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Abstract — In this work, laser heating is used to experimentally investigate the high-temperature behavior of the 
U-Fe-Zr-O system using arc-melted samples with various nominal compositions. Three-phase transitions are 
observed in the vicinity of ~1100, ~1700, and ~2200 K. Principal component analysis of the phase transition 
temperatures in the course of laser-heating thermal cycling indicates that the phase transition around ~1100 K is 
driven by the interaction of stainless steel (SS) with metallic U, the phase transition around ~1700 K by the melting 
of stainless steel, and the phase transition above ~2000 K by the eutectic melting of UO2. The results also reveal two 
hitherto overlooked interactions in the U-Fe-Zr-O system, which could have severe consequences for the contain
ment of corium inside the reactor pressure vessel (RPV). First, the phase transition temperatures of the samples 
varied extensively as a result of the laser-driven rapid thermal cycling. Variations of up to 390 K were observed in 
the phase transition temperatures, suggesting that depending on the initial conditions of corium formation, the 
corium-driven ablation of the RPV wall could commence significantly earlier than the current state-of-the-art 
severe accident codes would predict. Additionally, evidence of a large exothermic reaction between zirconium and 
molten steel was observed upon SS melting. Such phenomenon may also be driven by material segregation during 
fast heating and cooling. If such a mechanism is activated during a severe nuclear accident, it can have an 
important impact on the overall thermal balance of the RPV.

Keywords — Nuclear fuel safety, corium, severe nuclear accidents, loss-of-coolant accident, in-vessel 
retention.  

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Melting of the core materials in a nuclear light 
water–cooled reactor (LWR) is one of the harshest con
sequences of a loss-of-coolant accident (LOCA). As the 
temperature in the fuel rises in the absence of sufficient 
cooling, the structural and fuel elements progressively 
reach their melting points to form complex molten mix
tures that contain an abundance of chemical elements. 
Because of gravity, these mixtures relocate, eventually 
finding their way to the lower head of the reactor pressure 
vessel (RPV) to form a molten pool referred to as in- 
vessel corium.1
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Once a severe nuclear accident has progressed to 
complete meltdown of the core, the melts of the fuel 
elements, primarily composed of UO2, ZrO2, Zr, the 
structural materials in the fuel elements, and the fission 
products (FPs), are incorporated into the molten pool. 
Because of the high radioactivity of the FPs, the corium 
generates an amount of heat large enough so that if 
reactor cooling is not restored, temperatures above 
3000 K can be reached in the RPV (Ref. 2). Because 
such temperatures exceed by far the melting points of the 
structural components in contact with the corium—pri
marily the stainless steel (SS) that comprises the RPV 
walls—extensive care must be taken to prevent the cor
ium from melting the RPV walls and escaping to the 
environment.

As a mitigation plan to prevent the consequences of 
corium formation, the in-vessel retention (IVR) strategy3 

relies on cooling the corium by reflooding the interior of 
the RPV or, when reflooding is not possible or suitable, 
by circulating an emergency coolant loop along the exter
ior of the wall. The objective of IVR is to prevent the 
melting of the RPV walls, which would lead to the 
release of the very hot and radioactive corium to the 
next containment and ultimately to the environment. By 
contrast, ex-vessel retention (EVR) strategies are focused 
on restraining the mobility of corium outside the core 
following an RPV breach.4

To ensure the success of the IVR and EVR strategies, 
the thermodynamic behavior of the chemical systems that 
comprise the corium must be understood at temperatures 
as high as 3000 K. Although the complete composition of 
corium includes much of the periodic table, it primarily 
consists of uranium (and plutonium in specific reactors) 
from the fuel elements, zirconium from the fuel cladding, 
iron (along with small amounts of chromium and nickel) 
from the structures, and oxygen. The presence of oxygen 
in the corium leads to the segregation of the molten pool 
into two immiscible phases: the metallic phase, consisting 
of Zr, Fe, traces of Cr and Ni, and possibly some metallic 
U, and the oxide phase, consisting of UO2 and ZrO2. The 
immiscibility of the two liquid phases enforces the stra
tification of the corium, where one of the two phases 
occupies the top and the other the bottom of the pool. 
As it is denser, in most scenarios the metallic phase sinks 
to the bottom, leaving the oxide phase on the surface.2,5

The ability of the molten pool to melt the RPV walls 
lies in the possibility to configure itself in such a way that 
it dissipates a critical amount of heat to a narrow region 
on the RPV wall, ablating the wall across its full thick
ness. Depending on the initial conditions of corium for
mation and the corium composition, the Zr in the metallic 

phase that is oxidized and enters the oxide phase can 
invert the weight balance between the two phases. Once 
the metallic phase becomes lighter than the oxide phase, 
it emerges to the top to form a thin metallic crust on the 
corium surface. This configuration is particularly threa
tening since it can lead to local degradation of the RPV. 
This risk results from the low thermal emissivity and high 
thermal conductivity of metallic phases. Once the metal
lic corium crust is formed, the majority of the heat 
released by the corium is dissipated by conduction to 
the RPV wall along the perimeter that surrounds the 
corium surface; this configuration is known as the focus
ing effect2,6,7 (Fig. 1). In this scenario, the heat flux on 
the wall can exceed the critical heat flux of the RPV and 
cause local dryout on the exterior, where the IVR cooling 
efforts are focused. This dryout hinders cooling of the 
RPV and results in local melting of the wall, allowing the 
corium to escape.

To best safeguard against the release of radioactive 
matter in the environment, large-scale multiphysics compu
ter codes, such as MELCOR (Ref. 8) and ASTEC (Ref. 9), 

Fig. 1. Representation of the stratification in corium in 
the lower head of the RPV that leads to the focusing 
effect. The majority of the dissipative heat flux by the 
metallic crust is by conduction to the perimeter of the 
RPV (after).2 
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are used to predict the progression of severe nuclear acci
dents across multiple scenarios. To predict the possible fail
ure modes of IVR and EVR, these codes incorporate 
multiple engineering and physics analysis frameworks, 
including thermal hydraulics, mechanical integrity, and 
radionuclide behavior, and thus require extensive experi
mental benchmarking to improve their accuracy. 
Particularly with regard to material degradation, knowledge 
of the thermodynamic behavior of the structural components 
and the corium from 1200 K up to 3000 K is needed. As the 
metallic corium crust is primarily composed of Fe, Zr, and 
possibly U, the thermodynamics of the U-Fe-Zr system can 
be used as a good approximation of the full corium crust 
system.1,2 However, knowledge of the behavior of the U-Fe- 
Zr system at temperatures above 1500 K is scarce.

In this work, we report the results of laser-heating 
experiments performed on samples containing U, Zr, 
nuclear-grade steel, and UO2 at 1000 to 2400 K, to 
investigate their high-temperature phase transitions, 
whose impact on the thermal equilibrium of the RPV is 
not yet fully investigated.

II. METHODS

II.A. Sample Fabrication

Table I presents the chemical compositions of the 
samples used in this study to simulate, on a laboratory 
scale, the formation of corium. Samples with varying 
compositions were fabricated by adding to SS different 
fractions of iron, zirconium, uranium, and uranium diox
ide to simulate the behavior of possible zirconium-, ura
nium-, and iron-rich regions in the metallic corium phase. 
The current compositions were conceived to encompass 

a broad spectrum of situations that may be produced 
during corium formation. The SS used in the present 
samples was directly extracted from a real specimen of 
reactor steel. Therefore, it has the same chemical compo
sition and underwent the same heat treatments as the 
alloy structural SS used in the boiler and RPV of certain 
LWRs currently in operation. It includes a high concen
tration of the alloy elements Mn, Ni, Mo, Cr, C, Si, P, and 
S to achieve higher tensile strength and yield strength 
compared to carbon structural SS, as well as adequate 
toughness and plasticity.

The samples were fabricated by argon arc-melting mix
ing of steel, metallic uranium, uranium dioxide, zirconium 
alloy, and iron. NF 18MND5 steel samples used for the 
sample fabrication were procured by Electricité de France 
within the Severe Accident Facilities for European Safety 
Targets (SAFEST) European Research Project. Such steel 
represents well the properties of the material commonly 
used for RPVs. Other metallic samples were directly bought 
or provided by the Joint Research Centre (JRC) Karlsruhe. 
Zirconium alloy samples were of standard purity; i.e., they 
contained around 2 mol % of Hf. Metallic U samples were 
taken from the JRC repository. All metal samples were stored 
under high-purity argon and electrolytically purified from 
oxygen impurities prior to arc melting. Metal balls were 
combined by arc melting in the ratios specified in Table I. 
Secondary vacuum (from 10−5 to 10−6 mbars) and pure argon 
(6 N) purging were performed at least two times to remove 
the oxygen from the furnace. A fragment of additional sacri
ficial zirconium was placed in the furnace to act, once melted, 
as an oxygen getter. The thus obtained mixed “button” was 
remelted a few times to ensure a good homogeneity. Samples 
were annealed at 1273 K for 3 weeks in sealed silica tubes, 
followed by quenching to room temperature. Figure 2 dis
plays a backscattered electron (BSE) image of sample F after 
several arc-melting and resolidification cycles.

After several repetitions of melting and mixing, the 
final material was cut into pellets of ~2 cm in diameter 
and a few millimeters in height. Details about the arc- 
melting procedure are reported in Ref. 10. This procedure 
was repeated for the fabrication of all samples used in the 
study. In the case of sample D, the uniform mixing of the 
components was only partially successful as the arc melt
ing of UO2 resulted in explosive sputtering. In this case, 
the sample had to be further homogenized by some laser- 
melting cycles, although larger uncertainty on its compo
sition remained. Conformity of the sample compositions 
obtained by arc melting with the nominal ones was 
checked with the help of scanning electron microscopy 
(SEM) and energy-dispersion X-ray (EDX) (SEM-EDX) 
analysis on local spots (see description of this method in 

TABLE I 

Nominal Chemical Compositions of Arc-Melted Samples 

Concentration 
(at. %)

Sample 
Label SS Zr U Fe UO2

A 100 0 0 0 0
B 80 20 0 0 0
C 40 20 20 20 0
D 80 0 0 0 20
E 75 0 25 0 0
F 34 33 33 0 0
G 25 25 50 0 0
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Sec. II.B). The average compositions resulted in being the 
same as the nominal ones within a cumulative instrumen
tal uncertainty of ±5%, also taking into account the 
mostly irregular sample surface geometry.

Although UO2 was present at high concentration only 
in sample D, Raman spectroscopy of the samples 
revealed a limited presence of UO2 in all samples as 
a result of the oxidation of uranium when exposed to 
air for a short period during the mounting in the laser- 
heating vessel before the latter was filled with inert gas.

II.B. Experimental Techniques

The samples were thermally treated with laser heat
ing while their temperature evolution was followed with 
the help of fast radiance spectrometry, according to the 
laser-heating and spectral analysis (LHASA) technique.11 

In a typical LHASA experiment, the sample is placed in 
a pressure vessel that is first pumped down to 10−3 bars 
and then filled with argon [0.5 parts per million (ppm) 
O2] to a maximum pressure of 3 bars. The sample surface 
exposed to laser irradiation is then rapidly heated with the 
use of a 1064-nm, 4.5-kW continuous wave Nd:YAG 
laser, reaching temperatures above 2000 K within a few 
milliseconds. Following the end of the laser pulse, the 
sample is allowed to cool down to room temperature. The 
sample is held in place with graphite screws that mini
mize the dissipation of heat by conduction to any external 
containment so that the cooling of the sample can be 
approximated as being purely radiative. During both heat
ing and cooling, the intensity of the radiation that is 

naturally emitted from the sample heated surface due to 
its elevated temperature is recorded with one fast, nar
row-band radiation spectrometer and a second slower, 
wide-band radiation spectrometer. The experimental 
apparatus used in the present study is shown in Fig. 3.

The present technique permits a thermal analysis of 
the material, which is near the sample surface, up to 
a depth of a few tens of micrometers, depending on the 
thermal and optical characteristics of the analyte. On such 
a length scale, a reasonable temperature homogeneity is 
predicted by thermal models, especially in essentially 
metallic, high-thermal-conductivity samples like the cur
rent ones. The background idea of such an approach is the 
self-containment of the melted material, which is thus 
protected from the contamination of any external support. 
What happens inside the sample bulk beyond the reported 
depth can be estimated only with the help of complex 
thermal models,12 combined with ad hoc experiments 
aimed at measuring the surface temperature, for example, 
at various points of a regularly shaped sample. Such 
analysis is beyond the scope of the present investigation.

The thermal radiation emitted from the heated sur
face of the sample is measured in the form of the spectral 
radiance Lλ, that is, the flux of the emitted radiation in the 
direction normal to the surface, per unit wavelength, per 
unit surface. According to Planck’s law of blackbody 
radiation, the spectral radiance of a blackbody is related 
to its temperature according to the relation

Lλb Tð Þ ¼
c1L

λ5
1

exp c2
λT
� �
� 1

; ð1Þ

Fig. 2. SEM BSE image of arc-melted sample F. Uranium-rich and Zr-rich phases are brighter in the image. Different phases are 
immiscible at the solid state but become fully mixed when the sample is heated and liquified. Electron acceleration voltage: 
20 kV. 
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where c1L; and c2 are the first and second radiation 
constants, respectively; λ is the radiation wavelength; 
and T is the temperature of the blackbody.13

The temperature of a real body can be measured by 
comparing its spectral radiance for wavelength λ, tem
perature T, and direction with respect to its surface, to the 
spectral radiance that a blackbody would emit for the 
same parameters. The Kirchhoff law relates the spectral 
radiance of a real body to that of a blackbody with the use 
of the spectral directional emissivity:

2λ Tð Þ ¼
Lλ Tð Þ
Lλb Tð Þ

; ð2Þ

which can take values from 0 for a nonemitting body to 1 
for an ideal blackbody.

At short wavelengths, Wien’s approximation can be 
applied to Eq. (1), such that

Lλb Tð Þ ¼
c1L

λ5
1

exp c2
λT
� �
� 1
�

c1L

λ5 exp �
c2

λT

� �
; ð3Þ

which can be rearranged as

1
T
¼
� λ
c2

ln
λ5Lλb

c1L

� �

: ð4Þ

By combining Eq. (4) with Eq. (2), the relation between 
the temperature of a real body T and that of a blackbody 
emitting an equal spectral radiance Tb becomes

1
Tb
¼

1
T
�

λ
c2

ln 2λð Þ : ð5Þ

The radiance of the sample is recorded as a function of 
time with high resolution with a fast pyrometer with 10- 
μs settling time operating at 655 nm, which was first 
calibrated against a National Institute of Standards and 
Technology–referenced tungsten filament lamp at tem
peratures up to 2400 K and a graphite blackbody up to 
3300 K. Simultaneously, a multichannel spectrometer 
with 1-ms integration time, also calibrated against 
a blackbody, measured the radiance of the sample at 
180 distinct wavelengths between 550 and 850 nm. By 
plotting the distribution of 1

Tb 
against λ in the range 550 

to 850 nm and applying a linear fit, the spectral emis
sivity 2λ can be extracted using Eq. (5). Although the 
spectral emissivity is not guaranteed to be independent 
of wavelength in the range 550 to 850 nm, the gray 
body approximation, which models the emissivity as 
independent of wavelength in this range, has been 
shown to be at least as accurate as a variety of empiri
cal wavelength-dependent models.14

Although the fitting procedure on the spectrometer 
measurements can also extract the true temperature of the 
sample, its time resolution is insufficient for accurate ther
modynamic studies since the memory buffer of the spectro
meter could only store up to 256 time steps. Instead, the 
gray body spectral emissivity extracted from the linear fit 
for each of the 256 time steps can be combined with the 
radiance measurements of the fast pyrometer to deduce the 
true temperature of the sample over an entire melting/ 
freezing cycle as per Eqs. (4) and (5).

Fig. 3. The experimental apparatus used in the present research. The sample is placed inside a pressure vessel under argon or 
a mixture of Ar and H2 at 3 bars, fixed in place with graphite screws that minimize heat dissipation by conduction. The 1064-nm, 
4.5-kW Nd:YAG laser heats the sample while the pyrometer and the spectrometer measure the intensity of the sample’s spectral 
radiance. Schematic adapted from Pavlov et al.32 with permission from the authors. 
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Wien’s approximation is valid as long as hc
λ � kBT 

(Ref. 13). As the sample surface temperature in typical 
LHASA experiments reaches 3000 K, the application of 
Wien’s approximation in LHASA is valid for wave
lengths up to ~4800 nm. Therefore, the 550- to 850-nm 
operating range of the spectrometer falls well within the 
valid range of the approximation.

The most significant uncertainty sources related to 
the laser heating and multichannel pyrometry have been 
combined according to the independent error propagation 
law [Eq. (6))] and expanded to yield relative temperature 
uncertainty bands corresponding to 2 standard deviations 
(k ¼ 2 coverage factor). These uncertainty components 
stem from our current temperature-scale definition δT 
(i.e., the uncertainty in the pyrometer calibration), the 
spectral emissivity assessment δT2λ , and the experimental 
data scatter on the current phase transition (radiance) 
temperature data δTλm , the latter being the main source 
of uncertainty:

δTm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δT2 þ δT2
ελ
þ δT2

λm

q

: ð6Þ

The resulting cumulative uncertainty is of the order of 
±20 K at 2000 K; thus, an uncertainty of ±1% has been 
used for the values of temperature in this work.

In addition, Raman spectra were measured on the 
investigated samples in order to quickly and effectively 
check the possible formation of oxides on the surface of 
the present metallic samples after exposure to air. Such 
Raman measurements were performed at room tempera
ture with a Horiba Jobin-Yvon T64000 spectrometer 
using a 647-nm Kr+ laser excitation source. The spectral 
position was calibrated against the T2g excitation of 
a silicon single crystal, set at 520.5 cm−1 (Ref. 15), with 
an uncertainty of ±1 cm−1. A 50× objective was used to 
illuminate the sample and collect the backscattered light. 
Measurements were performed with 10 mW of incident 
laser power.

Moreover, SEM was the technique employed to 
record images of the in-vessel corium simulants. Such 
sample analysis was locally performed by means of 
SEM-EDX analysis in order to estimate the elemental 
composition of the formed phases. These analyses were 
carried out with a Philips XL 40 scanning electron micro
scope, equipped with tungsten filament, and a secondary 
electron (SE) and BSE detector or a Vega-Tescan scan
ning electron microscope equipped with an Oxford EDX 
and wavelength dispersive X-ray spectrometry system. 
Samples were mounted on metallic sample holders fixed 
by screws or with carbon tape (the conductivity of which 

helped avoid specimen charging). Both SE and BSE 
modes were employed to produce the SEM images. 
Particularly, the latter permits the distinction between 
darker areas or phases richer in lighter elements, in this 
case Zr-rich (ZZr = 40), and brighter regions richer in 
heavy elements, such as U (ZU = 92) areas. In addition, 
EDX measurements were used to specify the composi
tions of the materials at various spots (~5-µm-diameter 
point analyses), with a relative accuracy of ±5%.

The LHASA method is an established approach for 
the study of the very-high-temperature thermodynamics 
of materials with high melting points16–19 while the rapid 
heating inherent to the technique can also be used to 
emulate thermal processes relevant to severe nuclear 
accidents.11

By monitoring the surface temperature of the sample 
with high time resolution, a characteristic thermal arrest 
appears on the thermogram when the sample undergoes 
a thermodynamic phase transition at the spot monitored 
by the pyrometer during the thermal cycle.20 Because the 
heating stage is driven by a high-power laser, the rate of 
change of temperature during heating is typically too 
rapid for thermal arrests to be resolved on the thermo
gram. Instead, the temperatures of the thermal arrests are 
more reliably identified during the radiative cooling 
stage. However, the cooling rate can often also be high. 
As a result, significant undercooling hinders the quanti
tative determination of the latent heat of phase transitions, 
although the thermal arrest temperatures can be identi
fied. Therefore, only qualitative observations can be 
made regarding the relative magnitudes of latent heat 
for the phase transitions. Despite the undercooling 
effects, thermodynamic equilibrium thermal arrests have 
been confirmed with the current method in secondary 
reference materials, such as tungsten and molybdenum.11

In the present study, the samples were subjected to 
rapid thermal cycling by a series of square laser pulses of 
a few hundreds of milliseconds in duration each, with 
a few seconds between successive pulses (Fig. 4).

The exact pulse duration and frequency were opti
mized for each sample to achieve maximum thermogram 
resolution—samples with lower emissivity require longer 
cooling periods; therefore, in such cases the interval 
between successive pulses was chosen to be longer; the 
chosen intervals were typically 2 to 5 s between pulses. 
Additionally, samples with high thermal conductivity 
require longer pulse duration to achieve higher maximum 
temperature at the laser spot; the chosen pulse durations 
were typically a few hundreds of milliseconds. The total 
number of laser pulses that each sample was subjected to 
was not constant, as each sample lost mechanical 
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integrity at a different maximum number of thermal 
cycles. The first laser pulse acts somewhat as a fast and 
strong annealing process, in which the sample is homo
genized and residual thermal stresses of the fabrication 
procedure are released. In several cases, the intervals 
between successive laser pulses were reduced in order 
for the sample to remain at an intermediate temperature 
(around 1500 K) between pulses. This feature reduced the 
risk of sample breaking during the heating and cooling 
cycles and allowed the repetition of up to several tens of 
laser pulses on the same sample. Thanks to these long 
series of pulses, a detailed study of the phase transition 
temperature evolution and stabilization could be realized.

To study the impact of hydrogen-rich gases in contact 
with the samples that are expected to form within the 
RPV during a severe nuclear accident, each sample was 
studied under two atmospheres: Ar (0.5 ppm O2) and 
Ar + 5% H2. To trace the impact of hydrogen availability 
in the hydrogen-rich atmosphere, tests were performed 
with freshly refilled Ar+H2, with Ar+H2 unreplenished 
for 10 laser pulses or more, and also under a constant 
flow of Ar+H2.

III. RESULTS AND DISCUSSION

III.A. Phase Transitions

In all samples except for sample B (which contained 
only SS and Zr), a medium-temperature transition at 
~1700 K and a high-temperature transition in the vicinity 
of ~2200 K were observed. In samples C and E, also 
a (relatively) low-temperature transition at ~1100 K was 

observed. In sample D, which was the only sample con
taining a significant concentration of UO2, only the med
ium-temperature and an additional phase transition above 
3100 K were observed; the very-high-temperature transi
tion corresponded to the well-known melting point of 
UO2 at ~3140 K.

In sample B, only two phase transitions in the vici
nity of the medium-temperature phase transition were 
observed. The absence of the low- and high-temperature 
phase transitions from sample B, containing neither U nor 
UO2, indicates that the chemical nature of those two 
transitions in the other samples is related to the presence 
of uranium.

III.A.1. Variations in the Phase Transition Temperatures

The most interesting observation on the phase transi
tions in the U-Fe-Zr-O system was the nonequilibrium 
behavior of the transition temperatures. In all samples 
except sample B, the absolute temperature at which 
each phase transition occurred varied in the course of 
the laser-pulse sequence. Figure 5 demonstrates this phe
nomenon for the medium-temperature phase transition of 
sample F, heated by a sequence of four laser pulses under 
argon and a hydrogen-rich atmosphere. A similar varia
tion in temperature was observed for all phase transitions 
in all samples under both Ar and Ar+H2; the temperature 
evolution could not be observed in sample B, as the 
transition temperatures could not be reliably determined 
due to a large exothermic release (see Sec. III.B)

The difference between the maximum and the mini
mum temperatures was not common for all phase transi
tions in all samples. Within a single laser-heating cycle, 

Fig. 4. The temperature response of sample E following a sequence of laser-heating pulses, representative of the sequences 
applied to all samples in the current study. The temperature shown on the y-axis corresponds to Tb in Eq. (5), as it has not been 
corrected using the sample’s spectral emissivity. 
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the difference between the maximum and the minimum 
transition temperatures was only 15 K for the high- 
temperature phase transition in sample C under Ar+H2 
while for the medium-temperature transition in sample 
E under the same atmosphere, it was 390 K (see Fig. 6). 
To the knowledge of the authors, the variation in the 
phase transition temperatures of corium under rapid heat
ing above 1000 K has not been considered so far in the 
large-scale scenario codes that are used to inform severe 
accident mitigation strategies. As a result, it is important 
that this nonequilibrium behavior be carefully studied. 
Inaccurate predictions of the phase transition tempera
tures by such a margin could have nontrivial implications 
for nuclear safety in the event of a core meltdown 
accident.

It must be noted that because accurate extraction of 
the true sample temperature using radiation thermometry 
relies on the spectral emissivity value that is assumed for 
the material (see Sec. II.B), it could seem credible that the 
apparent variations in the phase transition temperatures 
are in fact variations in the spectral emissivity of the 
samples that have been inadequately accounted for. 
However, by using Eq. (5), one can calculate that in 
order to account for temperature variations as high as 
390 K in the vicinity of 1500 K, a difference of up to 
30% in the emissivity of the samples would be required, 
in the current emissivity range. The present samples were 
insulated from dissipating heat by conduction with the 
use of graphite pins, and their convective heat flux can be 
assumed to remain constant and negligible. A difference 

Fig. 5. Temperature variation of the medium-temperature phase transition in sample F, heated by four laser pulses under (a) Ar 
and (b) a mixture of Ar and H2. Both the absolute values of the transition temperatures and their variation during the pulse 
sequence vary as a result of the different atmosphere. The high-temperature phase transition is also visible as a smaller feature 
a few hundred degrees above the highlighted transition. 

Fig. 6. Sample E under Ar+H2. (a) Complete thermogram in the course of the experiment. (b) Close-up view of the medium- 
temperature phase transition. The minimum temperature of the thermal arrest in the course of the laser-heating experiment is 
1675 K while the maximum is 2065 K. A gray-body spectral emissivity of 0.43 was used to extract the true temperature of the 
sample, deduced according to the method described in Sec. II.B. 
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of up to 30% in the emissivity of a material between two 
thermal cycles would result in the cycle with the lower 
emissivity to have a considerably longer cooling period. 
However, as demonstrated in Fig. 6, this was not the case; 
the heating-cooling cycles that showed a variation in the 
temperature of a phase transition still exhibited an 
approximately equal rate of cooling, which indicates 
that no significant change in the emissivity took place 
during the laser-pulse sequence. Additionally, the varying 
undercooling and latent heat of the phase transition indi
cate that the variation in temperature might be accompa
nied by a variation in other phase transition properties. 
Therefore, the observed transition temperature variations 
over successive thermal cycles cannot be ascribed to an 
artifact of varying emissivity. It can only be reasonably 
attributed to a thermodynamic process that needs to be 
understood.

The impact of the hydrogen-rich atmosphere on the 
temperature evolution of the low- and medium- 
temperature phase transitions in sample E is shown in 
Figs. 7 and 8, respectively. They demonstrate how the 
temperatures of two different phase transitions evolve for 
consecutive rapid thermal cycles under a hydrogen-rich 
atmosphere. Figures 7 and 8 illustrate that there is only 
a limited correlation between the evolution of the two 
phase transitions, suggesting that the responses of the two 
phase transitions as a result of the thermal cycling and the 

atmosphere require extensive studies in order to be 
understood.

The phase transition temperatures reported in Figs. 5 
through 8 can be interpreted based on the thermodynamic 
equilibrium phase diagrams available in the literature. For 
example, a first reference for sample E is the Fe-U binary 
phase diagram,21 whereby the presence of carbon and 
other additives in SS has a negligible impact on the 
phase transition temperatures compared to the current 
instrumental uncertainty. Based on the first- 
approximation Fe-U picture, one can infer that in general 
the changes observed over successive shots in the low- 
and medium-temperature transitions are probably linked 
to out-of-equilibrium oscillations of the sample surface 
composition involving the segregation of pure iron (melt
ing point around 1800 K), the UFe2 intermetallic (melting 
point around 1500 K), and pure uranium (melting point 
around 1400 K). However, the occurrence of higher- 
temperature transitions, well beyond 2000 K, implies 
that the exposure to air (sample oxidation) and the pre
sence of hydrogen in the pressurized vessel (sample 
reduction) certainly have an effect on the large high- 
transition-temperature variations observed. For this rea
son, the observed phase transitions and their variations 
have been grouped using the principal component analy
sis (PCA) approach22 in order to identify clusters of 
experimental points. These points may be linked to 

Fig. 7. Temperature evolution of the low-temperature phase transition in sample E under Ar+H2. Each dot represents the 
temperature at which the phase transition occurred. The total number of laser-heating thermal cycles that the sample had 
undergone up to the time of measurement for each dot is given on the x-axis. When the pressure vessel was vented and opened, 
the sample was exposed to air. At the H2-replenisment stages, the pressure vessel was brought down to vacuum and then refilled 
with Ar+H2 without exposure to air. 
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particular features of the relevant phase diagrams, in 
particular, of the U-Fe-O system as a first approximation.

III.A.2. Principal Component Analysis

The magnitude of temperature variation for each phase 
transition depended on the composition of the sample and 
the atmosphere. As mentioned earlier, the smallest variation 
in temperature for a phase transition during a single-laser- 
pulse sequence was only 15 K while the greatest was 390 K. 
As a result, the temperature variations across all phase 
transitions in all samples may not be readily attributed to 
the same chemical interaction between the components.

To gain insight into the chemical nature of the phe
nomenon and the chemical components giving rise to 
each phase transition, PCA was performed on the tem
perature variations. In PCA (Ref. 22), a series of datasets 
is projected onto the eigenvectors of the data’s covariance 
matrix. By plotting the data along fewer principal com
ponents than the initial dimensions of the datasets, the 
effective dimensions of the data are reduced. Underlying 
patterns in the way the datasets are related to each other 
can thus be discovered by tracing the formation of clus
ters of data points on the PCA plot.

The purpose of PCA in the present work was to gain 
insight into the chemical nature of each phase transition 
as well as into the mechanism driving the temperature 
variations. The covariance matrix was constructed from 
datasets of phase transition temperatures in the course of 
laser-pulse sequences.

Each sample was subjected to a number of laser-heating 
sequences, each with a different total number of laser 
pulses, depending on the structural integrity of each sample 
under the thermal stress of rapid thermal cycling. As the 
calculation of covariance requires equal sample sizes, not all 
phase transitions recorded in the course of the experimental 
campaign could be used. Each dataset was constructed from 
phase transition temperatures recorded in a single laser- 
heating experiment so that temperatures originating from 
different laser-heating sequences were not mixed into the 
same dataset. The dataset length was chosen to be four laser 
pulses as a balance between utilizing enough data points and 
incorporating as many datasets as possible (temperatures 
from laser-heating sequences with more than four laser 
pulses were sliced into consecutive groups of four and 
used as separate datasets). Phase transition temperatures 
recorded during sequences with three laser pulses or less 
were not included in PCA.

The covariance matrix was constructed from 22 data
sets of length four. Despite the small sample size for each 
dataset, the difference in temperature variation between 
the datasets was pronounced enough to produce notice
able clustering on the PCA plot. Table II shows a subset 
of the datasets. Each entry in a dataset corresponds to the 
measured phase transition temperature following a laser- 
heating pulse in the four-pulse sequence. Complete lists 
of phase transition temperatures used in PCA are given in 
Tables A.I, A.II, and A.III in the Appendix, grouped by 
sample and atmosphere. Note that not all observed phase 
transitions were included in the PCA.

Fig. 8. Temperature evolution of the medium-temperature phase transition in sample E under a hydrogen-rich atmosphere. Each 
dot is plotted as in Fig. 7. 
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In Fig. 9, the projections of the datasets along principal 
components 1 and 2 are plotted. Each dot represents a dataset 
similar to the ones shown in Table II, following the principal 
component change of basis. In addition to the phase transi
tions of more complicated systems, datasets of the relatively 
simpler samples A and D were used as reference points on the 
PCA plot. For sample A, the plotted phase transition corre
sponds to the melting point of SS, as identified in Fig. 5. 
Similarly, for sample D, consisting of SS and UO2, the phase 
transition was identified as the melting point of UO2.

Three loosely connected clusters can be identified. 
First, a cluster is noted in the vicinity of the reference 

data point “A SS melting” in Fig. 9. It is reasonable to 
assume that the phase transitions represented by the data 
points in this cluster are governed by the same chemical 
dynamics that contribute to the variation of the melting 
point of the nuclear-grade SS.

Similarly, the high-temperature phase transitions in sam
ples F and E that are approaching the reference data point “D 
(H2) UO2 melting” in Fig. 9 can be understood to vary due to 
the same chemical interaction that causes the variation in the 
melting point of UO2 in sample D. Although samples E and 
F do not nominally contain UO2, they both contain metallic 
U in high concentration. Following extended exposure to air 

Fig. 9. PCA plot: projections along principal components 1 and 2 of the variations in phase transition temperatures during 
a sequence of four laser pulses. The units of each axis carry no physical meaning as they represent the principal components, i.e., 
the eigenvectors of the covariance matrix. Each dot is labeled according to the sample and the phase transition in question. If the 
atmosphere of the measurements was hydrogen rich, it is noted in parentheses. Distinct dots with an identical label represent 
variations in phase transition temperatures across different four-pulse sequences applied on the same sample. 

TABLE II 

Subset of the Datasets Used in the PCA Covariance Matrix 

Sample Label and Phase Transition

Sample F: High 
Temperature

Sample F (H2): High 
Temperature

Sample C: Medium 
Temperature

Sample E (H2): Low 
Temperature

Temperature (K ± 1%) 2044 2200 1547 1689
2141 2285 1549 1767
2212 2367 1553 1699
2258 2565 1564 1650
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prior to the experiments, a nonnegligible quantity of U was 
oxidized into forming UO2, giving rise to the high- 
temperature phase transition data points that aggregate 
toward that of sample D. This assumption is corroborated 
by Raman spectra recorded on samples E (Fig. 10a) and 
F (Fig. 10b) following significant exposure to air. The pre
sence of UO2 in both samples is evident.23

A third, loosely connected, cluster is identified at the 
bottom left of Fig. 9, where the low-temperature phase 
transitions in sample E are concentrated, approached by 
the low- and medium-temperature transitions in sample 
C. As sample E contains a high concentration of metallic 
U, it is reasonable to assume that the variation of the low- 
temperature phase transition in samples E and C stems 
from a nonequilibrium interaction between SS and 
U resulting in the segregation, during the solidification 
process, of Fe-rich mixed U-Fe compositions.

It must be stressed that because of the structure of 
the datasets analyzed with PCA, the insight gained by 
tracing clusters on the plot is primarily related to the 
mechanisms behind the variation in the transition tem
peratures. PCA positions each data point on the plot 
according to the covariance of the corresponding dataset 
with respect to all other datasets used in the analysis. As 
a result, the absolute values of the temperature for each 
phase transition have a lower impact on the clustering of 
data points on the plot. Instead, it is the trends of 
temperature variation for each phase transition that 
influence most heavily the position of the data points 
on the PCA plot.

The clusters in Fig. 9 indicate that the low-temperature 
phase transition in the U-Fe-Zr-O system that occurs at 
~1100 K is driven by the interaction of U and SS. The low- 
temperature transitions can be ascribed to the segregation 
of a U-richer phase, like a mixture of the U6Fe-UFe2 

intermetallics.21 In fact, although low-temperature phase 
transitions do exist also in the U-Zr and U-Fe systems [in 
particular, related to α→β Zr around 1130 K (Ref. 24)], no 
such low-temperature thermal arrests were detected in Zr- 
containing samples, such as samples B, F, and 
G. Similarly, the medium-temperature phase transition 
that occurs in the vicinity of ~1700 K is caused by the 
melting of SS. The high-temperature phase transition that 
occurs above 2100 K is driven by the eutectic melting of 
UO2 or the interaction between UO2 and molten SS. The 
variation in temperature for these phase transitions might 
be related to the formation of eutectics that are hindered or 
accelerated by the presence of secondary factors, such as 
the presence of oxide and hydride phases. However, these 
conclusions must be confirmed by more specific studies on 
the U-Fe-Zr-O system.

III.B. Exothermic Release in the Interaction of SS and Zr

As mentioned earlier, the variation of the phase tran
sition temperatures in sample B, containing only SS and 
Zr, could not be confirmed due to a large exothermic 
release. The thermogram of sample B during a sequence 
of four laser pulses is shown in Fig. 11.

The temperature in Fig. 11 was not converted to the 
true sample temperature as per Eq. (5) to ensure that any 
conclusions made based on the thermogram do not stem 
from an erratic use of emissivity. While only a very small 
release, if any, can be identified during the first laser- 
heating cycle in Fig. 11, following the second laser pulse, 
a large exothermic release was initiated within the mate
rial that sustained the sample at very high temperatures 
between the laser-heating pulses. Following the end of 
the last laser-heating pulse, the sample remained at tem
peratures above 1000 K for more than 10s (the 

Fig. 10. Raman spectra of (a) sample E and (b) sample F, after prolonged exposure to air. The peak at ~445 cm−1 corresponds to 
the vibrational T2g line in UO2 (Ref. 23). 
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measurement threshold of the pyrometer was ~950 K for 
a perfectly emitting blackbody; bodies with 2λ < 1 must 
be at higher temperatures to emit spectral radiance of the 
same intensity).

In Fig. 12, the thermogram of sample B following 
a single laser-heating event without prior shot history is 
compared to similar single-shot events of a pure sample of 

nuclear-grade SS and a sample of Zircaloy-4. The laser 
pulse duration for sample B and the SS sample was 
1500 ms while for Zircaloy-4 it was 1600 ms. For all 
three samples, the laser power during the pulse was 
300 W. As a result, the energy delivered to the samples 
during their respective laser pulse was approximately 
equal. From the thermogram comparison, it is evident that 

Fig. 11. Thermogram of sample B (80 at. % SS, 20 at. % Zr) during a sequence of four laser pulses under Ar. The y-axis shows 
the spectral temperature of the sample without conversion to the true sample temperature. A large exothermic release is observed 
following the second laser-heating thermal cycle. The release of heat sustains the sample at an elevated temperature for tens of 
seconds following the last laser-heating pulse. 

Fig. 12. Thermogram comparison for sample B, a sample of nuclear-grade SS, and a sample of Zircaloy-4 during a laser-heating 
cycle. The energy values shown on the legend represent the total energy delivered to each sample by the laser pulse. The 
measured emissivity for each value is shown next to each thermogram. 
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sample B remains at very high temperatures for more than 
10s, supporting that a highly exothermic process is initiated 
within the material. This exothermic process can be tenta
tively ascribed to the large latent heat released by the 
formation of the Fe23Zr6 – [face-centered-cubic austenite 
(γ-fcc)] Fe eutectic around 1600 K (Ref. 25).

The thermogram of the SS sample also reveals a small 
release of heat while the Zircaloy-4 sample exhibits no 
such behavior. The spectral emissivity of sample B was 
measured at 0.35. The emissivity value used for the SS 
sample was taken from the emissivity measurement of 
sample A in this study while for Zircaloy-4 the emissivity 
of zirconium at 652 nm was used.26

The emissivity of sample B is higher than that of 
nuclear-grade SS and approximately equal to that of 
Zircaloy-4. As a result, in the absence of internal generation 
of heat, the rate of radiative cooling of sample B should 
have been faster than that of SS and approximately equal to 
that of Zircaloy-4. As is evident in Fig. 12, however, the 
radiative cooling of sample B is significantly slower, sup
porting the existence of an exothermic interaction between 
the components of the sample.

It is notable that the exothermic process does not 
initiate during the rapid heating stage while even during 
cooling, it is activated only as the temperature at the 
center of the sample (the spot monitored by the pyrom
eter) falls below 2000 K. Because the melting point of 
zirconium is higher than that of nuclear-grade SS by 
a few hundreds of degrees—one can also observe it 
around 2100 K in the Zircaloy thermogram of Fig. 12— 
it is hypothesized that two conditions are required for the 
initiation of the exothermic interaction: first, that the 
reaction must take place between molten steel and solid 
zirconium and second, that the reaction must be allowed 
to develop for at least a few hundreds of microseconds. 
As mentioned above, the formation of the well-known 
Fe23Zr6 – (γ-fcc) Fe eutectic could be a reasonable expla
nation of the observed heat release.

Incidentally, if an exothermic reaction between solid 
Zr and molten SS was to commence in the course of 
a core meltdown nuclear accident, this may have conse
quences for the integrity of the RPV and its capacity to 
contain the corium. During a severe nuclear accident, two 
scenarios of extended interaction between molten steel 
and solid Zr can be predicted.

First, in the early stages of a LOCA in a reactor with 
B4C control rods, the supporting structural components of 
the control rods that are manufactured from SS can form 
a B4C-steel liquid eutectic at ~1500 K, far below the 
nominal melting point of B4C at 3036 K (Ref. 27). As 
the temperature of the control rods exceeds the eutectic 

melting point, the B4C-steel liquid may flow downward 
under the effect of gravity, potentially coming into con
tact with the Zircaloy-4 fuel cladding that is still below its 
melting point.2 So far, the primary threat of this interac
tion has been perceived to be the formation of a liquid Fe- 
Zr eutectic at temperatures much lower than the melting 
point of Zircaloy-4 (Refs. 2 and 28). However, the effect 
of an exothermic reaction would need to be assessed for 
the progression of the accident.

Second, during the later stages of a LOCA, if the 
corium melt that has relocated to the lower head of the 
RPV remains undercooled, it will begin to ablate the RPV 
wall and incorporate the molten steel to the melt. As a result 
of the wall ablation process, a substantial quantity of SS is 
expected to enter the corium melt. Seiler et al.6 estimated 
that the corium may contain up to 10 tons of SS for a ratio of 
60% between Zr and ZrO2 in the melt while it may contain 
up to 25 tons if the ratio reaches 70%. For such quantities of 
SS, an exothermic reaction similar to that observed in 
Fig. 12 would have significant consequences for the integ
rity of the RPV and the containment of the corium.

The exothermic reaction between molten steel and solid 
zirconium has been investigated in depth in previous 
studies,28–30 which suggested that the exothermic release 
coincides with the formation of a Fe-Zr eutectic. However, 
the dissolution tests that Argyropoulos and Sismanis 
performed28 could not quantify the magnitude of heat 
release, as the rise in temperature was high enough to 
destroy their thermocouples. Additionally, the tests demon
strated that the presence of oxygen in the system delayed the 
activation of the exothermic reaction, resulting in a higher 
activation temperature for increasing oxygen content.

Overall, quantifying the consequences of the reaction 
on the integrity of the RPV during a severe accident 
requires detailed knowledge of the chemical composition 
of corium. Nevertheless, the impact of the reaction has not 
been considered in a severe nuclear accident context so far, 
with the exception of the recent VITI-CORMET investiga
tion on the interaction of molten steel and suboxidized 
corium crust,31 where no significant rise in temperature as 
a result of a steel-Zr interaction was reported.

IV. CONCLUSIONS

In this work, near-surface laser heating and fast 
pyrometry measurements performed with the LHASA 
technique were used to identify high-temperature material 
interactions that might affect the integrity of a nuclear 
RPV and its capacity to contain radioactive materials 
during a severe nuclear accident. The analysis was 

394 ATHANASAKIS-KAKLAMANAKIS et al. · THERMODYNAMIC MECHANISMS AFFECTING RPV INTEGRITY

NUCLEAR SCIENCE AND ENGINEERING · VOLUME 197 · MARCH 2023



performed on arc-melted samples with various nominal 
compositions in the U-Fe-Zr-O system, including real 
RPV SS and real UO2 nuclear fuel. The main outcome 
of this research can be summarized in the following 
points:

1. Several phase transitions were observed on the 
cooling flank of the recorded thermographs over several 
tens of repeated laser-heating pulses. Their assignment to 
known phase equilibria, from UO2 melting, to Zr or SS 
melting, to intermediate two- or three-component transi
tions or demixing of U-Fe intermetallics was supported 
by PCA of the numerous experimental data.

2. The observed phase transition temperatures var
ied extensively as a result of laser-driven rapid thermal 
cycling under different experimental conditions.

3. A remarkable exothermic interaction between 
zirconium and steel was activated at an elevated tempera
ture (typically above 1600 K), which releases a consider
able amount of heat not ascribable to any optics-related 
artifact.

The two latter material effects have been considered 
here for the first time in a severe nuclear accident context: 
the variations in the phase transition temperatures of the 
U-Fe-Zr-O system as a result of rapid thermal cycling, and 
the exothermic reaction between molten steel and solid 
zirconium. These results highlight the need for further 
research on the high-temperature thermodynamics of the 
U-Fe-Zr-O system in view of a deeper assessment of IVR 
strategies and, more in general, of in-vessel corium behavior.

As for the present research context, the current analysis 
may certainly be completed by further tests on regularly 
shaped samples (e.g., disks) and a heat transfer simplified 
model with one liquid phase and one solid phase in order to 
estimate the bulk evolution of the sample temperature dur
ing the laser-heating experiments. Moreover, high- 
temperature thermocouples instead of radiation thermome
try can be used in further experiments for the analysis of 
low-temperature phase transitions to avoid the uncertainty 
related to emissivity in temperature measurements.

APPENDIX  

COMPLETE LISTS OF PHASE TRANSITION TEMPERATURES 
USED IN PCA

Table A.I gives the low-temperature phase transition 
temperatures used in PCA. All values carry an uncer
tainty of 1%.

Table A.II gives the medium-temperature phase tran
sition temperatures used in PCA. All values carry an 
uncertainty of 1%.

Table A.III gives the high-temperature phase transi
tion temperatures used in PCA. All values carry an 
uncertainty of 1%.

TABLE A.I 

Low-Temperature Phase Transition Temperatures Used in PCA 

Sample C: Ar 
(K)

Sample C: Ar+H2 
(K)

Sample E: Ar+H2 
(K)

1451 1472 1116
1456 1475 1220
1466 1483 1300
1475 1490 1325

1334
1119
1168
1237
1296
1230
1313
1322
1380
1386
1380
1378
1376
1361
1362
1355
1344
1357
1361
1359
1354
1347
1346
1332
1340
1346
1350
1339
1334
1324
1349
1361
1374
1385
1377
1380
1371
1376
1355
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TABLE A.III 

High-Temperature Phase Transition Temperatures Used in PCA 

Sample D:  
Ar+H2 

(K)

Sample E:  
Ar+H2 

(K)

Sample F: 
Ar 
(K)

Sample F:  
Ar+H2 

(K)

3011 2307 1829 2200
3005 2349 2009 2285
3015 2335 2075 2367
2996 2332 2133 2565

2612 2044
2309 2141
2377 2212
2387 2258
2419

TABLE A.II 

Medium-Temperature Phase Transition Temperatures Used in PCA 

Sample A: Ar 
(K)

Sample A: Ar+H2 
(K)

Sample C: Ar 
(K)

Sample C: Ar+H2 
(K)

Sample: Ar+H2 
(K)

Sample G: Ar+H2 
(K)

1751 1730 1547 1567 1680 1751
1776 1811 1549 1565 1681 1757
1820 1814 1553 1576 1683 1748
1820 1832 1564 1580 1697 1737
1825 1825 1706
1827 1823 1719
1842 1831 1681
1844 1832 1680
1830 1686

1687
1674
1687
1697
1713
1717
1689
1767
1700
1650
1644
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