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ABSTRACT

Master thesis "Perspectives of laser selective melting usage for Al/Ti alloys"
74 pages, 40 figures, 7 tables, 37 references

The main research contents of this paper are optimization of process parameters for laser
selective melting forming of AlSi;oMg/TiB, aluminum alloy powder and the influence of the
printing direction of the formed parts on the dimensional accuracy and surface roughness. In
the work were explored the dimensional accuracy and surface roughness of the formed parts
and the optimal process parameters of the selective laser melting forming, the influence of the
laser selective melting forming process parameters on the forming parts under different
printing directions, and the effect of TiB, nanoparticles on the dimensional accuracy and
surface roughness of the formed parts.

Aiming at the influence of different process parameters (laser power, scanning speed,
powder thickness, etc.) on the dimensional accuracy and surface roughness of the formed parts
by laser selective melting and forming, the orthogonal experiment was firstly used to explore
the process parameters that have the greatest influence on the roughness and dimensional
accuracy. Found out the best process parameters for the dimensional accuracy and surface
roughness of the formed parts.

After obtaining the best forming process parameters, explore the different printing
directions of the formed parts, which affect the surface dimensional accuracy and surface

roughness of the formed parts, and find the best printing direction of the formed parts.

SLM, dimensional accuracy, surface roughness, density, nanoparticles



CONTENT

T (oo 18 o 4 o] RSP RT PP PRO 12
PART 1. ANALYSIS OF SLM PRESENT SITUATION......cccoooiiiieiiiieeeeeieieen 13
1.1 Overview of selective laser melting technology .........cccccovevieiiiiii i, 13

1.2 Overview of aluminum matriX COMPOSILES.........ceevvvereeiieiie e e 14
1.2.1 Selection of matrix materialS...........cccovveriiiiniiniee e 14

1.2.2 Selection of enhanced phases ... 15

1.3 Research status of SLM formed aluminum alloy

and its COMPOSIte MALErIAlS..........ccouviieiiieii e 15
1.4 The main research content of this PaPer .......ccceevvevierievie e 17
PART 2. EXPERIMENTAL MATERIALS, EQUIPMENT

AND TEST METHODS ... ee e 19

2.1 Experimental materialS ..o 19
2.2 Experimental eQUIPMENT ........coiiiieeeee s 20
2.2.1 Select laser melting eqUIPMENT.........cceiieiiiiie e 20
2.2.2 Low energy ball milling equipment.............ccccooivveiiiiiii i, 22

2.3 Material performance test methods and characterization ...............ccccceeveeee. 23
2.3.1 Experimental methods .........cccooviiieieccic e 23
2.3.3 Test characterization of surface roughness..........cccccvvvvieiiveneennesenn, 25
2.3.4 Measurement characterization of dimensional accuracy.............c......... 26

PART 3. INFLUENCE OF PROCESS PARAMETERS AND FORMING
POSITION ON THE DIMENSIONAL ACCURACY AND SURFACE

ROUGHNESS OF SLM FORMING ALSI10MG/TIB2 ALLOY .............. 28

3.1 Effect of AlISi10Mg alloy powder on SLM molding ........cccccvvevevviiennneennnnn, 29
3.1.1 Changes in powder particle size distribution............c.cccoeeviviieeiinninnnn, 29
3.1.2 Changes in powder accumulation characteristics...........c.c.ccevvververnnnne 31
3.1.3 Changes in powder morphology .........ccccovviiiiiiienine e 33



3.1.4 Oxides on the surface of the POWET .........ccccoviiiiiiiniin i, 34

3.1.5 Evolution mechanism of powder particles ...........ccocvvvvieiiiiiecviecien, 37
3.2 Effect of process parameters on density of AlSi;oMg/TiB; alloy

FOrmed DY SLIM ... 41

3.2.1 Orthogonal experimental results and analysis............ccccoceevviiieieennenne, 41

3.2.2 Effect of laser power on density ........ccccceiveiiiiiieiic v, 42

3.2.3 Effect of solid scanning speed on density .........ccccccvevveeviieiiecneesieesienn, 43

3.2.4 Influence of scan spacing 0N deNSItY .........ccevververieririie e 44
3.3 Influence of process parameters on the dimensional accuracy

of AlSi10Mg/TiB2 alloy formed by SLM ..., 46

3.3.1 Influence of laser power on X/Y axis dimensional accuracy................ 46

3.3.2 Influence of solid scanning speed on X/Y axis dimensional accuracy . 48

3.3.3 Influence of scan distance on X/Y axis dimensional accuracy ............. 49
3.4 Influence of process parameters on surface roughness of SLM forming
AlSiigMQ/TIB2 @lOY.....cciieiiicii e 50
3.4.1 Effect of profile laser power on side surface roughness ............c.......... 50
3.4.2 Effect of contour scanning speed on side surface roughness................ 51
3.4.3 Influence of scan spacing on side surface roughness .............ccccceeveee. 52
3.4.4 Summary of this Chapter..........cccvoiiei e, 53
3.5. Study of part structure on SLM forming dimensional accuracy and surface
FOUGNNESS. ...ttt et e et esbe e e e te e teenree e 54
3.5.1 SNAIP COMMEBIS ..ot 54
TR T o U 1o PSSO 56
3.5.3 Summary of this Chapter.........ccooviieiiiec s 58
PART 4. LABOR PROTECTION ...ttt 59
4.1 Harmful and dangerous Work factors...........ccoveiirieiinin e 59
4.0.1 RISK ONE: FIB ittt 59



4.1.2 Risk two: powder inhalation and eXPOSUIE .........ccocvereenreeneeseesnnnnens 62

4.1.3 Risk three: inert gas asphyXiation...........cccocvevievieiiie e 63

4.2 Analysis of working conditions and formulation of protective measures...... 64
4.2.1 FIrE PreVENTION ....ccvi ittt ettt et e e e 64

4.2.2 Safety of harmful substances and gases .........ccccoceveeiieivecveecic i 65

4.2.3 Gas CYNINAEr SAFELY ......cccveiieiie e 66

4.3 Fire Safety Rules for WOrKplaces .........cccocveviiiiiiiiieieeeecee e 66
PART 5. ENVIRONMENTAL PROTECTION .....oooviiie e 67

5.1 Environmental protection applications of metal additive manufacturing
INVAIOUS TIEIAS .....oeeeeece e 67

5.1.1 Application of Metal Additive Manufacturing Technology
IN AErospace Field ... 67

5.1.2 Application of metal additive manufacturing technology
in the field of DIOMEdICINE........c.oooieiieece e 68

5.1.3 Application of metal additive manufacturing technology

in the field of tranSPOrtation ............ccccovevieiie i 69

5.2 Recycling and Utilization of Metal Additive Manufacturing Materials......... 70
5.2.1 Differences in powder degradation behavior ...........ccccoccvviviiieiieinenn, 71

5.2.2 Improve the reusability of POWErS.........cccvvvviviierie e, 72
REFERENGCES ... ..ottt ettt sttt be st ne s 74

11



INTRODUCTION

With the increasing pursuit of large-scale, lightweight, long-life and high reliability of
aerospace structural parts, the demand for high-speed and lightweight modern transportation
equipment and rails has vigorously promoted the research and development and application
of aluminum alloys of different types, different performances and different industries.
Among them, AlSi;pMg aluminum alloy is one of the most commonly used casting Al-Si
alloys, its mechanical properties and melting and casting process are excellent, so it is in
great demand in aviation, aerospace and transportation industries. Casting is the most
commonly used process method for preparing AlSi;oMg aluminum alloy forming parts, the
main problem in the current production is that there are more casting defects such as pores
and shrinkage porosity, resulting in low mechanical properties, such as tensile strength of
300MPa, elongation of about 3%, and long production cycle, which is not conducive to
product upgrading. Selective Laser Melting (SLM) technology can first generate a three-
dimensional model of the part and use slicing software for auxiliary sectioning, and then
directly clean form the metal powder to achieve high strength and high toughness of
complex structural parts, compared with traditional processing, SLM technology has many
unique advantages, studies have shown , SLM forming AlSi10Mg aluminum alloy specimen
tensile strength up to 400 MPa, elongation up to 5.7%, The performance is significantly
higher than the casting level. SLM technology mainly includes stainless steel powder,
titanium alloy powder, aluminum alloy powder, superalloy powder and other forming
materials. However, due to the characteristics of light weight, easy oxidation and high
reflectivity of aluminum alloy, SLM formed aluminum alloy parts still have problems such
as low dimensional accuracy and poor surface roughness compared with stainless steel

powder, titanium alloy powder, superalloy and other forming materials.
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PART 1. ANALYSIS OF SLM PRESENT SITUATION

1.1 Overview of selective laser melting technology

Selective Laser Melting (SLM) technology is a manufacturing technology developed
on the basis of prototype manufacturing technology [1]. First, it is necessary to model and
slice the parts in three dimensions through special software to form an ordered two-
dimensional thin layer in a certain direction, and then use the powder laying system to spread
powder layer by layer on the printing substrate, and then use a high-energy laser beam to
scan the metal powder layer by layer according to the contour data, selectively melt and
quickly solidify the metal powder, and finally realize the manufacture of three-dimensional

solid in the way of layer by layer accumulation [2].

expander fiber laser
scanner

building champer

Fig. 1.1. Schematic diagram of SLM forming principle.

SLM forming technology has many advantages over traditional manufacturing
processes, and its advanced nature is mainly reflected in the following aspects [3,4,5]:

1) Almost any shape of parts can be formed, the degree of freedom of part design is
high, and it has great advantages in the forming of personalized customized parts;

2) Can be directly formed without the need for a mold, which can save time and cost;

13



3) Powder materials can be recycled and reused, which is a green manufacturing
method.

The quality issues that SLM molded parts need to pay attention to include: porosity,
cracks, warpage, dimensional accuracy, surface roughness and mechanical properties, etc.,
these quality problems are also affected by many factors, which can be mainly divided into
two categories: powder properties and processing parameters. Each factor has a direct

Impact on the compactness, microstructure and mechanical properties of the final part.

1.2 Overview of aluminum matrix composites

Metal matrix composites (MMCs) consist of two or more different phases that are
distributed in an appropriate form to obtain properties that their single phase does not have.
Typically, metal matrix composites consist of a metal or alloy as the matrix phase and cermet
or metal-containing intermediate phase as the reinforcing phase. Among them, aluminum
metal matrix composites (MMCs) have a wide range of application prospects in the
aerospace and automotive industries due to their good wear resistance, high specific strength

and low thermal expansion coefficient [6].

1.2.1 Selection of matrix materials

There are many types of aluminum alloy materials, and the common systems used in
SLM forming are Al-Cu-Mg, Al-Mg-Sc- (Zr), Al-Zn-Mg, Al-Si, etc. In SLM forming
applications, the main problems of aluminum alloy materials are poor powder fluidity, high
thermal conductivity, easy oxidation, and low laser absorption. Compared with high-
strength aluminum alloy systems, the alloying elements of aluminum alloy systems with
high Si content have better fluidity in the molten state, which is conducive to reducing
defects such as microcracks. Compared with other aluminum alloy systems (such as Al-Cu-

Mg, Al-Zn-Mg, etc.), AISi10Mg has better casting and welding performance, so the SLM

14



forming ability is better [7]. Therefore, AISi10Mg was selected as the matrix material for

this study.

1.2.2 Selection of enhanced phases

The selection of reinforcing phase particles usually considers properties such as
modulus of elasticity, thermal stability, strength, and wear resistance. Therefore, oxides,
carbides, nitrides and borides have become the most common aluminum alloy reinforcing
phases. TiB2 itself has the advantages of high elastic modulus, high hardness and good
thermal stability. Moreover, TiB, and Al have good lattice matching and interface binding
ability[8]; In addition, TiB, can be used as a heteronuclear agent for aluminum alloys,
promoting the refinement of Al grains and improving the mechanical properties of
composite materials. Therefore, TiB, was selected as the reinforcing phase material for this

study.

1.3 Research status of SLM formed aluminum alloy and its composite materials

With the rapid development of 3D printing technology and a wide range of fields, and
the research and development of equipment is also quite mature, most scholars at home and
abroad have carried out research on all aspects of aluminum alloy powder SLM forming [9],
but the research on the surface roughness of aluminum alloy SLM forming parts is not
enough, especially the dimensional accuracy of aluminum alloy SLM forming parts.

J.P. Kruth, Ben Vandenbroucke et al. [10,11] studied the influence of dimensional
accuracy of biocompatible metal SLM forming specimens, and the results showed that
appropriate changes in the influencing parameters such as spot diameter can effectively
improve the dimensional accuracy of the specimen.

Yang Xiongwen [12] studied the dimensional accuracy of 316 stainless steel powder
SLM forming parts, and the results showed that the sources of SLM forming dimensional

error mainly included pre-data processing, SLM forming process and post-processing; The
15



dimensional accuracy decreases with the increase of laser power and energy density, and
increases with the increase of scanning speed and scanning spacing. The scanning strategy
Is the best to reduce the dimensional accuracy of S-shaped orthogonal layer staggered
forming, and the relationship between spot compensation, scanning error and energy density
Is established, which can improve the dimensional accuracy of SLM molded parts, and the
dimensional accuracy of assembled parts after forming is £0.1 mm.

Spierings A.B. et al. [13] studied the effect of particle size distribution of AM steel
powder on SLM forming quality, and the results showed that the powder particle size had a
great influence on surface roughness, and the optimized metal powder could form better
parts.

Qian Kun [14] et al. analyzed the molding situation of SLM molding structure with
gap under different placement methods. The placement methods are mainly divided into
three types: horizontal placement, vertical placement and oblique placement. Each process
parameter has an impact on the surface quality, the surface roughness of the molded part
gradually decreases with the increase of laser power, with the increase of scanning spacing
and scanning speed shows a trend of first decreasing and then increasing, the optimal
parameter combination is scanning spacing 0.08 mm, laser power 200 W, scanning speed
600 mm/s. The surface roughness gradually increases with the increase of the inclination
angle, and the tilt angle has a greater influence on the surface roughness of the overhanging
structure, when the bulk energy density is 80 J/mm~3 to 110 J/mm-~3, the upper and lower
surface quality of the molded parts are the best.

Zhang Luo [15] et al. established a theoretical model of horizontal dimensional error
and sharp angle error of straight plate and inclined plate according to the bottom-up additive
manufacturing characteristics of SLM forming line-surface-body. It is found that the
dimensional error in the X/Y direction of the straight plate structure is composed of two
parts: melt channel width and cooling shrinkage. The melt width increases the forming size,

and the cooling shrinkage reduces the forming size. When the X/Y size is small, such as the
16



thickness direction of the thin plate, the dimensional error mainly comes from the melt width.
When the X/Y size is large, such as the length direction of the thin plate, its dimensional
error is not only derived from the width of the melt channel, but also the cooling contraction
can not be ignored, or even the main source. The dimensional error in the direction of the
thickness of the inclined plate includes not only the width of the melt channel and the cooling
shrinkage, but also the dimensional error caused by the overhang effect. The X/Y direction
dimensional error model of the straight plate structure and the inclined plate structure are in
good agreement with the actual measured value, and the difference between the two is within
20um. For sharp corner structures without overhangs, the angle value after SLM forming is

equal to the design value.

1.4 The main research content of this paper

In order to explore the optimal process parameters of the dimensional accuracy and
surface roughness of the formed parts and the selective laser melting forming, the influence
of the laser selective melting molding process parameters on the formed parts under different
printing directions and the influence of TiB, nanoparticles on the dimensional accuracy and
surface roughness of the formed parts. The main research contents of this paper are as
follows:

1. Optimization of laser selective melting and forming process parameters of
AlSi;oMg/TiB, aluminum alloy powder

In view of the influence of different process parameters (laser power, scanning speed,
powder thickness, etc.) on the dimensional accuracy and surface roughness of the formed
parts by laser selective melting and forming, orthogonal experiments are first used to explore
the process parameters that have the greatest influence on roughness and dimensional
accuracy, and the best process parameters for dimensional accuracy and surface roughness

of formed parts are found.
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2. The influence of the printing direction of the formed part on the dimensional
accuracy and surface roughness

After obtaining the best forming process parameters, explore the different printing
directions (horizontal, height, inclination) of the molded parts, the influence on the surface
dimensional accuracy and surface roughness of the molded parts, and find out the best

printing direction of the molded parts.
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PART 2. EXPERIMENTAL MATERIALS, EQUIPMENT AND TEST
METHODS

This chapter mainly introduces experimental materials, SLM forming equipment,

technical routes, experimental preparation, test characterization and experimental methods.

2.1 Experimental materials

The powder material used in the experiment of this paper is AlSi;oMg powder
produced by German TLS company, with a particle size distribution range of 15 pm -50 pm,
an average particle size of 30 um, and the surface morphology and chemical composition of
the powder are shown in fig. 2.1 and table 2.1, respectively. It can be seen from fig. 2.1 that
the surface morphology of AlSi;pMg powder is basically spherical, accompanied by a small

amount of spherical satellite powder attached to the surface of large spherical powder.

Fig. 2.1. Surface morphology of AlSi;oMg powder.

Table 2.1
AlSi10Mg powder main component composition
The main elements Impurities, not greater than
AlSIOMg =4 Si Mg | Fe |Cu|Mn | Ti| Zn]| O

Wt% Balance | 9.0-11.0 = 0.2-0.45 | 0.55]0.05 0.45 | 0.15 0.10 | 0.10
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2.2 Experimental equipment

2.2.1 Select laser melting equipment

In this experiment, the BLT-S210 selective laser melting equipment developed by
Xi'an Bolite was used to prepare AlSi;oMg/TiB, samples, and the schematic diagram is
shown in fig. 2.2 (b).

BLT-S210 selective laser melting equipment working system mainly includes optical
component system, intelligent mechanical system, motion forming system, circulation
purification system and atmosphere protection system, etc., the equipment is equipped with
IPG fiber laser, the laser can produce a maximum laser power of 500 W, and the use of F-6
lens, beam quality M2<1.1, the main performance parameters are shown in table 2.2. The
equipment is capable of stable operation and has a wide range of adjustable process windows,

meeting all the requirements required for testing in this paper.

(b) Lens assembly

- e .

cylinder | l cylinder

I |

I e T e

Fig. 2.2. Experimental equipment: (a) Forming equipment diagram; (b) Forming

schematics.

Before the SLM forms the specimen, the following work is required:
(1) In order to ensure that the powder has good fluidity, use DZF-6090 vacuum drying

oven to dry the moisture in the powder, heat it at 110 °C, and keep it warm for 5 hours;
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(2) According to the experimental needs, use the supporting Build Process processing
processor software to set the various process parameters required for the test;

(3) Use Magics 24.0 3D software to draw a three-dimensional model of the parts,
establish a reasonable support structure with a height of about 2 mm at the bottom, match
the process parameters in the BP processing processor software, and discretize them into a

certain thickness and sequential slice file (generally STL format file);

Table 2.2
Basic parameters of BLT-S210 equipment
Technical indicators Parameter
Laser wavelength 1060-1080 nm
Maximum laser power 500 W
Maximum scanning speed 7000 mm/s
Laser spot diameter 60 um
Layer thickness 20-100 um
Preheating temperature <200 °C
Oxygen content in the forming chamber <100 ppm
105X105X200 mm (Does not include substrate

Forming size (WxDxH) dimensions)

The aluminum alloy substrates selected in this study are 105x105x20 mm, and the
selected scraper is a steel scraper, which is wiped clean with alcohol and the scraper before
installation. After installing and adjusting the plane of the substrate, the first layer of pre-
coating powder is carried out, and the argon gas replacement of the forming cavity is carried
out after the pre-coating is completed. When the oxygen content in the forming chamber is
below 1000 ppm, turn on the fan, preheat the substrate to the experimental set temperature,
and reduce the oxygen content in the forming chamber to less than 100 ppm before the

forming experiment begins. fig. 2.3 shows the printing process diagram and the drawing of
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some parameter forming specimens. After the specimen is formed, the specimen is separated

from the substrate from the support using a wire EDM machine of type DK7355.

Fig. 2.3. Part of the parameter forming diagram: (a) printing process; (b) Forming the

specimen.

2.2.2 Low energy ball milling equipment

The XQM-2 vertical planetary mill was used to mechanically mix AlSi;oMg powder
and nano-TiB2 powder. The planetary mill is mainly composed of a motor device, a
planetary structure, a ball mill and other structures, and the maximum rotation speed of the
motor-driven mill is 670 rpm. When setting the ball milling parameters, it should be
considered whether alloying or deformation of raw materials will occur between raw
materials, so it is necessary to set suitable ball milling parameters so that different types of
powders can be mixed evenly, and the combination between different powders can be more
reliable and not easy to fall off. The low-energy ball milling device and schematic diagram
are shown in fig. 2.3.

The main process of composite powder preparation is as follows:

(1) AlSipMg alloy powder, TiB, powder and stainless steel grinding balls of different
sizes are added to the ball mill tank according to the proportion, and the ball-to-material

ratio is setto 1:1;
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(b)

Stainless steel
balls

L 1
TiBy
AISi10Mg Powder

Compoéi.te powder

Figure 2.4. Low-energy ball mill: (a) low-energy ball milling equipment; (b) Schematic

diagram.

(2) Slowly fill the argon into the ball mill tank to prevent the argon pressure from flying
out of the powder, and seal the ball mill tank after replacement to prevent powder oxidation;

(3) Set the appropriate ball milling parameters, as well as the appropriate ball milling
method to prevent the temperature of the ball mill tank from being too high, therefore, set
the ball milling mode of rotating for 30min, stopping for 5min, and then rotating in reverse
after each stop;

(4) After the ball milling program is completed, wait for the ball milling tank to cool
down and then open the ball milling tank, and use a mesh screen slightly smaller than the

grinding ball particle size to separate the grinding ball from the powder.

2.3 Material performance test methods and characterization
2.3.1 Experimental methods
Since the factors affecting experimental performance include laser power, solid

scanning speed, contour scanning speed and scanning spacing, there are many influencing
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factors, and it is difficult to find out the main influencing factors in the early stage, so
orthogonal experiments are used to explore the influence degree of each influencing factor.

First, select the appropriate orthogonal table, and then carry out experiments
according to the orthogonal experimental table, and finally analyze the experimental
measurement results, the density, hardness, dimensional accuracy and surface roughness of
AlSi10Mg aluminum alloy SLM molded parts are the results of the comprehensive action
of forming equipment, forming materials, forming parameters and other factors. When
designing the experiment, the influence of laser power P, scanning speed V, scanning

distance S and other parameters on them is mainly considered.

Table 2.3

Impact factors and levels

Process Laser power Entity scan Contour scan Scan spacing
parameters (W) speed speed (mm/s) (mm)
(mm/s)
Level 1 230 1100 700 0.15
Level 2 290 1300 900 0.17
Level 3 350 1500 1100 0.19
Table 2.4
Specific process parameter table
Process Laser power Entity scan Contour scan Scan spacing
parameters speed speed (mm)
(W) (mm/s) (mm/s)
1 230 1100 700.00 0.15
2 230 1300 900.00 0.17
3 230 1500 1100.00 0.19
4 290 1100 900.00 0.19
5 290 1300 1100.00 0.15
6 290 1500 700.00 0.17
7 350 1100 1100.00 0.17
8 350 1300 700.00 0.19
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2.3.2 Density analysis

The relative density of SLM-shaped specimens is measured using an STP JA1003
precision electronic balance (accuracy: 0.0001 g) based on the Archimedes principle. Due
to the presence of a little sticky powder on the surface of the formed specimen, the surface
of the specimen is sanded before weighing, cleaned and dried with an ultrasonic cleaning
machine. Each formed specimen is weighed three times and the average is taken as its

relative density value, and the calculation formula is:

_ M4pPo _
P11 = -, (2-1)
P2 = PalsitoMg X W1 + Prip, X W3 (2-2)
n = 21x100 % (2-3)
P2

Where: po: the density of deionized water, the density of ionized water at room
temperature (20 °C) is po is 0.998203 g/cm3; p;: the actual density of SLM forming
specimens (g/cm?); my: the mass of the sample in air (g); m,: mass of the sample in deionized
water (g); p2: the theoretical density of SLM forming specimens (g/cm®); paisitomg:
theoretical density of AlSi;oMg aluminum alloy (g/cm?®); w;: the mass fraction of AlSi;oMg
aluminum alloy in the sample; p (ris2): theoretical density of TiB, (g/cm®); w,: The mass
fraction of TiB; in the sample. The relative density of SLM shaped specimens is measured

using the above method.

2.3.3 Test characterization of surface roughness

When AlSi10mg aluminum alloy powder is formed in SLM, due to the light weight
and easy oxidation of the aluminum alloy powder itself, it is easy to produce splashing of
molten liquid under the irradiation of the laser beam and accompanied by nodularization,
resulting in poor quality of the upper surface (X-Y side) of the molded part, so this paper

mainly studies the surface roughness of the Y-Z surface on the left side of the molded part
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(as shown in fig. 2.7). In this paper, JB-6C contour roughness tester is used to measure the
maximum height of the contour on the outer surface Ra.

The specific steps are, first install the measuring probe to the measuring beam, and
then fix the sample on the stage, operate the button to make the probe and the measurement
surface in close contact, meet the measurement requirements, set the measurement
parameters and measurement requirements, and then click the "Start Measurement" button
on the computer to carry out automatic measurement, read the experimental measurement
data, mainly from the surface roughness Ra value change to analyze, and then use a super-

depth three-dimensional microscope to analyze the outer surface contour of the sample.

Fig. 2.6. JB-6C contour roughness tester.

2.3.4 Measurement characterization of dimensional accuracy

The dimensional accuracy of this paper is expressed by the deviation value between
the actual measured size in different directions and the experimental design size, that is, the
size of the standard part, the larger the dimensional deviation value, the lower the forming
accuracy, and vice versa. The dimensions in the Z direction of SLM molded parts will
produce large errors due to wire cutting treatment, etc., so this article only studies the
dimensional accuracy in the X and Y directions, and fig. 2.7 is the dimensional pattern of

the formed parts.
26



Fig. 2.7. Dimensional pattern of formed parts.

Through the test tool micrometer to measure the size in the X and Y directions, in
order to minimize the manual error measurement, the size of different positions is measured
many times, the data with a large gap is excluded, and finally three valid data are measured,

and the average value of the three data is taken as the actual size measurement value.
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PART 3. INFLUENCE OF PROCESS PARAMETERS AND FORMING POSITION
ON THE DIMENSIONAL ACCURACY AND SURFACE ROUGHNESS OF SLM
FORMING ALSI1I0MG/TIB2 ALLOY

Through preliminary experiments, it is found that the use of powders with different
uses has a serious impact on the surface roughness and dimensional accuracy of the molded
parts. Fig. 3.1 shows a comparison chart of the side surface topography of the molded part,

and fig. 3.2 shows the comparison chart of the upper surface topography of the molded part.

Fig. 3.2. Comparison chart of the upper surface topography of the molded part.

28



It can be seen from the figure that the powder with different uses has a greater
influence on the SLM forming sample, the surface of the unused powder SLM molded parts
Is smoother and the metal color is better, and the recycled powder SLM molded parts with
more use times have more holes on the surface and the metal color is poor. The following
will analyze the impact from several aspects, such as the change of powder particle size
distribution, the change of powder accumulation characteristics, the change of powder
morphology, the oxide on the surface of the powder, and the evolution mechanism of the

powder particles.

3.1 Effect of AISi10Mg alloy powder on SLM molding

3.1.1 Changes in powder particle size distribution
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Fig. 3.3. Particle size distribution of AlSi10Mg powder recycled powder.

The variation law of the particle size of the recycled powder is shown in Figure 3-3.
For powders that are recycled 10 and 30 times, the differential distribution curve of the
particle size is clearly shifted to the right and the particle size is more concentrated (relative
to the initial powder), a trend that indicates a coarsening of the powder particles, i.e. a
decrease in the proportion of smaller powders and an increase in the proportion of larger
powders. D10, D50, D90 (D10, D50, D90 refer to the percentage of powder diameter less
than a certain value of 10%, 50% and 90%, respectively). The D90 of the powder used for

10 and 30 cycles was 5.75% and 14.5% larger than that of the initial powder, and D10 was
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increased by 9.7% and 26.5%, respectively, which further indicated that the particle size of
the powder increased with the increase of the number of cycles. D50 increased from 30pum
of the initial powder to 35.5 um after 30 cycles, and the proportion of the circulating powder
size in the range of 30-35.5 um was higher than that of the initial powder, indicating that the
particle size of the recycled powder was more concentrated. The results of this paper are
consistent with the results of Heiden et al. and Tang et al., indicating that the particle size of
the powder will be severely coarsened and the particle size will be more concentrated during
the powder recycling process.

The analysis believes that there are three reasons for this phenomenon: first, in the
SLM process, the spread of the powder is achieved by the powder scraper, because the
smaller size of the powder has the effect of filling the gap of the large size of the powder,
coupled with the percolation effect of the powder of different particle sizes, so the fine
powder is easy to be deposited in the lower part of the accumulated powder layer during the
powder laying process, and preferentially deposited to the upper surface of the formed layer;
As the number of powder cycles increases, smaller powders are preferentially depleted and
the proportion decreases. Second, in the process of laser-molten pool-metal vapor
interaction, the metal vapor [17-18] is violently sprayed upward at the highest surface
temperature of the molten pool, under the action of metal vapor dragging force, the argon
around the molten pool forms a vortex, and the vortex produces horizontal dragging force
on the freely accumulated powder around the molten pool, and the smaller size powder has
a smaller dragging force and a large acceleration, and moves rapidly towards the molten
pool/metal vapor at a higher horizontal movement speed; When these fine powders move to
the molten pool/metal vapor, they will be sucked into the molten pool or ejected by the
upward metal vapor, forming high-speed flying splash particles [18-19]; Coupled with the
action of the transverse argon gas flow inside the forming chamber, splash particles can
easily collect at the outlet of the argon gas flow or enter the circulation system, eventually

resulting in a reduction of fine powder on the powder bed. Third, small-size powders have
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a large specific surface area, and the total energy absorbed by complete melting is low,
which can absorb more energy under the same laser parameters, resulting in excessive
temperatures inside the molten pool [20], and small-sized powder particles can also be
melted under heat conduction [21]. In addition, the small-sized powder particles near the
molten pool are easily dragged into the molten pool under the action of the surface tension
of the molten pool, and the size of the molten pool is increased after melting [20]. Under the
combined action of laser radiation, heat conduction, vapor jet and laser plume, small-size
powders will be preferentially consumed, and the main reason for the increase in the
proportion of large-size powders is that large-size splashes will be generated during the
laser-powder-molten pool-plume interaction, such as agglomeration particles, spherical
particles, irregular particles, etc. Although the powder analyzed and tested in this test is
strictly screened and dried, when the length-to-diameter ratio of the splash particles is
different, some of them cannot be separated by the mesh screen, so that they are mixed into
the circulating powder, which eventually leads to an increase in the proportion of large-size

powder.

3.1.2 Changes in powder accumulation characteristics

Powder build-up characteristics such as bulk density, tapped density and flowability
have a significant impact on the quality of SLM molded parts. The bulk density and tapped
density affect the stacked arrangement of the powder on the upper surface of the
substrate/formed layer, i.e. the density of the thin layer of the powder. Powders with high
bulk density and tapped density can obtain a relatively dense powder thin layer after powder
coating, reduce the void between powder particles, and form a continuous, nopheric defect-
free melt channel under suitable laser processing parameters [20,22]. Fluidity refers to the
time required for a certain amount of powder to flow continuously through a certain pore
size, reflecting the dynamic rheological characteristics of the accumulated powder, and is a

comprehensive reflection of the powder shape, surface state, particle size distribution and
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other indicators. Powders with good fluidity have good spreading properties, which is
conducive to the formation of dense powder thin layers. However, the flow time is not as
short as possible, because the fluidity is greatly affected by the particle size distribution, and
the large-sized powder particle group has good fluidity, but at the same time, it also has a
large size of the void, and cannot form a dense powder thin layer. Therefore, indicators such
as particle size distribution, bulk density, tapped density, and flowability must be considered
comprehensively.

With the increase of the number of powder cycles, the loose density and tapped
density of the powder decrease to a certain extent, but the fluidity of the powder increases
(the time for the powder to flow through the Hall flow meter decreases). The bulk density,
tapped density and fluidity of the powder are related to the particle size distribution, surface
roughness, humidity and other factors, and are closely related to the dynamic rheological
properties of the powder (the dynamic rheological properties directly affect the spreading
behavior of the accumulated powder on the upper surface of the powder bed/formed layer).
Changes in powder particle size, especially a decrease in the proportion of fine powders,
reduce the van der Waals force between powder particles and weaken bridging, thereby
improving the fluidity of recycled powders. However, the larger size of irregular particles
will make the accumulated powder have more voids and bridging phenomenon, which will
reduce the bulk density and tapped density of the accumulated powder. The experimental
results of this paper also show that the reasonable combination of powders of different
particle sizes, that is, the use of spherical metal powder as much as possible, without
affecting the fluidity of the powder, adding a certain proportion of fine powder to fill the
void formed by the coarse powder can improve the loose density and tapped density of the

powder, thereby improving the density of the thin layer of powder on the powder bed.
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3.1.3 Changes in powder morphology

In the SLM process, the laser-powder-molten pool-plume interaction causes a large
change in the surface morphology of the unmelted powder particles in the forming chamber.
Figure 3 shows the macrosurface topography of the initial powder and the recycled powder.
As can be seen from fig. 3.4 (a), the initial powder is mostly spherical and contains only a
small amount of satellite spheres, which is an inherent property of true air atomized powders.
With the increase of the number of cycles, in addition to containing a small amount of
satellite spheres, the powder also contains a large number of large-size particles, irregular
particles, rod-like particles and broken particles, as shown in the circle, square and
rectangular box in fig. 3.4 (b), (c) (different figures represent different types of powder
particles). Comparing fig. 3.4 (a), (b), and (c), it can be found that there are almost no small-
sized powder particles in the powder after 30 cycles, which is consistent with the decrease
in the proportion of small-sized powders in the particle size distribution analysis of section
3.1.1. The recycled powder contains larger particles with a smooth surface (as shown by the
dotted circle in fig. 3.4), which are produced by laser-induced sputtering of the molten pool,
which is similar to the gas atomization process (discussed in Section 3.1.5), or the surface
of the powder particles undergoes rapid surface heat treatment by laser heating, resulting in
surface modification. As the number of cycles increases, black spots appear on the surface
of the large-sized powder particles, that is, oxides are formed, as shown in the dotted circle

in fig. 3.4 (c).
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powder; (b) 10 cycles; (c) Cycle 30 times.
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3.1.4 Oxides on the surface of the powder

Fig. 3.6 shows the EDS spectrum of powder particles with round black spots on the
surface after 30 cycles. As can be seen from the figure, the diameter of the powder particles
with black spots is greater than 50 um, and it is inferred that these large-sized particles are
additional products produced during SLM. In fig. 3.5, no particles with black spots were
found in the initial powder and the powder that was recycled 10 times. The diameter of the
round black spot was measured using Image J software, and the diameter distribution range

was 3.2~16.1 um.

Elements Weight% Atom%
O 0.92 1.54
Mg 0.24 0.27
Al 86.73 86.60
Si 12.06 11.56
Fe 0.06 0.03
Total 100 100

Fig. 3.5. New powders element content.

EDS spot scanning was performed on the surface of the powder particles and their
adjacent areas, and the element content was qualitatively analyzed, and the scanning results
were shown in fig. 3.7. It can be seen from the EDS spectrum that the black spots are rich
in Si and O elements, and also contain Fe and Mg elements. The element content of black
spots is shown in fig. 3.6, it can be seen that black spots are enriched in Si and O elements,
and the content of Fe is much lower than that of AlSi;oMg initial powder, and the O element

content is hundreds of times that of the initial powder. From EDS qualitative and
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quantitative analysis, it can be seen that the black spots are oxides of Si and Al. It can also
be seen from the figure that bands of oxides appear between oxidation spots and the
phenomenon that spots are connected to spots. This indicates that after multiple cycles of
the powder, the oxide spots rich in Si and Mg may be connected to each other to form a

layer of oxide film on the surface of the powder particles.

Elements | Weight% | Atom%

@) 19.93 29.71
Mg 0.43 0.43
Al 72.70 64.27
Si 6.24 5.30
Fe 0.69 0.30
Total 100 100

S0m 1 mrmer

Fig. 3.6. Old powders element content.

The formation mechanism of circular oxidation spots is as follows: laser-powder
interaction produces a high-temperature liquid molten pool, and the mesoscopic molten pool
has a high temperature gradient, which will produce violent Marangoni convection, making
the molten pool sharply unstable; The lateral flow of gases around the molten pool caused
by the Bernoulli effect and the protective gas flow (argon) further increase the instability of
the micro-molten pool; The unstable high-temperature liquid molten pool produces liquid
droplet splashing under the action of vapor recoil pressure, and the droplet splash may
oxidize during flight. AISi10Mg powder contains volatile elements Mg, Si, and Si and Mg

elements have a strong affinity for O elements, and the rate of diffusion of Si and Mg

35



elements to the surface of particles is relatively fast during the flight of high-temperature
droplet splashes, which further increases the possibility of forming oxide spots on the

surface of high-temperature splash particles.

Al Ka1 O Kat

SiKa1 Mg Ka1_2

Fe Kal

Fig. 3.7. EDS results of circular black spots on the surface of powder particles are recycled

30 times.
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In addition, according to Ellingham diagram [26], the oxidation potential energy of
Mg and Si is much lower than that of Fe, although the volume fraction of oxygen in the
forming chamber is controlled below 5x10#, but Mg and Si elements still have high local
partial pressure of oxygen, so AlSi1lOMg can still oxidize inside the forming chamber,
resulting in the formation of oxidation spots of Mg and Si on the surface of the flying high-
temperature sputtering particles. The shape of the oxidized spot is round, because the circle
has the least surface energy, which is more conducive to the nucleation and growth of the
oxidized spot.

Morrow et al. [27] and Schaller et al. [28] found a large number of nanometer-sized
Mg and Si oxides at the grain boundaries of the molten molded parts of the laser powder
bed, and Heiden et al. and Zhao et al. [29] also found that the formation of oxides is
detrimental to the mechanical properties of the molded parts. Li Ruidi [30] found similar
oxide spots on the surface of the molded parts and pointed out that the increase in oxygen
content in the powder is not conducive to the forming process and produces nodularization
defects. The increase of oxide on the surface of powder particles will increase the oxygen
content in the molten pool, thereby further changing the wetting behavior of the high-
temperature molten pool [30] and the surface tension temperature coefficient of the high-
temperature molten pool [31], changing the flow direction of the melt [31-32], and then
promoting the formation of defects such as pores, unfused, and cracks inside the molded

parts.

3.1.5 Evolution mechanism of powder particles

The SLM process is a multi-scale process in which the microscopic scale (formation
of microscopic structure) — mesoscopic scale (powder melting to form a molten pool) -
macroscopic scale (mechanical properties) are coupled with each other, and various physical,
chemical, metallurgical and other reactions occur . In order to distinguish the morphology

of powder particles, this paper divides the particles into two categories according to the
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formation mechanism of special-shaped particles, the first is laser-induced molten pool
sputtering particles, and the second is gas entrainment-induced special-shaped particles.
Laser-induced formation mechanism of sputtered particles in molten pool: In the process of
laser interaction with powder particles to form molten pool, the high energy density laser
heats the powder containing metal elements with low melting point, generating a large

amount of metal vapor above the molten pool and a strong downward recoil pressure.

molten pool

consolidated
layer

Fig. 3.8. Schematic diagram of laser-powder-molten pool interaction.

At the same time, the extremely high temperature gradient inside the high-temperature
molten pool produces strong Marangoni convection flowing radially outward. Under the
combined action of surface tension, recoil pressure and Marangoni convection, the high-
temperature liquid molten pool is in equilibrium and stable state. When Marangoni
convection and recoil pressure exert more drag force on the high-temperature melt than the
surface tension, it will promote the instability of the high-temperature liquid molten pool,
and the molten material will sputter out of the high-temperature molten pool, forming
sputtered high-temperature liquid droplets. The flying high-temperature liquid molten
droplets form spherical particles of larger size under the action of surface tension, such as

particle A shown in fig. 3.8, or particle shown in the dotted circle in fig. 3.4. After the high-
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temperature molten droplets collide with larger cryogenic particles at a higher speed during
flight, irregular particles B and B+ will be formed, as shown in the solid circle of fig. 3.4.
A-particles are formed when high-temperature droplets collide with smaller cryogenic
particles at a lower speed during flight. If the sputtered liquid droplet particles fall to the
powder bed before solidification, they will adhere to the surrounding low-temperature
powder particles, forming larger agglomerated particles. Due to the rigorous sieving of the
circulating powder used in the test, no agglomerated particles of larger size were observed.
Gas entrainment phenomenon induces the formation mechanism of special-shaped particles:
in the process of laser-powder interaction, a liquid molten pool will be produced in a very
short time, and when the surface temperature of the molten pool is high enough to reach the
boiling point of AlSi;oMg powder, evaporation will occur, and the evaporation degree is the
most intense where the surface temperature of the molten pool is the highest, and strong
metal vapor will be produced; When the upward vapor pressure exceeds the pressure exerted
by the environment around the molten pool, the metal vapor will burst to form a vapor jet.
Vapor jet induces the horizontal pressure difference of the ambient gas around the molten
pool, and it can be seen from the Bernoulli effect that the air flow around the molten pool
will flow to the high-temperature molten pool, forming a laterally flowing argon air flow
(the speed of the transverse argon gas flow is much smaller than the speed of upward
injection of metal vapor [18-19]), this vapor-induced lateral air flow can drag the low-
temperature powder particles around the molten pool to the molten pool, forming a
phenomenon of vapor-induced lateral air flow entraining powder particles [19], The result
IS an area of ablation near the melt channel.

When the transverse argon gas stream entrains the powder particles into the area
directly above the molten pool, the low-temperature powder particles will be heated and
melted by the laser beam, metal vapor or laser plume [17], and will also be sputtered upward
at a higher speed by the metal vapor/laser plume sprayed upwards at high speed, forming

high-temperature sputtering particles, which can fly for a long time and a long distance in
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the forming chamber. When the high-temperature sputtering particles are partially melted,
broken particles C are formed, as shown in fig. 3.8, or as shown in the solid box in fig. 3.4.
If the high-temperature splash is completely melted into small liquid droplets and does not
collide with other particles during flight or before complete solidification, spherical particles
of the same size as the initial powder will be formed under the action of surface tension; If
the liquid droplets collide at high temperatures, they will merge and grow and form larger
spherical particles D under the action of surface tension; If the temperature of particles A
and D is high enough and the oxygen content inside the forming chamber is high, particles
A + and D+ with circular oxide spots form on the surface of the particles. If the high
temperature liquid molten droplets collide with other particles before completely solidifying,
they will form rod-shaped particles E, sintered particles F, satellite sphere G or teardrop-
shaped particles H. Although the probability of collision of high-temperature liquid droplets
during flight is low, when the number of high-temperature liquid droplets in flight is
sufficient, the possibility of collision will be greatly increased. The phenomenon of collision
of SLM splash particles during flight has been studied by several scholars using high-speed
X-ray imaging [19] or high-definition photography imaging. When the speed of the
transverse argon gas flow entrained powder particles is low and cannot enter the high-speed
and high-temperature vapor injection area above the molten pool, the powder particles will
not be significantly heated, but the denudation area formed by the lateral movement of the
powder will destroy the dense thin layer of powder accumulated on the powder bed, and
when SLM is carried out in the next or next layer, discontinuous melting channels may be
formed or defects such as non-fusion may be formed [20]. When the powder particles
entrained by the transverse argon air flow located behind the molten pool move to the high-
temperature molten pool, they may be sucked into the molten pool or semi-melted at the
edge of the molten pool, affecting the continuity of the molten channel, and may eventually
affect the uniformity of the next layer of powder laying or the quality of the formed parts

[19]. When the argon gas stream carries particles to the upper surface of the melt channel
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that has solidified but is in a high temperature state, it may adhere to the upper surface of

the melt channel, which will also affect the uniformity of the next layer of powder.

3.2 Effect of process parameters on density of AlSil0Mg/TiB2 alloy formed by
SLM

3.2.1 Orthogonal experimental results and analysis

According to the experimental requirements, the orthogonal experimental protocol
was designed, and 9 samples of AlSi10Mg aluminum alloy were formed by SLM, all with
dimensions of 18 mm(X)x18 mm(Y)x9 mm(Z). The density of the specimen is measured
and the results are shown in the table. From the table, it can be seen that the best density is

99.5%, and the worst is 95.7%.

Table 3.1
Density orthogonal results
Experiment | Density(%) | Experiment | Density(%) | Experiment | Density(%)
number number number

1 97.8 4 97.60 95.70

2 99.50 5 97.70 97.30

3 99.40 6 96.20 98.30
Table 3.2

Analysis of orthogonal experimental results

Serial number

Laser power

Entity scan speed

Scan spacing

Mean T, 98.9 97.0 97.9
Mean T, 97.2 98.2 97.1
Mean T3 97.1 98 98.1
Range R 1.8 1.2 1.0
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The mean density and range under the three factors were analyzed and calculated, and
the results are shown in the table. It can be seen from the table that three factors have a
certain influence on the density of the formed parts, among which the extreme difference R
of the laser power is large, indicating that compared with the solid scanning speed and
scanning distance, the laser power is the most important factor affecting the density of SLM

forming parts.

3.2.2 Effect of laser power on density

In order to further explore the influence of laser power on the density of the sample,
the scanning distance is 0.19 mm, the solid scanning speed is 1100 mm/s, 1300 mm/s,
1500 mm/s, and the laser power is 170 W, 200 W, 230 W, 260 W, 290 W, 320 W. The

experimental results are shown in the fig. 3.9.
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Fig. 3.9. Effect of laser power on relative density

The size of the laser power will directly affect the size of the molten pool, and defects
such as spheroidization and holes will occur when it is too low or too high, resulting in a
decrease in the density of the molded part. Laser power 170W, at this time the laser input

energy is small, the powder may not be completely melted, and because SLM forming is
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overlapping between the melt channel and the molten channel, the unmelted powder adheres
to the molten channel around the phenomenon of different degrees of nodularization, which
will not only affect the forming of the next layer of powder, but also lead to the formation
of pores inside the molded part and become larger and larger, thereby reducing the density
of the molded part. The laser power is 230 W, the laser input energy increases, the internal
temperature of the molten pool increases, the width and depth of the melt channel will
increase appropriately, at this time the powder melting is sufficient to reduce or inhibit the
occurrence of nodularization, so that the density of the molded parts is improved. The laser
power is 320 W, the density of the formed part does not rise but begins to decrease, the
analysis reason may be because the input energy is too large, the width of the molten channel
in the molten pool increases while the depth of the molten channel will continue to increase,
the powder around the molten channel will adhere together, and too much energy will also
cause the aluminum alloy molten liquid to splash during SLM forming, and then quickly
solidify to form a granular form back to the surface of the formed part, so that the density
of the formed part begins to decline. In summary, when the laser power is 230 W, the density

of the formed part is the highest.

3.2.3 Effect of solid scanning speed on density

As mentioned earlier, SLM forming is a layer-by-layer process, a single deposition
line is the basis of the entire process, by the single deposition line overlapping each other to
complete the forming of each layer, so the main process parameter of each single layer
forming is the scanning spacing. If the scanning distance is too large, and the lap between
the single deposition lines is not enough, holes will appear at the lap joint, forming defects;
The scanning distance is too small, although it is not easy to form defects such as holes in
the lap area, but the remelting area will form coarse tissue, affecting the performance of the
sample, and too much remelting will also affect the forming efficiency. Combined with the

previous research, the laser power of 230 W, the layer thickness of 30 um, the phase angle
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of 67°, and the scanning spacing of 0.19 mm were selected, and the speed was 1100 mm/s,

1200 mm/s, 1300 mm/s, 1400 mm/s, and 1500 mm/s respectively.
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Fig. 3.10. Effect of solid scanning speed on density.

3.2.4 Influence of scan spacing on density

As mentioned earlier, SLM forming is a layer-by-layer process, a single deposition
line is the basis of the entire process, by the single deposition line overlapping each other to
complete the forming of each layer, so the main process parameter of each single layer
forming is the scanning spacing. If the scanning distance is too large, and the lap between
the single deposition lines is not enough, holes will appear at the lap joint, forming defects;
The scanning distance is too small, although it is not easy to form defects such as holes in
the lap area, but the remelting area will form coarse tissue, affecting the performance of the
sample, and too much remelting will also affect the forming efficiency. Combined with the
previous research, the laser power of 230 W, the layer thickness of 30 p, the phase angle of
67°, the solid scanning speed of 1500 mm/s were selected, and the different scanning
spacing parameters of 0.15 mm, 0.16 mm, 0.17 mm, 0.18 mm, and 0.19 mm were selected

for comparative analysis.
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Fig. 3.11. Effect of scan spacing on density.

It can be seen from the figure that in the case of low scanning speed, the influence of
scanning spacing on the density of formed specimens is not obvious, under the condition of
scanning spacing of 0.15 mm and 0.16 mm, the relative density of the sample does not
change much, while the relative density increases slightly when the scanning spacing is
0.17 mm, and the relative density reaches the maximum at 0.18 mm, which is 99.7%; When
the scanning distance is 0.19 mm, the relative density begins to decline. The reason is that
when the scanning speed is low, the laser energy density is larger, the molten pool exists for
a longer time, so the single deposition line is wider, there is still a higher lap rate under a
larger scanning spacing, the forming quality is better, and when the scanning speed is faster,
the molten pool itself will become narrower, at this time, if the scanning spacing is too large,
it is likely that there will be defects such as insufficient overlapping between adjacent
deposition lines and the formation of holes, so the density of the sample will be reduced, as

shown in fig. 3.12.
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Fig. 3.12 Schematic diagram of different scan spacing forming.

3.3 Influence of process parameters on the dimensional accuracy of
AlSi1oMg/TiB: alloy formed by SLM

3.3.1 Influence of laser power on X/Y axis dimensional accuracy
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Fig. 3.13. Effect of laser power on X/Y axis dimensional error.

Fig. 3.13 shows the effect of laser power on the average dimensional error in the X
and Y directions of AlSi; Mg aluminum alloy SLM molded parts. It can be seen from the

figure that when the solid scanning speed is 1100 mm/s, the dimensional error in the X
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direction increases with the increase of laser power, and when the laser power is 260 W, it
decreases to 0.22 mm, and the dimensional error in the Y direction shows a trend of first
decreasing and then increasing with the increase of laser power, and at 260 W, the minimum
error is 0.20mm; When the solid scanning speed is 1300 mm/s, the dimensional error in the
X axis direction is shown as a trend of increasing after decreasing, when the laser power is
260 W, the minimum value is 0.20 mm, the dimensional error in the Y axis direction shows
irregular changes, and at 260 W, the minimum value appears 0.18 mm; At a solid scanning
speed of 1500mm/s, the maximum dimensional error differs from the mean minimum
dimensional error in the X direction by 0.04 mm, and the maximum dimensional error in
the Y direction differs from the mean minimum dimensional error by 0.04 mm.

With the increase of laser power, the dimensional error in the Y direction is smaller
than that in the X direction. The laser power is 260 W, and the dimensional error in the Y
direction is smaller, but the difference is not large, because when the laser power is small,
the input energy is small, the width and depth of the molten pool during forming are small,
and the width of the formed molten channel becomes narrower, and even the powder cannot
be continuously melted, so that the powder is not fully melted, so the final dimensional error
is small; The laser power is 320 W, the dimensional error in the X and Y directions will
become larger, due to the large energy input of the laser at this time, the powder melting is
complete enough and the melting width becomes larger, which will cause some metal
powder to adhere around the molten channel, making the dimensional error larger. In general,
the laser power is too large or too small will make the dimensional error become larger, the
laser power is 260 W, the corresponding AlSi;oMg aluminum alloy SLM forming parts
density is also better, so when the laser power is 260 W, the X and Y dimensional errors
will be relatively small, the average values are 0.200 mm and 0.18 mm, respectively, at this
time the dimensional accuracy of AlSi;oMg aluminum alloy SLM forming parts is the

highest.
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3.3.2 Influence of solid scanning speed on X/Y axis dimensional accuracy
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Fig. 3.14. Influence of solid scanning speed on X/Y axis dimensional error.

Fig. 3.14 shows the effect of solid scanning speed on the mean dimensional error in
the X and Y directions of SLM molded parts. As can be seen from the figure, the size in
both the X and Y directions shows a trend of slowly decreasing and then rapidly increasing
with the increase of scanning speed. The difference between the maximum dimensional
error and the mean minimum dimensional error in the X direction is 0.02 mm, and the
difference between the maximum dimensional error and the mean minimum dimensional
error in the Y direction is 0.04 mm.

When the scanning speed is too low, the laser beam scanning time is extended, the
laser energy is larger and the time acting on the metal powder is longer, which can make the
metal powder fully melt, but will produce different temperature gradients in the molten pool,
so that the metal molten liquid spreads to the forming specimen around, the melting width
and penetration depth are also larger, and there will be a large number of semi-melted and
unmelted powder particles adhering to the forming surface and around the forming surface,
so that the dimensional error becomes larger. When the scanning speed is too high, the laser
beam acts on the surface of the metal powder for a short time, so that the metal powder melts

quickly before heat exchange occurs, and then begins the scanning and forming of the next
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layer, the melting width at this time is small, so the forming size error is small, and the
dimensional accuracy is high. Overall, the scanning speed is 1500 mm/s, and the
dimensional error of AISi10Mg aluminum alloy SLM formed parts in the X and Y directions
Is smaller, with values of 0.12 mm and 0.10 mm, respectively, which has the highest

dimensional accuracy.

3.3.3 Influence of scan distance on X/Y axis dimensional accuracy
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Fig. 3.15. Influence of scan spacing on X/Y axis dimensional error.

Fig. 3.15 shows the effect of the scan spacing on the average dimensional error in the
X and Y directions of the SLM molded part. It can be seen from the figure that the
dimensional error in the X direction and the dimensional error in the Y direction show a
trend of first decreasing and then slowly increasing with the increase of the scanning spacing.
The difference between the maximum dimensional error and the mean minimum
dimensional error in the X direction is 0.04mm, and the difference between the maximum
dimensional error and the mean minimum dimensional error in the Y direction is 0.04 mm.

When the scanning distance is too small, the lap rate will be relatively large, that is to
say, there are more overlapping parts between the two adjacent melt channels, this part of
the powder can be melted twice, although more metal powder can be fully melted, but the

melting width and penetration depth during forming will increase to varying degrees, which
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can make part of the semi-molten powder adhere to it, resulting in a larger dimensional error.
When the scanning distance is too large, the lap rate between the two melt channels will be
relatively small, the overlapping part will be less, the input energy is more evenly distributed,
and will not cause a large amount of energy accumulation, although the powder melting
amount is relatively small, but the melt channel width is small, basically there will be no
metal powder adhering to the melted layer, thereby reducing the dimensional error and
improving the dimensional accuracy. Overall, when the scanning spacing is 0.16 mm and
0.17 mm, the dimensional error of AlSi;pMg aluminum alloy SLM molded parts in the X
and Y directions is smaller, with values of 0.10 mm and 0.10 mm, respectively, which has

the highest dimensional accuracy.

3.4 Influence of process parameters on surface roughness of SLM forming
AlSi1oMg/TiB: alloy

The side surface quality of SLM forming parts occupies an important position in the
surface quality of the whole part, especially for parts containing internal runners or spatial
special-shaped surfaces, the quality of the side surface directly determines whether the
formed parts are qualified, so it is necessary to study. This chapter examines the effects of
contour process parameters such as profile laser power, profile scanning speed and scan

spacing on the surface quality of specimens in SLM forming.

3.4.1 Effect of profile laser power on side surface roughness

Fig. 3.16 shows the effect of laser power on the mean Ra value of AlSi;cMg aluminum
alloy SLM molded parts. It can be seen from the figure that with the increase of laser power,
the surface roughness of AlSi; Mg aluminum alloy SLM molded parts first decreases and

then gradually increases, the laser power is 350 W, and the minimum value of Ra is 5 um.

50



]
(=]
]

- =y -y
£ [=2] o]
| | PR

—_ —_
[=2] o] o [+
1. 1 | | L

| —s— 700mm/s
2 ] —e— 900mm/s
—a— 1100mm/s

Side surface roughness (Ra)

T T T T T T T T T T T T T 1
260 280 300 320 340 360 380
Contour laser power (W)

Fig. 3.16. Effect of profile laser power on side surface roughness.

3.4.2 Effect of contour scanning speed on side surface roughness
Fig. 3.17 shows the effect of scanning speed on the mean surface roughness Ra of SLM
molded parts. It can be seen from the figure that with the increase of scanning speed, the
smaller the surface roughness Ra of AlSi;oMg aluminum alloy SLM molded parts, the
minimum surface roughness Ra is 6um when the scanning speed is 900 mm/s, but after the
scanning speed exceeds 900 mm/s, the roughness also increases with the increase of
scanning speed.

When the scanning speed is small, the powder absorbs more energy per unit time, and
it is easy to form too high energy, resulting in spheroidization and splashing of the powder,
thereby affecting the surface roughness of the formed parts. With the increase of scanning
speed, the energy absorbed by the powder per unit time decreases, the spheroidization and
splashing of the powder decrease, and the surface roughness begins to decrease. When the
scanning speed is 1000mm/s, the surface morphology of the formed part can be seen that
due to the high scanning speed, low energy, small melt channel, it is difficult to observe the
continuous and flat melting channel, and there is more powder adhered to the surface, which

affects the surface quality. When the scanning speed is 1100 mm/s, it can be seen that
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obvious unmelted powder and semi-melted powder can be observed on the surface, as well

as a large number of raised balls, which will affect the surface quality of the molded part.
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Fig. 3.17. Effect of contour scanning speed on lateral surface roughness.

3.4.3 Influence of scan spacing on side surface roughness
Fig. 3.18 shows the effect of the scan spacing on the mean surface roughness Ra of
SLM molded parts. As can be seen from the figure, the surface roughness Ra does not
change much with the increase of the scan spacing, and when the scan spacing is 0.17 mm,
the minimum Ra is 5 pum.

Since the main factors affecting SLM forming are laser power and profile scanning
speed, after determining the best laser power of 230W and the best contour scanning speed
of 900mm/s, the influence of the scanning distance on the surface quality of the molded part
Is not very obvious, and the difference between the maximum Ra value and the smallest Ra

value is less than 1 pm, which can basically ignore the influence of the scanning spacing.
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Fig. 3.18. Effect of contour scanning speed on lateral surface roughness.

Since the main factors affecting SLM forming are laser power and profile scanning
speed, after determining the best laser power of 230 W and the best contour scanning speed
of 900 mm/s, the influence of the scanning distance on the surface quality of the molded
part is not very obvious, and the difference between the maximum Ra value and the smallest

Ra value is less than 1 pm, which can basically ignore the influence of the scanning spacing.

3.4.4 Summary of this chapter

(1) The form of the powder will seriously affect the dimensional accuracy and surface
roughness of SLM forming, for the powder used more than 30 times, the powder particle
size is significantly increased, the powder accumulation characteristics deteriorate, the
powder morphology has impurity particles, the oxygen content is high, and it is not easy to
continue to use the printing directly.

(2) The orthogonal test analyzes the effects of scanning spacing, laser power and
scanning speed on SLM forming dimensional accuracy and surface roughness, and obtains
the following influencing factors: laser power> solid scanning speed> contour scanning

speed> scanning spacing, and the optimal parameter combination is 0.17 mm, laser power
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230 W, solid scanning speed 1500 mm/s, contour scanning speed is 900 mm/s, and scanning

rotation angle is 67°.

3.5. Study of part structure on SLM forming dimensional accuracy and surface
roughness

The previous chapter examined the dimensional accuracy of SLM molded square
geometry (small squares), but printed parts are often assembled from multiple parts, and the
structure of the parts is often composed of typical geometric features, such as round holes,
square holes, cylinders, sharp corners, spherical shapes, curved surfaces, etc. Therefore, it
IS not enough to study the dimensional accuracy of SLM forming square geometry, this
section makes a preliminary discussion on the molding ability and dimensional accuracy of
other typical geometric features of SLM molding, which provides a theoretical basis for the
three-dimensional structure design and process optimization of the assembly mechanism.

The processing parameters used in this section of the experiment are shown in the table:

Table 3.3
The processing parameters
Laser power Entity scan Contour scan Scan spacing | Scan rotation
speed speed angle
230 W 1500 mm/s 900 mm/s 0.17 67°

3.5.1 Sharp corners

Sharp corner parts with angles of 15°, 30°, 45°, 60°, and 75° are formed horizontally
and vertically. As shown in fig. 3.19, it is a schematic diagram and renderings of forming
different angles. The surface roughness and dimensional accuracy of the specimen are

measured separately.
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Fig. 3.19. Schematic diagram and effect diagram of forming triangular blocks with

different angles.

When applying selective laser melting molding technology to mold parts, the parts to
be formed are first designed in 3D drawing software, and then the part model is divided into
sliced layers of a certain thickness, and then these slice layers are gradually stacked to obtain
the formed part body. When the part to be formed is placed obliquely, the surface of the part

becomes a step-shaped contour envelope instead of a continuous surface.

—

(u \

ﬂ‘

Fig. 3.20. Theoretical outline and actual contour.

As shown in fig. 3.21, the surface roughness of the vertically placed specimen first
increases and then decreases, and when the angle exceeds 30°, the value of the surface
roughness gradually decreases as the angle increases. However, the surface roughness is

greater than that of flat forming, which is due to the stepwise effect of the part.
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Fig. 3.21 Effect of placement on sample surface roughness and forming angle.

The angular error of the vertically placed formed part increases with the increase of
the forming angle, and the angular error reaches 2.5° at 75°. This is also because of the step
effect of the part, the molded part will be affected by the step effect when placed obliquely,
the theoretical contour diagram is shown in fig. 4.2, where the oblique yellow line is the
design profile, and the actual contour after molding is a jagged dark solid line part. If the
forming thickness is h and the forming angle is a, the dimensional error caused by the step
effect is: H = hcoso.

Through the above analysis, it can be seen that the dimensional error caused by the
step effect is mainly related to the molding thickness and tilt angle, with the increase of the
inclination angle and the decrease of the molding thickness, the smaller the dimensional
error caused, theoretically when the forming angle is 90°, the structure with gap is placed
vertically, at this time the step effect will disappear, but this will greatly consume printing

time, affect processing efficiency, and even lead to molding failure.

3.5.2 Ring
Ring parts with wall thickness of 2mm and inner diameters of 2, 3, 4, 5, 6, 7 and 8

mm are formed horizontally and vertically. As shown in 3.21.
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Fig. 3.22. Schematic diagram and renderings of forming rings of different radius.

As shown by fig. 3.22, the placement method has little effect on the error of the
circularity of forming different rings, and the vertical placement is a little larger than the
horizontal placement, but not more than 0.05°. However, the surface roughness of vertical
placement will be smaller than that placed horizontally, the surface roughness Ra when
placed vertically is about 5.5 um variation, but the roughness when placed horizontally can
reach Ra of 7.3 um, but as the inner diameter of the ring increases, the surface roughness
will also decrease, because when the size is larger, there can be better forming space, the
molten pool can be better formed, the powder can be better heat transfer, the surface quality

of the formed is better, and the surface roughness is reduced.
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Fig. 3.23. Effect of placement on the surface roughness and forming angle of the ring.

For SLM forming, the size of the designed ring should not be too small when printing
vertically, and for smaller rings, you can consider printing horizontally, which can better

ensure the forming quality and roundness.

3.5.3 Summary of this chapter

(1) For parts with inclined surfaces, when placed vertically, the forming angle has a
greater influence on the dimensional accuracy and surface roughness of SLM forming, and
when the forming angle is about 30°, the surface roughness is up to 8.2 um, but with the
increase of this angle, the surface roughness also decreases, and the angle error becomes
larger. Compared with vertical placement, the surface roughness is significantly reduced,
and the forming angle error value is small and does not change much.

(2) For torus parts, the surface roughness when printing vertically is obviously better
than horizontal placement, so when printing parts, for structures with more rings, horizontal

placement printing is preferred.
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PART 4. LABOR PROTECTION

Metal additive technology is an advanced manufacturing technology, the use of raw
materials for metal powder, in the process of the experiment, will cause powder flying, easy
to cause experimental fire, explosion and personnel inhalation safety hazards. In order to
prevent the oxidation of the powder, the printing environment needs to be carried out under
the protection of inert gas, this experiment adopts argon protection, argon storage method is
in a closed cylinder, the use of operation is easy to cause the collapse of the cylinder, causing
casualties, the placement of the cylinder needs to be under protective measures, in addition,
when the printing room is filled with argon, minimize the release of argon into the laboratory,
and the experiment needs to maintain a ventilated environment. The power supply used by
the printing equipment is a high-voltage power supply, and during the experiment, pay
attention to electrical safety [26].

During the experiment, masks must be worn when sifting powder and loading the
powder into the equipment, this heavy metal can be inhaled into the body and cause serious
damage to the human body. When inhaling dust, healthy people have a defensive function,
and more than 90% of the inhaled dust can be excreted from the body, such as nasal hair
and the inner wall of the respiratory tract can block and stick to the inhaled dust, so that it
Is discharged with nasal discharge and sputum[26,27]. If there is no dust prevention
measures during the production process, long-term inhalation of dust in large quantities can
irritate the mucous membrane of the upper respiratory tract, resulting in rhinitis, pharyngitis,

laryngitis and bronchitis. Some people inhale grain dust to cause bronchial asthma.

4.1 Harmful and dangerous work factors

4.1.1 Risk one: Fire

The key to preventing a fire is to remember the three elements that start a fire (the
"“fire triangle™): fuel (metal powder or soot), ignition source (laser or spark), and oxygen.

Although these metal printing devices are designed for laser and metal powder contact to
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occur in an inert gas environment, it can be said to operate in a safe manner. However, as
an operator, when handling dust or soot, you should avoid any ignition source environment.
This is because two of the three elements have been met: fuel (powder or soot) and oxygen
(in an open environment). Care needs to be taken to eliminate basic risks (including possible
ignition risks such as smoking), and the main risk is electrostatic discharge (ESD), so some
necessary protective equipment including anti-static wristbands is an effective way to avoid
accidents.

Knowing the life cycle of powders can also help prevent the risk of accidents, which
are transported to the processing site in canister packaging and finally collected as recycled
powder (most powder) or as scrap recycled. It may seem quite complicated, but what must
be understood and followed is the whole environment in which the powder exists: the
powder trapped by the product, the powder to be recycled, the soot and powder trapped in
the filter, and the accumulated powder accumulated by wiping and cleaning on gloves[27].
In addition, powder can accumulate on the internal hoses and shafts, and all deposited
powder needs to be disposed of regularly.

Some basic safety measures should not be ignored, always wear gloves, goggles and
protective clothing (lab coat) when using the machine. Even the simplest tasks like using a
keyboard and mouse require attention to safety.

(a)Personal protective equipment (PPE)

PPE is a means of self-defense, in the event of a fire, can effectively protect life,
according to different budgets, can be configured with different levels of protective
equipment:

- Protective clothing: if using active metal, you can use a lab coat, covering the arm,
protective gloves, antistatic belt;

- Standard PPE: respirator, nitrile gloves, mask, antistatic strap;

- Extended PPE: Standard PPE PLUS, Fireproof Grade Set, Fireproof Gloves;
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Fig. 4.1. Laboratory safety protective clothing.

(b) Extinguishing fires

There are several ways to extinguish fires, but it is clear that water and carbon dioxide
are unsafe options for metal fires. To extinguish a fire, a metal fire needs to be a Class D
fire extinguisher, which is a fire extinguisher rated for metal fires [28]. It is important to
note that water can be dangerous for metal fires and require a professional fire brigade to

make the best decision.

Fig. 4.2. Laboratory metal fire extinguishers.

(c) Powder storage
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Fig. 4.3. Flammable fire cabinets.

When not used, the powder is stored in unopened jars, and when the jars are opened,
it is better to store the opened jars in a flammable cabinet, which is not necessary for non-

reactive alloys, but is necessary for reactive metal alloys.

4.1.2 Risk two: powder inhalation and exposure

The main way to reduce the risk of powder inhalation is the use of respirators [28].
These methods come in many forms, but for this process, the two most recommended are
respirators with built-in masks, more preferably PAPR respirators, which provide positive
pressure air, and respirator filters above N95 are recommended, but N100 is the most ideal
choice.

When operating the machine, it is necessary to take care to always wear gloves and
avoid contact with powder. This is also useful for minimizing the risk of carrying dust
outside the metal 3D printer area:

Before you start working, you need to pay attention to your watch, watch jewelry and
mobile phone.

After completing the work, you need to remove the protective jacket and then gently
wipe your hands and elbows before handling any other items.

Consideration needs to be given to installing a layer of adhesive floor mat so that the

operator can step on it when walking out of the room. Metal powder safety data
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Fig. 4.4. Safety Data Sheets.

It is necessary to ensure that the powder supplier provides SDS (Safety Data Sheets)

for all powders ordered and stores these forms in an easily found place for easy retrieval.

4.1.3 Risk three: inert gas asphyxiation

Inert gases (nitrogen or argon) are used to provide an environment against oxidation
during powder processing, which are stored in gas cylinders (argon) or transported from
generators (nitrogen). Leak-free facilities and stable equipment performance are critical, and
when it is found that the required oxygen PPM level cannot be reduced in the construction
room, or the gas composition fluctuates significantly, these may be related to the leakage of
the inert gas. The user of the equipment must know the position of the gas valve and close
it if necessary [26].

In order to prevent inert gas asphyxiation, an effective device is an oxygen sensor.
This is an important sensor, especially in spaces where any devices that rely on inert gases,
including 3D printers and furnaces, are installed. If the oxygen level falls below a safe value,

an alarm is triggered to alert on-site personnel to evacuate immediately.
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Fig. 4.5. Oxygen sensor.

4.2 Analysis of working conditions and formulation of protective measures

4.2.1 Fire prevention

1. It is strictly forbidden to use open flames in the laboratory, and smoking is not
allowed in the laboratory.

2. When starting or shutting down electrical equipment, the switch must be tightly
buckled or pulled properly to prevent the situation of unconnected. When using electronic
instruments and equipment, you should first understand its performance, operate according
to the operating procedures, and cut off the power immediately if the electrical equipment
overheats or smells of paste.

3. When personnel leave the room for a long time or the power supply is interrupted,
the power switch should be cut off, especially the power switch of the heating electrical

equipment.
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4. There should be no exposed wire heads in the laboratory; In the power switch box,
it is not allowed to stack items to avoid electric shock or burning.

5. Pay attention to keep the wires and electrical equipment dry to prevent moisture
and leakage of lines and equipment.

6. The laboratory is prohibited from using high-power electrical appliances except for

experimental equipment, and the use of electric kettles is prohibited.

4.2.2 Safety of harmful substances and gases

1. All toxic substances and chemical agents shall be stored, distributed, and used in
strict accordance with the category, and the remaining articles and residual substances shall
be properly disposed of.

2. Practice personal hygiene and follow personal protective protocols, and do not eat
or drink, smoke, or store food in containers that may be contaminated with poisons or in
laboratories that may be contaminated with poisons. Wear protective clothing when working
in a non-toxic environment that cannot be guaranteed; Wash your hands promptly after the
experiment; Living clothes and work clothes should not be stored together.

3. When using laboratory equipment, open windows to maintain ventilation.

4. When it is found that there is an inert gas leakage in the laboratory, it should be
stopped immediately, evacuate the personnel and quickly open the doors and windows or
the extraction fan to eliminate it, check the leakage and repair it in time. All equipment is
prohibited until completely excluded.

5. Before leaving work or leaving the laboratory, pay attention to check whether the
used instruments are completely closed, and if it needs to be continuously opened, a special
person needs to work overtime to take care of it.

6. It is strictly forbidden to place flammable and explosive materials in the metal

powder storage point.

65



4.2.3 Gas cylinder safety

1. If the cylinder body is defective, the safety accessories are incomplete or damaged,
and the safe use cannot be guaranteed, it must not be sent to the filling gas again, and it
should be sent to the relevant unit for inspection before it can be used.

2. Gas cylinders must be classified and stored separately, and fixed and stable when
placed upright; The cylinder should be kept away from heat sources to avoid exposure to
sunlight and strong vibration.

3. When using gas cylinders, the operator should stand in a position perpendicular to
the gas cylinder interface. It is strictly forbidden to knock and impact during operation, and
often check whether there is air leakage, and pay attention to the pressure gauge reading.

4. Gas cylinders should be sent for inspection regularly to ensure the quality of gas

cylinders. The inert gas cylinder storage point should have good ventilation conditions.

4.3 Fire Safety Rules for Workplaces

In order to ensure the safety of the experimenter, the experimental operator must
master the correct operation of the experiment, and the experiment must ensure that two
people are present at the same time, and the experiment needs to be guarded. Laboratory
safety facilities must meet national laboratory safety specifications, and experiments are

prohibited in places where safety facilities are not perfect.
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PART 5. ENVIRONMENTAL PROTECTION

5.1 Environmental protection applications of metal additive manufacturing in
various fields

Metal additive manufacturing technology (also known as "3D printing™) has been
hailed as one of the disruptive technologies leading to industry change. Different from the
traditional subtractive process of cutting and assembling raw materials, additive
manufacturing technology uses digital model files to melt, extrude, sinter, light solidify and
other combinable materials such as metal powder and plastic to accumulate point by point,
line by line and surface by surface. make actual objects [30]. Additive manufacturing creates
complex structures from digital models, saving material, allowing for flexible design and
personalization. With the continuous application of new materials and the development of
additive manufacturing technology, additive manufacturing technology is widely used in
aerospace, biomedical, transportation, smart wear and other fields [32].

Most traditional manufacturing techniques are subtractive, which means cutting into
a piece of material or producing and filling an injection mold. This creates waste, some of
which can be reused, but some that cannot. In any case, even if the material is recycled, it
must be reprocessed. Additive processes, on the other hand, involve no molds and no
engraving waste. Much progress has also been made in the ability to reuse leftover materials.
For example, one of HP's equipment can recycle up to 80 percent of excess powder. As an

industry, we have high expectations for sustainable innovation in materials.

5.1.1 Application of Metal Additive Manufacturing Technology in Aerospace
Field

Aerospace is an early field of metal additive manufacturing, and it was early applied
to titanium alloy brackets. The aluminum alloy powder laser additive manufacturing

technology is used to make the aircraft central flange member, which can improve the
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metallurgical quality of the material, and has been practically applied in domestic aircraft
[33].

The cost of aluminum alloy materials is high. For the production of small batches of
trial parts, in the traditional manufacturing process, it is necessary to consume a whole piece
of aluminum alloy raw materials, resulting in a large amount of waste. Using additive
manufacturing technology, aluminum alloy powder can be recycled, theoretically resulting

in zero waste. And can complete the manufacturing process of the product in a short time.

Fig. 5.1. Metal additive manufacturing aircraft engine.

5.1.2 Application of metal additive manufacturing technology in the field of
biomedicine

Due to the complex structure of biomaterials, the varying needs of patients, and the
need for mass production, additive manufacturing technology is very suitable for
manufacturing biomaterials.

The application of metal additive manufacturing technology in the manufacture of
dental prostheses mainly focuses on metal base crowns, metal stents and implants for
removable partial dentures. The metal-ceramic bonding force of the cobalt-chromium alloy
bottom crown made by metal additive manufacturing is close to or even higher than that of

traditional production; due to the fast cooling rate, compact structure and defect-free metal
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additive manufacturing, the strength of the cobalt-chromium alloy produced by metal
additive manufacturing is higher than that of traditional casting; With proper computer-
aided design and parameter setting, cobalt-chromium alloys manufactured by metal additive
manufacturing can achieve good abutment adhesion[34].

Metal additively manufactured cobalt-chromium alloy removable partial denture
metal stents are close to traditional stents in fit and function, but have better microstructure.
Due to factors such as rapid cooling and crystal phase composition, titanium alloy implant
stents made by metal additive manufacturing technology have higher density and hardness,

light structure and good biocompatibility.

Fig. 5.2. Application of metal additive manufacturing technology in the medical field.

5.1.3 Application of metal additive manufacturing technology in the field of
transportation

The application of metal additive manufacturing in the field of rail transit is mainly
in the production of parts and the additive repair of damaged parts. Metal additive
manufacturing rapidly melts and solidifies under a high-density heat source, and the
microscopic grains of the manufactured parts are fine and uniform, and the solute
segregation is small. Foreign locomotive companies have used metal additive

manufacturing to form train bearings with complex structures in the follow-up maintenance
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of trains to improve the bearing's anti-vibration performance and wear resistance, and use
stainless steel additive to manufacture rail train bogie anti-roll torsion bar mounts. Based on
the optimized design, a mounting seat with a bionic structure is printed, which reduces the
weight by 70% and reduces the energy consumption of the car while ensuring the original
performance.

Using metal additive manufacturing technology to manufacture engine cylinder heads,
the products formed have high density, no cracks and shrinkage holes that may occur during
casting, and the performance is close to forgings, but the series of processes such as mold
opening and pouring in traditional manufacturing are omitted. It solves the problem of time-
consuming production of cylinder heads in small batches. The engine block and gearbox
housing are traditionally produced by casting. Combining metal additive manufacturing
technology and casting can reduce costs and shorten construction periods while ensuring

product quality.

=

Fig. 5.3. Application of metal additive manufacturing technology in the automotive field.

5.2 Recycling and Utilization of Metal Additive Manufacturing Materials
The cost of additive manufacturing of high-end materials has continued to increase in

recent years as equipment manufacturers push traditional metal powder producers to offer
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specialty powders designed for aerospace, biomedical and transportation applications.
Based on this, the recyclability and recycling of powders becomes even more important.
The 3D Printing Technical Reference will specifically address some of the challenges of
powder recovery and recycling in metal additive manufacturing, especially ways to improve

powder reusability [35].

5.2.1 Differences in powder degradation behavior

Different types of powders exhibit different performance changes after one or more
printing cycles. Inconel 718 has good chemical stability during recycling, but is limited by
the physical properties of morphology and flow when evaluating reusability. When these
materials melt at higher temperatures, the material around the melt deforms and sinters
together, which makes the powder particles larger and unusable. The titanium alloy powder
is more likely to absorb oxygen, and the high oxygen content of the powder will lead to
printing failure. Therefore, the oxidation of the powder must be always paid attention to,

and the number of times of its use will be greatly limited.

Satellites

\3);

Agglomerate

< Fragmented

LN Particle
.

Fig. 5.4. Degradation of metal powder after repeated use.
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In a high-temperature material recyclability study, researchers analyzed powders
from multiple SLM printing cycles to understand the effect on powder and part performance.
During multiple prints, the satellite powder attached to the larger powder particles begins to
separate into smaller individual particles. At the same time, the powder particles begin to
fuse together to form agglomerates, in which the particles break down into incomplete fine
particles. All of these affect the flowability and bulk density of the powder, broaden the
particle size distribution of the powder and increase the oxygen content of the powder.
However, after 13 consecutive cycles using the same batch of powder, the powder still met

the ingredient specification for reusability [32].

5.2.2 Improve the reusability of powders

Improving the reusability of metal powders requires the identification of qualified
technologies to repair off-spec powders and make them reusable. A popular method right
now is to mix the new powder with the old powder before each build. It can reduce the
oxygen content in the powder, and can also control the physical properties such as particle
size distribution and bulk density of the powder. However, there is currently no established
mixing standard, and users rely on experience to determine the optimal ratio, and these
attempts often vary depending on the material used and the type of part manufactured.

Another reasonable repair technique is to use an induction plasma process, which can
send irregularly shaped and less fluid powders through a powder feeder into an induction
plasma, where it is rapidly heated and melted by high temperature to form droplets,
agglomerated into a spherical shape under the action of surface tension, and re-solidified
during the falling process, thereby obtaining spherical powder particles. This method can

improve properties such as powder flow and bulk density [34].
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Flg. 5.5. Comparison before and after induction plasma treatment.

By remelting and solidifying powder particles to reduce porosity, increase powder
density, and selectively remove impurities to improve powder purity by increasing plasma
melting temperature and modifying shielding gas. Research organization EWI has
conducted some early studies using this method, but further testing will have to be carried

out to assess the feasibility of powder repair.
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