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Abstract
The various processing parameters of a hybrid manufacturing process, including deposition
and machining, is being investigated with a Design of Experiment (DoE). The intent was to explore
the effect of different build strategies on the final part’s Vickers hardness, tensile test, fatigue life,
and microstructure. From this experiment, the processing parameters can be linked to various
mechanical properties. This will lead to the ability to create a combination of deposition and
machining parameters, which will result in improved mechanical properties.
Introduction
Laser metal deposition (LMD) has made many breaking through successes in complex
parts manufacturing and new materials developing [1, 2, 3, 4]. However, due to the inherent rapid
solidification property of LMD process, inevitable porosity, distortion, and rough surface finish of
LMD build parts usually require post heat treatment and machining to meet end-use dimensional
and mechanical requirements [5, 6, 7]. In addition, LMD manufactured parts are still noncomparable to conventional manufacturing methods in cost and productivity [6].
Hybrid manufacturing (HM) combines the freedom of additive with precision of computer
numerical control (CNC) to enable done-in-one ability, which allows in-process quality inspection,
speeds up production of complex metal parts, and overcomes the difficulty in machining inner
features. In recent years, several HM systems have been developed, SLS/SLM with milling [7],
arc welding with milling [8, 9, 10, 11], and machining center with LENS® function. However, few
of them systematically investigated how HM processing parameters affect final product’s
mechanical properties and microstructure evolution. In this paper, a design of experiment (DoE)
matrix was generated which includes primary processing parameters of deposition and machining
process as input factors and microstructure, Vickers hardness, fatigue life, and tensile test results
as responses. Herein, the main efforts were put on the investigation of appropriate ranges for the
DoE input factors.
Experimental Procedures
All experiments were performed on a LMD system and a 5 axis FADAL CNC machine.
The LMD system consists of a 1 kW solid-state YAG-fiber laser, a 3-axis CNC platform, an argon
purged chamber, and a vertical powder delivery subsystem. Fig. 1a shows the schematic of the
LMD system, where the laser beam diameter was set to 2 mm. Powders used in this research are
gas atomized Ti-6Al-4V powder with mesh size -100/+325.
The illustration of the HM process is demonstrated in Fig. 1b, where end milling is applied
between each deposition. A certain height of non-machined as-deposit surface, as-called shielding
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height, is left to protect machined surface from spoiled by the following deposition process. The
deposit height in between each machining process is called layer thickness. Each time the removed
material thickness at each side is called depth of cutting, and usually several times cutting are
needed to get required final thickness.

(a)LMD process
(b)HM process
Figure 1: Schematic of the LMD and HM process

To explore the effects of different build strategies on the final part’s properties, DoE matrix
was implemented for a build which used multiple applications of deposition and machining, to
make 30 mm tall and 2 mm thick thin- wall structures. Five parameters, layer thickness, depth of
cutting, shielding height, preheating temperature, and laser energy density (LED) were selected
for a set of screening DoE. Considering the accuracy and time efficiency, a five-factor two-level
half-fractional DoE matrix was designed, consisting of 25-1 = 16 runs (resolution V design).

(a)AM fixture
(b)machining fixture
Figure 2: fixtures used in the HM process

(c) Jen-Ken Kilns

The low-level value (-1) and high-level value (+1) of the considered parameters are
important to the whole experiment for which determines the applicable range of the analysis of
variance (ANOVA) test results be applied to. Preliminary research was conducted to explore the
maximum height increment per track that yields a stable buildup with maximum powder capture
efficiency for each DoE run and 0.4 mm was the final selection. To reduce residual stress
magnitudes and warping, uniform preheating of the substrate and deposit before each new
deposition was considered [12]. When preheating applied, Jen-Ken Kilns, as shown in Fig. 2 (c)
was used to heat substrate up to 573 K, where the oxygen weight gain is only 1.6 mg/cm2 and
beyond which the value increases dramatically [13]. From measurements of as-deposit thin-wall
structures, the thickness of them is around 4 mm at selected LED levels, which guaranteed to build
full dense parts. In the machining process, both side surfaces and the top surface have been end
milled with a 0.5” diameter tool at parameters: 275 surface feet/min, 0.0012 chip load, depth of
cutting 0.05” to 0.1” for top surface, and 0.005” to 0.02” for side surface [14]. For layer thickness,
10 mm and 15 mm was selected as the low-level value and high-level value separately. Those two

1847

height values are easy to get and high enough for small scale model analysis with DoE. The nonspoiled machined surface height has a linear relationship with depth of cutting and shielding height
[15], based on the depth of cutting of each side surface, shielding height low-level and high-level
was set to 1.2 mm and 2.2 mm.
Alignment between multiple deposition and machining system transitions during the HM
process is critical and necessitated two sets of fixtures be designed to solve this issue. As shown
in Fig. 2 (a) and (b), pins and clamps were used to guarantee alignment during each transition.
Experimental Results and Discussions
The LED is defined as
= / , where is laser power and is laser traverse speed.
LED is critical to microstructure evolution during LMD process then affects the final parts’
mechanical properties. A finite element analysis (FEA) simulation of the LMD process was
conducted to help selecting appropriate LED levels to avoid lack of fusion and overheat. An
improvement was made to a previous work [2] and brings the FEA model closer to real world,
where a heat sink was added to the left side of the substrate to simulate the fixture effect, which
means fixture extracted heat is considered during heating and cooling.

(a)meshed FEA model

(b)validation results

(c)cooling curves with CCT diagram (d)cooling rate for 3 different cases
Figure 3: FEA simulation of the deposition process

To validate the new FEA model, a short deposition was ran and simulated with the exact
LMD processing parameters. Fig. 3a shows the meshed FEA model with the heat sink and Fig. 3b
shows the temperature comparison between simulation and experiment, where simulation result is
close to the experiment one and there is only 25 K difference between the two temperature peaks.
In the temperature measuring experiment, a K-type thermal couple was fixed to a shallow hole on
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the substrate top surface with thermal paste cement, which may have had some thermal paste
cement in between of the thermal couple tip and substrate and caused the thermal couple not to
contact with the substrate directly. The low thermal conductivity of the thermal paste cement
caused the experiment peak temperature lagging the simulated one. Also, thermal paste cement
acts like insulation and makes resistance to cooling, which reflects in Fig. 3b is the experiment
cooling rate value is higher than the simulated one. Before simulating the deposition part of the
proposed HM process, an initial assumption of the minimum energy needed to melt introduced
powders from the nozzle was conducted based on = ∗ ∆ ∗ and the latent heat of fusion ,
where denotes mass of the melted powders, ∆ is set as the powder temperature change from
ambient temperature 300 K to melting point 1933 K, is the specific heat. The energy efficiency
of the LMD process with YAG laser is proved to be only 20% to 10% of the raw power be used to
melt the powders [16]. Take laser traverse speed as 600 mm/min for example, the minimum laser
power needed is 590 W and the LED is 0.98 W/(mm/min). With trial and error in real deposition
experiment, minimum LED needed in our LMD system to build full dense part is 1.1 W/(mm/min),
and 3 W/(mm/min) would cause severe overheat. In the FEA model, three cases were investigated
with different LED level, 2.8 W/(mm/min) (2.8-LED), 1.9 W/(mm/min) (1.9-LED), and 1.3
W/(mm/min) (1.3-LED), respectively. In all the three cases investigated here, the first two tracks
were deposited with 800 W laser power to generate molten pool, and the following tracks with
laser power at 400 W. The LED was modified by adjusting laser traverse speed. For 1.9-LED level
the laser traverse speed was set to 216 mm/min, 1.3-LED level 305 mm/min, and 2.8- LED level
143 mm/min. The phase fraction and microstructure size, which relies on the cooling rate, has
direct effects on Vickers hardness and other mechanical properties of the final part. Cooling rate
of the middle point in the very top layer was investigated at various LED level and plot in Fig. 3c
combined with a simplified continuous cooling transformation (CCT) diagram. In Fig. 3c, time
starts from laser hit the specific point and it could be seen that overheat occurs at 2.8-LED level
and was observed in the experiment that half of the deposit was in red. For 1.9-LED and 1.3-LED
levels, no overheat situation was found and scanning electron microscopy (SEM) of the deposit
cross-section revealed full dense part and no porosity, indicating sufficient LED input. So, the
LED low-level and high-level value was set to 1.3-LED and 1.9-LED. In Fig. 3d, it can be found
that the higher the LED level the lower the cooling rate at the beginning, which caused by larger
energy input results in more heat accumulated in the structure that leads the whole structure takes
more time to disperse heat to surroundings. After a certain time, the cooling rate for different LED
levels tends to get close as heat has been extracted to substrate and clamping fixture that causes
heat conduction become slowly.

(a)1.9-LED machined surfaces

(b) 1.3-LED machined surfaces

Figure 4: machined surfaces of the two different LED cases
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To validate the LED low-level and high-level selection, deposits built at those two LED
levels were machined and the surface integrity of the machined surfaces was compared, as shown
in Fig. 4 where non-oxidized and well bounded Ti-6Al-4V thin-wall structures were machined on
two laser traverse directional side surfaces and top surface. Optical microscopy was utilized to
analyze the 3D profile of the machined surfaces and the analysis results are shown in Fig. 5, where
black line indicates surface profile, red line indicates roughness, and green line indicates waviness.
It can be found that in both 1.3-LED and 1.9-LED level cases, the side surface has a better
roughness value than the top surface, and the machined surfaces in 1.3-LED case has a better
roughness value than in 1.9-LED case. Based on the analysis of the FEA simulation results, higher
laser traverse speed means lower LED input, which tends to have higher cooling rate [17]. As we
can see in Fig. 3c, high cooling rate would benefit for finer grains and martensitic- forming. Finer
grains and high-volume fraction of martensitic- in the final part built by 1.3-LED level leads to
a higher Vickers hardness which causes the part harder for machining at the same machining
condition compare to 1.9-LED level case, which results in a rougher surface integrity.

(a)1.9-LED top surface integrity

(b)1.3-LED top surface integrity

(c)1.9-LED side surface integrity

(d) 1.3-LED side surface integrity
Figure 5: surface integrity of two different LED cases

The final low-level and high-level values of each factor is given in Table 1 and the designed
matrix is in Table 2. Based on the normalized orthogonal matrix, the factorial DoE represents
various processing conditions and ensures the effect of each factor can be clearly evaluated.
Table 1: ranges of the investigated HM processing parameters
Label
A
B
C
D
E

Parameters
Layer thickness
Depth of cutting
Preheating temperature
Shielding height
Laser energy density

Low-level (-1)
10 mm
0.5 mm
300 K
1.2 mm
1.3 W/(mm/min)
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High-level (+)
15 mm
1 mm
573 K
2.2 mm
1.9 W/(mm/min)

Table 2: DoE matrix
Run

A

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

+
+
+
+
+
+
+
+

B

C
+
+
+
+
+
+
+
+

D

E

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

Treatment
combination
e
a
b
abe
c
ace
bce
abc
d
ade
bde
abd
cde
acd
bcd
abcde

Conclusion
A five-factor two-level half-fractional DoE matrix has been successfully developed with
appropriate low-level and high-level values for each factor. LED range selection was especially
investigated with a high accuracy validated FEA model, which will benefit cost reduction in both
time and material in future for complex shape parts developing with HM process.
In future, thin-wall structures will be built according to the DoE matrix and the Vickers
hardness, fatigue, and tensile tests will be applied and analyzed with the ANOVA test. An
optimized build strategy can be generated from the ANOVA analysis results.
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