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Abstract 

Components produced and repaired by the Laser Metal Deposition (LMD) process require finish-
machining steps in order to improve the poor geometrical tolerance of the functional surfaces. In this work, 
the LMD process was conducted to build up samples from Ti-6Al-4V powders. The effect of the face 
milling process on surface roughness of the Ti-6Al-4V parts was studied in different build directions. The 
effect of the heat treatment was also considered. Changes in roughness and micro-hardness were 
evaluated and compared in each condition. Cutting forces were also measured in order to evaluate 
loading characteristic on the cutting insert. The heat-treated sample shows lower cutting forces in 
comparison with the as-build material. Different values of the surface roughness of the machined parts 
were obtained as a consequence of the microstructure variation. 
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1 INTRODUCTION 

Laser Metal Deposition (LMD) is a well-employed additive 
manufacturing (AM) process to build complex near net-
shape and repair high-value parts. The process was first 
commercialized as Laser Engineered Net Shaping 
(LENSTM) and developed by Sandia National Laboratory in 
1993 [Atwood 1998]. The process gained more industrial 
interests thanks to its ability to produce massive 
components, high build rates, low porosity and competitive 
properties compared to the conventional material [Bi 2006]. 
Furthermore, the LMD process showed high capabilities of 
mixing multiple materials and repairing high value 
components [Hedges 2006]. This process is also able to 
build materials with high melting temperature, such as 
nickel-based and titanium alloys. 

A special care needs to be addressed when producing 
components with qualification and certification 
requirements. Indeed, the produced parts by AM commonly 
require at least one post-processing 
[Blackmore 2010][Tian 2014] and surface finish operation 
[Formanoir  2016] to enhance the material properties and 
to satisfy the quality and tolerance of the surface. During 
the building process, Ti-6Al-4V parts undergo severe 
inhomogeneous cooling rates and cycles. This can lead to 
a difference in the microstructure and subsequently, in 
mechanical properties. Variation in the material properties 
and high anisotropy could appear even when similar 
building parameters are used [Zhao 2017]. Therefore, the 
machinability of the produced parts is expected to vary 
throughout the deposited structure.  

Producing ready-to-use additive parts without the need of 
the post processing remains a big challenge for the AM 
machine makers and users alike [Kianian 2018]. The 
additive parts are characterized by oxidized and unmelted 
particles, a staircase morphology, pores and lack of fusion 
[Li 2003]. This could affect material properties and the 
surface of the components. 

A way to improve the material properties and to reduce 
material defects is to realize a Hot Isostatic Pressing (HIP) 
treatment [Thijs 2010]. A surface finish step is also required 
to fulfil the requirements of the functional surfaces 
especially when dimensional accuracy is expected. Hybrid 
machines are then developed allowing to merge AM and 
machining capabilities. These machines are capable of 
combining additive and subtractive processes of a metallic 
part within the same enclosure [Flynn 2016]. The interest of 
studying the machinability of the AM components is 
motivated by the development of new AM materials and 
applications and the need to understand the effect of post 
processing on the cutting operation. Nevertheless, the 
machining process of AM parts is less studied compared to 
the conventional ones. The term machinability could be 
defined as the ease or the difficulty of a material to be 
machined. The most used criteria to evaluate the 
machinability are the tool life, wear mechanism, cutting 
forces, surface integrity, cutting temperature and chip 
formation [Mills 1983]. 

The Ti-6Al-4V is one of the most investigated alloy in 
additive manufacturing domain due to its well compatibility 
with the majority of the AM processes and its large use in 
critical applications such as medical and aeronautical 
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[Lütjering 1998]. This alloy is considered as a difficult to cut 
material as a result of its low thermal conductivity, high 
strain hardening effect, high elastic behaviour and high 
strength retained at high temperature.  

The purpose of this work is to study the finish face milling 
process of Ti-6Al-4V produced by the LMD process. Three 
different components type were considered: a Ti-6Al-4V 
produced by the LMD process in the as-build condition, one 
after the HIP post-treatment and a conventional hot-rolled 
part. Furthermore, the milling process was performed in 
three different build directions as shown in Fig. 1. The effect 
of the AM build direction and the possible anisotropic 
properties of the AM parts on the cutting process could then 
be studied. 

The cutting forces were measured and compared for each 
condition. The surface roughness was measured in order to 
compare the effect of the elaboration method on the surface 
finish of the machined part. 

2 EXPERIMENTAL METHODS 

The 5-axis Magic 800 machine designed by BeAM was 
used to build the LMD parts. It allows to build parts with a 
maximum build volume (X,Y,Z) of 1200mm x 800mm x 
800mm. The nozzle is mounted on the Z-axis of a CNC 
machine and is able to move in the three linear axis (X,Y 
and Z) while the build platform rotates around two axis. The 
nozzle type is the MacroCLAD Head 24VX with a spot size 
equal to 2.25 mm having a laser as a heating source with a 
power of 1630 W. The laser is a fibre doped Ytterbium with 
a wavelength equal to 1070 nm. It is an YLS-2000 model 
from IPG LASER brand. 

The nozzle is a coaxial combination of the laser source, the 
fed powder, a carrying gas and a secondary gas. The 
carrying gas allows the powder transportation, and the 
secondary gas is required to shape the powder jet at the 
output of the nozzle. The flowrates of the carrying and the 
shaping gases were 6 L/min and 10 L/min respectively. The 
scan speed is equal to 2000 mm/min and the powder 
flowrate is 12 g/min. The atmosphere is controlled under 
argon gas to maintain an average O2 and H2O contents less 
than 1.5 ppm and 70 ppm, respectively.  

The powder used during this work is a gas atomized Ti-6Al-
4V grade 5 powder provided by AP&C supplier. The 
diameter of the powder particles is 45-90 µm and the 
chemical composition is presented in  

Tab. 1. 

Rectangular additive parts were build using the LMD 
process according to the Fig. 1. The build strategy consists 
of a 180° scanning tool path within each layer (in the X and 
Y directions) with and overlap spacing of 1.55 mm. Once 
one layer is deposited, the nozzle moves in the Z direction 
with an overlap Z increment set to 0.8 mm. 
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Tab. 1: Ti-6Al-4V powder composition. 

Elements LMD Ti-6Al-4V 

Weight % 

Al 6.42 

V 4.01 

Fe 0.2 

O 0.14 

C 0.02 

N 0.02 

H 0.002 

Y < 0.001 

Other each. max < 0.1 

Other total. max < 0.4 

Ti Balance 

 

Rectangular specimens were produced with dimensions of 
L = 60 mm, h =14 mm and a = 12 mm. The parts were 
manufactured in three different build directions as shown in 
Fig. 1. The samples were removed from the base plate 
using wire-EDM in order to avoid deforming and creating 
additional stress on the as-build material. 

 

Fig. 1: Diagram of the build LMD parts. 

In order to assess the effect of the heat treatment on the 
machining process, one sample was subjected to the Hot 
Isostatic Pressing (HIP) process. The heat treatment was 
conducted at a temperature of 920°C and a pressure of 
102 MPa maintained for 2 hours. The atmosphere was 
protected by the inert Argon gas. This provides a heat 
treatment and removes internal defects simultaneously. 
The combination of the heat and the pressure leads to a 
well-densified material with a homogenized microstructure. 

The external faces were machined in order to have a radial 
engagement a = 10 mm during the milling tests. A pre-pass 
of 0.5 mm were performed in each face to be machined in 
order to remove the external rough layers. 

The face milling tests had been conducted on the Ti-6Al-4V 
parts obtained from the LMD and hot rolling processes. 
Concerning the additive samples, different faces were used 
to perform the machining process (Fig. 1). Different planes 
were machined with respect to the build direction as shown 
Fig. 1. The milling tool is a Coromill R300-035C3-10H with 
a cutting diameter equal to 25 mm supplied by Sandvik 
Coromant. One round insert with AlTiN PVD coating (R300-
1032E-PL) was mounted on the tool holder. The cutting tool 
is centred with respect to the machined samples. In order 

to avoid the effect of changing the insert micro-geometry, 
the edge radius was controlled for each insert and kept in 
the range of 25±3 µm. 

The depth of cut ap and the cutting speed VC were kept 
fixed at 0.5 mm and 55 m/min, respectively. A special 
clamping system was used to mount the samples on 
dynamometer KISTLER force sensor type 9255B (Fig. 2). 
Thanks to this mechanical clamping, cutting forces in three 
orthogonal axis were recorded. The resultant cutting force 
R is adopted during this work and is calculated according 
to: 

𝑅 =  √𝐹𝑥2 + 𝐹𝑦2 + 𝐹𝑧2 (1) 

Where, Fx, Fy and Fz are the cutting, the radial and the 
axial forces, respectively, measured using the Kistler table 
in a fixed reference (Fig. 2). 

In order to control the surface finishing quality, surface 
roughness Ra was measured using VEECO WYKO 
NT1100 optical profilometer. It is a contactless 3D surface 
profile measuring system based on laser interferometry. 

 

Fig. 2 : Diagram of the face-milling test. 

3 RESULTS 

3.1 Clean-up steps of the external layers 

The additive manufacturing process produces parts with 
rough finished surface. The surface is characterized by 
staircase and wavy morphologies due to the layer-by-layer 
deposition and the laser scan pattern. This type of surfaces 
can promote crack initiation and thus needs to be 
machined. Subsequently, it is important to investigate the 
machining process of the outer layer. To this end, 
successive multi-passes of the external layers with a depth 
of cut of 0.5 mm and a feed fz = 0.1 mm/tooth were 
performed and the cutting forces were recorded for each 
pass. An example of the resulted values for the HIPed 
material is presented in Fig. 3. 

It was found that the cutting forces are higher when 
machining the external layer and decreases during 
removing the subsurface layers. The cutting force drops of 
about 38% at a depth of 1.5 mm compared to the one in the 
external surface. This depth corresponds to the minimum 
required material to be removed in order to reach a steady 
state of the cutting forces. This is mainly due to the variation 
in the microstructure and mechanical properties of the parts 
caused by the uncontrolled heating and cooling regimes 
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during the building process. The same phenomenon is 
observed in the post-processed and as-build parts. 

The results presented in the following sections are taken in 
the stable depth area in order to obtain consistent results 
and to minimize the effect of the surface variation. 

 

Fig. 3: Variation of the cutting forces (fz = 0.1 mm/tooth, 
ap = 0.5 mm, VC = 55 m/min) (Machined plane XZ). 

3.2 Effect of the heat treatment 

Machining tests were performed to assess the effect of 
different elaboration methods of the parts. Only the YZ 
plane is machined in this section and the cutting parameters 
are fz = 0.08 mm/tooth, ap = 0.5 mm and VC = 55 m/min. 
Fig. 4 shows a comparison of the cutting forces for the as-
Build, the heat-treated and the conventional machined 
samples. 

On one hand, no changes in the cutting forces are observed 
between the heat-treated and conventional samples. On 
the other hand, Fig. 4 shows that higher forces of around 
38% are generated for the as-build sample than the 
conventional and the HIPed ones. One possible 
explanation is the inhomogeneous microstructure of the as-
build parts and extensive porosity that could cause 
vibrations and instabilities during the cutting process. This 
inhomogeneity is reduced by HIP post processing 
[Thijs 2010] and it was also reported that the heat treatment 
reduces the AM material strength [Antolak-dudka 2019]. 
Another possible reason of this difference is the higher 
hardness values of the as-build LMD parts than those of the 
other samples as seen in Fig. 5. Indeed, the material 
produced in the as-build condition contains usually the 
martensitic α’ and fine α laths as a result of high cooling 
rates [Baufeld 2011]. The α’ phase and the fine laths lead 
to an increase in the hardness. The heat treatment allows 
a decomposition of the α’ into the α phase and an increase 
in the laths thickness which causes a reduction in the 
material hardness (Fig. 5). 

For the LMD parts, the hardness seems to influence the 
cutting forces, since the as build material is machined with 
high cutting forces compared to the HIPed part (Fig. 4). In 
addition, the as build component present a high work 
hardening behaviour compared to the other samples as 
seen in Fig. 5. The variation of the cutting forces and in the 
material hardness will affect logically the tool-life and the 
surface integrity of the finished parts. 

 

Fig. 4: Comparison of the cutting forces for the as-build, 
HIPed and Conventional Ti-6Al-4V (fZ = 0.08 mm/tooth, 

ap = 0.5 mm, VC = 55 m/min) (Machined plane YZ). 

 

Fig. 5: Hardness values in the surface for the raw and 
machined samples. 

The average surface roughness Ra of the LMD samples 
before the machining process was 7.5 µm in the Z direction 
and 25.5 µm in the XY plane. The milling process produces 
parts with a surface roughness Ra between 0.26 and 
0.354 µm. No significant variation in the surface roughness 
between the conventional and HIPed Ti-6Al-4V parts is 
observed.  

Nevertheless, the conventional component presents 31% 
higher Ra value than the as-build one as shown in Fig. 6. 
This is a result of the difference in the microstructure and 
subsequently in mechanical behaviour. It was reported that 
hard material tends to produce low surface roughness 
values [Chen 2000][Nakayama 1988]. Indeed, during the 
tool pass, a plastic material flow occurs around the tool-
material contact zone. The increase of this material flow 
leads to an increase in the peak to valley height and thus in 
surface roughness [Chen 2000]. The level of the plastic flow 
is higher for soft material and lower for hard material 
[Chen 2000]. Moreover, [Oishi 1995] suggests that by 
increasing the material hardness above a critical value, the 
build-up edge formed especially at low cutting and feed 
speeds, could be eliminated. As a result, the surface finish 
of the parts improves. This phenomenon was observed and 
investigated in the case of Selective Laser Melting (SLM) 
process where harder AM parts showed lower surface 
roughness than conventional material [Chlebus 2011]. 

The as-build LMD part has 10% higher micro hardness 
values compared to the conventional material (Fig. 5). This 
could be a probable reason for the difference of the surface 
finish of the as-build LMD part compared to the HIPed and 
conventional ones. 
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Fig. 6: Comparison of the surface roughness of different 
machined parts (fz = 0.08 mm/tooth, ap = 0.5 mm, VC = 55 

m/min) (machined plane YZ). 

In addition, there is a variation in the minimum chip 
thickness necessary to have a cutting regime rather than 
ploughing regime depending on the material processing 
[Milton 2016]. Thus, there could be an interaction between 
the cutting parameters, the machining forces and the 
surface integrity depending on the material nature. It is thus 
important to determine the minimum chip thickness of each 
material. 

3.3 Effect of build direction 

Inhomogeneity of the microstructure and the strong 
anisotropy of the additive parts had been reported and 
widely discussed in literature [Thijs 2010][Baufeld 2011] 
[Kobryn 2001]. Indeed, the high thermal gradient in the build 
direction leads to a lower yield strength in the build direction 
than that in the X and Y directions [Kobryn 2001]. The 
microstructure and the material properties vary also 
depending on the build height as reported by 
[Baufeld 2011]. The possibility of a textured material 
[Neikter 2018] and the defect’s presence [Chlebus 2011] 
could be a valid reason of this anisotropy. This could affect 
the cutting forces throughout the build parts.  

In order to investigate the effect of the material anisotropy 
and inhomogeneity on the machining process, the milling 
operation was performed in three different planes of the 
HIPed LMD components: XY, XZ and YZ according to Fig. 
1. The cutting forces were measured for each configuration 
as shown in Fig. 7. The results show that there is no 
significant variation in the cutting forces for different build 
direction on HIPed samples (5 %). This shows that the 
material texture has a small influence on the cutting forces 
and low anisotropic behaviour of the LMDed parts is 
expected. 

 

Fig. 7: Cutting force results for different machined planes 
(fz = 0.08 mm/tooth, ap = 0.5 mm, VC = 55 m/min) (HIPed 

Sample). 

Differences in the material properties and microstructure 
depending in the build location and height was reported 
[Kobryn 2001] [Baufeld 2011]. Indeed, the microstructure, 
the phase’s composition and nature, and the material 
properties could vary significantly especially along the 
material height [Baufeld 2011]. This variation could affect 
the machinability of the LMDed parts as well as the final 
surface quality and the surface integrity. 

In order to investigate the effect of the build direction on the 
surface finish, the surface roughness Ra resulted from the 
milling process performed in different directions of the 
HIPed samples was evaluated. Fig. 8 shows that the 
surface roughness is constant regardless of the machined 
plane with a maximum deviation of 3%. The constant 
surface roughness values may be related to the HIP post 
process leading to a homogenization of the microstructure 
as explained in section 3.2. 

 

Fig. 8: Comparison of the Surface roughness Ra for 
different machined planes (HIPed samples). 

4 SUMMARY 

This work presented an experimental study of the 
machinability of the Ti-6Al-4V parts produced by the LMD 
process in order to understand the particularity of 
machining AM components compared to the conventional 
alloy. The following conclusions could be drawn as 
followed: 

- The external surface of the AM parts presents a 
staircase and wavy morphologies resulting in a 
variation and high cutting forces. This layer (with a 
thickness of about 1.5 to 2 mm) needs to be 
removed since it contains inhomogeneous 
microstructure and can act as a crack initiation 
sites. 
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- The as-build LMDed part requires higher cutting 
forces as compared to the conventional and HIPed 
material. The HIP treatment reduces the 
machining forces as a result of a reduction of the 
hardness, internal defects and homogenization of 
the microstructure.  

- Different values of the surface roughness were 
obtained for the machined parts as a consequence 
of the hardness and microstructure variation. 

- Cutting forces and surface roughness show no 
significant variation with respect to the machined 
plane of the AM parts. The material texture has a 
small influence on the cutting process and low 
anisotropic behaviour of the LMDed parts is 
expected. 

Further investigations on the residual stress and 
microstructure should be conducted in order to understand 
the effect of the cutting process on the surface integrity.  
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