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Abstract

An oxidation study was performed on 99.99% Al, Al1%Mn and Al5%Mn materials, both in
a thermogravimetric furnace, and in a muffle furnace. The mass gain behaviour for these
materials was studied and compared for different temperatures and surface preparations,
and was compared to previous work on Al1Mn.

Curve fitting was used with the thermogravimetric data in an attempt to develop a math-
ematical model to describe oxidation in the Al1%Mn materials, but a satisfactory model
could not be found.

The oxidized materials were then analyzed in the Scanning Electron Microscope using
EDS and Auger microprobe analysis, both for chemical composition and to analyze the
structure of the oxide that was formed.

The main findings from the thermogravimetric work were are as follows:

1. Error analysis showed that the mass measurement errors were at least two orders of
magnitude smaller than the mass measurements, so any differences between samples
was due to different oxidation behaviour in the sample.

2. There was inconsistent oxidation behaviour for the Al1Mn surface-cleaned TGA
samples; for six identical samples and experiments, five samples showed comparable
results, while one sample showed much larger mass gain.

3. Sample preparation has a large influence on oxidation behaviour in the muffle fur-
nace.

4. Mn content has an influence on oxidation behavior; there was a trend of increasing
oxidation with increasing Mn content in the muffle furnace samples.

The main findings from the SEM analysis of the oxidized 99.99% Al, Al1%Mn and
Al5%Mn materials are as follows:

1. The oxides formed on the Al1Mn and Al5Mn materials were thicker and different
than those found on 99.99% Al

2. The oxides formed on the Al1Mn and Al5Mn materials did not contain Mn oxides

3. The oxides formed on the Al1Mn and Al5Mn materials had small particles of Mn
metal completely surrounded by Al2O3

4. Mn-rich particles were found in the interior of the Al1Mn and Al5Mn samples

5. Small clusters of Mn metal were found among the Al2O3 particles on the surface of
the Al1Mn and Al5Mn samples
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Glow Discharge Optical Emission Spectroscopy showed that there was no measurable Mn
on the surface of an as-extruded Al1Mn strip, and the Mn was deficient to a depth of
some 100nm from the surface. A similar Al1Mn extruded strip that had 50µm of the
surface mechanically removed also did not contain Mn on the surface, and had a similar
Mn profile to the as-extruded strip.

A qualitative physical model of oxidation was suggested, based on thermogravimetric
data.
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1. Introduction

1.1 Motivation

During remelting of aluminum alloys, industrial experience has shown a tendency toward
increased oxidation losses when remelting alloys containing industrially-significant levels
of manganese, when compared to alloys containing magnesium.

This is surprising, given that Mn is far less reactive toward oxygen than either Al or
Mg. Considerable work has been done on Al-Mg alloys, as evidenced by the volumes of
information available in the literature. Far less work has been done, however, with Mn-
containing alloys, and published literature concerning oxidation of these alloys is scarce.

A goal of this work is to increase what is currently known about oxidation of Mn-containing
aluminum alloys and relate this knowledge to reducing oxidation losses during remelting.

1.2 Background

This Thesis builds on the author’s Master’s Project [17] conducted Fall 2012, concerning
high temperature oxidation behavior of manganese-containing aluminum alloys. In that
work, thermogravimetric measurements were conducted in gaseous atmospheres that are
components of industrial remelting furnace atmospheres.

Some brief results from [17]:

1. Glow Discharge Emission Spectroscopy showed that the extruded Al-1%Mn ribbon
used to make the TGA samples had an aluminum oxide layer approximately 17nm
thick, with traces of Si, Zn and Na that were suspected to be contamination from
previous extrusions in the extrusion press. Mn was depleted in the surface layer to
a depth of 1.5µm.

2. At 800�, there was no real difference in mass gain between dry gases, and gases
containing 7 mol% H2O.

3. At 1000�, the humid gases caused significantly more oxidation than the dry gases,
but there were multiple parallel TGA runs for the dry gases, and only one TGA
run for each humid gas.

4. As expected, there was greater mass gain for all dry gases at 1000� than at 800�,
but there was significantly more scatter in the 1000� results, especially for O2.
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CHAPTER 1. INTRODUCTION

5. CO2 and N2 showed similar mass gains up to 7 hours at 1000�, after which CO2

showed slightly more mass gain, and O2 showed more mass gain than both N2 and
CO2.

6. For the 1000� isothermal TGA measurements, the majority of the mass gain oc-
cured in the first 60 to 90 minutes, after which the mass gain slowed significantly
and became nearly linear with time. By comparison, the 800� isothermal TGA
mass gain curves showed a much more linear mass gain with time.

7. Black aluminum oxide growths formed on the surface of Al-1%Mn samples at 1000�
in dry CO2 for 14 hours. These growths did not form on the dry CO2 sample held
at 1000� for 7 hours, nor for any of the other atmospheres.

8. At 800�, the addition of 7 mol% H2O had no significant effect on Al-1%Mn oxida-
tion with O2 and N2 when compared to the dry gases. The addition of 7 mol% H2O
to CO2 seemed to have a slight inhibiting effect on oxidation at 800�, compared
to dry CO2.

9. Adding 7 mol% H2O to O2, N2 and CO2 at 1000� significantly increased oxidation
compared to the dry gases, with humid N2 showing approximately 2.8x more oxida-
tion than dry N2. Humid O2 and CO2 showed approximately 2.2x more oxidation
than the respective dry gases.

In [17], the thermogravimetric measurements were thoroughly treated, but no analysis of
the oxide layer was conducted.

1.3 Project Aim - from Project

With the basis listed above, the goal of this work is to further investigate the role of Mn in
oxidation of Al-Mn alloys, with emphasis on analysis of the oxide layer using techniques
such as electron microscopy.

2



2. Theory

Recycling aluminum consumes as little as 5% of the energy required to produce the same
amount of virgin metal from alumina [7]. Dross formation during remelting increases the
energy consumption in two ways: the aluminum lost to dross must be replaced by addition
of primary metal, and the dross acts as an insulating barrier which reduces heat transfer
into the melt.

Themodynamically, Mn should not take part in oxidation until the Al has been consumed.
Rossel [1990] showed that there was slightly less metal loss for a given scrap thickness when
remelting AA3103 (AlMn) than for Al 99/5 (commercially pure aluminum) at 700-900�
in a gas-fired hearth-type furnace[13]. However, industrial remelting experience has shown
the opposite; when remelting alloys containing Mn, dross formation can exceed one ton
dross per 14 tons produced metal1. This is a significant loss when compared to the one ton
dross formed per 100 tons produced metal that is normally experienced when remelting
Al alloys containing Mg and Si. It is unclear what role Mn plays in the increased dross
formation; the questions become:

� Do AlMn alloys oxidize more rapidly than pure Al or AlMg alloys in the remelting
furnace atmosphere and conditions?

� Do AlMn alloys produce mechanically stronger oxides that trap or encapsulate more
molten metal than other Al alloys? In other words, is the increased dross due to
mechanical factors instead of chemical?

� Is there some other factor that leads to increased dross formation?

� Is it some combination of factors that increase dross formation?

2.1 Thermodynamics

2.1.1 Oxidation

Oxidation rates of AlMn alloys might be expected to be equal to or lower than for pure
Al under the same conditions, given that Mn is much nobler than Al, based on their
relative positions in the Ellingham oxidation diagram shown in Figure 2.1. Thus, Mn
should not take part in oxidation until the Al is consumed. However, as mentioned in
the Introduction, industrial remelting experience has shown the opposite; when remelting
alloys containing Mn, dross formation can exceed one ton dross per 14 tons produced

1Information from industrial aluminum producers

3



CHAPTER 2. THEORY

Figure 2.1: Ellingham diagram for metal oxides, showing relative positions of Mn (blue)
and Al (red). Oxygen pressures necessary for oxidation at 800 and 1000� are shown
in green for Mn and magenta for Al.

metal. The oxidation reactions for aluminum and manganese are as follows:

4
3

Al + O2 −→ 2
3

Al2O3 ∆G◦800� = −865kJ/mol (2.1)

2 Mn + O2 −→ 2 MnO ∆G◦800� = −610kJ/mol (2.2)

The Gibbs free energy change at 800�,∆G◦800�, is composed of an enthalpy term and an

4
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entropy term, where the temperature is given in Kelvin:

∆G◦800◦C = ∆H + T∆S (2.3)

The Gibbs free energy change is related to the equilibrium constant k through the equation

∆G◦800◦C = −RT ln(k) (2.4)

Table 2.1: Gibbs free energy change and equilibrium constants for oxidation reactions
(2.1) and (2.2), calculated using FactSage.

∆G◦800�,
J

mol keq800� ∆G◦1000�,
J

mol keq1000�

Al oxidation, (2.1) -951956 1.43E+62 -907508 2.52E+47
Mn oxidation, (2.2) -666563 3.32E+43 -633219 1.19E+33

where k is given by the ratio of the activities of the reactants and products. For the
aluminum oxidation reaction (2.1), keqAl ox is given by

keqAl ox =
activity

2/3
Al2O3

activity
4/3
Al · activityO2

(2.5)

similarly, for the manganese oxidation reaction (2.2), keqMn ox is given by:

keqMn ox =
activity2MnO

activity2MnactivityO2

(2.6)

The activities of pure substances such as Al, Mn and their oxides are assumed to be equal
to 1, and the activity of a gas is equal to its partial pressure in atmospheres, so equations
(2.5) and (2.6) reduce to

keqAl ox = keqMn ox =
1

PO2

(2.7)

and the equilibrium constants for these reactions is only a function of temperature and
the oxygen partial pressure.

Table 2.2: Activities and activity coefficients of Al and Mn in Al1%Mn alloy at 800�
and 1000�, calculated in FactSage

mass% mole frac a800� γ800� a1000� γ1000�

Al 99 9.95E-01 9.95E-01 1.00E+00 9.95E-01 1.00E+00
Mn 1 4.94E-03 8.48E-06 1.72E-03 2.81E-05 5.68E-03

5
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2.1.2 Vapour Pressure

For the pure metals, manganese has a higher vapour pressure than aluminum at remelt-
ing temperatures, but the vapour pressures are still very small relative to atmospheric
pressure. These differences in vapour pressure may cause a depletion of Mn in the surface
layer, to a depth of some few µm, and the depth of the depletion will be determined mainly
by mass transport (diffusion) of Mn to the surface. Once at the surface, vapourization of
Mn may occur at elevated temperatures. The vapour pressure for pure Al and Mn can
be calculated using equation (2.8) and the constants in Table 2.3 [15]:

log(P/atm) = A+
B

T/K
+ C log(T/K) (2.8)

Table 2.3: Vapour pressure calculation constants for pure aluminum and pure manganese
[15], for use in Equation (2.8).

Constant A B C Range, �

Al. solid 9.459 -17342 -0.7927 25 660
Al. liquid 5.911 -16211 660 1527
Mn. solid 12.805 -15097 -1.7896 25 1246

Figure 2.2: Calculated vapour pressure curve for pure aluminum and pure manganese.

At 800�, the vapour pressure of Mn is approximately 300x that of Al, and at 1000�, the
vapour pressure of Mn is approximately 150x that of Al.

6
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Table 2.4: Calculated vapour pressures in atmospheres for aluminum and manganese

Temperature, � 660 800 1000 1200 1245

pvapAl(l), atm 3.4E-12 6.4E-10 1.5E-07 8.0E-06 1.7E-05

pvapMn(s), atm 2.0E-09 2.0E-07 2.5E-05 7.7E-04 2.5E-03

Using Raoult’s law for low solute concentrations, the vapour pressure of a solvent in a
solution is the product of the solvent molar fraction and the vapour pressure of the pure
solvent. In the case of the Al alloy with 1 mass % Mn, using the mole fraction from Table
2.2 and the calculated vapour pressure from Table 2.4, the vapour pressure of Al at 800�
is given by:

pAl = 0.995064× 6.4×10−10 = 6.32×10−10 atm (2.9)

2.1.3 Combustion

The remelting furnace is fired by hydrocarbon (natural gas, propane or oil) combustion
in either air or pure oxygen. Assuming air consists of 21vol% O2 and 79vol% N2, the
general equations for oxy-fuel and air-fuel combustion are [5]:

CxHy + ( 4x+y
4

)O2(g) −→ x CO2 + ( y
2
)H2O(g) + heat (2.10)

CxHy + ( 4x+y
4

){O2(g) + 3.76 N2} −→

−→ x CO2 + ( y
2
)H2O(g) + 3.76( 4x+y

4
)N2 + heat

(2.11)

Nitrogen is carried through reaction (2.11) as an inert species, but small amounts may ox-
idize to form ppm levels of undesireable NOx, depending largely on the flame temperature
[11]. Furnaces are typically operated with 2-4% more oxygen than is required by stoi-
chiometry to ensure complete combustion. However, carbon monoxide may be formed at
ppm levels due to incomplete combustion if there is insufficient air (oxygen) available, or
if there is incomplete combustion for some other reason, such as malfunctioning burners.

The benefits of oxy-fuel over air-fuel heating are twofold: higher flame temperatures are
possible, and less nitrogen is present in the furnace. Further, it is simpler and less costly to
implement CO2 capture programs on the exhaust streams from oxy-fuel furnaces because
the gas volumes are smaller and have a higher concentration of CO2 compared to air-fuel
furnaces.

A drawback of the higher flame temperatures of oxy-fuel heating is the increased tendency
for any nitrogen present in the furnace atmosphere to react to form NOx above 1300�
[11], so good furnace sealing and operation of the furnace at a slight overpressure are
important to exclude N2-containing air from the process.

Water vapour is a product of both combustion processes, and is found in the furnace
atmosphere at levels approaching 10% by volume for air-fuel furnaces, and up to 50%
by volume for oxy-fuel furnaces2. Previous work on AlMg alloys has shown that water

2Measurements taken by SINTEF as part of the CastAl project
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vapour contributes to rapid Al oxidation [9] via the reaction

H2O(g) + 2
3

Al(l) −−→
1
3

Al2O3 + H2(g) ∆G◦800◦C = 296kJ/mol (2.12)

The hydrogen that is liberated, when measured with a mass spectrometer, is a strong
indicator of rapid or so-called “breakaway” oxidation and coincides with periods of rapid
mass gain measurements.

2.2 Oxide Thickness Calculation

The average thickness of the oxide that forms on a sample during an oxidation experiment
can be calculated if the mass gain and surface area are known; this Section is adapted
from Wagner [16].

The mass fraction of oxygen in the oxide is given by

y =
MO

Mox
(2.13)

The thickness of the oxide film multiplied by the density of the oxide equals the mass of
the oxide film per unit area

∆`oxρox =
mox

A
(2.14)

It is assumed that all of the mass change is due to the reaction of oxygen with the metal
to form oxide; no metal is lost. Then the total mass gain per unit area is equal to the
product of the oxide thickness, the oxide density and the mass fraction of oxygen in the
oxide

∆m

A
= yρox∆`ox (2.15)

where yρox is the mass of oxygen per volume of oxide. Rearranging Equation (2.15) gives
an expression for the theoretical oxide thickness in terms of the mass gain

∆`ox =
1

y ρox

∆m

A
(2.16)

The loss of metal per unit area equals

∆mmet

A
= (1− y)

mox

A
=

1− y
y

∆m

A
= (1− y) ρox∆`ox (2.17)

Moreover, the loss of metal per unit area can be written as the product of the metal
density and the displacement of the boundary of the oxide-metal interface

ρmet∆`met =
∆mmet

A
(2.18)

8
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The oxide has a different density than the metal, and the oxide thickness given in Equation
(2.16) does not reflect this density change. Substituting Equation (2.17) into Equation
(2.18) gives the actual oxide-metal boundary displacement in terms of either the total
mass change or the oxide thickness

∆`met =
1

ρmet

(1− y)

y

∆m

A
= (1− y)

ρox
ρmet

∆`ox (2.19)

2.3 The Parabolic Rate Law

Wagner [16] contains a thorough description of the parabolic rate law, from which this
Section was adapted.

When a coherent oxide film is formed, diffusion of the reactants, metal or oxygen across
the oxide layer is a necessary step. According to Fick’s first law, the number of moles
diffusing per unit area per unit time equals

ṅ

A
= Ṅ = Dc

∣∣∣∣ ∂c∂x
∣∣∣∣ (2.20)

where

In general, Dc depends on concentration. Upon integration of Equation (2.20) between
the metal-oxide interface and the outer surface involving the concentrations c’ and c”,
respectively,

ṅ

A

∫ ∆x

0

dx = Ṅ

∫ ∆x

0

dx =

∣∣∣∣∣
∫ c′′

c′
Dc dc

∣∣∣∣∣ (2.21)

which gives

ṅ

A
= Ṅ =

1

x

∣∣∣∣∣
∫ c′′

c′
Dc dc

∣∣∣∣∣ (2.22)

Consequently, if the concentrations or activities of the reactants in the adjacent phases
are kept constant and thermodynamic equilibrium at the boundaries of the oxide film is
practically established, the reaction rate is inversely proportional to the instantaneous
thickness of the oxide film. According to Tammann (1920), we may take the increase of
the film thickness per unit time as a measure of the reaction rate. Thus

d(∆`ox)

dt
=

k′

∆x
(2.23)

where k′ is a constant with the dimension
[
length2

time

]
. Upon integration,

(∆`ox)2 = 2 k′t (2.24)

or

∆`ox =
√

2 k′t (2.25)

9
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Thus a plot of∆`ox versus time t, gives a parabola (parabolic or quadratic rate law). Using
the mass increase per unit area ∆m

A
as a measure for the advancement of the reaction and

recalling that ∆m
A

is proportional to ∆`ox according to Equation (2.15), another form of
the parabolic rate law3 is obtained: (

∆m

A

)2

= k′′ t (2.26)

where the rate constant k′′ has the units

[
mass2

length4 time

]
(2.27)

2.4 Mixed control kinetics

Young [18] describes a kinetics regime that is a combination of diffusion and phase bound-
ary processes. In the early stages, the oxidation rate may be controlled by a phase bound-
ary reaction, but as the oxide thickens, diffusion through the oxide gradually becomes the
controlling factor. Linear-parabolic kinetics is described by the rate equation

x2 + C1x = kt+ C2 (2.28)

where x is mass gain (or increase in oxide thickness). To get mass gain as a function of
time,

x2 + C1x− (kt+ C2) = 0 (2.29)

x2 + C1x+
C2

1

4
−
(
C2

1

4
+ kt+ C2

)
= 0 (2.30)

(
x+

C1

2

)2

−

(√
C2

1

4
+ kt+ C2

)2

= 0 (2.31)

the equation above is of the form

(x+ a)2 − b2 = 0 (2.32)

where

[(x+ a) + b][(x+ a)− b] = 0 (2.33){(
x+

C1

2

)
+

√
C2

1

4
+ kt+ C2

}{(
x+

C1

2

)
−
√
C2

1

4
+ kt+ C2

}
= 0 (2.34)

and the solution to the quadratic equation is

x = −C1

2
±
√
C2

1

4
+ kt+ C2 (2.35)

For t ≥ 0, x ≥ 0, so take the positive root:

x = −C1

2
+

√
C2

1

4
+ kt+ C2 (2.36)

3Pilling and Bedworth, Journ. Inst. Metals 29, 529 (1923)
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2.5 Diffusion model

Diffusion of oxygen through the alumina layer can be described by the model where the
surface of the material has an existing oxide layer, `0, which increases by thickness ∆`ox
upon heating in an oxidizing atmosphere, as shown in Figure 2.3.

Figure 2.3: Diffusion model

Assuming that the diffusivity of oxygen is the same in the original oxide as in the newly-
formed oxide, the oxidation can be described by an equation of the form `

2
√

D(t+τ)
.

c′′ − c
c′′ − c′ =

2√
π
B

∫ `
2
√

D(t+τ)

0

e−v
2

dv (2.37)

the diffusivity of oxygen through the oxide D and the thickness of the inital oxide `0 are
known, and the constants B and τ are to be determined. At t = 0, ` = `0 and c = c′.
Then Equation (2.37) becomes

1 =
2√
π
B

∫ `0
2
√

Dτ

0

e−v
2

dv (2.38)

As the oxidation proceeds, ` = `0 +∆`ox and c = c′

1 =
2√
π
B

∫ `0+∆`ox
2
√

D(t+τ)

0

e−v
2

dv (2.39)
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As a simplification, `0+∆`ox

2
√

D(t+τ)
= α, then Equation (2.38) becomes

1 =
2√
π
B

∫ α

0

e−v
2

dv (2.40)

where α is a constant. At the Al–Al2O3 interface,

` = `0 +∆`ox = 2α
√

D(t+ τ) (2.41)

and at t = 0,∆`ox = 0, so

`0 = 2α
√

Dτ (2.42)

therefore, α is given by `0,D and τ . τ (is unknown and) is found from the mass balance:
From the mass balance for the oxide, there are three oxygen atoms per molecule of Al2O3,
and τ can be determined:

3
d(∆`ox)

dt

ρox
Mox

= −D
dc

d`
(2.43)

from Equation (2.37)

dc

d`
= −(c′′ − c′) 2√

π

B

2
√

D(t+ τ)
e−α

2

(2.44)

3
d(∆`ox)

dt

ρox
Mox

= (c′′ − c′) 2√
π

BD

2
√

D(t+ τ)
e−α

2

(2.45)

3
d`

dt

ρox
Mox

= (c′′ − c′) 2√
π

BD

2
√

D(t+ τ)
e−α

2

(2.46)

Multiply Equation (2.46) by ` and substitute Equation (2.41) on the RHS:

3

2

d`2

dt

ρox
Mox

= (c′′ − c′) 2√
π
BDαe−α

2

(2.47)

From Equation (2.41), `2 = 4α2D(t+ τ):

3

2
4D

d[α2(t+ τ)]

dt

ρox
Mox

= (c′′ − c′) 2√
π
BDαe−α

2

(2.48)

6

[
dα2

dt
(t+ τ) + α2

]
ρox
Mox

= (c′′ − c′) 2√
π
Bαe−α

2

(2.49)

A solution to Equation (2.49) is that α does not depend on t. (Solve graphically using
TGA data) Then:

6
ρox
Mox

α = (c′′ − c′) 2√
π
Bαe−α

2

(2.50)
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Solving Equation (2.50) to give α as a function of B gives

e−α
2

=
3
√
π

B(c′′ − c′)
ρox
Mox

(2.51)

B is obtained from Equation (2.40):

1

B
=

2√
π

∫ α

0

e−v
2

dv = erf(α) (2.52)

The Gauss error function erf(α) for −1 ≤ α ≤ 1 can be approximated by the Taylor series

2√
π

∞∑
n=0

(−1n)α2n+1

n!(2n+ 1)
=

2√
π

(
α− α3

3
+
α5

10
− α7

42
+

α9

216
− . . .

)
(2.53)

then

B =

[
2√
π

(
α− α3

3
+
α5

10
− α7

42
+

α9

216
− . . .

)]−1

(2.54)

Equation (2.42) is used to solve for τ .

If the thermogravimetric oxidation data is converted into ∆`ox as a function of time t, we
can determine the diffusivity D from Equation (2.41).

2.6 Error Analysis

There are two types of error encountered in experimental measurements: systematic error,
which always occurs with the same value when we use the instrument, and random error,
which may vary from observation to observation and is equally likely to be positive or
negative [14].

An example of a systematic error is the repeatable, reliable change in a thermogravimetric
signal due to change of furnace gas properties (volume, viscosity, enthalpy, . . . ) with
temperature, independent of any changes in the sample. Random error often occurs when
instruments are pushed to their limits, i.e. digital balances can have random error in the
least significant digit. The measurement uncertainties for the equipment used in this work
are given in Table 2.5.

Experimental work does not generally produce the desired measurement directly, i.e. the
result is calculated from measured primary quantities. The error in the desired mea-
surement is calculated from the uncertainty in these primary quantities according to the
formulae shown in Table 2.6.
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Table 2.5: Limits of accuracy for measuring instruments used in this work

Instrument Range Repeatability

Setsys TGA Type S thermocouple 0-1700� ±0.0025(T,�)†

Setsys TGA microbalance, large range ±200mg ±0.4µg‡

Setsys TGA microbalance, small range ±20mg ±0.04µg‡

Sartorius M36S microbalance 31g ≤ ±2µg‡

Sartorius BP301S microbalance 303g ≤ ±0.2mg‡

† N.I.S.T. Monograph 175, Revised to ITS-90
‡ Manufacturer documentation

Table 2.6: Error calculation formulae for different mathematical operations, from Squires
[14]

Relation between Relation between
Z,A and B standard errors

Z = A+B
Z = A−B

}
δZ2 = δA2 + δB2 (2.55)

Z = AB
Z = A/B

} (
δZ

Z

)2

=

(
δA

A

)2

+

(
δB

B

)2

(2.56)

Z = An δZ

Z
= n

δA

A
(2.57)

Z = lnA δZ =
δA

A
(2.58)

Z = exp(A)
δZ

Z
= δA (2.59)

2.7 Sample preparation considerations

Previous Al-Mn thermogravimetric oxidation work by the author [17] was conducted using
discs punched from an extruded strip of Al1Mn, with no further processing of the sample
surface. Glow discharge optical emission spectroscopy (GD-OES) analysis showed that
the surface of the as-extruded strip had an oxide layer nearly 20µm thick. Impey [7]
reported work by Thiele, Ginsberg and Datta, and Sharova that indicated small amounts
of Na contamination (0.0013-0.24%) caused increased oxidation in pure Al.

GD-OES analysis of the extruded Al1Mn strip in Wilson [17] showed that the oxide layer
contained traces of Si, Zn and Na that were not present in the original alloy, and the
surface of the strip was depleted in Mn to a depth of 1.5µm. In light of the Mn depletion,
it is possible that the surface of the extruded samples approximated that of pure Al when
heated in the TGA, so in order to get accurate oxidation results for Al1Mn, the surface
layer of the extruded strip must be removed to expose the Mn-containing bulk. This can
be done by, for example, sputtering, machining, mechanical polishing or electropolishing,
but all of these processes can affect the oxidation results.
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Impey [7] reviewed work prior to 1989 which found that sample preparation played an
important role in the oxidation of solid aluminum. Unpolished Al surfaces were reported
to gain less mass than mechanically polished surfaces, and samples which were manually
polished using abrasives gained more mass during oxidation than those with chemically
polished surfaces because of greater surface roughness and therefore surface area generated
when using abrasives. Further, machined samples were reported to have a surface area
of 8-10 times the geometric area, while unspecified “special polishing procedures” could
result in a surface area as high as 25 times the geometric area.

Therefore, sample preparation deserves careful consideration, and will likely play a very
important role in the results of the current work
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3. Experimental

3.1 Materials

99.99% pure Al was used as a reference material, since the oxidation properties of very
pure Al have been well-studied. Al1Mn represents the upper range of Mn content in
commercial Al alloys, and Al5Mn was chosen as an “extreme” content to investigate if (or
how) Mn affects Al oxidation or dross formation; there are no industrially-relevant alloys
with 5% Mn.

The Al1Mn alloy and Al5Mn alloys used in this work were prepared by the casting lab-
oratory at SINTEF. The Al1Mn alloy was prepared from 99.8% Al and a commercial
master alloy containing Al and 20 weight% Mn, while the Al5Mn alloy was prepared from
99.99% Al and the same 20wt% Mn master alloy. In both cases the alloys were cast into
ingots that were allowed to cool in air.

A portion of the Al1Mn ingot was machined into a Ø95x200mm cylinder that was sub-
sequently extruded into a 1.6x78.5mm strip in SINTEF’s extrusion press. This extrusion
was used for the thermogravimetric (TGA) oxidation work shown in Sections 4.2 and 4.3,
and was also used in the TGA work in [17].

Material from the remaining Al1Mn and Al5Mn ingots, as well as from some 99.99% pure
Al were used for the muffle furnace oxidation experiments. The muffle furnace sample
preparation is discussed in Section 3.2.4, and the muffle furnace results are presented in
Section 4.5

Figures 3.1 and 3.2 show the binary phase diagram for the Al-Mn system calculated using
FactSage, in the area of interest to this work, and indicate the various phases expected
at different temperatures.
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Figure 3.1: Aluminum-manganese phase diagram calculated using FactSage [8]

Figure 3.2: Aluminum-manganese phase diagram showing the composition region from
0-10wt% Mn, calculated using FactSage [8]. Alloys with 1% Mn (red line) and 5% Mn
(blue line) were used in this work.
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3.2 Thermogravimetric Oxidation

3.2.1 Setaram SetSys 2400 Thermogravimetric Analyzer

Thermogravimetric Analysis (TGA) is measurement of mass change under controlled heat-
ing in a controlled atmosphere. The outlet gases can be analyzed using mass spectroscopy
to give more information about any reactions that take place.

TGA measurements were carried out using a Setaram SetSys 2400 TG-DTA, an equipment
schematic is shown in Figure 3.3.

Figure 3.3: Schematic of Setaram Setsys 2400 TGA

The Setsys is equipped with two mass flow controllers for furnace atmosphere control, and
gas flows can be changed and/or mixed at different ratios during an experiment. Typical
gas flow during experiments is 20 normal mL/min; that is to say all programmed gas flows
are corrected to Standard Temperature and Pressure (STP) conditions: 1 atmosphere
pressure, 0� and 22.414L/mol. Gas flow rates above 50mln/min cause noise in the TG
measurements which increases with temperature, due to turbulent flow past the sample
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crucible. The Setsys balance has ±0.4µg resolution, and Ø0.5mm platinum wires connect
the Ø10x10mm sintered alumina sample crucible to the balance beam.

Typical heating rates are up to 30�/min, and complex heating and cooling profiles can
be programmed.

3.2.2 Setaram Wetsys Gas Humidifier

A Setaram Wetsys humidified the gas for experiments requiring water vapour, and was
connected to the Setsys via a heated gas transfer tube and 3-way bypass valve. The
gas flow rate through the Wetsys is adjustable up to 50mln/min, and the outlet gas
temperature is adjustable from room temperature up to 80�. While the humidity can be
programmed to follow a given profile during the experiment, the gas flow rate is fixed for
the duration of the experiment at a user-determined value up to 50mln/min.

It is important to ensure that the humid gas is kept above its dew point to prevent
condensation in the gas transfer tube or Setsys furnace. The Wetsys control interface
uses % relative humidity (%RH) to set how much water vapour to add to the dry gas,
so it is simple to use a psychrometric chart to ensure that the process is operated above
the dew point for the chosen amount of humidity. However, most chemical reaction and
kinetics calculations are in terms of molar quantities; it is not straight forward to convert
from relative humidity to molar or mass fractions. See Appendix C for detailed humid
gas calculations.

Water vapour can damage the Setsys balance head, so for experiments using humid gas,
a minimum of 5mln/min dry experimental gas is used to purge the balance head, while
the humid gas enters the furnace below the balance head; see Figure 3.3. This dilutes the
humid gas that reaches the sample, so the humid gas water content and flow rate must
be adjusted accordingly.

3.2.3 Pfeiffer Quadrupole Mass Spectrometer

A Pfeiffer QMA422 Quadrupole Mass Spectrometer (MS) was connected to the Setsys
by a (1m long) heated capillary, and measured the composition of the SetSys furnace
gases directly below the sample crucible. When water vapour is present, hydrogen peaks
provide evidence of accelerated (breakaway) oxidation according to Equation (2.12). In
experiments with H2O vapour, the MS data also shows when the “operating” humidity
level is reached.

The MS can be operated in two modes: scanning a spectrum of molecular masses, or
scanning only defined masses. Scanning a spectrum of masses will show all of the species
present in the sample gas, but this generates a large amount of data that is difficult
to interpret. Scanning only defined masses generates time-series data that is easy to
interpret, but if other species are present in the sample gas, they will be ignored. The
number of possible components in this system was limited and known, so it was more
efficient to scan only defined masses.

The MS data does not give absolute concentrations directly. Rather, it shows relative ion
concentrations in terms of mass

charge
: M
Q

or M
Z

, and has SI units of kg
Coulomb

. In order to give
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quantitative concentrations the MS must be calibrated for each species being measured,
but in this work the MS has not been calibrated.

3.2.4 Aluminum sample preparation

The TGA samples were prepared from the 1.6x78.5mm Al1Mn extruded strip described
in Section 3.1. The surface of the as-extruded strip was cleaned mechanically by removing
at least 50µm using a carpenter’s hand plane, as detailed in Sections 4.2 and 4.3. Ø8.5mm
discs were then punched from the strip using a hand punch with a flat face, and these
discs were used in the TGA experiments.

3.2.5 TGA procedure

In this work the samples were heated according to the profile shown in Figure 3.4, with
a 7 hour isothermal period at 1000�.

Figure 3.4: Heating profile with 7 hour isotherm used for TGA sample analysis.

The Setsys program included a vacuum-purge cycle before heating the sample, to ensure
that only the pure, dry experimental gas was in the furnace during the heating phase. The
sample lay flat in the bottom of the crucible so that the sample shape was maintained when
it melted. The upper side of the sample was openly exposed to the furnace atmosphere,
while the lower surface was not. The operating procedure for dry gas was:
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1. Weigh sample and crucible on external balance

2. Load sample and crucible in Setsys

3. Start Setsys and MS programs simultaneously

4. When experiment is finished, weigh sample and crucible on external balance

In experiments using H2O vapour, the humid gas was started at 950� in order to restrict
the effects of water vapour to the isothermal period. During the start-up and heating
phase, the Wetsys was running but the humid gas bypassed the furnace through a 3-way
valve for three reasons:

1. The aim of the experiments was to expose the sample to humid atmosphere only
during the isothermal period, to simplify analysis of the results.

2. If the Wetsys is not isolated from the Setsys during the vacuum-purge cycle before
heating, humid gas is pulled through the Wetsys and the Setsys cannot achieve full
vacuum.

3. It takes some minutes for the Wetsys humidity output to stabilize after a large
program setpoint change. If the Wetsys is operating at the correct humidity setpoint
in the bypass mode, there is only a very small disturbance in the Wetsys output
that stabilizes within 15-20 seconds when the 3-way valve is switched from bypass
to the Setsys.

The Setsys program was adjusted so that the total gas flow rate was the same before and
after the 3-way valve was switched.

Operating procedure for humid gas:

1. Weigh sample and crucible on external balance

2. Load sample and crucible in Setsys

3. Set humid gas 3-way valve to bypass

4. Start Setsys, Wetsys and MS programs simultaneously

5. At time = 3 minutes before the start of the isotherm (950�, 52 minutes after pro-
gram start), switch humid gas 3-way valve from bypass to Setsys

6. When experiment is finished, weigh sample and crucible on external balance

3.3 Muffle Furnace Oxidation

The TGA results from the Master Project [17] preliminary to this work indicated that
the majority of the sample mass change occurs in the first 60-90 minutes of isothermal
heating. However, the thin disc-shaped TGA samples have a high surface area:volume
ratio, and do not accurately reflect the conditions of the molten bath in the remelting
furnace. For a rapid comparison of oxidation characteristics between pure Al and the
Al1Mn and Al5Mn alloys, and to better simulate the conditions of a molten bath under a
normal air atmosphere, three groups of oxidation trials were conducted in a muffle furnace
in the sequence shown in Table 3.1:
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Table 3.1: Muffle furnace oxidation experimental matrix.
Material A = 99.99% Al, B = Al1Mn, C = Al5Mn.

Group Material Preparation Temp, � Sample mass, g

1 A+B Abrasive belt 1000 40.41± 0.06
2 A+B+C Machined 1200 35.55± 0.05
3 A Machined 1000 38.67± 0.04

The results of the muffle furnace experiments are presented in Section 4.5.

3.3.1 Alumina crucible preparation

Ø30x40mm (size A2) crucibles made of 99.7% Al2O3 were used to contain the aluminum
samples. The empty crucibles were “pre-baked” for 2h in the muffle furnace at 1000�
(1200� for the 1200� experiments) to prevent a change in crucible mass during Al heating
from affecting the results.

3.3.2 Aluminum sample preparation

Samples were cut from ingots of the respective alloys using a bandsaw. For the samples in
Group 1 (Table 3.1), pieces were cut from blocks of the respective alloys using a bandsaw,
and an abrasive belt sander with a 60-grit belt was used to shape the samples to fit the
crucible and to bring the sample masses close to each other; no further surface treatment
was done.

For the samples in Groups 2 and 3 (Table 3.1), blocks were cut from the respective
ingots in a bandsaw, then machined into cylinders and cut to length in a lathe. The
bandsawing was done using a water-based synthetic coolant/lubricant, but the machining
work was done without coolant or lubricant so as not to contaminate the samples. The
fine adjustment of sample masses was done by drilling holes to remove material in a drill
press, also without coolant or lubricant.

The finished samples were loaded into the “pre-baked” Ø30x40mm crucibles, which were
then loaded into a muffle furnace that was preheated to 1000� (1200�).

3.3.3 Muffle furnace procedure

The purpose of the muffle furnace tests was to measure the mass gain while the sample
was molten. To determine the time needed to melt the sample, the furnace was preheated
to 1000�, then a single crucible and 40g sample was placed in the centre of the furnace.
The sample appeared completely molten after 8 minutes, and this was taken as the t0 for
the subsequent samples.

The radiant and convective heat emitted from an open furnace at 1000� makes it chal-
lenging to place all of the crucibles for each group inside the furnace quickly and accurately
if done one at a time. Further, there is considerable heat lost from the furnace that takes
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time to recover. Therefore, for each experiment group, all of the crucibles were arranged
on a 15mm thick plate of refractory material, then the plate was loaded into the furnace.

At the times designated in Figures 3.5 through 3.7 (corresponding to Groups 1 through 3
in Table 3.1), one crucible of each alloy was removed from the furnace and allowed to cool
naturally in air. When the samples had cooled to room temperature, the mass changes
were recorded.

Figure 3.5: Muffle furnace oxidation timeline for Group 1 samples (Table 3.1); pairs of
samples were removed from the furnace at the times indicated. “A” = 99.99% Al, “B”
= Al1Mn.

Figure 3.6: Muffle furnace oxidation timeline for Group 2 samples (Table 3.1); sample
triples were removed from the furnace at the times indicated. “A” = 99.99% Al, “B”
= Al1Mn, “C” = Al5Mn.
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Figure 3.7: Timeline for Group 3 (Table 3.1) 99.99% Al muffle furnace oxidation experi-
ments; samples were removed from the furnace at the times indicated. MuffleTime1002

3.4 Sample Analysis

3.4.1 Scanning Electron Microscope

Sections from the samples produced by the muffle furnace oxidation in Section 3.3 were
examined using a Hitachi SU6600 Field Emission Scanning Electron Microscope (SEM)
equipped with a Bruker Quantax Energy Dispersive x-Ray Spectrometer (EDS).

The surface composition of two TGA samples from Wilson [17] were analyzed using a
JEOL 9500F Auger Microprobe.

3.4.2 SEM Sample preparation

To get meaningful results in the SEM, the samples must be polished to a fine finish, and
the surface must be electrically conductive. If the sample - or at least the surface of the
sample - is not conductive there will be a buildup of electrons known as “charging”, which
shows up as featureless bright spots in the images.

The oxide-metal interface to be inspected was less than 10µm thick; to prevent rounding
of the edges during polishing and damage to the relatively fragile oxide layer, the samples
were mounted in epoxy. However, both the epoxy and the oxide are electrically insulating,
so coating the samples with a thin layer of carbon using a physical vapour deposition
process provided the required conductivity without affecting the sample.

The procedure used for sample preparation:

1. Remove solidified samples from alumina crucibles - some of the samples were stuck
in the crucibles and the crucibles had to be broken

2. Cut a section from the top portion of each sample using an abrasive cutoff disc,
with one plane parallel to the axis of the material; see Figure 3.8

3. Mount the removed section in epoxy and polish to a 1µm finish using standard
metallographic techniques
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4. Carbon coat the finished samples

Figure 3.8: Section cut from muffle furnace sample after heating, section to be mounted
and polished is shown on the right. The arrow indicates the oxide-metal interface that
was examined in the SEM

3.4.3 GD-OES

Glow Discharge Optical Emission Spectroscopy (GD-OES) was used to analyze the com-
position of the Al1Mn extruded strip, using a Horiba Jobin Yvon GD Profiler. These
measurements were performed by Hydro Aluminium’s Surface Laboratory at Karmøy,
Norway.
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4. Results

4.1 Surface analysis of unheated Al1Mn extrusion

In Wilson [17], Glow Discharge Optical Emission Spectroscopy (GD-OES) analysis showed
that there was no Mn on the surface of the as-extruded Al1Mn strip, and the Mn concen-
tration did not reach the bulk concentration until a depth of some 150− 200nm.

To investigate this further, two areas of the same extruded strip used in [17] were “cleaned”
mechanically. At least 50µm of material was removed from the surface of the as-extruded
strip using a carpenter’s hand plane, and it was expected that the surface of the cleaned
samples would have the same composition as the bulk. These two cleaned areas and two
adjacent untreated areas were analyzed using GD-OES. Figures 4.1, 4.3 and 4.5 show the
GD-OES results for one as-extruded and surface cleaned pair (Pair A in the figures), and
Figures 4.2, 4.4 and 4.6 show the other pair (Pair B in the figures).

Oxygen constitutes 47 mass% in Al2O3, and Figures 4.1 and 4.2 show that the oxide layer
(vertical black line at the intersection of the Al and Mn spectra at 47 mass%) is thinner
in the samples where the extruded surface was removed.

Figures 4.3 and 4.4 show that the Mn profiles of the cleaned and as-extruded samples
are very nearly identical, and there is practically no measurable Mn on the surface. Si
content in the top 100nm of the cleaned samples is lower than that of the as-extruded
samples.

Figures 4.5 and 4.6 show that the surface 0− 40nm in the cleaned samples is lower in Si,
Mg and Zn contents than in the as-extruded samples, but the Mn profiles appear similar.
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Figure 4.1: GD-OES analysis of the oxide thickness for Al1Mn sample pair A, with
surface removed by planing (top) and as-extruded (bottom). The vertical line indicates
the thickness of the Al2O3 layer.
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Figure 4.2: GD-OES analysis of the oxide thickness for Al1Mn sample pair B, with
surface removed by planing (top) and as-extruded (bottom). The vertical line indicates
the thickness of the Al2O3 layer.
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Figure 4.3: GD-OES analysis for extruded Al1Mn sample pair A, showing the Mn
and Si profiles for sample with planed surface (top) and as-extruded (bottom). The
horizontal line represents the 1% Mn bulk concentration. Axes rescaled from Figure
4.1.
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Figure 4.4: GD-OES analysis for extruded Al1Mn sample pair B, showing the Mn
and Si profiles for sample with planed surface (top) and as-extruded (bottom). The
horizontal line represents the 1% Mn bulk concentration. Axes rescaled from Figure
4.2.
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Figure 4.5: GD-OES analysis for extruded Al1Mn sample pair A showing the Si, Mg
and Zn profiles for sample with planed surface (top) and as-extruded (bottom). Axes
rescaled from Figure 4.1.
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Figure 4.6: GD-OES analysis for extruded Al1Mn sample pair B showing the Si, Mg
and Zn profiles for sample with planed surface (top) and as-extruded (bottom). Axes
rescaled from Figure 4.2.
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4.2 Preliminary TGA Oxidation Trials

In Wilson [17], GD-OES analysis revealed that the surface of the extruded strip was
depleted in Mn to a depth of approximately 150nm.

Different methods of surface removal such as chemical etching, machining and abrasive
grinding were considered, to obtain a surface composition that was the same as that of the
bulk. As mentioned in Section 4.1, a carpenter’s plane was used to remove at least 50µm
of material from the surface of the extruded Al1Mn strip to expose the bulk. Samples
were then punched from the extruded strip and run in the TGA, using the same heating
program and conditions as for Sample O2-800 in [17]. The TGA mass gain results of the
cleaned samples (130224 and 130225) are compared to those for the as-extruded sample
from Wilson [17] in Figure 4.7.

Figure 4.7: 800� 7h isothermal TGA results for cleaned Al1Mn strip in O2. The mass
gain curve from sample “O2-800” is from [17], Samples 130224 and 130225 were run
using the same TGA program as Sample O2-800.

Figure 4.7 shows that the oxidation behaviour of the cleaned samples is not consistent.
Sample 130224 has nearly the same behaviour as Sample O2-800, while Sample 130225 has
significantly more mass gain than Sample O2-800, and the rate of mass gain for Sample
120225 is increasing with time.
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4.3 TGA with cleaned Al1Mn in N2 + 7%H2O at
1000�

A series of six samples from the mechanically cleaned Al1Mn extruded strip were heated in
the thermogravimetric furnace in N2 +7 %H2O for 7 hours at 1000�. Figures 4.8 through
4.15 show the mass change and mass spectrometer results for these samples.

Figures 4.8 and 4.10 through 4.13 show similar mass change results; there is a rapid mass
gain in approximately the first 15 minutes, but then the mass gain is essentially finished
in the first 30 minutes. From 30 minutes to the end of the experiment there is a slow,
nearly linear mass gain.

Sample 130327 in Figure 4.14 gained much more mass than the other samples, even though
the samples were treated identically, and there is a significant peak in the H2 signal in
the first few minutes of the experiment that indicates breakaway oxidation, as discussed
in Section 2.1.3.

The mass changes for all six experiments are compared in Figures 4.14 and 4.15; the mass
of Sample 130327 increased at approximately the same rate as the other samples, but the
mass gain did not flatten off at 15 minutes as with the other samples.

The H2O and H2 mass spectrometer signals from Figures 4.8 through 4.13 are compared
in Figures 4.16 and 4.17, respectively. The H2O signals do not show any significant
differences, which indicates that the furnace atmosphere was identical between all of the
samples. The H2 signals, on the other hand, show more variation. The significant peak
for Sample 130327 has already been discussed; the H2 signals for the other samples also
have peaks that correlate with relatively rapid rates of oxidation, but these peaks are
much smaller than for Sample 130327.
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Figure 4.8: TGA results for 1000� isothermal heating of Al1Mn sample 130326 in
N2 + 7 %H2O.

Figure 4.9: TGA results for 1000� isothermal heating of Al1Mn sample 130327 in
N2 + 7 %H2O

36



CHAPTER 4. RESULTS

Figure 4.10: TGA results for 1000� isothermal heating of Al1Mn sample 130328 in
N2 + 7 %H2O

Figure 4.11: TGA results for 1000� isothermal heating of Al1Mn sample 130329 in
N2 + 7 %H2O
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Figure 4.12: TGA results for 1000� isothermal heating of Al1Mn sample 130330 in
N2 + 7 %H2O

Figure 4.13: TGA results for 1000� isothermal heating of Al1Mn sample 130331 in
N2 + 7 %H2O
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Figure 4.14: Comparison of TGA mass change results for Al1Mn samples 130326
through 130331, from Figures 4.8 through 4.8 TG1H2O

Figure 4.15: Comparison of TGA mass change results for Al1Mn samples 130326
through 130331, rescaled axes from Figure 4.14
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Figure 4.16: Comparison of H2O mass spec results for Al1Mn TGA samples 130326
through 130331, from Figures 4.8 through 4.13 H2OMS

Figure 4.17: Comparison of H2 mass spec results for Al1Mn TGA samples 130326
through 130331, from Figures 4.8 through 4.13 H2MS
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4.4 Auger analysis of oxidised Al1Mn TGA sam-
ples

Auger analysis1 was used to investigate the composition of the oxide layer that was formed
on two of the Al1Mn TGA samples from [17]. One of the samples had been held at 800�
in O2 for 14h (120923 Run#2), and the other sample was held at 1000� in CO2 for 14h
(121024 Run#27). The CO2 sample was one of the two that exhibited the black oxide
growths that were discussed in [17], shown in Figure 4.18.

Figure 4.18: Al1Mn TGA sample heated at 1000� for 14h in CO2, showing black
growths. From Wilson [17].

Figure 4.19 shows the Auger results for Sample 120923 (Al1Mn/O2/800�/14h) and Fig-
ure 4.20 shows the Auger results for Sample 121024 (Al1Mn/CO2/1000�/14h).

Auger analysis showed that:

� Oxide thickness for Sample 120923 in Figure 4.19 ca 800nm

� Oxide thickness for Sample 121024 in Figure 4.20 ca 1900nm

� Mn was not found until a depth of 500nm from the surface of the sample

� there was essentially no Mn in the surface 500nm of either sample

� the Mn profiles on both samples were similar to the GD-OES results shown in
Section 4.1 for the unheated sample material

� Mg oxide nodules were found on the surface of Sample 120923 (Al1Mn/O2/800�/14h),
but Mg is a very minor component of the original sample alloy

1Auger analysis was performed by John Walmsley, SINTEF
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Figure 4.19: Auger analysis of Al1Mn Sample 120923 heated at 800� in O2 for 14h;
sample from [17]

Figure 4.20: Auger analysis of Al1Mn Sample 121024 heated at 1000� in CO2 for 14h;
sample from [17]
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4.5 Muffle furnace oxidation trials

The muffle furnace oxidation trials were divided into three groups; details regarding sam-
ple composition, preparation and the heating procedure are discussed in Section 3.3.

4.5.1 Muffle furnace oxidation trials, Group 1: 1000�

The mass change results for the muffle furnace oxidation of Group 1 (abrasive ground)
samples at 1000� are shown in Figure 4.21. Samples were removed from the furnace
according to the schedule shown in Figure 3.5.

Figure 4.21: Mass change results for Group 1 40g Al and Al1Mn samples in alumina
crucibles heated in a muffle furnace at 1000� with air atmosphere. Sample pairs were
removed 20, 40, 60, 85, 122, 178 and 263 minutes after melting.

The greatest mass gain occurred in the first 20 minutes, after which there is a trend of
steady mass increase with time, but there is no clear difference in mass gain between the
99.99% Al and Al1Mn materials. The Group 1 samples gained more mass than the Group
2 and Group 3 samples.

4.5.2 Muffle furnace oxidation trials, Group 2: 1200�

The mass change results for the muffle furnace oxidation of Group 2 (machined) samples
at 1200� are shown in Figure 4.22. Samples were removed from the furnace according to
the schedule shown in Figure 3.6.

There is a distinct difference in mass gain between the different materials in Figure 4.22,
with the mass gain (and subsequent loss) increasing with Mn content. The majority of
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Figure 4.22: Mass change results for Group 2 35.5g Al, Al1Mn and Al5Mn samples in
alumina crucibles heated in a muffle furnace at 1200� with air atmosphere. 1200�
sample triples were removed 20, 40, 60, 85, 120, 180 and 265 minutes after melting.

the mass gain in 99.99% Al and Al1Mn samples occurs in the first 20 minutes, then the
99.99% Al samples do not gain more mass. The Al1Mn samples gain approximately 0.01%
mass from 20 to 85 minutes, only to lose approximately 0.02% mass between 180 and
265 minutes. The Al5Mn samples show approximately 0.06% mass gain at 20 minutes,
increasing fairly linearly to 0.10% at 180 minutes. Between 180 and 265 minutes, the
Al5Mn samples lose 0.05% mass.

4.5.3 Muffle furnace oxidation trials, Group 3: 1000�

It was unclear whether the differences between the Group 1 and Group 2 mass gains were
due to the different temperature (1000� for Group 1 vs. 1200� for Group 2), the different
sample preparation (Abrasive grinding for Group 1 vs. machining for Group 2), or some
other factor such as atmospheric humidity. Therefore, the machined samples in Group 3
were heated at 1000� with samples removed from the furnace according to the schedule
shown in Figure 3.7. The mass change results for the muffle furnace oxidation of Group
3 samples are shown in Figure 4.23.

The Group 3 samples gained the least mass of the three Groups of 99.99% Al samples.
The mass gain at 20 minutes was approximately 0.015%, increasing fairly linearly to
approximately 0.03% at 265 minutes.
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Figure 4.23: Mass change results for Group 3 99.99%Al samples in alumina crucibles
heated in a muffle furnace at 1000� with air atmosphere. Samples were removed 20,
40, 85, 180 and 265 minutes after melting.

4.6 SEM analysis of Group 1 and Group 2 muffle
furnace samples

4.6.1 SEM-EDS analysis of Group 1 1000� muffle furnace
samples

In the SEM, Energy Dispersive x-ray Spectroscopy2 was performed on the top (oxidized)
surface of selected Group 1 muffle furnace samples to quickly determine if there were
any obvious differences in the oxide formed for the 99.99% Al and Al1Mn samples that
warranted closer inspection.

For these analyses, the muffle furnace samples were simply removed from their crucibles
and EDS measurements were taken at two locations on the as-formed top surface of
each sample; no sectioning, polishing or carbon coating was done. For each sample, the
selection of the two analysis locations was based on areas that appeared different from
each other in the SEM. The qualitative results of these analyses are shown in Figures 4.24
through 4.29 and are summarized in Table 4.1

Figures 4.24 and 4.25 show that after 40 minutes at 1000� the Al1Mn sample has regions
that are somewhat oxidized, while other areas are relatively pure metal.

2EDS analysis in Section 4.6.1 was done by Wilhelm Dall (SINTEF)
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Table 4.1: Summary of qualitative SEM-EDS results shown in Figures 4.24 through 4.29
for selected Group 1 1000� muffle furnace samples

EDS Signal
Time, min Sample(Location) Figure Strong Moderate Weak

40 Al1Mn(1) 4.24 Al O
40 Al1Mn(2) 4.25 Al, O
263 Al1Mn(1) 4.26 Al, Mg, O Na Ca
263 Al1Mn(2) 4.27 Mg, O Al Ca, Na
263 99.99% Al(1) 4.28 Al O
263 99.99% Al(2) 4.29 Al O, N

The increased oxygen signal for the 263 minute Al1Mn measurements shown in Figures
4.26 and 4.27 indicate that this sample is more heavily oxidized. The 263 minute Al1Mn
sample shows high Mg, as well as low to moderate Ca and Na signals that are not present
for the 40 minute Al1Mn or 99.99% Al samples.

In Figures 4.28 and 4.29, the 263 minute 99.99% Al sample measurements show only
strong Al signals with comparatively weak oxygen and nitrogen signals, indicating that
this sample is much less oxidized than the 263 minute Al1Mn sample, but comparable to
the 40 minute Al1Mn sample. Since the muffle furnace oxidation was carried out in air,
there is a possibility for some minor formation of AlN along with the oxide.
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Figure 4.24: SEM-EDS results for Group 1 Al1Mn 40min/1000� muffle furnace sample,
EDS analysis location #1

Figure 4.25: SEM-EDS results for Group 1 Al1Mn 40min/1000� muffle furnace sample,
EDS analysis location #2

Figure 4.26: SEM-EDS results for Group 1 Al1Mn 263min/1000� muffle furnace sam-
ple, EDS analysis location #1
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Figure 4.27: SEM-EDS results for Group 1 Al1Mn 263min/1000� muffle furnace sam-
ple, EDS analysis location #2

Figure 4.28: SEM-EDS results for Group 1 99.99% Al 263min/1000� muffle furnace
sample, EDS analysis location #1

Figure 4.29: SEM-EDS results for Group 1 99.99% Al 263min/1000� muffle furnace
sample, EDS analysis location #2
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4.6.2 SEM-SE images of Group 2 1200�muffle furnace sam-
ples

Sections were cut from the Group 2 muffle furnace samples that were held at 1200� for
20 and 265 minutes (the first and last sample for each alloy time-series), then the sections
were mounted in epoxy and polished as described in Section 3.4.2. Secondary Electron
SEM (SEM-SE) images were taken of the polished cross sections to look at the oxide layer
that formed on the top surface of the aluminum in the crucible. Figures 4.30 through
4.35 show selected images that are representative of each sample.

At the bottom of each SEM image there is information regarding the measurement param-
eters. For example, in Figure 4.30(a) it reads 10.0kV 15.3mm x3.00k SE ; this translates
into a 10kV electron beam, a working distance of 15.3mm, an image magnification of
3000x, and the imaging is using the Secondary Electron mode. In this Figure, each
division of the linear scale represents 1µm on the sample.

Figures 4.30 and 4.31 show the SEM-SE images for the 99.99% Al muffle furnace samples
that were held at 1200� for 20 minutes and 265 minutes, respectively. The oxide layer
on the 20 minute sample is thinner and less fragmented than on the 265 minute sample,
and there is less oxide on both of the 99.99% Al samples than on any of the Al1Mn or
Al5 Mn samples.

Figures 4.32 and 4.33 show the SEM-SE images for the Al1Mn muffle furnace samples that
were held at 1200� for 20 minutes and 265 minutes, respectively. The oxide layer on the
20 minute sample is quite different than for the 265 minute sample; there are many small
oxide fragments in the 20 minute sample that extend some 10µm into the bulk, while on
the 265 minute sample the fragments appear to have fused together and are concentrated
on the surface. However, on both the 20 and 265 minute samples there are “fjords” and
“peninsulas” of metal that are surrounded with an oxide layer. Figure 4.33(e) shows an
“island” of oxide-encapsulated metal that has become isolated from the bulk.

Figures 4.34 and 4.35 show the SEM-SE images for the Al5Mn muffle furnace samples that
were held at 1200� for 20 minutes and 265 minutes, respectively. The 20 minute sample
has regions in Figures 4.34(c) through (e) where no oxide appears to have formed at all,
while Figure 4.34(a) has a region of oxide inclusions some 50µm deep into the sample.
In comparison, the 265 minute sample in Figure 4.35 shows extensive oxide formation,
with “fjords” and “peninsulas” similar to those found in the both the 20 and 265 minute
Al1Mn sample in Figures 4.32 and 4.33.

In Figures 4.32(e), 4.33(a) and 4.34 there are particles that are likely AlxMny; the compo-
sition of these particles was not analyzed. The composition of locations in the 265 minute
Al5Mn sample in Figure 4.35(a) were investigated using Energy Dispersive Spectroscopy,
and the results are shown in Section 4.6.4.
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(a) x3000 X701 (b) x3000 X702

(c) x500 X704 (d) x3000 X706

(e) x3000 X703 (f) x3000 X705

Figure 4.30: Secondary Electron images of 99.99% Al muffle furnace sample cross-
section, 20min at 1200�. Image (d) is a magnified region from Image (c), the other
images are taken at different points along the oxidized surface that are representative
of the whole cross-section.
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(a) x3000 X101 (b) x3000 X102

(c) x1200 X108 (d) x900 X103

(e) x3000 X105 (f) x3000 X104

Figure 4.31: Secondary Electron images of 99.99% Al muffle furnace sample cross-
section, 265min at 1200�. Images (e) and (f) are magnified regions from Image (d).
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(a) x1000 Y711 (b) x3000 Y712

(c) x3000 Y713 (d) x3000 Y719

(e) x1000 Y724 (f) x3000 Y725

Figure 4.32: Secondary Electron images of Al1Mn muffle furnace sample cross-section,
20min at 1200�. Image (b) is a magnified region from Image (a), and Image (f) is a
magnified region from Image (e)

52



CHAPTER 4. RESULTS

(a) x1000 Y1121K (b) x3000 Y1133K

(c) x1000 Y1031K (d) x3000 Y1043K

(e) x1300 Y1061P5K (f) x3000 Y1053K

Figure 4.33: Secondary Electron images of Al1Mn muffle furnace sample cross-section,
265min at 1200�. The images in the right column are magnified regions from the
corresponding images in the left column.
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(a) Z7201K (b) Z7212p5K

(c) Z7063K (d) Z7153K

(e) Z7181K (f) Z7173K

Figure 4.34: Secondary Electron images of Al5Mn muffle furnace sample cross-section,
20min at 1200�. Image (b) is a magnified region in Image (a), and Image (f) is a
magnified region in Image (e).

54



CHAPTER 4. RESULTS

(a) Z1010p6K (b) Z1023K

(c) Z1031K (d) Z1041K

(e) Z1161K (f) Z1153K

Figure 4.35: Secondary Electron images of Al5Mn muffle furnace sample cross-section,
265min at 1200�. Images (b) through (d) are magnified regions from Image (a), and
Image (f) is a magnified region from Image (e) Fig:SEMSEZ1
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4.6.3 SEM-EDS analysis of Group 2 Sample Y1

The 265 minute 1200� Al1Mn sample cross-section shown in Figure 4.33 was examined
using SEM-Energy Dispersive Spectroscopy3 (SEM-EDS) to investigate the composition
of the oxide layer.

Figure 4.36 shows the SEM-SE image of the area that was analyzed using EDS; note that
Figures 4.33 and 4.36 show different regions of the same sample cross-section.

Figure 4.36: Secondary Electron image of a cross-section of the top surface of Sample
Y1. The boxed area was analyzed using EDS and is shown in Figure 4.37. Note that
this is a different region of the same sample shown in Figure 4.33. YY1A-02

Figure 4.37 shows the backscatter SEM (SEM-BS) image of the boxed area shown in
Figure 4.36 and Table 4.2 gives the compositions measured at the locations indicated in
Figure 4.37.

Heavy elements such as Fe and Mn backscatter (reflect) electrons more strongly than
lighter elements such as Al, so the heavier elements show up as brighter spots in SEM-BS
images; cf. locations Y1-4 (contains Fe and Mn) and Y1-7 (contains only Al and O).

In the oxidized surface of this sample there are regions of aluminum oxide devoid of other
metals, interspersed with small clusters where Mn and Fe are concentrated. Location
Y1-2 reflects the bulk composition.

3SEM-EDS measurements in Sections 4.6.3 and 4.6.4 were conducted by Wilhelm Dall (SIN-
TEF)

56



CHAPTER 4. RESULTS

Figure 4.37: Backscatter image of the boxed area shown in Figure 4.36, showing the
SEM-EDS analysis locations; the compositions of these locations are listed in Table
4.2. Fig:EDS-Y1-0109

Table 4.2: SEM-EDS normalized compositions in mass% for locations indicated in Figure
4.37. Values for each location do not total 100% due to presence of minor elements
and carbon coating on samples. Table:Y1EDS

Location Al O Mn Fe Comment

Y1-1 56.2 38.7 Oxide
Y1-2 88.9 1.2 1.4 Bulk metal
Y1-3 62.0 34.7 Oxide
Y1-4 78.4 5.4 0.8 6.3 Metallic
Y1-5 66.8 23.0 0.8 0.9 Metallic+oxide
Y1-6 72.3 18.4 Oxide
Y1-7 59.2 17.6 Oxide
Y1-8 52.3 42.0 Oxide
Y1-9 52.3 41.7 Oxide
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4.6.4 SEM-EDS analysis of Group 2 Sample Z1

Figure 4.38 shows the backscatter SEM image of an area of the Group 2 Al5Mn 265
minute/1200� muffle furnace sample cross-section. The interior of the sample contains a
large number of particles that are presumed to be enriched in Mn.

The boxed regions were analyzed using EDS; Area I is shown in Figure 4.39, Area II is
shown in Figure 4.40, Area III is shown in Figure 4.41 and Area IV is shown in Figure
4.42; the EDS analyses accompany each figure. Note that Area I was also shown in
Figures 4.35(a) through (d) and discussed in Section 4.6.2.

Figure 4.38: Backscatter SEM image of a cross-section of the top surface of the sample.
The boxed areas were analyzed using EDS; Area I is shown in Figure 4.39, Area II is
shown in Figure 4.40, Area III is shown in Figure 4.41 and Area IV is shown in Figure
4.42. Fig:ZZ1a-05

Figure 4.39 shows the secondary electron and backscatter images of Area I in Figure 4.38.
Figure 4.39(b) shows the locations that were analyzed using EDS, and the analysis results
are presented in Table 4.3.

There is a thick oxidized layer present on the surface, and in Figure 4.39(b) there are
small particles interspersed throughout the oxide that are presumed to be enriched in Mn
or Fe. There are also large particles visible in the bulk that likely contain Mn.
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(a) Secondary Electron

(b) Backscatter image showing EDS analysis locations

Figure 4.39: SE (a) and backscatter (b) images of Area I in Figure 4.38, showing
SEM-EDS analysis locations. Fig:EDSsecI
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Table 4.3: SEM-EDS normalized compositions in mass% for locations shown in Figure
4.39(b). Values for each location do not total 100% due to presence of minor elements
and carbon coating on samples. Table:Z1EDSI

Location Al O Mn Fe Comment

Z1-1 63.27 27.31 Metal in oxide layer
Z1-2 54.52 40.89 Oxide layer
Z1-3 54.37 41.30 Oxide layer
Z1-4 90.39 0.86 2.13 Bulk metal
Z1-5 64.54 21.61 6.90 Metal particle in bulk
Z1-6 65.37 28.21 Metal particle in bulk
Z1-7 62.16 31.36 Metal particle in bulk
Z1-8 62.76 30.05 Metal in oxide layer

Locations Z1-2 and Z1-3 are darker than the bulk metal in Figure 4.39(b), and the EDS
results in Table 4.3 show that these areas are nearly pure aluminum oxide. Locations
Z1-1 and Z1-8 are small bright particles in the oxide layer, and have Mn concentrations
approximately 6x that of overall alloy.

Location Z1-4 should represent the bulk concentration; this EDS measurement is lower
in Mn than the overall Al5Mn alloy. The values in Table 4.3 are normalized and the Mn
concentration outside the particles will be lower because of the amount of Mn that is
bound up in particles.

There is a large particle in the lower right corner of Figure 4.39(b), where measurements
Z1-6 and Z1-7 were taken. The brightness of the particle at location Z1-7 indicates a
higher Mn concentration than at location Z1-6 ; this is reflected in the measurements in
Table 4.3 and suggests there could be two different AlxMny phases here.

Figure 4.40 shows the secondary electron and backscatter images of Area II in Figure
4.38. The EDS measurements for the locations shown in Figure 4.40(b) are presented in
Tables 4.4 and 4.5.
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(a) Secondary Electron

(b) Backscatter image showing EDS analysis locations

Figure 4.40: SE (a) and backscatter (b) images of Area II in Figure 4.38. Figure 4.40(b)
shows the EDS measurement locations in Tables 4.4 and 4.5 Fig:EDSsecII
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Figure 4.40(b) indicates that locations Z1-9 and Z1-10 are small particles of heavier ele-
ments in the oxide layer. From Table 4.4, location Z1-9 contains Mn and O, in addition to
Si, Mo, Cr, Fe, V, Ti and Cu. These additional elements were not significant components
of the original alloy.

Table 4.4: SEM-EDS normalized compositions in mass% for location Z1-9 shown in
Figure 4.40(b). Values for each location do not total 100% due to presence of minor
elements and carbon coating on samples. Table:EDSZ1A2.1

Al O Mn Si Mo Cr Fe V Ti Cu

17.15 13.03 9.10 28.89 13.48 3.18 2.88 2.06 2.04 1.23

Table 4.5 shows that location Z1-10 is also enriched in Mn, but does not contain the
other metallic elements found at location Z1-9. There are other, smaller bright spots in
the oxide layer in Figure 4.40(b), but the composition of these spots were not measured
with EDS. Location Z1-11 is unoxidized metal, and location Z1-12 is only aluminum
oxide.

Table 4.5: SEM-EDS normalized compositions in mass% for locations shown in Figure
4.40(b). Values for each location do not total 100% due to presence of minor elements
and carbon coating on samples.Table:EDSZ1A2.2

Location Al O Mn Comment

Z1-10 71.91 10.77 7.06
Z1-11 88.17 1.27 1.71
Z1-12 54.26 40.99 Oxide

Figure 4.41 shows the backscatter image of Area III in Figure 4.38 and the locations of
the EDS measurements presented in Table 4.6.
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Figure 4.41: Backscatter image of Area III in Figure 4.38. EDS analysis compositions
are listed in Table 4.6. EDS-Z1-1318

The backscatter overview of the sample interior shown in Figure 4.38 showed that the
interior of the sample had a high concentration of particles that formed along various
grain boundaries. Figure 4.41 shows a magnified view of the particles in the matrix.
There is very little variation in the brightness of locations Z1-13 through Z1-16 and Z1-
16 ; the EDS analysis in Table 4.6 shows that these locations all have similar Mn content.
Location Z1-17 has a comparatively low Mn content due to the Mn bound up in the
particles.

Table 4.6: SEM-EDS normalized compositions in mass% for locations shown in Figure
4.41. Values for each location do not total 100% due to presence of minor elements
and carbon coating on samples. Table:EDSZ1A3

Location Al Mn

Z1-13 70.93 29.07
Z1-14 64.15 29.43
Z1-15 65.71 27.68
Z1-16 64.83 28.67
Z1-17 90.48 2.12
Z1-18 65.65 27.79

Figure 4.42 shows the backscatter SEM image of Area IV in Figure 4.38. The compositions
of the EDS analysis locations in Figure 4.42 are given in Table 4.7.
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Figure 4.42: Backscatter image of Area IV in Figure 4.38, showing the EDS analysis
locations; compositions are listed in Table 4.7. EDS-Z1-1926

Similar to Figure 4.41, this particle contains a high concentration of Mn. The backscatter
image suggests the stoichiometry of the areas within the particle are different; locations
Z1-19 and Z1-21 are in the brightest area and have similar compositions in Table 4.7,
and locations Z1-20,Z1-22,Z1-24 and Z1-25 have similar compositions. Locations Z1-25
and Z1-25 have similar compositions and represent the low-Mn metal.

Table 4.7: SEM-EDS normalized compositions in mass% for locations shown in Figure
4.42. Values for each location do not total 100% due to presence of minor elements
and carbon coating on samples. EDSZ1A4

Location Al O Mn Comment

19 58.40 35.38 Mn-rich phase 1
20 64.64 28.88 Mn-rich phase 2
21 56.15 37.88 Mn-rich phase 1
22 65.81 27.57 Mn-rich phase 2
23 88.77 0.88 3.14
24 66.24 27.14 Mn-rich phase 2
25 63.35 30.25 Mn-rich phase 2
26 88.98 1.07 1.96
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5.1 GDOES discussion

The GD-OES results in Section 4.1 confirm findings from [17], that Mn is not present on
the surface of the Al1Mn extruded strip.

The results for the as-extruded and surface-cleaned samples are very similar, in that the
oxide layer is approximately 6 − 12nm thick, while the Mn-depleted zone extends some
100nm into the surface.

It is not unreasonable that the as-extruded sample was depleted in Mn, since it was
subjected to the heat, pressure and material flow of the extrusion process and this may well
affect the surface chemistry. However, it was unexpected that the samples with the surface
50µm removed would have a Mn profile nearly identical to that of the as-extruded samples.
The surface cleaning process should have removed all of the Mn-depleted material and
the bulk Mn concentration should have been measured at the surface, just below the 6nm
thick oxide layer.

The surface cleaning process was performed at room temperature and the samples were
not subjected to any elevated temperatures before they were measured with GD-OES
some 3-5 days later.

From this, it appears that the Mn either (a) evaporates from the surface at room temper-
ature, or (b) diffuses away from the surface.

Using data from Table 2.3 in Equation (2.8), the vapour pressure of Mn at 25� is calcu-
lated:

log(P/atm) = 12.805 +
−15097

298
− 1.7896 log(298) = −42.28 (5.1)

P vapMn = 5.2×10−43atm (5.2)

The vapour pressure of Mn at room temperature is so low that evaporation from the sur-
face should not be possible. Further, Mn diffusion at room temperature occurs much too
slowly for the Mn concentration profile in the cleaned samples to be nearly identical to
the as-extruded samples after only a few days, and diffusion toward an area of higher con-
centration should not be thermodynamically possible. Therefore, some other mechanism
must be at play that is not currently understood.
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5.2 Thermogravimetric oxidation

The results for the series of six cleaned Al1Mn TGA oxidation samples at 1000� in N2+
7 mol% H2O in Figure 4.14 showed consistent results for five of the samples, but Sample
130227 showed considerably more mass gain even though all of the experimental variables
were identical. This series of six experiments was conducted to compare with TGA results
from Wilson [17] for as-extruded Al1Mn under similar experimental conditions, shown in
Figure 5.1.

In [17] the results for the 800� samples were quite consistent whether there was water
vapour present or not, while at 1000� there was more scatter in the results, especially
when water vapour was added. However, there were not enough parallels run in [17] for
any one experimental combination of temperature, time and presence of water vapour to
draw any firm conclusions as to the reason for the scatter.

Figure 5.1: TGA results for as-extruded Al1Mn samples in N2, from [17]. Fig:MPN2All

When the current results in Figure 4.14 are compared to those in Figure 5.1, the cluster
of five samples in Figure 4.14 have approximately the same mass gain at the end of 7
hours as Samples 18 and 19 in Figure 5.1. However, the majority of the mass gain for
the cleaned Al1Mn samples in Figure 4.14 occured in the first 30 minutes, after which the
mass gain more or less stopped. Samples 18 and 19 in Figure 5.1 also gained mass quickly
in the first half hour, then over the next 30 minutes the mass gain became nearly linear
with time. Note that all of the samples in Figure 4.14 had an atmosphere containing
water vapour, while Samples 18 and 19 in Figure 5.1 were dry.

In both Figures 4.14 and 5.1, the samples with maximum mass gain had N2 atmospheres
with 7 mol% H2O and showed somewhat similar mass gain behaviour; the mass gains
in the first 30 minutes were at approximately the same rate as the other samples in the
respective series, but both samples continued gaining mass at a high rate for approximately
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the first 90 minutes. In the TGA data for sample 130227 in Figure 4.9 the peak in the
H2 mass spectrometer signal is significantly larger and much more defined than for any of
the other TGA samples in Figures 4.9 through 4.13 and indicates rapid, or “breakaway”
oxidation as discussed in Section 2.1.3. This breakaway oxidation appears to happen
somewhat randomly, and once it begins it seems to take considerable time before the
oxide layer that is forming stabilizes and starts to protect the molten metal.

5.2.1 TGA baseline subtraction error analysis

The TGA measurement mass change data are meaningless until the systematic error
from the machine - the baseline - is subtracted. In this work, baselines were conducted
with the identical heating program and gas composition/flow parameters used for the
respective sample measurements, with an empty sample crucible. Further, when a series
of identical measurements were conducted, the same baseline was subtracted from each
of the experiments. For the baseline subtraction:

msample = mmeasurement −mbaseline (5.3)

The error in the sample mass change is calculated using Equation (2.55):

(δmsample)
2 = (δmmeasurement)

2 + (δmbaseline)
2 (5.4)

The “large range” for the TGA microbalance was used in this work; from Table 2.5 the
uncertainty in each mass measurement is ±0.4µg, so the total measurement uncertainty
is

δmsample,TGA =
√

(0.4µg)2 + (0.4µg)2 = 0.5657µg (5.5)

δmsample,TGA = ±0.6µg (5.6)

The thermogravimetric mass change data in this work is normalized as a percentage of
the original sample mass prior to heating:

∆msample,% = 100
∆msample

original sample mass
(5.7)

To convert the measurement uncertainty to use in the mass change figures,

δmsample,TGA,% = 100
±0.6µg

original sample mass
(5.8)

Then from Equation (2.56), the uncertainty in the normalized sample mass change is
given by (

δmsample,%

∆msample,%

)2

=

(
δmsample,TGA

∆msample

)2

+

(
δmM36S

msample before

)2

(5.9)

In the Results, Figure 4.14 showed the series of six TGA measurements of the cleaned
Al1Mn discs in N2 + 7 %H2O at 1000�; Table 5.1 summarizes the mass change data.
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Table 5.1: Sample mass and baseline-corrected mass gain data for TGA samples shown
in Figure 4.14. Sample masses were measured with Sartorius M36S microbalance
before TGA oxidation

Sample mass, M36S Corrected mass gain, TGA
Sample ±0.002mg ±0.4µg %

130326 209.960 168.9 0.080
130327† 212.842† 513.7† 0.241†

130328 210.993 157.4 0.075
130329 211.515 161.5 0.076
130330 210.496 167.0 0.079
130331 208.016 154.1 0.074

Average 210.196 161.8 0.077
St. Dev 1.348 6.2 0.003

† Sample 130327 not included in average and standard
deviation calculations

Five of the measurements were nearly identical when the baseline was subtracted, but the
mass change for sample 130327 was much greater than for the other five measurements in
that series, and is not included in the average and standard deviation calculations. The
data shows an average mass gain of 161.8µg with little scatter, but to determine if these
differences are significant an estimate of the total measurement uncertainty is needed.

Equation (5.9) is used to calculate the normalized TGA measurement uncertainty by
using the result from Equation (5.6), the average sample mass and % mass gain values
from Table 5.1 and the M36S measurement uncertainty from Table 2.5:

δmsample,% = 0.077%

√(
0.6µg

161.8µg

)2

+

(
2µg

210196µg

)2

(5.10)

δmsample,% = ±(2.85×10−5)% (5.11)

The result in Equation (5.11) shows that the uncertainty in the TGA measurements after
the baseline (systematic error) is subtracted is insignificant compared to the variation
between the results of each measurement. Therefore, the difference between each sample
is due to changes in the samples, and not measurement error.

5.2.2 Oxide Thickness

The average thickness of the oxide that formed on the TGA samples can be calculated
using the method outlined in Section 2.2. The calculated values can be compared against
physical measurements using, for example, Auger analysis. Table 5.2 lists relevant prop-
erties of Al and Al2O3 that are used in the calculation.
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Table 5.2: Properties of Al and Al2O3[2]

Property Value Units

MAl 27 kg/kmol
MO 16 kg/kmol

Mox =MAl2O3
102 kg/kmol

ρmet = ρAl 2700 kg/m3

ρox = ρAl2O3
3950 kg/m3

The samples are disc-shaped, Ø8.5 x 1.6mm, so the geometric surface area is

A = πD

(
D

2
+ h

)
= 1.56×10−4m2

A = 1.56×10−4m2 (5.12)

The mass fraction of oxygen in Al2O3 is

y =
3MO

MAl2O3

=
3(16)

2(27) + 3(16)

y = 0.47 (5.13)

Equation (2.16) gives the oxide film thickness as a function of mass gain:

∆`ox =
1

y ρox

∆m

A
=

∆m

(0.47)(3950)(1.56×10−4)

∆`ox = 3.448∆m,

[
m

kg

]
(5.14)

where ∆m is the mass of the oxide film. The oxide-metal boundary displacement from
Equation (2.19):

∆`met = (1− y)
ρox
ρmet

∆`ox = (1− 0.47)
3950

2700
∆`ox

∆`met = 0.775∆`ox (5.15)

In Wilson[17], sample 120923 was held at 1000� for 14h in 100% O2, and gained 219µg
over the course of the experiment. Using Equation (5.14) and assuming the oxide growth
is the same on all surfaces of the sample, the expected change in oxide thickness would
then be

∆`ox = 3.448(2.19×10−7kg) = 7.55×10−7m

∆`ox = 755nm (5.16)

The actual oxide-metal boundary displacement from Equation (5.15) is then

∆`met = 0.775(7.55×10−7m) = 5.85×10−7m

∆`met = 585nm (5.17)
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In addition, Wagner [16] states that the following factors seem important to determine
the structure of an oxide layer:

1. degree of porosity and coherency

2. chemical composition

3. crystallographic structure

4. crystallographic orientation

5. variation of properties with increasing distance from the oxide film-metal interface

5.2.3 Discussion of Auger analysis results

The Auger analysis results in Section 4.4 showed the measured oxide thickness as a func-
tion of depth for two as-extruded Al1Mn TGA samples from Wilson [17]. The sample
in Figure 4.19 had an oxide thickness of approximately 800nm, and in [17] this sample
gained 219µg during the TGA oxidation. Based on this mass gain, the calculations in
Section 5.2.2 predict that an oxide layer an average thickness of of 755nm should have
formed on the sample, in addition to the pre-existing 17−18nm of natural oxide measured
with GD-OES [17] for a total oxide thickness of approximately 775nm, which agrees well
with the Auger results.

Similarly, the sample in Figure 4.20 had an oxide thickness of some 1900nm and gained
377µg during the TGA oxidation. Using Equation (5.14) this should translate into an
average “fresh” oxide thickness of 1300nm, and when the preexisting 17−18nm of natural
oxide is added, a total of approximately 1320nm of oxide. This, however, does not agree
with the Auger results.
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5.3 Muffle furnace oxidation

5.3.1 Muffle Furnace Oxidation Error Analysis

As with the TGA results, the muffle furnace oxidation mass gains are very small so minor
measurement errors in can have a large influence on the final result. Error analysis was
performed on the muffle furnace mass gain data as outlined in Section 2.6 to determine
the magnitude of the measurement error.

The simplest case in this work involves measuring the mass of a sample before and after
it is heated in a muffle furnace:

∆msample = msample after −msample before (5.18)

The error in ∆msample is calculated using Equation (2.55):

(δmsample)
2 = (δmsample before)

2 + (δmsample after)
2 (5.19)

The Sartorius BP301S microbalance was used to measure the masses of the samples before
and after they were heated in the muffle furnace. Using the uncertainty in Table 2.5, the
error in the mass change calculation is

δmsample,BP301S =
√

(0.2mg)2 + (0.2mg)2 = 0.2828mg (5.20)

δmsample,BP301S = ±0.3mg (5.21)

In order to directly compare samples with different masses, the mass change is normalized
using the sample mass before heating

∆msample,% = 100
∆msample

msample before
(5.22)

Equation (5.22) also has an assocated error, according to Equation (2.56):(
δmsample,%

∆msample,%

)2

=

(
δmsample,BP301S

∆msample

)2

+

(
δmBP301S

msample before

)2

(5.23)

For muffle furnace sample 1A, the sample mass before heating was approximately 40.4mg
and the mass change measured on the BP301S balance was 62.6 mg. Using Equation
(5.22) the normalized mass change was 0.155%. The error in the normalized mass change
is

δmsample 1A,% = 0.155%

√(
0.3mg

62.6mg

)2

+

(
0.2mg

40424.9mg

)2

(5.24)

δmsample 1A,% = ±(7.43×10−4)% (5.25)

Equation (5.25) shows that the uncertainty in the measurement is small compared to
the magnitude of the normalized mass change, and Figure 5.2 shows the muffle furnace
oxidation results along with their uncertainties.
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5.3.2 Muffle furnace mass gain

Table 3.1 lists the differences between the three groups of muffle furnace oxidation samples.
The mass gain results in Section 4.5 showed a significant variation between Group 1, and
Group 2 and 3 materials; the results for the three groups are compared in Figure 5.2.

Figure 5.2: Comparison of Groups 1-3 muffle furnace oxidation mass gain results from
Figures 4.21 through 4.23. Samples marked (G) were prepared by grinding with an
abrasive belt, samples marked (M) were prepared by machining. Fig:MufFurnDiscuss

The Group 2 1200� Al and Al1Mn and Group 3 samples gained approximately one fifth
as much mass as the Group 1 1000� Al and Al1Mn samples, the opposite of what would
be expected from the increased temperature. All of the samples for the muffle furnace
experiments came from the same ingots of the respective alloys, and 99.7% alumina cru-
cibles were used for all of the experiments, so the chemical composition of the experimental
materials should be nearly identical.

The furnace atmosphere was approximately the same, apart from minor differences in
atmospheric humidity. Table 5.3 shows the outdoor atmospheric conditions during the
respective muffle furnace experiments. The indoor humidity conditions were not mea-
sured, so it is assumed that the water content of the indoor air was not significantly
different than that of the outdoor air.

Comparing the atmospheric conditions between the three groups of experiments shows
that there were small differences in the mole fraction (partial pressure) of atmospheric
water vapour. Molten aluminum dissociates water vapour according to Equation (2.12)
to form alumina and hydrogen. If this effect was significant, the Group 3 materials
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Table 5.3: Atmospheric humidity during muffle furnace experiments. Outdoor temper-
ature and relative humidity data retrieved from local weather service, water content
values from Carrier Psychrometric Chart for Normal Temperatures, Appendix B.

Samples Outdoor temp RH H2O content Mol frac H2O
� % gH2O/kg dry air

Group 1 −2.3± 1.1 40± 2 1.3± 2 0.002
Group 2 13.7± 0.8 50± 3 4.7± 4 0.007
Group 3 11.2± 1.1 72± 6 6.1± 0.4 0.010

should have gained more mass than the Group 1 materials, given the same temperature.
Therefore it must be concluded that there are other factors at play.

Apart from the furnace temperature and small differences in water vapour, the largest dif-
ference between the three groups of samples was sample preparation. Impey [7] reviewed
a variety of work which indicated that the sample preparation method was an important
factor in the amount of oxidation, and that oxide weight gain increased with increasing
surface roughness.

The very similar mass gains of the 99.99% Al samples in Groups 2 and 3 show that the
sample preparation is more important than either furnace temperature or minor changes
in humidity.

The Group 1 samples were shaped and weight-matched using a 60 grit abrasive belt
which left these samples with a strongly textured surface, i.e. many deep scratches. This
surface texture gives a significantly larger surface area in relation to the geometric area
that provides much more area for oxidation to take place.

The Group 2 and 3 samples were prepared together, and the machining processes used
to prepare these samples left a much smoother surface finish that would give much less
surface area for oxidation than on the Group 1 samples.

The surface texture and roughness of the samples was not measured so it is not known
what the relative surface areas were for the different groups of samples.

The mass losses seen with the Group 2 Al1Mn and Al5Mn samples is likely due to the
relatively high vapour pressure of Mn at 1200�. Figure 2.2 and Table 2.4 show that at
1200�, Mn has a vapour pressure of 7.7×10−4 atmospheres. The evaporation of Mn at
this temperature would be slow, but would probably be measurable.

5.3.3 Muffle furnace SEM and SEM-EDS

In Section 4.6, cross-sections from the oxide layer and top few millimetres of metal from
selected Group 2 muffle furnace samples were inspected in the SEM after oxidation. It was
found that the 99.99% Al samples had only a thin layer of oxide on the surface that was
relatively coherent, while the oxide on the Al1Mn and Al5Mn samples was thicker, much
more fragmented and contained small particles of Mn and other metals. As identified
in the Results, the oxide layers on Mn-containing samples contained “islands” of metal
surrounded by oxide and “fjords” or deep cracks in the surface that also had oxide skins
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in them. In the muffle furnace, the surfaces of the molten samples were not agitated in
any way that could lead to oxide formation, except when removing the samples from the
furnace. In an industrial remelting furnace where the bath is in motion, it is conceivable
that the tendency to form small islands of metal surrounded by oxide could easily lead to
formation of large oxide particles with metal locked up inside. This oxide would then be
removed from the furnace as dross.

In all of the samples that contained Mn, and indeed, all of the samples in the current
work, none of the samples have contained Mn on the surface as a component in the oxide.
EDS analysis of the samples showed that the oxide particles only contain Al and O, but
there were small particles of Mn-containing metal scattered across the surface.
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5.4 Oxidation model

One goal of this work is to develop a kinetic model for the oxidation of Al-Mn alloys.
The basis for the mathematical portion of the model is described in Section 2.5, but
parameters such as a diffusion coefficient are needed, and curve fitting was used in an
attempt to determine values for these parameters.

5.4.1 TGA curve fitting on Al1Mn experimental data

The approach taken in curve fitting was to try different general models that are described
in literature [12] as being relevant to oxidation kinetics, and to examine the residual plot
for each proposed model to evaluate the fit. The residual for each data point for a set of
time-based data are defined as

residual(t) = data(t)−model(t)

When the correct model and parameter values are found for a set of data, the residuals
should ideally be evenly and randomly distributed about y = 0 and should have no
discernable pattern. If there is a clear trend or pattern in the residuals this means that
the model does not adequately describe the data.

When fitting models to experimental data it is generally accepted that the simplest model
is the best, especially when attempting to correlate the model to physical phenomena.
For example, it may be possible to fit a 10-parameter model to the data perfectly, but
the model will likely have no physical meaning. Further, simple models have been iden-
tified that have specific meanings in respect to kinetics [12] - linear relationships indicate
reaction controlled kinetics, parabolic equations are used to describe diffusion controlled
reactions, and so on.

Curve fitting on TGA data for Al1Mn in O2 at 1000� from [17] was used to try to find a
kinetic model that agreed with the experimental data. Figure 5.3 shows the generic shape
of different models that are discussed in literature [12].

At first glance it should seem possible to fit a relatively simple kinetic model to the TGA
data to, for example, determine diffusion coefficients and time constants that can be used
in the diffusion model from Section 2.5, but this has proven to be challenging.

5.4.1.1 First approach: fitting all data

In an attempt to find a model that fit the TGA data, the curve fitting function in Origin
8 was used. Numerous built-in functions were tried, and the best fit for the entire set of
data was using a two-part exponential function of the form

mass gain /mg = A1 e
−t /s
B1 +A2 e

−t /s
B2 + C

For the case of the Al1Mn alloy at 1000� in O2 [17], Figure 5.4(a) shows the increase in
oxide thickness vs. time is described reasonably well by the equation

mass gain =
{
−2.44 e

−t
51111 − 4.57 e

−t
530 + 7.34

}
×10−7[mg] (5.26)
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Figure 5.3: Generic shape of different oxidation models [12] Fig:GenModels

but the obvious pattern in the residual plot in Figure 5.4(b) shows that this model does
not adequately describe the data, especially in the first two hours. Interpretation of this
model and how to apply it in the context of oxidation kinetics is also difficult, since the
oxidation was expected to follow parabolic kinetics. Simple parabolic and cubic models
of the form

mass gainparabolic = A1

√
A2(t+ τ1) +A3(t+ τ2) + C

mass gaincubic = A1
3
√
A2(t+ τ1) +A3(t+ τ2) + C

were also tried, but the best fits that could be achieved with either of these models
were worse than for the exponential decay model. It is apparent from this that there
is something more complex going on than can be described with a single equation, and
another approach is needed.
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(a) Fitted exponential decay model ExpDec2 O2 29 1000

(b) Residuals for the exponential model in Figure (a) ExpDec2 O2 29 1000 Resid

Figure 5.4: Exponential decay model fit model fits and residuals for sample O2 29 1000
Fig:ExpFit
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5.4.1.2 Second approach, linearization and fitting in sections

The next approach was linearization of the TGA data. Figure 5.5 shows that when the
data was plotted on a log-log scale, the first 30 seconds of the TGA data contained a few
negative values that introduced a discontinuity in the linearized data. The first 50-100
seconds of data are overrepresented on a log-log scale so ignoring these values should have
little influence on the physical model.

(a) Fitted linear models Lin O2 29 1000

(b) (c)

Figure 5.5: Linear model fits and residuals for sample O2 29 1000

The remainder of the data has two reasonably linear portions, but a simple model could
not be found that fit the transition between the linear portions. Further, the residuals
for each of the linear fits showed distinct patterns that indicated the linear fits were not
adequate to describe the data.
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5.4.1.3 Third approach, fitting in sections

Neither of the approaches in Sections 5.4.1.1 and 5.4.1.2 described the experimental data
well, and involved somewhat complex models, so the approach was changed to fitting
the data in sections using the simplest models possible. The time period chosen for each
fitted section was balanced between covering as much data as possible, without generating
excessive residuals.

Figure 5.6 shows the areas that were fit with linear equations, and the corresponding
residuals. In the region 0 ≤ t ≤ 0.5h, the curve appears to fit reasonably well

Figures 5.7 and 5.8 show the three-stage parabolic and cubic fits, along with the respective
residuals. Both the parabolic and cubic models fit better in the first section (0 to ca.
1.5h) than the linear model in Figure 5.6, but the residuals for both models show definite
patterns, indicating higher-order equations are needed to describe the data properly. The
residuals for both of these models in the region 1.5 ≤ t ≤ 7h are nearly identical and show
approximately the same pattern.
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(a) Fitted linear models Lin O2 29 1000

(b) Residuals for the linear models in (a) Lin O2 29 1000 Resid

Figure 5.6: Linear model fits and residuals for sample O2 29 1000 [17] Fig:LinearFit

80



CHAPTER 5. DISCUSSION

(a) Fitted parabolic models Parabol O2 29 1000

(b) Residuals for the parabolic model in (a) Parabol O2 29 1000 Resid

Figure 5.7: Parabolic model fits and residuals for sample O2 29 1000 [17] Fig:ParbolFit
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(a) Fitted cubic models Cubic O2 29 1000

(b) Residuals for the cubic models in Figure 5.8(a) Cubic O2 29 1000 Resid

Figure 5.8: Cubic model fits and residuals for sample O2 29 1000 [17] Fig:CubicFit
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5.4.2 Pilling-Bedworth Ratio

The Pilling-Bedworth ratio is the ratio of the volume of an oxide to the volume of its
corresponding metal, and predicts the protective behaviour of the oxide that is formed.
The Pilling-Bedworth ratio is defined

RPB =
molar volume oxide

molar volume metal
=

Mox · ρmet
n ·Mmet · ρox

(5.27)

Where


RPB < 1 : the oxide coating layer is too thin, likely broken and pro-

vides no protective effect
RPB > 2 : the oxide coating chips off and provides no protective effect

1 < RPB < 2 : the oxide coating is passivating and provides a protecting
effect against further surface oxidation

Using values from Table 5.2 for aluminum and α-Al2O3,

RPB,Al =
(102)(2700)

(2)(27)(3950)
(5.28)

RPB,Al = 1.29 (5.29)

and for the Mn-MnO system, using values from [2],

RPB,Mn =
(70.94)(7430)

(54.94)(5430)
(5.30)

RPB,Mn = 1.77 (5.31)

According to the Pilling-Bedworth ratio both of these oxides should be passivating. The
Pilling-Bedworth ratio for Mn is toward the upper end of the “passivating” spectrum, so
the Mn oxide properties may tend toward chipping instead of passivating. This could help
explain the fractured oxides found for the AlMn alloys in the muffle furnace investigations.

5.4.3 Possible oxidation mechanisms

Attempts to fit different models to the TGA data did not produce satisfactory results;
there is more going on than can be explained by simple mathematical equations.

From a physical standpoint, Al and Al2O3 have quite different thermal expansion coef-
ficients; the coefficient for Al is 23.1×10−6m m−1K−1, while the coefficient for Al2O3

is 5.4×10−6m m−1K−1, a factor of more than 4. Combining this large difference in
expansion with the high temperature oxidation behavior shown in the generic TGA mass
oxidation curve in Figure 5.9 (as well as using some imagination), the following mecha-
nism combining oxide fracture and diffusion behaviour could be suggested, and is shown
in Figure 5.10.
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Figure 5.9: Generic TGA oxidation curve shape, showing regions of different behaviour
Fig:generic

1. Figure 5.10(a): A coherent, protective layer of alumina is formed on the surface at
ambient temperature.

2. Figure 5.10(b): As the sample is heated in Ar, the alumina on the surface cracks
due to the differences in thermal expansion. A very thin layer of fresh alumina is
formed at the bottom of the cracks and oxygen has easy access to the Al through
the fresh Al2O3, but there is only 1ppm oxygen in the furnace atmosphere and this
oxidation is very slow. This would take place in the heating phase before t = 0 in
Figure 5.9.

3. Figures 5.10(c) and (d): When oxygen is added to the furnace, the fresh alumina
thickens, while the cracks in the original alumina are slowly filled by fresh alumina.
This gives the rapid, reaction controlled mass gain in Region I in Figure 5.9 since
the oxygen still has a relatively short path through the new oxide to the metal.

4. Figures 5.10(e): The cracks in the original Al2O3 are filling with fresh alumina and
are closing up. The mass gain now exhibits mixed reaction and diffusion control,
and slows dramatically due to the thickening layer of new alumina the oxygen must
diffuse through. This corresponds to Region II in Figure 5.9.

5. Figures 5.10(f): The cracks in the original Al2O3 are now filled with fresh alumina
and have completely closed up. The mass gain in Region III in Figure 5.9 is very
slow and is fully diffusion-controlled.
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(a) Fig:M00 (b) Fig:M01

(c) Fig:M02 (d) Fig:M03

(e) Fig:M04 (f) Fig:M05

Figure 5.10: Proposed oxidation model Fig:OxMod
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6. Conclusions

An oxidation study was performed on 99.99% Al, Al1%Mn and Al5%Mn materials, both in
a thermogravimetric furnace, and in a muffle furnace. The mass gain behaviour for these
materials was studied and compared for different temperatures and surface preparations,
and was compared to previous work on Al1Mn.

Curve fitting was used with the thermogravimetric data in an attempt to develop a math-
ematical model to describe oxidation in the Al1%Mn materials, but a satisfactory model
could not be found.

The oxidized materials were then analyzed in the Scanning Electron Microscope using
EDS and Auger microprobe analysis, both for chemical composition and to analyze the
structure of the oxide that was formed.

The main findings from the thermogravimetric work are as follows:

1. Error analysis showed that the mass measurement errors were at least two orders of
magnitude smaller than the mass measurements, so any differences between samples
was due to different oxidation behaviour in the sample.

2. There was inconsistent oxidation behaviour for the Al1Mn surface-cleaned TGA
samples; for six identical samples and experiments, five samples showed comparable
results, while one sample showed much larger mass gain.

3. Sample preparation has a large influence on oxidation behaviour in the muffle fur-
nace.

4. Mn content has an influence on oxidation behavior; there was a trend of increasing
oxidation with increasing Mn content in the muffle furnace samples.

The main findings from the SEM analysis of the oxidized 99.99% Al, Al1%Mn and
Al5%Mn materials are as follows:

1. The oxides formed on the Al1Mn and Al5Mn materials were thicker and different
than those found on 99.99% Al

2. The oxides formed on the Al1Mn and Al5Mn materials did not contain Mn oxides

3. The oxides formed on the Al1Mn and Al5Mn materials had small particles of Mn
metal completely surrounded by Al2O3

4. Mn-rich particles were found in the interior of the Al1Mn and Al5Mn samples

5. Small clusters of Mn metal were found among the Al2O3 particles on the surface of
the Al1Mn and Al5Mn samples
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Glow Discharge Optical Emission Spectroscopy showed that there was no measurable Mn
on the surface of an as-extruded Al1Mn strip, and the Mn was deficient to a depth of
some 100nm from the surface. A similar Al1Mn extruded strip that had 50µm of the
surface mechanically removed also did not contain Mn on the surface, and had a similar
Mn profile to the as-extruded strip.

A qualitative physical model of oxidation was suggested, based on thermogravimetric
data.
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A. Gaussian Error Function

For the integral
∫∞
−∞ e

−x2dx:

I =

∫ ∞
−∞

e−x
2

dx (A.1)

Square both sides of (A.1), but multiply the RHS by the same integral with a different
variable; this simplifies later operations:

I2 =

∫ ∞
−∞

e−x
2

dx

∫ ∞
−∞

e−y
2

dy (A.2)

=

∫ ∞
−∞

∫ ∞
−∞

e−(x2+y2)dx dy (A.3)

Change to polar coordinates, where x2 + y2 = r2 and dx dy = r dr dθ. The new limits of
integration are 0→ 2π for dθ and 0→∞ for dr:

I2 =

∫ 2π

0

∫ ∞
0

e−r
2

r dr dθ (A.4)

There is no θ dependence in the integrand, so (A.4) simplifies to:

I2 = π

∫ ∞
0

e−r
2

2r dr (A.5)

With the substitution u = r2 and du = 2r dr, the limits of integration do not change
since u = 0 when r = 0 and u =∞ when r =∞:

I2 = π

∫ ∞
0

e−u du (A.6)

= π [−e−u]
∣∣∞
u=0

(A.7)

I2 = π
[
−e−∞ − (−e0)

]
= π[0 + 1] = π (A.8)

I =
√
π (A.9)
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B. Carrier Psychrometric Chart
for Normal Temperatures
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APPENDIX B. CARRIER PSYCHROMETRIC CHART

Figure B.1: Carrier Psychrometric Chart for Normal Temperatures, humidity conditions
for muffle furnace experiments are marked in red
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C. Wetsys Calculations:

Temperature required to prevent condensation and gas flow settings to
produce desired H2O content Given: Industrial aluminum remelting furnace at-
mosphere with air-fuel burners: 7 molar% H2O with N2, O2 and CO2 present

Assumptions:

1. Ideal gas behaviour for all gas species except H2O.
2. H2O’s non-ideal behaviour is accurately described by psychrometric charts

and steam tables.
3. Psychrometric charts are based on air −→ Assume in calculations that 7

mol% H2O in air has the same H2O saturation temperature and pressure
(dew point), as in other gases at a given temperature and pressure.

4. Air consists of 21% O2 and 79% N2, other components are ignored.
(Mean molar mass 28.97g/mol [2])

5. The same gas is used in the Setsys balance head and Wetsys inlet.
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Table C.1: Ideal gas data at sea level, P = 1 atm = 101.325kPa[2]

Standard condition � K Volume, L/mol

STP 0 273.15 22.414
SATP 25 298.15 24.790

Table C.2: Molar masses[2], see assumptions for air

Species H N O H2O N2 O2 CO2 Air

g/mol 1.008 14 16 18.016 28.02 32 44 28.86

For a basis of 10mol furnace gas with 7 vol% (=mol%) H2O(g) at 1atm:

H2O: 0.7mol× 18.016g/mol = 12.611g H2O (C.1)

Air, assumed: 9.3mol× 28.86g/mol = 268.398g air (C.2)

Air, mean : 9.3mol× 28.86g/mol = 269.421g air (C.3)

Mass fraction H2O :
mass H2O

Total mass
=

12.611

12.611 + 268.398
= 4.488% (C.4)

Air Humidity Ratio :
mass H2O

mass dry air
=

12.611

268.398
= 0.04699 (C.5)

Equation (C.5) is also known as the Moisture Content in air.

Sensitivity Check:In Assumption 4, air consists only of 21% O2 and 79% N2 with a molar
mass of 28.86g/mol. When the minor components of air are taken into consideration, the
mean molar mass is 28.97g/mol [5]. Using the mean value in Equation (C.3):

Mass fraction H2O :
mass H2O

Total mass
=

12.611

12.611 + 269.421
= 4.472%

Air Humidity Ratio :
mass H2O

mass dry air
=

12.611

269.421
= 0.04681 (C.6)

Comparing the values in Equations (C.5) and (C.6), the error is essentially zero, so it is
valid to use Assumption 4:

Error =
Assumed value - True value

True value
=

0.04699− 0.04681

0.04681
= 0.38%

The Setsys balance head must be protected from humidity by continuous flushing with dry
gas at 10mL/min. This dilutes the humid gas, so the flow of humid gas from the Wetsys
must be increased to compensate for the dilution in order to get the correct humidity
level in the furnace. The Wetsys can deliver humid gas at rates of 0 - 50mL/min, but the
maximum gas flow past the sample crucible must not exceed 50mL/min; above this limit
the turbulent gas flow disturbs the TG (mass) signal. Therefore, given 10mL/min of dry
gas through the balance head, the maximum Wetsys gas flow is 40mL/min. For a total
gas flow rate of 50mL/min at STP conditions:

Total gas = 50mL× 22.414L/mol = 2.231mmol (C.7)

H2O = 7%× 2.213mmol = 0.155mmol (C.8)

Dry air = 2.231− 0.155 = 2.076mmol (C.9)
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Of this air, 10mL/min goes through the balance head.

Balance head air =
0.01L

22.414L/mol
= 0.446mmol (C.10)

Wetsys air = 2.075− 0.446 = 1.628mmol (C.11)

Converting Equations (C.8) through (C.11) from moles to mass for use in the Akton
psychrometric chart:

H2O = 0.155mmol× 18.02g/mol = 2.813mg (C.12)

Dry air = 2.075mmol× 28.86g/mol = 59.87mg (C.13)

Balance head air = 0.446mmol× 28.86g/mol = 12.88mg (C.14)

Wetsys air = 1.628mmol× 28.86g/mol = 47.00mg (C.15)

The maximum H2O content of the humid gas is a function of gas temperature, and
is limited by the lowest temperature in the system in order to prevent condensation.
Equation (C.6) is used to calculate the humidity ratios for both the Wetsys and total
furnace gases, in order to determine their dewpoints from the Akton psychrometric chart
in Figure C.1:

Wetsys gas humidity ratio =
mass H2O

mass dry air
=

2.813

47.00
= 0.05986 (C.16)

Furnace gas humidity ratio =
mass H2O

mass dry air
=

2.813

59.87
= 0.04699 (C.17)

From Figure C.1, a humidity ratio of 0.060 gives a dew point (100%RH) temperature of
44±0.5� (red line in Figure C.1) for the Wetsys gas, so both the Wetsys, and the humid
gas transfer tube between the Wetsys and Setsys must be kept above this temperature.
50� was chosen to give some margin (green line in Figure C.1). A humidity ratio of 0.047
gives a dew point (100%RH) temperature of 39�±0.5� for the furnace gas, so all exper-
imental equipment in contact with this humid gas must be kept above this temperature
to prevent H2O condensation. A summary of the relationship between humidity ratio,
%RH and temperature is given in Table C.3.

Table C.3: % Relative humidity temperatures, given Humidity Ratio in grams
H2O/grams dry air. All temperatures ± 0.5�, data from Akton Psychrometric Table

Humidity Ratio Saturation 95% 90% 85% 80%

Wetsys humid gas 0.0599 43.5� 44.5� 45.5� 47.0� 48.0�
Furnace atmosphere 0.0470 39.0� 40.0� 41.0� 42.0� 43.0�

Relative humidity in air is the relationship of the vapour pressure of water to its saturation
pressure in air at a given temperature, and is therefore related to the molar quantities of
each species. For gases other than air, Equation (C.5) can be generalized, and we define
the Molar humidity ratio and Gas humidity ratio:

Molar humidity ratio =
nH2O

ndry gas
(C.18)

Gas humidity ratio =
mass H2O

mass dry gas
=

nH2O
MH2O

ndry gas Mdry gas
(C.19)
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Figure C.1: Akton High Temperature Psychrometric Chart for Sea Level
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Where n is the number of moles of the species and M is the molar mass of the species.
For example, given 100mol of gas that consists of CO2 with 7mol% H2O, the gas humidity
ratio is:

7mol H2O× 18.016
g

mol
93mol CO2 × 44

g
mol

=
126.112g H2O

4092g CO2

= 0.031
g H2O

g dry CO2

(C.20)

Equations (C.18) and (C.19) use Assumption 1, that all gases except H2O behave as ideal
gases, and this assumption is generally valid at near-ambient temperatures and pressures.
To confirm this assumption, a measure of the “ideality” of a gas or gas mixture is the
compressibility factor, z in the Ideal Gas Equation:

PV = znRT (C.21)

The compressibility factor is dependent on the relationship of the gas temperature and
pressure to the critical temperature and pressure for that gas:

Treduced =
T

Tcritical
(C.22)

Preduced =
P

Pcritical
(C.23)

Using the reduced temperature and pressure, the compressibility factor can be found in the
Nelson-Obert Generalized Compressibility Charts [5]. Under the experimental conditions
of 1 atmosphere pressure = 0.101 MPa and 50� = 323K, the compressibility factors for
the experimental gases are listed in Table C.4

Table C.4: Compressibility factors for experimental gases at 1atm and 50� [5].

Gas Tcr,K Pcr,MPa Tr Pr z

Air 132.5 3.77 2.44 0.027 1
Ar 151 4.86 2.14 0.021 1
CO2 304.2 7.39 1.06 0.014 1
N2 126.2 3.39 2.56 0.030 1
O2 154.8 5.08 2.09 0.020 1
H2O 647.3 22.09 0.50 0.005 1

Since the compressibility factors for all of the gases are equal to 1, the assumption of
ideality (Assumption 1) is reasonable.
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