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The paper discusses the instrumentation installed in protective chambers and the methodological refinement of ma-
terials science research focused on model radioactive waste (RW) immobilized into an aluminophosphate waste form. 
The paper considers remote sample preparation and actual research launched in the IRM’s protective chambers to 
study model glass materials. The study provided basic characteristics of glass matrices (density, mechanical and elastic 
properties, thermal resistance, phase and elemental compositions) that were required to compare them with actual 
characteristics of solidified liquid radioactive waste produced by FSUE PA Mayak based on aluminophosphate glass 
after its long-term container storage.
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Introduction

To implement a large-scale program scheduled 
for 2035-2040 on the final disposal of vitrified ra-
dioactive waste (RW) in a deep geological reposi-
tory (DGR) proposed at the Yeniseiskiy site (the 
Krasnoyarsk Territory), namely, the waste gener-
ated from the operation of five EP-500 electric fur-
naces that got accumulated at the PA Mayak site 
until 2020, information on their actual condition 
and properties is required. Until now, such data and 
the methods providing their acquisition were ab-
sent. In 2019 – 2022, PA Mayak jointly with JSC IRM 
carried out some preparatory work and research to 
address this issue. 

To date, core sampling operations and the trans-
port and process flowchart specifying the distribu-
tion of RW management tasks between PA Mayak 
and JSC IRM have been tested, as well as the in-
strumental and methodological capacities of the 
shielded box complex at the IRM site designed for 

comprehensive material science studies of alumi-
nophosphate glass-like (APG) matrices containing 
high-level waste (HLW) simulators. A brief over-
view of operations performed to demonstrate the 
IRM’s technical capabilities, namely, those en-
abling the characterization of vitrified RW from PA 
Mayak, and its contribution to relevant activities is 
presented below.

Methods and research material

To evaluate the compliance of vitrified high-level 
waste (VHLW) with the requirements set forth in 
the NP-019-15 [1] and to demonstrate the safety of 
waste disposal in a DGR, the following operations 
are required: remote production (in shielded box-
es) of samples from ingots, cullet and glass matrix 
cores; their physical and mechanical testing to eval-
uate the corresponding compression and bending 
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parameters, as well as density, elastic characteris-
tics, microhardness, thermal stability, phase and el-
emental composition, water resistance; calculation 
of thermal expansion and heat release coefficients.

To address these tasks, cylindric glass specimens 
with a diameter of 48 mm were collected from the 
primary packaging with model VHLW stored at PA 
Mayak in 200 l cans and were shipped to the IRM 
site. Methods enabling all types of research with 
genuine vitrified waste in hot chambers were de-
veloped and tested. To prepare materials science 
samples, IRM has manufactured a remote drilling 
device with a magnetic tabletop (Figure 1a) and a 

small-sized cutting machine with a gravity feed 
of blanks for delicate specimen preparation (Fig-
ure 1b). Scanning microscopy and elemental analy-
sis were adapted for operations involving highly 
active materials. Reversible equipment was manu-
factured for remote mechanical testing of glass 
material for short-term compression and bending 
(Figure 2). 

Processes providing APG melting under some 
special modes [2] have been tested, thus, ingots 
simulating the shape, structure and chemical 
composition of VHLW cores from the primary 
packaging used in the vitrification operations at 
PA Mayak could be manufactured. Figure 3 shows 
the individual temperature mode graphs for ingot 
fabrication. 

The temperature mode only partially correspond 
to the one actually measured at specified points of 
a can after the can was filled with a melt of a model 
(inactive) glass taking into account the most criti-
cal temperature range for glass crystallization and 

Figure 1. Remote drilling (a)  
and diamond cutting equipment (b)

а

b

Figure 2. Compression cell for cylindrical specimens (a)  
and a reverser (b) fitted with a knife and an adapter fastening 

the beam specimen during bending tests

а	 b

Figure 3. Melting and cooling temperature conditions for ingots simulating cores of glass material on the periphery (a)  
and in the center (b) of the primary packaging

а	 b
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the opportunities at hand for its simulation under 
laboratory conditions. The contribution of radioac-
tive decay to the temperature drop was not taken 
into account: the calculations revealed that due to 
the decay, the temperature of the glass mass in the 
center of the can accounted for 260 ºС, i. e., at this 
temperature no structural changes occur. The indi-
cated annealing modes with some minor changes 
were also tested by IRM on the glass material pro-
vided for the study.

Part of the model glass material was produced 
in a hardened state by rapid cooling on a metal 
plate and its subsequent heat treatment (HT) 
ranging in time to relieve the internal stresses 
and assess the devitrification tendency (Table 1). 
The compositions of the APG matrices are pre-
sented in Table 2.

Table 1. Marking of the glass specimens  
with model HLW and their condition

Batch Ingot marking Тmelt, 
°С HT mode Shape

APG, 
2019

APG-1

1050

Quenching, without HT monolith

APG-1-360 360 ºС pellet 
ø18×10 mm

APG-2 without HT
rod 

ø8×40 mm,  
pellet 

ø18×10 mm

APG-2-450-1d 450 ºС, 1 day*

APG-2-450-4d 450 ºС, 4 days

APG-2-450-5d 450 ºС, 5 days

APG-3
Quenching, without HT

arbitrary-
shaped 

monolith

APG, 
2022

1-1 and 1-2

1150

ingot in a 
pipe frag-

ment ø = 48 
mm St.3

2-1 780 °С, 1 hour  
780—600 °С, 10 °С/min 
600—400 °С, 4 °С/min 
400—200°С, 1.5 °С/min

2-2

3-1

3-2

900 °С, 40 min 
900—700 °С, 10 °С/min 
700—500 °С, 0.5 °С/min 
500—40 °С, 5,5 °С/min

IRM 900 900**
Tmelt—700 °С, 10 °С/min 
700—500 °С, 0.5 °С/min 
500−40 °С, 1,5 °С/min

ingot in cru-
cible: simula-
tion of a can 

center

IRM 950 950

IRM 1000

1000
IRM 1000 lf

1,000—700 °С, 10 °С/min 
700—500 °С, 3 °С/min 
500−400 °С, 1.2 °С/min 
400−40 °С, 2 °С/min

ingot in cru-
cible: simula-
tion of a can 
periphery

* HT time accounts for 6 hours per day
** Since incomplete melting of glass cullet was observed at 
900 °C, annealing was implemented according to two addi-
tional schedules with initial melting temperatures of 950 and 
1,000 °C

 Table 2. Composition of glasses with model HLW, wt.%

Component
Batch

APG (2019) APG (2022)

B2O3 0.14 –

Na2O 21.11 23.15

NaBr 0.80 –

MgO 0.06 –

Al2O3 14.53 17.15

SiO2 4.40 –

P2O5 49.02 53.00

SO3 0.36 –

CaO 0.90 1.00

Cr2O3 0.36 0.40

MnO2 – –

Fe2O3 1.43 1.50

NiO 0.27 0.30

ZnO 1.26 –

SrO 0.90 1.00

ZrO 0.45 –

MoO3 0.49 –

Cs2O 0.45 1.00

La2O3 0.09 –

CeO2 0.54 1.00

Nd2O3 0.45 0.50

PbO 1.43 –

Fraction of model HLW oxides ~6 ~4

The initial shape of the specimens was as follows: 
9—12 mm-tall pellets with a diameter of ~ 18 mm; 
40 mm-long cast rods with a diameter of ~ 8 mm; 

~ 7 mm-thick flat castings (medallions) of an arbi-
trary shape; cylindrical ingots ~ 270 cm3 in a steel 
mold and 150 cm3 in a porcelain crucible.

Mass (error 0.15 mg) and density (error 0.005 g/cm3) 
measurements were performed using the Sartorius 
MSU225S-1CE-DU remote analytical balance with a 
hydrostatic weighing device supplied by the same 
manufacturer. Short-term mechanical compres-
sion and bending tests were performed on Instron 
5982 tensile testing machines (100 kN sensor) and 
Gamma remote installation (30 kN sensor). The 
structure and microhardness of glass material 
were studied on MICN remote optical microscope 
equipped with Vickers indenter. According to the 
HV0.2 scale, the microhardness measurement er-
ror accounted for 25 kgf/mm2. The microstructure 
and elemental composition were studied by scan-
ning electron microscopy on a Mira 3 LM (TESCAN) 
scanning microscope (SEM) equipped with Oxford 
Instruments X‑Act, i. e., an energy-dispersive X-ray 
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analysis system for characteristic X-ray radiation. 
Electrically conductive replicas from the surface 
of metallographic glass sections subjected to scle-
rometry with a diamond indenter were used as 
specimens. Phase composition and the fraction of 
crystalline component on the surface of the com-
pact samples were measured using the Bruker D8 
ADVANCE remote X-ray diffractometer in Cu-K 
α-radiation in the range (by 2θ) of 15—60° with 
a step of 0.03 angular degrees and the DIFFRAC.
EVA, DIFFRAC.TOPAS software and the PDF-2 da-
tabase. Young's (E) and shear (G) moduli, as well 
as the Poisson's ratio (m) were calculated based on 
the below formulas:

	 E = 4r·l2·fn
2,	 (1)

	 G = 4r·l2·ft
2·Kф,	 (2)

	 ,	 (3)

where ρ is the specimen density, kg/m3; l is the 
specimen length, m; fn, ft are the resonance fre-
quencies of longitudinal and shear oscillations of 
the specimen at the first harmonic, respectively, 
Hz; Kф is the dimensionless correction factor ac-
counting for the shape of the specimen (for cylin-
drical specimens Kф = 1).

The resonance frequencies of cylindrical glass 
material specimens were measured using labora-
tory and in-chamber ultrasonic complexes.

The linear thermal expansion coefficient was 
measured for the model glasses using a quartz hori-
zontal dilatometer (QHD) provided their heating to 
a temperature of up to 450 °C at a rate of 3 °C/min 
given the elongation recorded every 10 °C. At pres-
ent time, it has been replaced by a modern high-
temperature unit DIL 402 C.

The glass transition temperature and heat capac-
ity were measured using a differential scanning 
calorimeter, an analogue of which (DSC 404 F1) has 
been installed and is currently used at JSC IRM.

The shape and size of the samples for material 
science studies were selected in accordance with 
GOST [3].

Research results

Figure 4a shows the material of APG ingots 1-1 
and 1-2 provided no heat treatment that collapsed 
due to internal stresses produced during their ex-
traction from the metal mold, whereas the cast me-
dallions, pellets, rods (APG-1-360, APG-2-450) and 
ingot 3-2 subjected to annealing for stress relief are 
shown in Figures 4b, c. 

After the heat treatment of the ingots was im-
plemented to relieve the internal stress, their ex-
traction, cutting out of plane-parallel blanks and 

materials science samples with an abrasive tool was 
done with no serious remarks expressed (Figure 5).

Cylindrical and powder model core specimens 
collected to evaluate water resistance and perform 
their chemical analysis were returned back to PA 
Mayak in accordance with the developed transport 
and process regulations for VHLW management.

Regardless of the heat treatment mode, the aver-
age density of the model APG specimens accounted 
for 2.72 ± 0.01 g/cm3 (Table 3). Some deviations from 
this value noticed across the batch were explained by 
the microcracks inherent in the glass material.

The microstructures of the heat treated APG (in-
cluding those annealed at 450 °C to relieve the stress) 
turned out to be quite homogenous with small low-
density crystalline inclusions that did not reduce the 
transparency of the glass matrix (Figure 6a). In cases 
of high-temperature annealing and a cooling rate of 
no more than 4 °C/min, devitrification of the APG 
matrix was observed with dendritic microcrystals 
formed along the way (Figure 6b). 

а 

b

c

Figure 4.  Appearance of collapsed (a)  
and compact (b, c) APG samples
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Changes in the heat treatment conditions, struc-
ture and chemical composition produced no no-
ticeable impact on the microhardness of the model 
glasses (Figure 7).

Figure 5. Flat blanks and beams (a), cylindrical specimens (b) 
of model HLW cores based on APG

Table 3. Density of model VHLW based on APG

Batch Ingot marking M, g Density, 	
g/cm3

Average, 	
g/cm3

APG 2019

APG-1 14.09764

2.725

2.7252.726

2.725

APG-1-360

7.36879

2.718

2.721
2.722

2.721

2.722

5.90325

2.708

2.709
2.708

2.711

2.709

APG-2
5.57322 2.731

2.726
5.66403 2.720

APG-2-450-1d
6.44905 2.733

2.730
6.83248 2.726

APG-2-450-5d
6.56156 2.732

2.729
6.21416 2.725

APG-3
1.12748 2.693

2.700
2.81155 2.707

Figure 6. Microstructures of quenched (a) APG-1  
and annealed (b) APG-2-1 (SEM data)

а 

b

Figure 7. Microhardness of model VHLW specimens

а 

b
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Phase changes and the degree of APG glass ma-
trix crystallization along the annealing process have 
been clearly demonstrated by the X-ray structural 
data: crystallographic reflections appeared against 
the background of diffuse scattering (Figure 8). The 
main crystalline phase of the model glass accounted 
for AlPO4 with triclinic monoclinic system. Addi-
tional formation of sodium aluminum phosphate 
Na3Al2(PO4)3 was also possible. The crystallization 
degree could get higher both given an increase in the 
annealing temperature and the cooling time (under 
static conditions) and a decrease in the cooling rate 
of the melt under dynamic conditions (Table 4).

Table 4. Crystallinity degree of model APG samples, %

Ingot marking Heat treatment mode Value

APG-1-360 360 °С 0

APG-2-450-1d 450 °С, day 1 3

APG-2-450-5d 450 °С, 5 days 9

2-2

See Table 1 15

450 °С, 1 hour* 45

500 °С, 1 hour* 92

3-1 600—400 °С, 4 °С/min 5

3-2 700—500 °С, 0.5 °С/min 15

IRM 900 See Table 1 69**

IRM 950 700—500 °С, 0.5 °С/min 18

IRM 1000 700—500 °С, 0.5 °С/min 3

IRM 1000 pf 700—500 °С, 3 °С/min 3***

* Annealing at JSC IRM.
** High crystallization degree due to cullet underheating.
*** Ingot heterogeneity.

Table 5 presents the compressive strength and 
Young's modulus estimated using the diagrams 
plotted based on glass material testing. Types of di-
agrams typical for specimens with and without mi-
crodefects are shown in Figures 9a, b. It seems obvi-
ous that microcracks reduce the ultimate load that 
a sample can withstand and its ultimate strength in 
a quite considerable way. APG melting and anneal-
ing temperatures have negligible effect if compared 
with the matrix strength loss due to microcracks 
caused by internal stresses and the quality of the 
sample preparation process.

Table 5. Tensile strength and Young's modulus 
in compression (cylinder ø 10 mm)

Ingot marking Specimen ID number scomp, MPa Е, GPa

APG-3

1 232 25

2 445 33

3 321 27

Average 333 28

Standard deviation 62 3

IRM 900

1 257 45

2 184 57

Average 221 51

Standard deviation 52 8

IRM 950

1 310 56

2 263 46

Average 287 51

Standard deviation 33 7

2-1 
2-2

1 215 35

2 292 36

3 252 41

4 332 37

5 298 39

6 298 40

7 359 50

Average 292 40

Standard deviation 48 5

The results of three-point bending tests that 
involved beam specimens with rectangular and 
circular (Figure 9c) cross sections, as well as dif-
ferent bases (distances between supports) are 
given in Table 6. It is shown that the ultimate 
strength primarily depends on their microstruc-
ture (cracking). No considerable differences were 
noted for prismatic and cylindrical specimens 
(h, b, d, l — height, width, diameter and length, 
respectively), as well as for the option providing 
for a smaller base between the supports (based 

Figure 8. X-ray diffraction patterns for APG specimens:  
without HT (a); with a crystallization degree of 2.8 % when 

subjected to annealing for 1 day at 450 °C (b);  
with a crystallization degree of 8.8 % when subjected 
to annealing for 5 days at 450 °C (c); IRM ingots (d)
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on repeated testing of their halves). Therefore, 
it was concluded that oversized genuine VHWL 
specimens can be tested provided the represen-
tativeness of the testing results and their size 
would depend on the capacities of the manufac-
ture for their production in a shielded box. The 
cylindrical shape of the specimens has been rec-
ognized as optimal.

Figure 10 presenting the dependence between 
the thermal linear expansion coefficients (TLEC) 
and the temperature demonstrates that in the tem-
perature range below 350 °C, TLEC accounts for less 
than 15·10–6 °C–1, whereas at 420–430 °C, model 
APG matrices suffer recrystallization accompanied 
by its considerable growth.

Figure 9. Diagrams showing the results of uniaxial 
compression (a, b) and bending (c) tests involving samples 
with some mechanical defects in sample preparation (a) 

and without them (b, c)

а 

b

c

Table 6. Results of bending tests focused  
on VHLW model glass specimens

Ingot 
marking

Specimen geometry, mm sbend, 
MPa

Е, 
GPa Note

h b d l

2-1 5.59 4.12

–

30 54 –

Base 25 mm

2-2

4.82 5.07 30 45 30.7

4.82 4.37 30 45 26.5

4.82 4.42 30 41 28.5

4.78 4.40 30 42 24.3

4.80 3.84 30 30 22.1

4.80 5.03 30 43 28.6

4.37 5.44 34 44 26.1

4.82 4.64 34 32 29.4

4.83 4.63 36 45 31.8
Base 25 mm 
Base 16* mm 
Base 12* mm

4.82 4.64 20 40 –

4.79 4.62 16 38 –

4.85 5.07 36 43 30.7
Base 25 mm 
Base 16* mm 
Base 12* mm

4.86 5.11 20 42 –

4.85 5.09 16 27 –

– 6.99 15 36 – Cylinder / 
Base 12 mm

Average: 40 28

Standard deviation: 7 3

IRM  
950

6.23 4.18 – 30 30 –

Base 25 mm

6.77 5.81 30 22 –

Average: 26 –

Standard deviation: 6 –

IRM 1000

5.77 5.83 – 30 34 –

5.68 4.15 30 38 –

4.27 3.81 30 53 –

Average: 42 –

Standard deviation: 10 –

*Halves of specimen tested on a 25mm base.

Figure 10. Average TLEC - temperature dependences  
for APG specimens
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The elasticity characteristics of model materials 
evaluated by the ultrasonic method are given in 
Table 7 and Figure 11. It was shown that for differ-
ent glass matrix batches Young's modulus corre-
sponded to [1], nevertheless exerting sensitivity to 
annealing at 450 °C, which was tested on the same 
specimens during intermediate TLEC measure-
ments. It is important to note that the results of 
laboratory measurements and the measurements 

performed remotely in a shielded box showed satis-
factory convergence (Figure 11).

Elemental analysis and mapping showed that for-
mation of three structural-phase components was 
typical for the annealed APG batches: a base with 
an increased Na content and a lower Al content, 
dendritic precipitates based on Al without Na and 
small inclusions high in heavy elements (Figure 12, 
Table 8).

Figure 11. Elastic properties compared for different batches of APG specimens obtained under laboratory  
and remote conditions in a shielded box

а 	 b

Table 7. Elastic characteristics of glass according to acoustic testing before and after dilatometry

Ingot 
marking 

Specimen’s 
ID number

Before TLEC measurement After TLEC (450 °С, 2 h)
l, mm Е, GPa G, GPa m l, mm Е, GPa G, GPa m

APG-3
1 31.4 57.2 23.2 0.23 –
2 17.0 53.7 21.6 0.24 –

APG-2

7 23.8 92.3 34.6 0.33 23.8 60.8 22.6 0.35
8 39.8 92.8 34.8 0.33 –

450-1d 36.7 94.3 38.7 0.22 32.7* 56.9 23.9 0.19
450-4d 40.4 93.9 34.4 0.36 21.6* 56.1 22.3 0.26

* After additional trimming.

Table 8. Elemental analysis by sections of a APG specimen batch 3-1, wt.%

Phase O Na Al P Ca Cr Fe Ni Sr Cs Ce Nd
Base with an increased Na content 47.2 17.8 8.4 21.9 0.6 0.4 0.8 0.2 0.9 0.9 0.4 0.5
Inclusions with Al 55.1 0.2 21.5 22.8 – – 0.1 – 0.2 0.1 – –
Heavy (light) inclusions 33.0 0.8 0.7 14.4 0.3 – – – 0.9 0.3 34.1 15.5

Figure 12. Microstructure and elemental maps for APG batch 3-1
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Figure 13 exemplifies calorimetric measurements 
involving a small-sized APG specimen (in the heat-
ing 1 — cooling — heating 2 mode). These data 
evidences that its devitrification along with the 
first heating correspond to a temperature range of 
427—432 °C. Small specimens (tens of milligrams) 
enable measurements of this kind in case of genu-
ine high-level glass matrices even under laboratory 
conditions. Other important applications of highly 
sensitive differential calorimetry account for the 
specific heat release and heat capacity measure-
ments of core VHLW specimens from PA Mayak.

Conclusion

IRM demonstrated its readiness and ability to 
perform material science studies of VHLW resulting 
from the vitrification of highly active LRW at the PA 
Mayak’s radiochemical plant. A transport and pro-
cess flow chart proposed for VHLW specimen deliv-
ery to IRM for research purposes was tested and re-
fined. JSC IRM was reequipped both instrumentally 
and methodologically to enable these studies. A ba-
sic set of physical, chemical and structural-phase 
characteristics of the APG matrix providing liquid 
RW immobilization has been identified. The stud-
ies performed under laboratory conditions and in a 
shielded box have demonstrated good convergence.

The study demonstrated that the cooling rates 
estimated for the APG glasses of the studied com-
positions were well below the critical values [4], [5], 
thereby, resulting in the partial crystallization of 
their amorphous matrix. 

It was shown that, despite the APG tendency to 
devitrification under melting and cooling condi-
tions typical for the EP-500 type installation, the 
characteristics of the glass matrices with model 
RW forms were meeting relevant regulatory re-
quirements [1].

The implemented activities showed that IRM was 
ready both technically and methodologically for the 
characterization of VHLW produced by PA Mayak, 
i.e., for subsequent waste compliance assessment 
with the requirements set forth in NP-019-15 [1] 
and the safety assessment of the DGR.

The research was implemented under the re-
search contract No. 1125/2022/5.8-DOG/61/4128‑D 
Materials Research Focused on Vitrified HLW Cores 
from PA Mayak signed on July 12, 2022 by IRM and 
PA Mayak. The contract was signed under the proj-
ect of Experimental Studies Investigating the Char-
acteristics of Vitrified HLW Inventory Accumulated 
at PA Mayak Important for the Long-Term Safety 
being implemented by PA Mayak under its  basic 
agreement with the State Corporation Rosatom.

Figure 13. Calorimetry data for the APF-3 batch specimen
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