13BecTis By30B. LiBeTHOS METAAAYPIUNS o 2023 o T.29 o N24 e C.5-14

Bapgponromees M.C., [Metpos N.A. OCOBEHHOCTN N3TOTOBAEHMSI OTAMBOK M3 OAIOMUHWNEBBIX CITAQBOB MO BbIXXMIAEMbBIM AAAUTVBHBIM FDM-MoaeAsM

FOUNDRY / AUTENHOE NPOU3BOACTBO

UDC 621.74 Research article

https://doi.org/10.17073/0021-3438-2023-4-5-14 HayuHast ctaTbst @

Consumable additive FDM models in the production
of aluminum alloy castings

M.S. Varfolomeev, I.A. Petrov

Moscow Aviation Institute (National Research University)
4 Volokolamskoe shosse, Moscow 125993, Russia

P< Maksim S. Varfolomeev (varfolom2a@yandex.ru, varfolom2a@rambler.ru)

Abstract: This article describes the results of a study aimed at improving production technology of experimental castings from aluminum
alloys by investment casting using models produced by 3D printing. The consumable models were produced using fused deposition
modeling (FDM). Biodegradable polylactide (PLA) was used as a material for the models. In order to decrease the surface roughness
of consumable PLA model. chemical post-treatment by dichloromethane needs to be performed. After immersion of the model into
the solvent for 10s, its surface becomes smooth and glossy. Three-point static bending tests of PLA plates demonstrated a mechanical
strength of average ~45.1 MPa. A thermomechanical analysis of polylactide demonstrated that in the course of heating of ceramic shell
in excess of 150 °C, the polylactide model begins to expand intensively by exerting significant pressure on the ceramic shell. In order
to decrease stress during the removal of polylactide model from ceramic mold, the heating time in the range of 150—300 °C needs to
be heated to a maximum. The use of hollow consumable casting models with a cellular structure not higher than 30 % is also sensible.
The stresses on the shell will not exceed its strength. Characteristic temperature properties of PLA plastic thermal destruction were
detected using thermogravimetric analysis. Polylactide was established to completely burn out upon heating to 500 °C leaving no ash
residue. Analysis of the results identified the burning modes of polylactide models from ceramic molds. Using a Picaso 3D Designer
printer (Russia), the PLA models were printed used for production of experimental castings from aluminum alloys. It was revealed that
the surface roughness (R,) of a casting produced using a consumable model treated by dichloromethane decreases by 81.75 %: from 13.7
to 2.5 um.
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AunoTtauus: [IpuBeneHbl pe3yabTaThl UCCIEIOBAHMIA, HallpaBJIeHHbIE HA COBEPIICHCTBOBAHUE JIMTEMHOM TEXHOJOTUM TOJTYUYECHHU S
OIBITHO-9KCIIEPUMEHTATbHBIX OTJIMBOK U3 aJIIOMUHUEBBIX CITJIABOB METOJIOM JIUThS IO BHIXKMTAEMbIM MOEJISIM, U3TOTOBJICHHBIM C IMPU-
meHeHueM 3D-nevyatu. Jist co3maHusl BIXKMTaeMbIX MOJIEJIeil MCIOIb30BaJiu MeTOl ocaxkaeHus pacriaBieHHoit HuTu (FDM — fused
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deposition modeling), a B KauecTBe Marepualia Mojeieil OblJl BbIOpaH Ouopasiaraemblii Matepuas — noiauiaaktua (PLA — polylactide).
YcTaHOBIEHO, YTO JIJISl yMEHbBILIEHU ST IIEPOXOBATOCTH BbhIxkMTraeMoil PLA-Mozein Heo6XxonMMo MPOBOIUTH XUMUYECKYI0 TOCTOOPabOTKY
ee MOBEPXHOCTU IMXJIOPMETaHOM. B pe3ysibTaTe OKyHaHUsI MOJIEIN B pacTBOpUTeIb Ha 10 ¢ oHa mpuoOpeTaeT IIaaKylo U TJISHLEBYIO
MMOBEPXHOCTH. MCITBITAHM ST MEXaHUUECKO TPOUHOCTH PLA-TIJTaCTUH Ha TPEXTOYEUHBII CTATUYECKUI U3rM0 ITOKa3aIy, YTO JaHHBII IO~
Kaszaresib cocTaBisieT B cpenHeMm ~ 45,1 MIla. TepmomexaHM4YeCcKMid aHAIMU3 MOJUIAKTUIA BbISIBUJI, UTO B TIPOLIECCE HAarpeBa KepaMu-
yeckoit 06o0s0uku Bbile 150 °C nmoauaakTUaHas MOAEIb HAYMHAET MHTEHCUBHO PACIIMPITHCS, OKa3biBasl CYLIECTBEHHOE JaBJIeHUE Ha
KepaMUyueckylo 000y0uKky. Jisl yMeHbIUIEHU sl HalpsI)KeHUI B IpoLecce yaaJeHUsl NOJIUIaKTUIHON MOAEIH U3 KepaMUuyecKoir (hopMbl
HEeoO0X0JMMO MaKCUMaJIbHO YBEJIMUUTHL BpeMsi HarpeBa B uHTepBasie Temreparyp 150—300 °C, a Takxke 1ejiecooOpa3HO UCMOJIb30BaTh
IYCTOTEJIbIE BBIXKUTaeMbIe MOIEIH OTIMBKM CO CTEIEHBIO 3aIOJHEHUS SYEUCTON CTPYKTYpHI He Oonee 30 %. [Ipu 3TOM HampsKeHUS
B 000J104Ke He OyayT MpeBHIIIATH €€ MTPOYHOCTh. C IMOMOIIBI0 TEPMOTPABUMETPUIECKOIO aHaIN3a BHISIBIEHBI XapaKTePHbIE TeMIIepa-
TYPHBIE XapaKTePUCTUKU TepMoaecTpyKuuu PLA-miacTrka. YCTaHOBJIEHO, YTO MaTepyasl U3 MOJTUIAKTHIA MOJHOCTHIO BRITOPAET MPU
Harpese 10 TemnepaTypbl 500 °C, He ocTaBJIsisl MOCe ce0s1 0CTaTKOB 30J1bl. AHAJIM3 PE3YIbTAaTOB MO3BOJMI OTIPEACTIUTh TEXHOJOTUYECK e
PEXMMBbI BBIXKMTAHM S MOJTMJIAKTUAHBIX MosieJield u3 Kepamudeckux ¢dopMm. Ha npunrtepe Picaso 3D Designer (Poccust) Obliv HarneyaTaHbl
PLA-mozmenu, KoTopble UCIOIb30BaIU JJISI TOJYYSHU ST OTIBITHO-3KCIIEPUMEHTAIbHBIX OTJIMBOK U3 aTIOMUHMEBBIX CIIaBOB. BhISIBIICHO,
YTO LIEPOXOBATOCTb MOBEPXHOCTH (R,) OTIIMBKU, NOJTYUEHHOII 10 BLIXKUTAeMOit MOJEIN, 00pabOTaHHOI JUXJIOPMETAHOM, YMEHbIIAETCS
Ha 81,75 % — ¢ 13,7 10 2,5 MKM.

Karouesbie c10Ba: 1M ThE MO BbIXKMTaeMbIM MOJCIAM, NOJTUJTAKTU, 3D-neanb, METOI OCAXKIACHU A paCl’lJ’[aBJ’leHHOﬁ HUTHU, ATIOMUHUCBBIC
CILJIaBbI, IIEPOXOBATOCTb MOBEPXHOCTU.

Jns uurupoBanus: Bapdponomees M.C., [Tetpos U.A. OcoGeHHOCTY U3TOTOBJICHU ST OTIUBOK U3 aJTIOMUHUEBBIX CTIIIABOB IO BBIXKMUTAeMbIM

anautuBHBIM FDM-Monensm. Uzgecmus 6y3o06. Lleemnas memannypeus. 2023;29(4):5—14.
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Introduction

Investment/lost-wax casting is a traditional techno-
logy for the production of high-precision products. This
casting method enables the production of parts of the
most complex shapes with thin walls and a high surface
finish. The quality of investment/lost-wax castings is
markedly superior to other casting methods, therefore
this method is used in various fields.

The main problem in single and small batch pro-
duction of products is the high cost of tooling. Traditio-
nal ceramic mold making requires the use of a melted/
fired model produced in molds. This production process
of making a mold is very complicated, and the cost of
making such tooling is extremely high. This problem
is resolved by integrating modern additive 3D printing
methods into foundries [1; 2]. It is a relatively new pro-
duction technology intensively developed and applied in
various fields, including foundries [3—5]. The direct de-
velopment of lost-wax models is not only cost-effective
for small-scale and pilot production, but is also capable
of creating very complex geometries that would be ex-
tremely difficult or too expensive to produce in the tra-
ditional way [6].

The process of making a lost-wax model using 3D
printing allows the cost and time of casting production
to be reduced. It also enabled the production of prod-
ucts of complex geometry in comparison to the conven-
tional investment/lost-wax casting process [7—9]. These
advantages are offset by the stepped surface of the mo-
del associated with the feature of 3D printing which

6

can negatively affect the surface roughness and dimen-
sional tolerances of castings.

Today, the most affordable and widespread 3D print-
ing method is the technology of Fused Deposition Ma-
nufacturing (FDM) [10]. This method is comprised of
layer-by-layer application of the molten polymer using
an extruder. When compared to other additive manu-
facturing processes for lost-wax models, such as stereo-
lithography (SLA), direct light processing (DLP), FDM
3D printing is one of the cheapest due to the low price of
equipment and consumables, which makes it more wide-
ly available [11].

The main materials used in FDM 3D printing are
thermoplastics: acrylonitrile butadiene styrene (ABS)
[12; 13]; polylactide (PLA) [13,14]; polyamide (PA) [15];
polyethylene terephthalate-glycol (PETG) [16]; poly-
ether ether ketone (PEEK) [17]; polycarbonate (PC) [18]
and others.

As an alternative to petroleum-based polymers
(ABS, PA, PETG, PEEK, PC), polylactide, a biode-
gradable biopolymer, is widely applied in numerous
industries. PLA is based on starch and polylactic acid,
made from completely renewable natural materials.

Polylactide is a fully biodegradable thermoplastic
polyester. It is a polymer of lactic acid derived from the
processing of corn, starch, cellulose, and sugarcane. The
non-toxicity of the material allows the printing process
to be carried out even in poorly ventilated areas. The
products of thermal degradation of polylactide are con-
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sidered harmless, and it burns quite slowly. Due to its
environmental friendliness, biocompatibility, biodegra-
dability, renewability, high stiffness and tensile strength,
and ease of processing, the use of PLA in the world is
growing. In this regard, a number of authors are con-
sidering the possibility of using it for the manufacture of
burnt models [19—22].

The main goal of the work was to study the techno-
logical possibilities of 3D printing for the rapid produc-
tion of lost-wax models from polylactide with the sub-
sequent production of experimental cast products from
aluminum alloys.

Experimental

The lost-wax models were fabricated by the FDM
method using polylactide (PLA) as the material of
the models. A spool of PLA filament with a diameter
of 1.75 mm was supplied by Bestfilament (Russia), a
commercial manufacturer of filaments for 3D printing.
Pilot lost-wax models of castings and models for me-
chanical testing were fabricated using a Picaso 3D
Designer X printer (Russia) at a cellular structure fill-
ing rate of 30 %. A printer nozzle with a diameter of
0.5 mm was used. The thickness of the applied layer
was 0.2 mm. The print and platform temperatures du-
ring the process were maintained at 200 °C and 75 °C,
respectively. Print speed was 20 mm/s. Dichlorometh-
ane was used to polish the surface of the PLA models.
The casting models were dipped for 5, 10, and 15 s di-
rectly into the solvent.

Three-point bending tests of PLA samples with sizes
of 40x20x5 mm were performed using an Instron 5982
machine (USA). The traverse speed was | mm/min. The
distance between supports was 30 mm, and the number
of tested samples: 10 pieces.

Ceramic molds were made according to the tra-
ditional lost-wax casting technology using layer-by-
layer application of a ceramic suspension consisting of
an ETS-40 ethyl silicate binder and a filler (pulverized
quartz) onto a model block. This was followed by sprin-
kling each layer with granular quartz with a particle size
of 0.2 mm. A total of 5 layers were applied.

The calcination of ceramic experimental molds
was carried out in a support filler in an electric resist-
ance furnace at 1 =900°C, in an air atmosphere (heat-
ing duration 5 h) and exposure for 2 h. The ceramic
molds were filled with aluminum alloy AK7ch with
the following chemical composition: wt.%: Al — the
base; Si — 7.21; Mg — 0.36; Fe — 0.147; Cu — 0.011;
Mn — 0.0026. This corresponds to State standard
GOST 1583-93.

800 g of the AK7ch alloy was melted in a
SNOL-1,6.2,5.1/11-13 muffle electric furnace. Prelimi-
nary degassing of the melt was carried out by purging it
with an inert gas (argon).

The melt was modified with a standard 25%NaF +
+ 62.5%NaCl + 12.5%KCl flux at 740—750 °C. On the
surface of the melt, it was applied as an even layer in the
amount of 1.5 wt % of the melt. After holding at this
temperature for 10 min, the flux was thoroughly kneaded
deep into the melt. After 15 min after the melt holding,
it was poured at ¢ = 710+720 °C into calcined ceramic
molds heated to 350 °C.

Experimental castings from AK7h alloy were sub-
jected to thermal processing according to State standard
GOST 1583-93 under T5 regime (quenching in water
at 535%5 °C for 4 h, then aging for 3 h at 415%5 °C).

Thermogravimetric (TGA) and differential ther-
mal (SDTA) analyses were performed using a TGA/
SDTA 851 instrument (Mettler Toledo, Switzerland),
at a heating rate of 10 °C/min to 1100 °C in an air at-
mosphere.

Thermomechanical analysis (TMA) of plastic was
performed using TMA/SDTA 840 analyzer (Mettler
Toledo) in the range r = 20+350 °C.

The surface roughness (R,) of the castings in the ar-
ea of 50x50 um was analyzed using a MicroXAM-100
optical profilometer (KLA-Tencor Corp., USA). In or-
der to evaluate the surface roughness of the products,
2 castings were selected (with and without dichloro-
methane treatment), and 3 areas were examined on each
sample: each with 4 measurements. Statistical analysis
of the obtained results was performed using Statistica 10
software.

Results and discussion

The main areas of work were to study of the possibili-
ty of using PLA plastic as a material for the manufacture
of experimental models in investment casting, as well as
establishing the temperature characteristics of the mod-
el material.

Thermochemical transformations of polylactide up
to 1100 °C were studied using TGA and SDTA methods.
The results are presented in Fig. 1. The TGA curve at
t=30+300 °C shows no recorded changes and the weight
of the sample practically did not change (the loss was
only 1.09 %).

Thermogravimetric studies demonstrated that the
main weight loss of the substance occurs when the tem-
perature rises to 390 °C and amounts to 96.98 %. An
exothermic effect is observed on the SDTA curve. At
t = 300+390 °C, active thermal degradation of the
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polymer occurs (sample weight drops from 98.91 to
3.02 %). Complete burn-out of polylactide occurs at
t ~ 500 °C, until it burns out completely, leaving no ash
residue. Its further heating to 1100 °C practically does
not cause any changes. The weight of the sample goes in-
to minus. This is primarily due to the removal of residual
moisture from the porous ceramic crucible as a result of
heating to 1100 °C.

Based on the results of the thermogravimetric study,
it can be concluded that when heated above 500 °C,
PLA plastic samples have zero ash content. It should
be noted that the ash content (solid residue) of the lost-
wax model during the calcination of ceramic molds is a
very important parameter which should be minimal or
completely absent. Increased ash content leads to the
formation of ash residues after calcination in the body
of the shell, reducing the quality of the cast products
obtained in them.

The study of the thermal destruction of the model
material enabled the temperature and time parameters
of the process of removing (burning out) polylactide
from the ceramic mold to be defined. Burning tem-
perature is more than 500 °C, the duration is at least
1 hour.

The main reason for the destruction of the ceramic
mold during the burning of the polymer model is the
difference in the expansion coefficients of ceramics

and polylactide. The thermomechanical properties
of the plastic were determined by TMA of polylactide
in the temperature range of 20—350 °C (Fig. 2). As
demonstrated by the data, in the range r = 20+150 °C
no significant changes were detected. Active expan-
sion of polylactide begins at temperatures above 150
°C, indicating the beginning of the melting of the PLA
plastic.

In the course of heating the ceramic shell above
150 °C, the polylactide model begins to expand rapid-
ly, exerting significant pressure on the ceramic shell.
Therefore, in order to reduce stresses in the process
of removing the polylactide model from the ceram-
ic mold, the heating time interval in the range ¢t =
= 150+300 °C needs to be maximized. It is also ad-
visable to use hollow lost-wax casting models with a
cellular structure filling degree not more than 30 %.
In this case, the stresses in the shell will not exceed its
strength.

The use of polymer filament layer-by-layer depo-
sition for the manufacture of accurate lost-wax mo-
dels is limited due to the high surface roughness and
inaccurate dimensions. This is due to the character-
istics of their manufacturing technology. When 3D
printing a product vertically, a corrugated structure
is formed on its surface (the so-called staircase effect)
[23; 24].
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Thus, certain subsequent post-processing proce-
dures are required to improve surface quality [25—27].
At present, two main approaches are used to achieve a
smooth surface of products: chemical or mechanical
smoothing [28—30]. The latter method is inefficient
in obtaining models with a complex geometric surface
and a developed structure. The chemical method of
smoothing the surface with volatile solvents is more
effective.

In this work, dichloromethane (CH,Cl,) was used to
reduce the surface roughness of the PLA lost-wax mo-
dels (Fig. 3, a) [31]. According to the studies, holding
the model in dichloromethane for 10s results in its sur-
face being smoothed (Fig. 3, ¢). With a shorter exposure
time in the solvent, the staircase effect is partially pre-
served (Fig. 3, b), and with a longer duration, the model
surface swells (Fig. 3, d).

This simple, fast and cost-efficient chemical treat-
ment gives the model a smooth and glossy finish, reduc-
ing labor and cutting tool costs.

Three-point static bending tests of PLA plates
demonstrated a mechanical strength of an average
~45.1 MPa. This result is quite high for casting lost-
wax models. Accordingly, during operation (for exam-
ple, at the site of application of the suspension or during
the transportation of model blocks), there is a low pro-

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 ¢°C

bability of their accidental breakage or the formation
of dents.

Based on the results of the studies carried out on
the Picaso 3D Designer X printer (Picaso 3D, Russia),
experimental models were made from PLA polymer
(Fig. 4, a). Quartz ceramics on a hydrolyzed ethyl sili-
cate binder were used to form a ceramic shell (Fig. 4, b).
A casting of the “bracket” type manufactured from
AK7ch alloy demonstrates the possibility of obtaining
suitable aluminum cast products (Fig. 4, ¢).

A comparative analysis of the surface of the experi-
mental castings shows that the cast product acquires a
smooth surface (Fig. 5) due to the chemical treatment of
the lost-wax model with dichloromethane.

In order to assess the surface quality of castings,
their roughness was measured using a laser optical
profilometer and they were compared with each oth-
er. Figure 6 shows micrographs, as well as 2D and 3D
relief of the surface of the castings. Images of castings
are made in the same scale. The roughness (R,) of the
castings was measured in several places indicated in
Fig. 5.

As illustrated in Fig. 6, the roughness of the sam-
ples was significantly reduced by the use of chemical
post-processing of the lost-wax models with dichlo-
romethane vapor. There are no surface lines between ad-

9
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Fig. 3. External view of surface of consumable PLA model
a — after 3D printing; b—d — after processing by dichloromethane for 5 s (b), 10 s (¢) and 15 s (d)

Puc. 3. BHemrHuit Bua noBepxHocTH Bhlxkuraemoir PLA-mMonenu

a — nocye 3D-nevaru; b—d — mocie o6paboTKu auxjIopMeTaHoM B TeueHue 5 ¢ (b), 10 ¢ (¢) u 15 ¢ (d)

Fig. 4. Experimental PLA model (a), applied ceramic layer (b), and final aluminum casting (c)

Puc. 4. OnbiTHas PLA-Mozenb (@), oHa XXe ¢ HAHECEHHBIM CJI0eM KepaMUKHU (b) 1 TOTOBAs aJllOMUHUEBas OTJIMBKA (€)

jacent layers on the images of the surface of the castings, The surface roughness of castings produced us-
obtained by PLA lost-wax models and processed with ing models before and after chemical processing is
dichloromethane (see Fig. 6, b). A noticeable reduction illustrated in Fig. 7. The distribution of Kolmogo-
in roughness is observed and the effect of stairs is eli- rov—Smirnov and Shapiro—Wilk quantitative indi-
minated. cators showed adequate results. Average values of R,

10
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Fig. 5. External view of casting produced using
non-processed model (@) and after its holding
in dichloromethane (b)

Puc. 5. BHeliHu# BUa OTJIIMBKY, MOJTYyYEeHHOUN
10 BBIXKMTaeMoil HeoOpaboTaHHOI Moenu (a)
M TIOCJIE €€ BBIACPXKKHU B IUXJopMeTaHe (b)

decrease from 13.7 to 2.5 pm. The roughness R, of a
casting produced using a consumable model processed
by dichloromethane varies from 1.8 to 3.5 pm. Thus,
the surface quality was improved significantly and the
roughness decreased by 81.75 %.

Conclusions

This work focused on studying process variables of
3D printing for the rapid production of consumable
models from PLA plastic, and subsequent fabrication
of experimental cast items from aluminum alloys. The
mechanical properties and ash content of burnt samples
from polylactide were studied. Thermomechanical and
thermogravimetric analyses of the polymer were con-
ducted, resulting in the following main conclusions:

1. The static bending strength of 3D printed con-
sumable PLA models was ~45.1 MPa.

2. The characteristic temperature properties of PLA
plastic thermal destruction were detected using thermo-

Fig. 6. Micro images 2D (on the right) and 3D (on the left), of surface of castings produced using consumable PLA models,

without processing (a) and after holding in dichloromethane (b)

Puc. 6. Mukpodotorpadbuu 2D- (cripaBa) u 3D-u3zo0paxeHus (cieBa) MOBEPXHOCTU OTJIUBOK,
MOJIYYEHHBIX I10 BbIxkuraeMbiM PLA-Moaessim, 6e3 00paboTKHU (@) 1 TTocJie BRIACPXKKHU B AUXJI0pMeTaHe (b)

1



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.4 e« P.5-14

Varfolomeev M.S., Petrov |.A. Consumable additive FDM models in the production of aluminum alloy castings

Number of measurements

a
8_
6+
44 /
24 \
- \

0 T

10 11 12 13 14 15 16 R, pum

Number of measurements

12

10~

~

/ \

pZ N

1.5 2.0 2.5 3.0 3.5 R, um

Fig. 7. Distribution histograms of surface roughness (R,) of casting produced using non-processed model (a)

and after its processing by dichloromethane (b)

Puc. 7. T'uctorpammbl pacrpenesieHU s 3Ha4eHU i 1IepOX0BaTOCTH (R,) MOBEPXHOCTU OTJINBKHU,
TOJTyYeHHOH 10 HeoOpaboTaHHOI MOeNH (a) U TIocie ee 00paboTKU NUXJIopMeTaHOM (b)

gravimetric analysis. It was established that polylactide
completely burns out upon heating to 500 °C leaving no
ash residue.

3. In the course of heating of ceramic shell in excess
of 150 °C, the polylactide model begins to expand inten-
sively. In order to decrease stresses during the removal
of polylactide model from ceramic mold, the heating
time must be increased to the range of 150—300 °C. In
addition, the use of hollow consumable casting models
with the filling extent of cellular structure not higher
than 30 % would be sensible. The stress on the shell will
not exceed its strength.

4. In order to decrease the surface roughness of con-
sumable PLA model, chemical post-treatment by di-
chloromethane must be performed. The best solvent for
smoothing model surface layers is dichloromethane. Af-
ter immersion of the model into the solvent for 10 s, its
surface becomes smooth and glossy.

5. The experimental results of the process variab-
les were used. They were then verified under labora-
tory conditions allowing a good experimental casting
of bracket type from aluminum alloys to be obtained.
Castings produced on the basis of consumable models
processed by dichloromethane show a decrease in the
roughness R, from 13.7 to 2.5 um. Thus, the ladder ef-
fect is eliminated.
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