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Abstract

This study proposes the development of a recycling process for the reintegration of den-
tal zirconia waste into CAD/CAM systems for rapid prototyping, with the objective of
demonstrating the feasibility of manufacturing functional products from recycled zirconia
obtained from a commercial dental laboratory. The proposed methodology aims to explore
a simple and economically viable process, which involves the purification and processing
of a heterogeneous zirconia powder, followed by the fabrication of pre-sintered blocks
suitable for CAD/CAM applications. The recycled bulk ceramic was characterized and
compared with commercial zirconia through density measurements, X-ray diffraction,
scanning electron microscopy, Vickers hardness, flexural strength testing, and sintering
shrinkage analysis. The results indicated that, although recycled zirconia exhibits lower
property values than the commercial reference material, it retains adequate characteristics
for specific practical applications. Consequently, to demonstrate industrial feasibility, four
components were designed using CAD and machined using CAM from the recycled blocks,
simulating a rapid prototyping process. The fabricated components exhibited a smooth and
flawless surface, were mechanically robust and solid to the touch, and showed well-defined
contours with sharp edges. Dimensional analysis demonstrated high accuracy, with an av-
erage percentage error of 0.53% ± 0.14. These findings demonstrate that high-value ceramic
waste can be reintegrated into the production chain as functional industrial components
through a process that is closely aligned with the real conditions of industrial recycling,
while also mitigating environmental contamination from hazardous industrial waste.

Keywords: dental zirconia; zirconia waste; high-value recycling; CAD/CAM systems;
industrial applications

1. Introduction
Over the past two decades, zirconia ceramic (3Y-TZP) has been one of the most

important materials in the dental industry due to its mechanical and aesthetic properties,
biocompatibility, and durability [1]. Zirconia also has opened the door to the employment
of CAD/CAM (Computer-aided design/Computer-aided manufacturing) systems for
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dental prosthesis fabrication, revolutionizing dental services by allowing high-quality
restorations to be completed more easily and quickly than with previous methods. This
has led to substantial growth in the dental zirconia market, a trend expected to continue in
the future [2]. However, this increasing demand also results in a rise in waste production,
as the fabrication of dental pieces generates a significant amount of powder and debris;
an estimated 80% of the raw material [3] is wasted, ultimately being discarded as waste
despite its potential value. In a world where sustainability and waste management are
becoming central concerns, effective recycling of not only commodity materials but also
high-value advanced materials such as zirconia should be prioritized.

Although recyclable commodity materials are well known in the recycling industry,
recycling advanced materials requires the development of customized processes. In this
sense, the present work introduces a process for recycling dental zirconia and demonstrates
the feasibility of producing functional components for high-value applications.

Zirconia waste originates from the dental industry. The method for fabricating fixed
dental prostheses, such as crowns, bridges, and full arches, currently employs CAD/CAM
technology. The process begins with scanning the denture of a patient, previously pre-
pared by the dentist, using an intraoral scanner. From this scan, restorations are designed
using dental software, enabling the generation of a 3D crown or other dental structure
perfectly customized for the patient. The designed restorations are milled from a disc-shape
zirconia block using a dental milling machine [4]. These blocks are fabricated through
high compaction of fine zirconia powders and a thermal pre-sintering process to provide
sufficient mechanical stability, thereby facilitating the machining process [5,6]. The most
common commercial disc size is 98 mm in diameter and is available in different dental
colors, translucency, and thicknesses from 12 to 25 mm in which it is possible to mill ap-
proximately 25 individual units, depending on the size and accommodation of the pieces in
the block. Subsequently, the raw pieces undergo a complete sintering process up to 1550 ◦C
to ensure the ceramic material reaches its maximum hardness and density. Finally, makeup,
if necessary, and glaze are applied to enhance the surface finish and give the dental piece a
more natural appearance.

The waste that motivated this work originates from the milling process in the form
of powder, debris, and residual zirconia blocks (Figure S1). As this is a subtractive manu-
facturing process, most of the material is removed from the zirconia block to shape dental
components, resulting in the generation of a large amount of waste. As mentioned before,
an estimated 70% to 90% of the block’s weight is squandered. The powder and debris are
extracted by a dust collector connected to the milling machine and collected in a special
disposable vacuum bag. That bag contains approximately 20 kg of high-value waste that,
in some cases, does not have a well-established recycling pathway.

In the dental field, commercial zirconia is classified as monochromatic and multilay-
ered. The multilayered version features up to 5 shades, ranging from opacity to maximum
translucency, emulating the chromatic variability of a natural tooth [7]. This translucency
is achieved by increasing the yttria content and the addition of dopants. However, it is
inversely related to the mechanical properties of the material, where higher translucency
results in lower mechanical strength [8]. Depending on the specific dental restoration, this
factor influences the choice of zirconia type; for example, translucency is prioritized in in-
cisors, while mechanical strength is preferred in molars [9]. The powder residue generated
by CAD/CAM systems in dental laboratories is a mixture derived from various blocks,
containing both monochromatic and multilayered zirconia with different concentrations of
yttria, dopants, and crystallographic phases. Additionally, contamination of the powder
with materials such as polymethyl methacrylate (PMMA) and wax can occur because
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CAD/CAM systems are frequently used to produce temporary prostheses, provisional
dentures or test models.

Given this context, some authors have explored the potential of recycled zirconia [10–19].
Studies have addressed the effects of pre-sintering temperature, sintering conditions [15],
and the impact of particle size on the final properties, demonstrating that reusing this
material is indeed feasible. Although a slight reduction in mechanical properties has been
observed, recycled zirconia still performs satisfactory compared to other commercially
available materials. However, many of these studies have focused on optimizing the
properties of recycled zirconia under highly controlled laboratory conditions. For instance,
they often rely on raw materials obtained from a single type of zirconia blocks rather
than the direct recycling of zirconia powder, which resulted in a highly homogeneous
starting material [12,13,15–18]. In addition, in their efforts to enhance the properties of
recycled zirconia, these approaches typically involve high energy input, such as prolonged
milling times ranging from 6 to 12 h and extensive powder sieving steps [16–18], which
may ultimately render the recycling process economically unfeasible.

Processes that are successful under controlled laboratory conditions may not accu-
rately reflect the real challenges encountered when recycling waste materials generated
in conventional dental laboratories. We therefore consider it worthwhile to explore recy-
cling strategies under realistic conditions representative of standard dental laboratories.
In such environments, the zirconia powders generated present several disadvantages for
optimal ceramic processing. These include contamination by other materials commonly
processed in the same milling machines, such as waxes and PMMA, as mentioned before;
compositional heterogeneity resulting from the use of zirconia blocks with different translu-
cency levels and mechanical strengths, as well as from multiple commercial brands; and
particle size heterogeneity arising from the use of milling burs with different diameters.
Bringing these contaminated and heterogeneous powders to optimal conditions to pro-
duce recycled zirconia with properties close to those of the original material may not be
economically viable.

Therefore, in this work we propose a simple recycling process that can be applied
under conditions closer to real industrial practice, deliberately sacrificing laboratory-level
ceramic perfection to explore the realistic possibilities of cost-effective industrial recycling.
To this end, we not only obtained and characterized recycled zirconia, but went one step
further by demonstrating its reintegration into the productive chain through the fabrication
of 98 mm pre-sintered blocks compatible with CAD/CAM systems. This enables the
manufacture of functional components for industrial applications using rapid prototyping
methods, an approach that, to the best of our knowledge, has not been previously reported
in the literature.

2. Results
2.1. Powder Characterization

The particle size distribution before milling showed a multimodal distribution. The
analysis revealed particle sizes within the range of 0.8 µm to 1950 µm, and values of
D10 = 7.03 µm, D50 = 133.34 µm, and D90 = 1306.34 µm. Recycled zirconia powder af-
ter wet milling exhibited a different multimodal distribution with the following values,
D10 = 5.8 µm, D50 = 69.4 µm, and D90 = 304.25 µm. After milling, particles larger than
631 µm were no longer detected, narrowing the size distribution of 0.8 µm to 631 µm
(Figure 1).
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Figure 1. Particle size distribution of the recycled powder before milling and after milling, indicating
a narrowing of the size distribution from 0.8–1950 µm to 0.8–631 µm, with a decrease in D10, D50 y
D90 values.

SEM analysis of the powders, covering both elemental composition and morphological
characteristics, is presented next. The EDS analysis (Figure 2) presented the elemental
composition of the recycled zirconia powder. The identified elements included zirconium
(48.62%), oxygen (27.82%), yttrium (4.99%), and aluminum (0.76%). No contamination
from other elements above 1 wt% was detected. Powder micrographs reveal particles and
agglomerates with irregular shapes and a wide size distribution, ranging from less than
one micrometer to several tens of micrometers.

 

Figure 2. EDS of the recycled zirconia powder showing the elemental composition.

The XRD pattern of the powder reveals the presence of both monoclinic and tetragonal
zirconia phases (Figure 3). The main reflection associated with the monoclinic phase,
corresponding to the (111) plane, appears at approximately 2θ≈ 28.2◦, whereas the primary
reflection of the tetragonal phase, indexed as the (101) plane, is located at around 2θ≈ 30.1◦.
Based on the relative intensities of these diffraction peaks, the monoclinic phase is clearly
less prominent than the tetragonal phase. A semi-quantitative estimation indicates that the
powder consists of approximately 80% tetragonal phase and 20% monoclinic phase.
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Figure 3. SEM micrograph showing irregular particles and XRD pattern of the recycled zirconia
powder, indicating the presence of two phases. Approximately 80% of tetragonal phase and a 20% of
monoclinic phase.

2.2. Bulk Material Characterization

After sintering, both the recycled and commercial zirconia specimens were evalu-
ated for several physical and mechanical properties, as described in the Materials and
Methods section.

SEM micrographs of the sintered materials are presented in Figure 4, illustrating
the surface morphology of both commercial and recycled zirconia. The grain size in the
recycled zirconia is larger than that observed in the commercial material. In both cases, the
grains exhibit a non-uniform morphology and size distribution. For commercial zirconia,
the grain size ranges from 70 nm to 675 nm, with a median grain size Dm = 350 nm. In
contrast, the recycled zirconia shows an increased grain size range from 113 nm to 1650 nm,
with a Dm of 529 nm. Surface defects are more pronounced in the recycled zirconia, in
which higher surface roughness and porosity is observed.

 

Figure 4. SEM micrographs illustrating the surface morphology and grain size distribution. (a) Com-
mercial zirconia and (b) recycled zirconia.

X-ray diffraction results are presented in Figure 5. The diffractogram for commercial
zirconia distinctly displays peaks characteristic of the tetragonal phase. In contrast, the
reflections from recycled zirconia, while present at similar angles, do not display the same
peak splitting characteristic of the tetragonal phase, indicating the presence of a cubic phase
(Figure 5). Rietveld analysis further confirmed that the recycled zirconia consisted of 21%
tetragonal phase and 79% cubic phase. No evidence of the monoclinic phase was detected
in either of the sintered materials.
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Figure 5. XRD patterns of both materials. Phase identification: t = tetragonal, c = cubic. Sintered com-
mercial zirconia, showing a fully tetragonal phase; Sintered recycled zirconia, exhibiting tetragonal
and cubic phases.

Density measurements resulted in a value of 5.60 g/cm3 for the recycled material.
Table 1 shows the mass, volume, and density values of the recycled zirconia specimens. The
relative density for the commercial zirconia was 99.5% and 92.6% for the recycled zirconia.
Accordingly, the calculated porosity was 0.5% and 7.4%, respectively.

Table 1. Density measurements. Mass and volume measured and calculated density of recycled
zirconia specimens. Mean and standard deviation (SD) are reported.

Property 1 2 3 4 5

Mass [g] 6.553 7.018 8.006 7.8618 6.8662
Mean ± SD

Volume [cm3] 1.1894 1.2382 1.4454 1.3959 1.2126

Density [g/cm3] 5.5097 5.6681 5.5391 5.6321 5.6625 5.60 ± 0.0731

The results of the bending tests, including specimen dimensions, maximum load at
failure, and the corresponding flexural strength values, are presented in Table 2.

Table 2. Bending tests of recycled zirconia. Specimen dimensions, maximum load at failure, and
corresponding flexural strength. Mean ± SD are reported as well.

Property 1 2 3 4 5

Width [mm] 15.28 15.41 15.27 15.29 15.33
Distance between
supports = 32 mmThickness

[mm] 3.84 4.03 3.78 3.94 5.43

Max load [N] 977.0 822.0 786.8 759.0 1059.4 Mean ± SD

Flexural
strength [MPa] 208.14 157.65 173.09 153.49 112.50 160.98 ± 34.60

A comparative summary of the physical and mechanical properties of both materials
is provided in Table 3.
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Table 3. Comparative summary of the test results on both materials.

Property Commercial Zirconia Recycled Zirconia

Density [g/cm3] 6.02 ± 0.10 5.6 ± 0.07
Relative Density [%] 99.5 92.6

Porosity [%] 0.5 7.4
Grain size Dm [nm] 350 529

Hardness Vickers [HV1] 1188 ± 30 988 ± 226
Fracture toughness [MPa·m1/2] 8.48 ± 1.18 5.10 ± 0.65

Flexural Strength [MPa] 703 ± 207 160 ± 35

2.3. Fabrication of Recycled Zirconia Blocks and Shrinkage Measurements

Some pre-sintered blocks were obtained. During pre-sintering, approximately 5%
of the weight was lost, corresponding to binder removal, with no measurable shrinkage
observed at this stage. The pre-sintered blocks were easy to handle and retained their shape.
Slight powder residue was released upon handling; similar behavior is typically seen in
commercial materials. No cracks or delamination were observed (Figure S4).

The shrinkage measurements and the calculated shrinkage are reported in the Sup-
plementary Materials (Table S1). The overall average shrinkage was −18.94% ± 0.221.
The average shrinkage values calculated on a per-block basis were −18.855% ± 0.03,
−18.78% ± 0.16, and −19.18% ± 0.17 for Blocks 1, 2, and 3, respectively. These values were
highly consistent across the different blocks. In addition, no significant weight loss was
observed at this stage.

2.4. Prototypes Results

A visual inspection and dimensional analysis were performed on the fabricated pro-
totypes. All pieces showed good shape retention and precise geometric definition, with
well-defined features. Fine details were accurately reproduced and flawless; for example,
the hexagonal holes in the ceramic spacer (Figure 6a) are clearly distinguishable, as are
the threads in the nozzle (Figure 6d). The cylindrical plug (Figure 6b) and thermocouple
housing (Figure 6c) also retained their complex features, including the central cavity and
narrow bore, respectively. In addition, all fabricated components appear mechanically
robust, quite solid, the surface feels smooth to the touch, and exhibit a uniform and reliable
appearance, with no visible physical defects, cracks, or macroscopic porosity.

 

Figure 6. Proposed industrial prototypes. Recycled zirconia components fabricated by rapid prototyp-
ing methods: (a) ceramic spacer, (b) cylindrical plug, (c) thermocouple housing, and (d) fluid nozzle.
Photographs with dimensional measurements of the prototypes are included in Supplementary
Materials, Figure S5.
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For the dimensional analysis of the industrial prototypes, Table 4 presents the results
of the measurements performed after sintering, along with the error obtained in compar-
ison with the original design dimensions. The average absolute percentage error was
0.53% ± 0.14.

Table 4. Dimensional comparison of the fabricated prototypes. Original design dimensions versus
measured dimensions and corresponding percentage error. Dia = diameter.

Description Original Design Final Prototype %Error

Ceramic spacer
Dia 20.8 mm Dia 20.7 mm 0.48%

Height 6.4 mm Height 6.37 mm 0.47%

Cylindrical plug

Dia1 15.4 mm Dia1 15.46 mm −0.39%

Dia2 11.6 mm Dia2 11.66 mm −0.52%

Dia3 5.7 mm Dia3 5.73 mm −0.53%

Thermocouple
housing

Wide 23 mm Wide 22.9 mm 0. 43%

Length 26 mm Length 26.15 mm −0.58%

Fluid nozzle

Length 22 mm Length 21.88 mm 0.55%

Dia1 4.4 mm Dia1 4.44 mm −0.99%

Dia2 11 mm Dia2 11.05 mm −0.45%

3. Discussion
3.1. Powder Characterization

As explained previously, a heterogeneous powder obtained from a milling machine
processing different types of zirconia as well as other organic materials was used in this
study. The powders underwent a washing step to remove organic contaminants. Subse-
quently, a very modest wet milling process lasting only 30 min was applied, which helped to
homogenize the particle size distribution. The milling process effectively deagglomerated
the larger particles while having a minimal effect on the smaller ones, resulting in a 76%
reduction in D90 and a 47% reduction in D50 compared to the initial powder. This process
yielded a final D50 value of 69.4 µm. Although this topic is discussed later, this processing
step had the most significant impact on the porosity of the material. Furthermore, since
the powder was dried and calcined at 750 ◦C for 2.5 h, the presence of residual organic
materials is not expected.

Elemental analysis by EDS did not reveal the presence of contaminant elements; only
elements consistent with yttria-stabilized zirconia (ZrO2–Y2O3) were detected, including
aluminum oxide, which has been commonly reported as a minor constituent in some
commercial zirconia materials [13]. The estimated yttria content was approximately 5 mol%
Y2O3. Although this value is approximate, the same calculation approach was applied
to the EDS data reported in Ref. [17]. It should be noted that this yttria concentration is
characteristic of cubic-phase zirconia.

Phase analysis by XRD revealed the presence of only two phases in the recycled
zirconia: approximately 80% tetragonal phase and 20% monoclinic phase. While the
presence of the tetragonal phase is expected, the occurrence of the monoclinic phase is
less common. Nevertheless, these results are consistent with previous studies [10,12,15,16]
which have also reported the coexistence of tetragonal and monoclinic phases in recycled
zirconia powders. Since the recycled zirconia originates from pre-sintered material that
is initially present in the tetragonal phase, the appearance of the monoclinic phase can be
attributed to stress-induced phase transformation during mechanical processing, such as
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CAD/CAM machining, where the tetragonal-to-monoclinic transformation is known to
occur [20].

3.2. Bulk Material Characterization

The characterization of the physical and mechanical properties allows for a more
detailed analysis of the results. The sintered recycled zirconia was evaluated and compared
with a high-strength commercial dental zirconia. Accordingly, the discussion is based on the
differences observed between these materials, as well as on comparisons with previously
published studies on zirconia recycling.

Recycled zirconia exhibited a relative density of 92.6%, while the porosity was 7.4%.
Overall, the measured mechanical properties of the recycled zirconia were considerably
lower compared with commercial zirconia. Next, we will provide some explanations based
on the results obtained.

The lower density and significantly higher porosity of the recycled zirconia can be
primarily attributed to insufficient powder treatment and a relatively low pressing pressure.
As explained in the Introduction, this work starts from a powder that is heterogeneous
both in composition and particle size. Bringing such a material to optimal conditions that
allow densities close to the theoretical value would require the application of significant
energy input and additional processing steps. It is true that some previous studies have
reported recovering recycled zirconia with properties close to those of the original material;
however, these works relied on extended milling times ranging from 6 to 12 h and the
use of sieving procedures to homogenize the powders. Moreover, in most cases, only a
single type of zirconia was recycled, resulting in powders that were more homogeneous in
composition [12,16–18].

The approach of our recycling strategy is to explore the possibility of reintegrating
this waste material into the production chain through a process that is closely aligned
with realistic recycling conditions and is economically viable. Therefore, we deliberately
accepted the risk of proposing a method consistent with such conditions and subsequently
evaluating its outcomes. To this end, only a single initial sieving step using one mesh size
was applied, followed by a very short wet milling process of 30 min.

As a result, we are working with powders exhibiting a D50 value of 69.4 µm. In
contrast, other studies report significantly finer particle sizes. For example, H. Yang et al.
reported a D50 of approximately 1 µm [16], V. Cordeiro et al. reported values around
D50 = 0.5 µm [10], and similarly, Strazzi-Sahyon et al. [17] reported particle sizes close to
D50 = 1.5 µm. Therefore, while our recycled powder has a D50 of 69.4 µm, most studies that
report recycled zirconia with good mechanical properties typically work with an average
D50 ≈ 1 µm, often achieved at the expense of milling times of up to 12 h.

This substantial difference in particle size and particle size distribution is directly
reflected in the densification behavior and the resulting porosity of the material [10,16–19].
The results obtained in the present study are consistent with previous reports that have
used CAD/CAM waste powder collected directly from dental laboratories [11,19].

On the other hand, a uniaxial pressing pressure of 100 MPa was used to fabricate the
specimens employed for all mechanical tests. Although this pressure is not the highest
reported in the literature, it falls well within commonly used values. Therefore, for the
purposes of this study, pressing pressure was ruled out as a critical factor in densification,
as it would play a more significant role only if densities closer to the theoretical value were
being pursued.

The grain size obtained from the recycled zirconia was considerably bigger than the
commercial, nearly 40% on average. As is well known, the bigger the grain size, the lower
mechanical properties. Grain growth can be attributed to several factors, such as the thermal
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process variables, temperature and time, crystallographic phases, and dopants, among other
factors. However, we used the same thermal process for recycled and commercial zirconia.
Hence, grain growth could also be attributed to the heterogeneity of recycled powders.

XRD results combined with Rietveld refinement confirmed that the commercial zir-
conia exhibits a single tetragonal phase, whereas the recycled zirconia contains multiple
phases, consisting of approximately 21% tetragonal and 79% cubic phase. This phase
composition can be explained by the heterogeneous origin of the recycled powder, which is
a mixture of different CAD/CAM zirconia blocks. The dental laboratory, from where the
zirconia waste was obtained, confirmed that approximately 85% of the processed material
corresponds to multilayer translucent zirconia (SHTML), which typically contains a higher
yttria content, inducing cubic phase. This compositional characteristic is consistent with
the significant fraction of the cubic phase observed. Unfortunately, the cubic zirconia phase
is known to exhibit lower mechanical properties compared to the tetragonal phase.

After analyzing all these results, it becomes evident that each factor present in our
recycled material adversely affects its mechanical properties. These include a relative
density of 92.6%, which consequently results in a high porosity of 7.4%, a relatively large
grain size, and the presence of the cubic phase. However, it is clear that in order to achieve
mechanical properties comparable to those of commercial zirconia, the primary requirement
is to reduce porosity and attain significantly higher densities.

Improving mechanical properties can be a challenging task without first achieving
sufficient densification, as densification depends largely on the use of powders with smaller
particle sizes, often at the expense of the economic feasibility of the recycling process under
real-world conditions [21]. Nevertheless, minimal processing strategies for recycling dental
zirconia can yield promising results for practical applications. It is therefore necessary to
continue exploring cost-effective strategies that may contribute to further improvements in
the recycling process. For example, Bastos Campos et al. [19] applied a minimal processing
philosophy without performing additional milling; although the achieved relative densities
were comparatively low (86.7–92.2%), the flexural strength was successfully improved
through the infiltration of thermally compatible glasses. This approach could represent a
valuable option in cases such as the present study, where mechanical properties could be
enhanced using this type of additive.

3.3. Mechanical Properties and Potential Industrial Applications

The main limitation encountered in this research work was the relatively low mechan-
ical performance obtained for the recycled zirconia. In particular, the most critical result
was the flexural strength, for which an average value of 160 MPa ± 35 was obtained, a
value that is considerably lower than that of commercial dental zirconia.

These zirconia ceramics, depending on their degree of translucency, typically exhibit
flexural strengths ranging from approximately 500 to 1200 MPa. It is also well established
that some of the previously cited studies on recycled zirconia report flexural strength values
reaching several hundreds of megapascals. However, as discussed earlier, those studies
did not employ recycled powders, but rather homogeneous residual zirconia blocks. In
addition, those works involved extensive milling times, for example H. Yang et al. used
6 h [16], A. Valian et al. 8 h [18], and Strazzi-Sahyon et al. up to 12 h [17], which result
in a significant reduction in particle size and, consequently, improved compaction and
densification, leading to higher flexural strength values. However, this would require
a very high energy input, potentially compromising the feasibility of recycling in real
industrial scenarios.

In contrast, our approach deliberately aimed to minimize processing steps by using
only 30 min of milling on a heterogeneous powder obtained from a real dental laboratory.
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Even with this limited processing, flexural strength values of up to 160 MPa ± 35 were
achieved. However, in industrial practice it is well known that many advanced ceramic
materials classified as refractory, dielectric, insulating or even some structural ceramics
exhibit flexural strength values comparable to those reported in the present study for
recycled zirconia. Therefore, it is entirely valid to state that components manufactured
using this recycled material can be suitable for industrial applications.

To mention only a few examples of advanced ceramics currently employed in indus-
try, magnesium oxide exhibits flexural strengths in the range of 82–105 MPa, cordierite
70–190 MPa, steatite 100–180 MPa, mullite 115–160 MPa, and alumina 200–600 MPa. Conse-
quently, the flexural strength achieved in this study represents a very acceptable value for a
wide range of industrial applications, such as ceramic spacers, washers, pipes, housings,
valves, nozzles, for instance, zirconia nozzles in tundish application, for molten metal
processing in the foundry industry [22].

It should be clarified that this discussion does not refer to highly porous ceramics,
which typically exhibit flexural strength values ranging from only a few megapascals up to
typically around 40 MPa. Only more specialized porous ceramics, such as silicon carbide
(SiC), can reach higher values approaching 100 MPa [23,24].

3.4. Fabrication of Recycled Zirconia Blocks and Prototypes

The pre-sintered CAD/CAM blocks fabricated from recycled zirconia were suitable
for CAD/CAM processing, and the measured shrinkage factor proved to be highly precise
and consistent based on the experimental results. The overall average shrinkage value was
−18.94% ± 0.221, calculated from twelve samples obtained from three different blocks.
However, when the samples are analyzed on a per-block basis, the standard deviation
decreases to an average value of ±0.12, indicating that the variation in shrinkage among
pieces from the same block would be approximately 0.63%. This represents a significant
advantage, as it ensures reliability when targeting industrial component applications that
require good dimensional control. These blocks were ultimately used to manufacture
prototypes intended for industrial applications.

Since the main objective of this work was to demonstrate the feasibility of reintegrating
recycled dental zirconia into the production chain, four distinct components with potential
industrial applications were designed using CAD and subsequently machined using CAM
from the recycled blocks, also aiming to simulate a rapid prototyping process for ceramic
components. It should be noted that the selected components were chosen to present a
certain degree of geometric complexity and to pose specific manufacturing challenges, to
assess the reproducibility and resolution achievable with the proposed process.

The results were excellent, as the fabricated components preserved their geometric
features with a high degree of sharpness. Their appearance and tactile robustness convey
the perception of solid, high-quality components. Dimensional analysis yielded very
promising results, with an average absolute percentage error of 0.53% ± 0.14, which fully
complies with the ISO 2768 standard [25] for the specification of general tolerances in
industrial applications. In addition, the effectiveness of measuring the shrinkage factor for
each block was confirmed, and this value was used to properly oversize the components
during the CAM stage.

Finally, it is important to note that the recycled zirconia blocks used for prototype
fabrication were pressed at 25 MPa, which is significantly lower than the pressing pressure
applied to the characterized test specimens (100 MPa). This difference was due to technical
limitations of our pressing equipment, as well as time and budget constraints that prevented
the fabrication of a steel mold, requiring instead the use of a plastic mold.
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As a result, the fabricated prototypes were not subjected to physical or mechanical
characterization. It was assumed that their properties could be comparable to those of the
characterized specimens if the recycled blocks had been pressed at the recommended pres-
sure levels. In this case, the shrinkage factor would also change; however, this would not
constitute a problem, since this factor must always be determined for each powder batch.

4. Materials and Methods
A process was developed to purify zirconia powders and transform them into rectan-

gular test specimens and blocks suitable for dental CAD/CAM systems. The test specimens
were used to evaluate the physical and mechanical properties of the recycled material,
while the CAD/CAM blocks were used exclusively to fabricate representative industrial
prototypes using CAD/CAM-based rapid prototyping methods, with the same technology
available (Figure 7).

 

Figure 7. Flowchart illustrating the CAD/CAM process. The solid pathway outlines the standard
procedure, while the green pathway highlights the recycling of dental zirconia and its integration
into the process.

4.1. Zirconia Powder Recycling Process

Zirconia waste intended for recycling was obtained from a local commercial dental
laboratory. The laboratory provided a full dust collection vacuum bag discarded from a
dry milling machine, from which the powders were collected and subsequently used to
develop the proposed recycling process. The laboratory confirmed that the same milling
system is used to process different types of zirconia, as well as wax and PMMA.

The residual powder collected from the vacuum bag was sieved through a 0.5 mm
mesh to remove large particles. The resulting powder was suspended in distilled water and
subjected to three iterative cycles of agitation, settling, and supernatant decantation, ensur-
ing that the zirconia sediment at the bottom was not disturbed. Zirconia (6.05 g/cm3) settled
rapidly, while wax (0.9 g/cm3) was separated due to density differences and buoyancy,
and PMMA (1.18 g/cm3) was progressively removed as a suspension during decanta-
tion. The decanted supernatant was filtered through filter paper to separate solid residues
(wax/PMMA) from the liquid. Wet milling was performed for 30 min using a high-energy
ball mill (SPEX CertiPrep 8000M, Metuchen, NJ, USA). Thirty grams of powder and 20 mL
of distilled water were placed in a polyamide vial along with eight (10 mm) and forty
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(3 mm) 3Y-TZP zirconia balls (Inframat Advanced Materials, Manchester, CT, USA), re-
sulting in a grinding ball-to-powder mass ratio of 1. The zirconia was dried at 115 ◦C for
two h and subsequently calcined at 750 ◦C for 2.5 h to ensure the complete removal of
organic components.

4.2. Powder Characterization
4.2.1. Particle Size Distribution

Particle size distributions were conducted by a laser scattering particle size distribution
analyzer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, UK) before and after ball
milling treatment.

4.2.2. Elemental and Phase Analysis

For the elemental analyses, scanning electron microscopy (SEM) with energy dis-
persive spectroscopy (EDS) studies were conducted using a JSM 7401F (JEOL Co., Tokio,
Japan). Powder particles were deposited on carbon tape and analyzed to obtain microstruc-
tural images and elemental composition. To estimate the molar percentage of Y2O3 in the
recycled zirconia powder, the elemental composition obtain by EDS was further processed
on an oxide basis. Aluminum was excluded, as it does not contribute to zirconia phase
stabilization. Oxygen was also excluded from the calculation due to its high uncertainty in
EDS, (low atomic number, Z = 8). The molar fraction of Y2O3 was calculated from the moles
of Zr and Y, considering the stoichiometry of their respective oxides (ZrO2 and Y2O3).

For crystallographic phase analysis, X-ray diffraction measurements were performed
on the recycled powder using a Xray Diffractometer (PANalytical, Malvern Instruments
Ltd., Malvern, UK). Diffractogram was obtained over a 2θ range of 25◦ to 40◦, with a step
size of 0.05◦ and a counting time of 100 s per step. The phase analysis was assisted by
Match (Phase Identification from Powder Diffraction, Versión 3, Crystal Impact, Bonn,
Germany) and Rietveld analysis to quantify the present phases, such as tetragonal, cubic,
and monoclinic.

4.3. Fabrication of Test and Control Specimens

Ten rectangular test specimens (Figure S2) were fabricated as follows. Thirteen grams
of milled recycled zirconia powder and 1.8 mL of organic binder (polyvinyl alcohol at
5 wt%) were mixed and poured into a rectangular mold made of tool steel W4 (Figure 8a).
The powder in the mold was compressed using a press (MTS 810, MTS Systems, Eden
Prairie, MN, USA) applying an axial force of 100.2 kN over the piston; since the pressing
area of the mold was 10 cm2, the pressing pressure was 100 MPa. The rectangular plate-
shaped was removed from the mold and then dried for two h at 150 ◦C to remove moisture.
Binder removal was carried out by heating to 300 ◦C with a dwell time of 30 min, followed
by a second stage at 650 ◦C [26] (Furnace Carbolite HTF 1700, Neuhausen, Germany).
Finally, the sintering process was carried out in a high-temperature furnace (Duotron,
Add-in S-6100, Goyang-si, Republic of Korea) at a temperature of 1530 ◦C for two h,
following the temperature ramps and sintering time recommended by the commercial
zirconia manufacturer.

To obtain control specimens for comparison between the properties of recycled zirco-
nia and commercial zirconia, ten specimens of commercial zirconia were fabricated. The
zirconia block used was supplied by Cera Direct® (Ceradirect Technology Ltd., Shenzhen,
China) and corresponds to an HT white zirconia with a low yttria content. The specimens
were designed in SOLIDWORKS® (Version 2024, Dassault Systèmes, Waltham, MA, USA)
using a geometry similar to that of the raw rectangular test specimens (53.5 mm × 18.5 mm
× 4.8 mm) and subsequently milled from a commercial zirconia block using a dental milling
machine (Roland DWX-51D, 5-axis, Hamamatsu, Japan). After milling, the control speci-
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mens were sintered according to the manufacturer’s (Cera Direct®, Ceradirect Technology
Ltd., Shenzhen, China) recommended schedule, which consisted of heating at a rate of
7 ◦C/min up to 1000 ◦C, with a dwell time of 30 min, followed by heating at 3 ◦C/min up
to 1530 ◦C with a dwell time of 2 h, and subsequent cooling to room temperature at a rate
of 8 ◦C/min.

 

Figure 8. Technical drawing of (a) Steel mold for rectangular test specimens, and (b) POM mold for
CAD/CAM blocks.

4.4. Material Characterization

Several analyses were performed to characterize the physical and mechanical proper-
ties of both the recycled zirconia and the control specimens. The methodology applied for
each analysis is described below.

4.4.1. Physical Properties Evaluation

Microstructure and grain size distribution was studied by means of a Scanning electron
microscopy (SEM) JSM 7401F (JEOL Co., Tokio, Japan). Five images at 30,000× magnifi-
cation were captured to evaluate the grain size distribution. The grain size distribution
was then determined using the ImageJ software (Version 1.54a, developed by Rasband,
W.S., & U. S. National Institutes of Health) by measuring the equivalent grain diameter of
individual grains. The median grain size (Dm) and grain size range were then obtained.

The crystallographic phase analysis was performed to identify the present phases.
Diffractograms were obtained over a 2θ range of 20◦ to 120◦, with a step size of 0.0130◦

and a counting time of 100 s per step.
Density was measured using a densitometer (Ultrapycnometer 1000, Quantachrome

Instruments, Boynton Beach, FL, USA). Ultra-high purity nitrogen was used, and three
readings per sample were recorded to ensure accuracy and reliability. The specimens used
for this measurement correspond to the remaining pieces after the flexural strength tests,
specifically the rectangular specimens fractured into two halves. For this reason, differences
in weight and volume can be observed among some of the samples. Relative density and
porosity were calculated as follows:

Relative density (%) =

( ρexp

ρtheo

)
× 100 (1)

Porosity (%) =

( ρtheo − ρexp

ρtheo

)
× 100 (2)

where ρexp is the measured density and ρtheo is the theorical density (6.05 g/cm3).
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4.4.2. Mechanical Properties Evaluation

Vickers hardness was determined using a microhardness tester (FM-7, Future-tech,
Kawasaki, Japan), with a load of 9.8 N applied for 15 s. For each group (n = 5), 10 indentations
were performed. Additionally, fracture toughness was calculated using Equation (3) [27].

KIc = 0.0752· P
c3/2 (3)

where P is the load applied through the indenter, 9.8 N; and C is the crack length (m),
measure from the center of the indentation to the crack tip.

Flexural strength tests were conducted using the three-point method in an universal
testing machine (Sintech 20/D, Sintech Co, Eden Prairie, MN, USA) at a loading rate of
5 mm/min according to the ASTM C1161 standard [28]. After sintering, rectangular plate
specimens, both recycled and control (n = 5 for each) were utilized for this test. Flexural
strength (σ) was calculated according to Equation (4):

σ =
3PL
2bd2 (4)

where P is the maximum load in Newtons; L is the distance between supports in mm; b is
the width of the specimen in mm and d is the thickness of the specimen in mm.

4.5. Fabrication of CAD/CAM Recycled Zirconia Block

To shape the recycled zirconia CAD/CAM block, 350 g of milled zirconia powder
and 48 mL of organic binder (polyvinyl alcohol at 5 wt%) were mixed and poured into
a cylinder-piston mold (Figure S3) made of polyoxymethylene (POM), dimensions are
shown in Figure 8b. The powder in the mold was compressed using a press (MTS 810,
MTS Systems, Eden Prairie, MN, USA) applying an axial force of 216.5 kN over the piston;
since the pressing area of the mold was 86.6 cm2, the pressing pressure was 25 MPa. The
disc-shaped block was removed from the mold and then dried for two h at 150 ◦C to remove
moisture. Binder removal was carried out by heating to 300 ◦C with a dwell time of 30 min,
followed by a second stage at 650 ◦C [26]. Finally, the discs were pre-sintered (Carbolite
HTF 1700, Neuhausen, Germany) at 1100 ◦C for two h, with heating and cooling ramps of
10 ◦C/min.

Zirconia Shrinkage Measurement

To achieve dimensional precision in milled prototypes, it is necessary to determine
the shrinkage factor of the pre-sintered recycled zirconia block. Defined as the percentage
of dimensional reduction after sintering. Thus, the milling process must account for the
shrinkage factor by producing an oversized green piece that will reach the desired final
dimension after sintering. For this purpose, twelve specimens were milled in the Roland
milling machine from three pre-sintered zirconia blocks fabricated using the same batch of
recycled powder. Each specimen was produced in the form of a cylinder with a diameter
of 3 mm and a thickness of 3 mm. The dimensions of the specimens were measured
before and after the sintering process, and the resulting data were analyzed using the
following equation:

Shrinkage (%) =
L1 − L2

L1
× 100 (5)

where L1 and L2 are the lengths before and after sintering. In this case we used diameters.
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4.6. Fabrication of Prototypes

The first step in prototype fabrication was the CAD (computer-aided design) stage. The
prototypes were designed using SolidWorks® (Version 2024, Dassault Systèmes, Waltham,
MA, USA) and their dimensions were intentionally oversized by applying the shrinkage
factor previously determined for the block from which they were milled. The designed
prototypes consisted of generic components intended to explore complex geometries
that simulate potential industrial applications. Subsequently, the CAM (computer-aided
manufacturing) process was carried out by milling the prototypes from a pre-sintered
recycled zirconia block using the dental milling machine previously described. Finally, the
sintering process was performed in a high-temperature furnace (Duotron S-6100, Addin
Co., Ltd., Goyang-si, Republic of Korea) at 1530 ◦C for two h, following the same schedule
described previously for this process.

After sintering, the pieces were visually inspected, and the dimensions of the proto-
types were measured using a digital vernier caliper (Mitutoyo Absolute AOS digimatic,
Mitutoyo Corp., Kawasaki, Japan). Subsequently, the measurements were compared with
the original design dimensions. The percentage error was calculated as an indicator of the
deviation from the target dimensions.

5. Conclusions
The present work demonstrated the feasibility of reintegrating dental zirconia into

CAD/CAM systems. Pre-sintered blocks with consistent dimensions and characteristics
suitable for these systems were obtained and used to produce industrial parts.

Although recycled zirconia exhibited lower physical and mechanical properties than
high-resistance commercial zirconia, it still has adequate mechanical and structural prop-
erties for practical applications, as demonstrated. This decrease was attributed to the
heterogeneity of the powders used, which originated from a commercial dental laboratory,
as well as to the short milling time. These factors resulted in the presence of a cubic phase,
grain growth, and relatively large particle sizes, which hindered proper densification and
consequently affected the mechanical properties of the ceramic material.

Nevertheless, compared to other industrial ceramics, this recycled material exhibits
adequate properties to presumably compete in applications where high-temperature, wear
resistance, thermal and dielectric insulation, and dimensional stability and precision are
prioritized.

It was also demonstrated that, when compacted into blocks compatible with CAD/CAM
systems, recycled zirconia can be used to fabricate solid components with complex geometries,
good surface appearance, and good dimensional accuracy. This makes the material particularly
suitable for rapid prototyping applications involving ceramic components.

Although further optimization of recycled zirconia may be required to overcome exist-
ing challenges, the potential of this material for manufacturing industrial components using
modern rapid prototyping methods is noteworthy. The results of this study demonstrate
the feasibility of reintegrating high-value materials originally used in dental applications
into industrial contexts, while simultaneously reducing their environmental impact.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/recycling11050092/s1, Figure S1: Dental zirconia waste. On the
left, two bags containing approximately 20 kg of zirconia powder, each were collected during milling
process through a vacuum collector. On the right, fractured remaining blocks. These photos were
obtained from Biometika® digital dental lab.; Figure S2: Rectangular specimen made of recycled
zirconia; Figure S3: Mold made of POM that shaped compressed recycled powders into blocks;
Figure S4: Pre-sintered block made of recycled zirconia; Figure S5: Prototypes measurements;
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Table S1: Pre- and post-sintering dimensions of samples derived from a single powder batch, with
shrinkage and weight loss values determined for each sample.
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POM Polyoxymethylene
SEM Scanning Electron Microscopy
XRD X-ray diffraction
EDS Energy Dispersive Spectroscopy
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ASTM American Society for Testing Materials
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