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Plastics have substantial societal benefits, but their widespread use
has led to a critical waste management challenge. While mechan-
ical recycling dominates the reuse of post-consumer plastics, it is
limited in efficacy, especially for composites. To address this, we
propose a direct reprocessing approach that enables the creation
of hybrid, long-lasting, and durable composites from difficult-to-
recycle plastics. This approach utilizes cold sintering, a process that
consolidates inorganic powders through fractional dissolution and
precipitation at temperatures far below conventional sintering;
these temperatures are compatible with plastic processing.
We show that this process can create inorganic-matrix composites
with significant enhancements in tensile strength and toughness
over pure gypsum, which is commonly found in construction waste.
These composites can be recycled multiple times through direct
reprocessing with the addition of only water as a processing
promoter. This approach to recycling leads to composites with
orders of magnitude lower energy demand, global warming
potential, and water demand, when compared against common
construction products. Altogether, we demonstrate the potential
for cold sintering to integrate waste into high-performance recycl-
able composites.

Introduction

Since the 1950s, plastic has revolutionized the way we live by
providing convenient and versatile products that have become
ubiquitous in our daily lives. Despite its undeniable benefits,
the disposal of plastic has become a critical issue, with the
constant generation of plastic waste causing significant environ-
mental and health problems worldwide." Traditional methods of
plastic waste management, such as landfill and incineration, are
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New concepts

We present a novel concept for upcycling of construction waste, including
plastics, by utilizing cold-sintering, a method developed to densify
ceramics at low temperatures (<200 °C). We showcase its application
using commonly available waste materials like polypropylene (PP) and
gypsum. This approach distinguishes itself by addressing the drawbacks
of traditional mechanical recycling, specifically averting the decline in
mechanical properties typically associated with downcycling practices. In
comparison with existing research that has employed cold-sintering for
composite production typically towards device applications, our work
demonstrates the use of this method to repurpose and upcycle plastic
waste for the first time. Furthermore, this work is also the first
demonstration of cold-sintering to manufacture tailored tensile test
specimens, which will expand the potential for diversifying testing
procedures of cold sintering samples. Additionally, our life cycle
assessment quantitatively uncovers the substantially reduced
environmental impact of the reprocessed cold-sintered composite
compared to commonplace building materials. Even when using virgin
feedstocks, cold sintering displays lower energy requirements and
decreased global warming potential, underscoring its efficacy in
processing recyclable composites. This study represents a step forward
in sustainable materials, promising to elevate circularity within the
domain of materials science.

not sustainable solutions due to their adverse impacts on the
environment and human health.*” As a result, identifying effective
ways to manage plastic waste has become a pressing concern for
policymakers, scientists, and the public.

In recent years, mechanical recycling has gained widespread
acceptance as a pivotal approach to address the pressing issue
of plastic waste. This method holds several benefits, such as in
reducing the environmental footprint of plastics, conserving
valuable resources, and diverting plastics from overflowing
landfills. Moreover, it plays a substantial role in promoting
sustainability and advancing circular economy principles,
and in highlighting the growing importance of plastic recycling
throughout our society.” Nonetheless, despite its merits,
mechanical recycling faces substantial challenges, especially
when dealing with polypropylene (PP) due to its propensity for
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chain scission during processing.® Conventional mechanical
recycling techniques often grapple with a fundamental con-
straint: they tend to result in a phenomenon referred to as
downcycling. The recycling process leads to a gradual reduction
in the quality and performance of plastics with each successive
recycling cycle.>* !
rities and reprocessing itself lead to a decline in plastic
mechanical properties.'* This inherent limitation poses a sig-
nificant obstacle, particularly for PP, a ubiquitous plastic that
experiences a rapid deterioration in performance and quality
with recycling. Although chemical or advanced recycling has
been gaining momentum as an alternative for plastic mechan-
ical recycling,'® the breakdown of the plastic back to its basic
building blocks has disadvantages in the loss of the embedded
energy in the original production of the polymer.’ This embo-
died energy is also a substantial contribution to the environ-

Consequently, the introduction of impu-

mental footprint of many inorganic components used in the
building and construction industry, where movement towards
circularity of building materials is a key route to achieving
sustainability.*

Cold sintering is a recently developed approach to densify
ceramics."® Unlike traditional sintering, cold sintering uses a
liquid phase to undergo dissolution and precipitation of a
vanishingly small fraction of the ceramic to fuse powders at
much lower sintering temperatures (<200 °C)."** Cold sinter-
ing enables densification to >99% under appropriate proces-
sing conditions.”> Even with minimal dissolution in the
transient solvent, cold sintering provides the possibility to co-
sinter ceramics, organics, and polymers in one step.”*** Pre-
vious work has demonstrated unique composites made from
salt and ceramic materials,*® layered structures,?” and metals.®
As such, cold sintering provides the potential to integrate
plastic waste with various other materials and likely opportu-
nities for enhancing the sustainability of composite materials.
The ability to sinter inorganic phases at modest temperatures
opens the door for reprocessability, in a manner not typically
possible for plastic composites.

In this study, we focus on developing an approach for
creating structural materials from plastic waste and construc-
tion waste by cold sintering polypropylene (PP) with CaSO,,
which is the main component in gypsum drywall. We demon-
strate that this approach results in a range of compositions
(14-68 vol% PP) with promising mechanical behavior. Cold
sintered PP/CaSO, inorganic matrix composites can exhibit
ductility under tensile deformation, in contrast to the extreme
brittle failure that is typical of gypsum alone. Moreover, the
modest processing temperature of cold sintering precludes
chain scission and polymer degradation after reprocessing,>*”°
enabling re-sintering of ground composites multiple times without
any significant degradation in mechanical properties. As a demon-
stration, we show synthesis of composites that include actual
plastic waste and exhibit similar mechanical properties as when
pristine materials are used. Quantification of the environmental
impact through life cycle assessment calculations reveals that cold
sintered composites exhibit significantly lower energy demand,
global warming potential, and water demand when compared to
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values for alternative building materials (particle board, strand
board, sawn timber, and gypsum board). Imparting recyclability to
cold sintered composites further decreases our impact metrics by
orders of magnitude. Our work shows the potential for cold
sintering to enhance sustainability by upcycling plastic waste into
recyclable composites towards use in structural applications.

Results and discussions
Cold sintered CaSO,/PP composite

Although some plastics, such as polyethylene terephthalate
(PET), are recycled at modest rates (18% for PET), PP waste is
seldom recycled, with rates <1% in the US.*! In addition,
construction waste is currently about twice as large by mass
as municipal waste,>® which underscores the substantial
volume generated within the construction industry. Gypsum,
a widely used constituent in construction, contributes to this
large volume of construction waste as drywall, wallboard, or
plasterboard, which are often used for wall and ceiling finishes.
Gypsum exhibits attributes that facilitate easy installation,
disassembly, and potential for recycling at the end of its
lifecycle.>*** We thus focused our initial demonstration on
composites made from PP and gypsum (CaSO,). Ground poly-
propylene particles (250-500 pm) were mixed with powders of
CaSO, and 10 wt% deionized water (of total powder mass). The
moistened powders were loaded into a 316 Stainless steel mold
of type V tensile bars (ASTM D638). Cold sintering then took
place at 160 °C and 200 MPa for 1 h under ambient conditions
as these conditions provide for sufficient flow of PP, appro-
priate duration for plateau in the sintered composite density
and avoid deformation of the mold. Samples are labeled with
the polypropylene content as PP-x, where x is the percent PP by
volume. More details on procedures and selection of process-
ing parameters for composite fabrication can be found in the
Materials and methods section.

Ceramics are known for their exceptional compressive
strength and hardness while exhibiting poor tensile proper-
ties.>® In fact, the low tensile strength of ceramics is a signi-
ficant limitation in some applications. Uniaxial tensile testing
of ceramics is notably scarce in literature®® due to the inherent
difficulty in forming suitable specimens and conducting such
tests. In this study, we demonstrate a novel approach using cold
sintering techniques, which has been noted to enhance the
mechanical properties of ceramic materials.’”*® This method
has enabled the fabrication of integral tensile bars for ceramic
matrix composites and has facilitated their subsequent testing.
Moreover, properties of plastic composites are typically limited
by the aggregation of fillers at high loadings. The small, but
finite solubility of CaSO, in water alters the mechanism by
which the morphology of the composite develops. Fig. 1(a)
schematically highlights how the addition of water as a proces-
sing, transient solvent alters the structure of the composite and
leads to significant strengthening. The dissolution-precipita-
tion of CaSO, leads to an inorganic framework in the composite
to lock the CaSO, structure, while the processing temperature

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic comparing cold sintering and heat pressing to fabricate CaSO,4/PP composites. (b) Images of cold sintered and heat pressed

composites containing 68.2 vol% of PP (left) and the cross-section morphology from pCT (right). The PP region appears as a lower gray scale value
(black), distinct from the CaSO4 region (gray). (c) Histogram of local composition of cross-sections from pCT analysis for the two processing routes.
(d) Representative stress—strain behavior of 68.2 vol% of PP composites from cold sintering and heat press processing.

enables flow of PP between the CaSO, particles to produce
tortuous PP extended domains within the composite as the
material densifies during sintering (Fig. 1(b)). This enables the
CaSO,/PP composite to densify during the cold sintering pro-
cess, as shown in Fig. S1 (ESIt). Without water, pressing the
composite at the same conditions leads an aggregated compo-
site structure due to the mobility of PP, the freedom of the
CaSO, particles, and poor interfacial interactions between PP
and CaSOy,, as expected (Fig. 1(b)).

These differences impact the macroscopic appearance of the
CaSO,/PP composite tensile specimens. The cold-sintered spe-
cimen appears homogeneous from visual examination, while
aggregated regions can be identified by eye in the heat pressed
sample (Fig. 1(b)). A cross section from X-ray microcomputed
tomography (uCT) in the gauge region of the sample illustrates
this difference at the microscale. A statistical analysis of the full
specimen quantifies the distribution of components to more
clearly illustrate the heterogeneity. Fig. 1(c) shows the histo-
gram of PP concentration across the gauge region from indivi-
dual uCT cross sections. As the overall composition is identical,
the average composition is not dependent on the methodology
for generating the specimen. Cold sintering leads to a narrow
distribution in composition, while the heat pressed sample has
a broader distribution due to substantial number of domains
with nearly 50% excess or deficit in PP.

This journal is © The Royal Society of Chemistry 2024

The difference in morphology and homogeneity with proces-
sing method significantly impacts the response to tensile
deformation, as shown in Fig. 1(d). The Young’s modulus is
30% higher with cold sintering (1473 MPa) than after heat press
processing (1112 MPa) despite the similarity in processing
(except the use of water in cold sintering). More strikingly,
the ultimate tensile stress (UTS) is 8 times larger with cold
sintering (3.55 MPa) than hot pressing (0.43 MPa) despite
identical materials and processing conditions, again except
the inclusion of water for cold sintering. The increased strength
does not come at the expense of the toughness; the cold
sintered material is more ductile, with the strain at break
nearly 3 times larger than samples made with a heat press.
These results illustrate the unique composite structures and
properties that can be obtained with cold sintering.

Mechanical and morphological properties

To gain deeper insights into the tensile characteristics of
CaSO,/PP composites, we conducted a comprehensive analysis
of the stress-strain behavior for composites spanning a broad
spectrum of PP concentrations, ranging from 0 vol% to
68.2 vol%. The findings are presented in Fig. 2. As the propor-
tion of PP increases, the stress-strain responses of the CaSO,/
PP composites undergoes a remarkable transformation from
brittle to ductile failure modes. In Fig. 2(a), for instance,
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Fig. 2 Representative stress—strain curves at (a) low, (b) medium and (c) high PP content and connectivity analysis of u-CT images for (d) PP-14.5, (e) PP-
26.3, and (f) PP-44.6. The false color allows for identification of connected PP (pink) and isolated PP (green) phases within the composite.

PP-14.5 (14.5 vol% of PP) exhibits a stress—strain curve closely
resembling that of PP-0, which represents the tensile behavior
of pure CaSO,. In both cases, PP-0 and PP-14.5, a brittle mode
of failure was observed, characterized by immediate sample
rupture upon reaching the ultimate tensile stress (UTS) without
any noticeable plastic deformation. At volume fractions of
PP exceeding 25 vol%, the stress-strain curves of PP-26.3 and
PP-36.2 in Fig. 2(b) show a distinctive strain-softening behavior
of composites.***° This behavior is characterized by a contin-
uous and gradual decline in stress following the attainment of
the UTS, which is indicative of a transition from a brittle to
quasi-brittle material response.’® Further increasing the PP
content in the composite leads to a noticeable shift in behavior,
as shown in Fig. 2(c). For instance, PP-58 demonstrates a
pivotal transition at approximately 0.1% strain, coinciding with
the initial cracking of the CaSO, matrix. As successive matrix
cracks form within CaSO,, the composite undergoes a transi-
tion with a substantial increase in the ultimate tensile stress.
This is followed by strain softening, ultimately culminating in
fracture at an elevated tensile strain. This transition from
brittle to ductile behavior is intrinsically linked to morpholo-
gical alterations within the composite.

From the qualitative visual examination of the internal
morphology, there are clear differences that correlate with
the mechanical properties. As depicted in Fig. 2(d)-(f), these

Mater. Horiz.

images offer valuable insights into the phases and their con-
nectivity. The brittleness observed in PP-14.5 is attributed to
findings from the p-CT cross-sectional analysis (Fig. 2(d)),
which highlights that the limited presence of PP was insuffi-
cient to sustain the tensile bar when the inherently brittle
CaSO, material fails under stress. This brittleness marks a
clear mechanical behavior. Conversely, a transition from brittle
to quasi-brittle material behavior becomes apparent in the
morphological shifts visible in the p-CT cross section of PP-
26.3 (Fig. 2(e)). In this instance, a more significant presence of
interconnected PP forms a structural framework resembling
fibrils, in contrast to the random dispersion of PP observed in
PP-14.5. The prevalence of abundant, interconnected PP fibrils
within the CaSO,/PP composites contributes to enhanced duc-
tility during tensile testing, signifying a transition towards
ductile behavior. This shift from quasi-brittle to ductile beha-
vior is intrinsically linked to the morphological alterations
within the composite. As depicted in Fig. 2(f), the abundant
PP enables the retention of the tensile bar, even as multiple
CaS0O, matrix cracks develop due to the lower UTS of CaSO,.
The remaining PP matrix allows the composite to withstand
stretching, subsequently undergoing apparent strain hardening
and softening during uniaxial tensile testing. This transforma-
tion further reinforces the composite, ultimately enhancing its
ultimate stress and elongation capabilities.

This journal is © The Royal Society of Chemistry 2024
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The tensile properties of composites are influenced by the
filler volume fraction,** filler dispersion and distribution,** and
connectivity of the filler.** The reconstruction of the 3D mor-
phology from HCT enables slices of the composite to be
quantified individually to provide both average and variance
in properties. Table 1 summarizes the average composite
composition from each cross-section. The composition agrees
with the original loading, and the standard deviation is rela-
tively low, indicative of a homogeneous distribution along the
specimens at the macroscopic scale. The histograms of these
distributions are shown in Fig. S2 (ESIt). Moreover, the average
composition of each slice from pCT fluctuates along the length
of the tensile bars, as depicted in Fig. S3 (ESI{), but these
variations are generally smaller than approximately 5 vol% PP.
Thus, the local heterogeneity in the composites is smaller than
the compositional differences of the composites examined and
the differences in the mechanical response between composi-
tions is likely dominated by perturbations to the morphology.

Tablel Compositions and connectivity of cold sintered composites from
u-CT analysis

PP-14.5 PP-26.3 PP-44.6
PP composition as loaded (vol%) 14.5 26.3 44.6
PP calculated from pCT (vol%) 143 £2.5 274 +2.3 44.5+26
Connectivity of PP (%) 80.4+ 6.7 98.5+1.4 99.7+ 0.2

' 2oo MPa, 160°C, 1hr
\

. ‘

,
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Nevertheless, due to the sensitivity of tensile tests to local
structures, the heterogeneity in the composites also likely
contributes to the variance in the mechanical response between
replicates.

In addition to the composition, the phase connectivity
impacts the tensile response.'® Fig. 2 also illustrates that the
number of the isolated PP domains decreases as the PP content
increases. Roughly 20% of the PP in the PP-14.5 is isolated, but
this decreases to <1.5% for PP-26.3. This increased connec-
tivity of the PP appears correlated with the yielding behavior
and can be rationalized in terms of the effectiveness of the PP
phase in carrying the stress relative to fracture of the CaSO,
phase. Nevertheless, a small increase in the connectivity for PP-
44.6 leads to a much more extensible and ductile composite,
so other morphological factors are critical in determining the
tensile response of the cold sintered composite.

Fig. S4 and S5 (ESIT) show how the tensile properties of the
cold sintered CaSO,/PP composites depend on the composi-
tion. The UTS of CaSO,/PP composites increases with PP
content as shown in Fig. S5(a) (ESIt) but the UTS appears to
increase more when the PP volume fraction is >40 vol%. This
larger increase in the UTS at higher PP content is consistent
with a matrix transition of this CaSO,/PP composite, from
effectively a ceramic matrix to one where the polymeric content
is sufficient for a continuous reinforcement that reduces the
propensity for crack propagation. This speculation is supported

06 08 1 12 14
€ (%)

0.4

1X

15} 0X 1

% 02 04 06 08 1 12 14
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Fig. 3 Reprocessing of CaSO4/PP composites. (a) Schematic illustrating the reprocessing of the composites where cold sintered materials are
mechanically ground and cold sintered with the addition of only water. Representative stress—strain curves for (b) PP-14.5, (c) PP-26.3, and (d) PP-

44.6 for pristine (0x) and materials recycled 1x and 2x.

This journal is © The Royal Society of Chemistry 2024
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by analysis of the CaSO, connected regions from p-CT, where
the largest connected CaSO, region is shown in red in Fig. S5(a)
(ESIt). When PP is <40 vol%, the CaSO, is almost all connected
within the composite. Nevertheless, the largest connected
CaSO, region decreases significantly at higher PP content; with
this morphology, the PP can act to dampen or blunt cracks in
CaSo,.

Fig. S5(b) (ESIt) illustrates the elongation at yield for the
CaSO,/PP composites. The elongation at yield is essentially
unchanged until the PP content is >40 vol%, which is con-
sistent with the smaller CaSO, domains reducing the propen-
sity for crack propagation. The Young’s modulus is only
modestly impacted by the PP content with a small increase in
modulus with increasing PP content, which we attribute to the
fracture of the CaSO, phase, as the cold sintered inorganic
exhibits a lower modulus than the compression molded PP.
The low experimentally measured modulus for CaSO, (ca. 1 GPa) is
lower than expected for pure gypsum, suggesting some porosity is
present,*® although the determined modulus is consistent with
some other mechanical properties reported in the literature for
CaS0,.*> When the volume fraction of PP is < 40 vol%, the
Young’s modulus is closer to that of cold sintered CaSO,, while
the Young’s modulus of composites at high PP loadings is closer to
the value of pristine PP. These results point towards key structural
characteristics for enhancements in the properties of inorganic-
organic composites.

Reprocessing of CaSO4/PP composites

We also demonstrate an approach to recycle PP/CaSO, compo-
sites through cold sintering. As shown in Fig. 3(a), we take
samples used in tensile tests and re-grind them for subsequent
cold sintering into reprocessed CaSO,/PP composites. Fig. 3(b)-(d)
show stress-strain curves for pristine (0x), one-time reprocessed
(1x), and two-times reprocessed (2x) composites for three
different compositions (PP-14.5, PP-26.3, and PP-44.6). There is
no significant degradation in mechanical properties, with elastic
moduli that are invariant with reprocessing. Moreover, the elonga-
tion at break (gprear) Of all compositions shows an increase after
reprocessing, with some composites also showing an improve-
ment in UTS after each reprocess cycle. We speculate that the
increase in épreqx is due to better connectivity of the polymer phase
because of polymer flow with reprocessing that better fills the pore
structure around the ceramic particles.

Reprocessing of PP through re-extrusion leads to degrada-
tion through chain scission, which degrades mechanical
properties.’® Previous work has shown that chain scission in
PP can be prevented if processing temperatures are lower than
230 °C.M Reports on gypsum recycling has shown that the
mechanical properties do not degrade after a few reprocessing
cycles (<3x) when the water/gypsum ratio is kept constant.*®
We show that CaSO,/PP composites can be reprocessed
through cold sintering (at 160 °C) at least 10 times, with no
degradation of mechanical properties. Fig. 4 shows that the
UTS, &preak, and the Young’s modulus of PP-44.6 does not
decrease with reprocess cycle; Fig. 4(a) and (b) show a slight
increase for UTS and épear. This increase in properties is

Mater. Horiz.

View Article Online

Materials Horizons

(a)

4}

g !

n 2

1 é R

=2 3 4 5 6 7 8 ¢ 10

Reprocess cycle

(b) 2

15} .
< ) ¢
g | tee

0 1 2 3 4 5 6 7 8 9 10
Reprocess cycle

0 1 2 3 4 5 6 7 8 9 10
Reprocess cycle
Fig. 4 Tensile properties of PP-44.6 after several reprocess cycles. (a)

Ultimate tensile strength. (b) Elongation at break, and (c) Young's modulus
after reprocessing.

because after several reprocessing cycles, the domains of CaSO,
and PP become smaller (Table S1, ESIf). Fig. 4(c) shows a
mostly invariant Young’s modulus with reprocessing, except
for a modest decrease in the fourth reprocessing cycle and
subsequent recovery in later reprocessing. In addition, Fig. S6
(ESIT) shows FTIR spectra where there is no perceptible change
in chemical structure after 10 times reprocessing. n-CT analysis
after reprocessing in Fig. S7 and Table S1 (ESIt) show that the
composition and PP connectivity are consistent with reproces-
sing. Based on Fig. S8(a) (ESIt), the relative density of all
composites remains consistent across different reprocessing
steps, and the density of recycled composites is not correlated
with variations in mechanical properties (Fig. S8(b)-(d), ESIt).
We speculate that the smaller CaSO, domain sizes prevent
crack propagation through the CaSO,/PP composites. Indeed,
we observe a correlation between the thickness of CaSO,
domains and the UTS, as shown in Fig. 5.

This journal is © The Royal Society of Chemistry 2024
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and number of reprocessing steps.

Given the low ultimate tensile strength of CaSO,, we spec-
ulate that cracks first form and rapidly propagate in CaSO,
domains of CaSO,/PP composites. We thus also hypothesize
that there is a relationship between CaSO, domain sizes
and UTS. We quantify the size of CaSO, domains along the
thickness of the composite, as shown in Fig. 5(a). In Fig. 5(b),
the UTS for the various samples included in this work is plotted
versus the CaSO, domain size along the thickness of the
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Upcycling waste PP and LCA analysis

To demonstrate the potential to enhance sustainability, we
incorporate waste PP (post-industrial recycled PP, see Fig. S9,
ESIt) to fabricate CaSO,-PP composites that are analogous to
those previously described. Fig. 6(a) and Table S2 (ESIt) illus-
trate the equivalence of Waste-PP-44.6 to the composite pro-
duced with virgin PP. The Young’s modulus of Waste-PP-44.6 is
slightly less than the virgin composite, but this is consistent
with the rule of mixtures as the waste PP exhibits reduced
mechanical performance, as illustrated in Fig. S10 and Table S3
(ESIT). Nevertheless, the UTS and elongation at break for the
Waste-PP-44.6, despite the lower properties for the waste PP in
comparison to virgin PP as shown in Table S3 (ESIt), are nearly
identical to virgin PP-44.6. This limited impact of the properties
of the polymer phase suggests that the ceramic properties can
dominate the composite performance after cold sintering; this
is a direct consequence of fusing the inorganic phase and leads
to an intrinsic tolerance to variance in polymer properties.
Thus, cold sintering of composites is well suited to incorporate
waste plastic, which can vary substantially depending on the
source, for the synthesis of tough composites.

We quantify the potential impact on the environment of our
recyclable cold sintered composites through life cycle analyses
(LCA) that include the production of the raw materials and
assess the energy demand and global warming potential (GWP),
as shown in Fig. 6(b) and (c). As water is used in the cold
sintering process, the water demand relative to other common
construction materials is shown in Fig. 6(d). Fig. 6 illustrates
the environmental advantages of cold sintering relative to
conventional building materials, even without recycling,
although more work is needed to establish industrial-scale cold
sintering processes that can be compared with established
processes of other construction materials. Recycled composites
significantly reduce impact, with orders of magnitude decrease
across all three categories in comparison to traditional materials.
Even though cold sintering requires water as a transient solvent,
the amounts are modest in comparison to many of the processing
steps required for common materials, such that the cold sintered
recycled materials use three orders of magnitude less water than
glued laminate timber (we assume zero water recovery in the cold
sintered process). Quantification of environmental impact by LCA,
shown in Fig. 6, highlights the impact of virgin material fabrica-
tion, the substantial benefits to recycle waste materials with low
energy processes, and the potential for cold sintering to enhance
circularity in the building and construction industry through
recyclable composites.

Conclusions

Cold sintering can create recyclable composite materials from
mixtures of PP and CaSO,, which opens the door for integration
of plastic and construction waste for structural composites.
Furthermore, PP/CaSO, cold sintered composites exhibit
mechanical properties that surpass those of hot-pressed com-
posites. Specifically, the cold sintering process results in a 30%
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increase in Young’s modulus, three times larger strain at break,
and an eightfold increase in ultimate tensile stress (UTS). X-ray
tomography reveals that, at nearly symmetric compositions,
cold sintering can lead to co-continuous microstructures,
where densification of both the inorganic and organic phase
is achieved. We show that such composites can be directly
reprocessed through mechanical means and cold sintering,
with no apparent degradation in chemistry or tensile properties
after reprocessing. We demonstrate the incorporation of plastic
waste (post-industrial) using cold sintering, and similar result-
ing composite mechanical properties. The environmental
impact of the reprocessed cold sintered composite is orders
of magnitude less than common building materials; even with
virgin feedstocks, cold sintering offers a lower energy demand
and reduced global warming potential. These findings high-
light the reduced environmental impact of our cold-sintered
composites as a sustainable alternative to conventional con-
struction materials. Altogether, we show that cold sintering
opens the door for low-temperature processing and reproces-
sing of recyclable composites that can be generated from waste
and thereby provide a new direction for sustainable materials.

Materials and methods

Materials

Polypropylene (PP, PP4792E1) was obtained from ExxonMobil.
Calcium sulfate (CaSO,, 99.9%, 325 mesh) was purchased from
Sigma-Aldrich. Waste PP was obtained from EPI Recycling
Solutions (Erie, PA); the PP used was a segregated homopoly-
mer polypropylene from a packaging injection molder, which
can be considered as mixed post-industrial recycled PP. The PP
pellets were reduced to smaller particles using a cryomill
(Retsch CryoMill) operating at 30 Hz and 77 K. After 4 min of
grinding, the PP powder was fractionated by separating out the
larger particles with a 35 mesh sieve and then the final particles
were obtained from a 60 mesh sieve for a nominal particle size
between 250 and 500 um. CaSO, with a reported particle size of
40 um was used directly without further processing.

We mix materials for cold sintering through sequential
addition of powders, with CaSO, being introduced into the
mortar first, followed by the addition of PP. The blending
procedure uses spatulas to stir the two materials for approxi-
mately 15-30 s to provide a uniform distribution of both
powders. Subsequently, deionized water, constituting 10 wt%
of the total powder mass, was added dropwise using a pipette
over the powders to uniformly wet the materials. The mois-
tened powders were further mixed through grinding with a
mortar and pestle for 1 min. The selection of a transient
solvent, crucial for facilitating particle compaction and control-
ling dissolution and precipitation stages, led us to choose water
due to its reported suitability for dissolving CaSO,.*” The
10 wt% water content was chosen to follow reported cold
sintering processes.”’

The moistened powders were loaded into a 3-part mold
(316 Stainless steel) with Kapton tape (addicore, 0.06 mm) on
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the top and bottom for clean release of type V tensile bars
(ASTM D638). The use of 316 stainless steel molds was driven
by the need for corrosion resistance, given the susceptibility of
steels to corrosion from CaSO,. The cold sintered temperature
was 160 °C, which is near the melting point of PP (Fig. S11,
ESIT). This sintering temperature achieves simultaneous cold
sintering of CaSO,, water evaporation, and PP flow. Lower
temperatures, such as 140 °C, lead to minimal melting of
PP and poor mechanical properties (Fig. S12a, ESIt) and
180 °C or 200 °C leads to leaking of PP from cold sintering
molds (Fig. S12b and c, ESIt). Cold sintering took place with an
applied uniaxial pressure of 200 MPa for 1 h. This pressure was
chosen as the effective limit for the mold due to the lower yield
strength of 316 stainless steel. Additionally, the 1 h sintering
duration was determined as sufficient to reach the maximum
achievable density under our processing conditions as shown
in Fig. S13 (ESIt).

Mechanical properties

The tensile properties of the dogbone composites with a gauge
length of 25.4 mm were determined following ASTM D638 using
an Instron 5943 (100 N load cell) at 0.5 mm min . The cross-
sectional area (thickness and width) was measured with digital
calipers prior to deformation. The tensile results are reported as
engineering stress and strain to determine the Young’s modulus,
ultimate tensile stress, strain at break, and strain at yield.
All compositions were tested multiple times (n > 5 except
extended reprocessing where n > 3 for all cycles) for statistics.

Morphological characterization with pCT analysis

The internal structure and morphology of the composites after
the tensile tests were determined using X-ray microcomputed
tomography (LCT, GE v | tome | x L300 multiscale nano/uCT
system) operating at 120 kV/60 pA with a voxel resolution of
7.5 um. The difference in the electron density of PP, CaSO, and
voids enables identification of composite components accord-
ing to their grayscale value in AVIZO (version 2021.1, Thermo
Fisher Scientific) to calculate the composition and phase con-
nectivity in the composites.

The morphology from pCT was quantified in terms of CaSO,
domain size and phase connectivity. The domain size distribution
was determined through binary reconstruction as 2D slices across
the gauge region by Otsu’s method*® to separate PP and CaSO,
regions. The CaSO, domain sizes across the width and thickness of
the gauge region provide the length for crack growth from failure of
CaSO, domains. The full distribution of cord lengths was calcu-
lated in both the width and thickness in the gauge section. Code for
determining the cord length is available online.* To address the
connectivity of the phases, the original gray scale values were
reconstructed into binary 3D images by application of Otsu’s
method.>® These binary 3D images were analyzed with Skimage
(Python) to detect each individual CaSO, connected region.

Reprocessing via cold sintering

After mechanical testing to failure and subsequent morpholo-
gical characterization, the cold-sintered CaSO,/PP tensile bars
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were broken into pieces and re-ground by mortar and pestle
into fine powders. These powders were re-processed following
the same procedure, first wetting the composite powder
(10 wt% DI water) and then cold-sintered (200 MPa, 160 °C,
1 h) to a reprocessed tensile sample. This reprocessing cycle
was performed multiple times to demonstrate the recyclability
of these materials.

Life cycle analysis (LCA)

Life cycle analyses (LCA) of the cold sintering process was
cradle-to-gate. Three impact categories, primary energy demand,
global warming potential 100 (GWP-100), and water demand, were
assessed with LCA. To calculate the primary energy demand and
GWP-100 for the cold sintering process, a predictive energy model
was established using intrinsic thermodynamic characteristics of
the composite blend, and energy consumption was calculated
following an approach previously described.”® We assumed that
the electricity required to power our process is pulled from the
electric grid for the state of Pennsylvania. Because the process is
consuming energy from the local grid, information regarding
fuel mix breakdown and GWP of the grid was obtained from the
EPA eGRID database.®® Primary energy demand was calculated
using the energy for raw material extraction (mining), initial raw
material processing to obtain pure product, and transporting the
material. LCA for the cold sintered materials developed in
this work, including virgin gypsum and PP-46 composites,>"*
were compared to other common building materials: sawn
timber (softwood kiln dried),> particle board,*® oriented strand
board,”” glue laminated timber,”® and gypsum board (drywall).>*
The scope of LCA studies of common building materials used for
comparison are cradle-to-gate. The impact assessment method
used was the US EPA tool for reduction and assessment of
chemicals and other environmental impacts (TRACI). TRACI
provides characterization factors for life cycle impact assess-
ment, industrial ecology, and sustainability metrics.>® These
factors quantify the potential impacts that process inputs
and outputs have on selected impact categories in equivalence
units. We assume the operational conditions for cold sintering
processes are the same when scaling up. Additionally, we
assume building products from cold sintering to be 12.7 mm
thick, which is an industry standard size, for comparison
between materials.
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