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Abstract. In this study, we investigated the influence of commercial sodium ni-
trate/thiocyanate accelerator compared to calcium sulfoaluminate cement addi-
tion on setting time, rheology and reaction kinetics of ultra-low clinker compo-
site cement for extrusion-based 3D printing application. CEM I 52.5 N and a
ternary composite cement with 70% clinker replaced by slag and limestone
were evaluated. Results indicate that final setting time of 30 minutes and build-
able yield stresses can be attained with less than 5% addition of calcium sul-
foaluminate, with ettringite and C-(A)-S-H as main reaction products. This
demonstrates the synergy between slag and calcium sulfoaluminate cements can
be harnessed to control rheology and hardening. This is significance for evi-
dencing suitability of ultra-low clinker composite cements for extrusion-based
3DCP, thus helping to fulfil its wider potential as a low-carbon concrete tech-
nology.

Keywords: 3D printing, low-carbon cements, admixtures, setting time, early
age properties.

1 Introduction

The potential of 3DCP to revolutionize the construction industry is enormous. Despite
this, application of the 3DCP by the construction industry is limited [1, 2]. Fabrication
by extruding fast setting cementitious formulations is one of the most investigated
3DCP techniques [1, 3]. The technique successively deposits layers of fresh cementi-
tious material, often mortars. These mixtures must be sufficiently workable for extru-
sion, and retain its shape upon deposition whilst undergoing rapid structuration and
strength development to support subsequent layers without weakening the inter-layer
bond strength [2, 3]. Such demanding characteristics of 3DCP cannot be achieved
with conventional concrete mix design.

Mix design is a critical consideration of extrusion-based 3DCP. It controls the rhe-
ological properties which in turn determine extrudability, buildability and structu-
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ration [4]. These are characterized in terms of static and dynamic yield stresses, thix-
otropy, setting time and strength evolution in the extruded material. Several paramet-
ric studies exploring relationships between constituent materials, proportioning and
rheology have been reported [4-6] and reviewed in [7]. For example, Rahul et al. [5]
investigated the effect of plasticizer dosage and viscosity modifying agents (VMA) on
Portland composite cements and found that printable mixes had yield stresses ranging
between 1.5 — 2.5kPa. Chaves et al. [8] evaluated similar parameters on limestone
ternary GGBS or PFA cements. Yield stresses comparable to [5] were reported for
printable mixes, but these increased proportionately as the VMA and inversely as
plasticizer and SCM content. Yuan et al. [9] found significantly lower static yield
stresses and structuration in mixes containing GGBS and PFA compared to VMAs
such as nanoclay, carbonate or silica. These highlight fundamental challenges around
mix design for 3DCP, i.e. overreliance on Portland cement and high cement content in
mortars (typically>800 kg/m?). One way to reduce the clinker factor is to use SCMs.
However, these hydrate slowly, requiring some of acceleration to be suitable for 3D
printing. The potential use of calcium aluminate and calcium sulfoaluminate cements
as accelerators for regulating setting have been suggested elsewhere [10, 11] but have
received limited attention in the literature.

In this study, it is investigated the feasibility of using calcium sulfoaluminate ce-
ment as an accelerator in high SCM composite cement designed for digital fabrication
applications. Results are compared to those of systems produced with commercial
sodium nitrate/thiocyanate accelerators.

2 Materials and Methods

2.1 Materials

Two cementitious systems, CEM I 52.5 N and ternary limestone-slag composite ce-
ment containing 70% OPC replacement, designated as C and CSL were used in this
study. Commercial sodium nitrate/thiocyanate (designated Rp) or calcium sulfoalu-
minate cement was used as accelerator. Composition and particle size distribution
(PSD) of the cementitious materials as determined by X-ray fluorescence (XRF) and
laser difractometry are shown in Table 1 and Fig 1 respectively.

Table 1. Oxides composition of cement constituent materials as determined by XRF.

Constituent SiO2  ALO3; CaO FexO3 MgO NaO KoO SOs  LOI*

CEMI(C) 194 5.1 649 3.1 1.1 0.1 0.6 3.1 1.9
Slag (S) 349 11.6 41.8 05 5.8 0.1 0.5 3.1 1.5
Limestone (L) 2.0 0.8 531 03 0.6 - 0.1 0.1 423
Anhydrite 2.1 0.6 382 02 1.5 - 0.2 523 37
(Anhy)

*Loss on ignition (LOI) obtained as mass loss up to 950°C.
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Pastes and mortar samples were made at 0.4 water to binder (w/b) ratio and 0.3%
plasticizer content. A vortex mixer was used to prepare 9g paste samples for calo-
rimetry. A planetary mixer was used to mix samples for setting, rheology and strength
testing based on modified EN 196-1 procedure. The mortar samples were made with
1:2 binder:sand ratio. The plasticizer was added to the mixing water about 5 minutes
before preparing the paste or mortar mix.

Table 2. Composition of investigated mixes per 100g of paste.

Mix ID CEMI GGBS Anhydrite Accelerator  Plasticizer w/b
C 100 - - - 0.3 0.4
C-Rp 100 - - 35" 0.3 0.4
CSL 30 535 3.5 - 0.3 04
CSL-Rp 30 535 35 35" 0.3 0.4
CSL-Es 30 535 3.5 3.5 0.3 04

Note: * is SikaRapid-1 accelerator and ' is calcium sulfoaluminate cement

The liquid accelerator or calcium sulfoaluminate powder was added to the plain
mortar and mixed at high shear for 30s before the measurements. Flow table and vis-
cometry were measured on independently prepared samples; the measurement per-
formed within 5 minutes after the high shear mixing. Flow table was measured using
an automatic jolter conforming to EN1015-3. Photographs were taken after removing
the mould and after 15 jolts. A HAAKE viscometer 1Q apparatus was used for rheol-
ogy measurement. After placing into the 60mm diameter test container, the shear rate
was linearly increased from 0.1 to 100s! in 100s and held for 5 seconds. Subsequent-
ly, the rate was decreased to 0.1s!' in 100s. Static yield stress was taken as the peak
stress in the shear stress versus shear rate plot whilst the Bingham model was fitted to
the stabilized portion of the curve, the intercept taken as dynamic yield stress [9, 12].

Setting time was measured with an Automatic Vicat apparatus according to a mod-
ified EN 196-3 procedure but at 0.4 W/b ratio from the point of adding the accelera-
tor.
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3 Results and discussion

Flowability and shape retention are important parameters that govern printability of
cementitious materials. The flow table test indirectly evaluates these and have been
used elsewhere to assess buildability [7]. Fig 2 shows representative photographs of
the fresh mortars immediately after removing the conical moulds (i.e. 0 jolts) and
after 15 jolts. With the commercial accelerator, the CEM I mortar (C-Rp) retained its
shape upon removal of the cone and deformed minimally after 15 jolts. For the lime-
stone ternary blend (CSL), addition of both accelerators improved the initial shape
retention compared to the plain ternary cement mortar i.e. without the added accelera-
tor. Despite improved shape retention, significant spread was noticed upon jolting
when the commercial accelerator was added (i.e. CSL-Rp).

Conversely, with the sulfoaluminate cement addition, shape retention before and
after jolting was comparable to the reference C-Rp mortar.

C-Rp CSL-Rp CSL-Es

0jolt

After 15 jolts

Ts(Pa) 1370 100 550 2520
Tp(Pa) 53.2 18.3 354 58.5

Figure 2. Photograph of flow table test showing the influence of cement and accelera-
tor types on flowability; and yield stresses of investigated mortars.

Also summarized in Fig 2 are the rheological parameters, characterized in terms of
the static (ts) and dynamic (tp) yield stresses. One must note that lower dynamic
yield stresses are requisite for extrudability, but higher static yield stresses facilitate
buildability. Without the added accelerator, lower static and dynamic yield stresses
were observed in the plain and ternary mortars, both of which increased with the
commercial accelerator but to a lesser extent in the composite cement than CEM 1.
For the ternary cement, flow resistance was greater in the calcium sulfoaluminate mix
than the commercial accelerator. An inverse relationship between yield stresses and
flowability is well established. The observed dynamic yield stresses are within the
ranges reported in Yuan et al. [9] but an order of magnitude lower than [5], potential-
ly due to lower w/b ratios and fibre inclusions in the latter [10]. Meanwhile, the sul-
foaluminate cement improved the dynamic yield stress to comparable level as the
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reference (C-Rp) but the static yield stress was higher. Based on the static yield stress
ranges for printability suggested in [5], mixes C-Rp and CSL-Es can be considered
buildable through extrusion-based printing.

Isothermal calorimetry (Fig 3) gives insight into kinetic factors controlling structu-
ration. Compared to the ternary cement, more heat was generated in the CEM I pastes,
implying faster structuration. The commercial accelerator shortened the dormant peri-
od in the CEM I (i.e. C-Rp), but the silicate reaction rate was comparable to the plain
cement mix, C. This suggests the accelerator did not modify the silicate reaction rate
significantly. However, the aluminate reaction shoulder was not seen, suggesting that
its reaction plausibly preceded the silicate reaction, thus explaining the shortened
dormant period. Meanwhile, the commercial accelerator did not alter onset of the
silicate peak in CSL-Rp, but accelerated aluminate reactions. The sulfoaluminate
cement however accelerated silicate and aluminate peaks in CSL-Es profoundly to a
comparable extent to that of calcium aluminate cement on OPC, as reported in [11].
Irrespective of the cement, accelerated hydration led to lower cumulative heat at 48
hours, suggesting that overall hydration would be lower in the accelerated mixes.
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Figure 3 Effect of cement and accelerator type Figure 4 Effect of cement and
on heat of reaction and cumulative heat (insert)  accelerator type on setting time

Setting time provides further indication of microstructure development at early age
and approximately defines the open-time during extrusion [3, 4]. The results in Fig 4
confirm faster structure build-up in both cements when an accelerator (e.g. commer-
cial of sulfoaluminate cement) was added in the mix. The calcium sulfoaluminate-
based accelerator enhanced structuration in the ternary cement more effectively than
the commercial nitrate/thiocyanate accelerator.

Concluding remarks

The rheology, kinetics of hydration and setting time results showed that the commer-
cial sodium nitrate/thiocyanate accelerator was effective in CEM I mortar, but less
effective in the ternary cement mortar. In contrast, a calcium sulfoaluminate cement is
a highly effective accelerator for the ternary cement mortar. These results imply that
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small additions of calcium sulfoaluminate makes it possible to achieve printable mor-
tars with ultra-low clinker composite cements. Further work on controlling setting
time in the sulfoaluminate-ternary systems are ongoing.
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