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Effect of ground copper slag on 
the fresh properties of 3d printed 
cementitious composites
Martyna Nieświec1, Adrian Chajec1 & Branko Šavija2

3D printing is becoming increasingly popular in the construction sector. 3D printing offers the potential 
to reduce costs, construction time and construction waste. However, due to its high cement content, 
3D printable concrete more expensive to produce. The article includes a brief literature survey on the 
possibility of using cement and aggregate substitutes in concrete mixtures and their impact on fresh 
composite properties and identifies a research gap. Herein, we propose the use of waste copper slag 
as a replacement for cement in 3D printable concrete. We examine the effect of replacing cement with 
copper slag at 5 and 10% on fresh properties of cementitious mortar. The results show that copper 
slag improves the workability of the mixture and lowers the design yield strength up to 44%, thereby 
facilitating printing. Even 30% higher fresh compressive strengths were also obtained, which suggest 
that the buildability of mortars containing copper slag will be improved.

Keywords  3D printable mortar, Copper slag, Sustainability, Fresh state compressive strength, Workability, 
Slug test

As concrete is the most widely used building material, the construction industry is being forced to develop and 
adopt more efficient and sustainable strategies of development and technologies to meet social, environmental 
and economic needs. A hopeful solution is 3D printing technology. Although 3D printable concrete is not yet 
very popular, it can be a very good economical and sustainable construction solution. 3D concrete printing 
allows the mixture to be laid in layers, without the use of formwork, with a high degree of accuracy. Its advantages 
include manufacturing speed and freedom of design. On the other hand, the challenge is to properly adjust the 
ingredients to achieve the right rheological properties and shrinkage of the hardened composite due to its high 
cement content. A major difference compared to cast concrete is that 3D printing concrete exhibits significant 
anisotropy: its mechanical properties depend on the direction of loading with respect to the arrangement of 
printed layers1. Furthermore, 3D printable concretes typically contain higher amounts of cement compared to 
cast concrete and require access to expensive equipment2. Before the technology can reach its full potential in 
the construction industry, gaps in research, cost analysis, socio-economic impact and lack of regulations must 
be filled3.

3D concrete printing has been shown to have many benefits. Batikha et al.4 compared the construction 
duration, cost and CO2 emissions of constructing a two-story building using 3D printable concrete, prefabricated 
modular construction, monolithic reinforced concrete construction, cold-formed steel and hot-rolled steel. 
Making a structure from modular prefabricated construction takes the shortest construction duration but it is 
characterized by about 30% higher construction weight. This research shows that 3d printable concrete is the most 
sustainable solution next to cold-formed steel. It is characterized by lower cost and CO2 emissions compared to 
other solutions. Similar conclusions were reached by Weng et al.5 who compared the cost, environmental impact 
and productivity of making a bathroom set with dimensions of 1.62 × 1.5 × 2.80 (length, width, height) meters 
using 3D printing and precast techniques. Material consumption, electricity expenditure, labor cost/efficiency 
and installation cycle were compared. The results show that the 3D printable component provides a reduction in 
total cost by more than 20%, and a reduction of CO2 emissions and electricity consumption by more than 80%. 
It also allows the component to be made with lower weight. Paul et al.6 found that about half of construction 
costs are formwork costs, which are minimized using 3D printing technology. Since there is no need to prepare 
the formwork, construction time is also reduced.

Despite the many demonstrated benefits, one of the main drawbacks of 3D printing is the high binder 
content, which is up to twice that of conventional concrete7. Good material selection is an important parameter 
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to obtaining the desired print parameters and the finished composite. The choice of aggregate depends largely 
on the characteristics of the printer used. If the nozzle is small, it is not possible to use coarse aggregate. Various 
chemical admixtures are used to ensure that the mixture is printable, including admixtures that reduce the 
amount of water, modify viscosity, air content and admixtures that control the setting time8. Comparison of the 
composition of mixtures of different types and 3D printable concrete is shown in Fig. 1.

In addition to the higher amount of binder, a much lower w/b ratio is evident, especially in comparison to 
self-compacting and conventional concrete. With such a large difference in the amount of binder, replacing 
cement with more sustainable alternatives is crucial for reducing the environmental impact of 3D printable 
concrete.

In concretes for 3D printing, the rheology of the mixture is crucial. Concrete suitable for 3D printing is often 
characterized by the Bingham model13 (see Eq. (1)), according to which the shear stress (τ) is closely related to 
the yield stress ( τ 0), plastic viscosity (µ) and shear rate (γ).

	 τ = τ 0 + µ � (1)

Three-dimensionally printed concrete flows when a certain shear stress is applied to it. Static flow stress is the 
peak shear stress required to initiate flow in static concrete. Dynamic flow stress is the shear stress required to 
maintain flow14. Over time, the static flow stress of a fresh concrete mixture increases due to intermolecular 
interaction and the initiation of cement hydration, a process called structuration15. Dynamic yield strength and 
plastic viscosity affect the pumping and extrusion stages of concrete, while static yield strength, thixotropy and 
rate of structuring define shape retention and buildability after extrusion16.

Fig. 1.  Advantages and disadvantages of 3D printing [image generated from canva.com (free license), graph 
created in MS Excel for Microsoft 365 MSO version 2501 compilation 16.0.18429.20132 by Martyna Nieświec 
(the academic license of the Wroclaw University of Science and Technology, license ID: EWW_91b69d94-
d411-414f-be6e-34e2cd09b08b_4a5b0442d0746fa702)]
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Reducing CO2 emissions related to concrete production is important for society. One solution is to use a 
variety of waste materials as replacements for cement. In the Polish industry, it is worth focusing on the utilization 
of copper slag, of which as many as one million tons are produced annually in Poland alone. Poland is among 
the top copper-producing countries and has extensive resources of copper slag. For this reason, Polish scientists 
should focus on developing the field of research using post-copper slag.

The use of copper slag in cement composites has been studied for years. Manjunatha et al.17 observed that it 
can be used as a replacement for sand in concrete up to 60% without affecting the properties of fresh concrete and 
hardened composites. Gopalakrishnan et al.18 replaced cement with slag and got an improvement in properties 
of up to 30% replacement.

Copper slag consists mainly of Fe2O3 and SiO2. We can also note the high SiO2 content in fly ash, which 
according to the literature is the most common replacement for cement in concrete for 3D printing, and blast 
furnace slag (Table 1). It has significantly less CaO than other materials however the amount of Al2O3 is similar 
to cement. The significant amount of Fe2O3 distinguishes it from other materials, making it a material with high 
hardness.

It is worth noting that, to the best of the authors’ knowledge, the replacement of cement with copper slag 
in 3D printing compounds has not been studied. There are some isolated works in which fine aggregate is 
substituted, however, there is a lack of works on the topics covered in the articles. The authors of this paper claim 
that the use copper slag in 3D printing compounds can positively affect their properties, and most importantly, 
the environmental and economic aspects. To verify this, a flow table test and unconfined uniaxial compression 
test of cementitious mortars with copper slag were performed. Further research into the use of copper slag in 3D 
printing will help fill the research gap and may be useful not only in environmental terms but also in improving 
the properties of the mixture.

Designing a concrete mix for printing is an iterative process verified by the printing process. Printable 
concrete mixes typically have low dynamic yield strength for good extrusion, but have high thixotropic behavior 
after extrusion, increasing the static yield strength, allowing the concrete to hold its own weight and the weight 
of subsequent printed layers9. In addition to choosing the right materials, printing parameters such as printing 
speed and nozzle width are important. The amount of extruded material and the width of the print line depend 
on the printing speed, so for a given nozzle width, it is necessary to find the optimal speed that does not cause 
cracks in the material and creates a good suitable print path22. The shape of the nozzles affects printability and 
the shape and fluidity of the mixture. For nozzles with a round shape, the penetration rate increases slightly. The 
reason for this is the lower flatness of the previous layer, which is arranged as a concave shape23.

Due to the large amount of cement, supplementary cementitious materials are used. Among the most 
popular are fly ash, metakaolin and silica fume24. Table 2 collects and shows the impact of several of the most 
used cement substitutes. The impact of a single ingredient is listed, although many are often used at once to 
improve properties.

A review of the literature shows that supplementary cementitious materials, such as for example fly ash 
or metakaolin, are widely used to design compounds for 3D printing. Including them improves or does not 
significantly deteriorate their properties.

Among the brief literature search performed, no copper slag was found as a supplementary cementitious 
material. Ma et al.41 replaced fine aggregated up to 50% with copper tailing. An increase in flowability and a 
decrease in buildability were observed as the degree of replacement increased. The optimal replacement was 
found to be 30%. Similar conclusions were reached using copper slag in conventional concretes. Li et al.42 
replaced aggregate entirely with iron and copper waste. A material with good workability, fluidity and controlled 
setting time was obtained, allowing 3D printing. In addition, radioactivity and toxicity were tested and the 
material was found to be safe for human use.

From the research described above, the use of 3D printing in the construction sector shows promise. The main 
CO2 emissions come from cement production, and the cost comes from the use of cement and the 3D-printer. 
For this reason, it is important to find a waste material that can be used to partially replace cement and further 
reduce the cost and CO2 emissions compared to conventional concrete. Replacing even a few percent of cement 
could be crucial not only for the properties of composites, but also for CO2 emissions, especially if 3D printing 
becomes widespread in the industry.

The use of copper slag in cement composites has already been studied in many publications43. The present 
work indicates its new application in mixtures for 3D printing. Such a solution has not been analyzed so far, so 

Copper slag
19 Blast furnace slag 20

Fly ash
21 CEM I 42.5 R (used in this study)

SiO2 30.53 38.07 41.94 18.3

Al2O3 2.80 11.82 33.27 4.7

Fe2O3/FeO 57.82 0.44 10.22 2.8

CaO 1.60 38.28 5.78 67.2

MgO 1.48 5.93 - 2.5

SO3 1.59 1.88 5.48 2.6

K2O 0.71 0.69 1.05 1.8

Others Up to 100%

Table 1.  Chemical composition of copper slag and different materials.
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the article is a valuable source of information. Research on the use of copper slag as a replacement for cement in 
cement composites fills a huge research gap.

Materials and methods
Materials and mixes
The reference mortars were designed as mix of Portland cement CEM I 42,5R (Odra S.A., Poland), quartz sand 
(AXTON, Poland, dmax=2 mm) and tap water. The superplasticizer was used in all tested mixes to reduce needed 
amount of water (ATLAS Sp. z o. o., Poland).

Copper slag from a Polish copper mine was used in the study as replacement of cement. Before use, the 
copper slag was ground (Fig. 2) for 1 h in a ball mill. Longer grinding does not significantly improve grain 
size and uses more electricity. Grinding efficiency (E) was defined as the ratio of particles under 0.25 mm to 
electricity consumption (Fig. 3a). Steel balls with diameters of 2 and 4 cm were used as grinding media. The ratio 
of steel balls to copper slag was 1:1 by volume and mill was filled of 30% without grinding accelerators based on 
the literature44. After grinding, the copper slag was sieved, rejecting particles above 0.25 mm (Fig. 3b).

To check the reactivity of the copper slag, the R3 test was performed as recommended by RILEM45. A paste 
was made with 10 g of copper slag, 30 g of calcium hydroxide, 5 g of calcium carbonate and 54 g of potassium 
solution. The paste samples were cured for 7 days in containers at 40 °C. Then the samples were crushed, sieved 
through a 2 mm sieve and dried again for 24 h. The dried samples were dehydrated at 350 °C and the bound 
water was calculated according to Eq. (2), where wo is the total mass of dried paste and laboratory pot, wh is the 
total mass of the hydrated paste and laboratory pot and wc is the total mass of the empty laboratory pot.

Supplementary
cementitious  

materials 
(SCM) 

Effect References 

Fly ash 

Cement replacement results in the ability to achieve the

desired flow and workability while maintaining 

adequate strength properties. Fly ash can help reduce

shrinkage. 

[26], [27], 

[28], [29], 

[30]. 

Silica fume 

The addition of silica fume increased the stiffness of the

mixtures and the rate of strength development.

Improved also the yield stress and maintained the

desired viscosity of the concrete mix. Replacing cement

with up to 16% silica fume in 3D printing foam concrete

resulted in an increase in density, yield strength,

viscosity and buildability of the mixture. 

[26], [31], 

[32], [33] 

Metakaolin 

Use of metakaolin improves thixotropy and shape

stability but worsens workability and setting time. An

increase in static yield strength were also observed. The 

use of MTK did not change the strengths 

[34], [35], 

[36], [37] 

Limestone  

powder 

The inclusion of limestone powder reduces liquidity

loss and yield stress and worsens the buildability. 

Increasing LP content results in an increased

extrudability and a decrease in buildability. 

[38], [39] 

Nano silica 
The addition of nanosilica improves yield stress,

thixotropy and buildability but worsen setting time. 
[40], [41.] 

Copper slag NO DATA NO DATA 

Table 2.  The effect of replacing cement with popular supplementary cementitious materials on the fresh 
properties of 3D printable mixtures.
*ScienceDirect ,3D printed concrete + SCM” in title, abstract or keyword, date: 16.09.2024.
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H2Obound,dried = w0 − wh

w0 − wc

(
g

100 g dried paste

)
� (2)

As a reference for evaluating and interpreting the results of the R3 test, a compressive strength test was performed 
according to the standard46, in which 30% of the cement was replaced with copper slag (CS30). This type of 
specimen was used only to check the compressive strength for interpreting the results of the R3 test. RCS, relative 
was calculated according to Eq. (3), where RCS is the compressive strength of the mortars containing copper 
slag (the average from 6 testes) and RCM is a compressive strength of the reference mortar without copper slag.

	
RSC,relative = RCS − RCM

RCM
× 100% (%)� (3)

In addition, two mortars were prepared in which cement was replaced by ground copper slag in amounts of 
5 (CS5) and 10 (CS10) %. The w/b ratio was constant: w/b = 0.2. The mixture compositions are presented in 
Table 3.

The mixing is performed at temperature 20 ± 2 °C and relative humidity above 50% using a mechanical mixer 
according to the standard PN-EN 196-1:2016-07 for 150 s in two stages46. First, all ingredients were weighted 
(solids to the nearest 2 g and water to the nearest 1 ml). Then, cement and water were placed in the mixer and 
mixed at slow speed for 30 s. Next, aggregate was added, and the mixer was turned on high speed. After 30 s, the 
mixer was stopped for 90 s (to scratch mortars from container walls) and then mixed at high speed for 60 s. After 
that, the mixes were used in different tests.

Fig. 3.  Impact of copper slag grinding on: a) grinding efficiency; b) particle size distribution.
[graphs created in MS Excel for Microsoft 365 MSO version 2501 compilation 16.0.18429.20132 by 
Martyna Nieświec (the academic license of the Wroclaw University of Science and Technology (license ID: 
EWW_91b69d94-d411-414f-be6e-34e2cd09b08b_4a5b0442d0746fa702)].

 

Fig. 2.  Copper slag and steel balls in fill mil a) before grinding, b) ground copper slag, c) copper slag after 
grinding and sieving [author of the photos: Martyna Nieświec]
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Flow table test
The mixture flowability was determined using a flow table test according to standard PN-EN 1015-347. A conical 
ring was placed on the disc and filled with fresh material in two layers. Each layer was compacted by poking 10 
times. The excess material was removed from the top of the ring and the surface was leveled. After 15 s, the ring 
was removed, and the table was shaken 15 times (about once per second). The diameter in two perpendicular 
directions (a and b) was measured, and the diameter of the flow was calculated using Eq. (4). The spread of the 
mixture was determined as an average of 3 measurements.

	
rm = (a + b)

2 (mm)� (4)

Yield stress measurement – slug test
The yield strength of 3d printable mixtures was measured using the slug test according to RILEM TC PFC48. 
Immediately after the mixing, the fresh material was placed in the printer’s container. The printer, whose plunger 
is moved by air pressure (0,05 MPa), was used for testing. A previously weighed bucket ( mb) on a scale was 
placed under the printer nozzle with a diameter 6 mm at a distance 30 cm. After placing the mixture in the feeder 
(in two layers, compacted by 10 beats on the table), recording video was started and the mixture was allowed to 
flow freely at a fixed air pressure of 0.5 MPa. The cross-sectional area of the nozzle (S) was determined, shape 
category of the slugs was recorded with a phone (iPhone 13, 12 MPx, 30 frames per second, 4 K recording). 
The weight of slugs was measured with a scaled and the average ( ms) was calculated. The test was conducted 
in a room with a temperature of 20 ± 2  °C and a humidity of 50% making a minimum of 15 slugs for each 
mixture. Figure 4 shows the experimental setup. The yield stress was calculated using Eq. (5). The average of 
3 measurements was considered as the result. Weights were measured to the nearest 0.1 g, lengths to 0.1 mm.

	
τ = 100 · ms√

3 · S
(MPa)� (5)

Fresh state strength
To check the relationship between deformation and mortar strength at the very early age, a fresh state compression 
test of cementitious mortar was performed. After mixing, the mixture was placed and compacted in two layers in 
demountable cylindrical molds with a diameter (A) of 5 cm and a height (L) of 10 cm and noted the time. Before 
laying the mixture, the molds were lined with foil. After casting, the samples were set aside. After the intended 
time (5, 15, 30 and 45 mutes), the sample was carefully placed in the test place (Fig. 5a), the mold was removed 
(Fig. 5b), and then the films were carefully removed. Then the test was started (Fig. 5c), with a constant speed of 
42 mm/min, and the force (F) and vertical displacement (l) were recorded.

The stress (f) was calculated using Eq.  (6) and strain (ε) using Eq.  (7). Each test was repeated 3 times. A 
constant cross-sectional area of the sample was assumed for the calculations, i.e. not considering the deformed 
shape during the deformation.

	
= F

(Π /A2)4 (kPa)� (6)

	
ϵ = l

L
(−)� (7)

Results
R3 test
R3 test results showed a bound water amount of 1.32  g/100  g dried paste (Fig.  6). This is a very low value 
suggesting that the copper slag in this case acts only as a filler material, and not a binder. For reactive materials, 
this value is several times higher (from 5 to even 12%)45. A lower compressive strength was observed after 3 and 
7 days for mortars containing 30% copper slag, confirming the above Hypothesis. Both after 3 and 7 days the 
compressive strength decreased by almost 30%.

This can also be confirmed by the studies of Edwin et al.49, who concluded that the use of copper slag has 
a limited effect on the heat generation during hydration of the cement paste. They also demonstrated the low 
pozzolanic activity of this material.

Ingredient

Research series

REF (kg/m3) CS5 (kg/m3) CS10 (kg/m3) CS30 (kg/m3)**

Portland cement CEM I 1278.95 1215.00 1151.05 895.27

Grounded copper slag 0 63.95 127.89 383.67

Quartz sand 639.47 639.47 639.47 639.47

Tap water 255.79 255.79 255.79 255.79

Superplasticizer 12.79 /6.39* 12.79 /6.39* 12.79 /6.39* 12.79

Table 3.  Mixes used in research. *Unconfined uniaxial compressive test. **Only as a reference for evaluating 
and interpreting the results of the R3 test.
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Fig. 5.  Performing the test: sample in demountable form, mold remover and testing [all created in AutoCAD 
2023 version T.53.0.0 by Martyna Nieświec (the academic license of the Wroclaw University of Science and 
Technology, license ID: 68224553969032)]

 

Fig. 4.  Slug test stand a) Schematic view of the experimental place [image created in AutoCAD 2023 version 
T.53.0.0 by Martyna Nieświec (the academic license of the Wroclaw University of Science and Technology, 
license ID: 68224553969032)]; b) photo of experimental place [author of photo: Martyna Nieświec].
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With such a high replacement of cement, it is difficult to expect an increase in strength. Afshoon and Sharifi51 
showed that replacing cement up to 10% by copper slag improved the compressive strength of mortars, while 
higher replacement levels resulted in lower strength.

Slump flow and slug test
Replacing cement with copper slag leads to improved workability and affects the consistency of the mixture. 
The slump flow increased as the amount of copper slag increased: by 12% for CS5 and by 24% for CS10 (Fig. 7). 
The results obtained are in line with those obtained earlier replacing cement with slag in SCC concretes51,52. The 
slump spread has been shown to be a good indicator of concrete printability: Tay et al.13 showed that mixtures 
with a spread diameter lower than 130 mm are too stiff and cannot be extruded smoothly while those with a 
diameter higher than 210 mm are too fluid and do not allow consistent printing. Thus, it can be assumed that the 
best printable will be a mixture of CS5.

Replacing cement with copper slag results in a decrease in yield strength, as shown in Fig.  8. Replacing 
cement with 5% copper slag reduces calculated yield strength by 23%, while replacing 10% cement by copper 
slag reduces it by 44%. Concrete with a higher viscosity and a lower yield strength result in higher plasticity and 
better workability53.

As the copper slag content increased, the length of the slug decreased (Fig. 9). The photo below shows a 
selection of isolated from video slugs. In general, the length of slugs from the CS5 mixture was almost 30% 

Fig. 7.  Spreading of cementitious mortars [author of the photos: Martyna Nieświec].

 

Fig. 6.  Results of R3 test: (a) bound water at 7 days, (b) relative compressive strength after 3 and 7 days 
[based on own research and45,50, created in MS Excel for Microsoft 365 MSO version 2501 compilation 
16.0.18429.20132 by Martyna Nieświec (the academic license of the Wroclaw University of Science and 
Technology, license ID: EWW_91b69d94-d411-414f-be6e-34e2cd09b08b_4a5b0442d0746fa702)]
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shorter than the REF mixture, and the CS10 mixture more than doubled. Slugs REF and CS5 display constant 
cross section areas, in turn CS10 slug is deformed ant does not show a constant cross section area. Slugs can be 
classified as plastic for REF, visco-plastic for CS5 and viscous for CS1048. The longest slugs were obtained for the 
reference mixture (REF).

Fresh state strength
The results of fresh compressive strength for all series are shown in Fig. 10. For all testing times, the CS5 mixes 
have less displacement than the REF mix and more than the CS10 mix at the same force. This means higher 
stiffness. For all testing times, the destruction of samples containing 5% copper slag occurred at a higher force 
than the reference sample. The increase in stiffness is more pronounced at 10% copper slag. Differences in the 
force-displacement relationship increase with time for cementitious mortars with copper slag.

The failure mechanisms were similar for all mixtures (Fig. 11), only the forces at which they occurred differed. 
After 5 min, the highest deformation is seen at the bottom of the cylinder. After 15 min, the deformation at the 
bottom decreases and moves to the top of the cylinder after 30 min. After 45 min, the deformation decreases, and 
diagonal cracks in the sample become visible. At earlier ages, the mixture is less stiff and deforms under pressure 
and its own weight. As it ages, it becomes stiffer and is able to take more load with less deformation.

Replacing cement with copper slag increases the fresh state strength (Fig. 12). The maximum destructive 
force was obtained after 45 min and was 52 N for REF mix, 63.5 N for CS5 and 67 N for CS10 mix. For each test 

Fig. 9.  Registered types of slugs it the slug test without and with copper slag [author of the photos: Martyna 
Nieświec, created in AutoCAD 2023 version T.53.0.0 by Martyna Nieświec (the academic license of the 
Wroclaw University of Science and Technology, license ID: 68224553969032)]

 

Fig. 8.  Calculated yield stress and flow diameter of the tested cementitious mortars [created in MS Excel for 
Microsoft 365 MSO version 2501 compilation 16.0.18429.20132 by Martyna Nieświec (the academic license of 
the Wroclaw University of Science and Technology, license ID: EWW_91b69d94-d411-414f-be6e-34e2cd09b08
b_4a5b0442d0746fa702)]
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time, the displacement of the mixes with copper slag was less than that of the reference mortar. The graph for the 
reference sample is the most flattened, indicating that less stiffness. The destructive force of the sample increases 
with the addition of copper slag. The increase in stress is 12% for CS5 and 15% for CS10 after 5 min, while after 
45 min it is 21% for CS5 and 42% for CS10. This can be influenced by the irregular shape of the slag grains. To 
confirm this, further testing should be done and verified with the buildability of the mix after printing.

As it has been shown that copper slag acts as a filler material, it can be assumed that the improved green 
strength is a result of improved packing. It is well established that improved particle packing results in higher 
buildability, provided that the material is printable54.

In an elastic material, the slope (stress-strain) of the graph corresponds to Young’s modulus. There amount 
of elastic deformation at the very early age is limited. However, with certain limitations it is possible to use 
this parameter as Young’s modulus55. In the literature it takes the term as apparent Young’s modulus55, elastic 
modulus56 or stiffness modulus57. Figure 12 shows that the apparent Young’s modulus, defined as the slope of the 
graphs, is higher for the material containing copper slag. From the peak stress values, it is possible to determine 
the maximum stress that the sample can withstand, i.e. its green strength. The compressive strength is more than 
15% higher for CS5 and nearly 30% higher for CS10 compared to the sample REF.

An important aspect of the research conducted was to determine the role performed by the copper slag in the 
tested cementitious composite. It was verified that it does not act as an additional reactive material and is only 
a filler. The glassy surface of the slag has a positive effect on its workability. In addition, a lower yield strength 
was obtained. This results in the need to overcome lower force needed to extrusion. Both aspects can have a 
positive impact on the subsequent printability of the composites. However, it should be taken into account that a 
higher percentage of cement replacement with copper slag may lead to the mixture flowing too quickly, making 
it impossible to print. The higher early compressive strength may be due to better compaction of the composite. 
As a result, we can expect better buildability of the composite (Fig. 13). The information obtained provides many 
opportunities for future research.

Fig. 10.  The relationship between force and displacement for fresh compression test after 5, 15, 30 and 45 min 
[created in MS Excel for Microsoft 365 MSO version 2501 compilation 16.0.18429.20132 by Martyna Nieświec 
(the academic license of the Wroclaw University of Science and Technology, license ID: EWW_91b69d94-
d411-414f-be6e-34e2cd09b08b_4a5b0442d0746fa702)]
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Replacing cement by ground copper slag not only improves the properties of cement composites but also has 
a positive impact on the environment by reducing CO2 emissions.

Conclusions
The study investigated the effect of copper slag on the properties of composites for 3D printing. The work 
presented here is a source of information on the use of copper slag in cement composites. The following 
conclusions can be drawn from the presented work:

•	 The workability of cementitious composites is increased due to the slag glassy structure. Mixture slump flow 
increases by 24% when replacing cement by 10% and by 12% when replacing cement by 5%.

•	 The inclusion of slag causes a decrease in yield strength even by 44%, which can result in better printability of 
the composite due to lower frictional forces.

•	 Replacing cement with copper slag increases green compressive strength about 12% for CS5 and 15% for CS10 
after 5 min, while after 45 min it is 21% for CS5 and 42% for CS10. The reason may be the irregular shape 
of the grains, but the results are not obvious, so further tests should be conducted and compared with the 
buildability of the mixture.

•	 The amount of bound water is only 1.32% while the strength of mortars after 3 and 7 days decreases by almost 
30%. This means that the investigated copper slag functions only as a filler material. It has a positive effect on 
the filler effect, but it does not help the binding.

Future research direction
The authors of the paper also propose the directions for further research. Researchers should focus more 
extensively on the use of industrial waste and follow this research direction to further minimize the cost and 
environmental impact of 3D printing. The use of copper slag in concrete for 3D printing has not been sufficiently 
explored. It is necessary to study the remineralization properties of the fresh mixture and the hardened 
composite, and to find the optimal amount of copper slag addition taking into account not only the properties 
of the mixture, but also a safe amount59. It will be useful to examination of copper slag of different origins and 
fractions, because the chemical composition of its depending on the method and place of production60.

Fig. 11.  Damage mechanism of cylindrical specimens in fresh compressive strength test (photos for reference 
samples) [author of the photos: Martyna Nieświec, images created in AutoCAD 2023 version T.53.0.0 by 
Martyna Nieświec (the academic license of the Wroclaw University of Science and Technology, license ID: 
68224553969032)]
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Fig. 12.  The relationship between stress and strain for fresh compressive test [created in MS Excel for 
Microsoft 365 MSO version 2501 compilation 16.0.18429.20132 by Martyna Nieświec (the academic license of 
the Wroclaw University of Science and Technology (license ID: EWW_91b69d94-d411-414f-be6e-34e2cd09b0
8b_4a5b0442d0746fa702)].
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