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Stability of oxide layers associated under applied external load was investigated for oxide layers formed
on the inner surface of a steel pipe in flowing LBE with respect to fracture behavior, fracture mechanism
and nano-hardness. Ring specimens obtained from the pipe were compressed by a compression test
machine, and a fracture of the inner oxide layers was observed. Cracks crossed the oxide layers occurred
from the interface between the oxide layers and the base metal to the surface of oxide layers and delam-
ination of oxide layers occurred at the Fe–Cr spinel layer in flatted part of compressed ring specimen. In
the compressed part of the ring specimens, all oxide layers were spalled off from the base metal. Engi-
neering strains in the base metal near oxide layers were determined from the deformation of micro-
indentation sizes. A tensile strain component to the circumferential direction was responsible for the
cracking. It appears that the tensile strain component in the radial direction was responsible for the
delamination of the oxide layers. Nano-hardness and Young’s modulus of each oxide layers were mea-
sured by a nano-indentation method for the evaluation of the fracture behavior. Young’s modulus of
Fe–Cr spinel layer is lower than that of Fe3O4 layer by 10% with the same hardness in both layers, which
yields excess strain to the spinel layer rather than to the Fe3O4 layer and consequently causes cracking.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

Lead bismuth eutectic (LBE) is expected as a coolant and/or a
spallation target in a nuclear energy system including an accelera-
tor driven application. One of the main issues for the application is
how to prevent the damage of the structural material steels from
the LBE corrosion attacks. The oxide layers, which are formed on
the steels by oxygen dissolved in the lead alloy, can be expected
to have a protective effect against dissolution of steels. In practical
system, thermal stress can be generated on the structural materials
by the temperature distribution in a cooling system, a hydrostatic
pressure, a nuclear heat generation and a buckling of the structural
element [1]. Therefore it is important to investigate how oxide lay-
ers behave while their substrate is deformed. Since the protective
effect of the oxide layers is expected not only in liquid lead alloys
but also in the gas condition, the mechanical properties of the
oxide layers formed in air condition have been investigated. The
fracture mechanism of oxide layers caused by the external stress
and oxide growth stress has been reported by Schütze et al. [2,3].
According these reports, the fracture behavior is dependent on
the condition of the oxide layers and the interface between the
oxide layer and the base metal. It is expected that the fractures
of oxide layers formed in LBE show different behavior from them
of the oxide layers formed in the air. In addition, the protective
009 Published by Elsevier B.V. All
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oxide layer formed in LBE was investigated in no-load conditions,
or focused on corrosion mechanism and structure of the oxide for-
mation under loading [4], and nano-indentation technique was ap-
plied to the oxide layer on ferritic–martensitic steel formed in LBE
[5]. However, studies on the stability of oxide layers formed in LBE
under external load have not been investigated yet.

In the present study, a compression test technique is adopted
on pre-oxidized ring specimens to investigate the stability of oxide
layers under applied external load.
2. Experimental methods

2.1. Test specimens

Ring specimens were obtained from a specimen holder channel
in the test section of LBE loop at Mitsui Engineering & Ship-building
Co., Ltd. [6]. The channel was made of a pipe with outer diameter of
48 mm and wall thickness of 3 mm. The pipe was made from the
ferrite/martensite steel HCM12A whose chemical composition is
shown in Table 1.

The inner surface of the pipe had been exposed to flowing LBE
during the loop operation. Table 2 shows the condition of temper-
ature and oxygen concentration in LBE during the operation. The
average velocity of the LBE in the specimen holder channel was
0.5 m/s. The temperature of the LBE was 400–500 �C. The exposure
time in total was 5500 h. Oxygen concentration was controlled in
the range from 1 � 10�5 to 5 � 10�5 wt.% by adding hydrogen
rights reserved.

http://dx.doi.org/10.1016/j.jnucmat.2009.10.026
mailto:yamaki.e.aa@m.titech.ac.jp
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Table 2
The condition of temperature and oxygen concentration in LBE during the operation.

Time (h) Temperature (�C) Oxygen concentration (wt.%)

0–1000 450 5 � 10�6–5 � 10�5

1000–2000 500 2 � 10�5–5 � 10�5

2000–5000 450 1 � 10�5–5 � 10�5

5000–5500 450 5 � 10�6–5 � 10�5

Fig. 2. Directions and positions where indentations were applied on the cross
section.

Table 1
Chemical composition of HCM12A (mass%).

Fe Cr Si Mn Mo C Cu W Ni V

Bal. 10.64 0.3 0.61 0.37 0.14 0.84 1.94 0.32 0.19
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and/or moisture with argon carrier gas, and monitored by a Bi/
Bi2O3 reference type solid electrolyte oxygen sensor.

After the material was exposed to the LBE in the loop, the test
section pipe was cut into 6 mm-wide sections (3 rings). One of
them was used as a sample for a ring compression test while the
one of them was used for nano-indentation measurement. The
cross sections of the sample were polished by #2400 paper and
then by diamond paste. The cross sections of the sample were
characterized using scanning electron microscope (SEM) and en-
ergy dispersive X-ray spectroscopy (EDX) before the mechanical
testing of the oxide layers.

2.2. Ring compression test

A schematic figure of a compression test is shown in Fig. 1. A
ring specimen was fixed between a cross head and a base flat plate
of the mechanical test machine. The specimen was compressed to a
half of initial diameter, 24 mm, at a constant stroke speed of 5 mm/
min.

After the compression test, the cross section and inner surface
of ring specimen were investigated by SEM and EDX.

2.3. Measurement of engineering strains

In order to investigate the distribution of the local engineering
strains which were introduced into the ring by the compression
test, the differences of the size of the indents on the cross section
of the ring before and after compression test were measured. Dia-
mond indents were applied on a cross section of the sample before
the compression test. Vickers hardness indents (490 N for 15 s)
were placed on the sample cross section before the compression
testing of the pipe was performed. Indentations were made on
the sample cross section as shown in Fig. 2. Each line of indents
consists of 10 hardness indents. The size and shape of the indents
Fig. 1. The schematic figure of the compression test.
before and after the compression test was measured using an opti-
cal microscope. Local engineering strains defined by Eq. (1) were
determined from the deference between the initial length of in-
dents before the compression test Linitial and the final length of
the indents after the compression test Lfinal as shown in Fig. 3.

eh; er ¼
Lfinal � Linital

Linitial
ð1Þ

where, eh is the strain to the circumferential direction of the ring,
and er is the strain to the radial direction of the ring.

2.4. Nano-indentation

The nano-hardness measurements were preformed with a
nano-indentation testing machine (ENT-1100a, ELIONIX INC.) to
characterize the mechanical proprieties of the oxide layers and
the base metal. A Berkovich diamond indenter was used for
nano-indentation test. The indents were applied on the cross sec-
tion of the samples at a constant loading rate of 4.9 lN/s up to
4.9 � 10�3 N. Each indent was located 5 lm apart from its sur-
rounding indents. The load was kept for 100 s and then released
fully at the same constant loading rate. Load–displacement dia-
grams were recorded for all loading–unloading process. Nano-
hardness H, plastic hardness HP and Young’s modulus E were calcu-
lated by a standard procedure according to the method of Oliver
and Pharr [7] with the results of load–displacement curves shown
in Fig. 4. The nano-hardness H was determined from peak load Pmax

and projected area of contact AS by

H ¼ Pmax

AS
ð2Þ
Fig. 3. Measurement method of deference of the indent before and after the
compression test.



Fig. 4. A schematic presentation of load versus indenter displacement data for an
indentation experience.

Fig. 5. Cross section of the oxide layers on the inner surface.
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AS was given by

AS ¼ 33=2 tan2 ah2
� �

= sin a ¼ h2
=0:037926 ð3Þ

where, a is the face angle from the vertical axis of the indenter (Ber-
kovich indenter: 65�), and h is the displacement. The reduced mod-
ulus E* of the material is obtained by

E� ¼
ffiffiffiffi
p
p

2
Sffiffiffiffiffi
Ar
p ð4Þ

where, S is the contact stiffness derived from fitting a power law
function to the first 50% of the unloading of the load–displacement
curve, and Ar is the contact projection area. S = dP/dh is the slope of
the load–displacement curve during the unloading cycle. The re-
duced modulus is a combination of effective contact between an in-
denter and a test material. The elastic modulus of the tested
material can be calculated from

1
E�
¼ 1� m2

i

Ei
þ 1� m2

s

ES
ð5Þ

where, ES and ms are Young’s elastic modulus and Poisson’s ratio of
the test material and Ei and mi are Young’s elastic modulus and Pois-
son’s ratio of the indenter. The material parameters Ei = 1050 GPa,
mi = 0.1 and mS = 0.3 were used.

The plastic hardness HP was determined by

HP ¼ 0:037926
Pmax

h2
1

ð6Þ

where, h1 is the displacement determined by extrapolation tangen-
tial line of the load–displacement curve during the unloading cycle
to the horizontal axis in Fig. 4.

The nano-hardness H, the plastic hardness HP and the Young’s
modulus E of each layers were compared to each other.

3. Results

3.1. Oxide layer formation

Fig. 5 shows the SEM images and EDX results of the cross sec-
tion of the ring specimens before compression tests. The average
thickness of oxide layers formed on the specimen is about
17 lm. As shown in the EDX results (Fig. 5b) a double oxide layer
was found; the inner layer contained Fe, Cr and O (9 um) and the
outer layer contained Fe and O (8 um). According to the literature
on oxidation of high chromium martensitic steels in LBE [8–12],
this could be the typical magnetite-spinel structure. Therefore, in
this article these layers will be addressed like this. The thickness
of this layer structure was uniform all over the surface of the sam-
ple. Some voids were observed along the interface between Fe–Cr
spinel and base metal. It is found that these two oxide layers have
no crack and no detachment in the layers with good adhesion
along the interfaces between base metal and Fe–Cr spinel and be-
tween Fe–Cr spinel and Fe3O4.

3.2. Local stain distributions

Fig. 6a shows a specimen after compression. It was compressed
to 24 mm during loading and expanded to 27.5 mm after unload-
ing due to an elastic deformation recovery. The ring was flattened
in the A–B area and the H–I area, and bent in the C–G area.

Fig. 6b shows a strain distribution at the nearest points to the
inner surface, 0.273 mm apart from the interface between the
oxide layer and the base metal shown in Fig. 2b. Strain distribu-
tions are symmetric along the circumferential position and be-
tween radial and circumferential components except for the
positions I and E, respectively. The results of strains shows too little
value at the position I, and a peak value of 15% at the position E.

3.3. Oxide layers cracking

Fig. 7 shows SEM images of the specimen after compression
test. It is found in Fig. 7a that cracks which were across the oxide



Fig. 6. Rings after large deformation of 50%.
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layers from the interface between the oxide layer and the base me-
tal to the surface of oxide layers, and the delamination of oxide lay-
ers occurred at the Fe–Cr spinel layer at the position A as shown in
Fig. 7a. These cracks and delamination are observed on the whole
inner surface the specimen as shown in Fig. 7b. Serveral cracks
were found in the oxide layer in Fig. 7b, where some of cracked vol-
ume was projected and some of cracked volume was delaminated
from the base metal. Intervals between the crack lines are esti-
mated to be a tens lm. Fig. 7c shows the cross section of oxide lay-
ers at the B–C area. The cracks crossed the oxide layers from the
interface between the oxide layer and the base metal in the same
manner as those at the position A. It is recognized that intervals be-
tween crack lines were smaller near the position B and larger near
the position C, and a fewer delamination damages occurred. There
were no cracks and no delaminations in the C–D area as shown in
Fig. 7d. Oxide layers were spalled off from the base metal near the
position E and remained in the base metal near the position C as
shown in Fig. 7e. Fig. 7f shows the cross section of oxide layers
at the position E. In this area, all oxide layers were spalled off from
the base metal.

3.4. Nano-indentation

Fig. 8 shows the average values of hardness, plastic hardness
and Young’s modulus of a base metal, Fe3O4 layer and Fe–Cr spinel
layer. The hardness of the Fe–Cr spinel layer was higher compared
to the hardness of the base metal and the magnetite layer. The
hardness value is more than twice larger than that of the base me-
tal. The hardness value of Fe3O4 is close in value to that of Fe–Cr
spinel, although it was lower. Plastic hardness of the oxide layers
is about four times larger than that of base metal. The plastic hard-
ness of the Fe–Cr spinel layer was higher compared to the plastic
hardness of the base metal and the magnetite layer. The value of
Fe–Cr spinel is more than 2 GPa higher than that of Fe3O4. Young’s
modulus of the base metal is the largest among them, while Fe3O4

shows larger value than Fe–Cr spinel by 10%.
4. Discussions

Cracks and delaminations in the oxide layers were observed on
the specimen deformed by the elastic and plastic deformations
during the loading process and the spring-back caused by the re-
moval of the load. However, the specimen passed through a history
of loading and the removal of the loading. Fig. 9 shows simulated
maximum principal strain distributions of the ring specimen at
fully loaded and unloaded conditions calculated by ABAQUS code
[13]. The model describes a quarter part of the whole ring structure
with having only a base metal property without any consideration
on oxide layers. Arrows show induced strain vectors with an op-
tional value. Tensile strains to the circumferential direction were
induced in the A–B area and near the position B of the B–C area
at fully loaded condition, but disappeared at near the B–C area
after the removal of the load due to re-distribution of strains. Ten-
sile strains to the radial direction were induced in the D–E area and
near the position E of the C–D area at fully loaded condition, but
relaxed in the C–D area after the removal of the load. The shape
of the sample after the compression test shows a similar shape
with that of loaded one in Fig. 9 possibly because of excessive
deformation at the position E in the experiment. Strain distribu-
tions obtained from changes of micro Vickers indentation sizes
showed too little value at the position I and excessive value at
position E as shown in Fig. 6. This might be attributed to the
micro-structure property such as grain boundary or local grain
deformation. It is concluded that a tensile strain component to
the circumferential direction is responsible for the cracking, and
a tensile strain component to the radial direction is responsible
for the delamination of oxide layers (Fig. 10).

From the image of cross section, the strains in the fractured
oxide layers eoxi which is parallel to the circumferential strain were
estimated by

eoxi ¼
dwidth

dinterval þ dwidth
ð7Þ

where, dwidth is the width of cracks crossed the oxide layers and
dinterval is the interval between cracks. From Fig. 6a and c, the strains
in oxide layers at A and B positions eoxi are estimated to be 7% and
5%, respectively. These values are agreeable with measured strains
of circumferential components in the base metal 0.273 mm away
from the interface between the base metal and the oxide layers as
shown in Fig. 6.

The chemical compositions of HCM12A are similar to those of
ferritic–martensitic steels, T91 and HT-9. The samples exposed to
LBE for more than 5500 h in the LBE loop was used, so that some
of oxide layer of Fe3O4 might disappear in flowing condition. How-
ever, the thickness of Fe–Cr spinel layer and that of Fe3O4 are 8 lm
and 9 lm, respectively, according to Fig. 5. Hosemann et al. mea-
sured the nano-hardness of oxide layers of T91 and HT-9 by means
of nano-indentation[5], and reported that the hardness of Fe–Cr
spinel and Fe3O4 layers on the HT-9 was around 10 GPa, which
was nearly equal to the hardness of the oxide layers reported in
this study. Young’s modulus of the base metal is the largest among



Fig. 7. SEM images of the ring specimen after large deformation compression test.
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them, while Fe3O4 of 230 GPa is larger than that of Fe–Cr spinel by
10%, which is also similar to HT-9. The mechanical properties mea-
sured by nano-indentation of the oxide layers formed on HCM12A
in LBE are similar to the measured properties of HT-9 in [5].
According to the reports by Nicholls et al. [14] and by Robertson
and Manning [15], the E-modulus of FeCr2O4 and that of Fe3O4

measured of single crystals at room temperature is 233 GPa (Fe-
Cr2O4) and 210 GPa (Fe3O4). These values are similar to the results
of this study.

The strain introduced to the circumferential direction in the
oxide layers caused three types of brittle fracture behaviors of
the oxide layers: cracks crossed the oxide layers, delamination par-
allel to the interface between the oxide layer and the base metal
and spall off of the oxide layers. It is speculated that cracks crossed
the oxide layers appeared first, where the number of the cracks in-
creases with increasing of the circumferential strain; then delami-
nation appeared at the interface between the oxide layer and the
base metal and/or in a plane of Fe–Cr spinel layer; and finally with
increasing of the strain, the oxide layers spall off. This compression
test allows observing that there are two kinds of critical strains at
the same time: one of them was the critical strain for cracking
crossed the oxide layers, eC,1, another was that for the delamina-
tion, eC,2. The eC,1 is generally given by the Eq. (8) [2,3],

eC;1 ¼
K Ic

fEoxide

ffiffiffiffiffiffi
pc
p ð8Þ

where, KIc is the fracture toughness of the oxide sales, f is geomet-
rical values of a surface notch of infinite length, c is half the length



Fig. 10. Detailed SEM observation of fractured oxide layers of Fig. 7b.

Fig. 8. The average values of hardness, plastic hardness and Young’s modulus of a
base metal, Fe3O4 layer and Fe–Cr spinel layer measured by nano-indentation
method. The vertical lines on the each point show the range of the each values
which were by 20 indents on Fe3O4, 13 indents on Fe–Cr spinel and 10 indents on
the base metal.

Fig. 9. Simulation of maximum principal strain distribution induced at loading
(top) and unloading (bottom) conditions.
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of an embedded defect or the whole length of a surface defect. KIc

can be calculated from surface fracture energy values of the oxide
by

K Ic ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cOEoxide

p
ð9Þ

Because the E-modulus of Fe–Cr spinel is larger than that of
Fe3O4 according to the results of nano-indentation measurement,
eC,1 of Fe–Cr spinel is smaller than Fe3O4. This may be one of the
reasons why cracking crossed the oxide layer started in Fe–Cr spi-
nel layer. The eC,2 can be described by

eC;2 ¼
K Ic

f
ffiffiffiffiffiffi
pc
p � ð1þ r=dÞð1þ mÞ

2Eoxide
ð10Þ

Because eC,2 of Fe–Cr spinel is smaller than Fe3O4, it can be con-
sidered that this is one of the reasons why the delamination crack-
ing occurs in Fe–Cr spinel layer. However, it is found that there are
voids along the interface between Fe–Cr spinel and base metal.
These voids cause the adhesion of the oxide layers decreasing. This
fact may be also one of the reasons for the occurrence of the
delamination.
5. Conclusion

A compression test was performed to investigate the fracture
behavior of the oxide layers formed in LBE under several strain
levels, and nano-indentation measurement was performed to
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measure the mechanical properties of oxide layers and the base
metal (HCM12A). The conclusion could be obtained as follows:

In the flattened area of the compressed specimen, the cracks
across oxide layers occurred from the interface between the oxide
layer and the base metal to the surface of oxide layers, and the
delamination of oxide layers occurred at the Fe–Cr spinel layer.
In the bent area of the compressed ring specimen, all oxide layers
spalled off from the base metal. According to the local deforma-
tions obtained from measured engineering strains of the base me-
tal and calculated maximum principal strain distributions of the
ring specimen, a tensile strain component to the circumferential
direction was responsible for the cracking, and a tensile strain
component to the radial direction was responsible for the delami-
nation of oxide layers.

Cracking occurred due to an excess strain to the spinel layer
rather than Fe3O4 layer that was caused by the fact that the
Young’s modulus of Fe–Cr spinel layer was lower than that of
Fe3O4 layer by 10% with the same hardness in both layers.
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