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Abstract Three-dimensional indirect printing of flash-
setting calcium aluminate cement (CAC) was investigated.
Upon water injection into a biphasic mixture of tricalcium
aluminate (3Ca0-Al,03) and dodecacalcium heptaalumi-
nate (12Ca0-7Al1,03) (phase ratio 0.56/0.44) initially a gel
formed acting as a bonding phase which stabilizes the
printed object geometry. Post-exposure in water finally
resulted in the formation of 2Ca0O-Al,03-8H,O and
4Ca0-Al,05-19H,0 reaction phases as confirmed by SEM,
X-ray diffraction, and FTIR analyses. Reduction of porosity
by volume expansion upon hydrolysis reaction from 50%
after printing to 20% after post-treatment gave rise for an
increase of compressive strength from 5 to 20 MPa,
respectively. A bone regenerating scaffold for a micro-
vascular loop model was fabricated by 3D printing and
hydraulic reaction bonding to demonstrate the potential of
using flash-setting calcium aluminate cement powder for
biomedical ceramic applications.

Introduction

Three-dimensional printing (3DP) is an additive manufac-
turing technology used in ceramic prototype manufacturing
[1-3]. Typically, 3D printing of ceramic powder systems
involves a local solidification reaction of a binder with the
injected printing solution. Post-processing of the porous
printed parts requires removal of the binder and a
subsequent sintering process at high temperatures to
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consolidate the printed object. Anisotropic packing structure
of the bonded powder granules in the printed component
may cause a non-uniform densification. Furthermore, a high
linear shrinking of typically 15-25% may give rise for
reduced dimensional accuracy upon conversion of the
printed object into the sintered object.

The flexibility of shaping, however, makes 3DP inter-
esting for the formation of biomedical implants from syn-
thetic materials that are individually tailored to the tissue
defect [4]. Thus, for example, biocompatible bone substi-
tutes were manufactured by 3D printing from a variety
of materials including tetracalciumphosphate, tricalcium-
phosphate, hydroxyapatite, etc. [5-7]. In order to reduce
high sintering temperatures for consolidation of printed
shapes reaction bonding at ambient temperature was
applied. For example, tricalcium phosphate (TCP) powder
was reaction bonded applying diluted phosphoric acid as
printing solution, which triggered local formation of dical-
cium phosphate dihydrate under acidic conditions [8, 9].

Hydraulic cement systems may undergo hydrolysis set-
ting reactions and can serve as a bonding system for stabi-
lizing printed shapes during 3DP. A pronounced volume
increase upon hydrolysis reaction offers a high potential for
reducing the porosity and hence improving the mechani-
cal properties [10]. Calcium aluminate cements (CACs;
standard cement chemistry nomenclature: C = CaO, A =
Al,O3, H = H,0) are hydraulic setting systems which are
widely used for chemical and abrasion resistant devices,
high temperature refractories (alumina-rich CACs), and for
dental applications [11]. Furthermore, CACs were found to
be host cements to produce macro defect-free (MDF)
cements [12]. The MDF cement consists of the cement
phase, a polymer phase, and an interphase which is formed
through the reactions of the polymers and the hydration
products. MDF cements have received large attention since
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early 1980s due to the excellent mechanical properties
compared to ordinary cements [10].

In the binary system CaO-Al,O; five calcium aluminate
compounds C3A, C,A7, CA, CA,, and CAg exist. As a rule
of thumb, the reactivity of calcium aluminates increases as
CaO content increases, making C;A the most reactive
compound of these compounds. Thus, tricalcium aluminate
cement (C3A) and dodecacalcium-heptaaluminate cement
(C12A7) were found to undergo an accelerated hydrolysis
reaction (so-called flash set) with very short reaction times
of seconds. The setting kinetics may be varied by addition
of accelerators such as Li,COj3 or retarders such as citric
acid [13]. In 3DP, an aqueous binder solution is injected
from a printing head into the powder bed containing the
cement phases. Since a typical time period for printing one
layer of 50 mm x 50 mm may achieve 10 s biphasic
mixtures of C3A + C,A; offer a high potential to serve as
a reaction bonding system able to stabilize the printed
shape within reasonable processing time. Since no high
temperature treatment will be necessary for consolidation
shrinkage associated with sintering will be avoided and
components of complex shape can be processed with
excellent dimensional accuracy. Furthermore, C3A/C,A4
cements were reported to offer a high potential for bone
regeneration applications [14]. For example, bioactive
CAC was investigated for vertebral body augmentation
[15]. Bioactive cements for vertebral augmentation may
offer the advantage of providing better integration between
the material and the bone, lower curing temperatures and
no toxicological effects. The bioactivity, biocompatibility,
and resorbability of CA cement can be increased signifi-
cantly by adding C3;A and C,A [14, 16]. In this study, the
phase formation reactions of biphasic C3A/C,A; cement
compositions in the 3D printing process were investigated.
The potential for biomedical scaffold manufacturing is
demonstrated by forming a 3D bone regeneration scaffold
of complex geometrical design.

Experimental procedure
Powder processing

Biphasic mixtures of C3A and C,A5 with a mass fraction
of 1:4 (molar fraction 0.56 C;A and 0.44 C;,A5) (LDSF-
LT, Kerneos, Oberhausen, Germany, particle size
1-15 mm) were dry milled down to 25 pm in a planetary
ball mill (PM 400, Retsch GmbH, Haan, Germany) with
stainless steel balls. The average particle size was mea-
sured in the dry mode by laser-granulometric analysis
(Master Sizer 2000, Hydro2000S, Malvern Instruments,
Malvern, GB). The applied CAC cement is composed of
47.0 wt% Al,O3, 50.5 wt% CaO and minor amounts of
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0.7 wt% SiO,, 0.4 wt% MgO, 0.5 wt% Fe,O5;, and
0.15 wt% TiO,. The granulated powder formed the powder
bed for indirect 3D printing (Z-printer 310, Z Corporation,
Burlington, MA). A water—glycerol (15 wt%) binder
solution was injected through a bubble jet print head (HP
10 black, Hewlett Packard Inkjet Supplies, Amstelveen,
NL) on each individual powder layer (nozzle diameter
60 pm, resolution 450 x 300 dpi). The printing head
velocity was set to 0.006 m/s, the resolution was 200 pm.
The thickness of a single powder bed layer was set to
100 pm and a liquid/powder weight ratio of 1:3 was
applied. The printed objects (specimens as well as dem-
onstrator) were designed using a CAD-program (Solid
Edge v.15/academic, PLM Solutions, Huntsville/AL,
USA). After drying within the powder bed for 1 h at room
temperature, the printed parts were removed and cleaned
from the unbound powder by compressed air. Rectangular
samples with dimensions of (10 x 10 x 30) mm® were
printed for compressive strength measurements. One set of
samples was 3D printed without any post-treatment (CO h);
another set of samples was additionally soaked in H,O at
room temperature for 24 h (C24 h) and 72 h (C72 h).
Furthermore, a modular scaffold developed for a micro-
surgical arteria/vein loop model was printed as a demon-
stration part. The scaffold was designed to provide a high
potential for stimulation of neovascularisation during bone
regeneration [17]. The scaffold is composed of two sepa-
rate parts which after shape fitting form a scaffold with a
circular pore channel (pore channel diameter 2—-3 mm) to
host the arterio/vein loop and an open porosity in the
printed material (average pore size 19 pm) to allow
adherence of osteoblast cells. The total size of the scaffolds
was 23 mm in diameter and 12 mm in height.

Characterization

Fracture cross sections as well as polished cross sections of
the printed and soaked specimens were sputtered with gold
for SEM analyses (Quanta 200 instrument, FEI, Prague,
Czech Republic). Phase composition was analyzed by
means of X-ray powder diffraction (XRD, Kristalloflex,
Siemens D 500, Bruker AXS, Karlsruhe, Germany) using
monochromatic CuKa radiation (4 = 0.154 nm). Operating
at 30 kV and 30 mA a scan step of 1 s with a step size of
0.02°/2v over a 2v range of 5-70° was applied. Phases were
identified using ICDD catalog numbers (Cs;A: 38-1429;
CpA7: 09-0413; C4AH;o: 14-0631, C,AHg: 45-0564).
Crushed samples were mixed with KBr and pressed for
Fourier Transform Infrared Spectroscopy (FTIR, Impact
420 Nicolet Instruments, Madison, USA). The spectra were
recorded at frequencies of 4000 to 700 cm ™' with a spectral
resolution of 2 cm™'. Compressive strength was measured
using a universal testing device (Instron 4204, Instron Corp.,
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Canton/MA, USA) at a crosshead strain rate of 1 mm/min.
The samples were placed between two buffer elastomer
layers of 1 mm to ensure uniformity of surface load transfer.
Compressive strength was averaged from the failure stresses
of 20 samples. For the determination of the pore size dis-
tribution, a high-pressure mercury intrusion porosimeter
(Pascal 140, Thermo Electron, Rodano/Milan, Italy) was
used. Pores of diameters ranging from 0.1 to 100 pm were
detected. The samples were cylinders of 10 mm diameter
and 10 mm length.

Results and discussion
Hydraulic setting reaction

Hydration of CAC proceeds through dissolution of CAC
and subsequent precipitation of calcium aluminate
hydrates, which is accompanied by decrease of porosity
and increase of strength [13, 18]. After injection of water
through the print head into the powder bed the calcium
aluminate phases start to dissolve in water as calcium ions
Ca®" and aluminum hydroxide [A1(OH),] . This continues
until the saturation level is reached. The pH of the liquid
phase rises up (~12). Nucleation and precipitation of
calcium aluminate hydrate crystals occur together with
alumina hydroxide gel (AH,) or crystalline Gibbsite (AH3)

2C3A 4+ 27H — C4AH 9 + C,AHg (1)
Ci2A7 + 51H — 6C,AHg + AHj3 (2)

Dissolving, nucleation, and precipitation are an ongoing
process as long as enough water is available for dissolution
of the CAC phases. C,AHg and C4;AH;9 are meta-stable
and will eventually convert to the hydrogarnet phase
C5;AHg at elevated temperatures which is associated with a
pronounced increase of porosity because the density of
C;AHg is higher than that of C;AHg. Addition of fumed
silica, for example, was demonstrated to avoid reformation
and stabilize the primary hydrolysis products [19]. In 3D
printing process, however, the amount of injected water is
limited and the process is interrupted at an intermediate
state providing sufficient strength for specimen handling
and purification. Subsequently, the specimen is immersed
in water for various periods to complete the reactions
shown above.

Figure 1 shows the microstructure of the printed multi-
layer of samples without post-processing (CO h) and after
soaking in water for 24 h (C24 h) and 72 h (C72 h),
respectively. No delamination was observed at the inter-
faces between the individual layers. In the area where the
water was injected hydrolysis reaction took place with the
injected water acting as a weak acid on the basic cement
powder. Initially, dissolution of C5A and C;,A triggers the

formation of a Al(OH)s-gel that acts as a bonding phase
between undissolved particles [20, 21]. After soaking in
water for 24 h, formation of crystalline C;AHg and C4AH ;9
was detected by XRD. After 72 h a widespread network of
intermingling crystals has developed which fill up the pore
space and reduce total porosity. The calcium—alumohydrate
phases form crystals of platelet morphology, which are
hexagonal or pseudohexagonal, with (0001) cleavage and
may give rise for interlocking between the crystals.

Figure 2 shows the XRD pattern of printed samples. The
peaks of 3D printed CO h samples matched the spectra of
C3;A and Cj5A5. No other crystalline hydration products
were observed immediately after the initial bonding reac-
tion during the printing process. After immersion for 24 h
(C24 h) XRD revealed the presence of hydrolysis reaction
products C,AHg and C4AH as to be expected from Eqs. 1
and 2. The XRD patterns recorded from C72 h samples
show almost complete conversion of C3A to C,AHg and
C4AH,9 whereas the amount of C;,A; is reduced but still
present.

Figure 3 shows the FTIR absorption spectra. 3D printed
samples without post-processing show a broad peak at
750-900 cm™', which corresponds to the asymmetric
stretching vibration of Al-O bonds of [AlO,4]-tetrahedra in
C3A and CrA; [22, 23]. With increasing time of hydro-
lysis reaction this peak diminishes whereas OH stretching
modes of AI(OH); appear at 3380-3400 cm ! [24]. Fur-
thermore, typical absorption bands at 3600-3700 cm™'
become visible, associated to C3A/C,A; hydration prod-
ucts [23]. Additive bands at 3473, 3531, and 1022 cm ™!
are ascribed to OH stretching vibration in hydrates of
calcium aluminate cements [24, 25]. The bands at 1646 and
1380 cm ™' can be ascribed to bending vibrations of
adsorbed water [24, 26]. The intensity of the bands asso-
ciated to hydration reaction increases and confirms the
XRD and SEM analyses. The results of SEM, XRD, and IR
analyses give indication that hydrolysis initially triggers
the formation of an amorphous hydroxide gel followed by
the crystallization of hydroxide phases with prolonged
exposure to water.

The main factor influencing the strength properties of
the obtained samples was found to be their porosity.
Mercury intrusion porosimetry was used to analyze the
pore size distribution in the printed specimens, Fig. 4. The
pore system in cement-based materials consists of four
types of pores. These are: (a) gel pores, which are pores of
characteristic dimension <0.01 pm; (b) capillary pores
with average radius ranging from 0.005 to 5 pm; (c)
macropores due to deliberately entrained air; and (d)
macropores due to inadequate compaction [27]. As Fig. 4
shows, the printed sample exhibits a monomodular pore
size distribution with a major peak of macropores extend-
ing from approximately 10 to 60 um. After 24 h immersion
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CoOh

C24h

C72h

Fig. 1 Microstructure (SEM) of 3D printed CAC samples soaked in water for various periods (polished cross sections)

in water the macropore peak reduced significantly in
intensity and a broad peak of capillary pores extending
from <0.1 to 3 pm was observed. Further hydrolysis
reaction for 72 h finally resulted in the closure of pores
larger than approximately 3-5 um and a peak with a
maximum at approximately 0.4-0.5 pm dominates. Since
the gel pores, which are below 0.01 pm do not influence
the strength of the hydrolysis reaction product adversely
through its porosity those pores sizes were not measured,
although these pores are directly related to creep and
shrinkage [28]. Capillary pores and other larger pores, on
the other hand, are responsible for reduction in strength and
elasticity [29].

@ Springer

The crystallization of the calcium aluminate hydrate
phases is associated with a volume change, which for stoi-
chiometric hydrolysis reaction (Egs. 1, 2) can be expressed
by the molar volumes of species i, V;, (Table 1):

AV _ VC4AH|9 + VCzAHg - 2VC3A —

_ 2.1 3
Wen 2Weon (3)

AV — 6VC2AH8 + VAH3 — VC12A7 =1.26 (4)
VC12A7 VC12A7

Thus, hydrolysis setting reaction will cause an increase
of fractional density and a reduction of residual porosity.
The porosity in the hydrolysis reaction product, Py, may be
expressed to a first approximation as a function of the
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Fig. 2 XRD patterns recorded from samples after various soaking
periods in water
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Fig. 4 Pore size distributions of the CAC samples soaked for various
periods in water
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initial fractional green density (e.g., the packing density in
the printed body), pp*, and the specific volume changes
associated with hydrolysis reaction (expansion) and drying
(shrinkage) by

AV
Phr:”“(”ﬂ%]-)

For biphasic mixtures of C3A and C;,A; the volume
change is given by the molar fractions x; with i = C3A and
C2A7, respectively,

AV

|:70:| hr:fzxiAT‘i/i :f(xC3A2.1 + (] — XC3A)1.26) (6)

(5)
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fis a hydrolysis factor which corresponds to the printed

cement/water ratio and may vary from f = 0, no hydrolysis,

to f = 1, stoichiometric hydrolysis. In the case the printed

and reacted body undergoes shrinkage during drying

(i = sh):

[AV] =(1+e)(l+e)(1+e)—1
sh

" 7

Equation 5 is expanded with ¢,, &, and ¢, denoting the
linear shrinkages measured in the three principal directions
(measured values of &, = +0.009, &, = +0.016, ¢, =
—0.02). Figure 5 shows the reduction of residual porosity
in the printed body with ongoing hydrolysis reaction
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Table 1 Crystallographic data of CA and CAH phases

Phase Crystal structure Density (g/cm3) Molar volume (cm>/mol) References
C;A Cubic (Pa3) 3.04 88.9 [3941]
CA, Cubic (143d) 2.69 551.6 [42]
CaAHio Rhomboedric (R3¢, R3c) or hexagonal (P6522, P63/m, P6;)  1-80 317.5 [41, 43-45]
C,AHg Hexagonal (no space group reported) 1.95 183.7 [40, 46, 47]
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Fig. 5 Porosity in the 3D printed CAC samples calculated from Eq. 5
as a function of CAC composition and degree of hydrolysis. The
dashed line indicates the sample composition

proceeds during exposure in water. After 72 h an experi-
mental value of residual porosity of 20% was measured
which coincides reasonably well with the value (26%)
calculated according to Eq. 5. Further reduction of porosity
may be achieved either by increasing the packing density in
the printed body by applying powders with multimode
particle size distribution or by increasing the molar fraction
of C;A in the starting cement system.

Compressive strength

While rapid hardening behavior of calcium aluminate
cements make them candidates for new shaping processes
such as 3D printing, those cements were reported to suffer
from low strength and toughness [10]. Figure 6 shows the
compressive strength of the printed specimens after various
immersion periods in water. As the hydration process
continues more and more hydrate crystals are developed
and grow, interweaving with one another, giving strength
to the structure. Initially low compression strength of
5 + 2 MPa was measured at a porosity of approximately
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Porosity P,,

Fig. 6 Compressive strength of printed specimens measured after
various soaking (hydrolysis) periods and calculated values assuming
various defect sizes ¢ according to Eq. 8. For reference data of CAC
with CA as the major phase are shown (hatched region) [18]

52% which after 72 h exposure to water raised to 20 +
5 MPa at a reduced porosity of 20%.

Increase of compressive strength is viewed as a conse-
quence of the hydration process and decrease of porosity
and size and density of flaws [29]. Traditionally, it had
been believed that cement strength depended mainly on the
volume of pores in the material. A variety of relations
expressing the strength (flexurals strength, compression
strength) with a power law function of the porosity were
reported in literature. For example, Matusonovic et al. [18]
studied the compressive strength of CACs for porosites
ranging form 0.1-0.5. A scaling law of the type o =
oo(l — P/Po)z, where g, equals the failure stress at zero
porosity and P, denotes the porosity at zero strength (e.g.,
the porosity of the freshly prepared cement paste) were
shown to fit the experimental data well. In contrast, it was
also thought that cement behaved as a brittle material, in
which case the presence of long cracks would be most
critical [30]. Taking into account the influence of porosity
P as expressed by previous relations such as those of
Frankenstein, Feret, and Ryshkewitch, as well as the brittle
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failure due to large flaws of size ¢ inherent in the micro-
structure of the cement [31], a modified relation for the
failure stress (flexural strength) was derived [32]:

1/2

Eoloy _ pexp(—kP) (8)

e

of =

Ey and 7y, are the Young’s modulus and fracture energy,
respectively, of the dense material (P = 0) and k is a pore
geometry factor (k varies from 1 to 9 and attains approxi-
mately 5 for pores of spherical shape). As Fig. 6 shows, the
measured data points fit well to the calculated behavior
according to Eq. 8 taking reasonable values for k =5,
Ey ~ 20 GPa, y9 ~ 20 J/m?> [32], and ¢ ~ 400 um. Thus,
reduction of porosity as well as removal of large defects
from the printed cement paste are major targets to improve
the loading capacity of 3D printed hydraulic cement sys-
tems. Depending on the water to cement ratio compression
strength values for CACs ranging from 15 to 35 MPa were
measured at a total porosity of 20% which increased to a
maximum value of 80 MPa for a low porosity material with
P < 7% [18].

Strong cements can be produced by a variety of tech-
nologies—press-molding, extruding, roll-compacting, roll-
milling, etc., of cement powder—which have in common
that a high packing density and reduced flaw size is achieved
by the help of an external applied stress. In contrast, 3D
printing commonly suffers from relatively low packing
densities of the powder bed (<0.5) which is formed by the
mechanical transport process of the powder to the powder
bed. Transport and pre-densification supported by chemical
(rheology) and physical (vibration) means to achieve a
higher packing density containing smaller pores and flaws
must be a goal to be addressed in future development of 3D
printing process for hydraulic setting systems.

Bone regeneration scaffold demonstrator

Similar to HA cements which are attractive materials for
orthopedic applications because they can be molded into
shape during implantation and offer the potential of being
applied with minimally invasive techniques [33], CACs may
offer a high potential for biomedical applications. Mea-
surements of the cytotoxicity of a calcium aluminate cement
in comparison with other dental cements and resin-based
materials confirmed the potential for use in implant devices
[34]. Since setting reaction occurs at ambient temperature
loading with biofunctional additives sensitive to thermal
degeneration offers a versatile route for functionalization of
porous scaffolds. Since hydraulic setting consolidation does
not require high temperatures, biofunctional additives, such
as protein-based growth factors or antibiotics may be
incorporated in the printed scaffolds during the printing

“710 mm

Fig. 7 Bone regeneration scaffold CAD design (leff) and printed
scaffold (right) for micro-surgical arterio-vein loop model according
to Kumar and Bhattacharjee [38]

process [35-37]. Calorimetric measurements revealed a
reduction of heat release from 323 to 205 J/g using a water—
glycerol (15 wt%) binder solution instead of pure water
during 3D printing. Furthermore, no temperature change
could be detected experimentally during post-treatment in
water when the gel converts to C;AHg and C4AH 0.

Figure 7 shows a bone regeneration scaffold developed
for bone reconstructive surgery. The macroscopic design of
the modular scaffold offers suitable geometrical conditions
for the preparation of an arterio-venous loop prepared to
trigger vascularisation as described elsewhere [17, 38]. The
arterio-venous loop (AV loop) model is gaining importance
as a means of initiating and sustaining perfusion in tissue
engineering constructs in vivo. An anisotropic linear
dimensional change was observed with in-plane directions
showing a small expansion with &, = +0.9% and ¢, =
+1.6% whereas a small shrinkage was found in the
direction perpendicular to the printed planes (¢, = —2%).

Conclusions

Calcium aluminate cements offer a high potential of being
used in 3D printing of objects consolidated by a rapid
hydrolysis reaction. Tailoring the porosity is a key factor to
improve the mechanical properties of the printed object.
Since the outer dimensions of a printed object only slightly
change upon hardening reaction selective volume expan-
sions associated with the hydrolysis of the aluminate
cement phases gives rise for a reduction of porosity. With
increasing void filling by hydration products, i.e., increas-
ing density of the microstructure and refinement of the pore
structure of the matrix, there is also an increase in the
compression strength. Thus, flash setting CAC cement
systems might offer novel applications for printable
ceramics which do not require high temperature sintering
for consolidation as demonstrated by 3D printing of a bone
regeneration scaffold of complex geometry.
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