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Abstract. The paper reviews the additive technologies application for the ceramic products manufacturing.
Advantages and drawbacks of current approaches are mentioned; it is shows that the porosity of the final
ceramic product is one of the main problems preventing the wide use of such ceramics at extreme exploitation
conditions: high temperature and chemically aggressive gas ambience. A possible pathway to solve this
problem is suggested: it is shown that chemical impregnation could provide significant porosity decrease

coupled with mechanical propertiesincrease.

1. INTRODUCTION

Nowadays, additive technologies (AT) are widely used
to produce polymer units; modern equipment and well-
known approaches provide cost-effective results. AT
application to metal units manufacturing [1,2] needs pro-
duction facilitieswith much higher cost; specific require-
ments are also stated for metal powders as araw mate-
ria for such technology. Asaresult, modern application
of AT for the metal units production is rather limited,
usually, it is restricted by industries producing high-
tech and high cost products: air/space, naval, etc. As
for AT applicationsfor ceramic units production (inthis
review we’ll generally focus on some modifications of
Selective Laser Méelting technique in its different ver-
sions), these approaches are still at R@D step due to
some principal problems originating from the nature of
the material. Generally, these problems can be summa-
rized asfollows.

(i) High energy required to produce ceramics via
conventional synthesis pathways resulting in specific
requirements to laser equipment. Indeed, current ten-
dencies in metal units production are the use of ultra-

short laser impulses coupled with an extra-high energy
of the beam. In doing so, the prototyping rate can be
increased. Comparing to metals, ceramics possesses a
number of significant advantages at high temperatures
and in aggressive chemical ambience due to its chemi-
cal and temperature resistivity. The flip side of these
benefits is much higher melting temperature of such a
ceramics, to obtain it, one should significantly increase
the laser power. In addition, specific requirements of
heating and cooling during the ceramics manufacturing
(usually, the high quality of the material isincompatible
with fast heating/cooling) make the task quite more com-
plicated: following conventional approaches, itisdesir-
able to use a variable power of laser impact or some
multi-laser system with one laser for material pre-heat-
ing and another one for melting. In addition, the above
requirements makes preferable the use of partially
defocused laser beam providing the larger surface of
the powder material involved inthe synthesis. So, more
complicated laser system consisting of more powerful
lasers should be used here.

(i) Relatively low density of raw materials. Theden-
sity of ceramicsisusually 2-3 timeslower than that typi-

Corresponding author: V.G. Konakov, e-mail: glasscer @yandex.ru

© ITMO University, 2019


mailto:glasscer@yandex.ru
88
Машинописный текст
DOI: 10.17586/2687-0568-2019-1-1-54-61


Ceramic units manufactured by additive technologies: the problem of final product porosity... 55

cal for metals. So, the conventional approaches widely
used for metal powders asraw materialsfor metal units
production are rather questionablefor ceramic powders.
Just a few examples of such problems are discussed
below. Generally, the use of powders containing spheri-
cal particleswith the mean diameter being lessthat 8-10
um providesexcellent resultsin AT application for metal
units production. However, the particles spherical shape,
being evident preferable and quite achievable result for
single metal and alloy powders, can be hardly achieved
for ceramic powders used in AT. Some emphasis could
result in more uniform mean particle size distribution
and lower linear dimensions of the ceramic powder par-
ticles, but the spherical shape of the particle is, gener-
ally, not available dueto milling step that iswidely used
in raw materials pretreatment. As for the particle size,
operationswith metal powderswith 5 um & particlesare
currently widespread. Inturn, some ceramic particlesof
similar dimensions could be easily moved on the work-
ing surface due to typical additive technology opera-
tions: surface leveling, inert gas pumping, and, even,
under theimpact of thelaser beam. In turn, such powder
particles displacement negatively affects the produc-
tion processresulting in working surface deviations and,
sometimes, dust pollutions in the atmosphere of the
working chamber. So, the minimal linear size of ceramic
powder particles should be at least two-three times
higher. The same difference in the material density re-
sults in the fact that the use of roller (preferably, non-
metal one) is quite more effective for surface leveling
and compacting hereinstead of the bladetypically used
in the case of metal powders. Thus, the difference in
materials nature here also causes the technology
changes.

(iii) The production of final unitswith the exact di-
mensions within the accuracy limits necessary for tech-
nological application isvery difficult due to significant
shrinkage typical for most ceramics manufacturing ap-
proaches. Generally, conventional ceramics production
process includes the “green detail” step at which the
desirable shape and size of the ceramic product are
formed. Thefurther step isahigh-temperature treatment
that converts the “green detail” into the final ceramics;
typically, this process is accompanied by a significant
shrinkage reaching percents of linear dimension
changes. As an example, zirconia-based ceramics can
be mentioned: the shrinkage at the conversion to final
ceramics step can exceed 10-12% here. Regretfully, this
shrinkage can not be adequately computed till now; the
attempts to manufacture a “green detail” with the shape
providing therequired geometry of thefinal ceramic prod-
uct are successful for smple units shape only. At that,
final laborious and expensive diamond cutting is usu-
aly necessary. The basic advantage of additive tech-

nologies is the possibility to manufacture units with
complex internal geometry (e.g., heat exchangers for
ceramic microturbines characterized by the devel oped
network of internal spiral channels); surely the problem
of exact final product geometry is akey one here since
no final mechanical treatment is possible for internal
surfaces.

(iv) High porosity of the final ceramics preventing
itsusage under high temperature/chemically aggressive
ambience conditionswhere the preferences of ceramics
over all other materialsare evident. Generally, ceramics
is a porous material, even in case of vacuum tight ce-
ramics, its density is ~ 97% of the theoretical one. The
porosity providing 85-90% of the theoretical density is
considered as a good result for ceramics manufactured
within the conventional approaches. In case of additive
technologies application, this problem evidently mani-
festsitself since the approach is based on surface bind-
ing (partial melting that involves a selected number of
surface layers) instead of the whole bulk melting. On
the other hand, the engineering requirements stated for
the final ceramic products intend the minimal porosity
level.

Thus, summarizing the specific requirementsfor AT
process of ceramic units manufacturing, one can con-
cludethat they originate from the nature of the material;
hence, technical decision successfully used in metal
units production can not be used here. A number of
approachesfor AT ceramic units production is now de-
veloped, let us briefly describe them.

The very first one suggested was based on the prin-
ciple similar to polymer units production and implied
the use of someliquid-phase raw material hardened un-
der laser impact, in case of ceramicssuch araw material
was a slurry. This approach was developed in
LaserApplicationCenter (LAC) of Technische
Universitédt Clausthal, one can found some results of its
applicationin, e.g., [3,4]. In some sense, this approach
can be considered as being an analogue of the tradi-
tional pottery. The general idea here is the evaporation
of aliquid fraction from the durry under the laser heat-
ing coupled with some material baking; theresultisthe
formation of a solid ceramic unit. This approach pos-
sesses a number of obvious advantages: its technique
is comparatively simple, laser power required here is
fairly low, whilethesintering rateisrather high. In addi-
tion, raw materials are very cheap. So, the above dis-
cussed problems dealing with the requirementsto laser
system and raw material density are solved here. Re-
gretfully, the durry-based approach results in a great
shrinkage at the step of the “green detail” conversion
into thefina ceramic product: the deviation of thelinear
dimensions here usually exceeds 10%. Obviously, the
optimization of the slurry composition will result in the
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decrease in such a deviation down to 5-7%; however,
this value is still fairly high. Another drawback of the
approach is a significant porosity of the final ceramics;
asaresult, the mechanical strength of the manufactured
ceramics is usualy rather low. So, the discussed tech-
nology can be considered as a cheap and fast possibil-
ity to produce simple shape ceramic units that will be
exploited at low temperatures and mechanical impacts.
The idea of the second approach is to use some
organic-inorganic binder to fasten the layers of the raw
material particles; see “3DSystems” patent [5], the re-
view by Thierry Chartier et al. [6], and some references
therein[7-9]. Ceramic powder withtherequired particle
size distribution is used as a raw material here; each
particleiscovered by an ultrathin layer of some organic-
inorganic (e.g. resin-silica binder) compound acting as
some glue. Under the proper impact (in our case, at laser
beam irradiation), this glue hardens and connects these
particles. This approach possesses a number of advan-
tages. First, the basic task of the laser system hereisthe
binding irradiation; hence, rather simple laser systems
with areasonable laser power can be used. Second, the
use of organic-containing binder partially solves the
problemswith araw powder density; it should be noted
that it al so makes possible some decreasein the powder
particle size. In addition, awide variety of the ceramic
powders can be used as raw materials. However, the
most important result here is the possibility to avoid
shrinkage; indeed, no phasetransformation (partial melt-
ing of a number of surface layers) takes place, so, the
geometry deviations are limited by negligible changes
in the thin binding layer thickness dimensions. On the
other hand, the presence of organicsin the final prod-
uct restricts the temperature range of the final product
exploitation as well as the chemical resistivity of the
product. This problem is usually solved by high tem-
perature exposure resulting in almost complete burning
of the organic phase and chemical interactions of the
binder’s inorganic phase with the initial ceramics matrix.
However, the general problem here isthe binding layer
thickness: the use of ultrathin binding layers givesrise
to low mechanical properties of the material, while the
roughening of these binding layers results in signifi-
cant changes in the unit geometry due to shrinkage/
oxidation processes during the binder melting, the po-
rosity of the final product also increases. Summarizing
the above consideration, one can conclude the dis-
cussed approach as being very perspective, however,
the porosity of the final product is still a problem here.
The direct laser melting was tested by W. Meinors
and Y.-C. Hagedorn in Fraunhofer Institute for Laser
Technology, seee.g. [10,11]. Thisapproachisbased on
theincreaseinthelaser heating power leading to partial
melting of the surface of ceramic powder particleduring

the process. Generaly, this technique can provide the
necessary strength and heat resistance of the ceramic
units produced; but it also faces some principle prob-
lems. Let us mention anumber of them. First, the com-
plex laser system with high power lasers is necessary
here. At that, the specific features of the selective layer
melting do not provide proper heating/cooling condi-
tions that can eliminate thermal stress defects appear-
ing during the melting process; these stresses are nec-
essarily inherited by the bulk of the synthesized unit. It
turn, thisfact givesriseto inevitable cracking inthe unit
bulk leading to its partial or even complete destruction.
Second, particle dimensions are drastically changed
during the surface melting; as a result, the significant
shrinkage takes place making impossible the produc-
tion of the ceramic units with exact required geometry.
On the other hand, the use of partia particles melting
provideslow porosity of thefinal products. So, thedis-
cussed seemsto berather effectivein terms of porosity;
however, some serious problems prevent itswide appli-
cation at the moment.

An dternative approach was suggested by V. G.
Konakov andA.V. Soudarev, see, e.g. [12,13]. A general
ideaof this pathway can be described asfollows. metal-
ceramic composition based onAl-SiC-B-BN (In,Ga) sys-
temisused asaraw material (see[14] for more detail).
This metal-ceramic powder is mechanically activated;
laser impact applied during AT process givesriseto the
onset of alumothermal reactions. In doing so, a “green”
metal-ceramic unit is produced, it possesses mechani-
cal properties enough for further mechanical pre-treat-
ment (usual metalworking machineswith carbide-tipped
tools can be used here). At the next step, “green” metal
ceramicsis converted into final ceramics through high
temperature oxidation/nitridization. The principlefeature
of thisstep isthe maintaining of the unit geometry within
+0.3% limit, i.e. no shrinkage occursduring metal ceram-
icsto fina ceramics conversion, see [15-17] for more
detail. The discussed approach provides an opportu-
nity to solve most of the above mentioned problems
typical for AT processes of ceramics production: laser-
induced reactions overcomethe limitations dealing with
laser equipment; technical problemswith raw materials
dendity are solved by metal -ceramics usage; non-shrink-
able metal-ceramics to ceramics conversion provides
proper final unit geometry. However, the porosity prob-
lemwas not till resolved within the use of this method.
This statement can beillustrated by the X-ray tomogra-
phy [18] data, it wasused toinvestigate thefinal ceram-
ics porosity in [19], rather high porosity level of ~ 30
vol.% was shown.

Thus, summarizing the application of AT technolo-
gies to the ceramic units production, we can state that
the porosity of the final product is one of the basic
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Fig. 1. (a) Photos of the parts of ceramic microturbine manufactured by AT, typical linear dimensions of theunitsare
3-5 cm; (b) SEM data on ceramics microstructure. Reprinted with permission from J. Timonen, M. Myllys, V. G.
Konakov, A. V. Soudarev and |. Yu. Archakov, Structure of a ceramic material developed by laser prototyping

techniques, Reviews on Advanced Materials Sciencevol 29 (2011) pp 175-179.

problems for all technique modifications; so, thereisa
real need in the approaches bridging this gap. One of
such approaches will be considered below.

2. CHEMICAL IMPREGNATION ASA
PERSPECTIVE APPROACH TO
DECREASE THE POROSITY OF THE
CERAMIC UNITSMANFACTURED
BY ADDITIVE TECHNOLOGY

The approach based on the chemical impregnation tech-
nigue was developed to decrease the material porosity.
It has been shown that it provides a possibility to mini-
mize material porosity and to increase the mechanical
properties of the AT produced ceramic unitsin awide
temperature range from room temperature (RT) up to
working temperature of ceramic microturbines [20] -
1100°C.

2.1. Details of Ceramic Units
Manufacturing, | mpregnation
Procedure, and M easur ement
Technique

As it was mentioned in Introduction section, Selective
Laser Méelting (SLM) was used to produce metal-ceram-

ics (“green-detail”) from the raw metal-ceramic powder
composition based onAl-SiC-B-BN (In,Ga) system, the
details of theapproach could befoundin[12-17]. Inthis
work, we’ve tested the ceramic units produced using
Phenix PM-100 device modified for metal-ceramic raw
materials, somerevisionsin powder aligning/compact-
ing and surface leveling unit wereintroduced in the de-
vice, the most important revision was the change of
metal bladeto ceramicroller.

The procedure of chemical impregnation wasasfol-
lows: porous material was impregnated by
tetraethoxysilane and subjected to alkaline hydrolysis
by 1M ammonia aqueous solution for 10 hours. As a
result, SiO, gel wasformed inthe ceramic unit pores. At
the next step, the ceramics was dried at room tempera-
ture for 12 hours. It should be noted that the resulting
silicagel structure is generally sponge-like. Following
[21-23], alkaline hydrolysis was chosen since the dura-
tion of the process (see data on equilibrium constants
in Refs. [21-23]) here was rather long; in turn, this re-
sulted in the complete poresfilling.

Thedried ceramicswastreated by the mixture of 1M
AI(NO,)./IM Mg(NO,), aqueous sol utionsfor 20 hours
(obviously, the process duration depends on the thick-
ness of ceramic unit, the time mentioned was used to
provideimpregnation of ceramic microturbine partswith
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typical linear dimensionsof 3-5 cm). Al/Mg-impregnated
unitsweredried at 100-110 °C for 24 hours, asaresult,
the sponge-like gel structure transformed into a globu-
lar one. Thefinal treatment step was the high-tempera-
ture calcinations at 950 °C for 12 hours providing
alumosilicate (~2Al,0,2MgO5S O,) formation with the
structure similar to cordierite one.

A set of approaches was used to investigate the
material properties. Pore size analysis was carried out
using Nova 1200e (Quantachrome). The materia poros-
ity was calculated from the results of hydrostatic weigh-
ing. Thedetails of X-ray tomography (XradiaMicroCT-
400 , E__ = 40 keV) were reported in [19]. Gel and
cordierite microstructures were characterized using op-
tical microscopy (OM, METAM, LOMO) and scanning
€lectron microscopy (SEM, ZeissSupraV-55). X-ray dif-
fraction patterns (XRD, SHIMADZU XRD-6000, Cu-Ka
at A = 1.54 A) were analyzed to clarify the structure of
alumosilicate grown in the ceramic units pores. M echani-
cal properties (ultimate bending stress) were measured
according the standard procedures via three-point
method.

2.2. Material Structure and Mechanical
Properties

Parts of ceramic microturbine manufactured by AT (la-
ser prototyping) technique are shownin Fig. 1a, Fig 1b
demonstrates SEM data on ceramics microstructure.
More information on ceramics porosity can be seen in

Y S
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Fig. 2. Material porosity characterization according to X -ray tomography data(XradiaMicroCT-400, E__ =40keV):
upper line — “side-to-side” scanning, bottom line “top — down” scanning; the scale bar is 500 pm.

Fig. 2 demonstrating data obtained by X-ray tomogra-
phy. The upper linein Fig. 2 presents typical ceramics
structures taken during “side-to-side” scanning, while
the bottom line shows typical results of “top-to-bot-
tom” scanning. Gray regions in these images are attrib-
uted to ceramics and black regions are pores. As seen
fromFig. 2, significant porosity isobserved inthe mate-
rial; generally, alimited number of big-size pores (up to
microns) presents in the material bulk. The results of
pore size analysis both from X-ray tomography and ni-
trogen adsorption (Nova 1200e) provides the integral
porosity estimate as~30%. Asit wasdiscussed in Intro-
duction Section, thisvalueis quite high for the ceramic
microturbine and thereisavital necessity to decreaseit.
Hence, the approach providing cordierite structures
possessing A-size pores seems to be quite reasonable.

Figs. 3aand 3b depict the sample surface beforeand
after the impregnation process, the structure of the
cordierite grown in the ceramic material poresis shown
inFig 3c. Theanalysisof X-ray diffraction patternsprove
that the ceramics grown in the sample pores is quite
similar to cordierite. As can be seen fromthefigure, the
effect of the surface pores curing (surface smoothing)
is evident.

Fig. 4 demonstrates the decrease in the sample po-
rosity and theincreasein the ceramicsdensity asafunc-
tion of the impregnation cycles number. As seen from
the figure, first and second impregnation inputs prevail
inthe material porosity decrease; thefirst impregnation
eliminates ~ 40% of theinitial porosity, the second one
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Fig. 3. Thephoto of the ceramic unit wall surface (optical microscopy at x125): (a) before impregnation and (b) after
impregnation; (c) cordierite structure grown in the materials pores.

is twice less effective. These two impregnation cycles
provided the porosity decrease from 30% down to 12%.
The following impregnation cycles provided porosity
decrease down to 5-7%, this value seemsto be the maxi-
mal one since additional impregnation shows negligible
results. This porosity decrease is accompanied by the
ceramics density increase from 2.1 to 2.7 g/cm®. Obvi-
ously, thedirect computation of thiseffect israther com-
plicated, but the estimates performed according [ 24] give
an opportunity to assume that the cordierite structure
growth occurred uniformly in the poresin whole sample
bulk; the effect of cordierite growth in the surface layer
only could not affect material density in such away.

Theresults of the ultimate bending tests (each meas-
urement is averaged on the results of 10 samples test)
are presented in Fig. 5 — the positive impregnation ef-
fect is evident: indeed, the porosity decrease provides
theincreasein the ceramics bending stressfrom 40 to 60
MPa, moreover, this increase is observed in the wide
temperature range up to 1100 °C.

3. CONCLUDING REMARKS

The analysis of current approaches used to fabricate
ceramic products by Additive Technologies, in particu-
lar, approaches based on the Selective Laser melting
method demonstrates that these technologies are at the
R@D step now. A number of scientific and technical
problems should be solved to provide their wide usein
industry; these problems are not caused by technol-
ogy, but aredueto the nature of the ceramic materials. A
number of these problems can be solved within the ap-
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proaches discussed; however, the final product poros-
ity decrease seemsto be common task in all of them.

Asan example of possible decision of this problem,
chemical impregnation was tested to decrease the po-
rosity in the ceramic units produced by additive tech-
nology (laser prototyping). Cordierite-like structures
were grown in the micron-sized pores of the material;
these grown ceramics possessing A-size pores uni-
formely filled the poresof theinitial material. Asaresult,
the ceramics porosity was decreased from 30%to 5-7%
and thematerial density wasincreased from2.1t02.7 ¢/
cm?. In turn, the porosity decrease and the increase in
material density resulted in significant improvement of
thematerial mechanical properties: the ultimate bending
stress was increased from 40 to 60 MPa, these values
were shown to be constant in awide temperature range
from room temperature up to 1100 °C.
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