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ABSTRACT: The Selective Laser Sintering of pre-coated sands is a promising Rapid Prototyping
technique for the construction of sand shells for foundry. In this article, the definition of
mathematical simulation concepts and a detailed experimental analysis, performed both with
conventional and unconventional techniques, is proposed. In particular, two methods to calculate
the temperature distribution within the sand bed and the depth of the heat-affected zone are studied.
The results obtained with the experimental methodology and those coming from previous
experimental analyses have been used to validate the described mathematical models, that represent
a first step for the process comprehension, control and optimisation. Two kinds of pre-coated
sands, widely used in shell-moulding, have been considered: zirconia and silica. The guidelines for
future simulation refinements are also given.

1. INTRODUCTION

Selective Laser Sintering (SLS) is a process to create solid objects, layer by layer, from



plastic, metal, ceramic powders or pre-coated sands that are «sintered» using laser energy.
The basic concept, common to all rapid-prototyping techniques, is that any complex shape
can be obtained with the superposition of small thickness layers. The inherent material
versatility of SLS technology allows a broad range of advanced rapid prototyping and
manufacturing applications to be addressed [1]. In Figure 1. a SLS application for foundry
shell construction is schematically described and compared with the traditional process.
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Figure 1. - Comparison between the traditional method and SLS to obtain foundry shells

To achieve parts with acceptable geometry and strength, the following problems should be
considered:

- to obtain a reliable adhesion between layers;

- to generate flat surfaces without distortions;

- to obtain a suitable resolution.

Several studies on SLS have been carried out in the last years, but the heat conduction and
energy release mechanism, that determines the grain agglomeration, has not yet been
completely investigated both on the experimental and theoretical point of view. Only
recently, strategies for the simulation of the SLS process related to metallic powders have
been developed both in [2] - where Polymer Coated Silicon Carbide Powders as the base
material is considered - and in [3-4] - where Polycarbonate is used - but available methods
do not provide sufficient details for their application.

In [5], the authors described an experimental facility to investigate the SLS process of pre-
coated sands for shell-moulding. The present work continues this analysis, considering the
sand thermo-physical properties and the measurement of the real input energy. In addition,
two possible mathematical models of the SLS process are proposed and tested.



2. THE PROCESS PARAMETERS

The main technological parameters to control the SLS process are:

- the pre-coated sand and its thermo-physical properties, such as density p, specific heat
Cp, thermal conductivity k, resin polymerisation temperature range AT, sand glass-
transition temperature T,, sand energy absorption a, reflection r and transmission
T coefficients, and other properties, such as granulometry and average grain dimension,;

- the scan spacing;

- the laser beam power P;

- the laser spot diameter J;

- the scan speed V.

The four sand types under study, belonging to two categories (Table I), are commonly used

in shell-moulding as they have a good compatibility to the fused metallic material.

Table I - Commercial sand properties

Sand Commercial | Composition Density Resin weight | Granulometry | Average grain

type name [kg/m’] [%] [DIN 1171] size [mm)]
zirconia | Zircon Zr0; 99.6 % 2810 2.5 61 0.19
silica DB 40 Si,05 95% 1600 34 79 0.14
silica LHN 50/70 < 1560 4.0 57 0.20
silica E 45 © 1555 3.8 108 0.10

The last three process parameters determine the thermal radiant power density, that
depends directly on the laser power and inversely on the spot diameter and the scan speed;
this latter has a direct impact on productivity.

On the other hand, the shell mechanical resistance is influenced by the depth p of the heat-
affected zone (strictly related to the layer thickness t; of Figure 1.) and by the temperature
history determined by the laser radiation, and finally by the process parameters.

In this particular SLS application, the laser beam raises the sand temperature allowing the
agglomeration of grains, without local burning. Under the thermal viewpoint, the
phenomenon can be schematically described as follows: the energy absorbed by the sand
leads the resin into a glass-like state so that grains coalesce into a solid (Figure 2.). The
temperature necessary to reach this condition seems lower than the one at which resin
polymerisation occurs [5].

It appears that SLS is basically a heat transmission phenomenon in which the input energy,
the laser radiation, generates in the sand bed a mixed conduction and convection heat
transfer. The grain agglomeration strongly depends on the energy absorbed by the sand bed
and on the energy required for the resin polymerisation, as well as on the chemical energy
release during the heating process.



To set the optimum thermal radiant power density in order to maximise the productivity
and to find a suitable compromise between the quality and the mechanical resistance of
shells, a suitable combination of the three parameters should be determined.

A quantitative understanding of the temperature gradient, and of the depth of the heat-
affected zone and their dependence on the input parameters allows the generation of
quality forms and a thermal control of the working area.

3. THE SLS PROCESS MODELISATION

SLS is a very dynamic process, hence its mathematical description involves the solution of
the unsteady heat conduction equation. The model should reproduce the thermal history
within the sand bed after the radiation incidence starts. As already mentioned, simplified
modelisations of the SLS process can be found in the literature, but they are generally
related to metallic powder operating at higher temperature range [2-4].
In this paper the application of a heat conduction scheme to the SLS of pre-coated sands
and a refinement of the existing models is proposed, having in mind to maintain a simple
approach. Moreover, differently with respect to other studies, an attempt to provide a
general method that can be simply tested by other researchers with the same or with a
different base material has been made. The material (a pre-coated sand) is considered as
homogeneous from the thermal point of view and its thermo-physical properties do not
change with temperature. With these hypotheses, the chemical aspects related to the energy
absorbed and released during heating are considered.
In our model, as in the majority of those proposed in the literature, the governing equation
is the unsteady heat conduction equation. The resulting output data are:
- the temperature distribution and the maximum value on the surface Tyax;
- the depth p and the width of the heat-affected zone considered as the penetration of the
isothermal front corresponding to the resin glass-transition temperature.

55
w—

=
<<
[m]
<
(14

% REFLECTION \ fREFL}CTlON
drl. =

" 100 um

W Y e
Ereea “‘ TRANSMISSION %

Figure 2. - Energy flow in the SLS general process




This last hypothesis is a direct consequence of the experimental investigation in [5], where
it was observed that the sand grain agglomeration occurs before reaching the resin
polymerisation temperature. This kind of model, though simplified, could be a theoretical
instrument for preliminary evaluation of the operative parameters in order to avoid
unsatisfactory technological results such as high surface temperatures, high polymerisation
thickness or burnt sand. When the laser spot hits the sand bed, the surface interaction with
the radiant energy can be described by the coefficients representing the fraction of
absorbed a, reflected r, and transmitted energy T (Figure 2.); of course,

r+att=1 (1)

The three coefficients depend on the sand used, on the resin, and on the radiation itself, but
they are very difficult to obtain from the literature. For the pre-coated sands used in shell-
moulding, the absorptivity coefficient a is sensibly higher than 0.9 and the reflectivity is
lower than 0.01 [6].

As mentioned before, the penetration of the glass-transition temperature front into the sand

bed determines the depth and width of the heat-affected zone. However this thermal

problem, even if conceptually simple, has not a simple solution for the following reasons:

- the intrinsic complexity of the phenomenon and of its mathematical scheme (three-
dimensional thermal conduction with convective surface heat dissipation);

- the difficulties in the characterisation of the sands from a thermo-physical point of view
(thermal conductivity, specific heat capacity and thermal diffusivity);

- the difficulties in a correct modelisation of the pre-coated sands from a chemical point
of view (polymerisation temperature, energy released during the polymerisation process
caused by the breakage of chemical links, etc.).

Moreover it would be necessary to consider the following aspects that are usually

neglected in the modelisation:

- the influence of mechanical phenomena, like the sand agglomeration caused by friction

and by special thermo-hygrometric conditions;

- the effects of the non-homogeneous material;

- the changes of the pre-coated sand thermo-physical properties with the temperature.

3.1 The analytical solution of the 1D heat conduction equation

A first method to model the SLS process is represented by the one-dimensional heat
conduction transfer equation. In this scheme, the heat transfer in a plane perpendicular to
the laser radiation incidence is neglected and the heat transfer by conduction is studied
only in the direction of the laser beam axis z; the material is considered as homogeneous.
The phenomenon is governed by the general one-dimensional heat conduction equation in
unsteady conditions:
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where h is the convective heat transfer coefficient between surface and surrounding air
(that can be conventionally assumed equal to 10 W/m’K for natural convection), q is the
specific thermal power of laser radiation (in W/m?®) expressed by P/(Dxs), being s the
space hit by laser in the unit of time, T.. is the environmental temperature, and t* is the
radiation incidence duration.

A closed solution of the thermal conduction problem expressed by (2) can be obtained by
supposing that the thermal influenced zone, exposed since the time t = 0 to a heat flux q'',
is small with respect to the working area. Until t = t*, the temperature history during the
radiation incidence can be expressed as follows:
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where oo = k / (p ¢p) is the sand thermal diffusivity, T; the initial temperature of the sand
bed and erfc is the complementary error function [7].
For t > t*:
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where T is the surface temperature at the end of the heating process and erf is the error
function [7].

To improve the one-dimensional schematisation, it is possible to consider that the sand
temperature T; in the equation (3) is the environmental temperature at the initial step only.
In the next steps, it is necessary to take into account the effects connected with the laser
incidence in the adjacent region.

In order to consider the two-dimensional effects of the thermal heat conduction, a different
schematisation of the laser incidence is then used: the well known «moving heat source»
(that allows the simulation of arc welding and surface hardening as well) [7]. In this way it
is possible to evaluate the temperature field deformation, when the heat source moves
through the conductive medium, by adjusting the initial condition for the application of (3)
and by evaluating the influence of the laser radiation in a plane perpendicular to the z axis
to estimate the width of the heat-affected zone also. With a heat source moving in the x
direction, the temperature history in the (X, y) plane can be expressed by:

q'/pc, Vy®
T =T — 5
(xy)=T.+ (4nVox) exp( 4ox )

where q'=P/p is the linear density of the heat flux expressed in W/m. The depth of the



heat-affected zone p is adjusted in order to provide the same value of the maximum
temperature obtained with the equation (3).

3.2 The numerical solution of the 3D heat conduction equation

To simulate in a more complete way the heat transmission related to SLS, it is necessary to
consider the three-dimensional heat conduction problem in a sufficiently large object,
made of homogeneous material, with the moving heat source boundary conditions [8].

This problem is not easy to solve and the hypothesis of a small thermal influenced zone
with respect to the working area cannot be removed.

An alternative method consists in applying to a finite sand bed volume the three-
dimensional time-dependent conduction problem expressed in the classical form as:

OT Jd (. dT) d( dT) d(. dT
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that is valid for isotropic, heterogeneous media, where qy(X, v, z, t) is the heat generated
per unit of time and space, to be defined from the boundary conditions of the equation (2),
and k, p and ¢, depend on space and time, for their dependence on the temperature. In this
case the radiation is considered as one-dimensional but the conduction within the sand is
three-dimensional.

Obviously an analytical solution of the equation (6) with this hypothesis is not currently
available but a solution based on numerical methods is possible, through the discretisation
of the spatial - by means of cubic cells — and of the temporal domains. The solution is a
function T(x, y, z, t) and a finite domain is considered.

An attempt to solve the three-dimensional problem represented by the equation (6),
transformed in the form of a transport equation for the static enthalpy, has been made in
this work by means of a commercial computational code, FLUENT, with the SIMPLER
algorithm [9]. With this particular code, the sand porosity can also be considered, by
activating the porous media modelling option.

The program flexibility allows a complete schematisation of the thermal phenomenon,
including the influence produced by the increase of temperature in the proximity of the
radiation incidence point, and consequently it allows a correct definition of the heat-
affected zone width, that cannot be considered directly in the one-dimensional model.
While the analytical solution of the equation (2) by means of the equations from (3) to (5)
permits to investigate the influence of the laser power, the scan speed and the spot
diameter, with the three-dimensional schematisation it is also possible to investigate the
influence of the scan spacing. But the modelisation of the moving heat source, representing
the laser beam and its transformation in a time-dependent volumetric heat source, is a very
critical aspect, with the available options of the numerical code.

4. EXPERIMENTAL TESTS

An experimental investigation was performed to define the real mechanism causing the



sand agglomeration, to calculate the sand thermo-physical properties and to determine the
actual heat amount absorbed by the sand bed. The obtained data and those coming from
previous experimental analysis [5] have been used to validate the described models.

The following analyses have been carried out:

a) analysis on the SLS process through general tests;
b) collection of the necessary parameters through the characterisation of the used sands;
c) determination of the energy transmission coefficients.

a) In order to test the models and their possibility to simulate the real layer thickness and
the temperature values, the experimental facility described in [5] has been used. This
analysis permitted to determine the influence of the most important process parameters,
described in 2. on some aspects of the process, such as the width and the depth of the
heat-affected zone and the temperature distribution. This last variable has been
measured through an IR TV camera, whose error assessment is critical, especially at
high scan speed.
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Figure 3. - DSC analysis - a. Zirconia - b. Silica DB40

b) During tests, two different sands have been used, Zircon and DB40, as the three silica
sands in Table I have similar thermo-physical properties. The following thermo-
physical sand properties have been determined in laboratory tests: the specific heat, the
thermal conductivity and the energy absorption during the heating process.

The specific heat was measured by means of calorimetric Peltier analysis using a Calvet
calorimeter. It is calculated by comparison with the specific heat of water, by comparing
the heat transferred in a definite time to a metallic cell by the two substances, contained
inside analogous cells, starting from the same initial temperature.

The thermal conductivity k of the pre-coated sands, once that the specific heat ¢, was
determined, has been extrapolated from the same analysis, starting from the time



necessary to cool the sand contained inside the metallic cell and from the knowledge of
the reference substance, the water.

To investigate in detail the nature of the agglomeration process, both the resin and the
sand were exposed to Differential Scanning Calorimetric (DSC) analysis [10], that
permitted also to evaluate the energy released during the heating process. In Figure 3.a.
and b. the results of the two investigations relatively to zirconia and silica sand are
shown. The analysis confirms the validity of one of the basic hypotheses of our
modelisation, scarcely considered in the literature about foundry: the most important
transformation evidenced by the analysis takes place at a temperature of about 75-80° C
(that can be assumed as the glass-transition temperature T,) and it is lower than the
polymerisation temperature of the phenolic resin, about 155° C.

The DSC analysis evidences a small heat release, three or four orders of magnitude
lower than the laser beam radiant energy, near the temperature corresponding to the
glass-transition, characterised by a decreasing slope of the curves (Figure 3.).

Table II - Sand properties determined in laboratory tests

Sand S k o=k /(p c,) T,
[J/kg K] [W/m K] [m?/s] [°C]

Zircon 580.7 0.74 453107 78

DB40 774.4 0.53 427107 75

In Table II the main thermo-calorimetric results of the investigated sands are shown. In
particular the values of the thermal conductivity k are similar to those provided by other
researchers [6]. No reference values are available for the other thermo-physical
properties.

c) A specific analysis concerning the energy distribution within the sand, to obtain the
terms a and T of the equation (1), has been carried on too. A schematisation of the
experimental analysis is shown in Figure 4. The values of the absorption and
transmission coefficients, have been obtained with the following method:

- the nominal laser beam power is indicated on a power meter installed on the laser;

- the effective laser beam power on the sand bed has been measured with a power
gauge, based on the thermal balance between incising and dispersed heat;

- the transmitted energy has been measured with the same power gauge, after its
positioning under sand layers of different thickness (detail of Figure 4.);

- the reflected energy r is lower than 1%.

The sand absorption coefficient a has been obtained with equation (1). Considering that

only a small amount of the energy is reflected and not more than 2-4% is transmitted at

higher depth than 0.2 mm, 95% of the radiant energy is adsorbed by the sand, as

expected [6]. Finally, for the calculation:

a=0.95-0.97 7=0.02-0.04 r=0.01



5. DISCUSSION OF RESULTS AND
CONCLUSIONS

The mathematical models described in
3.1 and 3.2 have been assessed making
use of the data provided by the
experimental analyses: those provided in
[5], concerning the maximum surface :
temperature T(z = 0) and the depth of the SAND SAMPLE
heat-affected zone p, and by using the
sand thermo-physical properties acquired
in this work. The results, for some

combinations of the input parameters, are POWER METER

shown in Tables III and IV for Zircon and

DB40 respectively.

From Tables 11l and IV it can be observed  Fijgure 4. - Experimental configuration for
that in most cases both the models tend to the measurement of the energy transfer

overestimate the sand bed temperature

and to underestimate the agglomeration depth. The experimental measurement of the sand
layer depth p, made manually with a microscope, is critical (Figure 2.) and the results can
be overestimated about one grain size (Table II). On the other hand, the maximum surface
temperature Tp,x can be underestimated with the used technique. This problem is dealt
with in the literature [11].

The best results can be obtained for scan speed higher than 1000 mm/min, in particular for
the analytical model. It is necessary to point out that the speed values of this order of
magnitude are those interesting for industrial applications.

It is also possible to underline that better results have been obtained simulating the silica
sand rather than the zirconia sand. The three-dimensional numerical analysis provides good
results for a laser spot diameter of 1.2 mm and generally overestimates the surface
temperature. This effect is probably due to numerical convergence on the boundary cells
caused by their small dimension in relation to the high specific input power.

The difference between experiments and simulation for both the heat-affected zone depth p
and the temperature Tma may be caused by an incorrect experimental estimation of the
laser beam input power ¢, as well as by some of the simplified basic model hypotheses,

related to the following aspects:

1. The material has been considered isotropic and its thermal conductivity has been
considered not depending on the direction, but the sand grain geometry could
determine preferential directions for the heat conduction.

2. The sand thermo-physical properties, mainly the thermal conductivity and the specific
heat, could vary according to the increase of temperature and to the resin
agglomeration state.

3. Only the thermal diffusion has been considered to reach the glass-transition
temperature and consequently for the grain agglomeration. Local phenomena related to
chemical reactions could be important too.



4. Even if the energy released during the heating process (Figure 3.) is four orders of
magnitude lower than the laser radiation one, it could be important for the process
considering that it is a very localised energy. This phenomenon requires further
investigations.

The mechanical agglomeration of grains is not included in the thermal modelisation.

Table III - Comparison between experimental results and calculation for Zircon

Nominal Laser Power 1 Watt 3 Watt 5 Watt

Spot diameter [mm] 0.5 0.5 1.2 1.2

Scan speed [mm/1°] 490 1290 740 1180
Toax[°C]  p [mm] || Tooe[°C]  p [mm]  Tpnoe[°C]  p [mm] || Trae[°C]  p [mm]

Experimental 140 0.6 174 0.5 157 0.4 160 0.6

Analytical 282 0.2 215 0.2 245 0.8 211 0.6

Numerical 370 0.3 350 0.3 207 0.4 277 0.4

Table IV - Comparison between experimental results and calculation for DB40

Nominal Laser Power 1 Watt 3 Watt 5 Watt

Spot diameter [mm] 0.5 0.5 1.2 1.2

Scan speed [mm/1°] 490 1290 740 1180
Tuax[°C] p [mm] || Toax [°C] p [mm]  Tuax [°C] p [mm] || Tonax [°C]  p [mm]

Experimental 162 0.8 193 0.6 180 0.6 200 0.6

Analytical 195 0.6 153 0.2 172 0.8 148 0.6

Numerical 560 0.4 551 0.3 327 0.5 422 0.5

The discrepancies between the experimental data and the theoretical calculation can be

overcome with the following methods:

a. by introducing corrective parameters determined with specific tests in the interesting
range for production purposes;

b. by changing some basic hypotheses, such as the homogeneous characteristics of the
material.

In the last case, this could lead to a very complicated model, making it useless for practical

applications.

An alternative approach could be based on an energy balance on a given sand volume

between the incident energy and those necessary for the sand heating (calculated by DSC

analysis). In this case it would not be necessary to consider the heat conduction problem, in

the form of the equations (2) and (6), but the information about the temperature history

would be lost. It seems very probable that further improvements in the theoretical

calculation will be possible in short time. However it should be emphasised that the main

contribution of the methods provided in the present paper comes from the comprehension



of the basic SLS phenomena and not for a strictly quantitative analysis.
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