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Abstract: In this study, the initial temperature of the (x) to («x + ) phase transformation of
-quenched N36 zirconium alloy was determined using differential scanning calorimetry (DSC)
and metallographic techniques. Diagnosis and analysis of the difference between the two techniques
were also conducted. It was found that the phase transition temperature, obtained by metallographic
techniques, lies in a temperature range of 710-715 °C. This value is lower than that recorded by DSC
analysis. A peak separation successfully explained the dissolution of the second phase particles
(SPP)s and a«— 3 phase transformation using the DSC analysis. Compared with previous studies, the
results of this study showed that 3-quenched starting material is responsible for the delay of 3-Zr
formation during the heat treatment of the N36 zirconium alloy.

Keywords: N36 zirconium alloy; phase transformation; differential scanning calorimetry DSC;
metallographic techniques

1. Introduction

Zirconium based alloys are commonly used in nuclear power reactors where they
play an important role as fuel cladding or structural materials. Their adequate mechanical
strength, low radiation absorption, high corrosion resistance, and fair performance stability
made them the preferred candidate of choice in the selection of materials for such applica-
tions [1-5]. Based on this, many countries were involved in the development of modified
or new zirconium alloys in order to improve their performance. For instance, to meet the
escalating demands of fuel burn-up in pressurized water reactors (PWR), China developed
N36 zirconium alloy based on the Zr-Nb and Zr-5n series [1,6-8].

The manufacturing process of zirconium alloys involves several heat treatments and
processing regimes. This is to ensure that the designed microstructure is protected and
the desired properties are maintained; these are of great importance in order to keep the
adequate behavior of these alloys in the most grueling imaginable circumstances [9-11].
During the manufacturing processes of fuel cladding materials, the materials go through a
-phase quenching process that produces a complex structure. Consequently, it is crucial
to study and comprehend the role of the phase transformation in regulating the regimes
of the manufacturing processes. Moreover, understanding the physical and chemical
characteristics of the components in the core of the reactor is vital in relation to nuclear
reactor safety [12,13].

Most of the investigations to determine the phase transition temperatures in zirconium
alloys are carried out by using either dynamic or static techniques to produce reproducible
results. Corresponding to the dynamic techniques, differential scanning calorimetry and
differential thermal analysis (DTA) were employed, depending on the principles of dilatom-
etry, electrical resistivity, and thermal analysis [14]. In static methods, on the other hand,
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the study of 3-Zr phase formation tends to be more intuitive, based on the principle of
‘what-you-see-is-what-you-get’.

In the past few decades, great efforts have been made with quaternary alloys to
study the effect of the addition of different elements on the phase stability and transition
temperature [15-17]. The effect of heating rates on the transformation temperature was
also studied by many researchers [12,14,18-20]. Further, research was conducted to study
the effect of irradiation on the phase transition temperature of these alloys [21-23].

These studies almost always started with a fully re-crystallized initial material. Hence,
there is a lack of research work and information regarding the effect of the 3-quenched state
on the initial phase transition temperature, more specifically, in zirconium alloys having a
dominant Nb, which is of high importance in the nuclear industry.

Therefore, this study aims to determine an accurate initial 3-Zr formation that follows
-quenching treatment to specify the (o) to (o« + ) transformation temperature in N36
zirconium alloy. Dynamic and metallographic methods were employed to gain an in-depth
comprehension regarding this transformation.

2. Materials and Methods

The China Nuclear Institute supplied N36 zirconium alloy plate in a fully re-crystallized
state with 1 mm thickness. The chemical composition of the supplied plate is presented in
Table 1 as weight percent.

Table 1. Chemical composition of N36 zirconium alloy (wt.%).

Element Sn Nb Fe (@) Zr

content 0.85 1 0.3 0.1 Bal.
Bal.-Balance other elements including Sn, Nb, Fe and O.

After cutting 8 X 6 x 1 mm?3 from the original plate, the samples were placed in an
evacuated glass tube at a pressure of 4.7 x 1072 Pa to prevent air oxidation during heat
treatment, and subjected to 3-solution treatment at 1050 °C for 0.5 h. Then, the glass tube
was transferred immediately from the furnace, and was broken down inside a vial of cold
water to ensure rapid cooling.

For DSC analysis, a disc-shaped sample was machined from the 3-quenched sample
using a wire electrode cutting machine with 4 mm diameter and a weight of 55 mg; the
disc was subjected to polishing and ultrasonic cleaning. The NETZSCH 449F system was
used to analyze the N36 zirconium alloy under a controlled atmosphere. A thermal scan
was done in a pure argon flow rate of 60 mL/min from an ambient temperature to 1150 °C
with a heating rate of 5 °C/min. Peak separation software and Proteus thermal analysis
software was used for the analysis of various enthalpy peaks of the DSC curve.

For the metallographic study, the 3-quenched samples were sealed in an evacuated
glass tubes and heated up to 700 °C, 705 °C, 710 °C, 715 °C and 720 °C for 1 h, followed by
rapid quenching, in the same way described in the 3-solution treatment, to ensure rapid
cooling so that the integrity of the sample’s microstructure is maintained.

An optical microscope (OM) and back scattering electron (BSE) detector equipped
on the FEI nova 400 field emission gun scanning electron microscopy (FEG-SEM) were
used to acquire the microstructure of the 3-quenched samples. FEG-SEM was used for the
observation of surface morphology evolution. FEI Tecnai G2 F20 SuperTwin transmission
electron microscopy (TEM), with an accelerating voltage of 200 Kv, was used to generate a
bright-filed (BF)-TEM image for the microstructure. An energy-dispersive spectroscopy
(EDS) equipped within the TEM and selected area electron diffraction (SAED) were used
for identification and the analyses phase structure.

Before any metallographic observation, the samples were subjected to mechanical
ground by SiC papers up to 7000#. A solution of 45% deionized water, 45% nitric acid, and
10% perchloric acid was used as etching agent in the samples’ preparation for FEG-SEM by
rubbing for 20 sec with cotton wool. For SEM-BSE, the surface was electro-polished at 20 °C
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with 20 V as polishing voltage in a solution of 70% methanol, 20% ethylene glycol, and
10% perchloric acid. A solution of 90% ethanol and 10% perchloric acid with conventional
twin-jet equipment was used for TEM samples preparation below —35 °C.

Imaging software was used to calculate the fraction of the precipitates, as 2D images
have been used, and the calculated fraction represents an area fraction. Statistical informa-
tion of the precipitates was acquired for at least 350-500 particles for each samples; this
process was repeated for at least three different images for each sample.

3. Results and Discussion
3.1. Dynamic Technique

Figure 1 shows the microstructure of the 3-quenched sample. From the OM image,
shown in Figure 1a, shows that the microstructure consists of -plates are surrounded by
prior 3-grain boundaries, while the BSE image, shown in Figure 1b, shows that these plates
have an interlaced structure of a fine plates that have an average thickness of about 1um.
Such fine, complex structure is believed to result from shear transformation, developed
during the rapid cooling of the samples that had the matrix super saturated by alloying
elements [24,25].

Figure 1. 3-quenched microstructure: (a) OM image (b) BSE image.

The DSC curve of N36 zirconium alloy, evaluated by using Proteus thermal analysis
software, is presented in Figure 2. Unlike the fully re-crystallized samples reported in
previous studies, the thermograph starts with noisy peaks and indicates an exothermic
process below 700 °C; this possibly corresponds to structural relaxation of the as-quenched
sample as reported by various studies on different materials [26-28]. The phase transition
temperature T o+ p is to be 738.2 °C; this temperature was recorded during the warm-up
process. Two endothermic peaks (S and T) could be observed between the onset and the
offset positions of «/ 3 phase transition. Niculina et al. [23] reported that the overlap of the
endothermic peaks could be attributed to both the SPPs dissolution and the a— 3 phase
transformation during the heating process. Zhao et al. [18] determined that the initial
temperature of the transformation from « phase to « + 3 phases, in a fully recrystallized
starting state of N36 (Zr-1.0Sn-1.0Nb-0.3Fe) alloy, is 725 °C. The difference in the initial
transition temperature for different alloys is related to the differences in their chemical
composition. According to many studies [12,29,30], the Ty «+p transition temperature
was found to increase with increasing Sn content in alloy. Therefore, Sn is known to be
a-stabilizer phase [25]. In this research, an Sn content of 0.85 wt.% was used; this percent is
less than that used by Zhao, 1 wt.%, with equal chemical content of the remaining alloying
elements in the two alloys. However, the phase transition temperature observed in the
current study is higher than that reported by Zhao. Based on the difference in the Sn content
between the two alloys, a lower transition temperature was expected or, at most, almost
the same T, x4+ g transition temperature, but not a higher temperature. Despite the non-
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equilibrium conditions that lead to the phenomenon of thermal retardation, which we tried
to reduce by using a slow heating rate, the higher transition temperature could be ascribed
to the -quenched starting state of the alloy in the current study; at that state, the alloy
needs more energy and time to proceed re-crystallization and to push up the dislocations
towards the grain boundaries where the nucleation of the new phases is expected; thus,
the nucleation of the new phases acquired a higher temperature. In contrast, an alloy in
the fully re-crystallized starting state is expected to facilitate the pathways for 3-phase
formation in its preferred sites at the grain boundaries.
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Figure 2. DSC curve of N36 zirconium alloy executed at constant heating rate of 5 °C/min.

Figure 3 shows that the low-temperature endothermic peak is semi-sharp. This result is
not in full agreement with that observed by Qiu et al. [14] concerning Zr-1.0Sn-0.3Nb-0.3Fe
alloy; they revealed that the low-temperature endothermic peak has a sharp shape, and
they attributed that to the presence of a narrow temperature range for the SPPs dissolution
process. In our previous study of SPPs growth kinetics calculation for samples similar
for that of the current alloy [25], it was found that Nb participates in most SPPs and it
plays a crucial role in slowing down the diffusion rate, causing high growth kinetics energy.
Consequently, the same role was played by Nb in the slow dissolution process based on
the atomic radii argument. Hence, instead of appearing sharp, the SPPs dissolution peak
appears as semi-sharp. Table 2 lists the transition temperature for N36 zirconium alloy
obtained by DSC results.
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Figure 3. A peak separation result of two endothermic enthalpy peaks of N36 zirconium alloy DSC
curve acquired at 5 °C/min.
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Table 2. o to « + [ transition temperature and Peaking values of N36 zirconium alloy obtained by
DSC measurement.

Peaking Temperatures (°C)
SPPs Dissolution (S) o/ Transition (T)
5 738.2 789.3 877.9

Heating Rate Tasarg (CC)

3.2. Metallographic Techniques

Previous studies [14,18,31] on the microstructure variation and phase transformation of
zirconium alloys demonstrated that the 3-Zr phase starts to form as triangular precipitates
at grain boundaries or trigeminal grain boundaries; this transformation occurs when
the sample heat was treated at a temperature close almost to the Ty, 4+ g measured
by the dynamic technique. However, Figure 4a,b, show that no triangular precipitates
could be observed for sample heat treated at 700 °C, which is close to the T x+p Of
the DSC result and that specified by Zhao et al. [18] for a fully re-crystallized N36 alloy.
The FEG-SEM image in Figure 4a confirms the presence of precipitates that distributed
randomly with spherical, ellipsoidal, or irregular shapes. Correspondingly, the TEM
image in Figure 4b shows the same types of precipitates that distributed randomly as well.
Therefore, the two observations agree that there are not triangular precipitates. As a result,
metallographic examination temperatures should be closer to the DSC result to find the
phase transition temperature.

Figure 4. Quenched sample at 700 °C: (a) FEG-SEM image (b) TEM image.

For the samples heat treated and quenched at 705, 710, 715 and 720 °C, it is expected
that samples cool swiftly, resulting in the shear phase transformation and the maintenance
of the new phase in the matrix. Figure 5 shows the FEG-SEM results of these quenched
samples. From Figure 5a,b, for samples heat treated at 705 °C and 710 °C, it is apparent
that there are numerous SPPs with circular, elliptical and irregular precipitate shapes, in
agreement with the result shown in Figure 4. Moreover, no triangle precipitates were ob-
served at grain boundaries or trigeminal grain boundaries. Based on preliminary findings,
these alloys did not go through a phase transition. In contrast, Figure 5c,d for samples heat
treated and quenching at 715 °C and 720 °C, various triangular precipitates were noticed at
grain boundaries and trigeminal grain boundaries, beside the spherical or ellipsoidal pre-
cipitates. Generally, it is accepted that a higher energy state, irregular atom arrangements,
and a high dislocation density at the grain boundaries enable phase change nucleation at
such locations. In a comparison between Figure 5c,d, it is only possible to see the triangular
precipitates at a few trigeminal grain boundaries in Figure 5c. On the other hand, Figure 5d
shows that there are numerous triangular precipitates with larger size. This is in consistent
with the reality that rising temperatures lead to a similar rise in the area percentage of 3-Zr
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phase. Therefore, when a triangular phase is formed with small size in a sample aged at
a specific temperature, this temperature can be determined as the phase transition initial
point. Combine this result with that of the sample quenched at 710 °C, where no triangular
phase was found, and the temperature of T, o4+ g at which the N36 alloy goes through is
estimated to be 710-715 °C.

2um ESH O lum

Figure 5. FEG-SEM images of different quenched samples: (a) at 705 °C (b) at 710 °C (c) at 715 °C
(d) at 720 °C.

To confirm if the triangular phase in Figure 5¢,d is 3-Zr, Figure 6a—c shows the TEM
image of the sample quenched at 715 °C and its corresponding SAED and EDS. In Figure 6a,
the selected area, located within a red circle, has a body-centered cubic structure as can be seen
from the pattern in Figure 6b with [1-1-1] zone axis. It is well known that zirconium alloys
have two phases with body centered cubic crystal lattice, namely 3-Nb and (3-Zr. However, if
the result of the SAED is looked at with the EDS result in Figure 6¢, it becomes apparent that
this phase has considerably low Fe content and high Zr content, in opposite to the Fe content
in Zr-Nb-Fe SPPs which is relatively high [25], confirming that the triangular phase is 3-Zr.
Moreover, even though the cubic structure of 3-Nb is a body-centered cubic structure, it is
mainly composed of tiny circular particles instead of triangles, and the Nb element inside it is
extremely high [32]. However, EDS analysis shows a relatively low Nb content.
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Figure 6. 715 °C quenched sample: (a) BE-TEM image (b) SAED (c) EDS.
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Figure 7 represents the average area fraction and average precipitate size of 3-Zr
and other SPPs in respect to each aging temperature. The area fraction of SPPs is almost
the same, with a slight decrease with increasing temperature, correspondingly, there is a
decrease in the particles size of SPPs with increasing temperature, probably because of the
dissolution process and prelude to phase transition process, while the area fraction of 3-Zr
sees little increase with increasing temperature after they appeared at 715 °C. In agreement,
the size of B-Zr coarsens a little with increasing temperature toward the growth process of
the 3-Zr phase.
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—0— SPPs T~
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Figure 7. Statistical results of 3-Zr and SPPs represented by area fraction evolution and precipitates size.

It is noteworthy that Nikulina et al. [23] found the phase transition temperature is
about 650 °C in Zr-1% Sn-1% Nb-0.4%Fe alloy, and a temperature of 680 °C is reported
by Zhao et al. [18] in N36 zirconium alloy. Both results were obtained by using the
metallography method initially in a fully re-crystallized state. These temperatures are
significantly lower than that of the metallographic results in the current study, which
is significantly higher between 710-715 °C. According to the effect of alloying elements
on phase stability, Nb and Fe are known as a (3-phase stabilizer, due to limited solid
solubility in a-phase and vice versa in 3-phase, while, Sn generally agreed to be x-phase
stabilizer [33,34]. It is important to note that only Sn has a significant difference of alloy
content compared to that used by [18,23]. Therefore, it is probable that the difference in
the initial transition temperature is result of the current study as compared with Zhao [18]
and Nikulina [23], due to the possibility of Sn to behave as stabilizing factor for «-phase.
However, the result was the opposite of what was expected.

Regarding the effect of the initial material state, the discharge of energy at grain
boundaries and the diffusion of alloying elements are both known to be desirable for 3-Zr
to nucleate and grow. Therefore, during the heating of the re-crystallized materials, the
process of the dissolution and transition of precipitates to a new phase will be smoother
due to the absence of obstacles, and the growth process of 3-Zr will be concentrated at
the grain boundaries. During the heating of 3-quenched material, a conflict between
the pressure driving force of recrystallization proceeding and the zener pinning effect
generated from SPPs would occur [35]. Therefore, strain induced boundary migration tries
to induced re-crystallization in x-plates structure [36]. In contrast, the SPPs try to hinder
the re-crystallization movement, especially in the sites that have coarser SPPs, until a high
temperature is reached to overcomes these obstacles and smooth the re-crystallization
process, SPPs dissolution, and forming a new phase.
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Regarding the difference between DSC and metallographic results, it is known that it
is difficult to reach an ideal thermal equilibrium condition during the heating process in a
solid state, and thus, this will affect the diffusion rate [37]. Therefore, such a difference in
the results is due to the non-equilibrium conditions during the normal heating rate in DSC.

4. Conclusions

Dynamic and metallographic techniques were employed in the process of attaining the
phase transition temperature in N36 zirconium alloy following 3-quenching. The following
key features were acquired:

1.  In the current study, it has been verified that the phase transition temperature in
-quenched N36 zirconium alloy is 710-715 °C.

2. Apeak separation of two endothermic peaks in the DSC curve enabled a successful
study and explanation of SPPs dissolution and &/ 3 phase transformation.

3. Metallographic techniques represented by FEG-SEM and TEM successfully and pre-
cisely determined T «+p in B-quenched N36 zirconium alloy.

4.  Compared to other documented papers concerning phase transition temperature in
N36 zirconium alloy, the 3-quenched starting material was responsible for delayed
[-Zr formation in both methods.
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