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Abstract. The presented paper experimentally demonstrates the potential expansion of stereolithographic prototype utilization.
Two methods for manufacturing plastic prototypes are proposed, enabling the subsequent substitution of the polymer material
with either metal or ceramics. The first method involves additional actions by the prototype designer during the modeling stage.
The second method necessitates alterations in the technological processes of model preparation and prototype manufacturing using
a stereolithography apparatus. Material substitution occurs in two stages. Initially, cavities in the prototype are filled with powder
material or a mixture of powder and water. Although titanium powder was chosen as the test material, the proposed technology
permits the utilization of a broad spectrum of powder materials, encompassing both metallic and ceramic options. The subsequent
stage involves heat treatment, where the polymer is eliminated, and the metal powder is sintered while retaining the original shape
and dimensions of the prototype. Heat treatment of the acquired prototypes was conducted in both argon and atmospheric air
environments. The utilization of different gas media might induce chemical transformations in the material filling the prototype.
The experiments lead to the conclusion that the proposed approaches show promise and merit further development. Additionally,
we contemplate amalgamating the two methods in the future to attain an optimized final outcome. The data we have gathered could
significantly contribute to broadening the scope of stereolithography applications, given that this technology presently represents
one of the most precise, widespread, and accessible additive manufacturing methods.
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AHHoTayms. B paboTe SKCIIepUMEHTAIBHO MOATBEPKICHA BOZMOXKHOCTD PACHIMPEHUS 00JIaCTH UCIIOIB30BaHUS CTEPeosIuTOrpaduye-

CKHMX IPOTOTHIOB. [IpeoxkeHsl 1Ba croco6a U3roTOBICHHS IIACTHKOBBIX IPOTOTUIIOB, TO3BOJISIONINE BIOCICICTBUN 3aMECTUTh
HOJIMMEPHBII MaTepuall MOZIeJIeH Ha METaJII WIIH KepaMUKy. [1epBbIii 13 pacCMOTPEHHBIX CIIOCOOOB MPEIIIOIAraeT A0MOIHUTEIbHbIE
JIeWCTBUSL KOHCTPYKTOPA, MPOEKTUPYIOLIETo NMPOTOTHUII Ha CTaJUM MOJAEIUPOBAHMS, BTOPOH — 3aKIFOYaeTCcss BO BHECEHUH HM3Me-
HEHUH B TEXHOJOTHMYECKHE MPOLECCHl MOArOTOBKMA MOJICIH M M3TOTOBICHHS MPOTOTUIIA HA CTEPEOINTOrpadUuecKoil yCTaHOBKE.
3amellieHne MaTepHraga MPOUCXOIUT B JBe cTaauu. IlepBas — 3TO XONOJHOE 3aMONHEHUE MONOCTEH B MPOTOTHUIIE MOPOIIKOBBIM
MaTepualoM WIHM ero CMechlo ¢ BOfOW. B kadecTBe TeCcTOBOro Marepuaia ObLI BBIOpaH IOPOIIOK TUTAHA, XOTS IpejiaraeMas
TEXHOJIOTHs MOAPa3yMeBaeT BOSMOKHOCTh MCIIONIB30BAaHMs MIMPOKOTO CIEKTpPa MOPOLIKOBBIX MAaTepPHaIoOB — KaK METaIIMYECKUX,
Tak ¥ KepaMuueckuX. Bropas craaus — mocienyrouuit oTkur. IIpy 3ToM NpoHCXoAaT yAajdeHHe MOoMUMepa U ClIeKaHue MeTan-
JIMYECKOTO MOPOLIKA ¢ COXPAaHCHHEM MCXOAHOH (opMbI M pa3MepoB MpoToTHna. TepMuueckas 00pabOTKa MOMYYEHHBIX MPOTO-
THUIIOB IPOBOJIMIIACH KAaK B aTMOC(epe aproHa, Tak ¥ pu cCBOOOTHOM JI0CTyIIe aTMOCc(epHOro Bo3tyxa. Vcronp3oBaHue pa3inuyHbIX
ra30BbIX CPEJl MOXKET NPUBOAUTH K IPOTEKAHHIO XUMHUUYECKUX MPeoOpa3oBaHmil B COCTaBE MaTepHalla, 3aloIHAIOIIEr0 IPOTOTHII.
ITpoBeneHHbIE SKCIIEPUMEHTHI MTO3BOJISIOT CAENATh BBIBOJ] O MEPCIIEKTUBHOCTH JalbHEHIIETO TEXHOIOTUYECKOTO Pa3BUTHS MPe-
CTaBJEHHBIX MOAX0A0B. Takke He MCKIIOYaeTCs BO3MOXKHOCTb COCMHEHUS ABYX PACCMOTPEHHBIX CIOCOO0B B OJHH Ul JOCTH-
KEHUS ONTHMAJIbHOTO KOHEYHOTO pe3yibTara. [lomydeHHble JaHHBIE MOTYT CIIOCOOCTBOBATh PACHIMPEHHUIO OOJACTH HMCIOIb30-
BaHUs CTEPEOIUTOrpadUUECKNX yCTAHOBOK — HanOoJIee TOUHbIX, PACIIPOCTPAHEHHBIX M JOCTYITHBIX MAILIMH Ha JJaHHBIH MOMEHT U3

HIMPOKOTO TUIIOPAAA AAAUTUBHBIX aHAJIOTOB.

KnroueBble cnoBa: AJJIUTUBHBIC TEXHOJIOI'UH, TUTaHOBBIN TIOpPOIIOK, 3D-MO,H€J'[I), CIICKaHUE

BnaropgapHocTy: Pabora npoBesieHa B paMKaXx BBIMONHEHHs rocynapcTBernoro 3aganns HALL «KypuatoBckuit HHCTHTYTY.

Ans untuposanmsa: Mapkos M.A., Uepeobuto C.A., UnnonutoB E.B., Kamaes C.B., Hosukor M.M., Buyk B.B. IIpeoOpazoBanue
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Introduction

Additive manufacturing using various materials finds
widespread application across diverse fields. The list
of such technologies and materials continually expands
with the addition of new items [1-8]. Laser stereolithog-
raphy, employed in photocurable polymers, stands out as
one of the most extensively used additive technologies
due to its diverse material options and a wide price range
for equipment, ranging from costly industrial machines
to affordable household devices. This equipment demonst-
rates the capability to produce highly accurate objects.

Converting polymer prototypes into metal or
ceramic components requires specific equipment and
skilled personnel, such as through methods like mold-
ing or cavityless casting.

62

In the realm of additive manufacturing for ceramic
models, several noteworthy technological implemen-
tations exist. These include layer-by-layer sintering
of powder ceramics, curing of photopolymerizing
compositions with ceramic fillers, and local extrusion
of ceramic-filled material [2—6]. Notably, these tech-
nologies involve high-temperature processing stages
to eliminate the polymer binder, achieve surface
gloss, conduct additional pore-filling impregnation,
among other steps. Regarding additive manufacturing
of metal models, methods encompass layer-by-layer
sintering of metal powders, layer-by-layer model
formation via polymerization of filled composi-
tions, and local extrusion of filled material (followed
by sintering) [4—12].
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This paper explores the potential expansion This alternative approach shares some resemblance

of the application scope for stereolithography equip-
ment that work with photopolymers. It specifically
examines new possibilities for converting prototypes
into ceramic or metal parts.

Experimental part

In our view, one solution to broaden the applicabi-
lity of stereolithography involves producing polymer
stereolithographic parts with available free volume.
Such models could undergo subsequent cold filling
with ceramic or metal powder, followed by heat treat-
ment to eliminate the polymer component of the model
(referred to as annealing) and the sintering of metal or
ceramics (henceforth referred to as “sintering” without
separately delineating the polymer burnout process).

During sintering, there is potential to synthesize
a ceramic compound from the substance used to fill
the model body [13; 14]. The sintering stage in this
technology shares similarities with the method utili-
zing filled resins.

We have explored two straightforward methods
to create models suitable for subsequent filling with
alternate materials. These methods involve produc-
ing a thin-walled inverse fillable model, essentially
a matrix, and a contourless model exhibiting significant
free volume uniformly distributed throughout its body.

The process of obtaining the inverse model, or
matrix, is depicted in Fig. 1. In this developed model,
a matrix is created by indenting the working surface
of the model by a specified thickness. The design incor-
porates a port for powder filling and includes a cover-
ing lid as integral parts.

Fig. 1. Stages of part matrix construction for powder
filling with sintered material

a — initial model, b — hollow matrix (sectional view),
¢ —model displaying the matrix with a separated closing lid

Puc. 1. TlocTpoenne MaTpHUIibl MOICIH
JUTST 3aTIOTHEHMS €€ MIOPOIIIKOM CIIEKaeMOro MaTepHana

@ — UCXOJIHast MOJIelb, b — IycToTenas MaTpuna (B papese),
€ — MOJIeIIb MAaTPHUIIBI C OT/CICHHOMN KPBIIIKOH

to sintering within a non-burnable mold [15]. However,
in our scenario, the mold is combustible, and its intri-
cacy is solely constrained by the designer’s capabili-
ties. In place of matrix models, we suggest employ-
ing original contourless prototypes. When creating
a typical stereolithographic part, the process involves
outlining both external and internal contours while fill-
ing the space between them. Additionally, denser outer
hatching is necessary for horizontal outer surfaces.

To implement the contourless technology in stereo-
lithography, several modifications to the conventional
process are required, such as:

— eliminating contours;
— removing denser outer hatching;

—using only one coordinate (either X or Y) on each
layer; the direction of hatching alternates through
the layer;

— increasing the hatching step.

The sparse hatching serves as an internal frame
structure that gets filled with the initial liquid resin dur-
ing manufacturing. By the end of the process, the liquid
resin naturally flows out from the model or is expelled
by compressed air.

Fig. 2 illustrates both the conventional method and
the validated contourless methods for creating a stereo-
lithographic part of a cylinder.

The model produced using this technology adopts
a cellular polymer structure, openly accessible on all
sides, containing a uniformly distributed free volume
internally. Experimental findings indicate that manipu-
lating technological parameters, such as layer thick-
ness (h) and hatching step (#), within the ranges
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Fig. 2. The models fabricated via conventional
(contour + X-Y hatching) (@) contourless (alternating X and Y
hatching layer by layer) (b) stereolithography techniques

Puc. 2. Bun Mozeseit, OMy4eHHBIX O TPaAUIMOHHOI
CTepeoIUTOrpaIIecKoil TEXHOIOTHN
(KoHTYpHI + TpUXOBKa X—Y) (@) 1 GECKOHTYpHO,
¢ uepeayromeiics uepes cioi mrpuxoskoit X u Y (b)
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of £ =100 to 200 um and H_= 0.5 to 0.9 mm, results in
varying proportions of free volume within the model,
ranging from 30 to 80 %. A designer can replicate
a similar internal hollow structure that fills the model.
However, in such cases, the model’s complexity sig-
nificantly impacts the file size, potentially increasing it
by several orders of magnitude. This could pose chal-
lenges for subsequent software processing to prepare
the model for printing, potentially rendering it difficult
or even impossible. In contrast, contourless models
achieve the same effect by simply adjusting the model
growing technology without burdening the file size
with excessive complexity.

We opted for titanium powder with particle sizes
ranging from 15 to 45 um to explore the replacement
of prototype material. Titanium is highly sought-after
in engineering and medical applications. Additionally,
both titanium and previously used silicon can serve
as intermediate materials capable of forming ceramic
compounds (such as nitride, oxide, and carbide) under
suitable conditions, offering a wide array of structural
properties [17-19].

The matrix models were dry-filled through the open
facet, followed by sealing the closing lid with initial
resin cured under a UV lamp.

For the filling of contourless models, a suspension
of titanium powder and water was prepared. Filling
the free volume in the models was conducted within
an MK-mini vacuum chamber (“MK-Technology,”
Germany). Experimental findings revealed optimal
results when the filler constituted approximately
50 = 5 vol. % of the suspension.

Subsequently, all samples underwent heat treatment.
Both matrix and contourless models were sintered
under similar conditions using an SUOL-0.25.1/12-11
furnace (manufactured in Russia). Sintering tempera-
tures ranged from 900 to 1200 °C. The process was
executed with gas purging (argon, nitrogen) and with

exposure to atmospheric air. Sintering durations did not
exceed 10 min.

Experimental results

Fig. 3 displays photographs of the test contourless
models captured at various stages of the technological
process.

The model obtained after sintering remarkably
retained its original shape and dimensions, showcasing
the initial color of the titanium powder and exhibiting
adequate mechanical strength and electrical conduc-
tivity. The furnace utilized in our experimentation is
well-suited for gas purging (specifically, Ar and N, in
our case) and effectively prevents the temperature from
exceeding 1200 °C. When using Ar purging, a minor
quantity of weakly sintered metal powder (forming
a loose layer up to 100 microns thick) was observed
on the surface of the models. Sintering conducted
at lower temperatures (1000 and 1100 °C) also yielded
integral samples, albeit with inferior surface quality.
Considering that the melting temperature of titanium is
1670 °C, it can be inferred that elevated temperatures
might enhance the final model’s quality.

As previously mentioned, the resulting samples
exhibited the same colour as the original metal powder.
Sintering the Ti-polymer model in an argon environment
may instigate a reaction between titanium and the poly-
mer of the initial prototype. Under such conditions, stoi-
chiometric titanium carbide TiC, which conducts electri-
cal current similar to Ti, can be formed, along with sev-
eral non-stoichiometric carbides, such as TiXCy [19; 20].
According to literature sources, titanium actively reacts
with atmospheric gases like nitrogen and oxygen at
high temperatures. This reaction results in the forma-
tion of titanium nitride and titanium oxide, respectively.
It’s essential to note that not only metallic titanium but
also its compounds, such as carbides and nitrides, have
the potential to interact with oxygen [18-22].

Fig. 3. Contourless samples

a — stereolithographic contourless model; b — the same model filled with titanium-water suspension;
¢ — the model after a 10 min sintering at 1200 °C under argon purging

Puc. 3. TectoBble OECKOHTYpHBIC 00pa3Ibl

a — crepeonuTorpaduueckas OeCKOHTYpHAast MOJIENb; b — Ta jxe MOJIelIb, 3aI0JIHEHHAs! THTAHOBOSIHOM CYCIIEH3UEH;
¢ —mozenb nociie 10 mun cniekanus npu ¢ = 1200 °C ¢ npoayBKoi aproHom
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Fig. 4. Counterless samples following heat treatment at  =1100 °C
under nitrogen purging (a) and in atmospheric air (b)

Puc. 4. TectoBble OeCKOHTYpHBIE 00pa3Ib IOCiIe poBeaeH s criekanus npu ¢ = 1100 °C
C TPOYBKO# a30TOM (@) 1 B atMochepHoM Bozayxe (b)

Sintering the contourless models in a nitrogen envi-
ronment resulted in samples that maintained the origi-
nal shape and dimensions, akin to the experiments
conducted in argon. These samples exhibited electrical
conductivity, although at times, surface cleaning was
necessary to verify this property. Both titanium nitride
and titanium carbide act as metal-type conductors,
particularly in the case of stoichiometric TiN or TiC
compounds, while TiO, oxide functions as a dielectric
material [23-25].

Sintering in a nitrogen environment imparted a red-
dish-brown color to the samples, characteristic of tita-
nium nitride TiN (Fig. 4, a). However, upon discon-
tinuing nitrogen purging and before the samples cooled
completely, a layer of white or yellow color formed on
their surfaces, typical of titanium oxide TiO,. Fig. 4, b
illustrates a sample obtained through heat treatment in
atmospheric air. Both samples (Fig. 4, a, b) displayed
a slightly molten surface, which is noticeable when com-
pared with the sample in Fig. 3, ¢. According to reference
data [26], the enthalpies of titanium dioxide and nitride

formation are A (7 =-944 + 938 kJ/mol (for different
modifications) and AHpP =-323 kJ/mol, respectively.
During sintering, after the removal of the polymer,
the structure of the samples was notably porous, dis-
playing a branched surface. Due to chemical reactions,
the temperature on their surface increased, resulting in
localized areas of melted material.

The matrix models underwent a sintering process
akin to the previously described sintering of contour-
less prototypes. Fig. 5 illustrates the stages of sample
preparation and the outcome of sintering with argon
purging.

A layer of orange-colored substance developed on
the surface of the sintered model, particularly noti-
ceable on the protruding sections. A similar occurrence
was observed on the contourless models with nitro-
gen purging, albeit in the recessed areas. The models
generated in this manner, depicted in Fig. 5, ¢, more
faithfully replicate the shape of the original model.
Structurally, they also exhibit strength, and the orange
layer can be removed from the surface using abrasive

Fig. 5. Matrix samples

a — stereolithographic part depicting a component matrix with a lid; b — sealed matrix filled with titanium powder;
¢ — the sample after a 10 min sintering at 1200 °C under argon purging

Puc. 5. TectoBble MaTpHUYHBIE 00BEKTHI

a — crepeonurorpaduueckas MOJCIb MAaTPHIbI 00BEKTA C KPBIIIKOIL; b — 3aK/ICeHHAs MaTpPHIA, 3aII0JIHCHHASI THTAHOBBIM ITOPOLIIKOM;
¢ — obpaser nocne 10 mun cnekanus npu ¢ = 1200 °C ¢ npoxyBKOii aproHOM
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Fig. 6. FTIR spectrum analysis of substance from outer protruding parts
of sintered matrix sample surface following 10 min sintering at 1200 °C under argon purging

Puc. 6. FTIR criextp BemecTsa ¢ BHEIIHUX BEICTYIAIONINX JacTeil OBEPXHOCTH MaTPUYHOTo 00pa3na
nocite 10 mun criekanust npu ¢ = 1200 °C ¢ mpoxyBKoit aproHoM

materials or tools. Post-removal, the sample adopts
a grey hue, akin to titanium powder.

Spectroscopy (FTIR) of the substance extracted
from the surface of matrix models indicated (Fig. 6)
the closest resemblance to the spectrum of non-
stoichiometric Ti,C, carbide. Notably, the spectrum
obtained lacked characteristic lines indicative of Ti—N
bonds [19; 27-34].

Figs. 7 and 8 depict matrix samples sintered under
nitrogen purging and in an air environment, respec-
tively. In the case of nitrogen purging, the samples
sintered in this medium exhibited a more oxidized sur-
face compared to those sintered in an air environment.
The matrix samples prepared for sintering were densely
packed with metal powder, as previously described.
The metal was encapsulated from the surrounding
medium by the matrix itself, formed by a layer of cured
polymer. Heating initiated the thermal decomposition

or combustion of the polymer, prompting the metal
to react with the resulting decomposition products.
Previous findings indicated that in an inert argon envi-
ronment, this led to the formation of a layer composed
of titanium-carbon compounds on the surface. As
the polymer layer burned out, it gradually thinned and
became permeable to atmospheric air or other gases,
initiating competing processes between the forma-
tion of titanium carbide and titanium nitride [35; 36].
Titanium nitride reacted with heavier products of poly-
mer thermal decomposition, containing a significant
oxygen content, and transformed into oxide. It’s note-
worthy that oxidation of titanium nitride commences
at lower temperatures compared to titanium carbide.
The simultaneous occurrence of these exothermic reac-
tions on the sample surface induced additional heating
and surface melting, irrespective of the temperature
used for heat treatment (refer to Fig. 7).

Fig. 7. Matrix samples following sintering under nitrogen purging
at 1= 1000 °C (a) and 1200 °C (b)

Puc. 7. TectoBbIe MaTpu4HbIe 00PA3IIbI TOCIIE CIIEKAHUS C MIPOYBKOH a30TOM
npu ¢ = 1000 °C (a) u 1200 °C (b)

66



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(2):61-70
Markov M.A., Cherebylo S.A., etc. Transforming stereolithographic prototypes into metal ...

Ly

Tl ™
of S TV =,

rd
-

Fig. 8. Matrix samples following sintering in air
at £ =900 °C (a), 1000 °C (b) and 1100 °C (c)

PMC. 8 TCCTOBI)IC MaTpU4HbIC 06p33HBI TIOCJIC CIICKaHMs Ha BO3AYXE
mipu £ = 900 °C (), 1000 °C (b) 1 1100 °C (c)

Samples sintered in atmospheric air (Fig. 8) exhi-
bited distinct differences from those treated with nitro-
gen purge. One notable characteristic was their sensi-
tivity to the sintering temperature: lower temperatures
(within specific limits) resulted in better retention
of the sample’s shape and a cleaner surface. Moreover,
these samples, despite exposure to atmospheric oxygen,
showed minimal amounts of generated titanium oxide,
observed only at temperatures surpassing 1100 °C.

We hypothesize that such sintering behavior can be
elucidated by the fact that in the presence of atmos-
pheric oxygen, the polymer matrix underwent com-
bustion rather than decomposition. The primary com-
bustion products (H,0 and CO,) were not retained
on the surface of the sintered sample. Additionally,
the outflow of hot gaseous combustion products from
the reaction area hindered the entry of nitrogen and
oxygen. Combustion of the polymer also resulted in
a decreased presence of carbide on the titanium sur-
face. Notably, at a sintering temperature of 900 °C,
the samples with the cleanest surfaces, in comparison
to others, were produced.

Results and discussion

Fig. 9 presents cross-sectional photos of the sin-
tered samples purged with argon. The contourless
sample retained a mesh structure at the edges, inverse
to that of the original prototype. In the center, there’s
an area of sintered powder characterized by discontinu-
ous pinpoint metallic luster. The matrix sample exhi-
bited a darker outer layer, while the rest of the sample
displayed a shiny metal appearance.

These investigations validate the feasibility of pro-
ducing 3D metal models using a stereolithography appa-
ratus, without necessitating foundry technologies. Each
of the alternative technologies presented here holds dis-
tinct characteristics to be considered during the devel-
opment of a final technological solution. Selecting a
viable solution should follow a phase of experiments
and tests evaluating the strength of the model.

All models created using the described methods
required post-processing to eliminate the outer layer
of the material. This post-processing step should
be factored in during the computer modeling phase.

Fig. 9. Cross-sections of a sample sintered at # = 1000 °C

a — counterless sample; b — matrix sample

Puc. 9. Cpesbl 00pasiios, criedeHHbIX mpu ¢ = 1000 °C

a — OeCKOHTYPHBIN 00pasew; b — MaTpUUHbIH 00pa3ser
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Fig. 10. Cross-section of a cylindrical sample model
with contourless shell and internal cavity for metal powder
or suspension filling

Puc. 10. Mozenb AIHHAPUYECKO eTalll B pa3pese,
nMeromast 0eCKOHTYPHYIO 000I0UKY U BHYTPEHHIOIO MOJIOCTh IS
TIOCIIETYIOMIETO 3aMOTHEHUS] METAIINIECKIM TTOPOIIKOM
WJIH CycTieH3nen

We are intrigued by the prospect of merging con-
tourless and matrix technologies into one by creating
a contourless matrix (as shown in Fig. 10). The wall
of such a matrix is anticipated to be filled with a metal-
water suspension, while the inner cavity may be filled
either with dry powder or the same suspension.
By selecting an appropriate sintering mode that facili-
tates easy removal of the weakly sintered outer porous
part, the final model will resemble a sintered powder
devoid of channels from polymer elements, minimiz-
ing its contact with external media during sintering.

Conclusions

Therefore, our experiments have validated the fea-
sibility of transforming stereolithographic prototypes
into metal or metal-ceramic forms. Through the use
of titanium as an exemplary material, we have effec-
tively showcased the genuine potential for such a trans-
formation. By employing the described prototypes, we
expand the utility of stereolithography, enhancing its
versatility. Notably, the proposed solution does not
necessitate any alterations to the photopolymer.

In contrast to additive technologies applied to metals
or ceramics, which typically involve the use of signifi-
cantly more expensive equipment, stereolithography
equipment has consistently stood out as one of the most
precise and user-friendly types of additive technology.

Additionally, it’s noteworthy that the methods we
propose facilitate the manufacturing of models with
varying degrees of porosity. This aspect holds sig-
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nificance in both technical and medical applications
of such models.
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