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Abstract

This paper focuses on the development of a semi-automatic calculation tool to measure the Mean Linear Intercept (MLI) grain

size of ceramics and other materials.

The calculation tool was first verified and validated by using a certified micro-ruler and literature microstructures. It was
then used to investigate the grain growth of UO, pellets elaborated under different conditions. The tool offers the advantage of
accuracy as well as the ability to quantify microstructures obtained with poor image quality. The estimated measurement errors

were found to be less than 1 pm.

The developed tool, mainly for the purpose of time-saving, allowed us to follow the microstructure (grain size) evolution

of the elaborated UO, fuel with different additives.
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1. Introduction

Grain size is the most commonly performed micro-
structural measurement, whether for quality control or
research purposes (Vander-Voort, 1993). Its determina-
tion with accuracy requires high-quality images using
optical microscopy.

The grain size of UO,is an important parameter
in the performance of reactor fuel elements (White,
1997). After the Fukushima accident in 2011, accident
tolerant fuels (ATF) attracted considerable attention
from researchers. One of the ATF fuel types, large grain
UO, fuel is characterized by the greatly increased UO,
grain size, achieved with certain additives (Zhong et al.,
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2021). Thereby, it can reach higher burn-up than normal
UO, fuel (Hastings, 1983; Milena-Pérez et al., 2021;
Turnbull, 1974; Une et al., 1993). Many authors have
investigated the effect of process parameters on the grain
growth of UO, pellets, which mainly include chemical
additives (dopants) and recycled material (U,O,) (Bour-
geois et al., 2001; Song et al., 2000; Yang et al., 2012).

Measurement of grain growth can be done by
any of the microscopy techniques described by some
standards (ASTM E112, 2013; ASTM E1382, 2015).
ASTM E112 describes the linear intercept method in
general and the Heyn procedure (Heyn, 1903) in partic-
ular to measure grain size by image analysis. However,
this method is manual and does not describe any auto-
mated procedure for grain size measuring.
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In recent years, image analyzers for grain size
measurement have become much more powerful, fast-
er, and fully automated. However, when automatic im-
age analyzers are employed, poor microstructure quali-
ty leads to measurement errors.

Automatic image analysis methods are based on
statistical estimations. They could provide the correct
result if all the grain boundaries are revealed yet this is
never the case.

The mean grain size of a ceramic is almost always
determined either manually or semi-automatically, us-
ing too few grains (Arnould et al., 2001). The revealing
of ceramic oxide microstructures is generally difficult.
For example, the chemical etching of uranium dioxide
(UO,) is difficult to control and reproduce, and reveal-
ing grain boundaries is often incomplete. Moreover,
inclusions and other similar constituents within grains
may be detected as grain boundaries. For all these rea-
sons, a semi-automatic tool to determine the grain size
is needed. The study aims to verify and validate the
developed semi-automatic calculator tool. This tool is
then used to investigate the grain size measurements
for UO, pellets elaborated under different conditions.

2. Material and methods

The grain size measurements of multiple images at dif-
ferent magnification scales (literature and elaborated
microstructures) were performed using the developed
tool. This tool was first calibrated using a Zeiss certi-
fied ruler (Zeiss, 1 mm).

2.1. Sample preparation

Metallographic sample preparation must be controlled
to produce acceptable quality surfaces for microstruc-
ture analysis using the calculation tool. This can be
done by following standards such as the American So-
ciety for Testing and Materials (ASTM E3 or C1868).

2.2. Grain size calculation

The mean linear intercept (MLI) method is a com-
mon, widely used way to calculate averaged grain sizes
(Abrams, 1971; Higginson & Sellar, 2003; Koskenniska
et al., 2020). It is described in detail in the ASTM E112
standard (ASTM E112, 2013). In this method, horizon-
tal and/or vertical lines are drawn on the microstructure
images, and the number of times each line segment in-
tersects a grain boundary is counted. An intersection is

a point (1) where a test line crosses a grain boundary.
Segments at the end of a test line, which penetrate into
a grain, are scored as half intercepts (1/2). A tangential
intersection with a grain boundary should be scored as
one intersection (1). An intersection coinciding with the
junction of three grains should be noted as 1 & 1/2.

The average size is given by using Equations (1)
and (2) (Abrams, 1971; Higginson & Sellar, 2003;
Koskenniska et al., 2020).

-2t )
X

where: L — MLI; YL — actual size of measurement lines;
>x — measurement line interceptions with the grain
boundaries.

Image magnification is used to convert measure-
ment lines into actual size as shown by Equation (2).

L
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where: L, —length of measure line in an image; L, —ac-
tual size length of a gauge line; L= length of a gauge
line in an image.

In case of biphasic material, the MLI should be
expressed (ASTM E1382, 2015) by multiplying the Ex-
pression (1) by the area fraction A_A relating to the phase
of interest:

_ L —
L,= Z_ A, (3 )
>x
Statistical errors in grain size measurement were
calculated as the mean standard deviation.

2.3. Calculator tool

Manual methods for grain size measurement are de-
scribed in detail in the ASTM E112 standard. Those
methods are time-consuming and less efficient because
of possible human errors. Furthermore, as the required
precision is high, there is a great need for its automation.

A novel calculator tool written using visual Pascal
language has been developed to measure the MLI grain
size of materials. Its principle is to calculate the number
of intercepts at the intersection of a test line of known
length with the grain interface, and use the intercept per
unit length to determine the MLI grain size. The magni-
fication is chosen so that at least 100 grains are within the
test area. At the end of the measurements, the MLI grain
size is calculated by dividing the total length of measure
lines by the amount of grain boundary intercepts. The
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calculator tool include an algorithm that was established — Click suitably on each intercept to define its nature

to measure the MLI grain size for each test line. As can (single intercept, tangent, end or triple). The op-

be seen in Figure 1, its interface is presented in the form erator uses the left and right mouse buttons com-

of windows inviting the operator to sequentially: bined with the Ctrl or shift keys on the keyboard

— Load the micrograph image to be characterized to define the nature of the intercept (Fig. 1d). The

(Fig. 1a). user is invited to redo the estimate MLI on anoth-

— Define the used measurement calibration factor or er field; otherwise, the measurements are finished

the used magnification (Fig. 1b). and the developed tool calculates the MLI grain

— Choose the appropriate zoom, which allows dis- size of all the fields processed (Fig. le). In the case

playing of enough grains to draw a test line. of a material having more than one phase, the frac-

— Trace a test line using two consecutive clicks on tion of the phase of interest is taken into account in
the image (Fig. 1c). the MLI calculations.
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Fig. 1. Illustration of sequential steps of MLI measurements by calculator tool: a) image acquiring; b) calibration factor setting;
¢) preparing and tracing of a segment; d) intercept processing for the traced segment (nature of intercepts); e¢) summary report
of MLI results
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3. Results

In this work, the developed procedure principle is to
measure grain size semi-automatically by drawing
a line on every grain using the calculator tool. Grain
size quantification of literature and elaborated UO,
microstructures were done using the developed tool as
described above.

3.1. Verification and validation of
the calculator tool

Before using the developed calculator tool to study the
additions effect on elaborated UO, pellets microstruc-
tures, we have to verify that it meets the requirements
for the specified application. For this purpose, the tool
was first tested using a certified Zeiss graduated rul-
er and then literature micrographs. A computer drawn
microstructure from the literature (Dortmans et al.,
1993; Fig. 1) was used for grain size quantification.
This microstructure was generated as a pseudo-random
two-dimensional Dirichlet tessellation and contained
350 grains with non-porosity. On the original image,
159 mm is equal to 691 pixels, thus the calibration fac-
tor calculated is 0.23 mm/pixel.

For the repeatability of the grain size measure-
ments using the calculator tool, five tests were carried
out with the computer drawn microstructure. The re-
sults are shown in Table 1.

Table 1. Computer drawn microstructure
and measured grain sizes by the calculator tool [mm)]

Trials 1 2 3 4 5
Grain size 726 | 7.32 | 7.17 | 7.33 | 7.39
Mean grain size (Z) 7.29
Standard deviation 0.07

for L

An example (3% test in Table 1) of the grain size
measurement results obtained with the tool after the fi-
nal processing step is presented in Figure le. The grain
size was automatically calculated for each line. The re-
sult of the measurements was an arithmetic mean of the
different grain sizes obtained.

As we can see in Figure le, the test lines number is
13, the number of intercepts at the intersection of a test
line with the grain interface (grain boundary) is 284.5
and the MLI grain size is ~7.17 mm.

The grain sizes results obtained by 04 differ-
ent operators using the computer drawn microstruc-
ture are summarized in Table 2. The mean grain size

obtained is 7.29 mm with a standard deviation of
0.08 mm. Dortmans et al. (1993) reported the mean
grain size result of measurements carried out by twen-
ty-five participants from different countries. They
found 7.01 mm + 0.41 mm.

The amount of scatter, defined as “2 - standard de-
viation/mean value”, between the four operators is less
than 2.5%. This scatter is probably due to the influence
of the random positioning of lines on the micrograph
and the misinterpretation of grain boundaries.

Some UO, micrographs from previous literature
(Ben Saada, 2017; Gonzaga et al., 2008; Song et al.,
2000) were selected for grain size measurement using
the calculator tool. The grain boundaries of some of
these micrographs are not all fulfilled. Moreover, the
interior of some grains is of different intensity value
from the neighboring grains. This is mainly due to the
etching process that is a manual skill based process. By
using commercially available image analysis software,
it is difficult to analyze these micrographs.

The measurement results obtained by four op-
erators for the literature UO, pellets micrographs are
shown in Table 2. The means grain sizes measured after
processing the two first UO, micrographs (Ben Saada,
2017; Figs. 11a, b) are respectively 4.65 pm +0.88 pm
(ref. Ben Saada, 2017; Fig. 11a; measurement: <10 um)
and 23.50 pm +0.92 pm (ref. Ben Saada, 2017; Fig. 11b;
measurement: >20 pm). The results are in accordance
with those obtained by micrographs author.

Observation of two other selected UO, micro-
graphs from the literature (Gonzaga et al., 2008; Song
et al., 2000) indicates that the grain boundaries were
better revealed. The interior of grains and the boundary
separating the grains are of different intensity value.
The mean grain sizes obtained using the calculator tool
after processing the micrographs illustrated in works by
Gonzaga et al. (2008; Fig. 6) and Song et al. (2000;
Fig. 9) are 9.73 um £0.95 um and 8.18 pm +0.88 pm
respectively. These values are close to those found by
these authors respectively (9.6 pum — Gonzaga et al.,
2008, and 08 um — Song et al., 2000; see Table 2).

3.2. Elaboration of UO, pellets with additives

Three different uranium dioxide (UO,) fuels with var-
ious additions have been fabricated and characterized.
5 wt% U,0, and 0.2 wt% Cr,O, were added to pure
UO, powder, which was produced through the Ammo-
nium Uranyl Carbonates (AUC) process. The O/U ratio
of the pure UO, powder is 2.11. The specific BET sur-
face areas of the UO, and U,0, powders are 5.8 m’/g
and 0.8 m%g, respectively.
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Table 2. Grains sizes results obtained by 04 operators using literature UO, pellets micrographs

Mean grains size [pm]
Micrograph
[ref.] operator 1 operator 2 operator 3 operator 4 four operators Literature data
Dortmans et al.,
1993; Fig, 1 7.17 7.39 7.31 7.31 7.29 £0.08 7.01 £0.41
Ben Saada, 2017; 5.15 5.85 3.77 3.83 4.65+0.88 <10
Fig. 11a
Ben Saada, 2017; 1 55 g 22.96 22.90 23.05 23.500.92 20
Fig. 11b
Gonzaga et al.,
2008 Fig. 6 8.89 9.28 11.34 9.40 9.73 £0.95 9.6
Song ;tigl"gzo‘)(); 7.36 8.47 9.50 7.38 8.18 +0.88 8

UO, pellets without additives, the so-called
standard pellets (Std), pellets containing as additive
5 wt% U,O, (oxidized uranium pellet scrap — OS)
or 5 wt% U,O, + 0.2 wt% Cr,0, (oxidized uranium
pellet scrap and chromium oxide — OSCO) were pro-
duced. The two batches OS and OSCO were prepared
by mixing the UO,, U,O, and Cr,0, powders in the
proper proportion in a Turbula mixer for 24 h. The
green pellets were prepared by the conventional pow-
der metallurgy technique. All samples were pressed
into green pellets at 400 MPa. Sintering of the green
pellets was done in a furnace at 1550°C and 1600°C
for 3 h in reducing atmosphere (Ar-10% H)) with
a 10°C/min heating rate.

The microstructure preparation of UO, pellets
was made in accordance with ASTM C1868 (ASTM
C1868, 2018) relating to the ceramographic prepara-
tion of namely UQ, pellets for microstructural analysis.
The sintered pellets were cut on an axial plan, polished
and chemically attacked (9 : 1 mixture of H,O, with
H,SO,) to distinguish grain boundaries. The metallo-
graphic observations of UO, samples and the photo-
graphs taken were made using an optical microscope
(Zeiss) coupled to a high-resolution digital camera.
The acquisition software used is Karl Zeiss AxioVi-
sion. The magnification calibration was performed with
a certified graduated micro-ruler (Zeiss, 1 mm).

After pressing the powders prepared by the above
process, the cylindrical green pellets obtained have
a diameter and height of the order of 10 mm. Sintered
pellets having about 7.8 mm in diameter and 8.4 cm
in height were formed. The oxygen to uranium (O/U)
ratio of the sintered pellets is between 2.01 and 2.02
(£0.01). Sintered densities determined by the Archime-
des water immersion method are highs (more than 95%
TD — Theoretical Density). The porosity rate of UO,
pellets is therefore low.

3.3. Grain size measurement of
the elaborated UO, pellets

The average grain size of elaborated UO, pellets was
first determined using the calculator tool. It was es-
timated with up to ten images per sample. At least
100 grains were analyzed for each pellet. The results
are summarized in Table 3.

For comparison, other estimates of the UO, pellets
grain size (Tab. 3) were made by the planimetric meth-
od, according to standards ASTM E112 and E1382.
The greatest difference between measurements using
the two methods was 1.5 pm. This is probably due to
the misinterpretation of grain boundaries that are un-
clear in some microstructures.

Table 3. Grain size measurements of the elaborated UO,
pellets using the intercept method (calculator tool) and
planimetric method

Grain size [um]
uo, 1550°C 1600°C
pellets calculator | planimetric | calculator | planimetric
tool method tool method
Std 7 8.3 9 9.1
(0N 8 9.5 11 9.9
OSCO 10 9.8 16 16.0

At 1550°C (Fig. 2) grain size increased slight-
ly (Std pellet: 7 pm; OS pellet: 8 um; OSCO pellet:
10 pm). However, a significant increase in grain size is
obtained for OSCO pellets sintered at 1600°C (Fig. 3,
16 pm). This confirms that the Cr,O, increased the
grain size of UO, fuel.

As expected, larger grains are obtained for higher
sintering temperature and Cr,O, doped pellet. Cr,0O, ad-
dition to UQO, fuel increases the densification rate and
greatly increase the average grain size.

2023, vol. 23, no. 1
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Fig. 2. Microstructures of sintered UO, compacts at 1550°C and elaborated in different conditions
a) Std pellet; b) OS pellet; ¢) OSCO pellet

b)

¢)

Fig. 3. Microstructures of sintered UO, compacts at 1600°C and elaborated in different conditions:
a) Std pellet; b) OS pellet; ¢c) OSCO pellet

Grain boundary energy delivers the driving force
for grain growth. In a pure UO, system (Bourgeois
et al., 2001), the grain growth is determined by grain
boundary diffusion. Cr,0, addition until the solubility
limit of Cr,+ in UQ, is reached (Milena-Pérez et al.,
2021) leads to larger UO, grains because of enhanced
grain boundary mobility.

4. Conclusion

In this paper, a semi-automatic grain size calculator
tool was developed and tested with known images. It is
based on a line intercept procedure of ASTM E112-13
standard and the operator takes part in decision-mak-
ing. Some microstructures from the literature were
quantified for comparison, and the uncertainties of the
results were evaluated. After that, the grain sizes of
elaborated UQ, pellets with additives (U,O, and Cr,0,)
were measured using the calculator tool.

With commercial softwares, poor quality images
introduce significant uncertainties in the evaluation of
microstructural properties of the UO, pellets due to the
computational methodologies used to estimate the av-
erage grain size.

Grain size measurement with the calculator tool
was satisfactory regarding the presented results. It per-
mitted better results to be obtained than by the manual
or automatized method. A large number of grains can
be analyzed, which brings a greater statistical represen-
tation to grain size measurement. In addition, the anal-
ysis of the microstructures stored in the computer can
be quickly repeated and a degree of precision can be
obtained in a short time.

From the discussed results, the measurement
errors (operator errors) were estimated to be less
than 1 um. The amount of scatter between the operators
is probably due to the interpretation of the microstruc-
ture and the influence of random positioning of lines on
the micrographs.
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