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Abstract: The safe and permanent disposal of high-level radioactive waste (HLW) is one of the most formidable challenges
facing the long-term sustainability of nuclear energy. Traditional vitrification in borosilicate glass has served as the baseline
approach in several national waste management programs; however, inherent limitations in waste loading, volatility control, and
long-term chemical durability under geological repository conditions have motivated the development of advanced ceramic waste
forms. Among these, Synroc (Synthetic Rock)—an engineered, multiphase titanate ceramic inspired by naturally durable
minerals—has emerged as a leading candidate for the immobilization of HLW. Synroc confines radionuclides within specific crystal
lattices such as hollandite for Cs, zirconolite for actinides, and perovskite for rare-earth elements, offering enhanced chemical and
radiation stability. This review provides a comprehensive assessment of Synroc’s development, its historical evolution, phase
chemistry, synthesis and consolidation routes, and performance under radiation and aqueous environments. The comparative
analysis with borosilicate glass highlights Synroc’s superior waste loading capacity (typically 15-30 wt% HLW oxides), extremely
low leach rates, and excellent radiation resistance owing to the presence of radiation-tolerant titanate phases that exhibit self-
annealing and recrystallization. The key processing techniques—including hot isostatic pressing (HIP), cold pressing with sintering,
reactive sintering, sol-gel, and co-precipitation—are discussed in terms of densification, microstructure, and scalability. The
remaining challenges such as process cost, industrial scalability, and qualification for diverse waste streams are also evaluated.
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l. INTRODUCTION
The global transition toward decarbonized energy systems demands reliable, dispatchable, and low-carbon electricity sources to
complement intermittent renewable energy technologies such as solar and wind. Among all available energy options, nuclear power
remains one of the most viable solutions due to its high energy density, base-load reliability, and near-zero operational greenhouse
gas emissions [1,2]. In 2013, nuclear energy contributed approximately 11% of global electricity production, displacing an estimated
2.5 billion tonnes of CO, annually compared with coal-fired generation [3]. Despite these advantages, the long-term sustainability
and public acceptance of nuclear power depend critically on the safe management of high-level radioactive waste (HLW) generated
during fuel reprocessing or from direct disposal of spent nuclear fuel [4-6].
The high-level radioactive waste contains a complex mixture of actinides (U, Pu, Th, Np, Am) and fission products (Cs, Sr, Tc, I,
rare-earth elements) with high specific activity and long half-lives, requiring isolation from the biosphere for tens of thousands of
years [7,8]. To ensure long-term safety, immobilization technologies are employed to convert liquid or calcined HLW into a
chemically and mechanically durable solid form, suitable for storage and eventual disposal in deep geological repositories (DGRS)
[9-11]. Immobilization effectively encapsulates radionuclides within a solid matrix, forming the innermost barrier of the multi-
barrier containment system that includes engineered canisters, backfill, and host rock [12].
The vitrification process using borosilicate glass has been the international standard for HLW immobilization, successfully
implemented in countries such as France (La Hague, AVM process), the United States (Savannah River DWPF), and the United
Kingdom (Sellafield Vitrification Plant) [13-15]. Borosilicate glass offers excellent processability, compositional flexibility, and
chemical durability, making it a robust waste form for diverse HLW streams [16]. However, its amorphous structure also presents
limitations, including (i) restricted waste loading capacity (~10-15 wt% waste oxides), (ii) susceptibility to devitrification at high
actinide concentrations, and (iii) moderate long-term leach resistance under hydrothermal conditions [17-19]. Moreover, during
vitrification, volatile elements such as Cs, Mo, and Ru may be partially lost through evaporation, leading to off-gas handling
challenges and compositional control issues [20].
To address these drawbacks, extensive research since the late 1970s has explored crystalline ceramic waste forms as alternatives or
complements to glass matrices. Among these, SYNROC (Synthetic Rock)—developed by Professor A. E. Ringwood and colleagues
at the Australian National University (ANU)—represents a breakthrough in waste form design [6, 21]. The Synroc concept was
inspired by naturally occurring titanate minerals such as perovskite (CaTiOs), zirconolite (CaZrTi,O7), and hollandite
(BaAl;TisO16), which have retained uranium and thorium for billions of years in geological environments without significant
leaching [2,21]. By replicating these mineral assemblages synthetically, Synroc immobilizes radionuclides through isomorphic
substitution into stable crystal lattices, achieving enhanced resistance to chemical alteration, radiation damage, and thermal
decomposition compared to amorphous glasses [23,24]. Synroc’s multiphase ceramic structure enables element-specific
incorporation of radionuclides: hollandite hosts large monovalent cations (Cs*, Sr?*), zirconolite accommodates actinides and rare-
earth elements, and perovskite incorporates trivalent species [9, 24, 25]. This targeted partitioning enhances both chemical durability
and radiation stability, providing a scientific foundation for its long-term performance in geological environments. Furthermore,
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Synroc exhibits higher waste loading (20—30 wt%), lower leach rates, and superior radiation tolerance due to its defect-healing and
recrystallization capabilities [26].

Over the past three decades, numerous international programs—including those at ANSTO (Australia), Oak Ridge National
Laboratory (USA), Savannah River National Laboratory (USA), and UK Nirex—have conducted extensive laboratory and pilot-
scale studies demonstrating Synroc’s performance, processability, and scalability [27]. The Hot Isostatic Pressing (HIP) route, in
particular, has proven highly effective for producing dense, pore-free Synroc monoliths while minimizing volatile losses. Despite
its higher initial capital cost compared to glass melters, Synroc’s long-term environmental and safety benefits make it a compelling
alternative for next-generation nuclear technologies that demand improved waste containment and reduced repository footprint [28,
29]. Thus, Synroc represents a sustainable and scientifically grounded pathway for immobilizing HLW, aligning with the goals of
modern nuclear energy systems that emphasize safety, sustainability, and public trust. The subsequent sections of this review will
examine the historical evolution of Synroc, its synthesis methods, structural chemistry, comparative performance with glass, and
prospects for deployment in advanced nuclear waste management strategies.

2. HISTORICAL EVOLUTION OF SYNROC
2.1 Origins of the Synroc Concept

The Synroc (Synthetic Rock) concept originated from research by Professor A.E. Ringwood and his team at the Australian National
University (ANU) in 1978-1979 [6,7]. Ringwood recognized that many naturally occurring minerals—particularly titanates such
as perovskite (CaTiOg), zirconolite (CaZrTi,07), and hollandite (BaAl,TisO16)—had successfully retained radioactive elements like
uranium and thorium for billions of years without significant leaching or structural degradation [4]. This observation formed the
basis of the Synroc concept: to mimic the natural geological immobilization of radionuclides within durable crystalline structures.
Ringwood’s at al formulated the Synroc A, B, and C, for specific HLW compositions.

e Synroc A targeted alkaline-earth-rich waste,

e Synroc B was optimized for calcined waste, and

e Synroc C became the most widely studied, formulated for reprocessing waste containing diverse fission products and

actinides [5,6, 10].

The Synroc-C incorporated three primary titanate phases such as hollandite, zirconolite, and perovskite—supported by accessory
phases like rutile and nepheline. This multiphase design enabled the selective incorporation of radionuclides within specific crystal
lattices, providing both chemical durability and radiation tolerance superior to glass [4, 24]. The variant of Synroc and its phases
are shown in the Table 1.

Table 1: The type of Synroc and its phases

Variant Hollandite Zirconolite Perovskite Rutile (Ti-oxides)
Synroc-C ~33 ~28 ~19 =15
Synroc-A - major major minor—moderate
Synroc-B present present present present

2.2 Early Development and International Interest

The synroc attracted considerable international interest. During the 1980s, extensive laboratory and pilot-scale studies were
conducted at ANU, Oak Ridge National Laboratory (USA), and the Savannah River Laboratory (USA) to evaluate Synroc’s
synthesis, microstructure, and leaching behavior [11,12]. Comparative studies revealed that Synroc’s normalized leach rates for Cs,
Sr, and actinides were significantly lower than those of borosilicate glass, and its waste loading capacity could reach up to 20-30
wt% HLW oxides [18]. The parallel research at the UK Atomic Energy Authority (Harwell) and Japan Atomic Energy Research
Institute (JAERI) confirmed the radiation stability and phase integrity of Synroc under simulated repository conditions [14,15].
These early investigations validated the scientific basis of Synroc as a geochemically inspired waste form capable of outperforming
vitrified waste in long-term durability.

2.3 Technological Advancements

The synroc development shifted from laboratory-scale experiments toward process engineering and scalability. At the Australian
Nuclear Science and Technology Organization (ANSTO), researchers such as Vance et al. developed the Hot Isostatic Pressing
(HIP) process to consolidate Synroc powders into dense, monolithic forms under conditions of ~1200 °C and 150 MPa [11,20]. The
HIP method minimized porosity, enhanced mechanical strength, and effectively trapped volatile radionuclides, addressing prior
challenges faced in sintering and cold pressing techniques. The ANSTO successfully demonstrated HIP consolidation of Synroc on
pilot and near-industrial scale, including immobilization of intermediate-level liquid Mo-99 waste residues and defense-related
waste simulants [30]. This transition marked Synroc’s readiness for practical deployment, with the Synroc Demonstration Plant at
ANSTO serving as a global benchmark for engineered ceramic waste forms.

3. STRUCTURAL CHEMISTRY OF SYNROC

Synroc’s superior performance arises from its multiphase crystalline structure, where each phase plays a specific role in hosting
different categories of radionuclides: Each titanate phase in Synroc possesses high chemical durability (low solubility in aqueous
environments) and radiation stability (resistance to amorphization and defect accumulation). Natural analogues—such as zirconolite
found in Precambrian rocks provide empirical evidence of stability exceeding 108 years under geologic conditions [11,15,20]. Key
mineral phases in synroc and their radionuclide immobilization roles are given in the Table 2.
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Table 2: Key Mineral Phases in SYNROC and Their Radionuclide Immobilization roles
Phase Chemical Formula | Primary Radionuclides | Structural Function
Immobilized

Hollandite Ba(Al, Ti),TisO16 Cs* Sr Tunnel structure; Cs
incorporation

Zirconolite CazrTi,O7 U%, Th*, Pu**, Np** Actinide host; radiation tolerance

Perovskite CaTiOs RE®*, minor actinides Accommodates trivalent cations

Rutile TiO, - Structural matrix; Ti reservoir

lImenite FeTiOs Fe, Mn Redox buffering; accessory
phase

The crystal chemistry of Synroc enables substitution mechanisms like coupled cation replacement, ensuring charge balance and
phase integrity. These mechanisms provide flexibility to immobilize chemically diverse radionuclides from multiple waste streams
[20, 21].

2Cs" + Ba?—— 3Na"
Ut + TiY ——— = 27214

4. COMPARATIVE PERFORMANCE WITH BOROSILICATE GLASS

The extensive comparative studies have demonstrated Synroc’s superiority in key performance metrics relative to borosilicate glass:

a. Chemical Durability: Synroc exhibits leach rates of 10 to 107g cm? day?, an order of magnitude lower than typical
borosilicate glass [6, 22].

b. Waste Loading: Synroc can incorporate 20—-30 wt% HLW oxides, compared to glass’s 10—15 wt% limit [22].

¢. Radiation Resistance: Titanate lattices exhibit self-annealing and recrystallization behavior, maintaining crystallinity
under high alpha-decay doses [23-25].

d. Long-Term Stability: Natural analogues confirm phase persistence over geologic timescales (>108 years) [26].

e. Volatile Retention: HIP consolidation limits volatile loss of Cs, Mo, and Tc during processing [27].

While borosilicate glass remains technologically mature, Synroc offers a scientifically superior and environmentally robust
alternative, especially suited for high-activity or complex waste streams encountered in advanced reactor systems [4,25, 31, 32].
The comparative analysis of synroc and borosilicate glass are given in the Table 3.

Table 3: Comparative performance of synroc vs. borosilicate Glass

Performance Metric SYNROC Borosilicate Glass Advantage
Leach Rate (90°C, pH 7) 10 to 10° g/m2/day 107 to 10° g/m2/day | Synroc (10-100x)
Waste Loading Capacity 25-30 wt% 15-20 wt% SYNROC (1.5%)
Thermal Stability >1200 °C ~600 °C Synroc
Radiation Resistance High (metamict stable) | Moderate  (network | Synroc

damage)
Processing Temperature 1200-1300 °C 1100-1150 °C Glass
Volume Reduction 65-70% 50-55% Synroc
Chemical Durability (pH 2-12) Excellent Good (pH sensitive) Synroc

5. SYNTHESIS METHODS OF SYNROC

The synthesis of Synroc involves two interlinked stages: (i) preparation of a chemically homogeneous precursor powder containing
all necessary cations to yield the target titanate phases—hollandite, zirconolite, perovskite, and associated oxides—and (ii)
consolidation of this powder into a dense monolithic waste form. The synthesis routes fall broadly into two categories: wet-chemical
methods, which provide molecular-level homogeneity, and dry or mechanochemical routes, which rely on solid-state mixing and
activation. Subsequent thermal processing and densification—via hot isostatic pressing (HIP), cold pressing and sintering (CPS),
or advanced techniques such as spark plasma sintering (SPS)—complete the immobilization process.
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5.1 Wet-Chemical Powder Routes
5.1.1. Aqueous co-precipitation (hydroxide/oxalate):

This classical route, first employed by Ringwood et al. [6,7] and Potdar et al. [33], involves dissolving soluble metal salts (nitrates
or chlorides of Ti, Zr, Ca, Ba, and dopants such as Al, Fe, or rare-earths) in stoichiometric proportions. A base (NH4sOH) or oxalic
acid precipitates a uniform hydroxide or oxalate mixture, which is filtered, washed, dried, and calcined at ~750—-1000 °C to yield
intimately mixed oxide powders. The method ensures molecular-scale mixing and high chemical homogeneity but requires careful
pH control, multiple wash—dry steps, and nitrate off-gas treatment. Oxalate variants improve powder sinterability and assist de-
nitration. This scalable wet-chemical route remains the benchmark for Synroc powder production.

5.1.2. Sol-gel (alkoxide or salt—gel):

In this method, Tiand Zr alkoxides or soluble salts are hydrolyzed and condensed to form a homogeneous gel embedding all cations.
After drying and calcination, fine oxide powders (< 100 nm) are obtained at temperatures significantly lower than in solid-state
synthesis. The sol-gel route yields excellent chemical uniformity and control over phase nucleation but faces challenges in precursor
cost, moisture sensitivity, and scale-up due to solvent handling and gel aging. It remains an effective method for preparing research-
grade Synroc powders [10, 11].

5.1.3. Citrate—nitrate (Pechini) polymeric precursor.

In this process, metal nitrates complexed with citric acid and polymerized with ethylene glycol form a homogeneous polymeric
resin. Controlled combustion and calcination (= 650-900 °C) generate intimately mixed nano-oxide powders with uniformly
distributed multivalent cations. The route offers low calcination onset and tunable C/O/H ratios for de-nitration but requires precise
control of the exothermic reaction and chelation balance to avoid segregation. The Pechini method is widely used in ceramic waste-
form research for its fine particle size and compositional uniformity [17, 25, 29].

5.1.4. Spray-drying:

In this method, the slurries from co-precipitation or sol-gel routes can be spray-dried to produce spherical granules (10-100 pum)
with uniform size and good flow characteristics. After calcination, these free-flowing granules are ideal for HIP canister loading
due to consistent tap density and packing behavior. Binder choice and burnout control are critical to avoid pore evolution, and
nozzle fouling can affect large-scale reproducibility. Spray-drying is routinely applied at ANSTO for Synroc precursor preparation
[20, 30].

5.2 Dry and Mechanochemical Routes
5.2.1. Reactive solid-state mixing (oxide/carbonate route):

The oxides and carbonates such as BaCOs, CaCOs, TiO2, ZrO,, and Al,Os are ball-milled to achieve intimate mixing, followed by
reactive calcination at ~900-1100 °C to form precursor titanates. This simple, low-cost method avoids liquid effluents and is robust
for large-batch production. Its drawbacks include long milling times, agglomeration, higher calcination temperatures, and the need
to control TiO, polymorph transitions [10, 14, 16, 27]

5.2.2. Mechanochemical activation (high-energy milling):

The high-energy milling induces defect-rich, metastable mixtures that react at reduced temperatures and shorter dwell times,
sometimes forming nano-titanates directly. The technique refines grains and enhances sinterability but can introduce contamination
from milling media, moisture sensitivity, and equipment wear at scale. Mechanochemical activation has been particularly useful in
studies of radiation-tolerant titanates [28]

5.3 Calcination and Pre-Reaction

The powders obtained from different methods were undergo calcination at ~750-1000 °C for 1-4 h in flowing air or inert gas to
remove volatiles, decompose nitrates/organics, and initiate titanate phase formation. Heating rates (1-3 °C min) are kept low to
avoid exothermic surges. X-ray diffraction, thermogravimetry, and chemical analysis confirm complete burnout and phase
development. Maintaining redox balance (e.g., Ti**/Ti*, Fe?*/Fe®) is critical for phase stability and microstructural control [6,7].

Table: 2. Advantages and limitations of synthesis methods

Route Key merits Typical Best use cases Refs.
drawbacks
CP Homogeneous Multiple wet Broad HLW surrogates; [6, 7, 33]
Coprecipitation chemistry; steps; wash/dry HIP feed granules
scalable; robust burden
Sol-gel Nano powders; Cost/scale-up; Research, high-purity [10,11]
low-T solvent handling zirconolite/hollandite
crystallization;
phase control
Citrate-nitrate Uniform mixing; | Exotherm control; Lab/pilot precursors; [17, 25, 29]
(Pechini) low calcine T carbon removal SPS/HP
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Solid-state Low CAPEX; Higher T; risk of Large-batch non-active [14, 16, 18]
reactive simple inhomogeneity surrogates
Mechanochemical | Lowers T; fine Contamination; Rapid screening; specialty
grains scale-up wear phases
HIP Near-full Batch cost; can Cs/Sr-rich; Mo-bearing; [6, 34]
density; volatile interactions actinide-rich feeds
retention;
reproducible
CPS Simple; low Porosity; Cs loss | Prototyping, low-volatility [15, 24]
CAPEX feeds
HP / RS Fewer steps; Narrow window; Phase-pure development [6, 7, 10]
dense tooling
interaction
SPS/FAST Rapid; fine Size limits; Research-scale monoliths [11, 25]
microstructure graphite effects

5.4 Consolidation and Densification Methods
5.4.1. Hot Isostatic Pressing (HIP):

The calcined powder, often spray-granulated, is loaded into metal cans (SS316L or Ni-based alloys), evacuated, backfilled with
argon, and sealed before HIPing at 1100-1200 °C and 100-200 MPa for 2-4 h. The process achieves near-theoretical density (>
97-99%) with excellent volatile retention and uniform microstructure. Canister and waste form interactions (Fe/Ni/Cr diffusion)
are mitigated by Nb/Mo liners or Ti/Zr getters. HIP is preferred for Mo-99 residues, Cs/Sr fractions, and actinide-rich wastes despite
higher capital cost [6, 7, 34].

5.4.2. Cold Pressing and Pressure less Sintering (CPS):

The powders are pressed at 200400 MPa, debound at 400600 °C, and sintered at 1100—1250 °C in air or argon. CPS uses simple
equipment and low cost, making it ideal for laboratory prototyping. However, products exhibit higher residual porosity (3—10%)
and potential Cs volatility; achieving full density often requires additives or multi-stage cycles [15, 254].

5.4.3. Reactive Sintering/Hot Pressing (RS/HP):

In this route, densification and phase formation occur simultaneously under 20—40 MPa uniaxial pressure at 1100-1250 °C. RS/HP
shortens processing and yields dense, fine-grained ceramics but demands strict control to prevent incomplete reactions and
secondary phase formation. Early Synroc studies by Ringwood et al. [6, 7] and subsequent work by Lutze & Ewing [10] established
its parameters.

5.4.4. Spark Plasma Sintering (SPS/FAST):

A pulsed DC current under 40-80 MPa compressive load enables rapid heating (100-300 °C min™') and short dwell (minutes) at
950-1200 °C. SPS produces ultrafine microstructures and limits volatilization, suiting laboratory-scale fabrication of phase-pure
zirconolite and hollandite. Limitations include small die sizes, graphite contamination, and scaling challenges. [11, 25]. The
advantages and limitations of synthesis all these routes are summarized in the Table 4.

6. PRESENT CHALLENGES
6.1. Qualification and licensing.

The synroc must achieve a licensing pedigree comparable to vitrified HLW, which hinges on statistically robust, multi-decade
datasets that span diverse feeds and repository-relevant conditions. Regulators expect convergent evidence from standardized
durability tests (e.g., PCT/MCC-1), hydrothermal/flow-through leaching, radiation-damage and helium-ingrowth studies, plus
natural-analogue arguments, all traced to QA plans and round-robin interlaboratory comparisons Key gaps included: (i) full feed-
space coverage (halide-/Mo-/noble-metal-rich; actinide-dense streams), (ii) validated long-term models linking short-test releases
to 10*-105-year performance, and (iii) repository-specific acceptance criteria (waste package heat output, criticality margin, dose-
at-surface) translated to Synroc’s phase-partitioning behavior.

6.2. Throughput and cost.

The HIP delivers best-in-class density and volatile retention but is batch-wise with nontrivial capital and operating costs (pressure
vessels, can fabrication/sealing, cycle time) compared with continuous glass melters. Achieving competitive cost per canister
requires: (i) high powder tap-density (spray-granulation), (ii) automated can loading/sealing, (iii) optimized HIP cycles (shorter
heat/pressure ramps, load size), and (iv) minimized scrap/rework via non-destructive evaluation (NDE) embedded in the line. Plant

JETIR1701D60 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | 770


http://www.jetir.org/

© 2015 JETIR January 2015, Volume 2, Issue 1 www jetir.org (ISSN-2349-5162)

designs must also satisfy repository packaging constraints (outer overpack compatibility, thermal limits, handling logistics) and
dose budgets during can making and hot operations. Techno-economic analyses emphasized that selection is feed-driven:
Synroc/HIP often outperforms glass when off-gas and melter upsets dominate cost/availability for problematic feeds.

6.3. Feed variability and tailoring.

The HLW compositions vary widely (e.g., saline or halide-rich, Mo-bearing with alkali/alkaline-earths, noble-metal inclusions that
poison melts). Synroc’s advantage—phase selectivity—also demands tailoring: hollandite chemistry for Cs retention;
zirconolite/pyrochlore fields for actinides/REE; perovskite for Sr/REE; and accessory getters/liners for chlorides/sulfates. The
practice stressed: (i) redox control to stabilize desired valences (Ti**/Ti*, Fe*"/Fe*"), (ii) getters (Ti, Zr) for halides, (iii) Mo
management (avoid low-melting molybdates by distributing Mo into compatible titanates or secondary hosts), and (iv) handling of
noble metals to prevent localized porosity or short-circuiting during sintering/HIP. The challenge is to preserve microstructural
uniformity while accommodating these chemistries without unacceptable secondary phases.

6..4. Canister—waste form interactions.

The interdiffusion between the ceramic and the metallic can (Fe/Ni/Cr) is locally shift phase equilibria (e.g., Fe-enrichment), alter
grain growth, or form reaction layers. Predictive models must couple diffusion kinetics with phase diagrams under HIP T—t-P
histories; mitigation strategies include diffusion-barrier liners (Nb, Mo), sacrificial buffer powders (TiO2, Al,O3), and engineered
getters that sequester corrosive species before they reach the can wall. Qualification requires systematic mapping of can alloys,
liner stacks, dwell times, and powder packing densities, and correlating those variables to mechanical integrity and leach
performance. Establishing acceptance criteria for allowable reaction-layer thickness and documenting long-term stability of those
layers are part of the licensing evidence chain.

6.5. Repository-system coupling.

The performance for integrating Synroc source-term models (element-specific release, secondary phase formation) with evolving
groundwater chemistry (pH, Eh, silica activity), thermal gradients, and container corrosion timelines. Particular needs were (i)
parameterized models that propagate laboratory-scale leach and radiation damage data to 103-10°-year simulations, (ii) sensitivity
analyses that identify controlling reactions (e.g., Cs exchange vs hollandite stability; actinide speciation vs zirconolite alteration),
and (iii) coupled THMC (thermal-hydrological-mechanical-chemical) simulations that include Synroc’s lower porosity and
different reactive surface area relative to glass. Repository coupling also includes criticality safety (actinide partitioning in
zirconolite/pyrochlore), gas generation (radiolysis/He), and heat-output envelopes set by phase loading and waste density.

6.6. Outlook on closing gaps.

These challenges hinges on targeted feed-specific demonstrations (e.g., Mo-99 residues, Cs/Sr products, actinide-rich concentrates),
costed HIP line designs with inline QA/NDE, diffusion-barrier standards for can interactions, and fully coupled repository models
benchmarked to Synroc’s element-specific behavior. With these pieces in place, Synroc can progress from fit-for-purpose
deployments toward broader adoption alongside, or in place of, vitrified HLW where performance or plant availability dictates

7. Future Prospects For Next-Generation Nuclear Technologies

Advanced fuel cycles.

The closed and partially closed fuel cycles—fast reactors, MA (minor-actinide) burners, and pyroprocessing back-ends—shift the
waste inventory toward higher actinide content and atypical chemistries (e.g., chloride/alkali residues). Synroc’s minerals can be
compositionally tuned to these feeds: zirconolite (CaZrTi,O) and pyrochlore (A2B20y7) provide high actinide solubility via coupled
substitutions, defect accommodation, and demonstrated radiation tolerance, while perovskite (CaTiO3) hosts REE/MA fractions
that do not readily integrate into glass networks. The studies emphasized that such zirconolite/pyrochlore-rich assemblages preserve
crystallinity under a-damage and can maintain low dissolution rates under repository-relevant conditions, making them attractive
for Pu residues, MA concentrates, and transmutation fuel wastes where glass may face loading or phase-separation limits

Hybrid waste forms.

To balance processing simplicity with performance, glass-ceramics and cermets (ceramic—metal composites) using Synroc phases
have been proposed as hybrid pathways. Glass-ceramics nucleate Synroc-type crystals within a glassy matrix to couple glass
processability (continuous melters, viscosity control) with ceramic selectivity (phase-specific radionuclide hosting), potentially
improving Cs/Mo retention and actinide partitioning versus monolithic glass. Cermet concepts embed Synroc grains in ductile
metals for enhanced thermal conductivity and impact tolerance, while maintaining ceramic chemical durability; such hybrids could
be advantageous for high heat-load packages or shock-prone handling environments. These promising research directions where
repository performance models could exploit multi-phase synergy.
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Industrialization and deployment.

The Path-to-plant activities focused on pilot/demonstration campaigns for radiopharmaceutical residues (e.g., Mo-99 production
wastes) and selected defense surrogates, establishing repeatable powder flowsheets (CP/Pechini — spray-dry), automated can filling
and e-beam/TIG sealing, and HIP cycle optimization. Emphasis moved to inline QA/NDE (X-ray/UT for density and can integrity),
process monitoring (off-gas, redox, temperature/pressure mapping), and human-factor/ALARA integration for hot operation. These
demonstrations inform throughput models, cost scaling, and repository packaging interfaces (overpack compatibility, heat and dose
limits), positioning Synroc/HIP as fit-for-purpose for feeds that burden melters, while laying groundwork for broader adoption as
regulatory databases and cost cases mature.

8. CONCLUSION

The development of Synroc (Synthetic Rock) represents a significant milestone in the evolution of nuclear waste management
technologies, particularly in addressing the long-term immobilization of high-level radioactive waste (HLW). As the global energy
sector transitions toward low-carbon and closed fuel cycles, the safe disposal of HLW remains a critical challenge for the
sustainability and public acceptance of nuclear power. Synroc, a multiphase titanate ceramic engineered to replicate the geochemical
stability of natural minerals such as zirconolite, hollandite, and perovskite, provides a scientifically robust solution. Its crystalline
structure enables selective incorporation of radionuclides Cs*, Sr?*, actinides, and rare-earth elements—into durable crystal lattices,
yielding superior chemical durability, radiation tolerance, and waste loading capacity compared to conventional borosilicate glass.
Through extensive research and technological refinement particularly the adoption of Hot Isostatic Pressing (HIP)—Synroc
fabrication has achieved near-theoretical densities (>97%), excellent volatile retention, and stable microstructures. These advances
have been validated through pilot- and demonstration-scale campaigns at ANSTO and other international facilities, confirming
Synroc’s processability and long-term integrity under repository-relevant conditions. Its adaptability to problematic waste streams,
including actinide-rich residues, Cs/Sr fractions, halide-bearing off-gas solids, and Mo-rich calcines, underscores its potential role
in next-generation nuclear technologies such as pyroprocessing and advanced reactor fuel cycles. Nevertheless, challenges persist
in industrial-scale implementation, including qualification and licensing requirements, throughput and cost optimization, and
repository system integration. Addressing these will require expanded long-term performance databases, automation of powder
handling and HIP sealing, and enhanced predictive models linking waste form evolution with repository conditions. In conclusion,
Synroc offers a sustainable, durable, and scientifically validated pathway for HLW immobilization, bridging the gap between
laboratory innovation and real-world deployment. Its proven performance, compositional flexibility, and compatibility with
advanced fuel cycles make it a cornerstone technology for the safe and responsible expansion of nuclear energy in the twenty-first
century.
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