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ABSTRACT

QinShan Phase | NPP is the first domestic commercial PWR, its spent fuel rods were
transferred to CIAE hot cells for post irradiation examination. The cladding material
of the fuel rods is Zr-4 and the pellets are UO, with the enrichment of 3.4%, the
length of the fuel rods are 3200mm. After the non-destructive examination, a fuel rod
which has maximum burn up (up to 40GWd/tU) was chosen for destructive
examination, in which, metallography and microanalysis have been done. The
metallography specimens were sampled from 7 positions between the grids. The
contents of the metallography examination and microanalysis include cladding
oxidation, corrosion, hydriding, PCI, microstructure of fuel pins, and so on. This
paper presents the results of metallography and microanalysis of the Qinshan NPP
spent fuel rods.

1. Introduction

QinShan Phase | NPP is the first commercial PWR in China, it went critical in 1991 and its
electric power was designed to 300MW. The fuel assembly is model of FA300 which was
designed by Shanghai Nuclear Engineering Research and Design Institute (SNERDI) and
manufactured by CNNC Jianzhong Nuclear Fuel Co.,Ltd (CINF). In order to assess the
irradiation properties of the fuel assembly, 8 spent fuel rods which were drew out from 3 fuel
assemblies were transferred to CIAE hot cells for post irradiation examination (PIE). The
burnup of these fuel rods are between 34GWd/tU and 40 GWd/tU, the detail information of the
fuel rods are shown in Table 1.

After the non-destructive examination, a fuel rod which has maximum burn up (up to
40GWd/tU) was chosen for destructive examination, in which, metallography and
ceramography have been done to characterize the microstructure of the cladding and fuel pins.
The contents of the metallography examination and microanalysis are as follows:

A The macro- and micro- structure of the fuel pellets;

A The corrosion of the outer and inner face of the cladding;

A The observation of the Pellet and Cladding Interaction (PCI)

A The observation of the hydride of the cladding and the analysis of hydrogen

content

This paper presents the results of metallography and microanalysis for the Qinshan Phase |
NPP spent fuel rod with burn up of 40 GWd/tU.

Iltem parameter
The length of fuel rods 3200 mm
The diameter of fuel rods A10 mm
The thickness of the cladding 0.7 mm
The height of fuel pin 10 mm
The diameter of fuel pin A8. 43 mm
The cumulative height of fuel pins 2900 mm
The type of cladding Zr-4
The type of fuel pin UO2 with the enrichment of 3.4%

Table 1: the basic information of the Qinshan Phase | NPP fuel rods



2. The process of the metallography preparation
2.1 Fuel rod cutting and sampling

There are 8 grids and 7 spans from bottom to top of the fuel rod, the positions where the
specimens were cut are on each spans. There are 9 specimens sampled from these 7
positions on the fuel rod, include 7 cross section specimens and 2 axial section specimens.

The process of cutting and sampling include 3 steps: firstly, 100mm length short segments
were cut from these specified positions of the fuel rod; secondly, the short segments were
vacuum resin impregnated in order to fix the cracked pellets; thirdly, the metallography
specimens were sampled from the short segments by low speed saw. The indices of these
specimens and the sampling positions are shown in Table 2.

Specimens | Specimens | Distance from the Positions
type indices bottom F mme
MET1-C 140 Span 1
MET2-C 560 Span 2
MET3-C 1000 Span 3
Cross section MET4-C 1410 Span 4
MET5-C 1870 Span 5
MET6-C 2350 Span 6
MET7-C 2880 Span 7
Axial section MET4-T 1390 Span 4
MET6-T 2360 Span 6

Table 2: The indices of these specimens and the sampling positions
2.2 Metallography Preparation

After cutting and sampling, the specimens were vacuum resin impregnated again with
standard sample rings, and then these were grinded and polished by Automatic Grinding &
Polishing machine in the metallography preparation hot cell, as shown on Fig. 1.

The observation method is optical microscopy, and there are 3 steps: (a) Direct observation
after polishing; (b) Observation after etching of the cladding for revealing the hydride
microstructure, morphology and distribution. The etching solution of cladding is a solution of
HNO; (70%) : HF (48%) : H,0,(30%) =8:1:1, the etching time is 10~20s; (c) Observation after
etching of the UO, pellet for obtaining the microstructure of UO, grains. The etching solution of
pellet is a solution of H,SO, (98%) : H,0, (30%) =1:9, the etching time is 5~60s, which depends
on the burnup of the pellet;

Fig.1 The metallography preparation hot cell in CIAE



3. Results and Analysis
3.1 Themacrostructure and the crackof the pellets
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Fig. 2 The ceramography of the fuel pellets of all specimens

The macrostructure and the crack of the fuel pellets of all specimens are shown on Fig. 2, it can
be found out that the cracks of the pellets mainly are radial except MET7-C which has a
circumferential crack; the shape of the pellets does not change significantly. Under low
magnification, the phenomenon of the black ring on the pellets is not found, that reveals the
FGs bubbles did not migrate and accumulate, which means the temperature of the pellets is
not over 12003 . Normally, the FGs bubbles migrate from the centre of the pellets to the rim



inverse the temperature gradient and accumulate where the temperature is 1200N , so that the
black ring appear on the cross section of the pellets!™.

3.2 Porosity

The porosity of the pellets was obtained by image analysis method. In the process of the
metallography preparation, some fuel grains dropped out and the holes looked like pore leave
on the sample surface, the porosity ceramography of the pellets include these fgray spotsoof
these holes. So, porosity calculation is required to exclude these false fgray spotsa

The si ze distri but i spotsoo fi n porosityederdarnsography rwasy analyzed
statistically and the result was shown on Fig. 3. Normally, the size distribution of true porosity
follows the law of Gaussian Distribution, from the Fig.3, it can be found that the fi g r spogsoof
0.25~3um size follow the law of Gaussian Distribution, so these A g rspoysoare considered to
be true porosities, the average size of the true porosities is 1um.

The porosity calculation only count the A g r spotso of 0.25~3um range. Fig. 4 shows the
change of the fuel porosity due to fuel rod positions in the axial direction, it can be seen that the
porosity of the middle segment of fuel rod where the relative burnup is high is lower than that of
the ends of the fuel rod. The porosity of the fuel rod is a range of 1.4~3.6% and the average
value is 2.3%.

& MET7
METS |
MET3 |
MET1 |
@
0.1+ r. . E
g .~~ ’3 .
= o e
g L] 0’0.. 0'%
5 ] s ms -
o 0.01-3. = .l'. * ‘ 9
. 2
..
1e L]
1E-3 L S —
0.1 1 10

diameter (um)
Fig.3 The porosity size distribution of irradiation UO, fuel

5 v T v T T T 1

. : — —
y Cs-137 —m— Porosity
| “~

4
L] >
\ Q
: &
— 34 ] ©
S R
[3p]
= > 2
g 2 (&]
S 24 n =
o o c
< S
u (2
>

14

0 — o
0 500 1000 1500 2000 2500 3000

Position (from bottom to top) (mm)
Fig.4 The change of the fuel porosity in the axial direction of the fuel rod



3.3 Fuel grain

After the chemical etching of the pellets, the microstructure of the fuel grain was observed. The
results show that all specimenségrains are equiax crystal and the phenomenon of the UO,
grain growth is not obvious, the photographs of the UO, grain microstructure of different
regions in radial direction are shown on Fig. 5. Meanwhile, the small gas bubbles of inner
crystal can be observed after etching of the pellets as shown on Fig. 6, the quantity of which in
rim of pellet is more than in other region. The size of the UO, grains can be calculated by Area
Method and the average size of the grains is 7.2um.

(a) Rim Region (b) Intermediate Region (c) Center Region
Fig. 5 The UO; grain microstructure of different region in radial direction (MET5-C)

Fig. 6 The small gas bubbles of inner crystal
3.4 Watersideoxide film of the cladding

The waterside oxide film of the cladding is continuous and dense overall, but in some local
positions, the oxide film is porous and cracked. The typical metallography of waterside oxide
film of cladding is shown on Fig. 7, in which, photograph (a) is a continuous and dense oxide
film and photograph (b) shows the porosities and cracks in some oxide film.

Fig. 8 shows the relationship of the thickness of waterside oxide film and the position of the fuel
rod in axial direction, the position of maximum thickness of oxide film is span 6 of fuel rod and
the maximum value of that is 23um, which is within the range of the other PIE data of PWR fuel
as shown on Fig. 9.2EIH]



(a) continuous and dense waterside oxide film (b) porosities and cracks in oxide film
Fig. 7 Typical metallography of waterside oxide film
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Fig. 8 The relationship of the thickness of waterside oxide film and the position of the fuel rod
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3.5 The cladding inner surface corrosion and the gaplsetween cladding and pellets

The result of the observation of the cladding inner surface shows that no corrosion is happened
for all samples except MET4-C sample, in which there are 4 localized corrosion and the size of
maximum corrosion is 117um (length) x 9um (depth), the positions and the photography of the
localized corrosion in the inner surface of the MET4-C sample are shown on Fig. 10.

The gaps between cladding and pellets of all samples are obvious and the PCI phenomena is
not found. Fig. 11 shows the change of the gap of cladding and pellets in the axial direction of
the fuel rod, that indicates the gap of cladding and pellets is growing from the bottom to top of
the fuel rod. The average value of the gaps is 34um, which is 40% of original value (85um).

Corrosion
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Fig. 11 The change of the gap of cladding and pellet in the axial direction of the fuel rod

3.6 Hydride of the cladding
(a) The distribution of hydride

Fig. 12 and Fig. 13 are typical photographs of the hydride morphology on the cross section and
the axial section of the cladding, which show that the hydride distribute on the outer wall and
near the inner wall of cladding mainly, the hydride orientation is consistent generally, that is the
direction of the hydride is along circle of the cladding.



Fig.13 The hydride distribution on the axial section of cladding

(b) The hydrogen content of cladding

The hydrogen content of cladding is analyzed quantitatively by Image Analysis Method. That is,
firstly, the relationship of the hydrogen content of cladding and the area ratio of hydride was
established using the metallography of standard Zr-4 samples with specific hydrogen content
as shown on Fig.14, moreover, the formula about the hydrogen content and the area ratio of
hydride is fit as follow:
H =43* A°"® 1)

In which, fiHOmeans the hydrogen content of cladding (unit: ppm), fFAdmeans the area ratio of
hydride (unit: %). Then the area ratio of hydride of the fuel rod samples were obtained by the
same method as standard Zr-4 samples and the hydrogen content of cladding were calculated
by formula (1), the results are shown in Table. 3, in which, it can be found that the maximum
hydrogen content is 150ppm with the sample of Span 6 of the fuel rod. Fig. 15 shows the
change of the hydrogen content in the axial direction of the fuel rod, Fig. 16 shows the
relationship of the hydrogen content and the thickness of waterside oxide film, which indicates
they are proportional relation.

In addition, the hydride orientation factor fss is calculated by the general method® and the
results are shown in Table. 3 also, the f;s of the cladding is a range of 0.1~0.25 and the
average value is 0.15. Fig. 17 shows the the relationship of f,5 and the hydrogen content of the
fuel rod, it can be found that the f,5s decreases with the growth of the hydrogen content, this
phenomenon is advantageous for the property of the cladding.



Distance from Hydride

specimens thre rt:}c;;tgm A (%) H (ppm) fre
MET1-C 140 1.2 49 0.25
MET2-C 560 2.0 72 0.21
MET3-C 1000 2.2 78 0.15
MET4-C 1410 3.0 98 0.12
MET5-C 1870 3.7 115 0.10
MET6-C 2350 5.3 150 0.10
MET7-C 2880 2.9 96 0.15
Ave. - 2.9 94 0.15

Table. 2 The results of hydrogen content and f4s of the fuel rod samples
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Fig. 14 Hydrogen content analysis curve

Fig. 15 The change of the hydrogen content in the axial direction of the fuel rod




