extreme 
+176.5% and -158.5% from the median.

This profound variation in the Fp across 
the radial tool path has critical implications for 
dimensional stability. Because the Fp component 
directly dictates the degree of tool deflection, the 
severe macroscopic radial drop of Fp from 26.51 
N down to 9.48 N compounded by microscopic 
relative vibrations exceeding 176% will inevita-
bly induce highly erratic and variable dynamic 
spring-back of the tool-holder system. Conse-
quently, the variable axial yielding of the lattice 
matrix makes it highly susceptible to macro-geo-
metric shape deviations fundamentally manifest-
ing as flatness errors or conicity on the machined 
face of the lattice component.

Surface integrity and correlation with the 
physical material removal mechanisms

To correlate cutting force behaviour with sur-
face topological quality, the machined surfaces 
were examined using an optical profilometer. The 
acquired topographic data exported in.plux for-
mat were processed with MountainsMap Expert 
10 software. The data extraction procedure spe-
cifically adapted for the intermittent micro-geom-
etry of lattice architectures is detailed in the flow-
chart in Figure 12. This pipeline includes radial 
segmentation, TLSPL surface leveling, critical 
threshold determination to isolate struts from 
voids, and extraction of 30 profiles per zone. The 
approach separates the data into Top Profiles rep-
resenting the upper envelope and Mean Profiles 
used to quantify local micro-defects.

In the adopted methodology, the Top Profiles 
represent the upper geometric envelope of the lat-
tice struts and are primarily used to evaluate the 
macroscopic surface integrity of the machined 
structure. In contrast, the Mean Profiles are aver-
aged representations extracted from multiple 
local measurements and are intended to quantify 
localized micro-defects and surface irregularities 
generated by the intermittent cutting mechanism. 
Consequently, the upper-envelope parameters 
describe the extreme topographical variations 

Figure 12. Topographic data extraction and profile segmentation flowchart
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of the lattice surface, whereas the conventional 
roughness parameters provide a generalized char-
acterization of the local surface finish.

In contrast, data extraction for the monolith-
ic S-100 reference was considerably simplified 
owing to its continuous topology. The solid sur-
face was segmented into seven kinematic zones 
and leveled using the standard TLSPL procedure. 
Threshold masking and multi-profile statistical 
averaging were omitted. Instead, baseline rough-
ness parameters were obtained by extracting a 
single representative profile line per zone. These 
yielded Ra values from 0.6 to 0.9 µm, Rz from 3.5 
to 5.3 µm, and Rt from 4.5 to 9.7 µm as illustrated 
in Figure 13, thereby providing a strict kinematic 
reference for the continuous shearing mechanism.

The comparative analysis of the roughness 
parameters reveals a direct physical correlation 
between kinematic instability and topological 
degradation. Specifically, Zone 5 corresponding 
to intermediate vc exhibits peak roughness values 
for the lattice architectures as detailed for the Rz 
parameter in Table 3 and visually represented in 
Figure 14. While the monolithic S-100 specimen 
maintains a highly stable Rz magnitude of approx-
imately 5.3 µm in this region, the C-40 structure 
demonstrates extreme deterioration. The Rz upper 

envelope for C-40 spikes to 26.3 µm alongside an 
Rt mean profile reaching 23.0 µm as documented 
in Table 4 and illustrated in Figure 15. This severe 
topological damage directly mirrors the cutting 
force dynamics. As established in the force analy-
sis, zones 5 and 6 generate the maximum statisti-
cal dispersion for the Fc within the C-40 structure. 
The amplified IQR and extreme whisker spread in 
these intermediate vc ranges translate physically 
into violent tool vibrations. These vibrations liter-
ally tear the lattice struts and create the massive 
micro-defects captured by the profilometer.

Within this intermediate vc range, the C-50 
lattice structure constitutes a notable exception 
by preserving a remarkably stable topological 
profile across the entire vc spectrum. As explic-
itly shown in Table 3, the Rz upper envelope for 
the 50% relative density specimen varies only 
between 11.8 µm and 9.2 µm. Furthermore, its 
Rt mean profile remains tightly bounded between 
4.5 µm and 11.5 µm as confirmed by Table 4 and 
the graphical trends in Figure 15. This consistent 
surface topography contrasts sharply with the 
erratic micro-geometry of the lower-density archi-
tectures. The underlying reason is the increased 
bending stiffness provided by the thicker lattice 
struts at higher relative density. Although the C-50 

Figure 13. Surface roughness parameters Ra, Rz, and Rt for S-100

Table 3. Upper envelope maximum profile height Rz across kinematic zones

vc, m/min Zone C-50 (µm) C-40 (µm) C-30 (µm)

491.35–427.97 1 11.1 14.5 8.2

427.97–364.60 2 11.3 10.2 17.1

364.60–301.22 3 11.8 7.9 24.3

301.22–237.85 4 10.4 20.3 16.0

237.85–174.47 5 10.1 26.3 19.7

174.47–111.10 6 10.8 4.9 12.2

111.10–47.72 7 9.2 11.8 8.0
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topology generates significant localized Fp peaks, 
the struts retain sufficient mechanical rigidity to 
withstand these dynamic loads without substan-
tial fracture or excessive plastic deformation. This 
resistance to micro-tearing enables the C-50 struc-
ture to closely approach the consistent surface fin-
ish observed on the monolithic S-100 reference.

At the highest vc in Zone 1, a universal 
improvement in surface quality is observed across 
all tested densities. This regime yields the lowest 
roughness values where the Rz upper envelope 

reaches 11.1 µm for C-50, 14.5 µm for C-40, 
and 8.2 µm for C-30 as comprehensively sum-
marized in Table 3 and Figure 14. These reduced 
roughness metrics directly reflect the kinetic sta-
bilization seen in the cutting force boxplots. The 
narrowed force dispersion and minimized elastic 
rebound at peak vc promote stable shearing. The 
tool cleanly severs the struts before significant 
plastic deformation can develop, thereby sup-
pressing the vibrational tearing typical of lower 
vc zones and delivering superior surface integrity.

Figure 14. Upper envelope maximum profile height Rz for the tested lattice structures

Table 4. Mean profile total height Rt across kinematic zones

vc, m/min Zone C-50 (µm) C-40 (µm) C-30 (µm)

491.35–427.97 1 10.8 12.4 3.8

427.97–364.60 2 9.1 4.0 5.9

364.60–301.22 3 4.5 3.4 8.7

301.22–237.85 4 11.5 17.7 6.0

237.85–174.47 5 9.5 23.0 7.2

174.47–111.10 6 5.0 3.0 5.9

111.10–47.72 7 5.6 14.5 4.0

Figure 15. Mean profile total height Rt for the tested lattice structures
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CONCLUSIONS

Face turning operations provided a highly 
effective kinematic framework for evaluat-
ing a broad cutting speed (vc) spectrum rang-
ing continuously from 491.35 to 47.72 m/min. 
This approach facilitated a direct comparative 
analysis between SLM Maraging Steel lattice 
structures with varying relative densities of 30, 
40, and 50% and a monolithic rolled baseline. 
The experimental results revealed the profound 
impact of cutting velocity on force dynamics, 
demonstrating that lattice architectures gener-
ate exponentially greater kinematic instability 
than steady-state continuous machining of solid 
material. Quantifying this extreme intermittent 
volatility required the development of a spe-
cialized signal-processing algorithm for cutting 
forces. Subsequently, to establish a robust physi-
cal correlation between these dynamic mechani-
cal loads and the resulting surface integrity, a 
tailored topographic data-extraction methodol-
ogy was engineered for the complex microge-
ometry of the lattice struts. The application of 
these newly integrated analytical frameworks 
yields the following primary conclusions:

A highly specialized analytical methodology 
was successfully developed and implemented 
for the precise evaluation of surface quality in 
SLM lattice structures. This tailored topological 
approach effectively isolates the intermittent lat-
tice struts from deep structural voids, enabling 
accurate quantification of local micro-defects.

The kinematic evaluation demonstrated that 
superior surface quality characterized by minimal 
roughness metrics is achievable at the extreme 
boundaries of the tested vc spectrum. Specifically, 
the lowest topological roughness was reliably 
obtained at the highest vc, ranging from 491.35 to 
427.97 m/min, and in the lowest vc regime, from 
111.10 to 47.72 m/min.

A critical technological resonance zone was 
identified in the intermediate vc ranges. Extreme 
surface roughness, indicating severe process 
instability and significant material damage dur-
ing transition phases, was generated exclusively 
within the intermediate vc window ranging from 
364.60 to 174.47 m/min.

A direct physical correlation was established 
between the surface roughness severity and the Ff 
dynamics during face turning. The Ff component 
dominated the generation of peak mechanical 
loads, with kinetic force spikes directly translating 

into large surface roughness peaks. This dynamic 
degradation mechanism is most clearly evident in 
the extreme topological deterioration observed in 
the 40% relative density specimen.

The relative material density profoundly 
dictates the overall machinability and structural 
resilience of the manufactured component. The 
highest tested lattice density of 50% exhibited the 
most stable and minimized roughness indicators 
across the entire vc spectrum. This confirms that a 
higher material fill provides the essential bending 
stiffness needed to resist intermittent impact loads 
and stabilize the material-removal mechanism.
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