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Featured Application: Design, construction, and performance study of a pump impeller manu-
factured by binder jet-ting technology.

Abstract: The emergence of additive manufacturing is renovating the landscape of available pro-
duction technologies. In this paper, we describe the fabrication of a closed vane pump impeller
(φ 206 mm, height 68 mm, weight 4 kg) by binder jetting 3D printing of a sand mould followed by
casting using stainless steel 316 to create an identical copy of a part in service in a chemical plant
in Tarragona, Spain. The original part was reverse engineered and used to create a sand mould by
binder jetting 3D printing on which new impellers were fabricated by casting. Metallographic studies
showed an austenitic matrix with 6.3% of ferritic phase and 40 µm × 8 µm ferrite grains without pre-
cipitated carbides. The impeller was put into operation in a centrifugal pump at a polyol/polyglycol
plant belonging to Dow Chemical Ibérica SL from October 2020 to April 2021. Process variables
related to the pump behaviour were compared with the same variables obtained in previous cycles
with the original impeller for three different product viscosities (30, 180, and 500 cSt). At 500 cSt, the
average current consumption was 9.34 A as compared with the 9.41 A measured with the original
impeller. Similarly, the pump pressure remained essentially constant during process operation with
both impellers (3.97 bar with the new impeller vs. 3.99 bar with the old). Other monitored parameters
(product flow, tank level) were similar in both cases, validating the fabrication strategy from an
operational point of view. This work further demonstrated that the implementation of additive
manufacturing technologies in chemical process engineering is a useful solution to fabricate spare
parts that are difficult to replicate with other technologies, providing consequent economic benefits.

Keywords: additive manufacturing; 3D printing; binder jetting; sand mould; impeller

1. Introduction

Additive manufacturing (AM), also simplified as 3D printing, is a family of manufac-
turing technologies that use computer-aided created designs or 3D scanners to guide the
layer-by-layer deposition of material, which creates a physical object in a precise geometric
form [1]. The first 3D printer was launched on the market in 1986 by the company 3D
Systems and used stereolithography to create a 3D object by photopolymerization [2]. In
the 1990s and early 2000s, other 3D printing technologies were released, such as fused
deposition modelling, from Stratasys, and selective laser sintering, from 3D Systems. The
printers based on these technologies were very expensive and were used primarily for
industrial prototyping [3]. Now, AM is a quickly expanding technology with many ap-
plication possibilities such as consumer products, space missions, and rapid prototyping,
among others. They offer high design freedom that enables the fabrication of structures
with complex internal features that are difficult to achieve with traditional manufacturing
techniques [4].
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Chemical engineering has also recently benefitted from the emergence of AM technolo-
gies, which are expected to transform process and reaction engineering and impact many
chemical industries [5–7]. Advantages of their application include energy saving, increased
reaction [8] and separation efficiency [9], novel (photo)catalysts [10], etc., and further de-
velopment can be expected in the future. Several examples of microfluidic devices [11],
mixers [12], and reactors [13], among many others, can be found in the literature [5,6].
Most of these printed devices have been made on polymeric materials such as fluorinated
polyethers [14], but glass [15], ceramics [16], and, more recently, metallic precursors [17]
have also been employed.

While 3D printing is mostly amenable for prototyping and small-scale production of
relatively small devices, large metallic components such as pump impellers are still chal-
lenging. Metallic parts can be 3D printed using powders or wires of a wide range of metals
as starting materials by beam-based (mostly laser-based) or beamless techniques [18,19].
Metal AM technologies enable the production of complex structures [20,21] with low
residual stress, avoid oxidation, and allow control over the microstructure of the final prod-
uct but have some disadvantages, such as high costs and energy consumption, the need
for expensive manufacturing machines, and, in many cases, the need for postfabrication
processing steps to generate the finished part [22].

For this reason, hybrid manufacturing processes combining AM mould printing
with metal casting constitute an alternative that increases design flexibility and reduces
production times over traditional casting on sand moulds [23]. Binder jetting (BJ) 3D
printing is the most popular technology for producing sand moulds for casting [24]. In
BJ, a thin layer of powder particles (metal, acrylic, or sandstone) is first deposited on the
building deck. Then, adhesive drops of a liquid binding agent are ejected by an inkjet
print header to selectively bond the powder particles and build a piece layer by layer [25].
Binder jetting of sand moulds for casting has a series of advantages, such as better resource
utilization, increased production efficiency, and reduced carbon footprint [26]. Unlike
classical thick moulds, the use of 3D printing offers great flexibility, allowing the fabrication
of complex structures that would be difficult or even impossible to produce by conventional
mould manufacturing processes. For example, lattice- or shell-type moulds with varying
thickness have network-like structures that result in increased cooling rates and reduced
sand consumption, mould weight, and production times [27,28]. Another advantage is the
possibility of using a multicomponent mould formed by the assembly of several parts to
create the casting core and direct the molten metal in the desired filling direction. This was
recently exemplified in the fabrication of a reduced-weight cellular structure made of an
Al/Si alloy able to withstand several kN compressive and impact forces [29].

In BJ, several parameters affect the properties of the mould and, consequently, the final
quality of the casted part. Among these, sand particle type and size, the sand/binder ratio,
and layer thickness directly influence the printing resolution and surface roughness [30,31].
Another important factor to control is the formation of entrapped gas defects during
casting due to insufficient permeability of the porous network produced by BJ [32]. A high
binder proportion results in a more rigid and resistant structure but produces a significant
amount of gases during casting; hence, a balance between resistance and gas permeability
should be reached. X-ray microcomputed tomography and numerical simulations were
used to study the mass transport properties of sand moulds in different conditions. This
permitted understanding and predicting gas permeability, among other factors, in order
to optimize the casting process of 3D printed structures for foundry applications [33].
Some reports on the fabrication of aluminium [34,35] and stainless steel [36,37] parts
exist in the literature and have highlighted the advantages of the hybrid AM/casting
strategy in the manufacture of metallic elements. More recently, the application of artificial
intelligence [38] and decision-making metrics [39] in the mould-manufacturing process has
permitted addressing sustainability aspects that could, in the future, challenge traditional
mass production technologies [40].
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In this paper, we describe the fabrication of a closed vane pump impeller by BJ printing
of a sand mould followed by casting. Impellers are rotating parts widely used in pumps
around the world and are, in many cases, critical to guaranteeing production cycles in the
chemical and many other industries. The impeller was fabricated on stainless steel 316 by
reverse engineering of an original part made of the same material. We describe the scanning,
drawing, and elaboration of constructive 3D plans, as well as the manufacturing of the sand
mould by BJ. The mechanical and metallographic characterization of the manufactured
impeller is also presented. More importantly, the produced part was put into operation in a
centrifugal pump at a polyol/polyglycol plant belonging to Dow Chemical Ibérica SL, in
Tarragona, Spain. Process variables related to the pump behaviour, such as the pressure and
flow of the final product, were measured continuously for several production cycles and
compared with the same variables obtained in previous cycles with the original impeller.

2. Materials and Methods
2.1. Materials

The original KSB impeller was fabricated with EN 1.4408 (AISI 316) cast stainless steel.
The composition is given in Table 1. This is an austenitic stainless steel specially formulated
for casting and is widely used in the chemical industry. This material was also used to
manufacture the BJ impeller.

Table 1. Composition (%) of the cast stainless steel used in this work.

Element Fe Cr Ni C Mo

% 63 19 11 0.7 2

2.2. Methods and Procedures
2.2.1. Part Digitizing and CAD Design

The KSB impeller was initially 3D scanned using an optical 3D measuring machine
(ATOS Capsule in ScanBox series 4 model 4105, GOM GmbH, Braunschweig, Germany)
to obtain the point cloud geometry. These points were then used to extrapolate the shape
of the impeller, and finally, a parametric CAD model was constructed. The point cloud
geometry was revised and corrected where necessary previous to generate a STL file. The
nonclosed mesh sections present because of shadows in scanning were converted to closed
surfaces using the Rhinos 7 software (McNeel Europe SL, Barcelona, Spain). Once the
closed surfaces were prepared, the mechanical geometry was translated into dimensional
parameters using the Solids Works software (Dassault Systèmes, Suresnes, France), and an
STL file was created to be used by the 3D printer. The last step of digitalizing and design
consisted of the construction of a model 3D printed in polyamide PA12 plastic (Figure 1).
This real-size model was used for visual inspection and validation of the CAD model using
the same metrological characterization used for the BJ impeller described in Section 3.2. In
this case, the dimensions measured had relative standard deviations lower than 0.4%, thus
validating the CAD model that was used to fabricate the mould.

2.2.2. Mould Design and Manufacturing

The 3D mould was designed considering a rectangular box of 800 mm length, 300 mm
width, and 450 mm height for the simultaneous manufacturing of two parts (Figure 2).
A minimum sand wall thickness of 300 µm was considered, and 5 mm were added to
account for both a volumetric contraction of 2.8% for stainless steel 316 after cooling from
the molten state to room temperature and the removal of small amounts of material during
finishing to reach the desired dimensions shown in Section 3.2.

The moulds were fabricated using rapid prototyping GS14 silica (0.14 mm grain size)
and a furan resin as a compacting agent. The 3D sand printer (Voxeljet VX1000) required
460 layers of 300 µm thickness to construct the complete mould. The total manufacturing
time was 7 h 48 min, and each layer was deposited during 61 s. Finally, an epoxy resin
infiltration was conducted to seal and close possible surface gaps.
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Figure 2. Design and manufacturing of the sand mould.

2.2.3. Casting, Finishing, and Testing of the BJ Impeller

Casting of the BJ impeller was performed on the 3D sand mould at the premises of the
Fondesal S.A. foundry company (Barcelona, Spain) using AISI 316 stainless steel. Excess
parts, material, and metal burrs were removed. The manufactured impellers were then ther-
mally treated by heating the parts up to 1100 ◦C at 5 ◦C/min for 120 min in a programmable
oven initially set at 500 ◦C. The austenization temperature was maintained for 90 min,
and then the impellers were quickly quenched in water. After the heat treatment, a small
portion of the material was examined at the optical microscope, and hardness (Brinell) was
measured. Dimensional characterization was carried out using a Brown & Sharpe DEA
Scirocco measuring unit. Metallographic inspection at 200× magnification was conducted
using saturated FeCl3 in concentrated HCl as an etchant after polishing and mounting in
an epoxy resin. Two-plane impeller dynamic balancing was tested according to ISO 1940/1
at 750 rpm. Plane positions are shown in the inset figure of Table 4. Unbalance tolerance
was calculated for G 2.5 and 3000 rpm of operating speed.

2.2.4. Operation in Plant

The BJ impeller was mounted in a centrifugal pump (pump P, Figure 3) and put
into service on 30 October 2020 (reference date). The plant was located at Dow Chemical
Ibérica (Tarragona Site, Spain) and produced aqueous solutions of a polyol/polyglycol
mixture. Pump P was fed from tower T with three different product recipes that varied
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in the concentration and viscosity of the final product. The pump started when the tower
had a level higher than 40% and did not differentiate the product concentration or viscosity.
Once the pump was in service, an automatic controller valve located on its impulsion side
(V-B) regulated the pump with an amperage measurement that sent an alarm signal at
2.5 A and shut down the pump below 2 A. The pump also stopped if the level of tower
D was lower than 15% and therefore had two “stop” set points, low amperage and low
tower level.
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Figure 3. Work process flowchart at the polyol/polyglycol plant. The impeller was mounted in pump
P. T: reaction tank, D: distillation column, V-A and V-B: fail-open valves.

Several process variables, such as amperage (current), product flow, and pump pres-
sure, were remotely measured during the six months after the reference date and compared
with process values obtained with the original KSB impeller. The process values with
both impellers were compared in order to assess the performance of the BJ impeller with
respect to the KSB taken as a reference. Table 2 shows the duration of the tests for three
product recipes under study. These recipes correspond to final products of different
polyol/polyglycol concentrations and viscosities.

Table 2. Product recipe compositions and test durations.

Recipe
Final Product Properties Duration of Tests

Concentration (% w/v) Viscosity (cSt) KSB Impeller BJ Impeller

1 80 500 January 2020–October 2020 November 2020–April 2021

2 50 180 August 2019–October 2020 November 2020–April 2021

3 20 30 May 2019–October 2020 November 2020–April 2021

3. Results and Discussion
3.1. Fabrication Strategy by Combined Binder Jetting 3D Printing and Casting

Conventional manufacturing methods are limited mainly by the total production
volume. For this reason, 3D printing is a valuable alternative when few copies of a given
part are needed. In our case, the aim was to replace a very valuable old impeller used in
the centrifugal pump of a polyol plant and compare the performances of the original and
the 3D-printed copy. The sequential workflow is depicted in Figure 4 and involved the
following steps:
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• analysis of the original part (KSB impeller);
• part digitizing, CAD design, and 3D printing of the plastic model;
• sand mould design and manufacturing;
• casting using molten stainless steel and finishing (BJ impeller);
• performance tests in a chemical plant and comparison with KSB impeller.
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Figure 4. Workflow employed for the fabrication of the BJ impeller.

Since there were no original drawings of the KSB impeller available, the part was
reverse engineered (Figure 5) using an industrial metrology 3D scanner bearing an optical
automatic arm. This is a useful strategy when a precise digital model of a mechanical
component needs to be reproduced [21]. After scanning, the small complex components
were measured with an optical 3D coordinate measuring machine at up to 0.5 mm resolution
to obtain the point cloud geometry. These points were then used to extrapolate the shape
of the impeller, and finally, a parametric CAD model was made. Optical 3D coordinate
measuring machines are replacing tactile measuring systems and gages because they
capture more detailed and more easily interpretable information on an object in significantly
shorter measuring times. Whereas old mechanical measuring systems captured data in
a point-based or linear manner, optical measuring systems return full-field data about
deviations between the actual 3D coordinates and the CAD data [41]. The point cloud
geometry was revised and corrected before generating the STL file that the 3D printer
understood and fabricating a “communication model” on PA12 plastic.

The 3D sand mould was fabricated using binder jetting on rapid prototyping sil-
ica. It was designed in separate pieces that assembled together to contain two impellers
(Figure 6a,b) and had an excess dimension of 0.5 mm to account for material contraction
after cooling. There were superior, intermediate, and bottom pieces that assembled like
a puzzle. The fluid (liquid metal) entered through the superior part (cone shape inlet in
Figure 6c) to fill internally, from down to top, the 3D features that generated the structure
of the two impellers. Figure 6d shows photographs of the moulds after 3D printing, and
Figure 7 shows photographs of the resulting casted impellers after mould separation. Ex-
cess casted material was then removed, and the parts were machine finished (Figure 8) and
tested for dynamic balancing according to ISO 1940.

3.2. Characterization of the BJ Impeller

After casting and finishing, the BJ impeller was subjected to a series of dimensional
and mechanical tests (Table 3). The finished part had a weight of 4.03 kg and a Brinell
hardness of 183 as compared with the 212 of the original KSB impeller. The results of
two-plane impeller dynamic balancing were within the permissible unbalance calculated
according to ISO1940/1 for grade G 2.5 at an operating speed of 3000 rpm.
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Table 3. Mechanical properties of the BJ impeller.

Property Values 1

Relative Density (g cm−3) 7.89 ± 0.05

Hardness (Brinell) 183 ± 5

Dynamic Balancing 2
Plane 1 3

Before Balancing: 6.5 g @ 90◦ (13 g·mm)

After Balancing: 0.3 g @ 93◦ (0.6 g·mm)

Plane 2 3
Before Balancing: 17.8 g @ 160◦ (35.6 g·mm)

After Balancing: 0.9 g @ 150◦ (1.8 g·mm)
1 Average of two measurements. 2 Calculated permissible unbalance per plane (G 2.5): 15.9 g·mm. 3 See inset
figure in Table 4.

Table 4. Dimensional characterization of the BJ impeller.
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Dimension Specification (mm) Measured (mm) Difference (mm) 1 % Deviation 2

A 206.0 ± 0.5 205.99 ± 0.01 −0.01 0.01

B 94.5 ± 0.5 94.23 ± 0.26 −0.27 0.28

C 68.6 ± 0.3 68.70 ± 0.13 0.1 0.19

D 14.0 ± 0.2 14.07 ± 0.07 0.07 0.50

E 5.0 ± 0.1 5.05 ± 0.05 0.05 0.99

F 20.0 ± 0.1 19.94 ± 0.05 −0.06 0.25

G 36.0 ± 0.2 36.02 ± 0.04 0.02 0.11
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Table 4 shows the results of the dimensional characterization of the BJ impeller and
a comparison with the dimensions specified by the manufacturer of the KSB impeller.
A geometrical precision of ±0.1 mm was obtained with standard deviations for each
dimension lower than 1%. The highest absolute dimensional discrepancy was obtained for
dimension B, corresponding to the outside diameter of the impeller inlet, which may have
been due to the finishing operations carried out after casting and removal of the excess
materials (although in relative values, the deviation was only 0.28%). These results suggest
that the 3D printing of the sand mould and subsequent metal casting are appropriate for
generating relatively complex parts with sufficient precision to pass dimensional testing.

Examination via scanning electron microscope of the surface of a residual portion
of casted material revealed the presence of cavities due to metal contraction during the
cooling process that followed casting (Figure 9). These shrinkage voids [42] had variable
shapes and sizes, from a few µm to ~400 µm, but accounted only for a very small portion
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of the surface (less than 0.5%). Assuming that these discontinuities were also present in the
finished BJ impeller, they did not affect its performance (see Section 3.3).

A metallographic study carried out after thermal treatment gave some hints on its
microstructure (Figure 10). Analysis of the resulting images showed a microstructure
typical of a casting stainless steel 316 [43], with an austenitic matrix and elongated ferrite
grains of 40 ± 10 µm length and 6–8 µm width. The proportion of the ferritic phase
was 6.3%, as suggested by image analysis, and no chromium carbide precipitation was
observed [44]. Comparison of the microstructure with a sample of a discarded KSB impeller
revealed a similar pattern of a Cr/C-free austenitic matrix with ferrite islands but differing
in size (120 ± 30 µm long, 10–15 µm width) and proportion (8.1%). These variations,
although not considerable, indicate a faster cooling rate in the BJ impeller, resulting in the
formation of a smaller ferrite precipitate.
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3.3. Performance Tests of BJ Impeller in a Chemical Plant

The performance of the manufactured BJ impeller was then tested in a real scenario.
The BJ impeller was mounted in a centrifugal pump located in a production plant of Dow
Chemical Ibérica in Tarragona Site, Spain. This plant produces aqueous polyol/polyglycol
solutions of different concentrations and viscosity by adjusting the proportions of feed
materials (a polyol/polyglycol precursor and an antioxidant solution) in a discontinuous
process. The pump (P) is located immediately after the reaction tank T and pushes the
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product mixture towards distillation column D (see Figure 3), and it is remotely supervised
from a control room that collects several process parameters.

For the purpose of this study, the process parameters were first collected using the
original KSB impeller during specific periods of time for three product recipes of high,
medium, and low viscosity, as indicated in Table 1. Afterwards, the KSB impeller was
substituted (on 30 October 2020) for the BJ, which was set to operate in identical operational
conditions for the three recipes in order to compare its performance with that of the
KSB impeller.

Figures 11–13 show the results obtained for both impellers using the three recipes.
Panels (a) and (b) in these figures show the dependence of pump amperage (current)
on pressure and product flow, with typical values between 9 and 10 A. Since, in normal
operating conditions, the electric tension of the pump is constant, a decrease in the current
indicated a malfunction of mechanical parts of the pump in which the impeller was located
and was thus an indirect measure of the performance of the pump. The average values
in all cases were between 9.3 and 9.4 A, with low standard deviations, indicating similar
behaviour of both impellers.

On the other hand, panels (c) and (d) in Figures 11–13 show comparisons of the data
obtained with both impellers for one typical production cycle. Average values and standard
deviations are also indicated over each trace. A normal run lasted about two days, and
parameter readings were taken continuously every 20 min. Pump P was continuously
monitored to maintain the level of tank T at ~40%, and the variations in pressure and
product flow observed in the figures correspond to adjustments in the production according
to the desired specifications and production volume. Although we did not carry out a
detailed statistical analysis of these results, it was evident that the parameter readings
with the BJ impeller were comparable to, and in some cases slightly more stable than,
those obtained with the original KSB impeller. This general trend was observed for all
production cycles monitored, and no failure of the BJ impeller was observed throughout
the performance study.

The results obtained indicated that there were no differences between the original
and the new BJ manufactured impeller and further demonstrated that the manufactur-
ing strategy was technically validated, from a design/manufacture point of view to an
operational/process point of view.
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Figure 11. Recipe 1. (a,b) Dependence of pump amperage (current) on pump pressure and polyol
flow for two consecutive production cycles. (c,d) Tank level, polyol flow, and pump pressure, read
continuously for a complete production cycle. KSB impeller (a,c), BJ impeller (b,d).
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Figure 12. Recipe 2. (a,b) Dependence of pump amperage (current) on pump pressure and polyol
flow for two consecutive production cycles. (c,d) Tank level, polyol flow, and pump pressure, read
continuously for a complete production cycle. KSB impeller (a,c), BJ impeller (b,d).
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Figure 13. Recipe 3. (a,b) Dependence of pump amperage (current) on pump pressure and polyol
flow for two consecutive production cycles. (c,d) Tank level, polyol flow, and pump pressure, read
continuously for a complete production cycle. KSB impeller (a,c), BJ impeller (b,d).

4. Conclusions

Herein, we present a fabrication and performance study of a stainless-steel pump
impeller manufactured by BJ printing of a sand mould followed by casting. The main
conclusions of the work can be summarized as follows:
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• Reverse engineering of the original impeller allowed creating a polyamide copy, used
to validate the CAD design by metrological characterization, with a dimensional
accuracy of 99.6%.

• This work is another example of the advantages of BJ sand printing in creating multi-
component moulds able to recreate complex features of the original part.

• The casted material showed an essentially homogeneous surface, with a very small
proportion (<0.5%) of shrinkage voids. The microstructure was similar to that of the
original impeller, with 6.3% of ferritic phase.

• The operational performance of the produced impeller was tested in a real sce-
nario by installing the impeller in a centrifugal pump. The pump operated in a
polyol/polyglycol plant, and a series of process parameters related to the pump be-
haviour were measured continuously for three production recipes varying in final
concentration and viscosity.

• For example, at 500 cSt of product viscosity, the average current consumption of the
pump was 9.34 A, as compared with 9.41 A measured with the original impeller, with
standard deviations of 0.3% and 2.7%, respectively, for a wide interval of pressures
(4–6 bar) and flows (2000–6000 L/h).

• The parameters were also comparable when measured during a complete production
cycle. This indicated that both impellers had equivalent performance, thus validating
the fabrication strategy from an operational point of view.

Therefore, this work demonstrated that the implementation of additive manufacturing
technologies in chemical process engineering is a useful solution for fabricating spare parts
of high added value that are difficult to replicate with other technologies, with consequent
economic benefit. Further work should focus on comparing the initial mechanical and
morphological properties of the BJ impeller with those obtained after one year of operation
in order to understand possible changes induced by the stress associated with continuous
operation. In addition, a next step will involve the fabrication of an impeller by direct
metal 3D printing and an economic study of the possible wider implementation of both 3D
printing technologies in the chemical plant.
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