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Abstract: In the range of ASTM, the effect of impurity elements on microstructure and corrosion resistance of Zr-4 alloy was 

studied by using sheet samples. The results show that reducing carbon content and increasing silicon content are beneficial to 

improve uniform corrosion resistance of Zr-4 alloy at 400 °C steam. Microscopic analysis shows that carbon is easily enriched in the 

form of Zr-C on the matrix phase, and it mainly affects the corrosion resistance by influencing the precipitation of second phase 

particles. The lower its content is, the easier it is to form the parallel plate (PP) structure during quenching, and the higher its content 

is, the more likely it is to form basket weave (BW) structure, while the second phase particles are easier to precipitate along the grain 

boundary of PP structure. When quenching temperature is lower than 1200 °C, silicon content has no obvious effect on the formation 

of PP structure. Meanwhile, three-dimensional atom probe (3DAP) analysis shows that silicon tends to agglomerate in the form of 

SiO

2

 around the second phase particles, and delays or weakens the oxidation of second phase particles, thus improving the corrosion 

resistance of Zr-4 alloy. 
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Zircaloy-4 is widely used as pressurized water reactor 

structure materials because of its excellent corrosion resis- 

tance. Many works have been reported to investigate the 

relationship between the corrosion resistance and the compo- 

sition

[1-4]

, process parameters

[5-8]

, and cumulative annealing 

parameter A value

[9-12]

 of the Zr-4 alloy. 

Thorvaldsson et al

[13] 

introduced that the uniform general 

corrosion behavior of Zircaloy-4 has been determined in 

long-term autoclave tests at 400 °C and modeled using the 

annealing parameter A concept. The cumulative effect of 

subsequent heat treatments in the alpha phase field after beta 

quenching can be given by

exp( / )

i i i

A t Q RT= ∑

, where 

i

t

 

is 

annealing time,

i

T

is the temperature, 

Q

is the activation 

energy, and R is the gas constant. Charquet et al

[14]

 pointed out 

that the nodular corrosion was easier to satisfy by increasing 

the cooling rate, while the better uniform performance must be 

combined with the appropriate A value. The A value mainly 

affects the corrosion resistance of Zr-4 alloy by restricting the 

size and quantity of the second phase particles. Different 

scholars have various results based on their own experiments. 

Maussner et al

[15]

 introduced that the ideal nodular corrosion 

performance requires the second phase particles’ diameter 

does not exceed 200 nm. Garazarolli et al

[16]

 determined the 

optimal A value range of 2×10

-18

~5×10

-17 

h. In addition, 

Foster

[17]

, Sabol

[18]

 and Cao

[19]

 also obtained the best A value 

and the second phase particles’ size range based on their 

separate experiments. These results are different, but all show 

that the appropriate process window is narrow without 

optimizing the composition. 

Eucken et al

[20]

 reported that increasing the content of tin 

and carbon increases corrosion, while increasing the content 

of iron, chromium, and silicon shows a beneficial effect on 

uniform corrosion. The effect of the chemical composition on 

nodular corrosion is qualitatively the same as the effect on 

uniform corrosion for tin, iron, chromium, and carbon, 

whereas silicon shows an opposite behavior. For oxygen and 

phosphorus, there is only an influence at high temperatures 

(500 °C). As for the influence of alloying elements on 
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microstructure, Luan et al

[21]

 found that it tended to form the 

basket weave (BW) structure when the content of C is high; 

on the contrary, it is easy to form the parallel plate (PP) 

structure. Charquet et al

[14]

 pointed out that when the 

quenching temperature is lower than 1200 °C, Si content has 

no obvious effect on the formation of parallel plate (PP) 

structure. Although many works have clearly pointed out the 

relationship of C, Si, and P content on the quenching   

microstructures, there have been no reports that it is directly 

related to the corrosion performance. 

In this paper, the effects of different proportions of Sn, Fe, 

Cr, C, Si elements on corrosion behavior were investigated by 

preparing sheet samples of Zr-4 alloy. In particular, the effects 

of C and Si content on the microstructures and distribution of 

second phase particles were mainly studied. The relationship 

between them and corrosion performance was further 

explained. 

1  Experiment 

The sheet samples used in this study were melted into about 

25 kg button ingots with 160 mm in diameter. Three melting 

cycles were performed in order to ensure the chemical 

homogeneity. Table 1 summarizes the chemical composition 

of different alloying elements. Tin, iron, chromium and silicon 

were tested on the SPECTRO ARCOS inductively coupled 

plasma optical emission spectrometer (ICP-OES). A CS600 

carbon and sulfur analyzer was used to analyze the carbon 

content of sheet samples. All of them were controlled in the 

ASTM range. 

The button ingots were converted to about 1.0 mm thick 

sheets by standard zirconium-alloy processing sequence (as 

shown in Fig.1), consisting of β-forging at 1030 °C, 

β-quenching at 1030 °C, α-hot rolling at 640 °C, cold-rolling 

in several steps with intermediate α-annealing at 640 °C for 

3~5 h. Sheet materials were finally annealed in fully 

recrystallized conditions. 

In order to compare the effects of different composition 

design on the corrosion performance, long-term corrosion test 

was performed on the sheet samples in steam at 400 °C for 

300 d at a pressure of 10.3 MPa using the static autoclaves. 

And the appearance and mass gain were observed. Meanwhile, 

the samples were accelerated testing for 150 d at 420 °C

[22]

. 

The quenching microstructures of sheet samples with different 

compositions were observed by Leica DM2500M metallo- 

graphic microscope. The size, quantity and distribution of 

second phase particles in the sheet samples were analyzed by 

using a 200CX transmission electron microscope (TEM). With 

the help of LEAP3000HR three-dimensional atom probe 

(3DAP), the segregation of elements on the sample’s surface 

was analyzed. The tip sample was prepared by 600I type 

double-beam focused ion beam system (FIB). ESCALAB250Xi 

multifunctional X-ray photoelectron spectrometer (XPS) was 

used to explore the segregation of elements on the matrix 

phase. 

2  Results and Discussion 

2.1  Effect of composition on the corrosion 

Typical mass gain versus time curves for the sheet samples 

 

Table 1  Chemical composition of 1#~9# sheet samples (wt%) 

Sheet sample No. Sn Fe Cr Fe+Cr C Si 

1# 1.30 0.20 0.10 0.30 0.0035 0.0015 

2# 1.30 0.20 0.11 0.30 0.0035 0.0100 

3# 1.30 0.20 0.10 0.30 0.0120 0.0101 

4# 1.31 0.21 0.10 0.31 0.0125 0.0015 

5# 1.31 0.20 0.10 0.30 0.0122 0.0065 

6# 1.55 0.20 0.10 0.30 0.0123 0.0100 

7# 1.30 0.23 0.12 0.35 0.0121 0.0102 

8# 1.31 0.23 0.12 0.35 0.0034 0.0103 

9# 1.31  0.20 0.11 0.31 0.0075 0.0098 

ASTM 1.20~1.70 0.18~0.24 0.09~0.13 0.27~0.37 �0.0200 �0.0120 

 

 

 

 

 

 

 

 

 

 

Fig.1  Processing sequence of investigated sheet materials 

Button ingot (25 kg) β-forging (1030 °C) β-quenching (1030 °C) Hot rolling (640 °C) 

Cold rolling 

α-annealing (640 °C) Final-annealing (600 °C) 

Twice 
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with different C contents tested in steam at 400 and 420 °C are 

given in Fig.2a. As shown in the figure, when the content of 

Sn (1.30 wt%), Si (0.01 wt%) and Fe+Cr (0.30 wt%) is fixed, 

with the increase of C content, the sheets’ corrosion rate 

increases continuously under two corrosion conditions. It also 

can be concluded that the decreasing of C content is beneficial 

for improving the corrosion resistance of sheet samples. 

Fig.3a~3c show the surface of sheet samples with different 

C contents which have been exposed in steam at 400 °C for 

300 d. It can be seen that the samples’ surface with a low C 

content is still dark and bright, while other samples with a 

higher C content exhibit a large amount of gray spots, which 

have been confirmed to be ZrO

2

. 

The effect of Si content on the corrosion rate of sheet 

samples tested in steam at 400 and 420 °C is shown in Fig.2b. 

Contrary to the influence of C content, the sheets’ corrosion 

rate reduces continuously under two conditions with the 

increase of Si content. The appearance of three sheet samples 

exposed in steam at 400 °C for 300 d shown in Fig.3d~3f has 

further demonstrated the results. The samples’ surface with a 

high Si content is still dark and bright, while other samples 

with a lower Si content exhibit a large amount of gray spots. 

The mass gain versus time curves for the sheet samples 

with different Sn and Fe+Cr contents tested in steam at 400 °C 

are given in Fig.2c. When the content of C (0.012wt%) and Si 

(0.010wt%) is fixed, the sheets’ mass gain rate increases with 

the increases of Sn, and decreases with the increases of Fe+Cr. 

However, since high C is used, the four samples have poor 

long-term uniform corrosion performance and little difference 

from each other, which further indicates that high C content is 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Mass gains as a function of C (a), Si (b) and Sn and Fe+Cr (c) contents tested in steam at 400 °C for 300 d and 420 °C for 150 d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Surface morphologies of sheet samples with different C and Si contents tested in steam at 400 °C for 300 d: (a) 0.0035wt% C,         

(b) 0.0075wt% C, (c) 0.0120wt% C; (d) 0.0100wt% Si, (e) 0.0065wt% Si, and (f) 0.0015wt% Si 
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extremely unfavorable to uniform corrosion performance. The 

sample No.8 is designed with ‘low C+ high Si’ composition, 

which shows the best corrosion resistance. In the industrial 

production, it is difficult to stably control the contents of Sn, 

Fe and Cr in a certain range without exceeding ASTM 

standard. Therefore, the key to obtain Zr-4 alloy products with 

excellent corrosion resistance is to strictly control the contents 

of impurity elements, especially C and Si. 

2.2  Microstructure analysis 

  Fig.4 shows the distribution and statistical results of second 

phase particles in the sheet samples with different C and Si 

contents analyzed by TEM. From the comparison between 

Fig.4a and 4b, it can be found that the area fraction of second 

phase particles increases from 0.82% to 1.61%, and the 

average diameter increases from 65 nm to 75 nm with the 

increase of Si content, which indicates that the increase of Si 

content obviously promotes the precipitation of second phase 

particles. Meanwhile, comparing Fig.4b with 4c, the area 

fraction decreases from 1.61% to 1.01%, and the average 

diameter decreases to 58 nm due to the increase of C content 

in the case of high Si content, indicating that the increase of C 

content significantly inhibits the precipitation of second phase 

particles. 

In order to explain the effect mechanism of C and Si 

contents on the distribution of second phase particles in the 

sheet samples, the quenching process was retrospectively 

analyzed. Fig.5 shows the comparison of quenching 

microstructures and second phase particles of billets with 

different C and Si contents. As shown in Fig.5a, when the 

content of C is high, a large number of nucleation sites (Zr-C 

particles of fcc structure) are provided for the α phase inside 

the β grain. Due to the symmetry of the cubic β-Zr, the α lath 

can grow on a plurality of eutectoid surfaces, and is cut off by 

other α laths growing at the same time before being long, thus 

forming a parallel plate structure

[23]

. As shown in Fig.5b, when 

the content of C is low, these nucleation sites are rare or 

non-existent. The α lath starts to grow from the β-phase grain 

boundary. Because only one eutectoid surface is most 

favorable for growth, a group of such α laths grow together 

into the β grain, finally forming a crisscross basket weave 

structure. In addition, according to the report

[14]

, when the 

solution temperature is lower than 1200 °C, the content of Si 

has no obvious influence on the type of quenching 

microstructures. 

As shown in Fig.5c~5f, a large number of second phase 

particles (Zr(FeCr)

2

) can precipitate freely along the grain 

boundaries of parallel plate structure. However, it seems 

difficult to precipitate in the basket weave structure. Although 

the billet still needs to undergo a series of heat treatment 

processes, these processes can only change the size of second 

phase particles to a certain extent, and it is difficult to affect 

the quantity. Meanwhile, according to the report

[14]

, compared 

to the basket weave structure, the parallel plate structure 

seems to be more easily broken in the subsequent rolling 

process, thus facilitating the secondary precipitation of second 

phase particles. Therefore, it can be concluded that the C 

content affects the initial quenching microstructures and 

precipitation of second phase particles, and thus affects the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Distribution of second phase particles in the sheet samples with different C and Si contents: (a) C-0.0035 wt%, Si-0.0015 wt%;        

(b) C-0.0035 wt%, Si-0.010 wt%; (c) C-0.012 wt%, Si-0.010 wt% 
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Fig.5  Quenching microstructures and second phase particles of billets with different C and Si contents: (a) PP structure; (b) BW structure;     

(c) SPP along PP structure boundary; (d) SPP in the BW structure; (e) EDS spectrum of point 1 in Fig5c; (f) EDS spectrum of point 2 in 

Fig.5d 

 

corrosion resistance of Zr-4 alloy. 

For the sheet samples with low C and high Si, the 

segregation of elements on the interface was analyzed by 

3DAP. As can be seen from Fig.6, there are two areas with 

different Fe and Cr contents: enrichment area and barren area. 

In order to distinguish the two regions, one-dimensional 

concentration distribution map was made along the arrow 

direction in Fig.7, and the iso-concentration surface of Fe and 

Cr are obtained as shown in Fig.7b and 7c, respectively, with 

the Fe concentration 2at%, and the Cr concentration 2.5at%. 

In the one-dimensional concentration distribution diagram of 

C and Si (Fig.8), it is observed that Si has segregation on the 

interface of second phase and matrix phase. 

In order to explore the segregation of C and Si elements in 

the sample, XPS was used to continue in-depth analysis of low 

C and high Si samples. Pickling treatment before the test can 

remove surface pollution, but also destroy the information of 

sample surface, so each sample was compared with two 

groups of data of pickling and non-pickling. 

  The Si fine spectra of pickled and un-pickled samples 

etched for different time are shown in Fig.9a and 9b. It can be 

seen that there is a characteristic peak with a binding energy 

of about 101 eV (as shown by arrow 1 in Fig.9a) when the 

pickled samples are etched for 0 s, when Si exists in the form 

of SiO

2

. When samples are etched for 1150 s, there is a 

characteristic peak with a binding energy of about 97 eV (as 

shown by arrow 2 in Fig.9a), when Si exists in the form of 

monatomic silicon. No characteristic peak of Si is detected 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Different atomic three-dimensional space distribution maps 
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Fig.7  Atomic three-dimensional space distribution maps 

 

after etching is continued. The characteristic peak with a 

binding energy of about 101 eV exists in the un-etched sample 

during etching for 0 s to 1150 s, and the intensity of 

characteristic peak gradually decreases with the increase of 

etching time (as shown by arrows 1~4 in Fig.9b), when Si 

exists in the form of SiO

2

. When etching for 0~1150 s, there is 

a characteristic peak with a binding energy of about 98 eV (as 

shown by arrows 5~8 in Fig.9b), and Si exhibits the form of 

monatomic silicon. No characteristic peak of Si is detected 

after 1150 s etching. This further indicates that Si does indeed 

agglomerate on the matrix surface. 

The C fine spectra of pickled and un-pickled samples etched 

for different time are shown in Fig.9c and 9d. It can be seen that 

there is a characteristic peak with a binding energy of 284.8 eV 

(as shown by arrow 1 in Fig.9c and 9d) on the surface of both 

samples etched for 0 s, when C exists in the form of C-C 

adsorption. A characteristic peak with a binding energy of about 

282 eV exists in the un-etched sample after 60 s of etching. At 

this time, the adsorbed C on the surface has been removed, and 

C exists in the bound state (Zr-C, B.E.=282.1 eV). This further 

indicates that C does have surface segregation. 

2.3  Relationship between microstructure and corrosion 

performance

[24-26]

 

Regarding the mechanism of how the composition and A 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  One dimensional concentration distribution of C and Si in the 

arrow direction of Fig.7a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Si and C fine spectra of pickled and un-pickled samples etched for different time: (a) Si-pickled sample, (b) Si-un-pickled sample, 

(c) C-pickled sample, and (d) C-un-pickled sample 
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value affect the distribution of second phase particles of Zr-4 

alloy and further affect its corrosion resistance, Anada

[27]

 

pointed out that if the A value is insufficient, there will be a 

large number of fine second phase particles in the sheet 

samples. As shown in Fig.10a and 10c, Fe and Cr in these fine 

particles easily diffuse into the surrounding ZrO

2

 oxide layer 

to form FeO and Cr

2

O

3

, resulting in local stress increase in the 

oxide layer. The columnar structure of local ZrO

2

 oxide film 

will be destroyed and begin to transform into fine equiaxed 

structure. As shown in Fig.10e and 10g, further evolution will 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Effect of silicon contents on the second phase particles: (a, c, e, g) low Si content and (b, d, f, h) high Si content 
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result in macroscopic local ‘island’ spots. Correspondingly, it 

shows the higher corrosion mass gain than the samples of fine 

equiaxed structure. 

In this paper, it is considered that the corrosion resistance of 

Zr-4 alloy is closely related to the distribution of second phase 

particles. On the one hand, improvement of corrosion 

resistance can be achieved by increasing the precipitation 

quantity and size of second phase particles, for example, 

increasing the cumulative annealing parameter (A value), but 

this may deteriorate nodular corrosion resistance. On the other 

hand, it can also be realized by providing an ‘isolation layer’ 

for precipitating fine second phase particles to delay or weaken 

their oxidation rate, thus giving consideration to corrosion 

performance. As shown in Fig.10b and 10d, microanalysis 

shows that SiO

2

 and Si enriched around the second phase 

particles can isolate the fine particles from the outside O

2-

, and 

prevent Fe and Cr from being diffused and oxidized. As shown 

in Fig.10f and 10h, the columnar crystal structure of the ZrO

2

 

oxide film is maintained effectively, and thus the thickness of 

oxide film is uniform and consistent. 

3  Conclusions 

1) Reducing Sn content and increasing Fe+Cr content are 

beneficial to uniform corrosion performance of Zr-4 alloy at 

400 °C steam. Taking into account the control difficulty of 

industrial production, the key to obtain Zr-4 alloy products 

with excellent corrosion resistance is to reduce the C content 

and increase Si content. 

2) Carbon is easily enriched in the form of Zr-C on the matrix 

surface, and its content mainly affects the corrosion resistance 

by affecting the precipitation of second phase particles. 

3) Silicon tends to agglomerate in the form of SiO

2

 around 

the second phase particles, and plays a role in delay or weaken 

the oxidation of second phase particles, thus improving the 

corrosion resistance of Zr-4 alloy. 

4) Compared to increasing the cumulative annealing 

parameter (A value), it is more suitable to use the ‘low C 

content and high Si content’ component to obtain the Zr-4 

alloy products with excellent corrosion resistance. 
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