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Abstract:

Direct metal laser sintering (DMLS), one of the laser powder bed additive manufacturing
technologies produces solid metal parts from 3-D CAD data, layer by layer, by melting/sintering
and bonding metal powders with a focused laser beam. In these processes isn't complete melting of
powder particles in micro melt pools as well as selective laser melting (SLM) and electron beam
melting (EBM). Thus some different stress conditions and defects occur depending on the
temperature changes during manufacturing. In this study, this problem is investigated aspect cooling
rate. Cooling rate affects the solidification process in the melting (sintering) process such as casting,
welding, laser assisted processes. Therefore, it also affects part quality and properties. In the scope
of study, it is tried to explain how occurring the internal stresses and distortions differ depending
on the cooling rates of geometrically different parts in additive manufacturing. The residual stresses
and deformations are analysed by FEA to see relation with geometry (volume, area) to cooling rate
for Ti6Al4V materials. Cube shaped samples at 20, 40, 60, 80 and 100 mm edge dimensions have
analysed by using FEA. Besides 10mm cube sample is manufactured as solid and verified both as
experimental and numerical. Based on the FEA results, cooling rate values are changed from 1.67
to 16.67. In conclusion, the reasons of the problems occurring during laser powder bed fusion are
investigated in terms of the cooling rate in relation with the samples geometry.

Keywords: additive manufacturing, powder bed fusion, cooling rate, Ti6Al4V, DMLS, residual
stress

1. Introduction

The powder bed fusion (PBF) type additive manufacturing method allows the metal and
polymer powders to be melt by means of an energy source. This process continues along the
path of energy sources such as the preferred laser or electron beam. The machine that completes
the first layer in this way completes the manufacturing by combining the other layers together.
At the end of the production an entire part is obtained. PBF type additive manufacturing (AM)
methods are generally known as SLM, DMLS and EBM [1-3].

There are various parameters that determine the properties (mechanical properties, dimensional
accuracy etc.) of the parts manufactured by PBF AM. The parameters are generally caused by
situations such as machine, powders and part design. At the beginning of these parameters are
the machine parameters. Machine parameters can be specified as scan speed, laser power, scan
distance, layer thickness, table preheat, laser focus diameter, scanning strategy and energy
density. Depending on the machine parameters, mechanical properties changes after
manufacturing, as well as part properties during manufacturing. The shrinkage, internal stress,
residual stress, distortion and manufacturability of the parts also change [4-7].
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Furthermore, the manufacturability with PBF depends mainly on two situations. The first of
these is the permanent distortion of the part. The other is the fact that permanent faults are
caused by internal stresses on the part. Faults are commonly known as distortions, cracks and
fractures. It can be said as a main reason that the internal stresses rise above the yield strength
of the part. Residual stresses increase as the upper layers are added during manufacturing. The
maximum stresses appear on the surface areas and a residual stress variation is observed
depending on the scanning strategies. Residual stresses have been found to be very low in
regions subjected to plastic deformation due to stress and expansion. As a result of deformation,
it is assumed that the stressed regions are exposed to stress relaxation [8, 9].

When the studies in the literature are examined, it is found that the residual stress decreases as
the scanning distance increases. Residual stresses at the center of the parts are minimum level.
Distortion quantities show a parallel distribution to the residual stresses. Minimum residual
stresses were obtained with grid and linear scanning strategies. By the spiral scanning, the
maximum residual stresses were found. This can be attributed to the inward movement of the
spiral scan. This is because when heat is applied from outside to inside, heat accumulation
occurs in the part [10, 11]. If the heat accumulation is excessive in the manufacture of lattice
structured parts, the temperature may rise above the melting point and cause undesirable
effects. For this reason, volumetric and dimensional deviations may occur. This is not the case
only in lattice structures; it can be done for all geometries. It is a disadvantage that the lattice
structured parts are mechanically weaker, but it is an advantage that the heat transfer is more
and faster due to the large surface area. Thus, the amount of heat accumulated in the part does
not exceed a certain point and the shrinkage conditions are limited [12, 13].

In addition to the machine parameters, design of parts are also very important on fault-free part
production in additive manufacturing with PBF. The amount of accumulated and transferred
heat depends on the part size and shape. Accordingly, the shrinkage behaviour will change.
Because the internal stresses in the part are the result of the expansion and shrinkage behaviour.
The residual stresses that occur as a result of physical events may not be completely eliminated
during the manufacturing of parts. In this case, residual stresses are formed [14]. A term
explaining this situation emerges as a cooling rate. The cooling rate describes the time-
dependent behaviour during the cooling down of the part to room conditions for the
manufacturing processes that occur at high temperatures. The concept of cooling rate was first
used in the casting method. It is an approach that has a key designation, especially in the design
of the feeders. It is expected that the feeders in the cast will cool later than the mold cavity.
Thus, feeders will be able to eliminate the shrinkage during cooling. Subsequently, this
approach has begun to emerge as an unstable temperature distribution, such as welding and
laser-assisted manufacturing methods, and in processes involving difficult-to-control thermal
movements. Afterward, this approach has been adapted both for unbalanced temperature
distribution such as welding and laser-assisted manufacturing methods, and for processes
involving hard-to-control thermal movements. It is a term used to estimate the internal structure
of the weld depending on the cooling rate in the welding method [15].

Cooling rate is affected by geometry, material properties, manufacturing conditions and
environment. As a consequence of associating the temperature and residual stress
measurements with the cooling rate, it should be considered whether or not it is a valid
approach in additive manufacturing. The cooling rate is expressed as the volume divided by
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the surface area. It is indicated at equation 1. Cy is cooling rate, V is volume of part and Ag is
heat transferred surface area [16].

="/, ()

The cooling rate approach is very important in order to understand the basis of many problems
that come to the foreground. In Equation 1, part of the Chvorinov’s rule is showed. Chvorinov’s
rule is a method for calculating the period of cooling [17]. It is not possible to use it directly in
PBF methods but it is thought to be a useful method if'it is developed. By evaluating the cooling
ratio, the residual stresses and distortions together, it will be possible to avoid the mistakes that
occur during manufacturing. In this study, the effect of cooling rate on part properties was
investigated depending on the part geometry with PBF additive manufacturing.

2. Material and Method

EOS M280 DMLS (Direct Metal Laser Sintering) machine has been analyzed for failure in
manufacturing parts. The table size is 280 * 280 * 20 mm. The laser power is 190 W, the
scanning speed is 900 mm/s, the scanning distance is 0.09 mm, the laser focus diameter is 0.15
mm, the layer thickness is 0.03 mm. The energy density was calculated as 78.19 J/mm?>. The
material is Ti6AI4V titanium alloy.

The inherent strain values required for distortion and residual stress calculations to be made
with the Simufact Additive program; &, =-0,00581473, &y =-0,0026075, £, =-0,0242824.
1 mm size tetragonal mesh types are preferred for mesh processing.

The study first started with a comparison of the actual results with the results obtained from
the software. Thus, the error margin of the software is presented for the study. 10 * 10 * 10
mm samples were manufactured for comparison and residual stress measurement was carried
out. Subsequently, analyses were performed for the main experiments (20, 40, 60, 80 and 100
mm-edged cubes). The analysis results were examined in terms of distortion and residual
stresses. In addition, the relationship between parts geometry and the cooling rates of the parts
has been tried to be evaluated. Sample designs and cooling rate characteristics are shown in
Table 1.

Table 1. Sample Properties

Sample Edge dimensions Volume Surface area Cooling rate
number

1 10 1000 600 1,67

2 20 8000 2400 3,33

3 40 64000 9600 6,67

4 60 216000 21600 10,00

5 80 512000 38400 13,33

6 100 1000000 60000 16,67
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3. Results and Discussions

First, the simulation and real results of a 10*10*10 mm samples were compared and the
accuracy of the simulations was determined as %error. Residual stresses were measured from
the upper surface of the part after manufacturing with XRD test. Measurements were made on
a Bruker instrument and results were obtained according to Pearson VII method. The average
maximum stress value was obtained as 330 MPa at the measurements. As a result of finite
element analysis, the amount of residual stresses was found to be 270 MPa for the same point.
By comparing the two cases, it can be said that results are achieved with 18% error.

After the definition of error rates for the analyses, the manufacturing simulations of the samples
as shown in Figure 1 were carried out. Manufacturing simulations were completed by
producing all parts on the same table. In the simulations, residual stresses, distortions on the z
axis and the total distortion data are considered. Figure 1 and Figure 2 show the results of the
analysis.

Maximum principal stress [N/mm?®]
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Figure 1. Residual stresses after manufacturing parts
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Figure 2. Amount of distortion occurring after manufacturing

As the part dimensions increases, the amount of residual stress increases, but when the cooling
rate exceeds 10 mm, the stresses remain constant at a certain value. Maximum stresses occur
on the side surface and edges of the part. Where the cooling rate is less than 10 mm, the stresses
at the edges are higher, while the cooling rate is greater than 10 mm, the stresses have reached
higher on the side surfaces. The stresses on the side surfaces of the parts with a cooling rate
greater than 10 mm exceed the yield strength of the Ti6Al4V material. For this reason, there is
a high failure probability such as cracks. Residual stress amounts depend on cooling rates are
shown in figure 3.
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Figure 3. Residual stresses depends on the cooling rates

The cooling rate-residual stress equations produced by the curve fitting method with the
support of figure 3 are also calculated. The equation obtained for the up surface is:

Residual Stress = 9,75*cooling rate + 469,7 2)
The equation obtained for the side surface is:

Residual Stress = 80,01*cooling rate + 140,9 3)
The equation obtained for the side edge is:

Residual Stress = 6,93*cooling rate + 1110,5 4

The accuracy of equations 2 and 4 is much higher than that of equation 3. Because the curves
can be placed by a very harmonious way.

In the same way, the analysis results are evaluated in terms of distortion amounts. Distortion
values were examined in terms of both total distortion and distortion along the z-axis.
According to the results, as the part size increases, the cooling module increases and the
distortion also increases. The amount of deformation is related to the part size. The maximum
distortions occur on the side edges. For this reason, the critical region is the side edges. Errors
will first occur in these regions. In terms of distortion in the Z axis; it can be formulated as a
distortion that forms on the up surface and side edges. However, the distortion on the side
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surface varies independently of the cooling rate. Distortions showed a linear decrease to the
cooling rate of 10 mm and increased afterwards.
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Figure 4. Total distortions depends on cooling rates

The cooling rate/total distortion equations produced by the curve fitting method with the aid of
figure 4 are also calculated. The equation obtained for the top surface is:

Total displacement = 0,0001*cooling rate - 0,0423 (%)
The equation obtained for the side surface is:

Total displacement = 0,0214*cooling rate - 0,143 (6)
The equation obtained for the side edge is:

Total displacement = 0,0432*cooling rate - 0,1333 (7)

As a result of the investigations, stress and distortion conditions, in which the cooling rate is
directly related, were determined. However, when looking at the distortion and residual stresses
at the side edges, it seems that it is not related to the cooling rates.

4. Conclusion

Distortions and residual stresses, which cause failures during powder bed fusion additive
manufacturing, were analysed. Interpretation of the analysis gave the following results:
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As the part size increases, the cooling rates of the parts increase, which increases the
amount of residual stress and distortion that occurs in the part. However, it is not
possible to determine the defects on the side surfaces only by examining the cooling
rate.

Residual stresses are high at some points of the parts and distortion values are high at
some other points. The amount of residual stress is higher on the side surfaces of the
part and the distortion values are higher in the edge regions. As a result, the distortion
that occurs at the edges of the part triggers the mechanism called stress relaxation.

The maximum stresses have formed on the surfaces of the parts. For this reason, faults
are expected to appear on the surfaces.

If the cooling rate increases, the possibility of error in the part increases. For this reason,
the cooling rate of the part should be tried to be reduced. With this target; the surface
area should be increased while the volume is reduced. This is most easily accomplished
by placing the lattice systems on the part. It is understood that failures can be reduced
by designing the surface areas in this way. In addition, by using lattice structures in
parts where strength is not desired, both parts can be lightened and the cooling rate can
be reduced.

In future work, real experiments and simulations can be made on parts designed with different
cooling rates in the same sized parts (volume and outer geometry). The cooling rate formula
can be specially developed for additive manufacturing. Particularly in the additive
manufacturing process the time-dependent variation of the cooling rate can be formulated
because parts produced layer by layer.
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