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Abstract

The present study reports on the influence of printing process parameters, architecture, raster, infill orientation and filling on
the density, macrostructure, and mechanical properties, including impact resistance, of biodegradable polymer parts fabricated
in polylactide (PLA) on a desktop printer. [t complements and considers phenomenologically the results of recently published
similar studies, including the use of recycled filament. In our study, complex mechanical properties for the samples printed at
the same time on a Replicator 2 printer were investigated. Three samples were printed for each test. Full mechanical charac-
teristics (tensile, compression and bend strengths and impact resistance) of the printed PLA material are reported. This is the
novelty in comparison to other studies, where the samples test were printed individually or in a series for each test. The shape
and thickness of the layered macrostructure, the presence of holes inside the layers, the number of shell perimeters and the fill
density all influenced the tensile properties of the printed materials. These results show the possibility of printing with a 0.3,
i.e. shorter printing time than 0.1, 0.15 and 0.18 mm layer thicknesses also reported, without significant decrease in mechani-
cal properties. It is interesting to note that the compressive strengths, the yield of 70-80 MPa and a UTS 113-120 MPa for the

printed material with a fill density of 94-96% are comparable with those of aluminum.

Keywords:

additive manufacturing, polymer and plastics, polylactide, mechanical properties

1. INTRODUCTION

The relation between mechanical properties and process
parameters (gap, raster width and angle) for polycarbon-
ate parts produced by Stratasys FDM Fused Deposition
Modeling (FDM) Technology has been considered e.g. by
Masood [1] and Masood et al. [2] and the results compared
with moulded and extruded parts. Bellini and Giigeri [3] in-
vestigated the mechanical properties of acrylonitrile buta-
diene styrene (ABS) parts fabricated by FDM and proposed
how building direction and path determine the mechanical
properties. Novakova-Marcincinova and Novak-Marcin-
cin [4] tensile tested ABS material produced with different
geometric parameters by FDM rapid prototyping technolo-
gy. Smith and Dean’s [5] study focused on the determination
of tensile strength, yield strength and modulus of elastic-
ity for polycarbonate material produced by fused deposi-
tion modeling with different values of build orientation.

Identification of optimum values for the main geometric pa-
rameters of the FDM printing process to achieve minimum
cost was investigated by Durgun and Ertan [6].

Several research teams [7-10] have investigated printing
by the biodegradable polylactide (PLA) and reported on the
resultant mechanical properties. Lanzotti et al. [7] report-
ed the effect of process parameters on tensile properties,
including a decrease in strength as the infill orientation
approaches 90 degrees and an increase as the perimeters
increase. Grasso et al. [8] went on to show a strong correla-
tion between stiffness and strength with infill orientation
and temperature. They considered the deformed geometry
ofthe filament approaching the glass transition region of the
polymer according to the deposition orientation. Letcher
and Waytashek [9] printed each specimen individually at
the center of the printing bed and accordingly obtained
less scatter in the properties investigated, including fatigue.
Anderson [10] additionally considered the use of recycled
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2 Influence of Structural Characteristics on the Mechanical Properties of FDM Printed PLA Material

filament and concluded that, overall, the mechanical prop-
erties of 3D printed specimens from recycled PLA filament
were similar to virgin properties, but the scatter was larger.

The present study reports on the influence of the printing
process parameters, architecture, raster, infill orientation
and filling on the density, macrostructure, and mechani-
cal properties, including impact resistance, of printed PLA
specimens and compares and contrasts the new results
with those which have been published previously. Full
mechanical characteristics, tensile, compression and bend
strengths and impact resistance, of the printed PLA mate-
rial are reported.

a) b)

2. MATERIALS AND TESTING METHODS

The PLA Fiberlogy filament used for printing test speci-
mens has the following tensile properties: tensile strength
UTS 55.4 MPa and yield stress YS 45 MPa. Samples’ design
for tensile, compressive, bend and impact testing are il-
lustrated in Figure 1 and their detailed characteristics in
Table 1. Test samples were marked as follows: I - series,
no., layer thickness [mmy], fill volume [%], and architecture
/ structure. All samples were fabricated on a Replicator 2
printer from red PLA polymer at the CadXpert Company
in Krakow.
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Fig. 1. Drawings of the test samples (all dimensions in millimeters)

Table 1
S;:)ciefications of the samples: printed layer thickness, filling and specimen architecture
. Layer Filling . . .
Series No. of set samples thickness, % ’ Architecture of filled material
mm
1 0.1
50
2 0.3
I
3 0.1
100
4 0.3
5 0.1
50
6 0.3
II
7 0.1
100
8 0.3

https://journals.agh.edu.pl/jcme



S. Szczepanik, P. Nikiel

Figure 2 shows the virtual arrangement for printing on
the plate in the MakerBot Print program. The temperature
of the printing nozzle was 215°C, the time and material
consumption are recorded in Table 2.

Three samples were fabricated for every specimen
shape, with a total of 96. Figure 3 shows test samples
printed for variant I. Mechanical properties: Young’s mod-
ulus, engineering yield (tensile and compressive) and ulti-
mate tensile stress and elongation, were determined at
room temperature on an Instron 4502 machine at a rate
of 5 mm/minute. For three point bending, the span was
48 mm. Charpy impact resistance was determined for
notched samples.
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Fig. 2. Virtual arrangement for printing on the plate in the MakerBot
Print program, the path of printing the sample with regard to the axis,
raster orientation direction: a) 0° (series I); b) #45°(series II)

Table 2
Printing parameters
. No.of set L ayer Filling, Prfntmg Fllamen_t
Series thickness, time, consumption,
samples % .
mm h:min g
1 0.1 4.44
50 —mM8 51
2 0.3 2.55
I
3 0.1 5.33
100 —— 66
4 0.3 3.43
5 0.1 5.39
50 53
6 0.3 3.26
11
7 0.1 6.37
100 69
8 0.3 4.23

a)

b)

Fig. 3. Printed PLA samples: a) series [-1, raster orientation
direction 0°; b) series II-1, raster orientation direction 45°

3. RESULTS
3.1. Tensile testing

Figure 4 presents nominal stress-nominal strain curves
for different type of specimens.

a) 50
S 451
= 40
5
2 35+
g 30
o 251
=]
§ 20
£ 154 ——1-13-0.1 mm - 50%
5 104 ——1-32-0.1 mm - 100%
5] ——11-51-0.1 mm - 50%
o ——11-71-0.1 mm - 100%
0 1 2 3 4 5 6
Elongation, %
b) 50
S 45
= 40|
g
2 35+
%; 30
oo 25
£
5 20
g 151 ——1-21-0.1 mm - 50%
5 10+ ——1-41-0.1 mm - 100%
5 ——11-61-0.1 mm - 50%
0 ——11-83-0.1 mm - 100%

o
[u—

2 3 4 5 6

Elongation, %

Fig. 4. Engineering stress-strain plots for 50% and 100% filling:
a) 0.1 mm; b) 0.3 mm layer thickness (samples were marked
follows: series, no. of set samples, no. of sample, layer thickness,
filling, see Table 1)
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4 Influence of Structural Characteristics on the Mechanical Properties of FDM Printed PLA Material

Cracking of samples took place perpendicularly to the
tensile axis after small elongations. Figure 5 collects the
average values of yield and tensile strengths and Figure 6
total elongation. Error bar analysis is presented in the
“Discussion” section (see. Tab. 3).

I vs, MPa
Il UTs, MPa

Engineering stress, MPa

Fig. 5. Average values of yield and ultimate tensile stresses of the
printed material (samples were marked: series, no. of set samples,
layer thickness, filling, see Table 1)

4.5
4.0

& & & o
& o
¥ E Y@
Fig. 6. Values of total tensile elongation of selected printed samples
(samples were marked: series, no. sample, layer thickness, filling,
see Table 1)

Table 3
Mechanical properties of printed PLA materials

3.2. Compression testing

Figure 7 illustrates engineering compressive stress-
-strain plots and Figure 8 shows the samples after

compression.
160
——1-11-0.1 mm - 50% ——1-22-0.3 mm - 50%
1404 ——1-32-0.1 mm - 100% ——1-41-0.3 mm - 100%
----- 11-51-0.1 mm - 50% --+-- 11-61-0.3 mm - 50%
1204 - 1-71-0.1 mm - 100%  ----- 11-81-0.3 mm - 100%

=

(o)) @ (=3

(=) (=) (=)
I I I

Engineering stress ¢, MPa
IS
o
L

[5S)
(=]
I

0 T T T
6 10 20 30

40

50 60

Engineering strain g, %

Fig. 7. Plot of engineering compressive stress-strain (samples
were marked follows: series, no. of set samples, no. of sample, layer

thickness, filling, see Table 1)

Series-No.

[-13

[-23 I-33

I11-73

Series-No.

I1-53 11-63

[-43

11-83

Fig. 8. Specimens after compression testing (samples were

marked: series, no. samples (see Table 1)

Mechanical properties

_Layer Architecture tensile compression bend Ir.npact
No. thick-ness, /fillin resistance,
mm g E, Ys,, UTS, YC,, cs, - G, J/cm?
GPa MPa MPa MPa MPa MPa MPa
1 0.1 1.6 £0.17 31+3 30 +2 41 £2 70 2 67 +3 68 +3 0.37 £0.03
2 0.3 1.4 +0.06 23+3 23 +4 331 66 +1 53 5 55 +2 0.33 £0.03
3 0.1 2.5 £0.04 45 +4 48 +1 84 +1 121 £3 99 +1 102 +1 0.45 +0.03
4 0.3 2.3+0.13 41 +1 43 +1 76 £1 121 +3 82 +1 85 +2 0.42 +0.03
5 0.1 1.5 +0.06 28 +2 29 £2 41 +1 73 £3 61 +3 63 +4 0.28 £0.07
6 0.3 1.4 £0.09 26 +1 27 £1 35+3 62 +10 60 +1 65 +1 0.33 +0.04
7 0.1 2.1+0.19 40 1 42 £2 80 +2 113 3 70 +3 77 £1 0.42 +0.05
8 0.3 2.2 £0.06 46 +2 47 +2 71 +4 113 £3 99 +1 101 +4 0.38 £0,04

E - Young’s modulus, Ys,, - yield stress, UTS - ultimate tensile stress, Yc,,- yield stress in compression,
CS - ultimate compression stress, 6, , - yield stress in bending, 6, - max nominal stress in bending

https://journals.agh.edu.pl/jcme
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Mean strength values of compression yield strength
YS,, and compression strength €S are shown in Figure 9.

160
I vs, MPa
By 140 ~ B cs, MPa § § o «
= 120 .~ =8

Fig. 9. Average compressive yield stress values YS , and
compression strength CS, for printed thicknesses 0.1 or 0.3 mm
and filling 50 or 100% (legend: series, no. of set samples, layer
thickness [mm], filling, architecture, see Figure 1)

3.3. Bend testing

Figure 10 shows plots of bending stress versus ram displace-
ment, and Figure 11 summarizes the yield and (nominal)
bend strength data. Fractographs are shown in Figure 12.
Holes between layers and filament changes are visible on
the fracture surfaces of the printed samples.
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—I1-11-0.1 mm - 50%

20 —1-31-0.1 mm - 50%
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NN
(=) (=)

—1-21-0.1 mm - 100%
—1-41-0.1 mm - 100%

201 ——11-61-0.1 mm - 100%
——11-81-0.1 mm - 100%
0 T T T T
0 2 4 6 8 10

Displacement, mm

Fig. 10. Plots of bending stress vs ram displacement (samples
were marked: series, no. of set samples, layer thickness, filling, see
Table 1)

5
160

[ Yield stress in bending o, ,, MPa
m 140 Il Max nominal stress in bending o, MPa
% 120 A 3 —

5 2 < S

#1004 = N S
& S2 =
@ 8042 ; ~ ~ ’; o~

v R =% ng 3
1] O ~ S8 o
£ 60 83 = e
2
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m
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R\ \ﬁ' \’b \D‘ NS N \\‘\ \\Q’

Fig. 11. Average values of the yield stress o, , and nominal bend
strength o, at failure (legend: series, no. of set samples, layer
thickness, filling, see Table 1)

Fig. 12. Fracture surfaces (SEM) of specimens after bending, layer
thickness: a) 0.1 mm and filling 100%; b) 0.3 mm and filling 100%
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6 Influence of Structural Characteristics on the Mechanical Properties of FDM Printed PLA Material

3.4. Impact resistance testing

The results of the Charpy test are shown in Figure 13.
Impact resistance depends on the path of printing; higher
values were recorded for material printed with a parallel
path to the axis (series I) than with #45° path angles (se-
ries II). Holes are observed on facture surfaces of Charpy
specimens (Fig. 14) between filaments and layers. More
holes and weaker joining are observed for printed mate-
rial with 50% filling ratio (Figs. 14 a, b and Figs. 14 e, f).
Better joining of the filaments and layers took place in
samples with a path +45° and 0° and a 100% filling.

Charpy impact strength, J/cm?

&

S S S S &
N N NEE N N N

Fig. 13. Average impact resistance, for printed thicknesses 0.1 or
0.3 mm and filling 50 or 100% (legend: series, no. of set samples,
layer thickness, filling, see Table 1)

a)

* 's'sla'sislglalalelale|ale|elel

L e
5,8,0,081863.553 9@ 8 ¥

S = R,

i
I
|
k
1
K
!

Fig. 14. Fracture surfaces of specimens after Charpy testing: a) I-1; b) [-2; ¢) [-3; d) I-4; e) II-5; f) 1I-6; g) 1I-7; h) I1-8 (legend see Table 1)
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4. DISCUSSION

The density of printed materials depends on layer thickness,
filling and architecture established by the printing tem-
perature. To be noted are differences in printing, e.g. layer
thickness and number of shell perimeters. The mean den-
sities of printed samples were: series I-1 - 0.82, I-2 - 0.79,
I-3-1.23,1-4-1.19 and seriesII-5-0.82,11-6 -0.01,11-7-1.19,
II-8 - 1.18 g/cm?, i.e. smaller than the 1.24 g/cm? density
of PLA filament produced by injection moulding. The rel-
ative density was is in the range 0.63-0.65 for 50% and
0.94-0.98 for 100% filling. Fill density strongly in-
fluenced all the mechanical properties of the printed
materials. The layer thickness and architecture have
a smaller influence than filling by established printing
parameters. Holes are a further factor influencing me-
chanical properties. The layered macrostructure, includ-
ing holes, is shown in Figure 12 and in Figure 14 on the
fractographs of bend specimens. Impact resistance of our
printed PLA is comparable to that of moulded material
1.3-5.5 KJ/m? [11].

Table 3 summarizes the mechanical properties of print-
ed PLA, i.e. mean value and confidence interval with
a = 0.05 for the 3 elements population. More repeatable
values of Young’s modulus were for materials with the
relative density 0.94-0.98. Tensile stresses were about
40% higher for 100% filled printed material, comparable
for material with a parallel and #45° printed structure.
Elongation depended on layer thickness, filling and struc-
ture. For parallel printed structure, layer thickness 0.1
and fillings 50 and 100%, tensile elongation was ~2.8%
for both, and for layer thickness 0.3 it was 3.5% and 2.3%,
respectively. For printed parallel material structure, it
was 3.2% and 2.5%, and was higher 3.9% and 4.0% for
material structure +45°.

All the strengths were, as is generally the case for poly-
mers, in ascending order: compressive, flexural. The dif-
ferences between tensile and compressive result from the
nature of deformation mechanisms in polymers. For bend
strength, there is the additional problem of the complex
elastic-plastic stress distribution in a bending beam when
the tensile and compressive yield stresses are unequal.

Only phenomenological correlations, e.g. with density
andarchitecture, are presented. Foradditional aspects, the
reader is referred to the discussions of Lanzottii et al. [7]
and Grasso et al. [8], whose tensile results and those of
Letcher and Waytashek [9], Anderson [10] and Ezeh and
Susmel [12] are presented in a Table 4. This summariz-
es the strength properties of printed PLA in comparison
with strength properties reported in [7-12].

It is clearly discernible that, when direct comparison can
be made, Young’s moduli reported by Lanzotti et al. [7] and
Grasso et al. [8] are somewhat higher than now reported.
UTS are slightly higher, but the small influence of infill ori-
entation (0/90 and +45) and layer thickness of 0.1-0.3 mm
is to be noted. Yield stress reported by Anderson [10] is
comparable at 40 MPa for layer thickness 0.4 mm. UTS
reported by Letcher and Waytashek [9], 58 and 64 MPa
for infill orientation 0 and #45, is higher than our values.

One interesting and perhaps fortuitous correlation
relates to printed material with parallel infill and is con-
nected with density and strength. For MIM, the PLA fila-
ment has 55 MPa tensile strength and a yield strength of
45 MPa. Using the same scaling factor for density and
strength, for 0.66 relative density, tensile and yield
strengths evaluate to 36 MPa and 30 MPa respectively,
and the measured values were 30 MPa and 29 MPa. For
0.96 relative density evaluated strength and yield stresses
of 53 MPa and 43 MPa are to be compared with experimen-
tal values of 47 MPa and 45 MPa.

Table 4
Average tensile properties at room temperature
Property Parameters
Results source E, UTsS, Ys, c, fill density, infill layer thickness,
GPa MPa MPa MPa % orientation mm
. 3.4 49 - - 0/90 0.2
Lanzotti [7] 100*
3.0 48 - +45 0.15
2.2 45 - - - 0/90 0.18
Grasso [8]
2.8 50 - - - +45
Letcher and 333 58 - - 100* 0 -
Waytashek [9] 3.49 64 - - +45 -
Anderson [10] 4.26 - 40 - - - 0.4
Ahmed and 1.16 16 14 - 60 0 0.1
Susmel [12] 2.06 26 24 - 90 0 0.1
1.6 30 23 68 63 0/90 0.1
1.4 23 23 54 64 0/90 0.3
2.5 47 45 102 94 0/90 0.1
2.3 43 41 85 94 0/90 0.3
Current
1.5 28 27 63 65 +45 0.1
1.4 27 26 65 65 +45 0.3
2.2 42 40 77 98 +45 0.1
2.2 47 45 101 98 *45 0.3

* printer parameter, not calculated for the sample

https://journals.agh.edu.pl/jcme



8 Influence of Structural Characteristics on the Mechanical Properties of FDM Printed PLA Material

5. CONCLUSIONS

Full mechanical characteristics (tensile, compression and
bend strengths and impact resistance) of the printed PLA
material are reported. The layered structure resulting from
the filament polymer source and holes inside the layers
produce material with an irregularly shaped macrostruc-
ture which influences its properties. The macrostructure
changes probably occur as a result of the thermal influence
on the starting polymer filament. These results shown pos-
sibility printing with a 0.3, i.e. shorter printing time than
0.1 mm, 0.15 mm and 0.18 mm layer thicknesses also report-
ed, without significant decrease in mechanical properties.

These results are comparable to those previously report-
ed and show that reasonably good and reproducible
mechanical properties are achievable with desktop [entry
level] printers. It is interesting to note that the compressive
strengths, the yield of 70-80 MPa and a UTS 113-120 MPa
for the printed material with a fill density of 94-96% are
comparable with those of aluminum.
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Abstract

In the study presented in this paper, the effect of a concentrated heat stream on geometry, microstructure, and hardness
of superficial remeltings on NC11 steel is examined. The material is used for disposable mold inserts exposed to inten-
sive abrasive wear in the course of the press-molding of hard aggregate stampings for refractory bricks. As a result of
local remelting, the hardness of the steel surface increased and its microstructure was altered. Macro- and microstructure
of the remelted areas was examined with the use of optical microscopy and measurements of remelting area geometry
were carried out for different parameters of the remelting process. Hardness measurements were taken in the remelt-
ing area and in the heat-affected zone. The state of stress in the material before remelting and in the remelted area was

also evaluated.

Keywords:

NC11 steel, mold inserts, concentrated heat stream, metallographic tests

1. INTRODUCTION

Bricks of refractory materials used to build foundry
furnaces are molded from aggregates characterized by
a high degree of hardness. In the course of the process of
press-molding stampings for the bricks, aggregate grains
rub against the metal mold surface which results in its
wear. The wearing effect is intensified because of the
sharpness of grain edges moved repeatedly in the course
of the aggregate compacting process. The molds in which
the stampings of refractory materials are formed are
made of cold-work alloyed steels. To reduce the manufac-
turing cost and overhauling period, molds are given the
form of a body with molding cavities which are lined with
replaceable inserts. In view of the intensity of the wear-
ing process, the lining elements should be characterized
by a high resistance to abrasive wear. As a result of the
excessive wear of mold inserts, stampings of refractory

material are prone to cracking and become unfit for the
next production stage (firing). In view of stoppages and
costs due to press retooling and replacement of the in-
serts, it became necessary to look for a solution enabling
the extension of the service life of the components [1-8].
Extending the life of new machine parts is mainly by
means of the use of new expensive materials and alloys
and their heat treatment [9-13]. Repair of damage or
the regeneration of parts of machinery worn as a result
of operation usually involves supplementing the dam-
aged area using powder spraying techniques or 3D print-
ing [14-18]. The present authors’ experience in the area
of the local hardening of alloys with the use of a concen-
trated heat stream enabled them to advance the conclu-
sion that, with the use of alaser beam, it would be possible
to locally alter the microstructure of NC11 steel, increas-
ing its hardness in comparison to the initial material, and
thus extending the service life of the mold inserts [19-22].
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2. THE RESEARCH
2.1. Research material

The tested material was NC11 steel containing about
12% Cr (Tab. 1). The material is a high-carbon cold-work
steel designated as NC11, X210CrW12, 1.2436, X210Cr12,
or 1.2080. NC11 steel is used to manufacture parts of ma-
chines and devices which are required to show high resis-
tance to abrasive wear, e.g. drawing dies, blanking tools,
threaders, cutting tools, forming dies, and punches [23].

NC11 steel is used to fabricate insert for cavities of
moulds forming ceramic bricks of refractory materi-
als. The microstructure of NC11 steel comprises a metal
matrix with very fine carbides as well as long and thick
carbide precipitates. The microstructure of NC11 steel
carbides include chromium to the extent of 44% Cr and
iron to 88% Fe, as well as manganese from about 0.15%
to 0.29% Mn. The carbides differ in their shapes and
lengths. The length of the carbides is from 2 pm, and
can be as long as 120 um. The structure of the matrix
of NC11 includes 9% Cr, 87% Fe and 0.23% Mn [4].
The microstructure of the NC11 steel used for the
purposes of the present study is shown in its initial state
in Figure 1.

Table 1

Chemical composition of NC11 steel [23]

Element C Mn Si P S

Content, ; 4210 0.15-0.45 0.15-040 0.03 max. 0.03 max.
% wt.

Element Cr Ni Mo w \%

Content, 41 130 035 max. 0.20 max. 0.20 max. 0.15 max.
% wt.

25um

Fig. 1. A view of the microstructure of NC11steel; matrix and chromium

carbides

2.2. The test setup

The setup for superficial remelting tests comprised an
industrial booth equipped with a KUKA robot arm and
a TruLaser ROBOT 5020 turnkey laser (TRUMPF) with the
maximum power of 4 kW (diode laser with a wavelength
0of 1030 nm, beam diameter 0.9 mm). The setup is dedicat-
ed to developing and testing new technological processes
as well as carrying out industrial operations such as weld-
ing, cutting, overlay welding, and heat treatment (Fig. 2).
It is equipped with three independent heads intended for
welding, cutting, and overlay welding (cladding).

Fig. 2. A view of the test stand for remelting with a TruLaser
ROBOT 5020. The laser stand is equipped with a KUKA robot
arm (a), replaceable heads for: welding (b), cutting and powder
welding

Due to the fact that a deep penetration of a small width
is obtained with higher laser power, and these tests require
surface hardening, low beam power was used. NC11 steel
surface remelting tests were performed on specimens with
dimensions 100 mm x 100 mm x 16 mm. Three remelt-
ing runs were realized at the same laser power P = 500 W
and at three different speeds of material surface scanning
with a laser beam, namely 10 m/s, 20 m/s, and 30 m/s.

https://journals.agh.edu.pl/jcme
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2.3. Research methodology

Examination of remelting areas on NC11 steel specimen
surfaces consisted of macroscopic evaluation and meas-
urements of remelting geometry. Moreover, metallo-
graphic examination was carried out, consisting of the
observation of microstructures with the use of an opti-
cal microscope equipped with an advanced image anal-
ysis system, Multiscan v.08. Hardness measurements
were taken with the use of a Nanovea nanoindentation
microhardness tester. Figure 3 shows a schematic dia-
gram according to which measurements of the remelting

a)

geometry and material hardness in the remelting area
and in the heat affected zone (HAZ) were taken.

To determine their state of stress, remelting areas were
also examined with the use of an Empyrean X-ray dif-
fractometer (Malvern Panalytical) as shown in Figure 4,
equipped with a five-axis table and a copper X-ray tube.
Parameters of the scan for the XRD residual stress meas-
urement were the following: start position 71.4890 °2Th.,
end position 76.4550 °2Th., step size 0.0260 °2Th., scan
step time 1196 seconds. For the purpose of stress anal-
ysis, HighScore Plus and X'Pert Stress software were
used.

Fig. 3. Hardness measurements and melting geometry measurements: a) a schematic diagram (w - remelting width; d - remelting depth;
0 - hardness measurement points); b) examples of hardness measurements in the area of melting; c) examples of hardness measurements in

the HAZ; d) examples of hardness measurements in the initial material

Fig. 4. The stress analysis setup: a) Empyrean PANalytical diffractometer; b) diffractometer table with a specimen
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2.4. Research results

Table 2 summarizes the results of the remelting geometry
and hardness measurements taken in the remelting area
and in HAZ and the values of stress determined in the re-
melting area, depending on the parameters of the process
of surface remelting with laser.

The geometry of remelting areas formed on the NC11
steel specimen surface with a laser beam was different in
each of the three tests. Both the width and depth of the
remeltings decrease with the increase in the speed of
scanning with the laser beam. The change in the melting
geometry is primarily due to the amount of heat absorbed

Table 2

by the melted material. At constant beam power, the laser
beam exposure time and, as a result, the amount of heat
absorbed by the melting area, decreases as the scanning
speed increases It was noted that in the remelting area,
a dendritic microstructure was obtained. In the border
region where the NC11steel parent material turns into the
remelting area, large carbide precipitations were visible
which dissolved in the course of remelting, along with the
movement of the liquid metal pool.

In Figures 5-7, images of the macrostructure and micro-
structure of the remelting area and the heat affected
zone (HAZ) on specimens of NC11 steel are shown, for dif-
ferent values of the speed of scanning with a laser beam.

Results of the remelting geometry and hardness measurements in the remelting area and in HAZ depending on the parameters of the

laser-induced surface remelting process

Laser beam parameters

Remelting area geometry

HV , hardness average

N Stress, value in the area of:
o Power, Scanning speed, Width, Depth, MPa Remelting HAZ
w v, mm/s mm mm
1 500 10 0.807 0.368 -403.9 505 +5 580 +6
2 500 20 0.761 0.290 -383.9 531 +6 615 +7
3 500 30 0.589 0.175 -348.5 552 +6 643 £7
4 Initial material -138.6 250 4

Fig. 5. A view of the macrostructure and microstructure of NC11 steel remelted with the use of a laser beam operated at power P = 500 W
and scanning speed v, = 10 mm/s: a) macrostructure; b) remelting area; (c-d) HAZ

https://journals.agh.edu.pl/jcme
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Fig. 6. A view of the macrostructure and microstructure of NC11 steel remelted with the use of laser beam operated at power P = 500 W
and scanning speed v, = 20 mm/s: a) macrostructure; b) remelting area; (c-d) HAZ

Fig. 7. A view of the macrostructure and microstructure of NC11 steel remelted with the use of laser beam operated at power P = 500 W
and scanning speed v, = 30 mm/s: a) macrostructure; b) remelting area; (c-d) HAZ

https://journals.agh.edu.pl/jcme
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The measurements were taken with the use of the
Vickers method under HV, load. In each of the remelt-
ing areas, hardness was measured at least three times.
A difference was observed between the hardness of the
remelted metal regions and HAZ depending on the laser
beam scanning speed. The highest hardness values of
580-643 HV , were observed in the heat-affected zone.
In the remelted areas, hardness values ranged from 505
to 552 HV,. At the adopted parameters of the laser-based
remelting process, approximately a 2- to 2.5-fold increase
in hardness was observed compared to the initial state
of the material. Local melting caused the dissolution of
alloying elements and chromium carbides in the liquid
metal pool. Rapid crystallization meant that the materi-
al in the molten area is homogeneous in the form of den-
drites with high fragmentation of the precipitates, which
promotes an increase in hardness compared to the native
material.

The stress value measured on the remelted metal sur-
face increased from 2.5 to 3 times compared to that found
in the initial material. The material used for smelting is
NC11 steel, which is delivered after plastic working under
industrial conditions. Therefore, stresses were observed
in the starting material (MR).

Stress measurements provide important information
about the service properties of remelted areas as the state
of stress is decisive for the nature and type of interaction
between friction couples. Such a couple is created, on the
one hand, of grains of the refractory material aggregate
and, on the other, press mold linings in the course of the
process of the fabrication of ceramic bricks (of e.g. fused
alumina). Intensity of the abrasive wear process depends
on the components of the load force and geometrical
parameters characterizing grain shapes, the hardness of
the abrasive material, and its state of stress [24-26].

3. SUMMARY AND CONCLUSIONS

As a result of the metallographic examination and hard-
ness measurements performed, it can be concluded that
in NC11 steel areas remelted with the use of a laser beam,
a dendritic microstructure crystallizes with a hardness
significantly higher than thatofthe parent material region.
This is due to rapid crystallization which in turn results
in its homogenization within the remelting area which fa-
vors the emergence of hard dendritic microstructure.

Based on observations made in the course of the per-
formed research and the analysis of the obtained results,
it can be concluded that that the laser-remelted areas of
NC11 steel:

¢ are characterized with microstructure differing in a favor-
able way from that of the parent material,

e show different geometry (width and depth), hardness,
and state of stress depending on the adopted parameters
of the remelting process,

¢ show hardness which has increased relative to the parent
material, with the maximum observed in the heat-affect-
ed zone.

The increased hardness of material in the HAZ compared
to the remelted areas stems from the fact that in that very
zone, partially unmelted large and very hard carbide pre-
cipitates remain, surrounded with hardening-induced
structures.

Due to the hardness of the laser, surface hardening should
be better than surface melting. However, during surface
melting, the structure becomes homogeneous, which is
more favorable during operation under wear conditions.
The material containing various precipitates during wear
promotes cracking and crumbling and pulling out of indi-
vidual phases. The abrasive wear of a homogeneous mate-
rial is steady. Therefore, despite the lower hardness of
the melting area compared to the HAZ area, laser melting
should be a better solution for extending the service life of
elements made of NC11 steel.

The increase in hardness and stress values in the remelt-
ing area may be favorable to fostering the increased service
life and durability of surfaces exposed to abrasive wear.
Such a phenomenon occurs in the course of the interaction
of aggregate grain edges on mold linings in the course of the
press-molding of refractory material stampings.

The possibility of obtaining remeltings characterized with
increased hardness on large surfaces of parts and tools made
of NC11 steel can be considered as an alternative to the
time-consuming and costly heat treatment processes cur-
rently applied to press mold components made of the alloy.

The application of the surface remelting process can also
be considered a competitive solution to hard-facing with
the use of expensive additives aimed at increasing resis-
tance to abrasive wear. Padding welds of that type, in view
of the existence of an excess weld metal, must be subject
to further machining to obtain the required geometrical
dimensions. In the case of laser-induced surface remelting,
the face of the weld is flat and there is no excess weld metal
since no filler is being added.
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Abstract

The separable connections used in technological equipment of heat treatment furnaces (OTP) are described in this
study. The equipment is used for the heat treatment of charges, i.e. for the thermal and thermo-chemical treatment of parts of
machines and devices. OTP is used for the charge formation and its transport before, during and after heat treatment opera-
tions. Accessories of this type are usually compact structures composed of several or several dozen cast elements. The main
components are grates and pillars, which form an outer contour of the OTP and also allow for the correct arrangement of
heat-treated parts. To form a relatively rigid structure composed of the grates and pillars, it is necessary to join these compo-
nents together. For this purpose, various types of separable connections are used, mainly of a cylindrical shape with threaded
parts. The subject of this study is focused on the construction and operating conditions of typical OTP structures, as well as the
methods of fastening the pillar in a grate, i.e. on the design of the bottom part of the pillar and the hole in the grate in which this
pillar is embedded.

Keywords:

castings for heat treatment plants, grates, pillars, thermal fatigue

1. INTRODUCTION The main task of these structures is to form and handle the
charge (heat-treated parts) during heat treatment opera-
Separable connections allow for multiple connecting and tions. Castings are made from heat-resistant Cr-Ni or Ni-Cr
disconnecting of structural elements without damaging steels, less often from nickel alloys. Thin walls of the same
them. They are often used to join cooperating elements (as far as possible) thickness are a characteristic feature of
included in the technological equipment of heat treatment individual OTP components (Figs. 1 and 2).
furnaces (OTP) [1-4]. Typical examples of OTP commonly used in mass and
The use of these connections in OTP facilitates: large-lot heat treatment of small parts are the structures
shown in Figures 1 and 2. They consist of a guide (load-bear-
¢ replacement of those components that wear out faster ing) grate, on which a structure composed of pillars and an
during operation, intermediate grate (Fig. 1a), or pillars and crossbars (Figs. 1b
¢ changes in the internal design when required by chang- and 2) rests. These accessories operate mainly in pusher
es in the type of charge (shape and size of heat-treated furnaces, in which several units are simultaneously push-
parts). ed in a row through the furnace working chamber. The num-
ber of levels in one OTP unit, where the heat-treated parts
Loose fit allows parts of OTP for relatively free thermal are laid or suspended, can be increased by means of the
deformation within the range of operating temperatures. introduction of additional intermediate grates and spacers
However, it should be noted that the operating conditions of the proper length (Fig. 1b).
of some types of OTP may also require the use of insepara- The aim of this study was to describe separable connec-
ble connections. This applies especially to OTPs which are tions on the example of a “hole-pillar” type connection join-
operated on fully automated production lines [2]. ing the cooperating elements that form part of a typical OTP
Accessories of this type are structures usually composed and to discuss the advantages and disadvantages of such
of several dozen cast elements differing in shape and size. designs.
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Fig. 1. Single-level OTP for operation in the pusher furnace
consisting of a guide grate, intermediate grates and pillars (a)
and fragments of two multi-level OTPs for operation in the
chamber furnace, the design of which also required the use of
spacers (b): 1 - gude grate, 2 - intermediate grate, 3 - spacer,
4 - pillar; according to [2]

Fig. 2. Two-level OTP for operation in the pusher furnace
consisting of a guide grate, pillars, spacers and crossbars [2]

2. OTP OPERATION

The initially satisfactory performance characteristics
of OTP undergo degradation during operation due to the
processes of aging, high temperature corrosion and ther-
mal fatigue. As a result of the impact of these factors, de-
formation and/or cracking of the OTP walls takes place,
combined with the detachment of fragments of these
walls. At the same time, it should be assumed that resis-
tance to thermal fatigue is the main factor responsible for
the durability of OTP [2, 5-6].

Changes in the dimensions of OTP components during
heating/cooling of the charge subjected to heat treatment
or thermo-chemical treatment are of a complex nature
resulting from the synergy of numerous factors, such as
maximum operating temperature, type of treatment, con-
ditions of the charge cooling and its mass, the shape and
dimensions of heat-treated parts, or the degree of the OTP
structure complexity (see Figs. 1 and 2). The simplest
design of the equipment is shown in Figure 3a. Connecting
the grates with pillars reduces the mutual risk of thermal
deformations occurring in parts of the guide grate and
intermediate grate. In each cycle of the heat treatment, in
the intermediate grate with the walls usually thinner than
the walls of the guide grate, the process of heating and
cooling proceeds at a much higher speed. Therefore, pillars
connecting the grates are bent outwards during heating of
the charge (Fig. 3b) and inwards during cooling (Fig. 3c).
The cyclic nature of these processes means that in the
OTP whose design is based on a guide grate and interme-
diate grates (Fig. 3a), mainly pillars (Fig. 4) and corners
of the grates will be damaged [2].

b)

9

Fig. 3. Diagram of changes in the shape of OTP during operation:
a) condition before operation; b) high-speed heating; c) fast
cooling; according to [7]
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Industrial practice also shows that in this type of OTP,
pillars are the components which are exposed to the high-
est wear rate [2]. Their decommissioning occurs primari-
ly as a result of the through-cracking (breaking off) of the
lower part of the pillar mounted in a hole made in the guide

grate (Fig. 4).

Fig. 4. Fractures in the lower part of the pillar formed as a result of

the breaking off of its fragment during operation

3. SEPARABLE CONNECTIONS OF
THE “HOLE-PILLAR” TYPE

Pillars serving as vertical supports in the OTP structure
are the main component which connects the guide grate

a) b)

//j:\ v

)

O

and intermediate grates. Traditionally designed (Figs. 5
and 6), they have a fixed, cruciform cross-section that
provides them with the expected stiffness, a length from
200 to even 3000 mm, and cross-sectional dimensions de-
scribed by a circle with a diameter of 15 to 50 mm.

The pillars consist of three main parts (Figs. 1-3):

shaft - along part whose basic task is to enable the instal-
lation of other transverse elements of the OTP structure
in the guide grate. The length of the shaft depends on the
shape and dimensions of heat-treated parts and on their
arrangement; it is also limited by the height of the furnace
working chamber,

support - forming the abutment surface necessary for
mounting the pillar. As a rule, it has a 4-arm or round
shape (Fig. 4). The support has a thickness of the shaft
wall and a diameter corresponding to the outer diameter
of the hole in which the pillar is mounted,

base - a short part, used to fix the pillar in the guide grate.
Its length is usually equal to the height of the guide grate.

The thin-walled structure of the OTP cast components

results in their simultaneous solidification. Therefore, it
is inevitable that larger volumes of the cast material sepa-
rated by the thin walls will form areas with an increased
concentration of internal shrinkage defects, such as
shrinkage porosities and cavities.

d)

Fig. 5. The design of the pillar with a cylindrical base (a); cylindrical-oval base (b) and additionally threaded base (c, d)

a)

L

b)

9

g

1 pi g i gt

L]

Fig. 6. The design of the pillar with a cruciform cross-section base. Base: a) standard; b) with extra threads; c) bayonet-like shaped
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In a pillar, such a massive area (local thermal node) that
will solidify longer than the neighboring areas is the com-
mon area of the shaft and support (see Fig. 4). In pillars of
the design shown in Figure 5, the occurrence of shrink-
age defects can be significantly minimized by feeding an
extra volume of liquid metal to this area through the base
of the pillar during the solidification period. The design of
a gating system with a lateral feeder (riser) ensuring liquid
metal flow to the mould cavity from the side of the pillar
base seems to be a solution whose effectiveness is guaran-
teed by a sufficiently large cross-section of the pillar base.
In other pillars (Fig. 6), this solution will not be effective
due to the small cross-section of the pillar base.

In all pillars (Figs. 5 and 6), the casting of the base does
not require the use of cores. If the roughness of the raw
surface is R <40 pm, the pillars can be easily and efficient-
ly fixed in the holes of the guide grate without the need for
mechanical treatment. On the other hand, it is necessary
to ensure that both the base surface and other surfaces of
these castings are free from defects typically occurring
in the as-cast condition, such as microfolds or micro-cold
shuts. Defects of this type can facilitate the nucleation
and development of cracks and accelerate in this way the

a) b)

destruction of pillars under the conditions of thermal
fatigue.

The shape of the holes made in the guide grate for fixing
the pillars is shown in Figure 7.

In the design of the holes, there are also areas (local
thermal nodes) with increased concentrations of internal
defects. These are the places in the grate walls that are
directly adjacent to the holes. Their massiveness can be
reduced by properly selected radii [1-3] and recesses made
in the material surrounding the hole (Fig. 7a).

Generally, the outer contour of the grate undergoes faster
degradation during operation than the inner part because
it is heated/cooled at a higher speed compared to the mid-
dle part where the charge is resting. At the same time, the
places in the walls adjacent to the holes are the source of
the largest number of cracks [2]. This degradation process
can be slowed down by the use of reinforcing ribs (Fig. 8),
similar to shrinkage ribs used in casting. They facilitate heat
dissipation from the wall sections with the largest thickness
but also make the grate structure more rigid. Therefore, the
decision to introduce them should be carefully considered,
taking into account the variable thermal loads to the effect
of which the OTP is subjected during its operation.

)

i (T ;
Nl

g — 4

Fig. 7. The design of the holes in the guide grate for fixing the pillars shown in Figures: a) 5a-b and 6a; b) 5c-d and 6b; c) 6¢

a) b)

Fig. 8. Reinforcing ribs in the corners of the grate with holes for fixing the pillars: a) external; b) internal
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The thickness of the ribs g is calculated following the
design recommendations for shrinkage ribs [8, 9], based on
the casting wall thickness d: g = (0.2-0.3) d, where the min-
imum value of g should be = 2.5 mm.

Temperature gradients in more massive areas of the
OTP can also be reduced by recesses made in the material
adjacent to the holes (Fig. 9). They facilitate the circula-
tion of the cooling liquid (coolant) around the “hole-pillar”
surface, thus allowing for more intense cooling.

The firsttwo solutions require additional comments and
explanations (Fig. 9a and b). In the inner holes, threaded
ribs can also be used (Fig. 9a). In the holes with recesses
on the front surfaces (Fig. 9b), pillars with round support
should be mounted (see Fig. 4).

Apart from the typical, previously described designs,
separable connections of the “hole-pillar” type can also
have another non-standard form (see Fig. 10). In the meth-
od of fixing intermediate grates in OTP shown in the draw-
ing, it is not only important that this method solves the
problem of positioning the grates in a completely different

a) b)

manner, but it is also important that the consequence of
this change will be an OTP with a lighter weight due to the
elimination of spacers and metal volumes in those areas
that would be considered very massive (increasing instan-
taneous temperature gradients), if a traditional solution
were used. As a result of this modification, one can expect
both a reduction in the OTP operating cost and an increase
in its durability.

Multi-level OTP designs consist of the corresponding
number of intermediate grates / crossbars and spacers of
the proper length (Figs. 1b, 2 and 10). Solutions are also
used in which the height of the first and, at the same time,
lowest level can be set by a pillar with two-step cross-sec-
tion (see Fig. 1b, right). In the OTP shown in Figure 10, the
design problem has been solved in a different way. The
unit can have maximum 4 levels. Their height is deter-
mined by proper spacing of the horizontal ribs along the
pillar height (see Fig. 10), where a rib is placed on the pil-
lar at the next level but rotated in a horizontal plane by
90° in relation to the previous one.
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Fig. 9. The solutions used in the design of grate holes for fixing the pillars: a) internally ribbed hole; b) hole with recesses on the front surfaces;

¢) hole with recesses on the side surface

_| 2600

Fig. 10. OTP for operation in the pit furnace with pillars and holes for fixing these pillars of a non-typical design
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A retainer rests on the rib and supports the intermedi-
ate grate. In this OTP, the idea of using traditional (round)
holes for fastening pillars was abandoned. They were
replaced with square holes blocking the pillars rotating
movement and facilitating the OTP assembly.

4. FINAL REMARKS

To have an unrestrained possibility of introducing chan-
ges to the dimensions of individual OTP components, it is
necessary to understand the processes which a structure
of this type will be exposed to during operation. Generally
speaking, referring to earlier comments on the design of
separable “hole-pillar” type connections, the following
should be stated:

1. Use connections where the coolant can penetrate rela-
tively easily between the pillar shaft and the mounting
hole. This will be beneficial for OTP durability as it will
reduce the stress concentration in these areas of the
structure. This condition is better met by pillars with
a cruciform cross-sectional base than those with a cy-
lindrical oval base.

2. Avoidrigid connections. These are primarily the thread-
ed connections, which in practice prevent individual
OTP elements from relatively free changes of dimen-
sions in the variable field of temperatures. Regardless of
this fact, their use in large and high OTPs is usually nec-
essary. When OTP is moving inside the furnace cham-
ber or outside the furnace, there is always a risk that the
charge will get “loose” and the heat-treated parts will
fall off the hooks.

3. When designing OTP elements, all solutions that al-
low the reduction in the volume of local thermal nodes
should be used, remembering that the nodes:

— giverise to the concentration of thermal stresses in
these areas during casting manufacture and later
operation,

— give rise to the concentration of internal shrinkage
defects, which are convenient places for later nucle-
ation and development of cracks.
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