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The high temperature oxidation of Cu-32.02% Zn-2.30%Pb brass was carried in N,-5wt.% O, and
N,-12 wt.% O, atmospheres. The amounts of oxygen in the oxidizing atmospheres and the time of the
oxidation affected the oxide morphologies and kinetics of the oxide growth. In the first hour of the
oxidation at 650 °C, oxide nanowires were noted. The average diameter, length and distance between
the observed nanowires were 27 = 0.01 nm, 0.20 = 0.04 um and 0.20 = 0.04 pm respectively for the
samples oxidized in N,-5wt.% O, atmosphere and 102 =23 nm, 0.36 = 0.24 um and 0.24 = 0.08 um
respectively for the samples oxidized in N -12wt.% O, atmosphere. The EDX and XRD analyses of
the nanowires and the oxide granules confirmed ZnO nanowires and a continuous oxide layer of ZnO.
The x-ray diffraction confirmed minor presence of PbO. The oxide growth kinetics followed the linear
oxide growth model, for the alloy samples that were thermally oxidized in N,-5 wt.% O, atmposphere
and parabolic growth model for those thermally oxidized in N,-12 wt.% O, atmospheres respectively.
The values of 6.8 um/hour and 23.03 pm/(hour)"*were determined for growth constant (k), based on

the two models respectively.
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1. Introduction

Brass is an alloy that consist of mainly copper and
zinc'?. Lead is often used as an alloying additive to ease
the machining of brass and such brasses are referred to as
leaded brasses®. Leaded brasses consist mostly of a two phase
structure, namely the alpha and the beta phases, with the
lead particles randomly distributed at the grain boundaries*”.
However, depending on the amount of zinc, brass as an alloy
can exist with a single alpha-phase®.

Thermal oxidation has been used as a means of growing
oxide nanostructures on the surfaces of metals and their
alloys and several of such works are available in literature™.
These oxide nanostructures are reported to exist in various
forms such as nanowires, nanorods, nanoflakes, nanotubes,
nanoneedle, nanorings, nanofibers and nanocombsetc!®!!.
The nature, form and type of these nanostructures have been
found to be dependent on the oxidizing conditions such as
time, temperature and pressure etc.

For instance, the effect of temperature on the morphology
of'the oxides formed through the thermal oxidation of some
copper alloy has been elucidated in some recent publications'!>.
Furthermore, the variation of the temperature of oxidation
of copper [Cu(100)] thin films have shown same effects on
the different morphological forms of the copper (I) oxide
(Cu,0) formed; which included pyramids, nanorods, domes
or terraced layered oxide structures. In the same vein, the
influence of oxygen pressure on the morphology of zinc
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oxide thin films formed during low temperature thermal
oxidation has been studied'*'®. The oxygen pressure, affected
the morphology resulting in oxide forms such as whiskers,
nanowires and cluster-like oxide grains.

Beyond the investigation into the various forms of
nanostructures induced through thermal oxidation, the mechanism
and the growth kinetics of these oxides in relationship with
the various parameters of the thermal oxidation process
have been studied. In this regards, the copper oxidation
mechanism and purity effects were studied between a set of
temperature of 350 °C to 1050 °C. The oxidation kinetics
at the set of temperatures studied followed the parabolic
oxidation rate law. The predominanat oxide was the Cu,O
scale that was confirmed to have formed from an outward
diffusion of copper ions in the Cu,0". Also some studies
of the kinetics of the thermal oxidation of Cu-Zn alloys in
pure oxygen or in air at room and higher temperature have
been the focus of studies in literature's!

From the brief review it is clearly seen that the thermal
oxidation conditions affect the morphology of the oxides
formed by the metals and their alloys. Other parameters which
have been showed to have an influence on the morphology
and growth of oxides include the presence of water vapour
and other gaseous additives to the oxidization atmosphere®.

This work is aimed at investigating the effect of the amount
of oxygen and thermal oxidation time on the chemistry of the
oxide scale, the morphology and the growth kinetics of the
oxides formed on the high temperature thermal oxidation of
Cu-32.05% Zn- 2.30% Pb brass. The Cu-32.05% Zn- 2.30%
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Pb brass is typical leaded copper alloy that has enormous use
in plumbing and other industrial applications and is often
exposed to high temperature conditions. Prior to now, such
work has not been reported in literature for this range of
leaded copper alloy.

2. Materials and Method

2.1. Materials

The Cu-32.02% Zn-2.30% Pb brass used in the experiments
was obtained from Grainger, USA. The N,-O, gas mix grades
used for the thermal oxidation were obtained from Praxair
in Brookefield, USA and were used to set up the thermal
oxidation atmospheres. These various N,-O, gas mixtures
grades used included the N -5 wt.% O, and N,-12 wt.%
O, grade types.

2.2. Method

The samples of the Cu-32.02% Zn-2.30% Pb brass
were sectioned into smaller sizes with dimension of 2.0 x
1.0 x0.5 mm. These samples were then grounded and polished
until fine and smooth surfaces were obtained. For the grinding
and polishing procedure, the Buehler Metaserv 3000 model
polishing machine, mounted with various grades of SiC paper
was used. To ensure a very smooth and polished surface,
a soft cloth immersed in 0.1 micron aluminum slurry was
used, in the final step. The polished samples were then
washed in distilled water in an ultrasonic bath, blown dry
with compressed air and stored in an air-tight dessicator.

For the thermal oxidation in various atmospheres, a
furnace with an inlet and an outlet for the flow of gas was
used. The various gaseous mixtures of N-O, were flowed
through the furnace, with the alloy samples inside the furnace
chamber, at a controlled rate of 4.5 liters per minute for the
set time of the thermal oxidation process. The temperature
for the process was set at 650 °C and the timing was set
for 1, 2 and 3 hours. After the set time, the samples were
carefully retrived from the furnace and allowed to cool in
an air-tight dessicator.

3. Characterization

The thermally oxidized alloy samples were characterized
to determine the chemical composition of the oxide layer, the
oxide morphology, the oxide granule sizes and the thickness
of the oxide layer. To evaluate the surface morphology, the
Hitachi-4800 scanning electron microscope (SEM) was
used. Attached to the scanning electron microscope was
the energy dispersive x-ray probe that was used for the spot
analyses to determine the chemistry of the various features
on the oxidized surface layer of the alloy.

Beyond the surface morphological investigations, the
SEM was equally used to evaluate the thickness of the various
oxide layers. To estimate the thickness of the oxide layer, a
side-view of the oxide layer was projected from which the
thickness of the oxide layer was determined. In addition to
the energy dispersive x-ray , x-ray diffraction analysis was
also used to determine the chemical composition of the oxide
layers. The x-ray diffraction analysis was achieved using
the Scintag-2000 x-ray machine, at 20 range of 10°-70° at
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a continuous count rate of 2°/min., with the k -Cu emission
of A=1.54 °A.

4. Results and Discussion

The results of the thermal oxidation of the Cu-32.02%
Zn-2.30% Pb brass in the N_-O, gas mixtures at 650 °C are
discussed in terms of the chemistry of the oxide layer, the
effect of the amount of oxygen available for the thermal
oxidation, the effect of time of the thermal oxidtion on the
oxide morphology and the growth kinetics of the oxidae layer.

4.1. The chemistry of the oxide layer

An array of nanowires and other surface features noted
through the observation of the oxide surface were further
analysed using the energy dispersive x-ray probe. The energy
dispersive x-ray appraisal of the surface nanowires formed
from the thermal oxidation showed a preponderance of zinc
and oxygen. This can be seen in Figure 1. In this case, the
elemental composition, represented in weight percentage,
consisted of 80.47 wt. % and 19.53 wt. % for zinc and oxygen
respectively. These values are in good agreement with the
theoretically calculated weight percentages of Zn and O in

cps/eV.
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Figure 1. The EDX evaluation of the nanowires observed on the
surfaces of the thermally oxidized Cu-32.02% Zn-2.30% Pb alloy.
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ZnO; which are 80.33 wt.% and 19.66 wt. % respectively.
To this end, the energy dispersive x-ray appraisal of the
nanowires confirmes them as ZnO nanowires.

The x-ray diffraction peaks, as presented in Figure 2 (a and
b), showed a consistency in the composition of the oxides
formed irrespective of the amount of the oxygen available
during the thermal oxidation. The x-ray diffraction peaks
were indexed as (100), (002), (101), (102), (110) and (103),
which corresponded to hexagonal ZnO crystals, based on the
PDF x-ay diffraction card No 36-1451. Beyond these peaks, a
peak indexed as the (040) plane of orthorhombic PbO based
on the x-ray diffraction PDF card no. 80-1917 were also
noted. This means that the zinc oxide (ZnO) is the continuous
phase formed on the oxide layer. However, in the limited
amount of oxygen in the N./5 wt.% gaseous atmosphere,
the continuity of the ZnO was affected, suggesting that
some limited amount of lead (IT) oxide (PbO) were present
on the surfaces, hence their diffraction of the x-ray beams.
As the amount of O, increased, the ZnO layer increased in
thickness and covered the limited amount of PbO present
as can be seen in the diminishing intensities and number
of diffraction peaks for PbO in x-ray diffraction patterns
recorded for the alloy samples oxidized in N,-12 wt.% gaseous
atmosphere. Furthermore, this chemical composition of the
oxide layer, established through the x-ray diffraction studies
can be justified thermodynamically. Using a combination of
thermodynamic relationships stated in 4-77'%2, the standard
Gibb’s Free energy change values ( AG% ) for the reactions
1-3 were calculated.
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Figure 2. x-ray diffraction peaks for the oxide layer formed on the
thermal oxidation of Cu- 32.02% Zn- 2.30% Pb alloy for 1, 2 and
3 hours in (a) N,-5 wt. % O, and (b) N2-12 wt.% O,.
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Using known values for the thermodynamic parameters a,
b and ¢, from thermodynamic tables, the Gibbs Free energies
(AGY) at 650 °C, which the thermal oxidation was carried
out were calculated”. For reactionss (1), (2) and (3), AGY
so determined at the 650 °C were -150.07 kJ and -299.57 kJ;
-358.54 KJ and -584.18 kJ respectively. The values of the
calculated AG2 at 650 °C shows that the formtion of the
zinc (II) oxide was most likely or most feasible due to the
more negative Gibbs free energy value, agreeing totally with
the results of the x-ray diffraction analyses.

4.2. Effect of the amount of oxygen and time on
the oxide morphology

The morphology of the oxides formed on the oxide layer
was found to depend on the amount of oxygen available during
the thermal oxidation and on the time used for the process.
The morphology of the oxides on the surface layers of the
Cu-32.02% Zn-2.30% Pb alloy samples that were thermally
oxidized in the N,-5 wt.% O, atmosphere showed variations
from those observed on samples that were oxidized on N.-
12 wt.% O, gaseous atmosphere.

The morphologies of the oxides showed randomly
growing nanowires, previously confirmed as consisting of
ZnO. Inthe N.-5.0 wt.% O, atmosphere, the average diameter,
average length as well as the average distances between the
observed nanowires were 27 + 0.01 nm, 0.20 + 0.04 um and
0.20 + 0.04 um respectively. However, when the amount of
oxygen was increased to 12 wt.%, the oxide morphologies
showed randomly growing nanowires previously confirmed
as consisting of ZnO. In the N -5.0 wt.% O, atmosphere,
the average diameter, average length as well as the average
distances between the observed nanowires were 27 +0.01 nm,
0.20 4 0.04 um and 0.20 + 0.04 um respectively. However,
when the amount of oxygen was increased to 12 wt.%, the
average diameters equally increased in values in response
to the increase in the amount of oxygen in the oxidizing
atmosphere.

On the other hand, the density of the nanowires per
unit area of the surfaces reduced drastically. This confirms
that the amount of oxygen is a determinant parameter
that influences the length, the diameter and the density of
nanowires grown via the thermal oxidation route?. Beyond
the above, the oxide scale showed severe distortion. This can
be seen in Figures 3 and 4. This distortion of the oxide layer
is essentially due to the difference in the thermal expansivity
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Figure 4. SEM images of oxide morphology on thermal oxidation of Cu-32.02% Zn-2.30% Pb alloy in N,-12 wt.% O, for 1. 2 and 3 hours.

of the alloy and the oxides and compressive stresses due to
other crystallographic factors. These crystallographic factors
are expressed in the Pilling-Bed worth ratio (PBR), stated in
(8) which relates the ratio of the volume of the oxide formed
during the thermal oxidation to the volume of the consumed
alloy or metal and is expressed as:

AoPM. —PBR ®)
AMPo
where 4, and are the molecular weights of ZnO and the

Znspecies while p, and py are their densities respectively.
It is expected that when the PBR is less than one (PBR < 1),
the oxide layer will be very thin and less likely to get
broken; when the PBR is greater than one but less tha two
(1 <PBR <2), the oxide layer formed will be closed with
a certain level of compressive stresses within, capable of
setting off the growth of metal oxide nanostructures®.

The P-B ratio was calculated for the ZnO, which the
continuous oxide phase as noted from the EDX and XRD
studies. The value of 1.58 was obtained implying that the oxide
layer had compressive stresses within it that was sufficient

to cause the growth of the ZnO nanowires. Therefore, the
ZnO nanowires growth on the thermally oxidized Cu-32.02%
Zn-2.30% Pb alloy is a function of the compressive stresses
generated within the oxide layers. In terms of the effect of
time on the morphology of the oxides formed, it was noted
that nanowire growth was only observed within the first
one (1) hour of the thermal oxidation. After two (2) and
threee (3) hours of the thermal oxidation, no nanowires were
observed on the oxide layer. However, the oxide layers in
these cases consisted of oxide granules of various forms,
with fairly regular shapes as can be seen in Figures 3 and 4.

4.3. Growth kinetics of the oxide layer

The growth kinetics of the oxide layer was explored by
using the values obtained for its average thickness. These
values of the average thickness of the oxide layer are as
stated in Table 1.

Oxide growth commonly follow the linear or the parabolic
growth models**?’. For the linear growth model, the oxide
layer thickness increases linearly with time, implying that
the oxygen ions passes right through the fissures in the oxide
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Table 1. Table showing the oxide layer thickness for the various
durations of thermal oxidation of Cu-32.02% Zn-2.30% Pb in
various oxidzing atmospheres.

Oxidizin . - Oxide layer
atmosphereg at Time ?lfog:sl)d ation Thickness aty650 °C

650 °C (in microns)

1 6.54 +£2.36

N,-5wt. % O, 2 9.99 + 3.58

3 22.9+5.86

1 21.86+1.23

N,-12.00 wt.% O, 2 36.06 £ 6.15

3 24.50 +5.47

layer to react on the metal surface for the oxidation to occur.
The linear growth rate is represented according to:

X :Klt (9)

For the parabolic model on the other hand, the oxide
layer is sufficiently thick and diffusion of oxygen ions must
occur for additional growth of the layer. The parabolic
growth rate is given as:

(10)

In the relationships stated in (9) and (10), X is the oxide
layer thickness, K; = linear rate constant, K, = parabolic
rate constant and t = thermal oxidation time.

To determine the applicable model for the kinetics of the
growth of the oxide layer observed on the thermal oxidation
of the Cu-32.02% Zn-2.30% Pb alloy, we applied the
regression analysis through the evaluation of the coefficient
of determination, R?. To this end, the variation of the oxide
layer thickness against time was determined by the plots
of the oxide layer thickness (X) against thermal oxidation
time and the oxide layer thickness against the square root of
the thermal oxidation time, for the linear and the parabolic
growth models respectively.

These plots, in Figure 5 and in Figure 6, are based on
the linear and parabolic oxide growth models respectively.
For the linear model,represented in Figure 5, the R? values
of 0.935 and 0.783 were obtained for the alloy samples
thermally oxidized in N,-5 wt.% O, and N,-12 wt.%
O, oxidizing atmospheres respectively. For the parabolic
model, represented in Figure 6, the R? values of 0.854 and
0.980 were equally obtained for the samples of the alloy that
were thermally oxidized in N,-5 wt.% O, and N,-12 wt.%
O, oxidizing atmospheres respectively. The R* value of
0.935 shows that the oxide layer thickness values fitted the
linear model more, for the alloy samples that were thermally
oxidized in N,-5wt. % oxygen atmosphere. On the other hand,
the R? value of 0.980 implies that the oxide layer thickness
measured from the samples oxidized in N,-12wt. % oxygen
atmosphere fitted the parabolic model better. To this end, the
regression analysis shows that the oxide growth in N_-5wt.
% oxygen atmosphere followed the linear model while in
N,-12 wt. % oxygen atmosphere, the oxide growth followed
the parabolic model. models for the alloy samples that were
thermally oxidized in N-5wt. % oxygen atmosphere and
N,-12wt.% oxygen atmosphere. The values of 6.8 pm/hour
and 23.03 pum/(hour)?were determined for K in both cases.
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Figure 5. Variation of the oxide layer thickness (ium) with the time
(hours) based on the linear model for Cu-32.02% Zn-2.30% Pb
alloy that is thermally oxidized in N -5 wt.% O, atmosphere and
N,-12 wt.% O, atmosphere respectively.
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Figure 6.Variation of the oxide layer thickness (um) with the time
(hours) based on the parabolic model for Cu-32.02% Zn-2.30% Pb
alloy that is thermally oxidized in N,-5 wt.% O, atmosphere and
N,-12 wt.% O, atmosphere respectively.

This shows that the oxide grew much faster in the atmosphere
with high oxygen content, even though at later stages of
the oxide growth, the process slowed down, limited by the
diffusion of oxygen ions through the thickened oxide layer.

5. Conclusion

In conclusion, the high temperature thermal oxidation
of the Cu-32.02% Zn-2.30% Pb alloy resulted in different
oxide morphologies, especially nanowires which grew within
specific time windows. The x-ray diffraction and energy
dispersive analyses of the oxide layer showed that they
consisted of a continuous phase of Zinc (II) Oxide (ZnO).
The planes of the oxides were properly indexed through
appropriate Miller indices. The oxide growth kinetics followed
the linear oxide growth model, for the alloy samples that
were thermally oxidized in N -5 wt.% O, atmposphere and
parabolic growth model for those thermally oxidized in
N,-12 wt.% O, atmospheres respectively. The appropraite
rate constant were also determined.
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