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Abstract: Micro-structured surface functional materials were widely used in electronics, batteries,
solar cells, and many other products. However, oxidation at high temperatures greatly affects the
material service life and performance. This study focuses on the oxide layer characteristics after
high-temperature oxidation and the thermal emissivity of metal materials with micro-structured
surfaces. Micro-structured surfaces with various groove morphologies were prepared on 99.9%
purity nickel samples. The high-temperature oxidation characteristics of the nickel samples with
the microstructure surfaces and the total hemispherical emissivities were measured after various
oxidation times in high-temperature (1173 K) air to characterize the correlations between the
micro-structure surface oxidization and the emissivity at elevated temperatures. The initial surface
roughness greatly affects the surface roughness after oxidation with the oxidation increasing the
surface roughness on smooth or less rough surfaces but making the surface smoother for very rough
surfaces. The oxidation results show that rougher initial surfaces have larger oxide grain sizes with
longer oxidation times leading to smaller grain sizes. The measured total hemispherical emissivity
increased with the temperature (500–1400 K) and the oxide layer thickness. The experiments further
illustrates that, for the same oxide layer thickness, the measured emissivities become larger for
oxides with larger grain sizes caused by the rougher original surfaces. This analysis provides
an understanding of the oxidation kinetics of microstructured surfaces and how the oxidized
microstructure surfaces affect the thermal radiation properties.
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1. Introduction

Mechanical equipment is often operated in high-temperature environments. High-temperature
oxidation is then a common cause of corrosion, which strongly influences the properties and service
lives of metal materials. Various researchers have attempted to improve the high-temperature oxidation
resistance of materials with surface modifications being the most general and intuitive approach,
including the application of many kinds of coatings and surface modifications. The oxidation behavior
of materials has been widely researched with high-temperature oxidation experiments usually based
on Wagner’s theory, which is a classic theoretical model. This states that ion diffusion is the key cause
of oxidation. Various assumptions and mechanisms have been used to explain oxidation. The oxidation
kinetics of metal materials depends on the metal type and the oxidizing conditions. Existing oxidation
kinetics models are generally categorized into linear, parabolic, cubic, and logarithmic rate laws.

Metals 2019, 9, 17; doi:10.3390/met9010017 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-9879-9433
http://www.mdpi.com/2075-4701/9/1/17?type=check_update&version=1
http://dx.doi.org/10.3390/met9010017
http://www.mdpi.com/journal/metals


Metals 2019, 9, 17 2 of 11

For example, pure nickel oxidizes very quickly at high temperatures so the initial stage actually
manifesting a linear rate controlled by the phase boundary reaction can be ignored. After this very fast
initial stake, nickel oxidation is then consistent with the parabolic rate law [1].

Nickel is one of the base metals used in super alloys. Thus, the oxidation behavior of nickel at
high temperatures needs to be more fully understood. Geng et al. [2] compared the high temperature
oxidation behavior of nickel samples with and without a nanocrystalline layer at 700–900 ◦C and
found that their oxidation rates were the same. Haugsrud [3] studied the effects of surface coatings on
the oxidation behavior of nickel by analyzing the relation between the coatings and the outward Ni
diffusion. Haugsrud [4] summarized the data and models for the oxidation of nickel at temperatures
of 500 to 1400 ◦C. Zhao et al. [5] investigated the oxidation kinetics, oxide phases, and morphologies
of the oxide scales of two Ni-based alloys oxidized at 1050 ◦C. The results showed that the oxide
phases influence the oxidation behavior. Zhou et al. [6] studied the effect of mechanical loadings on
the oxidation kinetics of oxide layers on pure Ni oxidized with tensile and compressive stresses at the
same temperature. Honvault et al. [7] presented data on the oxidation kinetics of a cermet composed
of a Ni-Cu alloy. The mass change was attributed to surface and internal oxidation for some conditions.
Wang et al. [8] used a modified phase field approach to investigate the high temperature oxidation
behavior of nickel as a function of Young’s modulus, COD, and CTE.

The surface thermal radiation properties of high-temperature metal oxides are also important
in high temperature applications. For example, Teodorescu et al. [9] studied the spectral-directional
emittance of high purity (99.99%) nickel oxidized in air at temperatures between 673 to 873 K.
Fu et al. [10–13] measured the total hemispherical emissivity of oxidized nickel at high temperatures
using a steady-state calorimetric technique.

There is great interest in using microstructured surfaces to regulate the thermal radiation heat
transfer in electronics, materials, and solar energy applications [14–19]. There are some useful ways
to improve the micro-structured surfaces [20–22]. Oxidation will always occur on micro-structure
surfaces at high-temperature atmosphere environments. High-temperature oxidation studies related
to surface structure have mainly used the surface roughness as the primary variable with the oxidation
rate investigated by recording the oxidation weight gain. Previous results have indicated that a faster
oxidation rate was more likely on rougher surfaces. The oxidized surface morphologies have been
analyzed by scanning electron microscopy (SEM) to study the oxidation behaviors for different surface
roughnesses [23–29]. In general, the oxide layer on smooth surfaces are relatively uniform and oxide
layers more easily form on scratched surfaces for short oxidation times. Oxide layers on rough surfaces
are more prone to spall than on smooth surfaces [30]. Furthermore, the surface roughness can also
influence the composition of the oxidation products for alloys [31].

High temperature oxidation of microstructured surfaces also affects the thermal radiation
characteristics. Most research on high-temperature oxidation has only focused on the effects of
temperature, atmosphere, and chemical composition on the oxidation behavior. Further research is
needed to describe the effect of oxidation on the thermal radiation characteristics of microstructure
surfaces for high temperature oxidation. Little research work has been reported on the correlation
between the microstructure surface, oxidation kinetics, and the thermal radiation characteristics at high
temperatures [32,33]. Therefore, this work analyzes the oxidation characteristics of microstructured
surfaces with various grooved morphologies on pure nickel by analyzing the oxidation layer
characteristics and the thermal radiation properties after high-temperature oxidation of nickel
samples with various micro-structure surfaces. The results provide a valuable reference for
understanding how the oxidized surface micro-structure affects the thermal radiation properties
in high-temperature applications.

2. Materials and Methods

Furthermore, 99.9% purity nickel strip samples were prepared. The nickel samples were
mechanically polished to mirror finishes with roughnesses of less than 20 nm and then divided
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into three groups called S, R1, and R2. The polished samples in group S were retained as the smooth
substrates for comparisons. Samples in groups R1 and R2 were ground along the length direction
using 1200 grit and 280 grit metallographic sandpapers to form two different rough grooved surfaces.
Therefore, the study used nickel samples with different micro-structured surfaces (smooth, shallow
grooved rough, and deep grooved rough surfaces) to analyze the surface oxidation behavior at
high temperatures.

Samples from the three groups (S, R1, and R2) were cut into smaller strips for high-temperature
oxidation experiments to improve the metering accuracy of the electronic balance. The samples
were washed with absolute alcohol and then oxidized at 1173 K at an atmospheric pressure and still
air in an electric furnace (QSXL-1208, Hangzhou Zhuochi Instrument Co., Ltd., Hangzhou, China).
The sample numbers, dimensions, oxidation times, and measurements for the high-temperature
oxidation experiments are listed in Table 1.

Table 1. Samples for the high-temperature oxidation tests.

Sample No. Dimensions
(mm × mm × mm)

Oxidation Time
(min) Measurement

S

S0 70 × 10 × 0.2 0 Surface roughness and morphology

Sox 70 × 10 × 0.2 60 Surface roughness and morphology

Sm 39 × 10 × 0.2 5–360 Oxidation weight gain

S-0 270 × 10 × 0.2 0
SEM image and thermal surface

radiation property measurements
S-5 270 × 10 × 0.2 5

S-30 270 × 10 × 0.2 30

R1

R10 70 × 10 × 0.2 0 Surface roughness and morphology

R1ox 70 × 10 × 0.2 60 Surface roughness and morphology

R1m 44 × 10 × 0.2 5–360 Oxidation weight gain

R1-0 270 × 10 × 0.2 0
SEM image and thermal surface

radiation property measurements
R1-5 270 × 10 × 0.2 5

R1-30 270 × 10 × 0.2 30

R2

R20 70 × 10 × 0.2 0 Surface roughness and morphology

R2ox 70 × 10 × 0.2 60 Surface roughness and morphology

R2m 39 × 10 × 0.2 5–360 Oxidation weight gain

R2-0 270 × 10 × 0.2 0
SEM image and thermal surface

radiation property measurements
R2-5 270 × 10 × 0.2 5

R2-30 270 × 10 × 0.2 30

Each group had six samples. The subscript “0” on the sample number represents the un-oxidized
sample while the subscript “ox” represents the sample oxidized for 60 min at 1173 K. The surface
roughnesses and surface morphologies of the two kinds of samples (subscript “0” and “ox”) were
examined by a white light interferometer (Contour GT-IM, Bruker, Billerica, MA, USA). The samples
(subscript “0” and “ox”) were compared for the three surface micro-structures to illustrate how the
surface roughness of the oxidized sample is affected by the initial surface condition.

The subscript “m” represents the samples oxidized from 5 to 360 min, which are used to analyze
the oxidation weight gain with time using an electronic balance with an accuracy of 0.1 mg.

Additional nickel samples with the three microstructured surfaces (S, smooth, R1, shallow grooved
rough, R2, deep grooved rough) were also prepared using the same procedure to study the relationship
between the oxidation kinetics of the micro-structured surfaces and the thermal surface emissivity.
The sample lengths were increased to 270 mm for the radiation measurements. Two samples in each
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group (S, R1, and R2) were oxidized for either 5 or 30 min, which is indicated by the subscripts
the samples oxidized for 5 min (samples S-5, R1-5, and R2-5) and for 30 min (samples S-30, R1-30,
and R2-30) at 1173 K. Samples S-0, R1-0, and R2-0 were the un-oxidized samples. In total, 10 mm
sections of each sample was cut off for the scanning electron microscope (SEM, QUANTA 450 FEG,
FEI, Hillsboro, OR, USA) observations to examine the surface morphology. This had no effect on the
thermal radiation property measurements.

The total hemispherical emissivities of the samples after oxidization were measured at high
temperatures using a steady-state calorimetric measurement apparatus (CMA-1500, Tsinghua
University, Beijing, China) [10]. Each sample strip was placed in a cylindrical vacuum chamber
(the pressure was less than 0.01 Pa) for the measurements to avoid additional oxidization of the
samples in the high-temperature measurements. The emissivities were determined by assuming that
each sample was a small body in a large absorbing surface in a vacuum environment. The sample
was then electrically heated to the desired temperature. The total hemispherical emissivity of each
high-temperature sample was then calculated using the measured heating power through the sample
with the surface temperature distribution calculated assuming a steady state. The experiment apparatus
and measurement method were described in detail by Fu et al. [10].

3. Results and Discussion

3.1. Oxidation Behavior

The initial average surface roughnesses of the un-oxidized nickel samples (S0, R10, and R20)
with the three microstructured surfaces (smooth, shallow grooved rough, deep grooved rough) were
measured using the white light interferometer as Ra (S0) =1 4.5 nm, Ra (R10) = 98.9 nm, and Ra (R20)
= 605 nm. The larger the surface roughness is, the larger the specific surface area of oxidation will
be. In the process of oxidation, the significant microstructure on the surface, as a channel for oxygen
atoms to diffuse into the metal, may aggravate the internal oxidation of the metal. The samples after
oxidation for 60 min at 1173 K had very different average surface roughnesses of 117 nm, 193 nm,
and 428 nm for samples Sox, R1ox, and R2ox, which is shown in Figure 1. Thus, the oxide thicknesses
after 60 min oxidation were very different from the original nickel surface roughnesses, so the surface
roughnesses of the oxidized samples reflect the oxide layer roughness instead of the nickel substrate
roughness. In addition, the rougher initial surfaces of the un-oxidized samples had rougher oxide
layers after the oxidation.
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Figure 1. Average surface roughnesses of the nickel samples before and after oxidation for 60 min.

The surface roughnesses before and after oxidation shown in Figure 1 show that the average
surface roughnesses of the smooth nickel sample and the shallow grooved rough surface increased
greatly after oxidation for 60 min. However, the average surface roughness of the deep grooved
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rough surface decreased after oxidation. Thus, the results show that the initial surface roughness
affects the surface roughness after oxidation, but in different ways. For smooth or less rough surfaces,
the high-temperature oxidation enhances the surface roughness with a rougher oxide layer formed
on the sample surface. For rougher surfaces, the high-temperature oxidation makes the surface
smoother. The different roughness of the oxide layer formed on micro-structured surfaces reflects,
to some extent, the coupling state of compressive stress and tensile stresses within the oxide-metal and
oxide-air interfaces.

Figure 2 shows the weight gain per unit area, ∆m, during the isothermal oxidation of nickel for
various oxidation times, τ, from 5 to 360 min oxidized in air at 1173 K with the data shown as a function
of the square root of the oxidation time τ1/2. The growth kinetic rates showed a rapid increase during
an initial oxidation time under the effect of molecular oxygen migration and then it begins to slow
down to the steady-state rate. The mass increase is almost linearly related to τ1/2, which shows that the
growth kinetics are parabolic with a parabolic rate constant based on Wagner’s theory. This agrees well
with previous experiments [13]. The linear relationship applies for all three surfaces with the various
initial surface roughnesses. The slopes in Figure 2 represent the parabolic rate constants for the oxide
growth with increases with the initial surface roughness. At higher temperatures, the bulk diffusion
determines the oxidation rate. The rougher the metal surface, the larger the oxidation specific surface
area, which will make more oxygen diffuse into the metal matrix and increases the occurrence of phase
boundary reactions. In addition, a compact oxide layer cannot easily form on the rougher surface as the
oxidation begins. These factors result in higher oxidation rates on the rough surface than on the smooth
surface since many nucleation sites are available at short oxidation times. Thus, the surface roughness
increases the parabolic rate constant for the oxidation of nickel, as shown in Figure 2. The oxide scale
thickness may be obtained using the relationship that a mass gain of 0.145 mg/cm2 corresponds to a
1.0 µm thick oxide film based on data in Figure 1 [30]. The oxide thickness rapidly increases initially
and then increases linearly with the oxidation time. At the initial oxidation time of 5 min, the oxide
scale thickness is over 1.2 µm larger than the substrate roughness so that the oxide layer can cover
the substrate surface. When the oxidation time reached 360 min, the oxide thicknesses of samples Sm,
R1m, and R2m, respectively, increased to 7.47, 9.38, and 10.64 µm.
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SEM images of the surface morphology of the un-oxidized samples and the samples oxidized
for 5, 10, and 30 min from each group (S, R1 and R2) are shown in Figure 3. It is also observed that
the smooth surface (group S) becomes rougher, while the roughest surface (group R2) becomes a little
smoother after oxidation. Figure 4 shows magnified images of the oxidized surfaces in Figure 3. The
oxidized surfaces exhibit ridge-like morphologies. The oxide grain structures with the polygons are
larger with relatively clear boundaries for the rough samples from group R1 and R2, but are rounder
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for the smooth sample from group S. The phenomenon mechanism can be explained that the stress
produced during the oxide formation inside the scale results in the ridges formed on grain boundaries
of the surface. The plastic deformation squeezes the oxide layer into the ridges. The amount of ridges
decreases when increasing the surface roughness, and the stresses usually increases during the oxide
growth so that the amount of surface ridges increases.
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The pictures in Figure 4 show that the rougher initial surfaces led to larger oxide grains, and
longer oxidation times yielded smaller oxide grains. The mechanisms may be suggested to account
for the phenomenon. For rougher initial surfaces, the high nucleation rate results in newly generated
small embryos that attach to the existing embryos, which increases the embryo size. Once the critical
size is exceeded, the embryo growth is accompanied by a reduction of the system-free energy. Embryos
spontaneously grow and become stabilized grains that appear larger. However, further oxidation then
increases the oxide layer thickness, which hinders the diffusion of ions and reduces the oxidation rate.
New embryos are still created on the grain boundaries, but the embryo growth is restrained by the low
generation rate. The oxidation grains then get smaller since the slower embryo growth is less likely to
become critically-sized embryos in the later stage.

3.2. Thermal Radiation Properties

Nickel samples were again prepared with the various micro-structured surfaces (S, smooth, R1,
shallow grooved rough, R2, deep grooved rough). Three samples in each group (S, R1, and R2) were
then investigated to analyze the relationship between the microstructure oxidization and the thermal
surface emissivity. The sample information is listed in Table 2.

Table 2. Initial surface roughnesses and oxide scale thicknesses of the samples for the
emissivity measurements.

Sample No Oxidation
Time/min

Initial Surface
Roughness/nm

Oxide Scale
Thickness/µm

S
S-0 0 14.5 0
S-5 5 14.5 1.26
S-30 30 14.5 2.44

R1
R1-0 0 98.9 0
R1-5 5 98.9 1.42
R1-30 30 98.9 2.90

R2
R2-0 0 605 0
R2-5 5 605 1.48
R2-30 30 605 3.21

The total hemispherical emissivities of the samples were measured from 500 to 1400 K using
a steady-state calorimetric measurement apparatus operated at low pressures [10]. The measured
emissivities of the nickel samples from each group oxidized for various oxidation times (corresponding
to various oxide layer thicknesses) are compared in Figure 5. The measurement uncertainty for total
hemispherical emissivity is within 1.0 to 3.0% [10]. The oxide scale formed on the nickel samples
affected the emissivities for all three groups with the measured emissivities increasing with the sample
temperature, the oxide layer thickness (Figure 6), and the oxidation time (Figure 7). For example,
the emissivity of sample S-0 (un-oxidized smooth surface) increases from 0.092 to 0.186 while the
emissivity of sample S-30 (2.44 µm thick oxide layer formed on the smooth surface after oxidation for
30 min) increased from 0.467 to 0.674 when the measurement temperature was increased from 500 to
1400 K. The oxidation scale strongly affects the total hemispherical radiation properties. The emissivity
of nickel oxide (dielectric material) is higher than the emissivity of nickel substrate. The thermal
radiation emitted by the oxidized nickel sample is the integration of the emitting radiation from the
oxide scale and the transmission radiation from the substrate [9,13]. Therefore, the measured total
hemispherical emissivity is actually an “apparent” emissivity of the oxidized sample. The increase
of the oxide scale thickness will enhance the emittance and attenuate the transmittance of the oxide
scale so that the measured apparent emissivity increases with the oxide scale thickness at the same
temperature condition. When the oxide scale is thick enough, it can be predicted that the transmission
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effect of the substrate may be neglected and the total hemispherical emissivity of the oxidized sample
will not vary with the scale thickness.
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The relationship between the surface microstructure and the total hemispherical emissivity is
illustrated by comparing the samples with the same oxidation times. Figure 8a shows that the measured
emissivities of the un-oxidized samples known as S1-0, R1-0, and R2-0 increase from 500 to 1400 K.
The results also illustrate that a large surface roughness increases the specific surface area, so the
emissivity should increase. Figure 8b shows the measured emissivities of the samples after being
oxidized for 5 min at 1173 K. Their different initial surface roughnesses (14.5, 98.9, and 605 nm) result
in different surface roughness characteristics after oxidation, as discussed in Section 3.1 with differing
surface microstructures and the layer thicknesses of 1.26, 1.42, and 1.48 µm for samples S1-5, R1-5,
and R2-5. Figure 6 shows that a larger initial surface roughness leads to a thicker oxide layer and
larger oxide grain sizes, which both increase the surface emissivity. Therefore, the measured total
hemispherical emissivity of R2-5 of (0.44, 0.70) for temperatures of 500 to 1400 K is larger than the
emissivities of S1-5 (0.36, 0.65) and R1-5 (0.43, 0.67) for the same temperatures. A longer oxidation time
at the same oxidation temperature lead to similar relationships between the oxide characteristics and
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the emissivity, as shown in Figure 8c, which shows the measured emissivities of samples S1-30, R1-30,
and R2-30 after oxidization for 30 min at 1173 K.
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Thus, the oxide layer thickness and the surface microstructure both affect the total hemispherical
emissivity. However, a given sample has only small differences in the surface micromorphology for
different oxidation times, as shown in Figure 4. The effect of the surface microstructure after oxidation
on the emissivity is illustrated by analyzing the measured total hemispherical emissivity data in
Figure 5 to obtain the emissivities at a specified oxide layer thickness and measurement temperature.
Table 3 lists the emissivities for the three samples S1, R1, and R2 for an oxide layer thickness of 2.0 µm
and an emissivity measurement temperature of 1173 K. The interpolated emissivities of samples R1
and R2, 0.595 and 0.608, are higher than that of group S, 0.566, with little difference between the
emissivities for samples R1 and R2. The characteristics can be predicted from the SEM images in
Figure 4. The surface micro-morphologies of samples R1 and R2 after oxidation are similar so their
emissivities are similar. However, the surface of sample S after oxidation looks very different from the
surfaces of samples R1 and R2. Thus, the total hemispherical emissivities of samples R1 and R2 are
larger than that of sample S because the oxide layers on nickel samples R1 and R2 have larger grain
sizes due to the rougher initial surface. In addition to this factor of the grain sizes, it is also noted that
the difference of the substrate emissivities will slightly affect the apparent emissivities.

Table 3. Estimated emissivities of samples S, R1, and R2 for a 2 µm-thick oxide layer and an emissivity
measurement temperature of 1173 K.

Group No. S R1 R2

Total hemispherical emissivity of un-oxidized substrates 0.160 0.163 0.179
Initial surface roughness/nm 14.5 98.9 605

Oxide scale thickness/µm 2.0 2.0 2.0
Total hemispherical emissivity of oxidized samples 0.566 0.595 0.608

4. Conclusions

The high-temperature oxidation characteristics surface emissivities of nickel samples were
investigated for various surface microstructures for various temperatures and oxidation times.

• The results show that rougher initial surfaces of the un-oxidized samples resulted in rougher
sample surfaces after oxidation at high temperatures. The initial surface roughness affects the
surface roughness after oxidation with the oxidation increasing the surface roughness on smooth
or less rough surfaces while making the surface smoother for very rough surfaces.

• SEM images of the oxidized samples show how the nickel oxide grains, especially the grain size,
differed for different initial surface roughnesses and different oxidation times with rougher initial
surfaces, which leads to larger oxide grain sizes and longer oxidation times leading to smaller
grain sizes. These characteristics are consistent with the grain growth mechanism.
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• The measured total hemispherical emissivities increased with the sample temperature
(500–1400 K) and the oxide layer thickness. The larger surface roughness enhanced the emissivities
for the un-oxidized samples. For the oxidized samples, the oxide layers formed on the various
sample substrates had different surface microstructures and thicknesses, which affected the total
hemispherical emissivity.

• The surface micro-morphologies and the surface emissivities of samples R1 and R2 after oxidation
were both similar. However, the surface of sample S after oxidation looked quite different from
the surfaces of samples R1 and R2 with the emissivity of sample S after oxidation being lower
that the emissivities of samples R1 and R2 because the oxides on samples R1 and R2 had larger
grain sizes due to the initially rougher surfaces.
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