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Flakes consisting primarily of iron oxide (magnetite) have been discovered in the spaces between tubes and support plates in
steam generators, increasing flow resistance and causing abnormal increases in water levels. To determine the effects of tube
scale on steam generators and to study the fracture and swelling behavior of the flakes, this investigation measured the elastic
modulus, fracture stress, and swelling of scale from the steam generator of the Oconee-2 pressurized water reactor (PWR).
Evidence indicates that the mechanical behavior response of the flakes is quite complex. The flakes are composed of multiple
layers, each of which exhibits a different mechanical behavior. The fracture stress of the strongest flake materials tested was in
the range of 117 to 165 MPa (17 to 24 ksi). Thin, single-layered specimens exhibited moduli in the range of 137880 to 227502
MPa (20 to 33X 10° psi) and layered specimens from 48258 to 86175 MPa (7.0 to 12.5X 10° psi) at room temperature. There
does not appear to be a substantial change in the range of stresses measured at elevated temperatures.

1. Introduction

Tube scale that consists primarily of iron oxide
(magnetite) may lodge in the spaces between the tubes
and support plates in steam generators, increase flow
resistance, and cause abnormal increases in steam gen-
erator water levels. The hydrodynamic (water slap) pro-
cess for cleaning scale from the tubes can be enhanced
through preconditioning the scale by, for example, pre-
wetting, predrying, or thermal cycling. Better under-
standing of the mechanical properties of the scale will
permit more effective hydrodynamic cleaning. Battelle
used its patented miniature specimen technique * to
measure important specimen properties such as elastic
modulus, fracture stress, and éwelling [1). The Electric
Power Research Institute (EPRI) has published earlier
work on specimens with an oxide layer attached to a
relatively thick substrate [2], but to the best of the
author’s knowledge, the present study is the first at-
tempt to measure bulk properties of the thin flakes
themselves. Studies of the thermal expansion, thermal
conductivity, and curling behavior of the Oconee-2 flake
specimens are reported by Manahan [3).

* The techniques described are explained in part in US Patent
No. 4567774 dated February 4, 1986.

2. Metallography and specimen preparation
2.1. Metallography

Sludge from the generator was sorted and the largest
flakes were removed for metallographic investigation
and specimen preparation. Metallographic studies were
conducted to determine the microstructure of the flakes,
and to determine if anisotropy occurs in the plane
normal to the tube radius. The flakes were found to be
reasonably isotropic. Photomicrographs were made both
before (as-polished) and after etching. The average grain
size near the center of the cross section was determined
to be 0.005 mm (0.2 mils), as shown in figs. 1 and 2.
Near the outside diameter (OD) surface, grains as large
as 0.01 mm (0.5 mils) were observed. Hence, a mini-
mum specimen dimension of about 0.1 mm (5.0 mils) is
required for continuum behavior. The majority of flakes
tested met the continuum thickness requirement.

An important difference was observed between the
surface morphologies of the flake inside diameter (ID)
and OD surfaces. The ID surfaces were noticeably
smoother, with linear striations oriented in the cir-
cumferential direction of the tubes. The OD surfaces
were rougher and porous in appearance. Photomicro-
graphs of the flake cross section confirmed that the
outer surfaces showed appreciable porosity (see fig. 2).
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The etchant used was 45% H,0, 30% HCI, 20% HNO,
and 5% HF.

There appear to be three groupings of grain size for
the flake shown in fig. 2. The small grains are located
near the ID surface and extended through approxi-
mately one-third the thickness of the flake. The inter-
mediate size grains are located in the central portion of
the cross section and extend over a distance of ap-
proximately one-half of the specimen thickness. The
largest size grains are located in the porous region near
the tube OD surface. The number and thickness of the
regions vary widely from flake to flake.

A photomicrograph of a flake sectioned parallel to
the tube axis in the as-polished condition is shown in
fig. 3. Copper-colored particles were observed in the
material. Further work is needed to determine the par-
ticle compositions.

2.2. Specimen preparation

The sorted flakes were found to be irregular in shape
with typical dimensions in the axial direction (i.e., paral-
lel to the tube axis) of 3.81 and 5.08 mm (0.15 to 0.20
inch), along the circumferential direction of about 2.54
mm (0.10 inch), and from 0.1 to 0.2 mm (4.0 to 8.0 mils)
in thickness.

For the determination of elastic modulus and frac-
ture stress, flakes were machined into curved beams that
were tested in a four-point bend fixture. For tests of

swelling, flakes were machined into thin, straight beams.
The bend specimens were machined so that their length
dimension was parallel to the hoop direction of the
Inconel tubes, while the swelling specimens were ori-
ented so that their length was parallel to the tube axis.

As a consequence of the dimensions of the flake
samples received, the length of the bend test specimens
was nominally 2.54 mm (0.10 inch), while the swelling
specimens were up to 5.08 mm (0.20 inch) long. The
bend specimens were machined to a nominal width of
1.91 mm (0.075 inch), and the swelling specimens had a
nominal width of 1.27 mm (0.050 inch).

3. Test methods and results

3.1. Elastic modulus and fracture stress

A four-point static bend test measured the modulus
and fracture stress. For a brittle material such as mag-
netite, four-point bend loading is preferable to three-
point loading. A brittle specimen in a three-point bend
test may not fracture at the point of maximum bending
moment, i.e., at the point of load application. However,
in a four-point bend test, the entire region between the
two loading points is at a constant maximum value of
bending moment. Provided the test specimen fractures
between the two load points, a constant value of maxi-
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Fig. 1. Microstructure of magnetite flake near center of cross section.



L80 M.P. Manahan / Mechanical behavior and swelling of tube scale

Fig. 2. Photomontage of magnetite flake, showing increased porosity toward the OD surface.

mum bending moment may be used in the equations for
fracture strength and modulus.

The bend tests were performed at room temperature
[RT, or 20° C (68° F)] and at 288° C (550 °F), and the
load was increased continuously. Since the nominal
length of the bend specimens was 2.54 mm (0.10 inch),
the specimen support was designed to allow a distance
of 2.03 mm (0.08 inch) between supports, giving the test

beam an overhang of at least 0.25 mm (0.01 inch) on
either side of the support. A one-piece specimen loading
punch, designed with twin blades 1.0 mm (0.04 inch)
apart, slid in'grooves machined in the specimen sup-
port. Because the specimens were small and the dimen-
sional tolerances had’to 'be maintained at the test tem-
perature, the specimen sui)'bor't and loading punch were
machined from Invar, = st
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Fig. 3. Magnetite in the as-polished condition sectioned parallel to the tube axis. White areas are copper-colored particles.

Fig. 4 shows a schematic drawing of the loading
apparatus. The specimen’s support block rests on a
heated stage that can be moved in the x—y direction by
micrometer drives. The load arm is pressed against the
specimen punch by a pneumatic actuator, and this load

Table 1

is reacted through a precision load cell. The rate of load
application is determined using an adjustable leak in
the pneumatic system, actuated by opening and closing
an exhaust valve. The bend test used a rate of load
application of approximately 4.7 kg,/min (10.4 Ib/min).

Benchmark data for miniature four-point bend test performed on porcelain specimens

Specimen Miniature Specimens Large Specimens
Gl g Maximum Elastic Maximum Elastic
stress, MPa (psi) modulus, MPa stress : modulus, MPa
(3x10° psi) (psi) (10° psi)
(bending)
PORC 1 51 47086 - —
(7340) : (6.83)
PORC 2 42 46190 = e
(6125) (6.70)
PORC 6 56 58944 = -
(8116) (8.55)
PORC 8 47 50877 = =
(6802) (7.38)
PORC 10 B8E- 41639 - =
(5469) (6.04)
Average 47 48947 72 71008
(6770) (7.10) (10514) (10.3)
(bend) (uniaxial compression)
73076
(10.6)

(pulse /echo)
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Fig. 4. Schematic drawing of the bend test apparatus.

The exact value of bending moment at the point of
fracture must be known to evaluate the fracture strength
of the material from flexure equations. The four-point
bend stress/strain relationships are provided in the
literature [4—-6]. Since the beams are initially curved, the
flat plate solution was compared with the curved beam

approximation and the exact solution for an initially
curved beam in pure bending. Since the difference be-
tween the flat plate and curved beam solutions is small
for the geometry of interest ( ~ 1%), the flat plate equa-
tions were used to analyze the data. In all tests, the load
train compliance was measured [RT, 288°C (550 °F)]
and the data were adjusted for compliance. The speci-
men preload (dead weight of the punch) was added to
the recorded data. The measured punch, support, and
specimen dimensions after machining were used in the
calculations.

Load arm
N Q== e \'Spm"'ef' support Benchmark bend test data porcelain specimens mac-
§ Pivor \ hined to approximately the same dimensions as the
N flakes were compared with large specimen data. The
7 Stage . ! " N
% L2285 7 motion miniature and large specimen data are compared in

table 1. The average miniature bend modulus is ap-
proximately 30% lower than the average large specimen
modulus determined in compression. This difference is
probably due to the measurement technique (bending
versus compression) and the uncertainty in the speci-
men thickness in the vicinity of the crack. The dif-
ference in the fracture stress is probably due to speci-
men thickness uncertainties, as well as the effects of
surface scratches on the miniature specimens. Although
the specimens were polished, small scratches on the
miniature specimens are likely to have a greater effect

solutions using both the hyperbolic stress distribution on fracture stress than in large specimens.

Table 3
Mechanical behavior of flakes at room temperature corrected for specimen thickness

Specimen Layer 1 Layer 2 Porous layer Comments Maximum stress
ID (ID surface) thickness, (OD surface) with specimen
thickness, mm (mils) thickness, mm thickness
mm (mils) (mils) correction, MPa
(psi)
M2UD 0.103 - Not measurable Clean break 7
(4.04) (10316)
M1UD 0.0828 - 0.021 Clean break 135
(3.26) (0.84) (19608)
M10UW ~0.11 ~ 0.0371 ~ 0.016 ID /0D surfaces not parallel; 96
(~4.30) (~1.46) (~0.64) striations covered by black material (13928)
M12UW 0.179 - Not measurable Clean break; rough OD surface 52
(7.06) (7476)
MS8UD 0.0815 0.0805 0.012 No evidence of striations 162
(3.21) 3.17) 0.47) (23483)
M3DD 0.020 0.111 0.014 Faint evidence of striations . 118
(0.78) (4.36) (0.54) (17053)
M5DW 0.124 - 0.0262 Clean break; striation partly covered; 131
(4.88) (1.03) OD layer rough (19037)
M13DD 0.103 0.0640 0.0361 OD layer very rough; almost no evidence 111
4.05) (2.52) (1.42) of striations on ID surface (16101)
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Table 5

Mechanical behavior of flakes at 288° C (550 ° F) corrected for specimen thickness

Specimen Layer 1 Layer 2 Porous Comments Maximum stress
ID (ID surface) (OD surface) layer with specimen
thickness, mm thickness, mm thickness, mm thickness
(mils) (inch) (inch) correction, MPa
(psi)
M4DT 0.102 - Not measurable Broke into 4 pieces 117
(4.03) (16907)
M7UT 0.116 - Not measurable Broke into 3 pieces 97
(4.55) (14064)
MOUT 0.148 - Not measurable Broke into 4 pieces 52
(5.81) (7509)

The miniature flake data are presented in tables 2
through 5 for the room temperature (RT) and 288°C
(550 ° F) tests, respectively. Specimens are identified by
a four-character alphanumeric sequence. The first char-
acter, “M,” indicates magnetite flakes. The second char-
acter is an arbitrary sequential number. The third char-
acter indicates whether the specimen was tested concave
up (“U”) or concave down (“D”). The last character
indicates whether the specimen was tested wet (“W”) at
RT, dry (“D”) at RT, or dry at 288°C (“T”).

Flake response under loading is very complex. Jogs
in the load/ deflection curve were observed for several
of the specimens. The apparatus was checked and found
to be performing properly, with no slippage in the load
train. Visual examination of the fracture surface showed
that the crack did not propagate straight through the
thickness for all specimens. As shown in fig. 5, some
specimens exhibited fracture within the bulk material
during testing, which resulted in a layered specimen.
The crack plane was oriented in the hoop direction,
which would explain the loss of stiffness that may have
resulted in jogs in the load /deflection curve. However,
not all specimens that were layered after testing had
jogs in the load/ deflection curve.

After testing, it was observed that portions of stria-
tions on the ID surface of several specimens were
covered with a material that is similar to the OD surface
material (fig. 6). This may be relevant to the study of
scale formation and transport. If the striations are an
artifact of the tube machining revealing from flakes
spalling off the tube, then the material found on the ID
surface may have been deposited there after the flake
was removed from the tube. Alternatively, the material
could have attached during contact with the OD surface
of other flakes (i.e., residual magnetism or chemical
bonding).

Another explanation for the loss of stiffness during
some tests is partial through-thickness cracking. How-
ever, this is an unlikely explanation, because calcula-
tions indicate that cracking of the layers would result in
stresses high enough to crack the remaining ligament. In
future experiments, after a jog in the curve is observed,
it would be helpful to stop the test, section the speci-
mens, determine if a crack is present in the material,
and observe the orientation of the crack (hoop or
through-thickness).

As mentioned earlier, the metallographic analysis
supports the explanation of internal hoop oriented
cracking. Fig. 2 shows three groupings of grain size that
change fairly abruptly through the thickness. From a
mechanical behavior viewpoint, it is as if there are three
different materials laminated together. In addition,
Hairston and Frye reported chemical variations through
the thickness of some flakes [7]. As stated by Szlarska-
Smialowska, magnetite has been observed to form in
layers and/or have a chemical gradient through the
thickness [8]. Individual materials in the layers could be
studied by separating the layers after testing. Useful
tests would include chemical analysis, X-ray diffraction,
and metallography.

As a result of these observations, it is not possible to
report an elastic modulus in the conventional sense. The
elastic modulus is a measure of the displacement of
atoms from their equilibrium positions in a given
material. Since a given flake may have compositional
variation through the thickness and varying grain size
(indicating different mechanical response within each
layer), a “flake modulus” is reported that is calculated
based on the initial slope of the load deflection curve.
As a result of these considerations, large variations in
the flake modulus are to be expected as shown in tables
2 through 5. As shown in tables 3 and 5, the layer



186 M.P. Manahan / Mechanical behavior and swelling of tube scale

a. Specimen 0D surface

b. Through-thickness view

Fig. 5. Fracture surface of a magnetite flake specimen (M13DD)
showing a layered fracture appearance.

thicknesses were measured at the fracture surfaces of
each specimen and the results based on the nominal
pretest thickness measurements were corrected.

The high level of porosity in the OD surface layer
indicates that this layer has negligible load carrying
capacity. Therefore, in tables 2 and 4, the stresses and
flake moduli were recalculated by using the specimen
thickness at fracture and subtracting the thickness of
the porous layer from the overall specimen thickness.
After this data correction, there is a distinct trend in the
data of a decrease in flake modulus with increasing

thickness. The thin single-layered specimens tested at
RT exhibit moduli [140569 to 229432 MPa (20.39 to
33.28 x 10° psi)] that are comparable to handbook data
for magnetite [227502 MPa (33.0 x 10° psi)].

In tables 3 and 5, a further correction was applied to
the fracture stress data. It is postulated that, prior to
testing, the layers are continuous and, at a certain load,
the layers separate in the central portion of the flakes.
Although the stress field in the layered specimens is
fairly complex, a simple correction can be applied to
estimate the fracture stress in the material. The follow-
ing corrections were made to the fracture stress data:
1. The actual thickness of the layers at the fracture

surface was used in the stress calculation.
2. The porous layer does not carry any load.

3. For specimens containing two nonporous layers, only
the thickest layer is used in the stress computation.
As shown in tables 3 and 5, these corrections bring the
data into more consistent agreement. There appear to
be two distinct materials present at room temperature:
one with a fracture stress in the range of 117 to 165
MPa (17 to 24 ksi) for specimens of thickness 0.08 to
0.12 mm (3.2 to 4.8 mils); the second with a fracture
stress in the range of 51.7 to 110.3 MPa (7.5 to 16.0 ksi)
for specimens of thickness 0.10 to 0.18 mm (4.0 to 7.0
mils). A similar trend is observed for the high tempera-

ture tests.

3.2. Swelling

A Sheffield Accutron Model 50185 vertical compara-
tor was used for the swelling measurements, which were

Fig. 6. ID surface of a magnetite flake specimen (M10UW) wet
tested at room temperature.
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made in a temperature- and humidity-controlled labora-
tory. The system is capable of length measurement with
an uncertainty of +12.7X107® mm (+0.5x1073
mils). The room temperature was carefully controlled to
20+ 0.6°C (68 £ 1°F) and the relative humidity was
39.4%. Calibration runs were made prior to taking mea-
surements on a specimen. The calibration runs were
necessary to account for the shortening of the stylus
after distilled water was added. Readings were taken
every half-hour for several hours. After subtracting the
calibration curve for each specimen, there was no detec-
table swelling in the flakes. Since the measurement
uncertainty is +12.7 X 107% mm (£0.5 X 10~3 mils),
any swelling may be presumed to be below 0.0017%.

4. Conclusions

The mechanical behavior response of the flakes is
quite complex. Evidence suggests that the flakes are
composed of two, or, for thicker flakes, three layers of
material, each of which exhibits different mechanical
properties. There does not appear to be any significant
change in the mechanical behavior of the flakes when
tested wet. However, the data are sparse and there is
considerable scatter due to the nature of the flakes and
the fact that they were tested in the as-received condi-
tion.

The fracture stress of the strongest flake materials
tested was in the range of 117 to 165 MPa (17 to 24 ksi).
There does not appear to be a substantial change in the
range of stresses measured at elevated temperature. The
thin, single-layered specimens tested at RT exhibited
moduli of 137880 to 227 502 MPa (20 to 33 X 10° psi).
The layered specimens and single-layer specimens ex-
hibited moduli in the range of 48258 to 86175 MPa (7.0
to 12.5 X 108 psi) at RT. The flake swelling was below

the measurement uncertainty. Therefore, the swelling, if
it occurs, is below 0.0017%.
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