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Abstract
Functionally Graded Material (FGM) is often fabricated by Laser metal deposition with
pre-mixed multiple powders (PMM-powder). Since the supplied PMM-powder directly affects
FGM’s composition, investigation on PMM-powder’s property is greatly needed. This paper
employed experimental method to observe an important problem: PMM-powder separation in
fabricating FGM. A novel particle size optimization method was introduced as solution to
eliminate the powder separation. Pre-mixed pure Cu and 4047 Al powders were used to do two
experiments. The first experiment result disclosed the existence of powder separation. By
optimizing the particle size, the PMM-powder separation was effectively solved in the second
experiment result.
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1. Introduction

Functionally Gradient Material (FGM) is arousing more and more attention in area of
advanced material processing. Gradual variation in composition and structure over volume in
FGM [1], result in corresponding gradual changes in the properties of the material to meet the
usage requirements. FGM can be designed for specific functions and applications, and can
combine two or more different materials into one structure and perform multiple functions [2, 3].
To fabricate the FGM structure, laser metal deposition is an effective process technique, in which
gradually varying in composition over volume is achieved by Pre-Mixed Multi-Powder
(PMM-powder) [4, 5]. Fig.1 is schematic illustration of fabricating FGM by laser metal deposition.
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Fig.1. Schematic illustration of fabricating FGM by Laser metal deposition.

A necessary factor in FGM fabrication is the multi-composition powder, which is often
pre-mixed of two kinds of alloy or metal elemental powders according to the composition
requirement of FGM structure. In the process of Laser metal deposition, the PMM-powder are
input into powder feeder. Inert argon gas flow drives the powders to move along the powder
feeder pipe. Since the PMM-powders have different particle densities and sizes, under the same
argon gas flow, light and small particles could move faster while heavy and big particles could lag
behind. This kind of particle flow dynamics may cause powder separation and composition
deviation in PMM-powder. In FGM structure, the material composition ratio in any different area
is required strictly (Fig.1). Non-uniform PMM-powders will ruin the gradually varying material
composition ratio, and further discount the wanted material performance. Therefore, to address
this issue, investigation on PMM-powder during laser metal deposition is greatly needed. So far,
there is no special study focusing on pre-mixed multiple powders’ dynamic behavior in
fabricating FGM by laser metal deposition. Some previous research results about the powder flow
were just for identical material through both numerical and experimental methods [6-10].
In this paper, experimental method was employed to observe powder separation in
fabricating FGM with blown PMM-powders. A novel particle size optimization method was
introduced as solution to eliminate the powder separation. Pre-mixed pure Cu and 4047 Al
powders were used to do two experiments. The first experiment result disclosed the existence of
powder separation. By optimizing the particle size in two types of powder, the powder
separation was effectively solved in the second experiment result.
2. Experiment procedure
2.1. Experiment set-up
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The experiment set-up is schematically shown in Fig.2. A commercial powder feeder (Bay
State Surface Technologies, Inc, Model-1200) was used to supply PMM-powder. Pure Cu powder
and 4047 Al powder (Fig.2) were used in the experiments. The particles size distributions were
displayed by the sieve analysis in Table.1 and Table.2. A plastic pipe, with 1.5 m in length and 5
mm in inner diameter, delivers the PMM-powder. Two linear motors were employed to generate
moving path. A piece of 6061 Aluminum alloy plate, paved with sticky epoxy resin, was fixed on
the linear motor to follow the generated path. The idea of this experiment is to use the sticky
epoxy resin layer to collect the pre-mixed 4047 Al and Cu powders spraying out from the nozzle.
The optical microscopy was used to observe the PMM-powder adhered on epoxy resin layer. The
time of spraying powder was 25 s. During this time range, powder feeder nozzle was moving
above the epoxy resin layer following the specified path “M”. After the epoxy resin was solidified,
the collected PMM-powder was contained in it to form the particle pattern, then for the further
observation.
Sieve type
Size (μm)

Percentage (%)

Sieve type
Size (μm)

Percentage (%)

70 mesh
>212
0.0

70 mesh
>212
1.1

Table.1. Sieve analysis of pure Cu powder
100 mesh
150-212
1.3

120 mesh
125-150
2.4

140 mesh
106-125
3.7

Table.2. Sieve analysis of 4047 Al powder
100 mesh
150-212
2.8

120 mesh
125-150
5.4
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140 mesh
106-125
20.3

200 mesh

325 mesh

200 mesh

325 mesh

75-106
47.4

75-106
42.5

45-75
45.2

45-75
27.9

2.2. Experiment design idea

Fig.2. Experiment set-up and results.

This research included two experiments. The experiment design idea was based on the
thinking of particle acceleration equation in Eqn.2, which is a classic first order differential
equation with variable of particle velocity 𝑢𝑢𝑝𝑝 . The second term on the right side can be simplified
as gravitational acceleration 𝑔𝑔 because particle density 𝜌𝜌𝑝𝑝 is much greater than argon gas
density 𝜌𝜌. The first term on the right side contains several coefficients including argon gas flow
velocity 𝑢𝑢, drag coefficient 𝐶𝐶𝐷𝐷 , argon gas density 𝜌𝜌, Reynolds number 𝑅𝑅𝑅𝑅, and the product of
particle diameter 𝑑𝑑𝑝𝑝 and density 𝜌𝜌𝑝𝑝 . The coefficients 𝑢𝑢, 𝐶𝐶𝐷𝐷 , 𝑅𝑅𝑅𝑅, and 𝜌𝜌 are same for all the
particles, but the product of density and diameter square 𝜌𝜌𝑝𝑝 𝑑𝑑𝑝𝑝2 varies with different types of
powders.
𝑑𝑑𝑥𝑥⃑
= 𝑢𝑢𝑝𝑝
(1)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑢𝑢𝑝𝑝
𝑔𝑔�𝜌𝜌𝑝𝑝 − 𝜌𝜌�
18𝜇𝜇 𝐶𝐶𝐷𝐷 𝑅𝑅𝑅𝑅
=
�𝑢𝑢 − 𝑢𝑢𝑝𝑝 � +
2
𝑑𝑑𝑑𝑑
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2
2
𝜌𝜌𝑝𝑝_𝐶𝐶𝐶𝐶 𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶
= 𝜌𝜌𝑝𝑝_𝐴𝐴𝐴𝐴 𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴

𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴
𝜌𝜌𝑝𝑝_𝐶𝐶𝐶𝐶
8.94𝑔𝑔/𝑐𝑐𝑐𝑐3
=�
=�
= 1.854
𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶
𝜌𝜌𝑝𝑝_𝐴𝐴𝐴𝐴
2.6𝑔𝑔/𝑐𝑐𝑐𝑐3

(2)

(3)
(4)

The Eqn.3 was rewritten in a new proportion format in Eqn.4, which explains an important
criterion: if 4047 Al particle diameter is 1.854 times greater than Cu particle diameter, both type
of particles will have same acceleration equations. Much closer the 𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴 /𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶 is to the ideal
value, more effectively the PMM-powder separation could be eliminated. Otherwise, if the
𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴 /𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶 much greater or less than the ideal value, the PMM-powder will separate when
flowing in powder feeder pipe since the mixed particles have different acceleration equations.
Based on above analysis, two experiments were designed. These two experiments were
performed with same operating parameters, but different particle diameter. In experiment-1, the
𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴 /𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶 was much less than the ideal value. But in experiment-2, the 𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴 /𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶 is much
close to the ideal value. The detailed operating parameters in the experiments were shown in
Table.3.
Table.3. Sieve analysis of pure Cu powder

Schematic particles
(Gray-Al; Red-Cu)

4047 Al particle diameter
Cu particle diameter
𝑑𝑑𝑝𝑝_𝐴𝐴𝐴𝐴 /𝑑𝑑𝑝𝑝_𝐶𝐶𝐶𝐶

Experiemnt-1

Experiment-2(optimized)

45-75 μm
75-106 μm
0.667

75-106 μm
45-75 μm
1.5
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Vol.% ratio
Argon gas flow rate
Al plate moving speed
Moving time

50%:50%
6 m/s
1m/min
25 s

50%:50%
6 m/s
1m/min
25 s

3. Results and Discussion
3.1. Analysis methods for the experiment results
Fig. 2 shows the two solidified epoxy resin layers containing PMM-powder patterns from the
two experiments. It was found that the first side in “M” shape was lost in the experiments,
because when the nozzle moving along the first section of “M”, the powder flow was right in the
pipe. 87 observed zones with the size of 4mm by 3mm distributed with uniform-interval along
the central line of the powder path for microscopic particle patterns observation. Then the
distribution of different particles in the pattern was quantified. Due to the color difference of
PMM-powder, the image processing software Image-J was used to mark 4047 Al particles and Cu
particles in each observed zone, then count the particle numbers of two powders. Since particle
sizes were known by the sieve analysis, the volume percentage of two powders in each observed
zone can be calculated by Eqn.5 and Eqn.6.
4 3
𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(5)
3
𝑉𝑉𝑉𝑉𝑉𝑉. %𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝1 = 100 ×

3.2. Results of experiments

𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝1
𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝1 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2

Fig.3. Observation of the experiment results.
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(6)

The quantification of PMM-powder patterns from experiment-1 was shown in Fig.4a. Blue
color recorded the volume percentage of 4047 Al, while red color recorded the volume
percentage of Cu. The time in the X-axis was used to indicate the moments when the particles in
the relative observation zone reached the epoxy resin. From the PMM-powder history, a clear
tendency can be found. In the beginning stage (approximately 0s ~ 4s), no particle sprayed out
from the nozzle, so the volume percentage of two powders was zero. Starting from the moment of
4s, a flow of PMM-powder exited from the nozzle, in which 4047 Al was the primary particles,
whose volume percentage reached to 93.25%. Some rare red Cu particles were found, whose
volume percentage was 6.75%. With time increasing, more particles sprayed out from powder
feeder nozzle, the primary particles are still 4047 Al, but whose volume percentage was
decreasing gradually. In stark contrast, the volume percentage of Cu was gradually increasing. At
the moment of 21s, Cu and 4047 Al had approximately same volume percentage. Then from the
moment of 21s to the end, Cu powder volume percentage surpassed the 4047 Al powder volume
percentage. Since both powders started to transit simultaneously from powder feeder pipe inlet,
and 4047 Al particle had bigger acceleration than Cu particle according to the Eqn. 2, 4047 Al
moved faster and exited from nozzle earlier than Cu particle. This is why Al powder volume
percentage was greater than Cu powder. The powder volume percentage history in Fig.4a
implied the PMM-powder separation since the two powders’ volume percentage were not
uniform and kept changing, although they were designed as 50%:50%. The PMM-powder
separation in their flow movement ruined the powder design and resulted in the severe
composition deviation between designed FGM and real deposited FGM.
The quantification of PMM-powder composition patterns in experiment-2 was shown in
Fig.4b. By observing the optimized PMM-powder’s composition distribution patterned in the
epoxy resin coating, the PMM-powder flow had basically constant volume percentages, which
were close to 50%:50%. Comparing with the results in experiment-1, the powder separation was
effectively eliminated, so that the composition deviation was reduced.

(a)
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(b)

Fig.4. PMM-powder volume percentage history in (a)experiment-1, and (b)experiment-2.

4. Conclusion

Some conclusions in this paper were summarized as follows.
In the PMM-powders, which have two types of powder with different densities, if the particle
diameter ratio is equal to or close to an ideal value, all the particles will have the same
acceleration when moving in powder feeder pipe. The ideal value is the square root of powder
density ratio. Therefore, there will be very less powder separation. The designed composition in
PMM-powder can be retained.
Otherwise, if the particle diameter ratio is much greater or less than the ideal value, powder
separation will happen in powder feeder pipe due to the different particle accelerations. It will
cause the deviation between designed composition and real composition. The composition
gradient in FGM will be ruined.
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