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Abstract

The directional spectral emissivities of two V-4Cr-4Ti family alloys, candidate structural
materials for fusion first wall/blanket applications, were measured between 200 °C and
their working temperatures (700-750 °C), with and without a high-temperature
treatment. Besides showing the typical metallic behavior, an increase in the emissivity
after the heat treatment (1000-1200 °C) was observed in both alloys. This has been
attributed to several microstructural changes, which show the important role of
microstructure in the thermal radiative properties of these alloys. In order to explain
these mechanisms, the samples were analyzed using electron microscopy and X-ray
diffraction. These measurements revealed differences in grain size, composition of the
main phase and amount and distribution of dispersed secondary phases. X-ray
diffraction and X-ray photoelectron spectroscopy were also used in order to check the
extent of oxygen penetration. The results of directional spectral emissivity
measurements were integrated to calculate the total hemispherical emissivity, the key
heat transfer parameter in the high-temperature high-vacuum environments of fusion
reactors. It is observed that the strategy of mechanical alloying with oxide and carbide
dispersion to improve the mechanical properties also translates into an enhancement

of the radiative refrigerating capability of these alloys.
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1 Introduction



Vanadium alloys are candidate structural materials for the first wall/blanket in fusion
reactors, mainly due to the design requirements of low-activation materials [1, 2]. As a
result of its superior nuclear performance and high-temperature mechanical properties,
V-4Cr-4Ti has been selected as the leading candidate for liquid lithium self-cooled
blankets in fusion reactors [3-5]. Among the requirements demanded for the materials
used in the first wall/blanket environment, the most important ones are the conversion
of the kinetic energy of neutrons into heat and the extraction of that heat to generate
power [6]. Therefore, accurate data of the radiative properties at working temperatures
becomes necessary, among other information, as input parameters for numerical
simulation (to optimize thermal processes calculating radiative heat transfer), for non-
contact temperature measurements and for the accurate use of infrared thermography
as a non-destructive testing technique [7-10]. This is particularly important for systems
that are used under vacuum conditions, such as nuclear reactors, where heat transfer
occurs mainly by radiation. These facts justify the effort that is being made in the
measurements of infrared emissivity of candidate materials for fusion and fission
reactors [11-14].

No data on the radiative properties of vanadium-based alloys has been found in the
literature. Only some spectral emissivity measurements below 1 ym (where only 1% of
the total thermal radiation is emitted below 1000 °C) and total hemispherical emissivity
data determined by calorimetric methods were found for pure vanadium [15-18]. In any
case, data reported for pure metals cannot generally be extrapolated to alloys since
optical and radiative properties depend on the presence of alloying elements,
secondary phases, precipitates, etcetera [19,20]. Overall, this highlights the lack of
emissivity data in vanadium-based materials and the need to perform further studies on

their thermal radiative properties.

Taking into account the interest of V-based alloys for their application in nuclear fusion
reactors, the present contribution presents the first complete study on the thermal
radiative properties for two of these alloys: V-4Cr-4Ti and V-4Cr-4Ti-1.8Y-0.4TisSiC;
(mass %). These data can be useful for several applications concerning the
deployment of these materials in fusion reactors, such as calculations of heat flow, as
well as in situ thermography for non-contact temperature measurements and non-

destructive testing purposes.
2 Experimental

The samples measured covered two alloys of the V-4Cr-4Ti family: the base alloy and

a special one with additional 1.8% Y and 0.4%TisSiC,. Two samples of the former



composition were synthesized by electron beam melting and processed by hot rolling
at 900-1050 °C, cold rolling at room temperature and annealing at 1020 °C for 2 hours
to remove inner stress. Two samples of the latter were synthesized by mechanical
alloying and eventually processed by hot isostatic pressing under 150 MPa at 1100°C
for 2.5 hours. A complete study of the microstructure of both alloys has been done
elsewhere [21-23]. Minor amounts of C and O as impurities were present in the starting
materials. Nevertheless, in order to investigate the thermal stability of the
microstructure and its effect in the thermal radiative properties, one sample of each
alloy was heat treated inside an alumina crucible placed on an alumina tube under
vacuum performed by a turbomolecular pump (4-10° mbar). The V-4Cr-4Ti alloy (EBM-
HT) was heat treated for 2 hours at 1000 °C, whereas the V-4Cr-4Ti-1.8Y-0.4 TisSiC»
alloy (MA-HT) was treated for 2 hours at 1200 °C. A Zr foil was used as an oxygen
getter in both cases. Table 1 shows the characteristics of each sample and the
acronyms used for each sample in this paper. Samples were mechanically polished
with P800 SiC paper to ensure a repeatable surface since emissivity values can be
strongly dependent on the surface roughness, which was measured with a mechanical
profilometer (Mitutoyo SJ201 roughness tester). The results are shown in Table 2. The
observed average roughness is well below the wavelengths studied in these emissivity
measurements and therefore should not have significant effects in them.

Table 1 Summary of the compositions, heat treatments and acronyms are displayed.

Sample Synthesis Heat Treatment Acronym
V-4Cr-4Ti Electron Beam Melting No EBM
V-4Cr-4Ti-1.8Y-0.4TisSiC2 Mechanical Alloying No MA
V-4ACr-4Ti Electron Beam Melting 2 h (1000 °C) EBM-HT
V-4Cr-4Ti-1.8Y-0.4TisSiC2 Mechanical Alloying 2 h (1200 °C) MA-HT

Table 2 Surface roughness of the samples. R, stands for the average roughness, Rq for the
root-mean-square roughness, R, for the average height of the profile peaks and R; for the

absolute highest peak value.

Sample Ra (um) Rq (um) Rz (um) Rt (um)
EBM 0.11 0.14 0.85 1.34
MA 0.16 0.24 1.55 2.14

EBM-HT 0.09 0.11 0.76 0.84

MA-HT 0.14 0.18 1.16 1.69




The emissivity measurements were made using the high-accuracy HAIRL radiometer
[24], which allows directional emissivity measurements in a controlled atmosphere at
temperatures up to 1000 °C. The sample temperature was measured by two K-type
thermocouples located in holes machined in the material. The measurement method
was the modified blacksur method [25] and the radiometer response was calibrated by
a high-temperature blackbody and a room-temperature high-emissivity coating [26].
Measurements are made avoiding normal incidence to get rid of spurious radiation,
with normal spectral emissivity values obtained from 10° measurements, as the
emissivity does not evolve in metals between 0 and 20° [27]. The combined standard
uncertainty was studied elsewhere [28] and it is displayed with shades in the spectral
emissivity data.

The sample chamber reaches a base pressure of 1.5:10“ mbar. In the case of V-based
alloys this vacuum level might not be enough to entirely avoid high temperature
oxidation and oxygen diffusion in the metallic matrix [29]. To minimize this effect all

measurements were performed using a Zr foil as an oxygen getter.

Complementary characterization techniqgues have been used to understand the
microscopic mechanisms responsible for the evolution of the thermal radiative
properties of these alloys. Optical and scanning electron microscopies (SEM) were
used to investigate the microstructure. Electron back-scattered diffraction (EBSD)
measurements were done in a TESCAN Mira3 XMH field emission gun microscope
equipped with an Oxford Instruments Aztec system and operated at 20 kV using a step
size of 0.2 um. Misorientation maps and grain size were obtained taking into account a
15° misorientation threshold for high-angle grain boundaries. Transmission electron
microscopy (TEM) was employed to study the size of the precipitates. X-ray diffraction
patterns were acquired using Cu K, radiation in Bragg-Brentano geometry with an
angle step of 0.02 ° in an X’Pert-Pro diffractometer. To characterize the outermost layer
of the samples, X-ray photoelectron spectroscopy (XPS) depth profiles were done in a
SPECS system equipped with a Phoibos 150 1D-DLD analyzer and a monochromatic
Al Kq source. The oxide layer was determined using a Ta.Os reference with Ar*
sputtering. The ion energies and current applied were 3000 and 5000-eV and 10-mA,

respectively.
3 Results and Discussion

3. 1 Microstructural characterization



To support the upcoming discussions on the emissivity data obtained from both
samples in two different states, a complementary microstructural characterization is
provided in this section. Figure l1a shows an optical micrograph of the EBM sample,
with equiaxed grains of about 40 um [22]. Only a very slight coarsening/grain growth of
the Ti/Cr-carbides present in this sample and the complete solution of the metallic
elements are expected upon heat treatment at 1000 °C for 2 h applied in the current
work, but with no change in the grain size of the matrix [22]. The MA and MA-HT
samples (Figures 1b and 1c respectively) were analyzed by SEM and by EBSD. It was
observed that in the MA sample there is bimodal grain size distribution (Figures 1b and
1d) with some large grains together with a large population of fine grains. After the heat
treatment, growth in the average size of grains is observed, together with a
homogenization of the size distribution (no large grains). Then, a transmission electron
bright field image of the MA-HT sample is presented in Figure le. As reported for
another set of V-4Cr-4Ti nanoparticle strengthened alloys, the mean size of the
precipitates and their number density increased upon heat treatment [23].
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Figure 1 (a) Optical micrograph of the EBM sample. EBSD misorientation maps for (b) the MA
sample and (c) the MA-HT sample. For the two samples, (d) grain size distribution was
determined taking into account a 15° misorientation threshold for high-angle grain boundaries.
In the inset the low number of large grains is shown. e) Transmission electron bright field image
of the MA-HT sample showing the presence of coarsened precipitates due to the heat treatment
at 1200 °C for 2 h.



X-ray diffraction (XRD) patterns obtained for all the samples are depicted in Figure 2.
On the one hand, in the case of the EBM and EBM-HT samples, the reflections
corresponding to the metallic solid-solutions were the most intense, although a very
small amount of precipitates (mainly carbides) was also observed, being in agreement
with a previous work [22]. In the case of the EBM sample, reflections corresponding to
the (V) solid-solution together with those from two other BCC solutions were indexed,
which after the heat treatment merged in a single (V) solid-solution in the EBM-HT
sample. Besides, there was a slight increase in the intensity of the carbides reflections
upon heat treatment. On the other hand, for both MA and MA-HT samples, in addition
to the reflections of the (V) matrix, those corresponding to the nanoparticle
reinforcements (primarily Y>Os coming from the oxidation of the added Y) are also
present. In the case of the MA-HT sample, the intensity of Y,Os; reflections, as
expected, is higher [23]. The occurrence of precipitates that can grow upon heat
treatment in both types of alloys is very important for the discussion of the emissivity
data that is introduced later on.

50

L [ —— EBM

L] Ti[] 7\ Cr )

s VysCr EBM-HT
0 + Ti — MA

I~ VCos/TiC - MA-HT

=
SN ]
Ie)

*

*

Intensity (arb. units)

|

I, SR W ¥ & \"\-__.JM,_,_N_,\__,_.J | S “"\-w ]

20 I-‘J | o i
3/ M\ \
e S o | A W e M N
= mm ] ]

10 + + #| + 4 . +
0 [t s \‘%.,______,_“_,__,_.-’ . \\,\ f\a\

10 20 30 40 50 G0 70 80

20 (%)

Figure 2 X-ray diffraction patterns obtained at room-temperature of all four samples. The

indexation of the reflections shows the presence of different compositions in each sample.
3.2 Characterization of the outermost oxygen-rich layer

Efforts were made to reduce oxidation as much as possible, due to the oxygen affinity
and solubility of vanadium. However, a very slight oxidation was observed after the
emissivity measurements in all four samples. In order to analyze the potential influence
of this surface oxidation on the emissivity data, the oxide layer was characterized by
different techniques. XRD patterns were acquired at small glancing angles (2, 5, 10, 15

and 50° with respect to the sample surface) with the purpose of enhancing the



contribution of the outermost oxide layer, but no different reflections with respect to
those observed in the Bragg-Brentano geometry used for the patterns shown in Figure
2 were observed. This rules out the possibility of a thick oxide layer. Then, taking
advantage of the presence of a region that had not been in contact with the
atmosphere (a masked area at the corner of the sample) and using atomic force
microscopy, it was observed that there was no step at the boundary between the
oxidized area and the metallic area. This is consistent with an internal mode of

oxidation.

Finally, to determine the thickness of the layer, X-ray Photoelectron Spectroscopy
(XPS) depth profiles were acquired in both areas. Figure 3 shows a semi-quantitative
estimation of the ratio between the signals corresponding to V, Ti and O (only these
signals were integrated to calculate the percentage). Other minority elements such as
Cr, N and C were also detected, but were not relevant for the determination of the
thickness of the oxide layer. The metallic area (continuous lines) showed a native oxide
layer of 5 nm and an oxygen penetration layer of 20 nm approximately. After 25 nm the
content of oxygen remains constant and it is representative of the oxygen
concentration in the bulk. On the other hand, the region that had been in contact with
the atmosphere (dashed lines), shows an oxide layer of around 15 nm and an oxygen
penetration layer of 125 nm. Beyond 140 nm the oxygen content is also the same as in
the bulk as seen in the measurement in the metallic area. In addition, when analyzing
the XPS spectra corresponding to V and Ti, it is clearly observed that they change from
V (lll) and Ti (IV) in the oxide layer to metallic V and Ti in the bulk (Figure 4). It is also
clearly detected how the O signal is significantly lower in the metallic area and
decreases with increasing depth. Furthermore, the V and Ti signals shift from binding
energies usually attributed to V (lll) (around 515-516 eV) and Ti (IV) (458-459 eV)
towards those corresponding to V (0) (about 512-513 eV) and Ti (0) (454 eV)

respectively.

To summarize, when characterizing the outermost oxygen-rich layer formed during the
emissivity measurements, it can be concluded that two layers are formed: a first oxide
layer of about 15 nm, mainly consisting of V and Ti oxides. Although the Ti content in
the alloy is small, due to its higher affinity with oxygen than that of V, surface
segregation of Ti was observed for the same alloy at similar conditions [30].This leads
to a detectable amount of stable TiO, in addition to V oxide in this first layer. The
second zone is an oxygen penetration layer of about 125 nm. The thickness of the

whole oxide layer is below the limit after which it can have significant effects on the



emissivity data, since the thickness (15 nm) is between 2 and 3 orders of magnitude

lower than the measured radiation wavelengths.
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Figure 3. X-ray photoelectron spectroscopy (XPS) depth profiles for a metallic surface
(continous lines) and a surface exposed to the atmosphere (dashed lines) of vanadium (red),
titanium (sky blue) and oxygen (green) relative content. Ar* sputtering with 3000 and 5000-eV

ion energies and a 10-mA current was applied.
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Figure 4 XPS spectra acquired at different depth in the oxidized area (red) and the metallic
region (blue). It is clearly observed how the O signal is significantly lower in the metallic area
and decreases with increasing depth. In addition, it is observed that the V 2ps/2 signal shifts from
binding energies usually attributed to V (lll) (around 515-516 eV) towards those corresponding
to V (0) (about 512-513 eV). On the right, the scale was changed to clearly show the Ti 2ps;
signal shift from 458-459 eV typical for Ti (IV) towards that of metallic Ti (0) (about 554 eV).

3.3 Emissivity measurements



Two thermal cycles were performed in the HAIRL radiometer in each of the four
samples between 200 and 750 °C. In the first cycle, possible surface tensions created
during polishing were eliminated [31]. Once the surface tensions were relaxed, a
systematic emissivity study was performed from 10 to 80° and between 3 and 22 um.
The temperature-dependent normal spectral emissivity is shown in Figure 5 (data is not
corrected from residual water and CO: IR absorption peaks from the blackbody
spectrum). In this figure and thereafter, the shades correspond to the expanded
uncertainty (k=2). The emissivity curves show the typical metallic behavior with low
emissivity values that increase with temperature and decrease with wavelength [31]. As
it can be seen from the evolution of the emissivity for both HT samples, the MA-HT
alloy presents weaker temperature dependence than the EBM-HT one, which can be
associated with the stability of the microstructure. This would indicate that, similar to
what has been measured for other properties (e.g. mechanical), the radiative properties
of this improved V-based alloys are more stable than those of the original alloys [21-
23].
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Figure 5 Temperature-dependent normal spectral emissivity measurements for the four

samples between 200 and 750 °C.

Figure 6 shows a comparison between normal spectral emissivity measurements of
treated and untreated samples for each alloy at low (200 °C) and high (700 °C)
temperatures. This reveals that heat treatment increases the normal spectral emissivity
in both sets of samples and that MA & MA-HT samples have a larger normal spectral
emissivity than EBM & EBM-HT samples, respectively. However, two different types of
emissivity increase can be observed in Figure 6. On the one hand, the emissivity
increases more at short wavelengths than at long ones for both MA samples at high
and low temperatures and for both EBM samples only at low temperature. On the other
hand, the EBM-HT has the same emissivity as EBM at short wavelengths, while at

longer ones it is clearly higher.



Besides, Figure 7 shows directional spectral emissivity measurements at 700 °C for all
four samples. Similar to what is observed in Figure 6, the biggest evolution between
EBM and EBM-HT samples at short angles occurs more at long wavelengths than at
short ones. However, from 50° onwards, the EBM-HT spectra become parallel to the
EBM spectra. MA and MA-HT samples also show the same type of behavior as in
Figure 6 at small angles, where the emissivity increases more at shorter wavelengths,
but at 70 and 80° both curves are parallel. Additionally, when comparing both untreated
samples, it can be seen that their directional emissivities do not show strong
differences except at 60°. In the case of the treated samples, the EBM-HT emissivity is

higher than the MA-HT one at all angles except at 10°.

In order to explain the differences between the measured emissivity curves, knowledge
of the microstructure is necessary. The microstructural analysis reported above and the
ones performed in previous works [21,22] have concluded that changes in several
physical properties can be attributed to microstructural evolution: grain growth of
secondary phases (Ti/Cr-carbides and/or oxides), increase of the size and
concentration of precipitates or a take-up of residual interstitials from the imperfect
vacuum; as well as intrinsic evolution of the (V) matrix itself. The observed evolution of
the emissivity with heat treatment suggests that these microstructural changes may
also have an effect on the optical and radiative properties of these materials. This
evolution can be explained by two different mechanisms, depending on the spectral
range at which they take place. In the long-wavelength limit, the optical properties of
metals are described by the Hagen-Rubens equation, which is proportional to the
electrical resistivity [32]. The evolution of the main phase, evidenced by observed
mechanical instability [22] and consistent with an increase in the resistivity in the EBM-
HT sample, can therefore explain such evolution at long wavelengths. However,
differences in the short wavelength region can be described by an effective medium
theory. For example, the Maxwell-Garnett model describes the material as a matrix
with embedded particles corresponding to the secondary phases, which are assumed
to be small and spherical [33]. In the case of these alloys, the matrix corresponds to an
electrically conducting material that can be described by the Drude model [34], while
the secondary phases are dielectric. Given this structure, the model predicts an
increase in the emissivity in the near-infrared and no significant changes at longer
wavelengths. Therefore, it is shown that it is necessary to understand the relationship
between the microstructure and the spectral emissivity to be able to properly

characterize changes in the thermal radiative properties of alloys.
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Figure 6 Normal spectral emissivity measurements for both alloys with (continuous) and without
(dashed) annealing at low (200 °C) and high (700 °C) temperatures.
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angles.

The directional spectral emissivity measurements at 700 °C between 10° and 80° are
presented in Figure 8 to further analyze the details. Figure 8 shows the directional
spectral emissivity of the EBM sample at 3 different wavelengths. It is evident that this
alloy follows the typical metallic behavior, where the emissivity slightly varies at low

angles up until 50°, increases up more rapidly until it reaches a maximum between 70-



85° and then drops down to O at 90° as forced by electromagnetic boundary
conditions. The lines connecting the dots are made by a spline and only help showing
where these emissivity maxima might be situated. Once again, it can be seen that the
heat treatment induces an emissivity increase at all angles and wavelengths for both
compositions, although it does not change the metallic behavior of the directional

emissivity.
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Figure 8 Spectral emissivity evolution with the angle at 700 °C at 3 different wavelengths for all
4 samples. Continuous lines refer to pre-annealed alloys, whereas dashed lines refer to post-

annealed alloys.

Finally, the spectral directional results were integrated in order to obtain the total
hemispherical emissivity, which is the key parameter for heat transfer calculations. The
procedure used is similar to the one followed by other authors for calculation based on
radiometric methods [35,36], and has been validated as a viable alternative to the
conventional calorimetric methods to calculate the total hemispherical emissivity [37].
Radiometric methods rely on a more complex approach to the calculation of this
property, but they can be measured in the same instrument as the spectral emissivity,

which constitutes a great practical advantage.

The directional spectral emissivity at each temperature was numerically integrated in
both solid angle and wavelength with a Planck function weighing factor, as shown in
the Equation 1. The convenient extrapolation procedures for wavelengths outside of

the measured spectral range are explained elsewhere [38].
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The results are shown in Figure 9. The total hemispherical emissivity values increase
with temperature, as metallic materials usually do. This is due to the increase of the
spectral emissivity with temperature and the Planck function (L(A,T)) maximum shift
towards shorter wavelengths, where the emissivity of the metallic materials is higher.
No data for these alloys is available for comparison, but electrical resistivity data of V-
ACr-4Ti between 400 and 600 °C obtained in Ref. [39] is used to calculate the total
hemispherical emissivity using the Davisson-Weeks equation, as modified by Parker
and Abbott [32]. The obtained values are depicted in red dots and the extrapolated
dashed line is obtained by doing a linear fit on the electrical resistivity data. They show
a really good agreement with the emissivity data from this work as they lie between the
EBM and EBM-HT hemispherical emissivity values. Finally, it is clearly seen that both
set of samples present a higher total hemispherical emissivity when the heat treatment
is performed. This means that the heat treatment enhances the emissivity of the alloys;
this increase in the total hemispherical emissivity translates into a larger radiative heat

transfer efficiency.
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Figure 9 Total hemispherical emissivity for all four samples between 200 and 750 °C. The red
dots are obtained calculating the total hemispherical emissivity through electrical resistivity
measurements made in a V-4Cr-4Ti in Ref [39].

4 Conclusions

The spectral directional emissivity of two alloys of the V-Cr-Ti family with and without a
heat treatment between 200 °C and the working temperatures of fusion reactors (700-
750 °C) has been studied. Emissivity measurements show that heat treatment
increases the emissivity for both compositions. XPS shows that the oxide layer formed
during measurements is of 15 nm, below the necessary thickness in order to
significantly affect the emissivity curves. Nevertheless, SEM, TEM and XRD analysis
show coarsening of secondary phases and precipitates and a take-up of residual

interstitials from the imperfect vacuum, which lead to increases in the emissivity. These



increases have been related to different physical mechanisms, depending on the
spectral region. The total hemispherical emissivity is also obtained by integrating the
directional spectral emissivity curves along the electromagnetic spectrum and the solid
angle. The obtained values are in agreement with total hemispherical emissivity data
calculated from existing electrical resistivity data. Besides, the increase on the total
hemispherical emissivity when the heat treatment is performed entails an improvement
on the thermal radiative properties of these alloys, since they possess a higher self-
refrigerating capability. Overall, these data are crucial thermophysical parameters for
calculations of heat flow and temperature measurement inside the reactor, and thus
this work fills a deficiency on the thermophysical characterization of structural materials

for the fusion reactors.
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