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A B S T R A C T   

In this study we compared the microstructure evolution of U-Mo fuel foils produced with and without heat 
treatment at low burn-up via advanced post-irradiation examination. The aim of this study is to observe after 
irradiation the ways in which the fabrication processes have influenced fuel behavior at early-stage irradiation, 
as for very low burn up microstructural studies are lacking. In this work it was observed that the larger grain size 
detected in the heat-treated samples before irradiation led to decreased grain refinement after irradiation. Grain 
refinement was associated with the presence of small nano-size bubbles and precipitates. This phenomenon is 
hypothesized to influence early fuel swelling during reactor irradiation. Grain refinement was also observed to 
increase in regions where γ-U decomposition was present. Thus, it was enhanced in the samples fabricated 
without heat treatment. The heat treatment also increased the thickness of the U-Mo/Zr interface, namely of the 
UZr2 layer. However, the influence of this layer on fuel performance needs further investigation. On one side, it 
may contribute to better mechanical bonding; on the other, it may influence swelling and blistering in the 
interaction layer as porosity increases when this layer is increased. This was observed especially in the presence 
of increased area containing low Mo concentration, and thus containing a higher fraction of the α-U phase, which 
is highly susceptible to irradiation induced swelling. Strong evidence of reverse transformation under irradiation 
(α-U + γ′-U2Mo → bcc γ-U) was observed in these samples. While the precipitates (carbides and oxide) seem to be 
unaffected by the irradiation at these low burnups. However, further analyses are necessary at higher burn-up to 
assess the exact impact different heat treatments have on fuel performance.   

Introduction 

U-10 wt% Mo (U-10Mo) monolithic fuel is proposed, although not 
yet qualified, as a main candidate to convert some of the high power 
research reactors to low-enriched uranium fuels (LEU) [1,2,3]. U-10Mo 
is particularly interesting as it enables the continuation of current high- 
power performance while achieving the goal of increased proliferation 
resistance by reducing the enrichment of research reactor fuels. This fuel 
system has been extensively studied, including a long history of irradi
ation testing. Studies have demonstrated that U-Mo fuel can achieve 
very high burnup, while maintaining a stable microstructure and pre
dictable swelling rates [1,4]. This paper focuses on the microstructure of 
the fuel after irradiation analyzing the effect of varying heat treatments 

on the early irradiation stage. Indeed, evaluating the microstructural 
changes during irradiation can permit to optimize fuel performance and 
can be used to establish the best fuel fabrication process. The micro
structure of fuel is of main importance because it influences the physical 
and thermal properties of fuel [5]. Tailoring the initial microstructure of 
the fuel has been recently shown to also influence fission-induced 
recrystallization [6,7], which in turn may be used to control fission 
gas diffusivity [7,8]. Another parameter of relevance to be controlled 
during fabrication is Mo banding [9–16], as Mo variation in the fuel core 
can lead to gamma phase (γ-U) decomposition. This decomposition (bcc 
γ → α-U + γ′-U2Mo) is undesirable because the γ-U phase, rather than the 
α-U (orthorhombic), in his bcc isotropic crystal structure provides 
swelling and oxidation resistance under irradiation [17]. 
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Recent papers [17–18] evaluate the effect of heat treatment pro
cesses on the microstructure of fuel before irradiation. While ref. [17] 
focused on monitoring the microstructure of the U-Mo fuel core under 
various annealing conditions with progressing longer times. In ref. [18] 
only one heat treatment process was analyzed. This heat treatment was 
chosen as prototypical of real reactor tested fuel plates. However, mul
tiple parameters were analyzed not only fuel core grain structure and 
composition. In this study [17] molybdenum homogenization was 
observed, as an increase in grain size after the heat treatment. Other 
changes anlayzed included minimization of gamma phase decomposi
tion in the fuel core and an increase in the interaction layer of the U-Mo 
fuel core with the Zr interlayer diffusion barrier. Finally, minimization 
of texture was observed in the U-Mo fuel core after the heat treatment. 
These were the desired effects of the heat-treatment which attempted to 
increase chemical homogeneity in the fuel core (e.g., reducing chemical 
banding and γ-U phase decomposition), to improve the U-Mo/Zr 
bonding, and to eliminate texture. Such microstructural changes are 
expected to improve irradiation fuel performance and enhance consis
tency. The aim of this study is to observe post-irradiation how these 
initial differences in microstructure generated by the fabrication process 
have influenced fuel performance. This work focuses novelty on the 
early stage of irradiation rather than high-burn up microstructural 
evolution, for which previous studies have been performed [4]. Com
parison between the microstructure of irradiated and unirradiated fuel 
foils is described to identify possible microstructural features related to 
the pre-irradiation heat treatment that could impact fuel performance. 

Advanced characterization techniques have been applied in these 
studies, namely scanning electron microscopy (SEM) with energy 
dispersive X-ray spectroscopy (EDS) and electron backscattered 
diffraction (EBSD). Traditional post irradiation examination (PIE) [19] 
do not permit direct chemical evaluation of the phases present in the fuel 
core. This analysis is of importance to detect the presence of γ-phase or 
its decomposition in the fuel core. Further an advanced sample prepa
ration technique is presented in this study; the technique is large area 
lift-outs (LALO) using focus ion beam (FIB). This was applied to prepare 
mechanical-damage free specimens which are critical to the analyses of 
submicron microstructural features. 

Experimental procedure 

Sample preparation 

Samples analyzed in this study were obtained from unirradiated and 
irradiated monolithic U-10Mo fuel plates. Four monolithic specimens 
used in this study contained foil that underwent different heat treat
ments as seen in Table 1. The various treatments are described in detail 
in the Refs. [18,20–22]. The U–10Mo alloys were cast by arc-melting 
(Unirr-B and Irr-B) or vacuum casting (Unirr-C and Irr-C). The ingots 
were laminated, in a carbon steel can, with a Zr foil on each surface. 
Such foil is added to act as a diffusion barrier in between the Al cladding 

and the fuel core, as this interaction has been proved detrimental during 
irradiation. The assembly was then preheated to 650 ◦C and hot-rolled. 
Typically, 20–40 rolling passes were required to reach the final desired 
foil thickness. The total time exposure during hot rolling to 650 ◦C was 
estimated at approximately 300 min. Further cold-rolling step was 
performed to obtain targeted foil thicknesses, followed by hot isostatic 
press (HIP) bonding at 560 ◦C for 90 min at 100 MPa, with a heating and 
cooling rate of 280 ◦C per hour. The C series samples additionally un
derwent homogenization after casting, similar to that described in ref. 
[16], with an annealing temperature up to 1000 ◦C and an annealing 
time up to 7 days. These specimens (C series) were also annealed after 
the cold-rolling step to release stresses, similarly to the process described 
in ref. [22] (with temperatures up to 700 ◦C and an annealing time of up 
to 1 h). The B series samples were produced at laboratory scale, while 
the C series is using a vendor plate fabrication method. The irradiated 
specimens came from the mentioned unirradiated fuel plates series (B 
and C). The chosen samples had similar power density and burn-up (see 
Table 1) to evaluate the effect of heat treatment on fuel performance, 
without other confounding variables. Irradiation was performed in the 
advanced test reactor (ATR) at Idaho National Laboratory (INL) at low 
power. Detailed on irradiation are presented in Table 1. 

These samples were following prepared for SEM analysis by cutting 
at the mid-plane. Following conventional mechanical polishing, the 
samples were deployed as described in detail in reference [4]. This 
method applied an auto-polisher with progressive finer polishing paper 
(from 9 µm to 1 µm) and a final mechanical polishing with colloidal 
silica (0.05 µm) to eliminate any residual mechanical stress introduced 
by sample preparation applied when EBSD analysis was performed. For 
a better surface finishing, and to observe nanometric features in the 
irradiated samples, a FIB lift out technique and glazing surface polishing 
by focus ion beam was performed, similar to the procedure in Ref. [23] 
and described in the following. A FEI Helios NanoLab plasma focused 
ion beam and scanning electron microscope (PFIB/SEM) was utilized to 
prepare large area lift outs (LALOs) for microstructural characterization 
analysis. Unlike the conventional TEM lamellae [24–25], the LALOs are 
larger in volume and surface area to conveniently perform chemical 
composition and crystallographic analyses, also minimizing radiation 
fields during the SEM analyses. Furthermore, LALOs offer the advantage 
of large fuel cross-section examination by eliminating oxidation layers 
and other artifacts that may be present on the polished surface of the fuel 
specimen, which permit to obtain high resolution information on 
nanometric features. In this work a voltage and current of 30 kV and 
1.6nA, respectively was used. First protective platinum layers of 50 µm 
× 4 µm × 3 µm are deposited on the regions of interest (ROIs) for LALO 
extraction at 12 kV and 4.5nA. Extraction of the ROIs is obtained by 
coarse trenching similarly to demonstrations in Refs. [24–25]. Once 
extracted the LALOs are mounted on a molybdenum grid via Pt depo
sition. Iteratively thinning was performed on one face at 30 kV and low 
beam currents with the final FIB polish performed at 6.7nA to minimize 
xenon beam ion damage. 

Instruments and data collection 

The SEM/EDS data were collected using a JEOL-7000 and a JEOL-IT- 
500-HR, each equipped with an Oxford EDS X-max 50 and Ultimax-65 
respectively, for elemental analysis. Analyses were conducted at 20 
keV. The current was optimized to obtain a deadtime (DT) below 50 %. 
X-ray maps were collected with a dwell time of 100 ms for a total of at 
least 10 frames and with a resolution of 512 × 384 pixels. EDS analyses 
were conducted via the standardless method. The described detector is 
calibrated yearly for reliable measurements. Images were collected in 
secondary-electron (SE) mode for morphological information and in 
backscattered-electron (BSE) mode for compositional information. 

The analyses via EBSD were conducted using the JEOL-IT-500-HR 
equipped with an Oxford symmetry detector (1.2 megapixel, 3000 
pps). Parameters employed in data collection are reported in reference 

Table 1 
Details on sample fabrication and irradiation for the specimens analyzed.  

Specimen Unirr-B Unirr-C Irr-B Irr-C 

Alloying method Arc 
melted 

Vacuum 
casted 

Arc 
melted 

Vacuum 
casted 

Homogenization No Yes No Yes 
Post-cold-rolling 

annealing 
No Yes No Yes 

Burn up (f/cm3) N/A N/A 0.97 ×
1021 

0.83 × 1021 

BOL1 power average 
(kW/cm3) 

N/A N/A 5.07 6.05 

BOL power peak (kW/ 
cm3) 

N/A N/A 6.4 7.21  

1 BOL begging of life. 
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[18]. All EBSD measurements were performed with the sample tilted at 
70◦toward the EBSD detector. Patterns were indexed with a user-defined 
crystal structure for U-Mo BCC space group 229 Im3m (a = b = c =
3.44). EBSD data were collected with Aztec 5.1. The cleanup routine 
included wild-peak removal and corrected the zero solution via an 
iterative neighboring correlation with at least six neighboring grains. 
EBSD data collected were analyzed and elaborated with CHANNEL 5 and 
Atzec Crystal. 

Results 

Grain structure and gamma phase decomposition 

An example of a typical monolithic fuel plate, obtained by SEM, is 
shown in Fig. 1, in which the fuel core, cladding, and interlayer are 
highlighted. The microstructure of the fuel core before irradiation is 
shown in Fig. 2 and Fig. 3 by high magnification SEM images and EBSD. 
These images reveal typical features of the samples, such as γ-phase 
decomposition and grain size. Unirr-B sample (Fig. 2), which did not 
receive the heat treatment process, as previously described in reference 
[18], showed elongated grains and high areas of γ-phase decomposition. 
It is clear from Fig. 3 that after the heat treatment (as performed in 
Unirr-C) the grain structure is modified. The specimen presents larger 
grains, which are equiaxed. Moreover, the decomposition regions are 
minimal in this sample and are mostly associated with the presence of 
grain boundaries. 

After irradiation (Fig. 4 and Fig. 5) the analyses showed that γ-phase 
decomposition is no longer visible in both samples. Wavy U-Mo grain 
boundaries are formed with nano-size pores associated with their grain 
boundaries. These features were present in both samples, regardless of 
the heat treatment process. Previous work by Di Lemma et al. [4] 
showed that at very high burnup (i.e., >6 × 1021 f/cm3), much higher 
than the one analyzed in this study (less than1 × 1021 f/cm3), the pre- 
irradiation gamma phase, uranium grain boundaries can no longer be 
identified, as these regions have completed the grain refinement (e.g., 
polygonization process). Indeed, in previous studies [26–27] grain 
refinement was observed at 2.5-3 × 1021 f/cm3 starting at the grain 
boundary. With increasing burn-up the refinement front will move to
wards the center of the grains. Thus, eliminating the original grain 

Fig. 1. Example of a typical monolithic plate fuel cross section before irradi
ation, showing the major features at low magnification such as the U-Mo fuel 
core, the Zr interlayer, and the Al cladding. 

Fig. 2. Grain structure for Unirr-B. A) EBSD inverse pole figure showing the grain size and orientation. White pixels are unindexed areas associated with γ-phase 
decomposition. B) High magnification BSE image showing large γ-phase decomposition regions. 

Fig. 3. Grain size for Unirr-C sample. A) EBSD inverse pole figure showing the grain size and orientation. B) BSE image at high contrast showing minimal γ-phase 
decomposition on the grain boundaries. 

F.G. Di Lemma et al.                                                                                                                                                                                                                           



Nuclear Materials and Energy 35 (2023) 101436

4

structure and grain boundaries. However, some pre-irradiation texture 
in the high burnup samples without treatment was observed to still exist 
[4]. In this study, Fig. 4 shows that also at these lower burn-up rates 
grain restructuring starts to develop at the grain boundaries, but most of 
the original grains and boundaries are maintained. 

Zr layer and its interaction with the U-Mo fuel core 

The Zr diffusion layer barrier seems to not be affected by the irra
diation at the investigated low burn-up, as seen in Fig. 6, with the ma
terial presenting large grain size (around 20 µm) even after irradiation 
regardless of the heat treatment. Similar grain structures were observed 
in previous analyses for both unirradiated and irradiated U-Mo mono
lithic samples [26]. Moreover, the typical features of the U-Mo/Zr 
interaction layer are observed in the samples before irradiation (Fig. 7), 
regardless of the heat treatment, as described in detail in reference [18]. 
These are in line with historic data [1], describing this layer to be 
composed of the UZr2 layer, a low Mo region related to the presence of 
α-U and Mo2Zr phases. No significant differences at the U-Mo/Zr inter
face were observed before irradiation for the samples with different heat 
treatment (Unirr-B vs. Unirr-C), except a slightly larger average UZr2 

sublayer thickness in the fuel plate that underwent heat treatment 
(Unirr-C). After irradiation in Fig. 8, tiny fission gases bubbles have been 
observed in the low molybdenum region of the interaction layer. The 
formation of these bubbles may be related to the presence of α-U 
developed in the low Mo region, as this phase has been demonstrated to 
be more susceptible to fission gases bubble. While the γ-phase has been 
demonstrated to retain fission gases to higher burn up thanks to the 
precipitation of gases in nano-sized superlattice bubbles [1]. Similar 
bubble formation in low Mo regions was observed in ref. [20] (at burn 
ups > 2.5 × 1021 f/cm3). It is possible that phase reversion will occur at 
higher burn-ups, as hypothesized in ref. [20], but further studies are 
necessary. 

Precipitates (Carbides and Oxides) 

From the analyses of the unirradiated sample, it was observed that 
more carbide and oxide precipitates were found in the fuel plate with 
heat treatment (Unirr-C). Analyses showed these to be over 1 % in 
volume fraction for the C series samples compared to under 0.5 % for the 
B series. Most of these precipitates seem to be aligned to form stringers. 
The precipitates were found to have larger dimensions in the non-heat- 
treated samples. An example of these precipitates is shown in Fig. 9. The 
reason for this may not be related to the heat treatment itself, rather it 
may be related to the initial uranium feedstock or from the fuel plate 
fabrication process. The precipitates influence on grain evolution during 
heat treatment was not evaluated in this study, as the work was focused 
on irradiation effect after fabrication. However, after irradiation the 
carbide and oxide precipitates are still present. Moreover, the heat 
treatment does not seem to impact carbide and oxide behavior even after 
irradiation as shown in Fig. 10. Most of the U-Mo and carbides and 
oxides interfaces are free from bubbles or precipitates at this burnup 
regardless of the heat treatment. However, such bubbles were observed 
in previous work at higher burn ups [29]. This phenomenon, although it 
generates fission gases bubbles which can affect swelling rates, has not 
been observed to influence fuel performance because their contribution 
is not substantial compared to the bubbles formed in the fuel core [30]. 

Mo distribution 

SEM images seen in Fig. 11-A show significant Mo-banding in the 
sample without heat treatment (Unirr-B, A) before irradiation. While no 
visible Mo-banding before irradiation was observed in the sample with 
heat treatment, shown in Fig. 11-B. This is in line with formation 
mechanism’s relation to insufficient homogenization during the alloying 
process [31]. A previous publication [18] shows these bands to be in the 
range 16 µm for the Unirr-B sample. Associated to chemical bands with 

Fig. 4. High contrast BSE image for sample Irr-B, showing grain structure and 
porosity at grain boundaries of small grains after irradiation. The vertical dark 
lines are generated by sample preparation artifact during FIB preparation. Ex
amples of wavy grain boundaries have been highlighted with arrows. While 
nanopores are highlighted with red circles. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 5. High contrast BSE image for sample Irr-C, showing grain structure. In image A) carbides can be detected in the image and the larger grain are depicted. Wavy 
grain boundaries are highlighted by arrows. In image B) the high magnification image highlights the porosity formed at the grain boundaries. 
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low Mo concentration (bright color in Fig. 11-A) large and numerous 
decomposition areas were observed (around 19 % volume fraction for 
Unirr-B vs. 2 % for Unirr-C). These bands were still present in the 

irradiated fuel plate without heat treatment (Irr-B), as seen in Fig. 12-A 
and confirmed by the EDS line scan in Fig. 13. No Mo-banding was 
visible in the fuel plate with heat treatment (Irr-C) after irradiation as 

Fig. 6. SEM image of the Zr layer showing the big grains. Example is shown for the Irr-B, where some grain boundaries have been highlighted by arrow.  

Fig. 7. Example images of the UMo/Zr interface. Highlighted with rectangles different chemical regions in the layer. A) Sample Unirr-B, B) Sample Unirr-C.  

Fig. 8. Example of interaction layer after irradiation A) Irr-B, B) Irr-C. Both samples show the presence of porosities (highlighted by the red ellipses) in the low Mo 
region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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expected and seen in Fig. 12-B. 

Discussion 

The analyzed samples show very different behavior after irradiation 

based on the fabrication method. The non-heat-treated samples present 
bands containing large amounts of decomposed gamma phase areas 
(namely α-U + U2Mo) before irradiation. After irradiation, large clusters 
of micron-sized grains were observed in these areas. These grains are 
presumed to be in γ-U phase, which formed by an irradiation induced 

Fig. 9. Example of carbides and oxides precipitates, also called second phase, are shown for both unirradiated samples A) Unirr-B, and B)Unirr-C from Refs. [28].  

Fig. 10. Example of carbide and oxide precipitates after irradiation, A) sample Irr-B, B) sample Irr-C.  

Fig. 11. SEM images showing microstructure and chemical variation in the samples before irradiation. A) Unirr-B shows chemical banding. B) Unirr-C shows ho
mogenous composition and minimal decomposition. 
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reverse transformation in the early stage of irradiation (α-U + U2Mo → 
γ-U), as shown in Fig. 14 and reported previously in reference [1]. This 
region may affect fuel performance. Indeed, grain boundaries are known 
to be the starting point of fission products precipitation (including gases 
and solid products) and thus of bubble formation from fission gases 
precipitation. Thus, the presence of larger amounts of grain boundaries 
in these regions could enhance swelling rates when compared to plates 
without these features, such as those that have been heat treated. This is 
in line with the results of previous studies showing that tailoring the 
initial microstructure of the fuel influences fission-induced recrystalli
zation [6,7], can control fission gas diffusivity [7,8], and that controlling 
γ-phase decomposition can permit stable irradiation behavior of the fuel 
[1,12,17,30]. 

Moreover, after irradiation changes in grain boundaries character
istics were observed in both samples, with straight grain boundaries 
becoming wavy. A possible reason could be related to the incipit of grain 
refining process. Another reason could be the reverse γ-U transformation 
upon irradiation, described previously, that could also contribute to the 

wavy shape of the grain boundaries. As grain refining was observed near 
the U-Mo/Zr interface (mostly inside or near the low Mo sublayer) as 
shown in Fig. 15, this could confirm the relation of this phenomenon to 
the presence of α-U. 

In previous work, porosities were observed to develop at the carbide 
and U-Mo interface [30], as mentioned this could be related to an 
increased α-U presence near these features. This was not observed at low 
burn-up and thus may start only later at higher burn-up as observed in 
ref.30. 

The Zr layer shows similar features as observed in ref. [28] and was 
not affected in these early irradiation stages. A thicker UZr2 layer was 
observed in the heat-treated sample before irradiation, similar to ref. 
[18]. This could enhance U-Mo and Zr bonding and thus, mechanical 
stability of the plate after irradiation. However, the porosity found in the 
low Mo sublayer near the U-Mo and Zr interface after irradiation at low 
burn-up, may influence swelling and blistering in this layer at higher 
burn-up. As observed in ref. [20,32] these fission gases porosities may 
grow and interconnect creating fission gases channel parallel to the 

Fig. 12. SEM BSE images show that Irr-B in image A) maintains Mo banding after irradiation. While Irr-C (image B) shows homogeneous composition in the fuel core.  

Fig. 13. EDS point line scan showing the variation in Mo concentration in the Irr-B sample.  
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interface and following generate enlarged porosities containing gases (e. 
g. blisters) which lead to cracks and fuel cladding failure. Thus, this 
phenomenon needs further characterization at higher burn-up to un
derstand if the thicker U-Mo and Zr interaction layer can impact the 
interfacial porosity and precipitate size and interconnection and thus 
blistering. 

Conclusions and summary 

In this study we compared the irradiation behavior of U-Mo fuel foils 
produced with or without heat treatment. This process has been shown 
to influence the irradiation behavior even at low burn-up. Larger start
ing grain size was observed in the heat-treated samples. This generated 
less grain boundaries and led to decreased grain refining after 

irradiation. Associated to the presence of these small grains (grain 
refinement) nano-size bubbles and precipitates were found that could 
potentially influence fuel swelling performance. Large grains have been 
observed to slow down the formation of the porosity during the early 
stage of irradiation investigated in this study. Thus, the heat-treated 
sample may present favorable features for irradiation performance. 

Moreover, when γ-U decomposition is present, typically associated 
with chemical banding or at grain boundaries, the decomposition dis
appeared after irradiation even at low burnup (less than 1 × 1021 

fission/cm3). This phenomenon is strong evidence of reverse trans
formation under irradiation. However, during this phase reversion, 
smaller grains (1–2 µm after irradiation vs 5–8 µm before irradiation) are 
formed in the previously decomposed region. Indeed, this phenomenon 
differs in the two samples as in the samples where minimal γ-U 

Fig. 14. Irradiated sample (Irr-B) showing reverse transformation with the presence of small grains in the low Mo band region. Minor elements (Nd, Xe, etc.) were 
not included in the table, thus the sum of the two elements of interest does not come to 100. 

Fig. 15. Example of micron size grains near U-Mo/Zr interface.  
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decomposition was present (heat treated samples) also the grain size was 
less affected by this phenomenon. The presence of more grain bound
aries may also influence the fuel performance, as these are regions where 
fission gases accumulate and can thus influence the swelling mecha
nism. Moreover, the minor Mo variation in the heat-treated samples, 
which will incur in less phase change (reverse transformation) could also 
enhance the consistency of the fuel behavior under irradiation. This may 
again indicate the importance of heat treating the fuel prior to 
irradiation. 

The relation of the carbide and U-Mo interface with fission gases 
porosities and precipitates was not observed in this study at these low 
burn-ups and thus may start only later at higher burnups as observed in 
previous work. However, these second phases have been hypothesized 
to only have limited effect on the swelling of the fuel core. 

Finally, the Zr layer was not influenced by the irradiation. However, 
the U-Mo and Zr interaction layer seem to be thicker in the heat-treated 
sample, as a thicker UZr2 layer was observed. The influence on fuel 
performance of this thicker layer needs further evaluation, as it may 
enhance the mechanical stability of the plate or be a region prone to 
swelling and blistering. 

Further analyses are necessary, at higher burn-up, to assess the exact 
impact on irradiation behavior of different texture, cold work in U-Mo, 
and how heat treatment can improve irradiation fuel performance. 
Moreover, this study may require a larger number of samples to be 
investigated to confirm these early observations. 
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