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A B S T R A C T   

Additive manufacturing of metallic parts has witnessed significant development. The laser 
powder bed fusion (LPBF) process has emerged as a key process for manufacturing thin-walled 
components. However, despite the significant advances, post-machining operations are 
required for the improvement of dimensional and surface quality, specifically in low stiffness 
components. This study proposed an iterative design methodology for improving the stiffness of 
such LPBF components. In the first stage, an initial assessment of the machining conditions was 
performed to obtain a first approach to the relationship between tooth passing, natural, and 
chatter frequencies. Thereafter, a method to improve Young’s modulus was proposed by evalu
ating the elastic anisotropy of different manufacturing configurations. Furthermore, LPBF lateral 
stiffeners were included in the workpiece design, thereby converting the final workpiece into a 
temporary assembly. The proposed methodology was applied in a case study for finishing thin- 
walled bent ducts and a comparison for surface quality between stiffened and non-stiffened 
ducts using the proposed methodology was conducted. A significant roughness and cutting 
force reduction (≈50%) were obtained for the stiffened duct.   

1. Introduction 

Additive manufacturing has resulted in the creation of a new segment in the manufacturing of complex-shaped metallic parts [1]. 
These processes have been studied for industrial applications in medium and small batch lots [2,3]. Certain aspects, such as the smooth 
integration between the 3D model and the manufacturer, excellent scalability, low design limitations with internal shapes, and lattice 
structures, render additive manufacturing a better option than other manufacturing techniques [4,5]. However, although in the 
context of Industry 4.0, additive manufacturing plays a key role, certain concerns regarding its application in large batch 
manufacturing exist [6]. Consequently, concepts such as group technology and production cells are essential to overcome this issue 
[7]. Additive manufacturing processes are of particular interest in the segment of thin-walled, hollow, and slender parts; nevertheless, 
post-processing, that is, machining, is necessary to guarantee the dimensional and surface quality of functional parts. Currently, 
combining additive and subtractive processes into a hybrid manufacturing method [8,9] has enabled the manufacture of functional 
parts for aeronautical engine parts, turbines, biomedical implants, and many other applications. 
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Recently, several studies have been conducted on the machining of LPBF-printed parts. Many of these studies have focused on 
analysing the surface quality, machinability, and microstructural characteristics of the material [10,11]. However, the surface quality 
of the as-printed LPBF components is not sufficient for functional applications, and post-processing by milling or a similar process is 
often needed [12]. Further, support fixtures are essential to ensure the stability of the milling process, affecting the surface and 
deflection of the workpiece [13]. However, milling complex LPBF parts is a challenge because of the necessity of support for 
manufacturing, affecting the stiffness of the part and resulting in vibrational problems that amplify the cutting instability, particularly 
for flexible structures. Consequently, certain industrial solutions have been provided for specific geometries through the use of special 
supportive workholding during finish machining [14]. Most recent studies have been based on machining prismatic or cylindrical 
workpieces with sufficient stiffness. Few studies focusing on the machining of near-net-shape parts for functional applications have 
been conducted [15], wherein thin walls and complex and slender shapes represent a machining challenge owing to the low stiffness of 
these components and the difficulties of implementing conventional fixture supports. The use of base-plate sacrificial supports for 
clamping and positioning AM workpieces to ensure fixation during the machining process has also been evaluated [16]; however, its 
optimisation is complex and not well known. Therefore, developing robust hybrid manufacturing methodologies [17] that include 
aspects related to the LPBF manufacturing process, machining parameters, part design, and microstructural characteristics of the 
material is essential. 

The flexibility of the LPBF process is dependent on both the several complex shapes that can be manufactured and the improvement 
of the mechanical properties of the workpiece. This is because of the possibility of changing the distribution of the crystalline 
orientation in the material through the configuration of the laser power, laser speed, layer thickness, hatching space, and laser rotation 
strategy [18]. In this regard, Karimi et al. [19] established relationships between volumetric energy density, hardness level, and 
porosity, and Liu et al. [20] reported the interaction between LPBF parameters and anisotropy in mechanical properties through 
variations in the Taylor factor for different sample orientations. The different combinations of LPBF parameters allow different values 
of volumetric energy density and different solidification modes to be obtained, which translates into the control of the size and 
orientation of the grains and modification of the crystalline texture. Considering this, Lei et al. [21] analysed the effect of hatching 
space and laser speed on grain refinement, roughness, and microhardness, and concluded that volumetric energy density played a 
major role in these variables. Further, Yi et al. [22] explored the effect of linear energy density on yield strength. Components 
manufactured via LPBF are considered to be textured, rendering them anisotropic. Many authors consider that the primary cause of the 
anisotropy in mechanical properties is related to the development of ultrafine columnar grains that grow epitaxially along the building 
direction and preferred crystalline orientations [23–26]. The anisotropy in the Young’s modulus of LPBF printed components indicates 
that the material exhibits much higher stiffness values for specific directions and shallow values in certain directions, which has been 
widely reported in the literature for the evaluation of as-printed LPBF [27] and heat-treated samples [28], and their interaction with 
the cutting process [29,30]. An essential factor in increasing the stiffness of a component from the design (CAD) and LPBF printing 
stages is the orientation of the printed parts. In addition, the mechanical properties of LPBF components can change even at the same 
energy density [31]. 

The high thermal gradient, fast cooling rates, and development of columnar grains in the LPBF process are the leading causes of 
crystalline gradients, residual stresses, and geometric distortions. In certain cases, the residual stresses and distortions can be mini
mised by optimising the manufacturing parameters or using fixture supports [32] Further, real-time monitoring can reduce the cost of 
non-quality, specifically in the case of premature failures. Certain works relate techniques that process monitoring through image 
analysis and detect anomalies to take action [33–35]. However, in certain cases, achieving the required mechanical properties is not 
possible using the LPBF process. This limitation can be overcome through the use of appropriate heat treatments to homogenise and 
increase the mechanical properties. Additive manufacturing processes cannot produce finished parts with narrow tolerances and 
optimal surface quality, even with optimised parameters. Therefore, post-processing using machining is often required. 

Thus, this study proposes a methodology for increasing the stiffness of the components by increasing the Young’s modulus and 
using temporary lateral stiffeners, which allows the printed components to behave as a temporary assembly, thereby decreasing the 
cutting forces and roughness levels. The methodology is based on an iterative design process, wherein the harmonic response of the 
component is analysed, considering the initial boundary deformation values, by testing different configurations and geometries for the 
lateral supports and evaluating the response of each configuration on the maximum amplitude of the displacement in the area of 
application of the cutting force. The methodology was evaluated through its application to a case study wherein temporary lateral 
stiffeners were introduced to increase the stiffness of Inconel 718 LPBF-angled ducts to improve the surface quality of the peripheral 
milling in the extreme zone of the ducts. The results for the first design iteration showed a significant improvement in the surface 
quality relative to the duct without stiffening. 

In this paper, a methodology to improve the stiffness of near-net shape AM components has been proposed. Section 2 presents the 
five phases of the methodology. A case study is presented in the following sections to validate the proposed method. Section 3 presents 
a preliminary analysis of the machining features. In section 4, SEM and Electron backscattering scanning diffraction (EBSD) analyses 
are performed on the samples to obtain the texture, crystalline orientation distribution function (ODF), Hill stiffness tensor, and spatial 
distribution of Young’s modulus to improve it. In Section 5, the duct stiffness is improved by implementing temporary lateral stiffeners 
with different configurations. Finally, multi-objective optimisation was performed to obtain the geometry of the stiffener. Section 6 
presents the manufacturing phase and verification of the surface quality, and Section 7 presents the analysis of the current stiffening 
configuration performance. 
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2. Methodology 

In this study, a methodology was proposed to improve the manufacturing process of low-stiffness LPBF parts using an iterative 
design process based on deformation boundary conditions. An initial configuration was proposed for the positioning of the compo
nents, which in turn were joined together by lateral stiffeners to achieve the required surface and dimensional quality. The meth
odology is divided into five phases: i) preliminary machining analysis, ii) enhancement of Young’s modulus, iii) stiffness enhancement 
with lateral stiffeners, iv) manufacturing and verification, and v) analysis and improvement of the current stiffening configuration. 
Fig. 1 shows the general flow chart of the proposed methodology, and Fig. 2 shows the detailed steps within each stage and the specific 
interactions between stages. 

In the preliminary machining analysis, an initial evaluation of cutting conditions, cutting forces, machining operations, tool ge
ometry, and excitation frequencies was performed to detect whether the initial machining conditions required the use of conventional 
support systems or if the lateral stiffener method was a feasible option. If the cutting force levels are manageable, and the excitation 
frequencies are significantly lower than the natural frequency and chatter frequency, it is recommended to proceed to the second stage, 
that is, enhancement of Young’s modulus 

In the second stage, anisotropy is exploited to enhance the Young’s modulus and improve the stiffness of the component owing to 
the anisotropic nature of the materials obtained through the LPBF process. For this purpose, it is recommended that it be started with a 
couple of parameter settings to obtain the stiffness tensor and Young’s modulus distribution. On obtaining the Young’s modulus, it is 
possible to compare the LPBF parameters and strategies that maximise Young’s modulus with respect to the workpiece geometry and 
load state. Consequently, if the Young’s modulus increases or anisotropy decreases, it is recommended to advance to the third stage, 
that is, stiffness enhancement with lateral stiffeners. 

The third stage assesses whether the improvement in Young’s modulus (second stage) is sufficient to achieve minimum stiffness. 
The evaluation begins by establishing a boundary deformation (δb) for the first iteration. If the workpiece stiffness is sufficient (the 
deformation caused by the cutting forces is lower than δb), it is possible to manufacture the part. However, if the stiffness is insufficient, 
but the sum of two or more stiffnesses of the workpiece surpasses the minimum stiffness, the lateral stiffeners may be an option. The 
unknown shape, size, and location of the temporary lateral stiffeners are necessary to design these elements. Once the stiffness 
enhancement reaches the objective, the manufacturing and verification stages can occur. 

In the manufacturing and verification stages, the workpiece is fabricated according to the stiffening configuration that provides the 
best balance between the stiffener volume and deformation level. It is recommended that dimensional control of the LPBF component 
manufactured be exercised using lateral stiffeners to adjust the CAM program before the machining operations. Once the machining 
process finishes and the quality level is sufficient, the design can be considered appropriate. However, if the surface and dimensional 
quality are not achieved, it is recommended to decrease the value of boundary deformation(δb) and proceed to a new iteration in the 
design of the stiffening elements or increase the Young’s modulus. In addition, conventional or special fixture support is recommended 
if the desired workpiece quality is not reached after certain iterations. 

3. Preliminary machining analysis 

The quantification of the cutting forces for various machining conditions is critical for a preliminary analysis. Thus, two samples of 
Inconel 718 LPBF were manufactured using a 67◦ laser scanning strategy. The samples have two zones, each with different layer 
thicknesses. The lower zone was manufactured with a 30μm layer while the upper zone with a 60μm layer. (See Table 1). The lower 
30μm zone is hereafter referred to as lt30, and the upper 60μm zone as lt60. The purpose of these samples was to perform peripheral 
milling operations with radial cutting depths in the range of 0.1 to 0.5 mm at different feed rates. The milling operations were per
formed on the XZ plane of the specimens and the feed rate in the X-axis direction. The LPBF parameters used in manufacturing the 
samples, machining parameters, and tool geometry are listed in Table 1. 

The layer thickness values used in the research were considered as boundary limits (considering the other selected LPBF param
eters, see Table 1), considering the structural and quality issues needed in AM workpieces. Layers of 60 µm are often used to minimise 

Fig. 1. Simplified LPBF functional part stiffening methodology scheme.  
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the processing time, while those of 30 µm are used when precision is required. However, layer thicknesses smaller than 30 µm are 
inconsistent with the feed powder size, and those greater than 60 µm on Inconel 718 are not recommended owing to the production of 
excessive internal porosity. In both cases (lt30 and lt60), the energy density was within the operating limits, avoiding the lack of fusion 
or balling effect. 

Fig. 2. Detailed Iterative LPBF stiffness enhancement component methodology flow scheme.  
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The nature of the LPBF process causes melting and solidification to occur almost simultaneously in each track and layer, and the 
laser heat-affected volume is in low proportion with respect to the overall workpiece volume, which reduces the possibility of sig
nificant geometric distortions due to residual stress. Consequently, a laser rotation strategy of 67◦ per layer was used, which is 
considered helpful in reducing the residual stress [36,37]. 

The LPBF samples and workpiece were manufactured using a Renishaw AM-400 machine and machining operations were per
formed in an Ibarmia ZV-25/U600 machining centre. Further, the cutting forces were measured using a dynamometer (Kistler 9225B) 
and an OROS data acquisition system. 

The mean cutting forces corresponding to the parameters mentioned in Table 1 with feed rates fz of 0.03, 0.04 and 0.05 mm/min 
and radial cutting depths ae of 0.1, 0.3, and 0.5 mm, respectively, are listed in Table 2. 

Another relevant aspect of this section is to define whether the excitation frequency due to the tooth passing frequency f is 
significantly lower than the natural frequency fn of the workpiece and the chatter frequency fc. This aspect can be evaluated by 
analysing the directional dynamic milling coefficient αyy, which can be calculated using (1) [38]. 

αyy =
1
2
[ − cos2θ − 2Krθ − Krsin2θ]ϕex

ϕst
(1) 

where θ is the engagement angle, Kr is the radial force coefficient, and ϕex and ϕst are the exit angle and start angle, respectively. 
Considering that the axial depth limit alim is always a positive value, it is suggested that the chatter frequency will be higher or lower 

than the natural frequency depending on the sign of the directional milling coefficient αyy (see Equation (2)). 

alim =
1

Ω
2παyyKtRe[Gy(ifc).]

(2) 

where Ω is the spindle speed, Kt is the tangential force coefficient, and Re[Gy(ifc).] is the real component of the transfer function of 
the workpiece in the Y-direction. 

Further, several hammer tests were developed in the X and Y directions to obtain the experimental modal parameters (damping 
ratios and natural frequencies) (see Fig. 3a). 

The transfer function of the workpiece in the Y-direction Gy, indicates the relationship between the natural frequency, chatter 
frequency, and modal parameters, and is expressed as Eq. (3). 

Gy(ifc) =

f 2
ny
ky

f 2
ny − f 2

c + 2ξyfnyfci
(3) 

where ky, ξy and fny are the stiffness, damping ratio, and undamped natural frequency, respectively, in the Y direction. Therefore, it 

Table 1 
LPBF parameters, Cutting parameters, tool geometry, and LPBF sample geometry.  

Table 2 
Measured cutting forces by peripheral milling.    

Ft(N) Fr(N) Fa(N)

Layer thickness ae(mm) fz(0.03) fz(0.04) fz(0.05) fz(0.03) fz(0.04) fz(0.05) fz(0.03) fz(0.04) fz(0.05)

Lt30  0.1  12.2  16.0  19.4  19.4  27.5  34.4  3.7  6.2  7.0  
0.3  30.6  40.2  44.4  63.4  74.1  80.3  9.6  12.5  14.4  
0.5  49.3  57.3  73.1  102.1  111.6  118.2  14.7  19.1  21.8 

Lt60  0.1  13.6  17.5  19.2  23.5  28.3  33.6  5.0  5.71  6.5  
0.3  27.7  32.7  44.6  62.7  70.2  74.8  7.5  10.0  27.9  
0.5  47.8  57.2  68.8  86.1  97.6  107.7  15.0  18.8  22.36  
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can be defined that the chatter frequency fc will be higher than the natural frequency fn when coefficient αyy has a negative sign. This is 
the case for down-milling. Fig. 3b shows αyy related to the start angle ϕst when down-milling for Kr = 4.45 and 6.06, based on the 
cutting forces and axial depths in Table 2. The duct geometry is shown in Fig. 3c. 

Considering that the excitation frequency f is 127 Hz (where f = z*Ω
60 , and z is the number of flutes in the tool), the natural fre

quencies are fny = 935 Hz, and fnx = 983.7 Hz, and that the chatter frequency fc is higher than the natural frequency (considering that 
αyy has a negative sign, see Fig. 3b); therefore, f<< fn < fc. Consequently, it is possible to establish that the excitation frequency is 
significantly lower than the resonance and chatter frequencies, and that the harmonics of the excitation frequency do not match the 
resonance frequency. The fulfilment of this condition allows the establishment of the geometrical characteristics of the workpiece and 
the improvement of the stiffness through the increase of the Young’s modulus and the use of lateral stiffeners (following sections) 
would decrease the possibility of exciting resonance or chatter frequencies. 

4. Young’s modulus enhancement 

Elastic anisotropy is an extended characteristic of LPBF components. This is mainly caused by the formation of columnar grains 
closely aligned in the building direction (BD) owing to the fast solidification of the melt pool tracks. Fig. 4 shows the SEM scans of the 
lt30 and lt60 samples and a comparison of the microstructures. The columnar dendritic grains in the lt30 sample are aligned with the 

Fig. 3. Preliminary analysis: a) Hammer test results; b) directional dynamic milling coefficient αyy; c) angled duct geometry.  

Fig. 4. SEM scans in lt30 and lt60 samples.  

J.D. Pérez-Ruiz et al.                                                                                                                                                                                                  



Mechanical Systems and Signal Processing 168 (2022) 108675

7

building direction. In contrast, the columnar grains in the lt60 sample present a broader range of orientations and a lower density of 
grains aligned in the building direction, which is related to the lower elastic anisotropy of the lt30 sample. Moreover, the lower 
volumetric energy density (VED) of the lt60 sample is the leading cause of stray grain development in this sample. 

Additive manufacturing of metallic components is typically associated with anisotropy. Anisotropic mechanical properties coun
teract the application-specific advantages offered by the LPBF process. Initial investigations were conducted to evaluate the directional 
elastic modulus with varying layer thickness during the LPBF process. Based on these observations, the part was designed for the final 
milling operation. 

Elastic anisotropy is often considered a drawback for LPBF manufacturing, and currently research has been focused on ensuring its 
reduction [39]. However, careful tailoring of the elastic anisotropy must be exploited during the design of additive manufacturing. If a 
specific direction of higher mechanical properties (yield strength, elastic modulus, etc.) of an LPBF component coincides with the 
longitudinal direction of the fabricated parts (critical stress direction), it may lower the milling force-induced deformation and vi
bration signatures. A primary advantage of the LPBF process is its flexibility in modifying the mechanical properties (Young’s modulus) 
of the manufactured components according to the laser scanning strategy and manufacturing parameters. Further, obtaining sufficient 
stiffness in the LPBF workpiece is a significant aspect when avoiding poor surface quality due to excessive vibration, considering the 
significant effect of Young’s modulus on stiffness. 

The geometry of the angled ducts facilitates the easy optimisation of the Young’s modulus without affecting other design con
siderations because these components are usually associated with tensile and compressive stresses[40] (by longitudinal loads or 
bending) in the longitudinal direction of the ducts (where Young’s modulus has been optimised). However, for intricate shapes, the 
optimisation of Young’s modulus by managing the anisotropic aspects must be carefully investigated. 

The elastic stiffness matrix Cijkl expressed as Eq. (4) relates the stress and strain tensors, based on which the elastic mechanical 
properties, including Young’s modulus, are derived. 

σij = Cijklεkl (4) 

One approach to obtaining the stiffness matrix Cijkl in polycrystalline materials as LPBF workpieces is using the Hill tensor 〈T〉Hill 

(Eq. (5)), which corresponds to the average of the Voigt 〈T〉Voigt and Reuss 〈T〉Reuss tensors (Eqs. (6) and (7)). The Hill tensor has been 
extensively used in the literature and has proven to be quite effective in obtaining the stiffness matrix from the crystal orientation 
density function (ODF). 

The Voigt average specimen effective tensor 〈T〉Voigt is defined by the volume average of the individual tensors T(gc
m) with crystal 

orientation gc
m and volume fraction Vm assuming that the strain field is constant. In contrast, the Reuss average effective tensor 〈T〉Reuss 

is defined by assuming that the applied tensor field is constant, which implies that the stress field is considered constant. 

〈T〉Hill
=

1
2
(
〈T〉Voigt

+〈T〉Reuss)
= Cijkl (5)  

〈T〉Voigt
=

∑M

m=1
VmT

(
gc

m

)
(6)  

Fig. 5. a), c). Inverse pole figures for lt30 and lt60 samples; b), d). Pole figures of crystallographic texture in lt30 and lt60 samples; e), f), g), h). 
Spatial Young’s modulus distribution in lt30 and lt60 samples. 
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Table 3 
Voigt-Reuss-Hill Elastic stiffness tensor for lt30 and lt60 samples.  

Lt30 Lt60 

Cij(GPa) 1 2 3 4 5 6 Cij(GPa) 1 2 3 4 5 6 

1  285.36      1  283.41      
2  127.00  283.28     2  129.05  285.05     
3  141.34  143.42 268.94    3  141.24  139.59  272.87    
4  − 0.63  − 2.37 3  89.06   4  1.14  2.09  − 3.23  84.08   
5  0.13  − 1.33 1.2  − 0.99 86.  5  2.4  0.58  − 2.98  − 0.5  86.08  
6  1.21  − 0.41 − 0.8  − 1.37 − 0.71  70.43 6  − 1.61  2.10  − 0.49  0.65  1.27  72.49  
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〈T〉Reuss
=

[
∑M

m=1
VmT − 1( gc

m

)
]− 1

(7) 

In Voigt notation Young’s modulus E(x) is expressed as Eq. (8) 

E(x) =
(
Sijklxixjxkxl

)− 1 (8) 

where x is the direction of Young’s modulus, and Sijkl is the elastic compliance tensor, which is expressed as Eq. (9): 

Sijkl =
1

Cijkl
(9) 

Samples lt30 and lt60 were analysed via EBSD to obtain the orientation density function (ODF) and elastic stiffness matrix Cijkl. 
Fig. 5a and 5c show the inverse pole figures (IPF) obtained from EBSD scans of lt30 and lt60 samples in the YX plane. In addition, 
Fig. 5b and 5d show the texture pole figures for the lt30 and lt60 samples, respectively. Both samples showed a ring-like 〈001〉 texture. 
Further, the lt30 sample was significantly intense, with a maximum probability density of 5. Moreover, in both samples, the ring-like 
effect in the texture was caused by the laser rotation strategy. Pole figures and IPF figures were obtained using MTEX from lt30 and lt60 
ODF data. 

Laser scanning strategies are associated with the crystalline texture patterns observed in pole figures [29]. Subsequently, the ODF 
represented in the texture pole figures can be related to the Young’s modulus spatial distribution patterns [41], rendering the proposed 
methodology repeatable. 

The spatial distribution of Young’s modulus for both samples is shown in Fig. 5e, 5f, 5 g, and 5 h, where a higher degree of 
anisotropy is evident in sample lt30. In a similar manner, it is observed that in both samples, the Young’s modulus is minimum in the Z 
direction (150 and 175 GPa) and maximum in the XZ (230 and 220 GPa) and YZ (225 and 212 GPa) directions. Considering that section 
A of the duct (Fig. 3b) has an orientation of 70◦ in the YZ plane, it can be inferred from Fig. 5e that the lt60 sample has a higher Young’s 
modulus (190 GPa) compared to the lt30 sample (175 GPa) for the orientation previously mentioned. 

Table 3 presents the Voigt-Reuss-Hill elastic stiffness tensor for the lt30 and lt60 samples obtained from the ODF data. The lower 
elastic anisotropy of the lt60 sample and its higher Young’s modulus, owing to its geometry, render it a better choice for the manu
facture of the angled duct; therefore, a layer thickness of 60 μm was used to manufacture the case study workpiece and evaluate the 
stiffness-based methodology proposed in this work. 

5. Stiffness enhancement with lateral stiffeners 

This stage aims to propose decision criteria to evaluate the initial stiffness of the part with the previously improved Young’s 
modulus and determine whether the part has sufficient stiffness to proceed to the manufacturing stage (case 1). If the stiffness of the 
workpiece is insufficient, additional lateral stiffening is necessary (case 2). In contrast, if the additional lateral stiffness is insufficient, it 
is necessary to stiffen the part using specific or conventional support fixtures (case 3) and remove the printed part from the base plate to 
perform the machining operations. 

The following decision criterion is proposed using Eqs. (10)–(12). 
⎧
⎪⎪⎨

⎪⎪⎩

if Ki
wx b < Ki

wx then case (10)
if Ki

wx b > Ki
wx and Ki

wx b < nKi
wx then case 2 (11)

if Ki
wx b > nKi

wx then case 3 (12)

where Ki
wx b is the boundary stiffness of the workpiece for iteration (i) in x direction, Kwx is the actual stiffness of the workpiece in x 

direction, n is the number of parts that fit on the base plate. and Ki
wx b is obtained according to Eq. (13)

Ki
wx b =

Fi
c

δi
b x

(13) 

Table 4 
Parameters for iteration 1.  

Parameters for i = 1  

δ1
b x,y,z(mm) 0.1 

Tooth passing freq (Hz) 127 
ae(mm) 0.1 

Ft(N) 19.4 

Fr(N) 34.4 

Fa(N) 7 

S1  6  
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where δi
b x is the boundary deformation and Fi

c is the resultant cutting force obtained from the tangential, radial, and axial force 
components, as defined in Eqs. (10–13), applicable for x, y, z in the workpiece reference frame. 

Considering that the milling of flexible elements implies an increase in the cutting force related to the characterised forces 
(Table 2), it is recommended that the selected cutting forces Fi

t , Fi
r, Fi

a be adjusted by a coefficient, as expressed in (14). 

Fi
t = FtSiFi

r = FrSiFi
a = FaSi (14)  

where Ft, Fr, Fa are the average forces measured for the selected cutting conditions (from Table 2), and Si is the selected safety factor for 
iteration i. 

The parameters established for the iteration i = 1 in the case study are summarised in Table 4. 
For the case study, the resulting cutting force F1

c , and the boundary stiffness K1
b min were 240.6N and 2406N/mm, respectively. Based 

on this, the criteria defined in Eqs. (10–14) can be evaluated. 
The analysis of the harmonic response was conducted in ANSYS® for a frequency ranging from 0 to 300 Hz, angle α from 0◦ to 90◦, 

and a damping ratio of 0.003, where α represents the angular position of the tool relative to the workpiece, as shown in Fig. 6. Force- 
induced deformation and stiffness of the ducts were obtained across an α range of 90◦. Harmonic response simulations for the lt30 and 
lt60 samples are shown in Fig. 7a. Simulations were conducted using the elastic properties obtained using the Hill elastic stiffness 
tensors, as shown in Table 3. 

Based on the results of the first simulation (Fig. 7a), it is worth noting that the lt60 sample has a greater stiffness (1560 N/mm) at 
127 Hz (tooth passing frequency) than the lt30 sample; however, it does not exceed the boundary stiffness; therefore, 

K1
w lt30 < K1

w lt60 < K1
w b (15) 

The evaluation of Eq. (15) implies that Case 1 is not fulfilled, and Case 2 must be assessed. 
To evaluate whether case 2 was fulfilled, harmonic response simulations were developed under six configurations with different 

lateral stiffening positions. Fig. 6b shows the scheme of the evaluated configurations and the deformations δ1
x and δ1

y under the pre
viously mentioned excitation conditions. Fig. 7b shows that configurations 4 and 6 satisfy the criteria of Case 2. In addition, to advance 
the investigation, configuration six was selected because it maximises productivity and fits in the base plate of the LPBF machine. 

Because lateral stiffening is feasible, the next step is to define the location, geometry, and size of the temporary stiffeners. For this 
purpose, new harmonic simulations using different stiffener dimensions were performed with configuration 6. Two aspects were 
considered for the shape of the temporary stiffeners: first, vertical supports were not added, and second, the direction of maximum 
Young’s modulus. Consequently, the stiffener angle relative to the base plate was fixed at 45◦. Fig. 7c shows the maximum deformation 
for different values of width W and thickness t of the temporary lateral stiffeners for frequencies in the range of 0–2000 Hz. In a 
complementary manner, the Pareto front was obtained from a multi-objective optimisation, as shown in Fig. 7d. 

The multi-objective optimisation was conducted between the duct deformation function and the stiffener volume function, 
determining the minimum stiffener volume to obtain the minimum duct force-induced deformation and waste of material, considering 
that the lateral stiffeners were temporary elements that must be removed after machining. The results obtained allowed the estab
lishment of width (W = 12mm) and thickness (t = 1mm) values for iteration i = 1. Further, to realise multi-objective optimisation, a 
genetic algorithm function (MATLAB) was applied, considering a double vector population type, a population size of 100, the lower 

Fig. 6. Workpiece geometry with lateral stiffeners.  
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and upper bounds according to volumetric restrictions, 100 generations, 100 stall generations, a function tolerance of 1e-4, and a 
constraint tolerance of 1e-3. 

6. Manufacturing and verification 

Once the simulation and design phases of the lateral stiffeners were completed, six laterally stiffened ducts with a layer thickness of 
60 μm were fabricated according to Configuration 6. The stiffeners are located in a machining-free zone close to the duct extreme to 
increase stiffness, and an easily removable design was chosen (Fig. 8b). The steady-state stiffness was verified for Configuration 1 and 
4; the experimental values were observed to be quite similar to the values simulated using ANSYS, as shown in Fig. 8c. 

Before conducting any milling process, the geometric distortion of the manufactured part was verified using computed tomog
raphy. The analysis was conducted in a GE SEIFERT X-CUBE compact 195 KV with a minimum voxel size of 90 µm, and the data were 
evaluated using GOM Inspect 2019 software. Fig. 9 shows that the dimensional deviation in the area to be machined is in the order of 
0.1 to 0.2 mm. 

Fig. 7. Stiffener design phase: a) Stiffness by α and frequency for lt30 and lt60 samples; b) elastic deformation by configuration; c) elastic 
deformation by t and W with configuration six; d) Pareto front for multiobjective optimisation. 

Fig. 8. LPBF Workpiece a) as printed; b). Lateral stiffener with easy removing; c). Measured vs. FEM stiffness.  
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Fig. 9. Geometric distortion analysis: a) Computed tomography scan of LPBF workpiece; b) dimensional control or LPBF workpiece.  

Fig. 10. Surface quality and roughness comparison between stiffened and unstiffened ducts after the milling process.  
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Once the level of geometric distortion was evaluated and the tool path was adjusted in the CAM program, peripheral milling was 
performed at the duct extreme for Configuration 4 (with lateral stiffeners) and Configuration 1 (without any lateral stiffeners). The 
cutting parameters were as follows: radial depth of cut ae = 0.1mm, axial depth of cut ap = 5mm, cutting speed VC = 60m/min feed rate 
per tooth fz = 0.05m/min. 

Fig. 10 compares the surface quality after peripheral milling of the stiffened duct (left) and unstiffened duct (right). Visually, the 
unstiffened duct exhibited inferior surface quality, with visible tool marks. The effect of stiffness of the set tool workpiece was also 
observed by analysing the surface topography and roughness profile. The stiffened duct presented a smoother and constant deviation 
along with the manufactured profile, with an apparent magnification of the deviation in the region manufactured by the tool’s 
extreme. However, in the non-stiffened duct, the magnification due to the tool load cannot be identified because of the severe os
cillations of the tool and the marks left. In addition, without the use of stiffeners, the roughness profile surpasses the target limits 
recommended for finishing 

Fig. 11 shows the FFT frequency spectra of the force signal according to the angular position θ during the peripheral milling of the 
duct. In addition, a dephased of 45 ◦concerning the X’-axis (see Fig. 13) was used to ensure good engagement of the tool workpiece. In 
Fig. 11a (unstiffened duct), it can be observed that the force amplitude reached significant peaks of force amplitude for the tooth 
passing frequency and for the first mode of vibration (natural frequency), indicating that during the machining of the unstiffened duct, 
the resonance and chatter frequencies were excited. Further, in the case of the stiffened duct (Fig. 11b), the FFT analysis of the force 
signal exhibits lower amplitude levels for the tooth passing frequency; however, significant peaks were observed at angular positions of 
90 ◦and 270◦. In these regions, through the modal analysis (CAE), a correlation with the sixth vibration mode (1418 Hz) was observed, 
indicating the direction to improve the design of the stiffeners in a subsequent iteration. This aspect is further discussed in Section 7. 

The roughness Ra (Fig. 12a) and Rz (Fig. 12b) are shown as functions of θ for both stiffened and unstiffened ducts. It is evident that 
the roughness levels for the unstiffened duct across all θ ranges were almost double that of the stiffened duct. Furthermore, the 
stiffened duct roughness exhibits low fluctuations across the θ range, whereas for the unstiffened duct, the increase in Ra is significant 
between θ values of 90◦ (2 μm) and 270◦ (3.6 μm). 

Fig. 12c shows the instantaneous cutting force as a function of θ during the machining of both ducts. In the case of the stiffened duct, 
it is observed that the resultant forces fluctuate between 10 and 20 N, whereas for the unstiffened duct, the forces fluctuate between 20 
and 70 N, that is, five times more. Further, a sudden increase in the resultant force is observed when θ is equal to 50 ◦and 180 ◦for the 
unstiffened duct, which increased the instability of the process and magnified the roughness in the surrounding mechanised areas, as 
shown in Fig. 12a and 12b. In a similar manner, it is evident that the reduction of the resultant cutting force did not instantaneously 
improve the roughness, resulting in a delay in stabilisation. A more stable milling process is achieved using lateral stiffeners, with a 
significant decrease in roughness and cutting forces; therefore, stiffeners represent a valuable and economical alternative for con
trolling surface quality in LPBF parts that require finish machining operations. In addition, it is possible to infer that the current 
stiffener shapes, dimensions, and locations represent a good initial approximation for the complete design of the temporary assembly, 
which can be improved during subsequent stages of optimisation of the LPBF parameters and stiffener design. 

7. Analysis and improvement of current stiffening configuration 

The observed peaks in the cutting force at frequencies corresponding to the sixth mode of vibration (1418 Hz) for values of θ equal 
to 90 ◦and 270 ◦during the machining of the stiffened duct (see Fig. 11b) resulted in the performing of a new analysis of the stiffening 
design to improve the performance of the manufacturing processes. In Fig. 13, the x’ axis is aligned with the direction of the main 
stiffener, and the Y’ axis with the secondary stiffener. The vector field shows the resultant cutting force in the plane of the feed 

Fig. 11. FFT Cutting force-frequency spectra as a function of θ: a) Unstiffened duct, b) Stiffened duct.  
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direction as a function of θ. Point A corresponds to the initial position of the tool, which advances clockwise. Further, the regions at the 
outer perimeter of the duct were marked by B, C, E, F, H, I, K, and L to represent the machined areas where the surface topography was 
evaluated. 

From Fig. 13, it is evident that the resultant cutting force vectors at points D (θ = 90◦) and J (θ = 270◦) are oriented in the direction 
of the main stiffener (X’ axis). In addition, it is evident that the sixth vibration mode direction was excited at the angular positions 
between D, E, K, and J (Fig. 14c). However, the resultant vector of the resultant cutting force near region G (Fig. 13) aligned with the 
secondary stiffener (Y’ axis) and the direction of the third mode of vibration (see Fig. 14b). Consequently, it is possible to establish a 
relationship between the orientation of the resultant cutting force vector, the position of the stiffeners, and the maximum amplitudes of 
the cutting force as a function of the angle θ. Furthermore, when θ is equal to 180◦, the cutting force peak reaches its highest amplitude 
for the third mode of vibration (1033 Hz), and the same is observed for θ values of 90◦ and 270◦ for the sixth mode of vibration (1418 

Fig. 12. Roughness and cutting force as a function of θ: a) Ra; b) Rz; c) Instantaneous resultant cutting force.  
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Hz). 
Based on the above, it can be inferred that the largest cutting force amplitudes occur when the resultant cutting force vectors are 

aligned with the position of the stiffeners. In turn, the observed peak cutting force amplitude is proportional to the stiffener capacity, 
which is evident when comparing the low peak in Fig. 14b (when the resultant force vector is aligned with the secondary stiffener) with 
higher peaks in Fig. 14c (when the resultant force vector is aligned with the main stiffener). In addition, it is observed that the surface 
quality in the machined areas (see Fig. 13) at angles after the force peaks were lower than those observed before the force peaks. For 
example, the quality at C was better than that at E. This is also true when comparing F with H and I with K, implying that to improve the 
surface quality and decrease the variability of cutting force peaks, the stiffener design and its position must ensure sufficient duct 
stiffness homogeneity across all θ ranges, which should be considered in the configuration and design of the stiffeners for subsequent 
iterations. 

Fig. 15 compares the current configuration of the stiffeners (IT 1) with the proposed configuration for the next iteration (IT 2). In 
the proposed configuration (IT 2), three aspects were considered based on the analysis. Primarily, there is a reduction in the distance 

Fig. 13. Instantaneous resultant cutting force vector field and surface topography as a function of θ.  

Fig. 14. a), b), c) Cutting force amplitude as a function of θ for tooth passing frequency, the third mode, and sixth mode in stiffened duct.  
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between the ducts to improve stiffness, which has been obtained on rotating ducts by 45◦ to the base plate, ensuring the vertical 
orientation of the duct extreme (Fig. 15b). Further, three stiffeners per duct have been proposed, consisting of two main stiffeners 
peripherally 90◦ to each other with 45◦ inclination to the duct extreme orientation. The inclination from the duct extreme (45◦ ) 
provided maximum support to the duct perimeter. The third stiffener was oriented vertically between the two main stiffeners to 
counteract the chances of diagonal deformation. Finally, a lower stiffener volume fraction ρ (%) was proposed for IT 2 (3.52 %) than IT 
1 (5.66 %), as shown in Eq. (16). 

ρ(%) =
Stiffeners volume(mm3)

Ducts volume(mm3)
× 100 (16)  

8. Conclusions 

A methodology for increasing the stiffness of components manufactured using LPBF was proposed in this study. The cutting forces 
of the two Inconel 718 samples were characterised using different machining parameters. In addition, the crystalline texture of both 
samples and their respective elastic tensors were obtained to quantify the effect of anisotropy on the Young’s modulus. Subsequently, a 
case study was performed wherein the steps established in the methodology were applied for the first iteration of the design process of 
the lateral stiffeners, which resulted in a significant improvement in the surface quality compared to a non-stiffened part. 

The main results are detailed below.  

• The proposed methodology for increasing the stiffness of components manufactured by LPBF through the use of temporary lateral 
stiffeners can be a viable and low-cost alternative for finishing machining operations on this type of component. The machining 
operations can be performed with the parts attached to the base plate and without the need for additional support fixturing.  

• The simulation of the harmonic response of the component by FEM represents a quick way to obtain an initial approximation of the 
effect of the cutting force on the vibration amplitude. The iterative nature of the proposed methodology implies that the deviation 
between the actual vibration values and the values obtained via simulation becomes increasingly smaller because the information 
of the surface quality, cutting forces, and vibration magnitude during the previous iteration allows the design and location of the 
lateral stiffeners to be improved in the following phases of design iteration and optimisation. Therefore, it is essential to develop 
specific methodologies for the design of lateral stiffeners based on component topology, geometry, and application.  

• The similarity between the FEM and measured stiffness shows that the VOIGT-REUSS-HILL theory is an appropriate alternative to 
obtain the elasticity tensor and quantify the anisotropy in the mechanical properties. In the case evaluated, a 10% increase in 
Young’s modulus was observed in the lt60 sample compared to the lt30 sample for the most extended area of the duct analysed. In 
addition, the lt60 sample exhibited a less dense 001 ring-like texture relative to the lt30 sample, which was reflected in a lower level 
of elastic anisotropy in lt60 sample compare to the lt30 sample.  

• The significant difference in surface quality obtained in the first iteration allowed the establishment of temporary lateral stiffeners 
to be viable. The roughness profile showed an average maximum difference of 15 µm along the axial direction of the duct in the 
machined zone for the stiffened duct, whereas this difference increased to more than 90 µm in the unstiffened duct. In a similar 
manner, the cutting forces were almost five times higher in the unstiffened duct than in the stiffened duct.  

• The analysis of the current stiffening configuration establishes that the stiffness of the ducts should be as homogeneous as possible 
along the duct perimeter. This implies that the stiffeners should cover the perimeter of the ducts as much as possible. 

Fig. 15. a) Current stiffening configuration; b) the proposed stiffening configuration for a second iteration.  
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J.D. Pérez-Ruiz et al.                                                                                                                                                                                                  

https://doi.org/10.1016/J.PROCIR.2015.01.082
https://doi.org/10.1016/J.PROCIR.2015.01.082
https://doi.org/10.1016/J.JCLEPRO.2016.04.150
https://doi.org/10.1016/J.CAD.2015.04.001
https://doi.org/10.1016/J.MATTOD.2017.07.001
https://doi.org/10.1016/J.CIRP.2016.05.004
https://doi.org/10.1016/J.PROMFG.2017.07.148
https://doi.org/10.1016/0305-0483(85)90066-0
https://doi.org/10.1016/0305-0483(85)90066-0
https://doi.org/10.1016/J.IJMACHTOOLS.2015.11.007
http://refhub.elsevier.com/S0888-3270(21)00998-5/h0050
http://refhub.elsevier.com/S0888-3270(21)00998-5/h0050
http://refhub.elsevier.com/S0888-3270(21)00998-5/h0055
http://refhub.elsevier.com/S0888-3270(21)00998-5/h0055
https://doi.org/10.1016/J.JMAPRO.2020.12.027
https://doi.org/10.1080/0951192X.2015.1067920
https://doi.org/10.6036/9382
https://doi.org/10.1016/j.msea.2017.02.062
https://doi.org/10.1007/s00170-017-1019-1
https://doi.org/10.1016/j.matdes.2020.108642
https://doi.org/10.1016/j.powtec.2019.08.082
https://doi.org/10.1016/j.jallcom.2019.01.377
https://doi.org/10.1016/j.jallcom.2019.01.377
https://doi.org/10.1016/j.pnsc.2018.07.001
https://doi.org/10.1016/j.scriptamat.2012.06.014
https://doi.org/10.1016/j.scriptamat.2012.06.014


Mechanical Systems and Signal Processing 168 (2022) 108675

18

[26] M.S. Pham, B. Dovgyy, P.A. Hooper, C.M. Gourlay, A. Piglione, The role of side-branching in microstructure development in laser powder-bed fusion, Nat. 
Commun. 11 (2020) 1–12, https://doi.org/10.1038/s41467-020-14453-3. 

[27] Z. Liu, H. Qi, Effects of substrate crystallographic orientations on crystal growth and microstructure formation in laser powder deposition of nickel-based 
superalloy, Acta Mater. 87 (2015) 248–258, https://doi.org/10.1016/j.actamat.2014.12.046. 

[28] M. Ni, C. Chen, X. Wang, P. Wang, R. Li, X. Zhang, K. Zhou, Anisotropic tensile behavior of in situ precipitation strengthened Inconel 718 fabricated by additive 
manufacturing, Mater. Sci. Eng. A. 701 (2017) 344–351, https://doi.org/10.1016/J.MSEA.2017.06.098. 
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