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Abstract. Selective laser sintering (melting) enables using metal powdered materials to
manufacture products of any geometrical complexity, requiring no preliminary costs to prepare
processing equipment. However, quality of the sintered surface is often inadequate as against
the product manufactured traditionally. Manufacturing a high quality product requires solution
of such vital task as prediction of the sintered surface roughness. The authors address to the
effect of laser sintering modes on roughness of the surface, sintered of copper powdered
material PMS-1 (IIMC-1). The dependence of roughness of the surface layer sintered of copper
powder material PMS-1 upon sintering process conditions is expressed mathematically. The
authors suggest differentiating sintering modes to improve the sintered surface and the bulk of
the product and dividing them into rough, semi-finishing, and finishing ones.

Introduction

Rapid prototyping is widely applied in the present day economy to reduce costs of manufacturing
competitive products. Products of any geometrical complexity can be constructed on the base of these
technologies requiring no preliminary costs for preparation of processing equipment. A lot of rapid
prototyping technologies, differing from each other by the applied material and methods of forming the
product, are available these days [1-3]. They include stereolithography (SL), fused deposition modeling
(FDM), laminated object manufacturing (LOM), selective laser sintering (SLS), used in foundry
engineering, industrial designing, manufacturing products for medicine (implants) etc. Selective laser
sintering (melting) is the most promising method to produce a physical copy of various objects using
powdered materials on the base of a 3D CAD-model. So, this method enables manufacturing of
functional products. This technology makes use of diverse raw materials, ranging from plastic to
various metal alloys [4-6].

Alloys, which can be hardly produced relying on conventional technologies, are the products of
mixing various powdered materials. The fields of SLS (SLM) application depend on physical and
mechanical properties of the material and quality of the sintered surface. Synthesizing complex
products of metal powdered materials with certain geometrical, physical and mathematical properties
makes it possible to expand application fields of this technology [7]. Thermal effect of laser output on
the powdered material is important for quality of the product and can cause rather complex physical
phenomena of diverse nature, whereas high quality products can be manufactured in the certain
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conditions only [8, 9]. Post-processing is used in most cases to improve quality of the sintered products.
However, the methods of post-processing do not support the control over geometrical and micro-
geometrical characteristics of the synthesized surfaces, necessitating, therefore, application of
technological methods to produce a high quality surface layer [10, 11]. Assessment of appropriate
modes providing certain quality of the surface layer of the sintered metal powdered materials is a
burning and difficult issue. In this paper the authors address to the effect of laser sintering conditions on
roughness of the sintered surface of copper powdered material PMS-1. The dependence of roughness of
the surface layer sintered of copper powder material PMS-1 upon sintering modes is expressed
mathematically. The authors suggest differentiating modes of sintering to improve the sintered surface
and bulk of the product and dividing them into rough, semi-finishing, and finishing ones [12-15].

Stabilized copper powder PMS-1 is widely applied in various branches of industry. Particles of the
powder have a spherical form with the nominal dimension of 0.007 mm, bulk density is 1.25-1.9 g/cm’.
Thermal conductivity factor of copper powder is 3.6x10-3W/(m-°C), and melting temperature is 1030-
1070 °C [16, 17].

Roughness of the sintered layer is assessed by the microscope LEXT OLS 4100 (OLYMPUS).

The experiments are carried out by the self-developed selective laser sintering facilities, which
support adjustment of all processes of sintering. This machine is a technological laser jet to form
surfaces of the products with complex spatial configuration, consisting of ytterbium fiber laser LK —
100 — V, three-dimensional desk, PC, system of the numerical control program and self-written
software. Step motors are used to move the ball screw assembly along the coordinates X, Y, Z. The
ytterbium fiber laser with the wavelength 1.07 um makes it possible to adjust the power in the range 10-
100 W. The constant output power and accuracy of fiber laser focusing ensure quality and precision of
manufactured products. The laser beam is controlled by special software in the operation area of the
size 100x100x100 mm, so scanning of any needed contour can be performed. As soon as a single layer
is sintered the desk is lowered by the step motor as required (thickness of the layer) [18].

Results and Discussions
When manufacturing products by selective laser sintering, the quality of the surface differs from that of
the bulk of the product. Synthesizing the bulk requires assignment of the sintering conditions, providing
high roughness of the sintered surface; that is necessary to ensure stable cohesion between the layers
and avoid delaminating. The outer surface of the product is to be synthesized in other conditions,
providing low roughness. Roughness of the sintered surface depends on a number of factors, related to
sintering conditions, properties of the powdered material, technical solutions. In the course of the
experiments principal adjustable parameters are revealed, which influence on the formation of the
sintered surface micro-section. They include laser output power (P), velocity of laser beam
displacement (V), scanning step (s), preliminary pre-heating temperature of powdered material (t),
impact of the shielding gas — argon and mechanical activation of the powder [19]. First, preliminary
pilot experiments are conducted to determine the appropriate conditions of sintering, when a single
layer does not go into pieces at a touch, i. d. it has some mechanical strength without considerable
deformation. Insufficiency of laser power below 15 W and velocity of laser beam displacement faster
than 3000 mm/min for sintering the powdered material has been revealed in the experiments aimed at
detecting the appropriate conditions of sintering copper powdered material PMS-1. The power
exceeding 30 W and velocity less than 200 mm/min cause intense oxidation and powder inflammation.
The increase in the scanning step more than 0.3 mm keeps single tracks from sintering, so a single
layer fails to form. Increasing temperature of the powdered material pre-heating has a positive effect on
the strength of a single layer. The samples of the powdered material PMS-1 are made in the following
conditions: laser output power (P) is varied in the range 15 to 30 W, laser beam is moved with the
velocity (V) 200 to 3000 mm/min, scanning step (S) is 0.1 to 0.3 mm, and temperature of the powdered
material pre-heating (t) is 26 to 200 °C. Samples of 20 mm long and 10 mm wide sintered layer are
produced for the purposes of experiments.
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A four-factor experiment is conducted to identify a mathematical dependence of the sintered layer
roughness upon the process conditions of sintering. Level of factors and variability intervals are
assigned according to the results of preliminary pilot experiments. The resulting regression equation is
in the form of an expression as follows:

R, =356+15-P—-0.1-V —-0.057-t+425-S (1)

The dependencies of surface roughness on the laser sintering modes plotted using expression (1) are
shown in figure 1.
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Figure 1. The roughness Rz vs. sintering conditions

Changing the beam power in the range 15 to 30 W resulted in increasing the surface layer
roughness Rz from 600 to 830 um, figure 2 and figure 3, and cracking appeared due to the higher
thermal expansion stress. Thus, the beam power has a great effect on the surface roughness of laser
deposited coatings. Changing the beam displacement velocity from 3000 to 200 mm/min results in
increasing the roughness from Rz 320 to 600 pum, figure 4 and figure 5.

Figure 2. Micrographs,: :  Figure 3. Micrographs, :

. showing surfaces of the: :showing surfaces of the :
sintered copper samples (x2), sintered copper samples (x2),
» process conditions of sintering: : ! process conditions of sintering: :
1 V=200 mm/min, t=26 °C,: V=200 mm/min, t=26 °C,:
| $=0.3 mm, P=30 W. | 15=0.3mm,P=15W. '

e !

Figure 4. icrographs,: Figre 5. Micrographé,_

showing surfaces of the showing surfaces of the

i sintered copper samples (x2), ! ! sintered copper samples (x2), :

i process conditions of sintering: | ! process conditions of sintering: !

§V=3000 mm/min, t=200 °C,§ §V=200 mm/min, t=200 °C,§
S=0.3 mm, P=15 W. 1 8=0.3 mm, P=15W.

___________________________________________________________________________________



VII International Scientific Practical Conference "Innovative Technologies in Engineering" IOP Publishing
IOP Conf. Series: Materials Science and Engineering 142 (2016) 012089 doi:10.1088/1757-899X/142/1/012089

Increasing scanning step causes the augmentation of the sintered surface roughness Rz 600 to 700,
figure 6 and figure 7.
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The temperature of pre-heating the powdered sample before sintering has only a slight effect on the
roughness. Comparing the data of experiments and data calculated by formula 1, we have concluded
that laser output power, velocity of laser beam displacement and scanning step are the main variables
influencing on the sintered surface roughness, although the temperature of powder material pre-
heating is to be taken into account.

The experiments are conducted to detect the dependence of the sintered surface layer on the
shielding gas (argon), figures 8-11, and mechanical activation of the powder. Argon sintering results in
improvement of the surface layer strength, without origination of cracks. Cross and length-wise cracks
are not detected when sintering in argon, figure 9, sintering conditions: P=15 W, V=200 mm/min,
S=0.3 mm, t=200 °C. The thickness of the sintered layer changes a little from 1.7 mm (air sintering) to
1.735 (argon sintering).
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A sharp decline of the surface layer quality and strength becomes apparent when comparing the
samples sintered in argon and in air in conditions: P=30 W, V=200 mm/min, S=0.1 mm, t=200 OC,
shown in figures 10-11. The roughness changes from 750 to 115 pum, the thickness of the sintered layer
does not change much, varying from 1.0 to 0.915 mm. There are no cross and length-wise cracks

detected in the sample, sintered in argon.
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Argon sintering has a significantly positive effect on the surface layer, wich becomes less rough and
there are no defects detected.

Powders are subject to one-minute and three-minutes machining in a centrifugal planetary-type mill
AGO-2 in order to detect the influence of mechanical activation of powder on the sintered layer. In
figures 12-14 there are images of powder composite PMS-1 layers sintered in various conditions for
non-activated powder and powder of different degrees of activation. In figures 12-14 one can see that
surface roughness of sintered pre-activated samples varies from 700 um (non-activated powder) to 426
pm (g)owder, activated for three minutes) in sintering conditions P=15 W, V=200 mm/min, S=0.3 mm,
t=26"C.
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Comparing the images of samples a conclusion can be drawn that mechanical activation has a
significant influence on the sintered surface: coagulation and roughness decrease, the samples are
more solid.

When analyzing the sintered layers of non-activated and activated powdered material, it is revealed
that preliminary mechanical activation influences on the sintering process, improving the sintered
surface, as the consequence, the diameter of coagulated particles gets smaller, roughness is decreased.

The comparison of graphs and observational results over the sintering process makes it obvious that
increasing the power results in surface swelling, causing, therefore, shrinkage and melting. It is
possible perhaps because of the rapidly growing thermal conductivity of the material at the moment of
melting. Then the process is stabilized, and increasing power density has no effect on the thickness of
the sintered layer.

Having processed a large amount of experimental data and detected an apparent change in the
sintered surface of the powder material, figures 17-19 it is proposed to use the concepts of rough and
finishing modes of laser sintering powder materials. This allows differentiating the modes of
synthesizing the surface and the bulk of the prototype.
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As it is revealed in the conducted experiments the thickness of the sintered surface layer and its
roughness Rz can be varied in definite limits via changing the modes of laser treatment. To synthesize
a sintered surface of different quality the authors suggest differentiating conditions of forming the
prototype surface and its bulk into rough, semi-finishing and finishing ones, figure 20.
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Figure 20 — Sintering modes for copper powder material

The rough sintering conditions are aimed at forming the bulk of the product. Increasing roughness
of the surface (swelling) has a positive effect on the firm joint between the layers in this case.

The efficiency of layer-by-layer sintering is reduced considerably in semi-finishing conditions;
however, no further processing of the prototype is required to make the surface of the specified quality
and accuracy.

Finishing processing is performed in case of need. The finishing mode can be called accelerated
one and it is based on the high density of laser output power in a short period of time. As the results,
sublimation of micro-roughness peaks of the surface or plating the prototype surface are possible.
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Figure 21. The strategy of single layer sintering

Conclusion

The paper describes the influence of laser sintering conditions and empirical dependence of the
sintered surface layer on the sintering conditions, which allows controlling the manufacturing process
of a high quality product. Controlled modifying the properties of the sintered surface layer is discussed
via differentiating the process conditions into a semi-finishing mode for the surface and a rough mode
for the bulk, that makes it possible to increase the efficiency of the sintering process without
deteriorating quality of the product surface.

References

[1]

C.R. Deckard, J.J. Beaman, “Recent advances in selective laser sintering” // Proceedings of the
14th Conference on Production Research and Technology, Michigan, 1987. P. 447-451.

Polmear 1J. Light alloys: metallurgy of the light metals. 3rd ed. London: Arnold; 1995.

Cam G, Kodak M. Progress in joining of advanced materials. Int Mater Rev 1998;43:1-44.

Mondolfo LF. Aluminium alloys: structure and properties. London: Butterworths; 1976.

Bias CT. In: Olsen FO, editor. Hybrid laser-arc welding. Woodhead Publishing Ltd: CRC Press;
2009. p. 216-69.

Seyda V, Kaufmann N, Emmelmann C. Investigation of aging processes of Ti-6Al-4V powder
material in laser melting. In: Physics procedia of the 7th international conference &
exhibition on photonic technologies LANE, vol. 39, Fiirth, Germany; 2012. p. 425-31

Petrushin S. I. , Gubaydulina R. K. , Grubiy S. V., Likholat A. V. On the Problem of Wear
Resistant Coatings Separation From Tools and Machine Elements // IOP Conference Series:
Materials Science and Engineering. - 2015 - Vol. 91, Article number 012048. - p. 1-7

Niu HJ, Chang ITH. Selective laser sintering of gas atomized M2 high speed steel powder. J
Mater Sci 2000;35:31-8.

Asgharzadeh H, Simchi A. Effect of sintering atmosphere and carbon content on the densification
and microstructure of laser-sintered M2 high-speed steel powder. Mater Sci Eng A
2005;403(1-2):290-8.

[10] Liu ZH, Zhang DQ, Sing SL, Chua CK, Loh LE. Interfacial characterization of SLM parts in



VII International Scientific Practical Conference "Innovative Technologies in Engineering" IOP Publishing
IOP Conf. Series: Materials Science and Engineering 142 (2016) 012089 doi:10.1088/1757-899X/142/1/012089

multi-material processing: metallurgical diffusion between 316L stainless steel and C18400
copper alloy. Mater Charact 2014;94:116-25.

[11] Saprykina N A, Saprykin A A, Matrunchik M S, Formation of Surface Layer of Cobalt Chrome
Molybdenum Powder Products with Differentiation of Laser Sintering Modes, Applied
Mechanics and Materials 682 2014 p 294-298

[13] Belomestnykh V N, Soboleva E G, Acoustic analogs of elasticity theory ratios for determining
anisotropic Poisson ratios of cubic monocrystals 7th International Forum on Strategic
Technology (IFOST - 2012) Tomsk: TPU Press 1 2012 p 499-502

[14] Galevsky G.V., Rudneva V.V, Garbuzova A.K., Valuev D.V., Titanium carbide:
nanotechnology, properties, application, J. IOP Conference Series: Materials Science and
Engineering. 91 (2015) p. 1-7

[15] Saprykina N A, Yanyushkin A S, Medvedeva O I, Mechanism of Protective Membrane
Formation on the Surface of Metal-Bonded Diamond Disks, Applied Mechanics and
Materials 682 2014 p. 327-332

[16] Babakova E V, Gradoboev A V, Saprykin A A, Ibragimov E A, Yakovlev V I, Sobachkin A V,
Comparison of Activation Technologies Powder ECP-1 for the Synthesis of Products Using
SLS Applied Mechanics and Materials 756 2015 p 220-224

[17] Saprykin A A, Ibragimov E A, Yakovlev V [, Influence of mechanical activation of powder on
SLS process Applied Mechanics and Materials 682 2014 p 143-147

[18] Saprykin A A, Saprykina N A, Dudikhin D V, Emelyanenko S M, Influence of layer-by-layer
laser sintering modes on the thickness of sintered layer of cobalt-chromium-molybdenum
powder, Advanced materials research 1040 2014 p 805-808

[19] Saprykina N A, Saprykin A A, Borovikov I F, Sharkeev Y P, Influence of layer-by-layer laser
sintering conditions on the quality of sintered surface layer of products, IOP Conf. Series:
Materials Science and Engineering 91 2015 012031





