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This paper discusses the results of the creep of material
obtained with the use of the SLS additive technology. The
author described the creep test, and a selected rheological
model was adjusted to the creeping curve obtained in an
experiment way. The parameter values of the rheological
model were estimated. The anisotropy of the rheological
properties of the material with regard to the print direction was
determined.
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1 INTRODUCTION

The main advantage of the Selective Laser Sintering technology
(SLS) is the fact that the manufactured elements after cooling
down to the ambient temperature are suitable for use.
Applying this method on an industrial scale determines
scientific research regarding the mechanical and rheological
properties of those materials. This way of building materials
and at the same time, creating a material which the model is
built from leads to the anisotropy of the mechanical properties.
This problem was described in a number of papers, e.g. [Bass
2016] [Adamczak 2017]. With no doubt it is a disadvantage of
this technology in relation to e.g. plastic injection molding or
mechanical processing [Nowakowski 2017] where the problems
of anisotropy are not found or are of lesser significance. The
extensive characteristics of the additive technologies (including
SLS), the theoretical foundations of those technologies, proper
equipment and materials as well as the results of some
research might be found in the paper of [Gibson 2010].
Example papers regarding testing powders applied for laser
sintering include [Verbelen 2017] [Vasquez 2014] [Kozior 2019].
This paper presents the results of the creep test conducted
with the SLS technology using the printer - Formiga P100. The
author described how the samples were made and the creep
test was conducted as well as the selected rheological model
[Schmidt 2017] was adjusted to the creep curve obtained in an
experimental way. The parameter values of the rheological
model were estimated. The test results might be helpful in
various kinds of modelling of engineering calculations
[Takosoglu 2014] and construction works [Blasiak 2014] or
research papers [Blasiak 2016].

2 METHODS

The samples for the creep test were made of PA 2200
polyamide powder laser-sintered with the use of the Formiga
P100 manufactured by EOS. The layer thickness of 0.1 mm and
the laser power of 21 W were applied. The diameter of the
focused laser beam was approximately 0.42 mm. Cylindrical
samples of the following nominal dimensions: D = 15 mm and H
=15 mm were used for the tests. The solid models of samples

were drawn in CAD 3D software and saved in a digital file with
* stl extension using the triangulation parameters in export
options: resolution — adjusted, deviation — the tolerance of
0.016 mm, angle — the tolerance of 50. Subsequently, with the
use of Magic software, the triangulation was checked and the
verified *.stl files were imported to Rp Tools software, and then
to *.sli file. An example of arranging the samples on the build
tray of the printing machine was presented in Figure 1.
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Figure 1. Sample arrangement on the build tray of the printing machine

The creep test was made using the Ispect mini (Hegewald &
Peschke MPT GmbH) testing machine with range of 3 kN.
Measurement, data acquisition and setting the parameters of
the test were performed in the LABMASTER program (Version
2.5.3.21), which is supplied with the Inspect mini machine. In
order to grip the cylindrical samples, flat plates were applied
(the lower tilting plate was used) The samples were individually
vertically placed in the central position of the lower plate, and
subsequently, the upper plate attached in the machine handle
was pushed back against it so that it could contact the flat
surface of the sample. The preload should not exceed 10 N.
Then, all indications, i.e. load, distance, time were tarnished
(zeroed) and the test was restarted. Figure 2 shows an example
sample placed between two plates.

Figure 2. The sample prepared for the creep test. 1 — lower tilting plate,
2 —upper plate, 3 —sample

In the first block of the program, the force value of 1,400 N was
applied, which was an equivalent to the tension of 7,926 MPa
at the displacement velocity of the gripping plate v = 0.5 mm/s.
The second block of the program consisted in bringing the plate
to a stop and maintaining its constant value at the level of
1,400 N (tension 7,926 MPa) for 18,000 seconds. During this
time, a slight increase in deformation was detected — the creep
of the material recorded as a graph. The third block of the
program includes bringing the plate to its initial (zero) position.
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At that time, the weights were removed from the sample. An  For the case of simple creep loading O'(t)ZO'OH (t), where

example graph of the entire creep test was presented in Figure 3.
H (t) is s the Heaviside function.

74 To solve eq. 1, Laplace transform was used. The general form of
6 \ this transform for the second and first order derivatives can be
5 2 written by the formulas:
= n 2 + 1A+
S 44 1 L {g (t)}:s L I:g(t)]—sg(o )—8 (0 ) (2)
£ 3 3
S .l L {&'(t)}=sL [&(t)]-£(0) (3)
n
14
Laplace transform for Heaviside and for delta Dirac function,
0 written as:
0 4000 8000 12000 16000 20000 L { 5(t)} =1 (4)
Time [s]
1
Figure 3. An example graph of the creep test, material PA 2200. 1 - L {H (t)} = g (5)
strain which is a result of a quasi-unit stress leap, 2 — creep curve, 3 —
offload. L {5.(,[)} —s (6)

The mathematical description of the creeping curve (2) with the

use of an ideal body model so that this description is of physical ~ Substituting relations 2-6 to eq. 1, we obtained
importance is a crucial problem. The Kelvin-Voight model of the 1

second order or otherwise the five-parameter Kelvin-Voight o, [azs +a, +a, f)

model with the spring Eo and two basic Kelvin elements, where L [5('[)1 =¢&(s)= Z—S =

E; and E; represent the elastic modulus, while p; and p; are the b,s” +b;s +b,

7)

viscosity characterizing the damper in the Kelvin elements. This _ i_,_ B + C
model was presented in Figure 4. b,s 1 1
b,|s+—=]| b,|s+—
1 )
where
1 1
t=-f t,=—£2 and A=g,| —+—+—|, B=—0,
E, E, E, B E

After applying inverse Laplace transform of the relation
obtained which describe the strain as a function of time.

e(t)=o0, El+[El[1—e‘1]+El[l—e‘2]] (8)

or more suitable form:

Figure 4. The Kelvin—Voight model applied to describe the creep of the
studied samples.

In the case of the creep when o = oy, i.e. the tension is a "
constant value, the solution of the equation describing the e(t) =0, i+zi 1_eb 9)
adopted model is [Brinson 2015] [Bochnia 2017] [Bochnia 2016] E, iZE

in general form:
) where: op — set tension, n — the number of basic models, i —the
bzizg(t)+Qig(t)+bog(t): marking of the subsequent model number, t; — delay time of
dt dt (1) the elastic Kevin i-th model, which amounts to:
d? d
=a,—ol(t)+a,—ol(t)+a,0(t
 Sro(t)ra So(t)rao() -

(10)

With initial conditions: &,(0)=0,&,'(0)=0. Coefficiens of the o o )
where: g — the coefficient of viscosity of the i-th model, E; — the

eq. 1are given as: elastic modulus of the i-th model.
After transformations it takes the following form:

b, = Eotupt, Q, = it

=E,(Eu, +E = +E 1+ Egu, + E = 2
b =E,(Eip, + Ept) & (E]_IUZ 2ty T Eolly oﬂl) e =, tel-e")+e,l-e?) (11)
by = (E.EE,) a, =(E,E, + E,E, + EE,)

The equation (3) was applied to describe the creep of material
that the samples were made of.
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3 RESULTS

The curves 2 presented in Figure 3 were analyzed. The
theoretical creep curves described with the equation (3) were
adjusted to the experimental curves. The results thereof were
shown in Figure 5a, b and c.
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Figure 5:The results of the creep tests with the adjusted curves. 1 —
experimental creep curves, 2 — creep curves approximated by the
equation (3); a) the creep curves for the XY sample — Z print direction,
b) the creep curves for the XZ sample—Y print direction, c) the creep
curves for the YZ sample — X print direction.

The approximation with the use of the equation (3) was
performed for the experimental curve, by specifying the
parameter values &, &1, &, t;, t2 as well as the values or Chi?2
and RZ tests. The values of those parameters were specified in

Figure 5. A simple conclusion might be drawn on the basis of
the qualitative assessment of Figure 5: the approximation curve
was properly adjusted to the real-time (experimental) curve
with the use of the equation (3). Based on the estimated values
of &, &1, &, the values of the elastic modulus of the Kelvin-Voigt
model used were calculated from equation (9). Table 1 contains
the calculated values of the modules Ey, E; and E; as well as the
delay times t; and t,.

1,468 18,046 60,458 9942 262
1,442 49,389 49,931 9379 229
1,271 42,873 41,004 1364 57

Table 1. Parameters obtained from creep curves for SLS technology,
sample made of PA 2200.

On the basis of the obtained results the values of the elastic
modulus Eq, E;, E; as well as the viscosity coefficients py and
of the Kelvin-Voight model presented in Figure. 4 might be
calculated.

Considering egs. 9 or 11, for the case when t=0 the strain is:

o,
£(0)=—=¢, (12)
E,
when t—eo the strain takes the value:
&(t,)=0, i+i+i (13)
EO El EZ
1 1

1
+—+— is equivalent elasticity module.
E E, E E

eq

1,328 5,398 5,968
1,362 5,495 5,819
1,199 6,237 6,611

Table 2. Values of the equivalent elasticity modules and strains for t=0
and t—eo .

Based on equation (10) and data from Table 1, the values of
coefficients u; and 1 were calculated for individual samples.
The results are summarized in table 3.

179400

15870

216300 11460
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Table 3. Values of coefficients i and i calculated for individual tests.

The approximation procedure carried out allowed the
estimation of specific parameter values of the Kelvin-Voigt
model used, which are summarized in Tables 1 and 3.

4 CONCLUSION

Estimation using the approximation of the parameters of the
creep function (3) gives the full picture of the adjustment of the
curves, and confirms usefulness of the adopted model of the
ideal body model to the description of the real-time material.
The description of the experimental creeping curve with the
use of the ideal body model with the set approximation
accuracy is of great importance due to the physical character of
the obtained parameters. The anisotropy of the rheological
material properties was detected with regard to the print
direction. The experiment which was conducted broadens the
knowledge about the properties of new materials
manufactured with the use of the additive technologies, in this
case — with the use of the SLS technology.
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