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ABSTRACT 
  

Differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) are jointly employed to investigate the precipitation of a Zr-0.85Sn-0.4Nb-
0.4Fe-0.1Cr-0.05Cu alloy after β quenching. Based on the analysis of non-isothermal DSC scans at 
various heating rates, the activation energies associated with the precipitation processes are also evaluated. 
The results show that alloying elements are completely supersaturated in the plate structures produced by 
β quenching. During the subsequent non-isothermal aging, second phase particles (SPPs) preferably 
precipitate along the α-plate boundaries and the precipitation sequence is: supersaturated solid solution → 
metastable precipitates → stable precipitates. The average activation energies associated with the 
precipitations of the metastable and stable precipitates are 52.4 and 117.2 kJ/mol, respectively. As the 
temperature increases to above 700C at a heating rate of 5C/min, recrystallization is initiated. 
Compared with the prior linear distribution along plate boundaries, the distribution of SPPs within those 
recrystallized grains is greatly randomized. 
 
INTRODUCTION 

 
In recent years, there has been a rapid growth and interest in the development of high corrosion 

resistant Zr alloys for high burn-up operation in pressurized water reactors. Among the most successful Zr 
alloys developed in this category are those based on the Zr-Sn-Nb system. Also, Fe, Cr, Cu, etc. are 
frequently reported to be added both individually and collectively into the ternary alloy (Nikulina et al. 
(1996), Comstock et al. (1996), Jeong et al. (2006), and Liu et al. (2005)). The addition of these elements 
leads to the formation of various second phase particles (SPPs) which can exert significant influences on 
the corrosion resistance of Zr alloys.  

 
To-date many studies have been carried out to identify crystallographic structures and 

compositions of such SPPs (Barberis et al. (2004), Toffolon-Masclet et al. (2005), Kim et al. (2005), 
Ramos et al. (2007), Shishov et al. (2009), and Comstock et al. (1996)). Both the intermetallic Zr(Fe, Nb)2 
with a hexagonal close-packed (hcp) structure and body centered cubic (bcc) β-Nb phase were found in 
the ZIRLO alloy with the composition of Zr-1.0Sn-1.0Nb-0.1Fe (Comstock et al. (1996)). Shishov et al. 
(2009) suggested that the (Zr, Nb)2Fe with a face centered cubic (fcc) structure rather than β-Nb was the 
minor precipitate in E635 alloy, which had a slightly higher Fe content (up to 0.4 wt.%) compared with 
ZIRLO. To follow the evolution of the types of second phase particles (SPPs), a series of (Zr-Sn)-Nb-Fe 
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alloys with different Nb/Fe ratios have been designed and investigated by many researchers (Barberis, et 
al (2004), Toffolon-Masclet et al. (2005), Kim et al. (2005), and Shishov et al. (2009)). An important 
conclusion is that when decreasing the Nb/Fe ratio, the equilibrium SPPs that may be present in those 
alloys will evolve as: only β-Nb → β-Nb + Zr(Nb, Fe)2 → only Zr(Nb, Fe)2 → Zr(Nb, Fe)2 + (Zr, Nb)4Fe2 
→ (Zr, Nb)4Fe2 + Zr3Fe (or Zr2Fe). In HANA-4 (Jeong et al. (2006)) and N18 (Liu et al. (2005)) alloys 
with Cr, it is generally thought that Cr would occupy some sites of Fe in Zr(Fe, Nb)2 to form hexagonal 
Zr(Fe, Nb, Cr)2 even at low Cr additions.  

It is to be noted that almost all the above studies merely focused on examining SPPs in 
equilibrium or quasi-equilibrium states. With respect to the kinetics of the formation or precipitation 
sequence of the SPPs in Zr alloys, however, few data are available. For precipitates formed by an aging 
process in various alloys (Porter (1992)), it is known that the first precipitate to appear is generally not a 
stable phase but a GP zone or metastable phase. The reason for this is attributed to the relative activation 
energy barriers for nucleation under specific heat treatment regimes. In spite of its apparent significance, 
very limited effort has been devoted to the precipitation sequence and the characterization of metastable 
SPPs in Zr alloys (Loucif et al. (1994)), as compared to far more detailed investigations in other alloys 
(Edwards et al. (1998), Colombo et al. (2007), Ren et al. (2011), and Langelier et al. (2012)). 

Differential scanning calorimetry (DSC) is a widely-used materials analysis technique often 
employed to investigate the precipitation of SPPs in many alloys. It has been testified that DSC analysis is 
capable of yielding quantitative descriptions of the successive precipitation processes of the SPPs even 
with a volume fraction of lower than 1 %. For instance, the activation energy associated with the 
individual precipitation reaction could be obtained from the peak shift of the precipitation temperature 
with changes of the heating rate in non-isothermal DSC scans (Kissinger (1957)). In contrast to plenty of 
successful applications in Al, Mg, Ag alloys and steels (Edwards et al. (1998), Colombo et al. (2007), Ren 
et al. (2011), and Langelier et al. (2012)), detailed calorimetric studies of precipitation during aging in Zr 
alloys remain very limited to date. 

In the present work, differential scanning calorimetry (DSC) is employed to investigate the 
precipitation sequence of a Zr-0.85Sn-0.4Nb-0.4Fe-0.1Cr-0.05Cu alloy after β quenching. Combined with 
the use of scanning electron microscopy (SEM) and transmission electron microscopy (TEM), evolutions 
of microstructural characteristics during aging are also analyzed. As a result, this work will shed some 
light on the full profile of the precipitate evolution in Zr alloys. 
 

Table 1: Chemical composition of the experimental materials (wt.%). 
 

Sn Nb Fe Cr Cu O Zr 
0.85 0.4 0.4 0.1 0.05 0.12 Bal.

 

 
 

Figure 1. Microstructure of the β-quenched specimen: (a) ECC image; (b) TEM bright field image. 
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EXPERIMENTAL 
  

The as-received alloy plate supplied by Northwest Institute for Non-ferrous Metal Research of 
China was fully recrystallized. The chemical composition of the experimental materials, hereafter denoted 
as Zr-Sn-Nb-Fe-Cr-Cu alloy, is given in Table 1. Specimens with dimensions of 8 × 6 × 1.4 mm3 were cut 
from the as-received alloy sheet. After being sealed in evacuated quartz capsules at about 5×10-3 Pa, the 
specimens were β solution treated at 1030C for 40 min and then quenched into water with an estimated 
cooling rate of about 1000C/s (Chai et al. (2012a)). 

A Mettler Toledo TGA/DSC 1/1100LF thermal analyzer was used in the study with a purified 
argon gas atmosphere at a flowing rate of 60 mL/min. Specimens subjected to the DSC examination were 
separated into two groups. In the first group, disc-shaped specimens with 3 mm in diameter and 1.4 mm 
in thickness were machined from the β-quenched specimens and then pickled in a mixed solution of 45 
vol.% H2O, 45 vol.% HNO3 and 10 vol.% HF to remove any contamination on the surface. Non-
isothermal scans up to 750 C for the disc-shaped specimens were conducted at heating rates of 5, 10, 15, 
20 and 25 C/min. 

In the second group, foil specimens with dimensions of 8 × 6 × 0.4 mm3 were cut from the as-
quenched specimens and pickled in the same solution as above mentioned. Then they were heated at the 
rate of 5C/min in the DSC thermal analyzer to different temperatures (400, 500, 650 and 750C) and 
immediately cooled to room temperature. These specimens were then prepared for scanning electron 
microscope (SEM) and transmission electron microscope (TEM) observations. Detailed preparation 
procedures and more information about the electron microscopes employed can be found elsewhere (Chai 
et al. (2012b) and Luan et al. (2012)). 
 

 
 

 
Figure 2. Non-isothermal DSC thermograms of as-quenched Zr-Sn-Nb-Fe-Cr-Cu alloy performed at 

constant rates of 5, 10, 15, 20 and 25C/min 
 

Table 1: Peak temperatures corresponding to exothermic reactions at various heating rates. 
 
Heating rates (C/min) 

Peak temperature (C)
5 10 15 20 25

Ia  398 – – – – 
Ib 439 486 514 535 567
II 615 640 660 685 703
III 739 – – – – 
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RESULTS AND DISCUSSION 
 
Microstructure after β quenching 

 
Fig. 1a presents the electron channeling contrast (ECC) images of the Zr-Sn-Nb-Fe-Cr-Cu alloy 

after β quenching, from which one can see that high temperature β phase has been transformed into 
interlaced α-plate structure. The large amounts of plate boundaries imply that the quenched structure is of 
high energy, which may be released through recrystallization when heated at a proper temperature. 

Fig. 1b is a TEM image with a high magnification, which reveals that the width of the α plates is 
generally in the magnitude of hundreds of nanometers. Furthermore, one could confirm from Fig.1b that 
the alloying elements i.e. Sn, Nb, Fe, Cr and Cu are completely saturated in the Zr alloy matrix after β 
quenching since no precipitates are observed. Upon aging, those alloying elements with very low 
solubility in α-Zr (Luan et al. (2012)) will precipitate as second phase particles. 
 
DSC curves at various heating rates 

 
Fig. 2 presents the DSC curves of the β-quenched Zr-Sn-Nb-Fe-Cr-Cu alloy from 300 C to 

750C at various heating rates. Since no clear variation of the heat flow is detected for the parts of the 
DSC curves below 300 C, they are not shown here. For the DSC curve at the heating rate of 5C/min, 
there are four clear exothermic peaks, marked as peaks Ia, Ib, II and III, respectively. As the heating rate 
increases, these exothermic peaks gradually shift right to higher temperatures, indicating that these 
reactions are thermally activated processes. Note that at a higher heating rate than 5C/min, peak Ia is not 
as clear as peak Ib or II. This is probably because the rapid heat flow at higher heating rate does not allow 
the reaction to occur at such low temperatures. When the heating rate exceeds 5C/min, it seems that peak 
III completely disappears. The reason for the disappearance of the peak III is different from that for the 
peak Ia. It is noticeable that the temperature of the peak III at 5C/min is very close to the upper limit of 
the test range. Even a slight right shift at higher heating rates may make the peak III disappear. In fact, the 
upper limit of the test temperature is selected according to the transformation temperature (about 760C) 
of the α → α + β in the experimental alloy (Qiu et al. (2013)). Therefore, even if the test range is extended, 
it may not help reveal peak III at a heating rate higher than 5C/min, since the α → α + β transformation 
is an endothermic reaction which could overlap with the peak III. 

Peak temperatures, corresponding to exothermic reactions at various heating rates, are measured 
and tabulated in Table 1. For peaks Ia and III, the peak temperatures are only given at the heating rate of 
5C/min due to the above illustrated reasons. For peaks Ib and II, the peak temperatures are detected at all 
heating rates. It can be seen from Table 1 that, with increasing heating rates from 5C/min to 25C/min, 
peak temperatures increase, i.e. from 439C to 615C for peak Ib and from 567C to 703C for peak II. 

 
Microstructures corresponding to various exothermic peaks 
  

Yao et al. (2011) pointed out that the equilibrium SPPs in the present Zr-Sn-Fe-Cr-Cu alloy were 
predominantly Zr(Nb,Fe,Cr)2 with hcp structure and a few Zr3Fe containing some Cu with orthorhombic 
structure. The major hcp Zr(Nb,Fe,Cr)2 phase is consistent with those found in many other Zr alloys 
containing Nb, Fe and Cr (Liu et al. (2005) and Jeong et al. (2006)). This phase is believed to be closely 
related to the well-known C14 Laves Zr(Fe,Cr)2 phase in Zircaloy-2/4 (Chemelle et al. (1983)) and 
formed by simply substituting some Fe or Cr atoms for Nb. For the minor orthorhombic Zr3Fe phase, it 
has been demonstrated that they could only exist when there is excessive Fe to constitute Zr(Fe,Cr)2 phase, 
indicating a low priority for Zr3Fe. For example, Charquet et al. (1989) found that Zr3Fe would not appear 
unless the Fe/Cr ratio is higher than 4 in modified Zircaloy-4. Note that the Fe/Cr in the present alloy is 
equal to 4. Such an analysis, combined with the results obtained by Yao et al. (2011), suggests that the 
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proportion of Zr3Fe precipitates is very low. Thus, the contribution of Zr3Fe precipitation to the change of 
DSC heat flow is expected to be negligible.  

For the specimen heated at 5C/min to 400C, close to peak Ia, microstructural observation shows 
that the plate structures are completely maintained and no precipitates are detected. Since there is no 
visible difference from the as-quenched specimen, its microstructure is not shown. Loucif et al. (1994) 
employed thermoelectric power measurements (TEP) to study the transformation kinetics of β-quenched 
Zircaloy-4 samples during isothermal aging between 100 and 750 °C for up to 105 min. They found that 
the variation of TEP below 450°C was caused by atomic rearrangements of interstitial atoms (oxygen) 
while the precipitation of Fe and Cr mainly occurred between 450 and 635C. Since oxygen content in the 
present alloy is similar to that in the studied Zircaloy-4 by Loucif et al. (1994), it is reasonable to attribute 
the first exothermic reaction (Ia) to the rearrangements of oxygen atoms. 

Fig. 3 presents ECC images of the specimens heated at 5C/min to 500C and 650C, 
corresponding to the exothermic reaction Ib and II, respectively. It can be seen that the plate structures in 
both the specimens remain well conserved, indicating recrystallization is not initiated. Detailed 
microstructural evolutions during recrystallization of the plate structures have been shown in our previous 
work (Chai et al. (2012)). These results suggest that the exothermic reactions Ib and II are unrelated to 
possible recrystallization during the non-isothermal DSC aging. 
 

 
 

Figure 3. ECC images of the specimens heated at 5C/min up to (a) 500C and (b) 650C. 
 

 
 

Figure 4. Bright-field TEM micrograph in the specimen heated at 5C/min up to 500C. Black arrows 
indicate precipitates. 
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Fig. 4 shows the TEM images of the specimen heated at 5C/min to 500C and a number of 
precipitates appear along α-plate boundaries, as indicated by black arrows. These SPPs are very small 
with the average size smaller than 20 nm. No precipitates are found in the α plate interiors, suggesting 
that α-plate boundaries are preferential sites for precipitation. 

Microstructural characteristics of the SPPs in the specimen heated at 5C/min to 650C are 
presented in Fig. 5. Fig. 5a shows that the SPPs have been sufficiently precipitated with a high number 
density with dominant sizes between 30 and 50 nm. It seems that they still distribute exclusively along α-
plate boundaries. As a result of such a preferential precipitation, the SPPs generally exhibit linear 
distributions. This linear distribution of the SPPs is a common feature for Zr alloys aged after β 
quenching (Luan et al. (2012) and Chai et al. (2012b)). Fig. 5b is a high-resolution TEM image which 
reveals the internal structure of one typical precipitate. Heavy stacking faults are observed inside the 
precipitate, as frequently reported in Zr(Fe,Cr)2-type Laves phases (Chemelle et al. (1983), Neogy et al. 
(2007), and Meng and Northwood (1985)). The presence of faults is believed to indicate the intermetallic 
nature of these precipitates.  

To find out reasons accounting for the exothermic reaction III, the microstructures of the 
specimen heated at 5C/min to 750C are noted (Fig. 6). Partial recrystallization of the as-quenched plate 
structures is noticeable in this specimen. Large recrystallized grains with sizes up to a few hundred 
micrometers are surrounded by residual plate structures. Analogous microstructures were also observed 
after isothermal aging in a previous study in Zircaloy-4 (Loucif et al. (1994)) and in our recent work in 
this Zr alloy (Chai et al. (2013)). Moreover, it has been demonstrated that the recrystallization of plate 
structures was controlled by the well-known strain-induced boundary migration mechanism (Rumball and 
Coleman (1970)). 

Figs. 6b and c show the magnified microstructures of recrystallized and unrecrystallized regions 
in Fig. 6a, respectively and white arrows indicate precipitates. For unrecrystallized matrices, the SPPs still 
distribute linearly along the boundaries of residual α plates, similar to the cases shown in Figs. 4 and 5a. 
For already recrystallized matrices, however, the SPPs are found to distribute randomly, existing both 
intergranularly and intragranularly. Therefore, it seems that the recrystallization could promote the SPPs 
from a linear to a random distribution.  

The occurrence of recrystallization is always accompanied by the release of the stored energy due 
to defects. This will lead to an exothermic peak during a DSC scan, probably corresponding to peak III in 
Fig. 2. It is to be noted that energy released during recrystallization (10-100 J/mol) is generally one order 
of magnitude lower than that during a solid phase transformation (~1000 J/mol) (Humphreys and 
Hatherly (2004)) which also agrees with the fact that the area of exothermic reaction III is much reduced 
compared with the others. 
 

 
 

Figure 5. (a) Secondary electron image and (b) high-resolution TEM micrograph of precipitates in the 
specimen heated at 5C/min up to 650C. 
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Figure 6. (a) ECC image of the microstructure in the specimen heated at 5C/min up to 750C; (b) and (c) 
present the recrystallized and unrecrystallized structures at a higher magnification, respectively. Arrows 

in (b) and (c) indicate precipitates. 
 

 
 

Figure 7. Plots for calculation of activation energies of the precipitates corresponding to exothermic 
reactions (a) Ib and (b) II.  

 
Precipitation activation energies of the SPPs 
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Kissinger (1957) established a method to obtain the activation energy for precipitation in terms of 
the effect of heating rates in DSC measurements on the temperature of maximum precipitation, i.e., the 
peak temperature. The Kissinger’s equation can be described as follows, 

pp TR
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Q
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T

1
)ln()ln(

2



,         (1) 

where θ is the heating rate, Tp the peak temperature of maximum precipitation, R the universal gas 
constant, Q the activation energy for the precipitation and A the pre-exponential factor. Based on the data 
shown in Table 1, fitted straight lines for peaks Ib and II are plotted in Figs. 7a and 7b, respectively. 

As shown in Fig. 7a, the activation energy for the reaction Ib is 52.4 kJ/mol. It was reported 
(Hood and Schultz (1989)) that the diffusion activation energies of Fe and Cr in α-Zr fully recrystallized 
are 57.6-107.5 kJ/mol and 134.4-154.5 kJ/mol, respectively, both higher than the activation energy for the 
reaction Ib. As already pointed out, the β quenching introduced many defects, which could facilitate the 
diffusion of Fe and Cr. For instance, the dense α-plate boundaries after β quenching are featured by 
misorientations of 10°, 60-63° and 90° (Chai et al. (2012b)). These low (<15°) and high (>15°) angle 
boundaries are of higher energy than nearly defect-free grains after annealing. These boundaries could 
provide large amounts of short-circuit paths for the diffusion of Fe and Cr thereby leading to decreased 
activation energy for diffusion. This analysis is verified by Fig. 4 which reveals that the SPPs indeed 
precipitate preferentially along the α-plate boundaries. 

Fig. 7b shows that the activation energy for the reaction II is 117.2 kJ/mol, almost double of that 
for the reaction Ib. In fact, recrystallization at this moment is still not initiated (Fig. 3b) and the SPPs 
remain distributed along the α-plate boundaries (Fig. 4), suggesting that the short-circuit diffusion 
continues to play its role in facilitating the diffusion of alloying elements. Therefore, other reasons 
leading to the higher activation energy need to be explored. One speculation is that precipitates formed at 
this stage rely on the dissolution of metastable precipitates earlier formed during the reaction Ib. To break 
the metallic bonds between alloying elements in those metastable precipitates, extra energies are believed 
to be necessary. Consequently, the overall activation energy for the precipitation of the stable SPPs is 
increased, compared with that for the metastable SPPs.  
 
SUMMARY AND CONCLUSIONS 

 
The precipitation of a Zr-0.85Sn-0.4Nb-0.4Fe-0.1Cr-0.05Cu alloy after β quenching was 

investigated by non-isothermal DSC scans, combined with microstructural observations. Conclusions can 
be drawn as follows: 

(1) During the non-isothermal aging after β quenching, SPPs preferentially precipitate along the 
α-plate boundaries and the precipitation sequence is: supersaturated solid solution → metastable 
precipitates → stable precipitates.  

(2) The average activation energies associated with the precipitations of the metastable and stable 
precipitates are 52.4 and 117.2 kJ/mol, respectively. 

(3) As the temperature increases to above 700C at a heating rate of 5C/min, recrystallization is 
triggered, which could considerably promote the random distribution of the SPPs. 
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