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Abstract

Experimental investigation of the Al-Mn-Zn system through diffusion couples and

key samples coupled with thermodynamic modeling
Tian Wang

Al-Mn-Zn ternary system is experimentally investigated at 400°C via diffusion couples
and key samples experiments. Three new ternary compounds have been found in the
current study. Phase relations and homogeneity ranges are determined for binary and
ternary phases through EPMA, SEM/EDS and XRD. Compositions of the ternary
intermetallic compounds t;, T, and 13 have been found as Als;Mn;¢Zn;,, Al7gMni3Zng;,
and AlMnyZn, (x=9.5-12.7 at%; y=11-15 at%; z=74.6-77.2 at%). Al4Mn is found to
form quasicrystal or stable equilibrium phase in the presence of Zn and depending on the
solidification conditions. Binary compounds AlsMn, Al;;Mn4, AlsMns and f-Mn exhibit
limited ternary solid solubility. Experimental data on this system from the literature is
spare, isothermal section of the Al-Mn-Zn phase diagram at 400°C is constructed based

on the current phase analysis results and experimental data.

DSC analysis approach is also used to investigate this ternary system. Partial vertical
sections at 13, 14 and 15 at% Mn have been experimentally investigated and compared
with preliminary thermodynamic calculations. Discrepancy is observed due to the
absence of the ternary phases in the thermodynamic database. Thus, this ternary system

has to be remodeled in the future.
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CHAPTER 1

Introduction

Aluminum is the most abundant metal elements in earth’s crust. It has unique properties
like the light weight, high strength and corrosion resistance which make it an ideal
material for use in conventional and novel applications. The automotive market
represents one of the most promising opportunities for aluminum. The desire for lighter,
more efficient vehicles has enabled automakers to look to aluminum for reducing the
weight of cars and trucks without compromising performance and safety. Aluminum
alloys have also been widely used in aerospace and space technology, and they have also
found increasing use in other fields [1-2]. A basic understanding of phase relationships
and solidification behavior of this system is essential for developing new materials as
well as for improving the performance of existing materials.

Many different elements which include Mg, Cu, Zn, Mn, Si, etc. are alloyed with Al to
improve its properties for specific applications. The Al-Mn-Zn system is an important
ternary system for the development of Al based alloys, which used intensively by
automotive and aerospace industries. The Al-Zn based alloys have high strength and
hardness, improved creep, wear resistance and lower density. It is well known that a
small amount of Mn added to aluminum alloys plays a positive role in fracture toughness,

recrystallization, grain refinement and in increasing the resistance to stress corrosion



fatigue [1-3]. Al-Mn-Zn system is also an essential sub-system for AZ, AM-series
magnesium alloys, high strength steels, galvanizing-related alloy system.

However, up to date little effort has been made to construct the phase relationships of the
Al-Mn-Zn ternary system. The limited publications on this system are only focused on
the structure of the ternary compounds in the system. The experimental phase equilibrium
information and published thermodynamic data are insufficient for the accurate
description of this system.

In the present work, experimental investigations on the Al-Mn-Zn ternary system are
specifically performed to provide experimental data to enable thermodynamic modeling

of this system.

Phase diagram plays an important role in basic aspects of materials research such as
phase transformation, solidification, solid-state reaction etc. It also serves as a guideline
for material design and processing variables to achieve the desired microstructures and
mechanical properties [4, 5]. The properties of a material depend first on the phases and
microstructural constituents that are presented. The alloy systems containing several
elements have complex phase relations. Thus, phase diagram is essential for better

understanding and investigating these complex phase relationships.

The CALPHAD (Calculation of Phase Diagrams) approach is based on the fact that a
phase diagram is a representation of the thermodynamic properties of a system [6]. Thus,
if the thermodynamic properties are known, it would be possible to calculate the multi-
component phase diagram [7]. The Gibbs energy of a phase is described by a
representative model that contains some experimental information such as melting,

transformation temperatures, solubility, as well as thermodynamic properties.



Experimental investigation of a multi-component phase diagram such as the Al-Mn-Zn
ternary system can be time-consuming and expensive. Therefore, CALPHAD method
offers a versatile alternative and reliable means to generate phase diagrams, and requires
key experiments that are identified using preliminary calculations to validate the
thermodynamic models and to check inconsistencies in the reported experimental data.
This combined approach of thermodynamic modeling and the experimental investigation
is used in this research to provide consistent description of the phase equilibria in the Al-

Mn-Zn system at 400°C.

A preliminary thermodynamic modeling of the Al-Mn-Zn system is performed through
combining the thermodynamic descriptions of the constituent binaries using FactSage
program [8]. The three binary thermodynamic models were reported by Asgar-Khan [24]
and Wasiur-Rahman [48]. Calculated liquidus surface and isothermal section of the Al-

Mn-Zn system at 400°C are illustrated in Figures 1.1 and 1.2.



Figure 1.1: Preliminary calculation of the liquidus projection of the Al-Mn-Zn ternary

system.



Al -Mn -Zn
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Figure 1.2: Preliminary calculation of the 400°C isothermal section of the Al-Mn-Zn

ternary system.



The objectives of this study

Since the experimental phase equilibrium information and published thermodynamic data
on the Al-Mn-Zn ternary system are limited, it is necessary to investigate this system
experimentally. The objective of this study is to carry out the experimental investigation
on the Al-Mn-Zn ternary system using X-Ray Diffraction (XRD), Electron Probe Micro-
Analysis (EMPA), Scanning Electron Microscopy/Energy Dispersive X-Ray
Spectrometry (SEM/EDS) and Differential Scanning Calorimetry (DSC). Experimental
results will be compared with the thermodynamic calculations. Specific objectives

include:

1. Build up a preliminary thermodynamic model by combining thermodynamic
description of three constituent binaries.

2. Establish the phase relationships among the various phases in the system.

3. Determine the ternary solubility of binary compounds.

4. Identify the ternary phases and determine their compositions by XRD, EPMA.

5. Construct the isothermal section of the Al-Mn-Zn system at 400°C.

6. Establish the vertical section of the Al-Mn-Zn system at around 14 at% Mn

experimentally.



CHAPTER 2

Literature Review

2.1 AlI-Mn binary system

Al-Mn binary phase diagram is characterized by a large number of stable phases.
Numerous experimental investigations have been done on this system. The general form
of Al-Mn binary phase diagram was established in the 1940s using DTA techniques [5].
Taylor [10] and Godecke [11] studied the Al-rich region. Taylor [10] characterized the
structure of AlsMn. Two forms of structure u and A were defined for AlsMn. Taylor [10]
also demonstrated that ¢ (Al;(Mns) was a metastable phase which formed from the liquid
during cooling and probably also during decomposition of supersaturated Al-fcc solid
solution. According to the observation of Godecke [11], the phases labeled ¢ and p by
Taylor [10] did not belong to the equilibrium diagram; therefore neither do peritectic
reaction at 880 nor 820°C. Godecke [71] defined ¢ phase as the metastable phase that
participated in two peritectic reactions: L+Al;;Mny (HT) <> ¢ and L+ ¢« Al4Mn through

thermal analysis study.

There were some disagreements regarding the Al-rich region of the phase diagram.
Taylor [10] proposed no AlsMn phase found above 810°C using XRD technique while

Godecke [11] presented that AlsMn can be stable up to 923°C based on thermal analysis.



There were also conflicts about the peritectic temperature at which AlgMn formed.
Raynor [9] found that Al¢Mn was firmly established as a stable equilibrium phase.
Reaction have been reported by [10] and [11] at 670 to 690°C (on cooling) and at about
710°C (on heating). Both authors placed the equilibrium peritectic isotherm between 700
and 710°C. But, Phillips [12] observed thermal signals at 690°C on heating and cooling,
none at 710°C. When the A phase was incorporated into the diagram, it was plausible to
suppose that AlgMn may be formed from either L+ p or L+ A and that two reactions could
occur near 700°C. Murrary [13] confirmed the eutectoid reaction at 957°C: y; <> Al;;Mny
+ v2; and the vy, + y; >y, peritectoid reaction at 900°C reported by Godecke [11] via DTA,
XRD and TEM methods. Murrary [13] presented evidence from melting studies that A
was a stable equilibrium phase, formed from the peritectoid reaction AlgMn+ pe A at
693°C £2°C. The stable equilibrium peritectic reaction L+ p«>AlgMn occurred at 706+3°C.
The eutectic reaction LAl + Al¢gMn occurred at 658+1°C and the eutectic composition

was 1.0£0.1 at% Mn [14].

The e-phase was first found by Kono [15], who also identified two eutectoid reactions:
g v2+B-Mn at 870°C and y«< y,+ B-Mn reaction at 840°C by specific heat measurements.
The eutectoid compositions were estimated as 50 and 55 at% Mn. Kuznestsov et al. [16]
measured the solubility of Mn in Al in a wide temperature range of 250-600°C by means
of XRD, OM, electrical resistance measurement (ER), and hardness measurement (HM).
The results from different methods were consistent with each other. Sigli [17] reported
the solubility of Mn in Al from 550-650°C. Matuo et al. [18] determined the solid

solubility curve of Mn in Al based on the phenol filtrate analysis method.



McAlister and Murray [19] critically reviewed the experimental information on the Al-
Mn system and provided their assessment of the system which is shown in Figure 2.1.
They found that Al;;Mn phase was observed in the sample which formed in the solid
state after prolonged annealing. Ellner [20] reported that the transition from y to y, was
sufficiently rapid that y-phase cannot be obtained by quenching. He has found the y-phase
was isotypic with tungsten and had lattice parameter a=0.3063 nm which was determined
by high temperature X-ray diffraction. Janson [21] simplified the phase relationships of
the Al-Mn system as compared to the assessed phase diagram of [19] and presented a
thermodynamic description of the system for the first time. Their optimized Al-Mn phase
diagram is shown in Figure 2.2. Liu et al. [22] investigated the Al-Mn system between
800 to 1200°C using diffusion couples technique. They reported that &/6-Mn phase
boundary was located at approximately 72 at% Mn. The e-phase region was wider and
extended to higher Mn content than that reported before [19, 21]; and the eutectoid
reaction (0-Mn — &+f-Mn) occurred at approximately 1040°C. The e-phase with more
than 58 at% Mn content transforms to f-Mn, while the same phase with less than 58 at%
Mn retained the high temperature HCP phase structure on quenching. Based on their
experimental results, Liu et al. [23] re-molded the Al-Mn system and their phase diagram
is shown in Figure 2.3. Recently, Asgar-Khan [24] has re-evaluated the system which
was in good agreement with most of the experimental results [27-32] as shown in Figure
2.4 and 2.5. From his work [24], thermodynamic calculation almost reproduced the
EPMA results of Minamino et al. [25]. Also, his calculation was consistent with the
observation of Okamoto [26] who suggested a smooth continuous liquidus curve between

the terminal 6-phase (BCC) throughout the e-phase (HCP) as mentioned in [10].
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2.2 Al-Zn binary system

Al-Zn binary system has been studies by several researchers. Heycock and Neville [33]
first reported eutectic point in the Zn-rich corner at 380.5°C with 89.5 at% Zn by using
thermal analysis method. Later, Isihara [34] determined the eutectic point at 380°C and
88.7 at% Zn by electric resistivity method. Similar value was obtained by Tanabe [35]
who reported the eutectic point at 380°C with 88.7 at% Zn by electric resistivity and
thermal analysis methods. He [35] also measured the liquidus and Al-solidus curve by
means of thermal analysis, metallographic analysis and electric-resistance methods.

Isihara [34] critically reviewed the results obtained by [35]. He measured the system
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using the same methods supplemented by the diatometric method and X-ray diffraction
analysis. Isihara [34] mentioned that there was considerable amount of discrepancy
between the values of heating and cooling. Both [34] and [35] found a series of thermal
arrests between 440°C and 447°C, and they associated them to the peritectic reaction: L +
(Al) <> solid solution (B). The liquidus and the Al-solidus curve of the Al-Zn system
were also determined by Gayler et al. [36] from 20 to 100 at% Zn using thermal and
microscopic analysis. They [36] reported that both the heating and cooling curves for the
liquidus were higher than other measurements from the literature. The eutectic
temperature was reported as 381°C by [36]. Pelzel and Schneider [37] studied the system
from 30 to 100 at% Zn using specific volume method and their data agreed fairly with the
data of [36]. The eutectic point was determined by [37] to be at 380°C with 88.7 at% Zn.
However, Morinaga [38] reported a eutectic point at 382°C with 90 at% Zn by thermal
analysis which was a bit higher than the other researchers [36, 37]. Recently, Peng et al.
[39] used the acoustic emission method to do their experimental investigation. They
found different acoustic emission signals during solidification. They reported higher
liquidus temperatures than other researchers and concluded that the eutectic reaction
occurs at 382°C with 88.7 at% Zn. They also argued that their method was more precise
than the conventional thermal analysis because of the absence of the heat hysteresis

phenomenon.

Another feature of the Al-Zn binary system is the fcc miscibility gap which has also been
studied by many groups of researchers [40-44]. Fink and Willey [40] found two
aluminum solid solutions in equilibrium at a temperature above 275°C by electric

resistivity method and reported the critical temperature was 353°C occurring at 38.5 at%

14



Zn. This temperature was also confirmed by Simerska and Bartuska [41]. They [41]
measured the Al-solvus line boundary of the miscibility gap up to 30.0 at% Zn by X-ray
diffraction and transmission electron microscopy. Their results were in good agreement
with the previous experimental observations. Borelius and Larsson [42] reported the
eutectoid decomposition at 277°C with an uncertainty of about * 0.5°C. Miinster and
Sagel [43] reported the critical temperature and its composition as 341.5+ 0.4°C and 39.5
+0.002 at% Zn. Terauchi et al. [44] found that the critical temperature should be 351°C
with 39.16 at% Zn and the eutectoid temperature as 275°C by the means of small-angle

X-ray scattering method and cooling curve technique.

The phase equilibrium data were critically assessed by Murray [45]. However, the
calculated phase diagram was not in good agreement with the former experimental data.
Later, Mey [46] Chen and Chang [47] optimized the Al-Zn system. Both assessments
achieved reasonable consistency with the available experimental data. The Al-Zn phase
diagram was calculated by [47] and shown in Figure 2.6. However, they did not consider
the short range ordering neither for the liquid nor for the Al-fcc solid solution in their
calculations. Recently, Wasiur-Rahman [48] has reviewed the previous experimental
results and thermodynamic calculation and re-optimized the system and obtained good

agreement with most of the experimental results as demonstrated in Figure 2.7.
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Figure 2.6: Calculated Al-Zn phase diagram [47] (the reference numbers are changed to

be consistent with the references of this thesis).
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Figure 2.7: Calculated Al-Zn phase diagram [48] (the reference numbers are changed to

be consistent with the references of this thesis).

2.3 Mn-Zn binary system

Mn-Zn binary system has been experimentally investigated by numerous researchers in
order to establish the phase equilibria and thermodynamic aspects of the system.
Experimental results obtained from the prior researches contradicted with each other.
Controversy on whether the hexagonal e-phase has three different forms (g, €; and ;) is
still unresolved. Wachetel and Tsiuplak [75] performed magnetic susceptibility
measurements on Zn-rich Mn-Zn alloys. Their results indicated that hexagonal e-phase
can be subdivided into a region consisting of three phases: €, €, and &, However, the
investigations performed by Romer [76] and Nakagawa [77] did not show the separation
of e-phase. Xu [79] only confirmed the existence of & phase by diffusion couple method
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at 600°C. He assumed that another controversial subdivision &, could also exist due to the
difference in the observed mechanical properties of the Mn-Zn binary alloys. Liang [80]
analyzed the Mn-Sn-Zn at 500°C through XRD and SEM/EDS. MnZnj3 region consisted
of two subdivisions (¢ and €;) achieved by Xu [79] also confirmed in Liang’s work. Liang
[80] also investigated the Mn-Zn system at 400°C. However, only single MnZnj; region

was observed at this temperature.

Hansen [73] early summarized the work on the Mn-Zn binary system. Later, Okamoto
and Tanner [74] critically reviewed and reported an assessed Mn-Zn phase diagram based
on the previously published literature as shown in Figure 2.8. They proposed that the ¢
phase (MnZnj3) could be divided into three regions (g, €; and &;). This conclusion mainly
based on the work of Wachtel [75], Romer [76] and Nakagawa [77]. Miettinen [78] re-
optimized the Mn-Zn binary system as shown in Figure 2.9 using the experimental results
recommend by Okamoto and Tanner [74]. Recently, Asgar-Khan [24] re-investigated the
Mn-Zn system and improved the Miettinen’s work. The optimized phase diagram is
shown in Figure 2.10 together with the experimental data of [75, 76]. His [24] work
provided better agreement with the representative experimental data and included some

of the low temperature phases which were excluded in Miettinen’s [ 78] work.
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2.4 Al-Mn-Zn ternary system

The Al-Mn-Zn system was first examined by Gebhardt [81] as summarized in Figures
2.11 and 2.12 which shown projections of the surfaces of primary separation and partial
equilibrium relations in solid state at 350°C. Also, Gebhardt found at 412.5°C, the liquid
and binary Zn-Mn (-phase reacted together to form the Zn-rich solid solution and a phase
named V. Later, Raynor and Wakeman [82] optimized the system and specified that the
V compound was MnAlj; as shown in Figure 2.13. The equilibrium relations in ternary
eutectic region were complex. And with a small increase in manganese content above that
of the ternary eutectic, MnAl may separate as primary crystal. The intersections of the

boundaries with the eutectic valley are plotted in Figure 2.14. Raynor and Wakeman [82]
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used electrolytic deposition methods to obtain three compounds and indicated that the
consequence of phases deposited on passing along the eutectic valley towards the ternary
eutectic was MnAlg— T1 — MnAl; — T2 — T3 — MnAl;(T1, T2, T3 were from [82]
and different from 1, 1, T3 which were reported in this thesis). The formulae of T1, T2
and T3 were reported as Al,uMnsZn, AlgMn,Zn, Al;;Mn,sZn;,, respectively. They
pointed out that MnAl, can dissolve up to approximately 5.2 wt% Zn and MnAlg can take
up a small quantity of Zn, at least 0.78 wt%; Zn probably substitute for Mn in the
compound. Raynor and Wakeman [82] observed that two factors affected the formation
of Al-rich ternary compounds: 1. the ratios of four aluminum atoms in one atom of
combined solutes; 2. the electron per atom ratio is approximately 1.85. They [82]
observed similar ratios for Ni and Cu atoms in in Al-Mn-Ni and Al-Mn-Cu systems and

the comparison demonstrated in Figure 2.15.
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Figure 2.11: Partial liquidus projection obtained by [81].
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Figure 2.12: partial isothermal section at 350°C obtained by [81].
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In the recent years, the research only focused on the structure of the ternary compounds
in the Al-Mn-Zn system. Robinson [83] reported that Al,sMnsZn phase was centered
orthorhombic crystals in the Al-Mn-Zn system with lattice parameters a=2.48, b=2.52
and ¢=3.03nm. Damjanovic [84] found that Al;;Mn,sZn;, was the same structure with
lattice parameters a=0.778, b=2.88 and c=1.26nm. Schaefer and Bendersky [85] showed
that an addition of Zn to Al-Mn alloys promoted the formation of decagonal phase. Singh
and Bendersky [86] used TEM to examine the formation of quasicrystal and the
approximant structures to the quasicrystals of Al,sMnsZn and Al;;Mny¢Zn (close to T3
phase) in melt-spun condition. They observed that the quasicrystals transformed during

annealing at 500 and 600°C.
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CHAPTER 3

Experimental Procedures

7 diffusion couples and 35 key alloys have been prepared to investigate the whole
composition range of the Al-Mn-Zn ternary system at 400°C based on the preliminary
thermodynamic model. The reasons to choose 400°C as the annealing temperature are: 1.
Annealing temperature should be high enough for faster interdiffusioin and reaction
among elements in the alloys; 2. Annealing temperature should be lower than minimum

liquidus temperature to avoid melting the alloys.

The starting materials are Al ingots with purity 99.7%, Zn rods with purity 99.99% and
Mn pieces with purity 99% all supplied by Alfa Aesar. The key alloys were all prepared
by induction melting furnace with Ta crucible under argon protective atmosphere.

Samples are re-melted three times to ensure the homogeneity.

3.1 Diffusion couples technique

Diffusion couple technique is employed in the current study. Diffusion couple approach
is a valuable experimental method which is widely used to investigate the phase diagram
of ternary systems [87-89]. In the diffusion couples or diffusion multiples, there are no
problems associated with melting or powder contamination since all the phases form by

diffusion reactions of bulk constituents at the interested temperature [90]. Equilibrium
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phases form grains or layers and local equilibrium occurs at the phase interface. However,
the diffusion couples approach is not omnipotent [90]. It is normal that some phases are
missing when the diffusion couple technique is used to determine the phase diagram [87].
This is because the growth rate of some phases is too slow resulting in thin diffusion
layer which is hard to detect by EPMA or SEM/EDS as observed in the current work.
This issue resulted in difficulties in determining the tie-line composition for some phases.
In order to solve this issue and ensure the accuracy of analysis, other diffusion couples
with different terminal compositions and key alloys are used to compare and determine
the phase equilibria. In the present study, a combination of diffusion couples approach
with an investigation of selected equilibrated key alloys is followed, especially for the

regions where the exact phase boundaries are questionable.

To prepare solid-solid diffusion couples, the contacting surfaces are grinded down to
1200 grit SiC paper and polished using 1pm water-based diamond suspension and 99%
pure ethanol as lubricant. The two end members are carefully pressed and clamped using
a steel ring, placed in a Ta container, and sealed in a quartz tube filled with argon. The
encapsulated samples are then annealed at 400°C for 4 weeks. Terminal compositions of
diffusion couples have been listed in Table 3.1. Diffusion couples 1, 3, 6 and 7 are
crossing many phase regions which could show the phase information along the diffusion
path. Diffusion couples 2, 4 and 5 are prepared to investigate the phase relations in Al-

rich corner.
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Table 3.1: Terminal compositions of diffusion couples.

Diffusion couple number End members
1 Al-Mn6Zng,4
2 AluMn-AlgsZn;s
3 Al-Mni3Zng;
4 Mn-AlgsZng
5 Mn-AlgsMn3zgZns
6 Al-Mn3,7Zngg
7 Al-Mnj3Zn7

3.2 Key alloys preparation

35 samples have been chosen based on the preliminary thermodynamic calculations to
study phase fields and confirm the phase equilibrium relations in certain areas. Special

attention is focused on Al-rich corner because of the importance for the Al alloys.

The key alloys are prepared using induction furnace under protective Ar atmosphere in
order to protect the melt from oxidation. Then, they are encapsulated in tantalum foil,
sealed in evacuated quartz tube annealed at 400°C for 4 weeks. The actual compositions
of these key alloys are determined by Inductively Coupled Plasma/Optical Emission

Spectrometry (ICP/OES).
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3.3 Characterization of samples

The microstructure and phase composition of critical samples are all analyzed by
quantitative EPMA (JOEL-JXA-8900) with a 2um probe diameter, 15kV acceleration
voltage, 20nA probe current. Homogeneity range of certain phases and diffusion layers
are studied by EPMA as well. Phi-Rho-Z (PRZ) matrix corrections (modified ZAF) are
applied during the analysis. Some samples are analyzed by SEM/EDS (HITACHI S-
3400N). The difference between WDS and EDS is less than 2 at%. This value has been
checked and compared by several samples. The equilibrium compositions of each phase
are obtained by extrapolating the composition-distance curves for each element to the

phase boundaries [89, 92].

X-ray diffraction is used for phase analysis and determination of the solubility limits in
key alloys. The XRD patterns are obtained using PANanalytical Xpert Pro powder X-ray
diffractometer with a CuKa radiation at 45kV and 40mA. The XRD spectrum is acquired
from 20 to 120° 20 with a 0.02° step size. X-ray diffraction study of the samples is carried
out using X'Pert HighScore Plus Rietveld analysis software. Pearson’s crystal database
[93] is used to export the crystallographic entry to check the known phases in the Al-Mn-

Zn system. The Crystallographic information of the phases is listed in Table 3.2.
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Table 3.2: Crystallographic information of the phases in the Al-Mn-Zn system [93].

Phase Pearson | Space group Lattice parameter /nm
symbol
a b c
AIFCC F4 | Fm-3m(225) | 0.40458 | 040458 | 0.40458
Zn-HCP np2 | PO ”;’t’)”’c(l 1 02652 | 02652 0.5025
Beta-Mn P20 | P4,320213) | 06313 | 06313 0.6313
AlMn 26 | Im3(204) | 0.747 0.747 0.747
AlgMn 0828 | Cmem (63) | 0.75551(4) | 0.64994(3) | 0.88724(17)
Mn“ﬁiﬁﬂ)ﬁ(‘“lg 2| Im-3m(229) | 030633) | 0.30633) | 0.30633)
5
AlLMn(u-AlMn) | hps74 | F0%/ ”;’)”c(] 71 1.008(1) | 1.998(1) | 2.4673(4)
Al Mn, aP15 P-12) | 0.5062(3) | 1.7098(10) | 0.5047(3)
AlMn oP156 | Pnma(62) | 14883(3) | 12447(4) | 1.256(3)
MnsZng(MnsZny) | hp2 | F0¥ ”;;”C(I 71 027584 | 027584 | 044456
MnZnis mS28 | Cl2/mi(12) | 1.3483(5) | 0.76626(1) | 0.5134(3)
MnsZn; w2 | POV ";’)”c(] 71 027584 | 027584 0.44456
AlpsMnsZn 251 2.48 3.03
AbssoMnsaoZnss | 155 | Cmem (63) | 0.778(4) | 2.38(1) 1.26(1)

0

3.4 Thermal Analysis using DSC

Differential scanning calorimeter (DSC) is introduced to perform thermal investigation of

the Al-Mn-Zn system using Setaram Setsys DSC-2400. Temperature calibration of the

DSC equipment is done using 4 standard pure metals (Al, Ag, Au and Zn), and

temperature range is from 420°C to 1400°C. The samples are cut and mechanically

grinded to remove any possible oxidation surface layers. Then, samples are cleaned with

ethanol and placed in alumina crucible with a lid cover to prevent Zn evaporation and

28




protect the apparatus. To avoid the oxidation during the analysis process, multiple
evacuations followed by purging with argon were done. The DSC measurements are
carried out under flowing argon atmosphere. The experimental conditions used for
analysis are listed in Table 3.3. Selection of crucibles, heating and cooling rate and
dimensions of the samples are three main factors in thermal analysis by DSC. Zn has high
vapor pressure. Thus, In order to minimize the evaporation, fast heating/cooling rates are
used. Based on the experimental results, melting range started from around 600°C
accompanied with a mass loss. Therefore, it is better to reduce the holding time during
the DSC measurement to minimize the evaporation and the resulting experimental errors.
Because of the Zn evaporation, the actual composition could be shifted. Thus, only
second cycle of DSC curves is taken into consideration. The details of DSC results are

discussed in section 4.4.

Table 3.3: Experimental conditions of DSC analysis.

Item Conditions
Atmosphere Argon
Cooling rate 15°C/min
Heating rate 15°C/min

Temperature range 30-1000°C
Weight of samples 40-50mg

A typical DSC curve for pure Al is presented in Figure 3.1. The sharp peak melting at
650 °C corresponds to the melting temperature of Al at 650°C. In the samples that show
melting range, onset temperature for the melting is obtained from the points of
intersection of the extrapolated baseline and the line of maximum slope. It is common

practice to select the onset cooling temperature or peak temperature of the last thermal
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event on heating as the liquidus temperature. The sharp and narrow peak demonstrated
the isothermal reaction when the heat capacity approaches infinity indicating invariant
reaction. Lower and broader peak represents the univariant transition. A single
endothermic peak without any tail indicates the characteristics of a congruently melting
phase [94]. In order to facilitate the calculation of overlap peaks, the means of subtracting
baseline is being used for the horizontal plotting. The baseline is obtained using empty
crucibles in sample and reference pan. Onset heating temperature is used for invariant
reactions while peak maximum is used for phase field boundaries. During the cooling
process, onset temperature is used for both invariant reactions and the phase field

boundaries.
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Figure 3.1: DSC curve of Al.
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CHAPTER 4

Results and Discussions

4.1 Experimental investigation through diffusion couples

4.1.1 Diffusion couple Al/Mn;¢Zng,, AlMn/AlgsZn,s and Al/Mn;3Zng;

Backscattered electron image of solid-solid diffusion couple Al/Mn;¢Zng,is presented in
Figure 4.1 (a). During heat-treatment, interdiffusion phenomenon happens between the
two end members which could allow various equilibrium phases to form. New ternary
intermetallic compound t; has been found in this diffusion couple. EPMA line scan is
used to measure the elemental gradients along a linear direction which can map the
interdiffusion and determine the solubility ranges of each phase. EPMA point analysis
has been carried out for the composition identification on the selected layers or phases.
Based on compositional information obtained by EPMA analysis, ternary and binary
intermetallic compounds and the solid solubility of the binary compounds extending in
the ternary system have been identified at 400°C. It is clear to see that there are three
diffusion layers. Using local equilibrium principal, the sequence of phases along the
diffusion path has been obtained: Mn;¢Zngs — AlsMns — Al;;Mny — 11 — Al-fcc. The
composition profile of EPMA line scan is illustrated in Figure 4.1 (b). 1, has been
determined as a stoichiometric compound with the composition of 62 at% Al, 16 at% Mn

and 22 at% Zn. AlgsMns phase has ternary solid solubility up to 7.2 at% Zn. In contrast,
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Al;1Mny phase doesn't have significant ternary solid solubility. The equilibrium content

of Zn in Al;;Mny4 phase is 2.1 at%.
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Figure 4.1: (a) Backscattered electron image of solid-solid diffusion couple Al/Mn;¢Znga;

(b) composition profile of line scan in diffusion couple Al/Mn;¢Znga.
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Backscattered electron image of solid-solid diffusion couple Al4Mn/AlgsZn;s is illustrated
in Figure 4.2 (a). The sequence of the phases along the diffusion path is: AlsMn — 1, —
Al-fcc. Composition profile of EPMA line scan is shown in Figure 4.2 (b). Ternary
intermetallic compound T, has been observed in this diffusion couple. The composition of
this ternary intermetallic compound has been determined by EPMA point analysis as 77
at% Al, 12 at% Mn and 11 at% Zn. The experimental results show that Al4Mn phase has
ternary solid solubility about 3.5 at% Zn. Al-fcc phase has binary solid solubility around

11at% Zn.

line scan |-
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Figure 4.2: (a) Backscattered electron image of solid-solid diffusion couple

AlyMn/AlgsZn;s; (b) composition profile of line scan in diffusion couple AlsMn/AlgsZn;s.

Magnified microstructure of solid-solid diffusion couple Al/Mn;3Zng; is presented in
Figure 4.3 (a). The results of the EPMA line scan of this diffusion couple are shown in
Figure 4.3 (b). Four phases have been identified through EPMA line scan: 13, AlsMns,
Al;;Mny and Al-fce. The line scan indicates that the ternary intermetallic compound 13
has the composition of 10 at% Al, 15 at% Mn and 75 at% Zn. AlgMns phase has
maximum ternary solid solubility of 7.7 at% Zn. The equilibrium Zn content in Al;;Mny

phase is about 4.2 at%. The binary solid solubility of Al-fcc phase is 23 at% Zn.
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Figure 4.3: (a) Magnified microstructure of diffusion couple Al/Mn;3Zng7; (b)

composition profile of line scan in Al/Mn;3Zng; diffusion couple.

35



4.1.2 Diffusion couples Mn/Aly;Zng and Mn/AlgsMn3¢Zns

Backscattered electron images of diffusion couple Mn/AlosZns along with magnified
microstructure of the area of interest are demonstrated in Figure 4.4. The sequence of the
phases along the diffusion path is: Mn — beta-Mn (with ternary solid solubility of 1 at%
Al) — beta-Mn (with ternary solid solubility of 2 at% Zn) — Al;;Mny — AlgsZng. Beta-
Mn and Al;;Mn4 phases are dominated in the diffusion layers. Comparing EPMA results
with the calculated binary Al-Mn phase diagram, AlgMns phase is missing in the
Mn/AlgsZng diffusion couple. By magnifying BSE image which is shown in Figure 4.4
(b), there are three small layers embedded in between these two phases. With EPMA
point analysis, thicker beta-Mn layer in Figure 4.4 (b) has ternary solid solubility of 1 at%
Al. The next small layer adjacent to it has been examined as another beta-Mn layer with
ternary solid solubility of 2 at% Zn. The missing AlsMns layer may belong to the other
thin layers. However, point analysis in EPMA process could not be used to analyze the
next two continuous small layers, because the thicknesses of them are less than 2 um.
Formation of those thin layers could be due to the different growth rates of the phases.
Al;1Mny layer grows faster than the other stable phases like Al4Mn and Al¢Mn, which
could build up a barrier to stop the subsitutional atoms exchange. Thus, AlsMns layer

grows slowly and forms much thinner layer.
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(a) (b)
Figure 4.4: (a) BSE imagine of diffusion couple Mn/AlgsZng; (b) magnified structure of

the area of interest.

In order to determine the homogeneity range of AlsMns and investigate the phase
relations among beta-Mn, Al;;Mns and AlgMns phases another diffusion couple
Mn/AlgsMn3pZns is prepared. Because Al;;Mnys phase has higher growth rate, one end
member of this diffusion couple has been selected near the AlgMns region. In this
diffusion couple Mn/AlgsMn3¢Zns, three phases are observed by SEM/EDS: [B-Mn,
Al;;Mny and AlgMns solid solution. The sequence of phases along the diffusion path is
Mn— B-Mn — AlsMns — Al;;Mns+ AlsMns. BSE image of this diffusion couple along
with diffusion path is illustrated in Figure 4.5 (a). The diffusion path starts at pure Mn.
Among the interaction with Al, Mn and Zn, B-Mn phase forms with limited ternary solid
solubility of 4.8 at% Zn. AlgMns phase forms thick layer and the color changes along
with decreasing Mn content which suggests the presence of a homogeneity range. Line
scan is made to determine the homogeneity range of AlsMns phase. Composition profile
of the line scan is shown in Figure 4.5 (b). Tie line relations between AlgMns and

Al;1Mny have been constructed. From SEM/EDS analysis results, AlgMns has ternary
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solid solubility of 9 at% Zn and Al;;Mn4 has maximum ternary solid solubility around

5.1 at% Zn.
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Figure 4.5: (a) BSE image of diffusion couple Mn/AlgsMn3pZns; (b) composition profile

of line scan in diffusion couple Mn/AlgsMnj3¢Zns.
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4.1.3 Diffusion couples Al/Mn3,Zng and Al/Mn;3yZn~,

Backscattered electron images of diffusion couple Al/Mns;Zngg and Al/MnspZnyy which
are annealed at 400°C for one month are presented in Figure 4.6 (a) and (b). Both end
members Mns,Zngg and Mnj¢Zny are in the same e-phase region. Four phases are
identified in these two diffusion couples by EPMA point analysis: €, Beta-Mn, Al;1Mny
and Al-fcc. Maximum ternary solid solubility of beta-Mn phase has been measured as
5.88 at% Zn by EPMA point analysis. EPMA line scan is used to determine the ternary
solubility of binary phases, such as Al;;Mns4, AlgMn and Al-fcc in the Al/Mn3oZny
diffusion couple. The composition profile of EPMA line scan is presented in Figure 4.6
(c). The results of line scan illustrate that Al;;Mny4 phase has limited ternary solubility
around 1-2 at% Zn. Al-fcc phase has binary solid solubility of 6.4 at% Zn. The
experimental results indicate that no significant solid solubility of AlsMn. Binary
homogeneity range of e-phase is detected from 31 at% to 38 at% Mn. Okamoto and
Tanner [74] reported that there were three separated phase fields in the e-phase region. In
the current experimental investigation, single phase has been found at 400°C and nothing

indicates the presence of phase separation.
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Figure 4.6: (a) BSE image of diffusion couple Al/Mnj3,Zngs; (b) BSE image of diffusion

couple Al/Mn3Znyo; (¢) composition profile of line scan in diffusion couple Al/Mn3yZn7.
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Combining the EPMA results of 7 diffusion couples, a large amount of phase equilibrium
information has been obtained. The triangulations of detected phases are summarized in
Figure 4.7. Three new ternary intermetallic compounds have been found in this system.
Diffusion couple results reveal that the ternary solid solubility of AlsMns phase reaches 9
at% Zn. Al;;Mny phase shows maximum ternary solid solubility of 5.1 at% Zn and the
ternary solid solubility of B-Mn is determined as 5.89 at% Zn. Al¢Mn and Al;;Mny4 phase
also exhibit limited ternary solid solubility around 0.9 at% Zn and 1.5at% Zn respectively.

MnsZng phase has ternary solid solubility of 4.5 at% Al.

Mn
m— Determined tie lines
4000C Alpha-Mn
00, .o m Ternary solid solubility of binary phases

e Composition of ternary compounds

0.2
Beta-Mn

AI / 7 7 1 ’ / T v 0%
c & n
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Figure 4.7: Determined phase relations of Al-Mn-Zn system obtained from diffusion

couples annealed at 400°C for 4 weeks.
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4.2 Key alloys experimental results

4.2.1 Experimental study of Al;Mn phase

In binary Al-Mn system, several types of phases will form with composition close to
AlsMn. As solidification conditions change from very slow to extremely fast the
following phases will form: hexagonal p phase (a=1.995nm; ¢=2.452nm), hexagonal A
phase (a=2.841nm; c=1.238nm), decagonal quasicrystal, icosahedral quasicrystal and
micro-quasicrystalline or amorphous phase [95]. The icosahedral quasicrystal phase
forms in Al-Mn by rapid melt quenching and is metastable [96]. When the solidification
conditions are slower, another metastable quasicrystal decagonal phase or crystalline
phases can be formed icosahedral, decagonal and two other equilibrium hexagonal phases,
p and A, all of them have a composition close to Al4Mn [97, 98].

The decagonal quasicrystal has two well-known orthorhombic approximants called the
Robinson, or the R approximant, the structure is based on Al,¢)Mn3;Cu, compound and the
Taylor, or the T approximant. The T approximant is based on the structure of Al3Mn first
reported by Taylor [99]. These two decagonal approximants have been found to exist in a
number of systems such as Al-Mn [100-102] and Al-Mn-Cu [103, 104].

In order to examine the relations between the formation of AlsMn phase and
solidification conditions, five key samples have been studied. The composition of key
samples and experimental results are presented in Table 4.1. The actual chemical
compositions of the alloys are measured by ICP. Samples 1 to 3 have the same
composition, but they are solidified at different rates. Post DSC sample often recognized

as slow solidified sample because they are analyzed through DSC at relatively slow
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cooling rate. As-cast and quenched samples have faster cooling rate due to the
experimental process. These samples are always prepared by water cooling or quenching
from high temperature.

Table 4.1: The actual composition of key samples and detected phases.

Actual composition
identified by ICP o Phases detected by
No. (at %) Condition RD
Al Mn /n
1 75 | 13 12 Post DSC A-Al;Mn
2 75 13 12 As cast Quasicrystal AlMn
(T approximant)
3 75 13 12 Quenched Quasicrystal AlMn
(T approximant)
Quasicrystal Al;Mn
4 78 15 7 Quenched (T approximant)
5 80 20 0 As cast Quasicrystal Al;Mn
(T approximant)

Sample 1 is first analyzed by DSC under the 5°C/min scan rate. At this lower cooling rate,
stable equilibrium Al4Mn phase will form in the sample which is also mentioned in [65].
The XRD pattern of the post DSC sample 1 is shown in Figure 4.8. A-AlsMn phase has
been identified. This finding is also corresponding with Bendersky’s suggestion [95] that
the sample with compositions close to AlsMn will form the stable AlsMn phase at slow

cooling rate.
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Figure 4.8: XRD pattern of post-DSC sample 1 (only AlsMn peaks are labeled to simplify

the comparison).

XRD results of as-cast sample and quenched sample indicate that quasicrystal AlsMn
could form at fast cooling rate. XRD patterns of investigated samples are illustrated in
Figure 4.9. By using the crystallographic entry of AlsMn as the prototype to process XRD
analysis for as cast samples 1 and 5, simulated AlsMn patterns could correspond to the
XRD spectra of the key samples. Due to the fast cooling speed, quasicrystal AlsMn

formed in samples 1 and 5.
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Figure 4.9: (a) XRD pattern of as-cast sample 5 (only Al4Mn peaks are labeled); (b) XRD

pattern of as-cast sample 1(only Als;Mn peaks are labeled).

Another observation from experimental results is that the quasicrystal AlsMn still exists
in the annealed sample at 400°C. As Singh et al. [86] mentioned in their research, AlsMn
decagonal quasicrystal only can transform to a stable orthorhombic AlsMn phase at 500
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and 600°C. These results also prove that at lower temperature 400°C, the AlsMn
quasicrystal still exists in the annealed samples. Also, EPMA results show that the
composition of Al4Mn in quenched samples 3 and 4 varies in Mn range at 18-21 at%.
This is because metastable quasicrystal compounds form in samples at this composition
range which is also mentioned by Shechtman in his research [96]. He observed that
composition of the metastable quasicrystals most likely lied in the 18-22.5 at% Mn range.
This is close to the composition region of the stable u-Al4Mn phase. In Figure 4.10, the
crystallographic entry of Al4Mn quasicrystal corresponds to the peaks in XRD patterns of

the annealed samples 1 and 2.
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Figure 4.10: (a) XRD pattern of annealed sample 1(only Al4Mn peaks are labeled); (b)

XRD pattern of annealed sample 2 (only Al4Mn peaks are labeled).

4.2.2 Phase relations in the Al-rich corner

Four key samples have been prepared to study the phase relations in the Al-rich corner.
Three phases AlsMn, AlsMn and Al-fcc are observed in three key samples. The
composition and phase identification of these samples are summarized in Table 4.2. The
actual composition of key alloy is measured by ICP and the composition of the detected

phases is determined by EPMA.
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Table 4.2: The actual composition of key samples and detected phases.

Actual composition Composition of
identified by ICP Phase identification | identified phases
Sample No. (at%) by EPMA (at% )

By By
EPMA XRD
AlgMn AlgMn | 85 14 1
1 80 16 4 AlsMn AlsMn | 76 21 3
Al-fce Al-fce 91 03 | 8.7
AlgMn AlgMn | 85 14 1
2 83 12 5 AlsMn AlsMn | 75 22 3
Al-fce Al-fcc 93 03 | 6.7

Al Mn /n Al Mn | Zn

3 82 11 7 AlsMn Al4Mn | 75 20 5
Al-fcc Al-fcc | 944 | 03 |53
Allen 92 7.7 0.3

4 91 6 3 Al-fcc 95.8 | 0.2 4
AlgMn 829 | 158 | 1.3

Backscattered electron images of samples 1 and 2 are presented in Figure 4.11. There are
some cracks or porosities in the samples. They are caused by the shrinkage of the AlgMn
phase during the quenching process. EPMA point analysis is used to determine the
composition of the detected phases. Based on EPMA results, AlgMn phase has ternary
solid solubility close to 1 at% Zn. And, Al4Mn has maximum ternary solid solubility up
to 3 at% Zn. In order to confirm the phase relations obtained from EPMA, these samples
are also studied by XRD. XRD analysis results show great consistency with those
examined by EPMA. The XRD spectra of samples 1 and 2 are illustrated in Figure 4.12.
The quasicrystal form of Al4Mn is also found in these annealed samples. Phase relations
among Al;;Mn, AlgMn and Al-fcc are also studied by sample 4 through EPMA. Ternary

solid solubility of Al;;Mn and AlgMn are also determined by EPMA point analysis.
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Al;Mn has ternary solid solubility of 0.3 at% Zn and the ternary solid solubility of

around AlgMn is found as 1.3 at% Zn.

Porosity

Porosity

(a) (b)
Figure 4.11: (a) BSE image of sample 1; (b) BSE image of sample 2.
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Figure 4.12: (a) XRD pattern of sample 1; (b) XRD pattern of sample 2.

4.2.3 Experimental study of ternary compounds 1, and 1,

Ternary compounds t; and 1, are first found in the diffusion couples which have been
discussed in previous session. In order to confirm the existence of these two ternary
intermetallic compounds and compare with the results of diffusion couples, several key
samples have been prepared. The actual compositions of these annealed samples are
measured by ICP and shown in Table 4.3. The compositions of the detected phases are
also presented in Table 4.3 as well. Ternary compound 1, has been found in this system at
400°C after analysis of 5 key samples. Same phase relations are observed from these
samples through EPMA analysis. Backscattered electron images of samples 1 and 2 are
shown in Figure 4.13. Three phases are found in these key samples: 1,, Al-fcc and AlsMn.
EPMA results indicate that the ternary compound 1, is approximately stoichiometric. The

composition of 1, does not change too much in these samples and it has an average
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composition of Al;sMn;3Zn;;. Sample 6 also confirms the existence of another ternary
intermetallic compound t; which is found by diffusion couple Al/Mn;¢Zng4. T; is also a

new ternary stoichiometric compound with Algs>2Mn;s5,7Zn70 ¢ composition.

Table 4.3: The actual composition of key samples and detected phases.

Actual .\
composition . . . ‘Corn‘posmon of
identified by ICP Phase identification identified phases
Sample No. (at%) by EPMA (at% )
By ByXRD | Al | Mn | Zn
Al | Mn | Zn | EPMA
T, 76 12 12
1 75 13 | 12 AlsMn Al;Mn 74 20 6
Al-fcc Al-fcc 78 0.3 22
T, 76 13 11
2 78 15 7 AlsMn Al4Mn | 75.7 | 19.5 | 4.8
Al-fcc Al-fcc 88.5 | 0.5 11
T 74 14 12
3 79 10 | 11 AlsMn AlsMn | 76.8 | 19.6 | 3.6
Al-fcc Al-fcc 784 | 0.3 | 213
T 75 13 12
4 74 16 | 10 AlsMn AlsMn 74 | 20.5 | 5.5
Al-fcc Al-fcc | 75.4 0 4.6
T 75 13 12
5 74 15 | 11 Al4Mn Al4Mn 74 20 6
Al-fee Al-fec 80 0 20
A14M1’1 A14M1’1 74 20 6
6 44 | 16 | 40 T 642 | 15.2 | 20.6
Al-fcc Al-fcc 55.5 0 44.5
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(b)

Figure 4.13: (a) Microstructure of sample 1; (b) Microstructure of sample 2.

In order to confirm the phase relations received from EPMA, these samples are also
studied by XRD. The XRD patterns of samples 1, 2 and 6 are illustrated in Figure 4.14.
Full pattern refinement has been carried out. The use of Si as an internal calibration
standard enabled correcting the zero shift and specimen surface displacement. Al-fcc

phase and AlsMn phase are identified from the XRD pattern. Also, there are several
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unknown peaks which could correspond to the ternary compound 1. The 26 positions and
intensities of these peaks are shown in Table 4.4. 1, is a new stoichiometric compound
and the prototype has not been reported yet. Thus, it is hard to determine the crystal
structure of this ternary compound. The separated XRD pattern of ternary compound 1, is
presented in the Figure 4.15. XRD spectrum of sample 6 is presented in Figure 4.14 (c).
AlsMn and Al-fcc phases are identified. However, because of the lack of the
crystallography information of ternary compound rt;, this compound could not be

identified in the current study. Thus, the peaks of 1, ternary phase are not labeled.

300 + X

i Si
250 - e Al
_ Al Mn
200 -} X Unkown peaks (12)
w
E 4
3 150
O -
100 -
50 -}
0 ool
30

Position of 20

(a)

53



s S
Al Mn

Al

X Unkown peaks (12)

250 - X

200 H

150

Counts

100

Position of 20

(b)

600 —

e Ald4dMn
500 a Al-fcc

400 —

300

Counts

200 —

100 —

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Position of 20

(©)

Figure 4.14: (a) XRD pattern of annealed sample 1; (b) XRD pattern of annealed sample

2; (c¢) XRD pattern of annealed sample 6.
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Table 4.4: XRD pattern of ternary compound 7, acquired by XRD analysis.

Position
21.654 | 27.379 | 31.26 | 33.718 | 36.597 | 36.823 | 37.276 | 41.674 | 44.133 | 65.279 | 67.446 | 75.956
of 20

Counts 75 31 26 43 51 54 51 216 273 30 22 85
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Figure 4.15: XRD pattern of ternary compound 1, obtained by XRD analysis.

4.2.4 Experimental study of ternary compound t;

Ternary compound 13 is first obtained from diffusion couple Al/Mn;3Zng; and the
composition is primarily determined as 10 at% Al, 15 at% Mn and 75 at% Zn. Several
key samples have been prepared to study this new ternary intermetallic compound t3. The
actual compositions of key samples and the compositions of detected phases are listed in
Table 4.5. Backscattered electron image of sample 1 is shown in Figure 4.16 (a). With
magnified microstructure which is illustrated in Figure 4.16 (b), three phases have been
found in this sample: AlgMns, Al;;Mny and t3. Phase relationships and homogeneity

range of these three phases are confirmed by both XRD and EPMA. Another ternary
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phase 14 is found in sample 2 and 3 and microstructures of them show in Figure 4.16 (c)
and (d). The composition of 14 is in the region around 23.3 at% Al, 15.5 at% Mn and 61.2
at% Zn. We suggested that 14 could be a metastable phase. There are the following
reasons for it: samples 1 and 3 have similar actual composition but with the different
annealing time. Sample 1 has been annealed for 40 days while sample 3 is annealed for
30 days. After 10 days prolong annealing, t4 phase disappeared in sample 1 and
transforms into stable t3 phase. These three key samples have similar phase relations and
the comparison is presented in Figure 4.17 (a). XRD spectra of both samples are quite
similar as shown in Figure 4.17 (b) which also indicates the similar phase relations.

Table 4.5: The actual composition of key samples and detected phases.

Actual composition Composition of identified
Sample 1dent1(t§21/ b)y ICP Phase identification phases by EPMA ( at% )
No. .
By By
Al Mn Zn EPMA XRD Al Mn Zn
T3 12 11 77
Alng’l5 Alng’l5 56.3 36.7 7
T3 12.3 11 76.7
2 16 14 70 T 234 15.5 61.1
Al]an4 Allan4 71 25 4
T3 13 13 74
25 18 57
2 1 1 L
3 3 6 6 Al]lMl’l4 AlllMl’l4 68.6 27 4.3
Alng’l5 Alng’lS 55 36 8.8
T3 10 15 75
4 18.2 22 598 AlgMns 52-57 | 33-37 10-11
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(c) (d)
Figure 4.16: (a) Microstructure of sample 1; (b) Magnified area of sample 1; (¢)

Microstructure of sample 2; (d) Microstructure of sample 3.
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Ternary compound 73 has a complex homogeneity range: 9.5-12.7 at% Al, 11-15 at% Mn,
74.6-77.2 at% Zn, which is determined by diffusion couple and key samples. 73 is also a
new intermetallic compound which has not been reported before. Its prototype has not
been determined. Hence this compound cannot be verified by XRD analysis. From the
EPMA results, Al;;Mny exhibits a ternary solid solubility reaching up to 5 at% Zn.
Ternary homogeneity range of AlsMns has been determined by EPMA method as 9 at%
Zn. These observations also confirm the results, which are analyzed by previous diffusion

couples.

4.2.5 Homogeneity range of Al;;Mn, and AlgMn;

Al;1Mny and AlgMns show extended ternary solid solubility range in this system. Three
samples have been prepared to study the ternary solubility limits of these two compounds.
The composition and phase identification of these samples are summarized in Table 4.6.
The actual chemical compositions of the alloys are measured by ICP and the
compositions of Al;;Mns and AlgMns phases are determined by SEM/EDS. The phase
relations are obtained from SEM and show great consistency with the XRD results. The
backscattered electron image (BSE) of key sample 1 annealed at 400°C for 4 weeks is
shown in Figure 4.18 (a). Both Al;;Mns and AlgMns phases have been detected by
SEM/EDS. From EDS point analysis, Al;;Mny4 has a ternary solid solubility of about 4.23
at% Zn and AlgMns has the maximum ternary solid solubility of 10.74 at% Zn. This
finding also corresponds to the previous EPMA observation of key samples which are in
the Al;;Mns+AlgMns+ T3 region. XRD results of sample 1, which are shown in Figure
4.18 (c) also confirm the same phase relations. Sample 3 has similar actual composition

as sample 1, and SEM/EDS analysis also shows the same tie-line relations between
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Al;1Mny and AlgMns. These relations are also confirmed by XRD analysis which is
shown in Figure 4.18 (e). In sample 2, AlgMns shows ternary solid solubility of around
3.75 at% Zn. The presence of a single AlsMns phase region is also confirmed by XRD

which is illustrated in Figure 4.18 (d).

Table 4.6: The actual composition of key samples and detected phases.

Actual composition Composition of phases
Sample No identified by ICP Phase identification identified by EPMA
’ (at%) (at%)
Al Mn | Zn | By EPMA | By XRD Al Mn Zn

AlgMns AlgMns | 55.08 | 34.18 | 10.74

2 56 37 7 AlgMns AlgMns | 5735 | 389 | 3.75

AljjMny | Al;jMng | 69.7 27 33
Alng’l5 Alng’l5 55.87 35 9.13

3 55 35 10

Thum

(a) (b)
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Figure 4.18: (a) BSE image of sample 1; (b) BSE image of sample 2; (c) XRD pattern of

sample 1; (d) XRD pattern of sample 2; (¢) XRD pattern of sample 3.

AlgMns has a wide ternary solid solubility range in the Al-Mn-Zn system. Phase relations
among AlgMns and other phases such as Al;;Mny, €, binary solid solution MnsZng and
Beta-Mn are quite complex. The ternary homogeneity range of AlgMns is plotted in
Figure 4.19 which also illustrates its phase relations which are determined by key
samples. Three ternary intermetallic compounds: Algs,Mnjs2Zny6, Al7gMni3Zn;; and
Algs.127Mny1.15Zn746.772 are confirmed by key samples. The compositions of these
compounds are compared with the results of diffusion couples. Al4sMn has maximum
ternary solid solubility of 6 at% Zn. Al;;Mn4 reaches its maximum ternary solid solubility
at 4.23 at% Zn. € and MnsZng phases exhibit small ternary homogeneity ranges and have

maximum ternary solid solubility of 3.69 at% and 4 at% Al respectively.
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Figure 4.19: Tie lines determined by key samples technique.

63



4.3 Isothermal section of AI-Mn-Zn ternary system at 400°C

Combining the results which are obtained from diffusion couples and key samples, the
isothermal section of the Al-Mn-Zn phase diagram at 400°C has been constructed and
presented in Figure 4.20. Solid lines represent the tie-line relations and solid solution

which are determined from the current experimental results.

Tie-line detected in this work M n
Homogeneity range determined Alpha 40000
in this work 0.0

Aly; 0.2 «© 0.4 0.6 08 ® 2o Zn

Figure 4.20: Isothermal section of Al-Mn-Zn ternary system at 400°C constructed by

diffusion couples and key samples.
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4.4 Thermal analysis through DSC

12 samples have been prepared to study the liquidus of AI-Mn-Zn system by differential
scanning calorimetry (DSC) technique. Vertical sections are calculated using the
preliminary model, and it is compared with the experimental results. The preliminary
thermodynamic model does not include the ternary phases. Thus, some discrepancies
have been observed between the DSC results and the calculated vertical sections. In the
current experimental investigation, the vertical sections close to 14 at% Mn are mainly
studied here because it is important for industrial applications. It covers two ternary
compounds and shows complex phase relations in the Al-rich corner. Samples are chosen
in lower Zn content regions from 3 at% to 32 at% Zn in order to limit the influence of Zn
evaporation. The actual compositions are measured by ICP and listed in Table 4.7. These
DSC samples are categorized into 4 groups and plotted on the 400°C isothermal section
which is shown in Figure 4.21 for better illustration. The DSC results will be discussed in

section 4.5.2.

Table 4.7: Actual compositions of selected DSC samples.

Group | Phase field Sample No. Al (at%) Mn (at%) | Zn (at%)
Al-fec, 1 83 14 3
1 Al4Mn and
AlgMn 2 80 14 6
3 76 14 10
5 77 15 8
3 AlMn, T, 6 73 14 13
and T, 7 76 13 11
8 66 13 21
Higher Zn 9 56 14 30
4 content phase 10 54 14 32
field 11 57 14 29
12 59 15 26

65



Mn

o Actual composition of 0.4
DSC samples '

400°C
Al Mn,

0.6 £N

Figure 4.21: Composition of the samples used in the DSC experiments.

4.4.1 Supercooling effect

It 1s assumed that there is no barrier to nucleate during the cooling process. The solute
diffusion is also sufficient to keep the phases uniformly distributed at each temperature in
this process [105]. Thus, the cooling runs are taken into consideration here as due to this
favorable kinetics. Also, the peak temperature of the last thermal event on heating should
be considered as the liquidus temperature. If without supercooling effect, the first onset

cooling temperature and the peak temperature of last heating peak should be very close.
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During the current DSC study of the Al-Mn-Zn system, super cooling effect is a problem
influencing the DSC analysis. Phases in the Al-corner are prone to super cooling effect
[97, 98]. Thus, extrapolation method is introduced to use in order to obtain more accurate

DSC results. The details of extrapolation are discussed in this section.

Supercooling effect is an effect is due to a failure of the solid phase to nucleate at the
temperature given by the phase diagram. Because of the supercooling effect,
corresponding exothermic peak is shifted to the lower temperature and overlapped with
other peaks. The actual nucleation temperature is lower than the theoretical one.
Supercooling effect is noticeable in the whole DSC analysis process. In order to decrease
the influence of supercooling effect and enhance the accuracy of the results, lower scan
rates are used to prolong the nucleation time. Three different scan rates are chosen:
15°C/min, 10°C/min and 5°C/min. The results show that the supercooling effect changes
along with changing scan rates. Using sample 6 as an example to demonstrate the
extrapolation process which is illustrated in Figure 4.22: at 15°C/min scan speed, two
exothermic peaks overlapping with each other at the position of peak #4 and the onset
cooling temperature of it is 652°C. By checking the enthalpy of the corresponding phase
transformations of peaks #1 and #2, it is noticed that the enthalpy values are the same.
Thus, because of supercooling effect, one exothermic peak shifts to the left and overlaps
with another peak. At 10°C/min scan rate which is shown in Figure 4.22 (b), the
overlapping peaks show some tendency to separate, the temperature of the onset peak
changes from 652°C to 664°C. At lower heating/cooling speed 5°C/min as presented in
Figure 4.22 (c), peak #4 clearly separates into two peaks. The two onset cooling

temperatures are 663°C and 671°C, respectively. In order to diminish the supercooling
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effect, it is better to extrapolate the scan rate to 0°C/min assuming that this is the rate

guaranteeing equilibrium. The DSC results at different cooling rates and after

extrapolation are summarized in Table 4.8.

Table 4.8: Extrapolated onset cooling signals of sample 6 along with the experimental

values.
Sean rate 15°C/min 10°C/min 5°C/min 0°C/min
Onset cooli
Ist 907°C 930°C 942°C 961°C
2nd 876°C 890°C 891°C 900°C
3rd 810°C 829°C 837°C 852°C
4th 652°C 664°C 671°C 681°C
Sth 652°C 664°C 663°C 671°C

Heat Flow/mW

Sample Temperature/°C

(a)

68

609 15°C/min
#4
Exo
40 -
20
0 -
20 ~952°C
#1 )
668°C 913°C 035°C
-40 . - ; I
400 600 1000




1209 10°C/min

100 - #4
T Exo
80

Heat Flow/mW

-60 ] 665 937°C

! I ! I ! I ! 1
400 600 800 1000 1200

Sample Temperature/°C

(b)

50 5°C/min

404 | Exo
30 4

20 837°C 891°C

Heat Flow/mW
)
1

04 Al ) 954°C
1 946°C
-10 -
-20 1 937°C
-30 4
T T T T T T T 1
400 600 800 1000 1200

Sample Temperature/°C
()

Figure 4.22: (a) DSC results of sample 6 under 15°C/min; (b) DSC results of sample 6

under 10°C/min; (¢) DSC results of sample 6 under 5°C/min.
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Extrapolation details are given in Figure 4.23. After extrapolation the overlapping peaks
into 0°C/min scan rate, the onset cooling temperature of peak #4 shifts about 30°C from
652°C to 680°C. Without the supercooling effect, the temperature of phase transformation
happens in peak #4 should register as 680°C. And the liquidus temperature is determined
as 961°C by extrapolated the first onset cooling temperatures. The extrapolated liquidus

temperature is much closer to the maximum temperature of last heating event.
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Figure 4.23: Extrapolation process of each onset cooling signal of sample 6.

4.4.2 DSC analysis results

DSC samples are grouped into 4 different phase regions based on the tie-line relations
from the current study of the AI-Mn-Zn system at 400°C: (1) Al-fcc, AlsMn and AlgMn
phase field; (2) AlsMn, Al-fcc and 1, phase field; (3) ALLMn, t; and T, phase field; (4)

higher Zn content phase field.

4.4.2.1 Samples in the Al-fcc, AlMn and AlgMn phase field

Samples 1 and 2 are in the same Al-fcc, AlsMn and AlgMn phase field. The DSC heating
and cooling spectra of sample 1 at 15°C/min are shown in Figure 4.24. The large
endothermic peak #6 in Figure 4.24 indicates two heating events are overlapping. The
observation of the two overlapping peaks is confirmed during cooling. The onset
temperature of exothermic peak #1 at 881°C corresponds to the liquidus temperature.
During the heating process, one sharp and high peak #4 is observed which denotes the

peak of eutectic melting. The endothermic peak #5 at 709°C which is lower and broader
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indicates the univariant transition. The enthalpy of two overlapping exothermal peaks #1
and #2 is -84.47]/g and the enthalpy of the associated endothermic peak is 82.01J/g. By
comparing enthalpy between the heating and cooling peaks, it is clear that two
overlapping exothermal peaks #1 and #2 are corresponding to the big endothermic peak
#6. Also at the transformation temperature around 653°C, the enthalpy of one signal
eutectic peak #3 is equal to the area under peaks #4 and #5 endothermic peaks. This

means two exothermic peaks are overlapping at 653°C due to the supercooling effect.
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Figure 4.24: DSC spectra of sample 1.
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The experimental results are compared with the preliminary thermodynamic calculations
to confirm the transformation temperatures along with the associated reactions.
Extrapolated transformation temperatures to 0 °C/min cooling rate are listed in Table 4.9.
Figure 4.25 shows the calculated vertical section of sample 1 (AlgsMn;4Zn3) and sample 2
(AlgoMn 4Zng) with DSC signals from the cooling curve after extrapolation. Because
there is no ternary phase in this phase field, it can be observed that the experimental
values of DSC fairly correspond to the calculated vertical section. And, the extrapolated
liquidus temperature is measured as 914°C which matches very well with the peak
temperature of the last heating peak at 915°C. However, the transformation temperature at
838°C which is obtained from DSC analysis is not observed in the thermodynamic
calculation. In sample 2, DSC signals show the phase transformation at 822°C. This
temperature is lower than transformation temperature predicted by the thermodynamic
calculations at 862°C. XRD is also used to identify the phases in the post DSC samples 1
and 2. XRD spectra of these samples are illustrated in Figure 4.26 and three phases (Al-
fce, AlsMn and AlgMn) have been identified. The results of XRD agree with the phase

constitutions in the same region at 400°C.
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Table 4.9:

Transformation temperature at different scan rates.

Composition Scan rate Transformation temperature at different scan
No.
(at%) (°C/min) rates (°C)
15 881 829 653 653
1 A183Mn14Zn3 5 901 835 678 661
0 914 838 690 665
15 909 871 848 651 651
10 925 873 846 655 655
2 Alg()MIl14ZIl6
5 933 883 830 673 663
0 946 891 823 681 668
Mn=14at%
1200
Liquid
1000 ~ Sample # 1 2
A
Delta_Mn+Liquid
800 - Liquid+ﬁnAI4
‘% T
g 600 -
g
IS
> 400 -
FCC+MnAl,
200 -
FCC+MnAI,+MnAl,
0 [ L T T T T
0.00 0.05 0.10 0.15 0.20

Zn (at%)/Al+Mn+Zn

Figure 4.25: Calculated vertical section at 14 at% Mn with transformation temperature at

0°C/min cooling rate of samples 1 and 2.
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Figure 4.26: (a) XRD pattern of post DSC sample 1; (b) XRD pattern of post DSC

sample 2.
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4.4.2.2 Samples in the Al-fce, AlMn and 1, phase field

Three samples have been chosen in the Al-fcc. Al4Mn and 1, phase field as shown in
Figure 4.21. Extrapolated onset cooling temperatures to 0 °C/min cooling rate are
presented in Table 4.10 along with the actual compositions which are determined by ICP.
The DSC spectra of samples 3 and 4 at 15°C/min are presented in Figure 4.27. Because of
the supercooling, exothermal peaks are overlapping with each other in both samples.
After extrapolating scan rate to 0°C/min, the liquidus temperature of sample 3 registers at
937°C which fairly corresponds to the peak temperature of the last heating event. The
liquidus temperature of sample 4 is found at 974°C. Moreover, the calculated vertical
section does not include the information of these new found intermetallic compounds.
Therefore, some controversies are observed from the DSC analysis. A comparison
between the extrapolated DSC experimental results and the calculated vertical section at
14 at% Zn is demonstrated in Figure 4.28. Extrapolated cooling signals of another sample
5 in this phase field is also listed in Table 4.10 and plotted on the calculated vertical

section at 15 at% Mn which is shown in Figure 4.29.
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Figure 4.27: (a) DSC spectra of sample 3 at 15°C/min; (b) DSC spectra of sample 4 at

15°C/min.
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Table 4.10: Transformation temperature at different scan rates.

Composition Scan rate Transformation temperature at different scan
No.
(at%) (°C/min) rates (°C)

15 914 885 828 662 648

3 A176M1’114ZI’110 5 929 877 840 664 659
0 937 881 847 670 664
15 931 883 812 653 653
10 930 873 812 652 652

4 A177Mn14Zn9
5 950 895 830 671 662
0 956 895 836 677 665
15 931 876 812 651 651
10 925 865 813 653 653

5 Al77Mn5Zng
5 926 868 815 655 652
0 923 871 818 656 651
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Figure 4.28: Calculated vertical section at 14 at% Mn with transformation temperature at

0°C/min cooling rate of samples 3 and 4.
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Figure 4.29: Calculated vertical section at 15 at% Mn with transformation temperature at

0°C/min cooling rate of sample 5.

4.4.2.3 Samples in the Al4Mn, 7, and 7, phase field

In the Al4Mn, 1, and 1, phase region, Figure 4.30 shows the DSC spectra of sample 6
during heating and cooling scans at 15°C/min rate. Mass loss has been observed for this
sample. The large endothermic peak indicates a non-isothermal transition (univariant)
starts at 777°C and three heating peaks are overlapping. Upon cooling, three
overlapping exothermic peaks were observed. The area under these three peaks is equal
to that under the large endothermic peak. The onset temperature of exothermic peak #1 at
907°C corresponds to the liquidus temperature which is determined by the intersection of

tailing and the baseline as shown in Figure 4.30. One sharp and high peak #3 is observed
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which denotes the peak of eutectic melting. The endothermic peak #4 at 696°C which is
lower and broader indicates the univariant transition. Also at the transformation
temperature around 652°C, the enthalpy of peak #2 is equal to the enthalpy of #3 and #4
endothermic peaks. This means two exothermic peaks overlapping each other at the
temperature of 652°C due to the supercooling effect. The transformation temperatures
after extrapolation to 0 °C/min cooling rate are presented in Table 4.11. Figure 4.31
illustrates the calculated vertical section of sample 6 (Al73Mn;4Zn;3) and 7 (Al7sMnj4Zny;)
with DSC signals from extrapolated cooling curve. One DSC signal found in the Delta-

Mn + Liquid region could be related to the ternary compounds transformation.
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Figure 4.30: DSC spectra of sample 6 using 15°C/min scan rate.
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Table 4.11: Transformation temperature at different scan rates.

Composition Scan rate Transformation temperature at different scan
No.
(at%) (°C/min) rates (°C)
15 907 872 809 652 652
10 930 880 829 664 664
6 Al73Mn14Zn13
5 942 883 834 671 663
0 961 898 852 681 671
15 912 878 814 660 660
10 921 898 837 662 662
7 AlzgMny3Zny,
5 944 896 844 672 663
0 958 908 862 679 666
Mn=14at%
1200
Liquid
1000 4 L*Al Mn, Sample # 7 6
Delta_Mn+Liquid
800 4 Liquid+MnAl,
OL\) j —
g
g 600 |
g
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> 400 -
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Figure 4.31: Calculated vertical section at 14 at% Mn with transformation temperature at
0°C/min cooling rate of sample 6 and 7.
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4.4.2.4 Samples in higher Zn content phase field

Five samples have been studied by DSC to describe the phase field from 20 to 33 at% Zn.
The actual compositions and extrapolated onset cooling temperatures of these samples
are shown in Table 4.12. The extrapolated onset cooling temperatures are labeled on the
vertical section in Figure 4.32 in relation to the thermodynamic calculation. Since the
newly found ternary intermetallic compounds are not included in the thermodynamic
model, there are some discrepancies between experimental and thermodynamic results. It
is noticed that thermodynamic calculations cannot accurately predict all the phase
transformation measured by DSC. Therefore, the Al-Mn-Zn system should be remodeled

in light of the current experimental results.
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Table 4.12: Transformation temperature at different scan rates.

Composition Scan rate Transformation temperature at different scan
e (at%) (°C) rates (°C)

15 927 874 824 653 653

8 AlseMn 3Zny) 5 944 894 834 675 663
0 952 904 839 686 668

15 947 877 807 659 648

9 AlsgMn 4Zn3 5 962 888 825 654 654
0 969 887 834 657 651

15 948 873 811 649 649

10 AlssMn 4Zn3; 5 963 885 825 670 659
0 970 891 832 680 664

15 951 877 804 654 654

11 AlssMn 4Znyg 5 975 883 836 677 660
0 987 886 852 688 663

15 952 868 807 659 650

12 AlsoMn;sZnye 5 963 888 820 759 686
0 968 898 826 809 659
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Figure 4.32: Calculated vertical sections at (a) 13 at% Mn; (b) 14 at% Mn; (c) 15 at% Mn;

with transformation temperature at 0°C/min cooling rate of (a) sample 8; (b) sample 9,

10 and 11; and (c) sample 12.
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CHAPTER 5

Concluding Remarks, Contributions and

Recommendations

5.1 Concluding remarks

The Al-Mn-Zn ternary system has been experimentally studied through diffusion couple
technique and selected equilibrated key alloys. Isothermal section of the Al-Mn-Zn
system at 400°C is constructed based on the current experimental investigation. Phase
relations and solubility limits have been determined for the binary and ternary
compounds using SEM/EDS, EPMA and XRD techniques. Three new ternary
compounds have been found in this system, the compositions and homogeneity ranges of
them have also been determined. These three ternary compounds have been reported for
the first time. t; and 1, are considered to be stoichiometric phases, and 13 is solid solution
with small ternary solid solubility. The formulae of these ternary compounds are
AlgxMnisZny,, AlzeMni3Zng;, and AlLMnyZn, (x=9.5-12.7 at%; y=11-15 at%; z=74.6-
77.2 at%) at 400°C. XRD pattern of 1, has been obtained. Because crystallographic
information of these ternary compounds were not reported before, it is difficult to identify
their crystal structure in the current study. Quasicrystal Al4Mn phase which is reported

before has been found and confirmed in the current study. Three binary compounds:
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AlyMn, Al;;Mny4 and AlgMns have been found to have extended solid solubility into the

ternary system.

Thermal analysis is also performed for the Al-Mn-Zn system using DSC technique.
Vertical sections at 13at%, 14at% and 15at% Mn have been examined. Phase
transformation and liquidus temperature have been reported in this work. Supercooling
effect is observed during DSC analysis which is explained in details. The extrapolation

method is used to minimize the supercooling effect and acquire the accurate thermal data.

A preliminary thermodynamic model was built by combining the three constituent
binaries. This model was used as a road map for designing the experiments and for the
selection of the compositions of key samples and diffusion couples. Also, the
experimental results are compared with the thermodynamic calculations. Discrepancy is
observed due to the absence of the ternary phases in the thermodynamic database.
Therefore, the Al-Mn-Zn system should be thermodynamically remodeled in light of the

current experimental results.

5.2 Contributions

The Al-Mn-Zn ternary system has been experimentally investigated combining diffusion
couple technique and selected equilibrated key alloys. Isothermal section of Al-Mn-Zn at
400°C has been constructed. Vertical section at 13at% Mn, 14at% Mn and 15at% Mn
have been experimental investigated through DSC thermal analysis technique. In the

present work, the following contributions have been achieved:
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e Three new ternary intermetallic compounds 1, T, and 13 have been discovered for
the first time in the current study. The compositions of these three ternary
intermetallic compounds have been studied by SEM, EPMA and XRD. XRD
spectra of the three ternary compounds have been observed. XRD pattern of T
has been extracted from the key samples by XRD analysis.

e AlsMn has been found to form quasicrystal in this system at 400°C. This finding is
also confirmed and compared with the previous research works.

e The ternary solid solubility of Al¢Mn, Al4Mn, Al;;Mn4, AlsMns and B-Mn binary
phases have been determined for the first time using diffusion couples and key
alloys.

e Three vertical sections at 13at% Mn, 14at% Mn and 15at% Mn have been studied
for the first time via DSC thermal analysis method. Phase transformation and

liquidus temperature of key samples have been reported in the present research.

5.3 Recommendations for future works

e Future experimental work is needed to identify the crystal structure of the ternary
compounds in the Al-Mn-Zn system.
e The Al-Mn-Zn system should be optimized based on the current experimental

results.
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