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Chapter 1 General introduction

1.1  Background

Recent industrial progress demands materials to be equipped with high performance
under severe conditions such as wear, corrosion, and oxidation at elevated temperatures,
resulting in development of new materials like intermetallic compounds, advanced
ceramics, and their composites. Such resistant properties against wear, corrosion, and
oxidation can be provided at surface of materials by various coating methods. The
coating process is called surface modification as well [1]. The surface modification can
be hybridized such as conventional carburizing and nitriding for steel. Wear-resistant
coatings need to be relatively thick, so they are generally formed by the liquid phase
processes with high energy dense sources such as laser or plasma. On the other hand,
since oxidation-resistant ones should be dense, they are formed by diffusion or physical
vapor deposition (PVD) processes despite of their low coating rate. To avoid the coating
from delamination and cracking, it is required to be well bonded with the substrate.
Although the coating of ceramics such as Al,O,, TiB, or AIN can improve wear,
corrosion or oxidation properties, there are many problems in coating on metal
substrates, for example (1) thermal stress due to the thermal expansion mismatch
between ceramics and metals, (2) poor reactivity of ceramics to metals, and (3) low
bonding strength of ceramic/metal joints [2]. While, intermetallc compounds have better
similarities to metals in thermal expansion, reactivity and diffusivity than ceramics.
Therefore, they are more promising as reliable coating materials on metallic substrates

[3].

In the last some decades, a great deal of fundamental and developmental research on
intermetallic compounds has been made for aerospace, automotive and other land-based
applications [4]. These intermetallics include aluminides of titanium, nickel or iron, and
silicides -of transition metals. Among them, titanium aluminides are promising materials
in high temperature applications because of their low density, high specific strength at
high temperatures, and good oxidation resistance. In the AI-Ti system, three
intermetallic phases, Al,Ti, TiAl (y) and Ti;Al (o) are stable at room temperature [5].
They can be applied not only as bulk forms, but also as coating ones. There are many
researches concerning the formation of surface modified coatings of titanium
aluminides as shown in Table 1.1. These coatings were mainly applied for the
improvement of wear or oxidation properties. It can be also found that many coatings
consist of the Al,Ti phase.

The AL Ti is attractive as a high temperature structural material because of its low
density (3.4Mg/m’), high strength, high hardness, high melting temperature (>1623K)
and excellent oxidation resistance [22-24]. Although the Al,Ti has not been applied to
practical use as a bulk material due to the low ductility at room temperature, it is
expected to exhibit excellent wear and oxidation properties as a coating. The thermal

-1-



Table 1.1 Various surface modified coatings of Ti-Al intermetallic compounds.

Coating | Substrate Process | Thickness, Evaluated Ref.
material um properties
Ti(Al) Ti laser alloying ~1000 oxidation [6]
Ti;Al/TiAl Ti laser alloying ~1000 wear [7]
Ti, AT iAI Al plasma spraying ~1000 wear [8]
Ti,Al/TiAl TiAl plasma spraying ~500 wear [9]
TiAl Carbon vacuum arc ~1 - [10]
deposition
TiAl/Al,Ti Ti laser alloying ~1000 oxidation, wear | [11]
Al;Ti Al laser cladding ~500 wear [12]
AL Ti Ti hot dipping ~400 - [13]
Al;Ti Ti pack cementation ~50 oxidation [14]
AL Ti Ti Al pack cementation ~50 oxidation [15]
ALTi TiAl pack cementation ~50 oxidation [16]
Al,Ti Ti vapor deposition ~30 - [17]
ALTi TiAl sulfidation ~20 oxidation [18]
Al Ti TiAl ion plating ~20 wear [19]
Al,Ti Ti ion plating ~5 oxidation [20]
Al,Ti Al ion implanting ~0.5 . [21]




spraying, laser cladding and laser alloying have been developed as rapidly processes for
the formation of thick coatings of titanium aluminides. However, since the ALTi is
formed by peritectic reaction from the liquid phase and has negligibly small solubility in
the phase diagram, it is not always advantageous to apply the liquid phase process to
obtain the monolithic AL Ti.

1.2  Application of powder metallurgical techniques in surface modification and
purpose of this thesis
The net shaping capability of powder metallurgy (P/M) is attractive especially for
brittle materials such as intermetallic compounds, since machining or deformation steps
can be eliminated [25]. Additionally, many of them have a high melt viscosity that
inhibits casting. Moreover, the grain size control is difficult and segregation is problem.
Thus, P/M techniques are suited for process of intermetallic compounds.

Combustion synthesis, also called as self-propagating high temperature synthesis
(SHS) is known to be one of the P/M techniques obtaining refractory compounds such
as intermetallics, ceramics or their composites [26]. Synthesis from a mixed powder of
constituent elemental powders can take place well below their melting temperatures,
using the significant negative heat from the formation of the system. Since the
combustion synthesis is heat-generating and self-sustaining, this process offers
advantages with respect to process economic and simplicity, and over S00 compounds
have been reportedly synthesized [27, 28]. Additionally, the starting materials need only
to be heated to the ignition temperature, which is hundreds degree lower than the
melting temperature of the products. These unique advantages of the combustion
synthesis are applied not only to materials synthesis, but also to heat sources for
welding and chemical oven [29-31].

An early application of the combustion synthesis was the thermite reduction of metal
oxide powders with aluminum powder. The heat generated by the exothermic reaction
enables welding railroad tracks and also. heat treatment of metals. Uenishi er al.
successfully applied the combustion synthesis to the bonding of intermetallic compound
TiAl [32]. The bonding of intermetallic compounds is usually exposed to high
temperatures, which induces material's degradation due to the structural change or grain
coarsening [33]. By applying the combustion synthesis of a mixed powder of elemental
Al and Ti used as filler metals, a relatively simple bonding process, i.e. hot pressing at
low temperatures and heat treating without any load at higher temperatures was
achieved. The bondings of Fe;Al, NiAl and Ni-based superalloy were also obtained by
applying the combustion synthesis [34-38].

Similarly, the combustion synthesis can be applied to a novel surface modification
process. When a mixed powder of elemental Al and Ti with a composition of
stoichiometric ALTi pre-placed on the substrate is heated to the ignition temperature for
the combustion synthesis, Al and Ti in the mixed powder react and form a coating of



AL Ti, resulting in simultaneous bonding with the substrate by the heat of formation of
AL Ti. The advantages of this process are the capability for obtaining the coating with
high bonding strength at a low temperature for a short time, and for easy controlling the
thickness or microstructure of the coating by changing the thickness or composition of
starting powders. For example, hybrid coatings of such as intermetallic matrix
composites (IMC) or functionally gradient materials (FGM) can be formed.

However, it is well known that combustion synthesized materials are likely to include
voids and unreacted elements. To eliminate these inhomogeneity, i.e. to form
homogeneously reacted and dense coating, mechanical alloying (MA) and pulsed
electric current sintering (PECS) are considered to be effective. MA is a high energy
ball mil]i'ng operation involving repeated welding, fracturing and rewelding of powder
particles [39]. By using the MA process and subsequent heat treatment, several powders
of intermetallic compounds and their composites were produced [40, 41]. Furthermore,
when the fine mixed MA powders are consolidated, the microstructure reveals
homogeneous and fine crystalline, leading to enhanced physical and mechanical
properties. On the other hand, PECS, sometimes called as plasma activated sintering
(PAS) or spark plasma sintering (SPS) has been reported to densify powders at a lower
temperature, and for a shorter time than other conventional sintering processes by
charging a pulsed electric current directly through the raw powders [42-45]. There are
many researches concerning the consolidation of intermetallic compounds [46-50] and
ceramics [51, 52] by PECS, and some of them reported the enhanced densification of
materials at lower temperatures, and for shorter times than by conventional hot-pressing.
These rapid sintering is considered to be effective to retain the fine microstructure of
powders introduced by MA.

In this thesis, thick coatings of the Al;Ti and its composites are formed on metallic
substrates by applying the P/M techniques of the combustion synthesis, MA and PECS.

In Chapter 2, thick coatings of the AL;Ti on the TiAl or Cu substrates were formed by
the combustion synthesis. The combustion synthesis of the Al,Ti from elemental Al and
Ti powders was investigated. The microstructural changes in the coating and bonding
interface during the combustion synthesis were also discussed. The surface properties of
obtained coatings were evaluated by the micro hardness measurement and wear test.

In Chapter 3, to form a homogeneous Al;Ti coating, fine mixed powders of elemental
Al and Ti were prepared by MA. The microstructural evolution during MA and the
combustion synthesis were investigated. Based on the calculated relation from a
spherical model incorporating diffusion and reaction kinetics between Al and Ti, a
homogeneous AlTi layer was formed on the Cu substrate by using the MA powders.
The reaction between the coating and the substrate, and the wear properties of obtained
coatings were also investigated.

In Chapter 4, a dense and homogeneous coating of the Al;Ti was formed on the Ti
substrate by reactive PECS of the MA powders. The densification behavior of the
synthesized coating, and the reaction kinetics between the coating and the Ti substrate



were investigated. The surface properties of obtained coatings were also evaluated by
wear and oxidation test.

In Chapter 5, to further enhance the wear resistance, the ceramics particle (TiB, or
Al,0,) dispersed Al;Ti composite, i.e. IMC coatings were formed on the Ti substrate by
reactive PECS of the MA powders. Effects of ceramic particles on the densification
behavior of the IMC coatings, reaction kinetics between the coatings and the Ti
substrate, and on the surface properties were investigated.

In Chapter 6, the summary of this thesis was shown.
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Chapter 2  Formation of thick coatings of ALTi on TiAl and Cu
substrates by combustion synthesis

21 Introduction

Titanium aluminides are promising intermetallic compounds for high temperature
applications because of their high specific strength at high temperatures. Among them,
v-based TiAl alloys have attracted the attentions owing to its good combination of high
strength and moderate room temperature ductility [1]. However, for practical
application of these alloys, the surface properties such as wear or oxidation resistance
have to be improved [2].

Pure copper is often used as an electrical conductor because of its high electrical
conductivity, however, it is not equipped with sufficient strength and wear resistance.
The elimination of these problems would lead to many engineering applications.

If a coating layer of ALTi is formed on the TiAl and Cu substrates, it is expected that
their surface properties will be improved. For the formation of an Al;Ti coating on the
TiAl substrate, the strong bonding between the substrate and the coating should be
achieved. There are many reports showing difficulties for the bonding of similar y-based
TiAl alloys. Welding cracks are easily introduced by the fusion welding [3, 4], and
processing at high temperatures is inevitable for the solid state bonding [5, 6]. There are
no reports concerning the bonding of AL Ti with TiAl It is not expected to be easy by
conventional bonding processes since the Al;Ti has a lower ductility than y-based TiAl

alloys.

On the other hand, Galantucci [7] and Hirose [8] have applied laser alloying
techniques to form hard surface coatings on the Cu base material. In the case of a
substrate with low strength like Cu or Al, the coating easily breaks away because of the
high deformability of the substrate. Hence, the thickness as well as surface properties is
required for the coating. Although many surface modification techniques have been
reported, they are not always applicable for the formation of thick coatings. According
to their reports, the high reflectivity of Cu to a CO, laser poses a problem that the input
heat can not be transferred to the base material effectively. Consequently, it is hard to
prepare a thick coating by laser processes.

In this chapter, an AL;Ti was formed by the combustion synthesis from a mixed
powder of elemental Al and Ti with a composition of stoichiometric Al,Ti and
simultaneously bonded with TiAl and Cu substrates. By applying the combustion
synthesis to the dissimilar bonding, it is expected that bonding can be achieved on easier
conditions, i.e. at low bonding temperatures or for shorter holding times.



2.2 Experimental

2.2.1 Materials

TiAl substrate used in this research was fabricated by Ar-arc melting. The nominal
composition of the substrate is shown in Table 2.1. The microstructure of the substrate
showed a lamellar structure, comprised of ¥ and «,, with an average colony size of
200pm. Cu substrate with 99.99% purity and a thickness of 3mm was also used.

Ti and Al powders with 99.9% purity and average particle sizes of 10pum and 20pm,
respectively, were mixed in the stoichiometric composition of Al;Ti (Al-25at.%Ti), or
Al-20at.%Ti. These powders were die-pressed to the relative density of 88% under
300MPa for 60s. The diameter and thickness of the powder compact were fixed to
10.6mm and 2mm, respectively. In order to enhance the densification of the compact,
some cold pressed compacts were hot pressed at 773K for 1.8ks under 100MPa to the
relative density of 98%. The reactivity of powder compact was examined by means of
differential scanning calorimetry (DSC: Perkin-Elmer DSC 7) at the heating rate of
0.33K/s under Ar flow atmosphere.

Table 2.1 Nominal composition of TiAl substrate.

Chemical composition, mol.%
Ti Al Mo C 0]
TiAl Bal. 45,5 1.96 0.0004 | 0.0013

2.2.2 Combustion synthesis and bonding

Combustion synthesis and simultaneous bonding were performed by hot pressing
under a vacuum of 5.0x107Pa. The surface of the substrates was ground with 0.3um
alumina powders to obtain a flat and clean surface prior to bonding. The powder
compact was put in the alumina die placed on the substrate as shown in Fig. 2.1. Then,
the sample was heated at the heating rate of 0.33K/s by a high frequency induction
heating equipment and held at the bonding temperatures. The bonding pressure was
applied from the beginning of heating to the end of cooling.

223  Microstructural observation

The specimens for microstructural observations were cut in the perpendicular
direction to the bonding interface and mechanically polished using emery papers and
0.3um ALO, powders. After polishing, the samples were observed using optical
microscopy and scanning electron microscopy (SEM: HITACHI X-650T). To identify
the phases formed in the samples during the combustion synthesis and simultaneous
bonding, electron dispersive X-ray (EDX) and X-ray diffraction analyses using Co-Kal
and Cu-Ko radiations were performed.
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Fig. 2.1 Schematic illustration of hot-press apparatus.
(a) General view, and (b) mold part.

2.2.4 Evaluation of coatmgs

The hardness of the obtained sample was measured by Vickers hardness test using a
load of 1.96N for 15s.

The wear properties of the obtained coatings were examined by Ogoshi abrasion test
[9]. The surface of the test sample was polished with 0.3um alumina powders. A heat
treated SUJ2 steel (HV 650) ring was used as an opponent abraser. Abrasion distance
(L), load (P) and speed were fixed to 100m, 10N and 4.36m/s, respectively. The specific
wear (W,) was calculated by measuring the volume of the abraded indentation (W)

-9-



according to eq. (2.1).

W = 15w 2.1)
PL
2.3 Results and discussion

2.3.1 Combustion synthesis of AL Ti

Figure 2.2 shows a DSC trace obtained when a mixed powder of elemental Al and Ti
with a composition of stoichiometric Al,Ti (Al-25at.%Ti) was continuously heated to
1003K at a heating rate of 0.33K/s. The DSC curve showed two exothermal peaks
staring from about 900K and from about 930K.

Exo. <—» End.

1 1.0W/g
Melting temperature

of Al(933K)

I A

500 600 700 800 90 1000
Temperature, K

Fig. 2.2 DSC trace of a mixed powder of elemental Al and Ti with a composition of
stoichiometric ALTIi.

Figure 2.3 shows the X-ray diffraction patterns of the mixed powders continuously
heated to various temperatures. Diffraction peaks of pure Al and Ti observed in the as-
mixed powders never changed by heating to 900K, which is lower than the onset
temperature of the first exothermal reaction. However, these peaks completely
disappeared and ALTi peaks appeared after heating to a temperature above the
exothermal peak. These results indicate that elemental Al and Ti spontaneously reacted
and formed AL Ti during the exothemal peak.

As described by Uenishi et al. about the combustion synthesis of TiAl [10], this
spontaneous reaction is related to the interdiffusion of both elements and is ignited by
the melting of Al. Namely, the diffusion velocity of Al in Ti or Ti in Al in the solid state

-10-



is in the order of several nanometers per second [11], which is much smaller than the
particle size of powders and is insufficient for complete reaction. However, after
melting of Al, the diffusion velocity of Ti into Al increases up to the order of ten
microns per second [12]. In the first exothermal peak which occurs at a lower
temperature than the melting of Al, Al and Ti partially reacted in the solid state.
Immediately after melting of Al, molten Al and solid Ti drastically reacted and released
the spontaneous exothermal heat.

N O:Al
@ O AT
| O : ALTi

Intensity, arb. unit

LDE% Do 0O

k1 £ 1 L ¢}

40 50 60 70 80 90
20, degree (Co-Ko)

Fig. 2.3 X-ray diffraction patterns of (a) as-mixed powders, (b) continuously heated to
900K (immediately below the ignition temperature) and (c) to 973K (above the
ignition temperature).

The maximum combustion temperature achieved under adiabatic conditions can be
estimated by thermodynamical calculations [13]. Assuming that the combustion
synthesis of Al,Ti is ignited completely under adiabatic conditions at an initial ignition
temperature (7},), the enthalpy is self-generated by exothermic reaction and utilized in
raising the temperature of the products. The maximum temperature (adiabatic
temperature: 7,,) thus attained, can be calculated from the heat balance condition,

according to eq. (2.2), when T, is equal to or less than the melting temperature of the
product (T,,).

-11-



Ty
~AH, = [C,(T)dT+VL, T,<T, 2.2)
T,

0

where AHj, is the enthalpy of reaction at T;,. C(T), v and L is the combined heat
capacity, fusion ratio and latent heat of the synthesized products, respectively. As T,
and 7, are 933 and 1623K, respectively for A13Ti, substitution in eq. (2.2) of
AH,;;=46.86kJ/mol, C,(T)=21.43+6.171x10°T J/Kmol and L=32.14kJ/mol [14] gives
T,=1623K and v=0.83. Namely, the synthesized AlL;Ti is predicted to be partially
melted by self-heating. Figure 2.4 shows the experimentally measured temperature
profile of the mixed powder compact with a composition of Al-25at.%Ti continuously
heated by hot pressing. The temperature increased sharply at the melting point of Al,
and reached the maximum temperature in a short time. This maximum temperature
equals to the melting temperature of A13T 1 and is consistent with the calculated value.
After the combustion synthesis, the temperature decreased to the furnace temperature
rapidly. The process time was only 30s.

1800 T T T T

Melting temperature

of AlSTH _ _ _ ]
1600 ]

1400

1200

Temperature, K

1000 | Melting temperature

800 1 ) } !
0 20 - 40 60 80 100

Time, s

Fig. 2.4 Measured temperature profile of the mixed powder compact with a composition
of Al-25at.%Ti continuously heated by hot pressing.

2.3.2  Formation of thick coatings of ALTi on TiAl substrate

Combustion synthesis of Al;Ti was carried out on a TiAl substrate to form a surface
modified coating. Figure 2.5 shows the microstructures of the sample obtained by hot
pressing at 1023K for 300s under 10MPa. The powder compact was confirmed to be
bonded well with the TiAl substrate. The thickness of the alloyed coating was about
1.5mm, exhibiting a smooth surface. As shown in Fig. 2.5(b), the microstructure of the
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layer was almost homogeneous although small volume fraction of voids (dark contrast)
and unreacted Ti (bright contrast) were observed.

(b)

Fig. 2.5 ALTi coating formed on the TiAl substrate by hot pressing at 1023K for 300s
under 10MPa. (a) General view, (b) microstructure of the combustion
synthesized ALTi layer and (c) the reaction layer formed on the bonding
interface between the AL;Ti coating and the TiAl substrate.
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Figure 2.6 shows the X-ray diffraction patterns of the AL,Ti coating and the reaction
layer formed on the bonding interface between the Al,Ti coating and the TiAl substrate.
From these figures, the Al and Ti were completely reacted and formed Al,Ti after hot
pressing. Compared with the particle size of Ti, the diffusivity of Al into Ti was not
sufficiently large, which may cause Ti partially unreacted. However, as shown in Fig.
2.6(c), any diffraction peaks of Ti are not present in the diffraction pattern, showing that
the volume fraction of unreacted Ti is not significant.

X O TisAl
X TiAl

5 <& y O : ALTi
-g 0
P ,
@ []
>
[
g
£
[ - |
[
\ A LA AL — g l;l i
30 60 90 120
20, degree (Cu-Ko)

Fig. 2.6 X-ray diffraction patterns of (a) TiAl substrate, (b) reaction layer and (c) ALTi
coating.

The pores observed in the synthesized Al Ti coating were mainly introduced during
the combustion synthesis, because the volume fraction of pores hardly changed by
heating below the ignition temperature and because it increased drastically by heating
above the ignition temperature. The combustion synthesized materials have been
reported to be very porous'[13]. When no pressure was applied for densification, for
example, the relative density of NiTi was only 50~60% [15]. Rice distinguished these
voids into two types, namely extrinsic and intrinsic voids [16]. Extrinsic voids are
caused due to the expansion of voids or out gassing in the green compact. The formation
of intrinsic voids is caused from the molar volume change or Kirkendall effect during
the conversion reaction of the constituent elemental powders to the products. During the
reaction to form ALTi from elemental Al and Ti, the molar volume change can be
estimated from their crystal structure to be 7%. Thus this process needs external
pressure application for the densification. Also, initial powder compact with fewer voids
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should be used for decreasing the formation of external voids.

Figure 2.7 shows the effect of bonding pressure on the relative density of the Al,Ti
coatings. The application of pressure decreased the voids. With increasing the pressure
up to 20MPa, the density of the coating increased almost up to the theoretical density.
By using a dense powder compact as a starting material, the voids decreased so
drastically that the density reached the theoretical density when a pressure of 10MPa
was applied. However, the voids hardly decreased by changing the bonding time.
According to Lerf et al., even after consolidation of Al,;Ti powder at 1273K, there were
traces of void and evidence of poorly bonded powder particles [17], therefore the
present temperature (973K) is not high enough to achieve full densification. In the
present combustion synthesis process, there is a chance to decrease the voids at lower
temperatures. Since the starting material contains pure Al, a sufficient pressure
application during melting of Al is considered to decrease the voids. Once they are
formed, the present pressure and temperature are not enough for densification of the
powders even by the prolonged bonding time. In conclusion, the bonding pressure is
effective to decrease voids just on the time when Al melts and the reaction occurs.

100 .
90} J
X 80} ]
Z :
‘m 70} ]
5 L
o 60} —e—Cold press(83%)| |
'% : --a-- Sintered(98%)
< 50}
e 1 (Initial relative density)
40 J
30 ;

0 10 20 30 40 50
Bonding pressure, MPa

Fig. 2.7 Effect of bonding pressure and initial density of powder compacts on relative
density for the combustion synthesized ALiTi coating. Bonding temperature time
are 1023K and 300s, respectively.

As shown in Fig. 2.5(c), the reaction layer was formed mainly in the TiAl substrate
along the bonding interface. From the X-ray diffraction analysis shown in Fig. 2.6(b),
the synthesized phase in the reaction layer was identified to be Al,Ti. Uenishi ef al. have
previously reported about the reaction between pure Al and TiAl that the reaction occurs
drastically at the melting of Al resulting in formation of the AL Ti reaction layer [18].
Similarly, in the present case, the reaction layer was formed by the diffusion of Al from
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the mixed powder into the TiAl substrate at the melting temperature of Al. Thus, the
bonding was achieved simultaneously at the same temperature on which the coating was
combustion synthesized. Voids were hardly observed in the reaction layer, since there
are no initial voids in the TiAl substrate and the molar volume change is smaller for the
formation of AL, Ti from Al and TiAl (1.5%) than that from Al and Ti (7%). V

Figure 2.8(a) shows the effect of bonding pressure on the width of the reaction layer
formed for the bonding time of 300s. With increasing the bonding pressure, the width of
reaction layer became slightly smaller probably due to the enhanced wettability of Al to
Al,Ti. However, as shown in Fig. 2.8(b), the width hardly changed even by increasing
the bonding time. Loo et al. reported that the diffusivity between AL;Ti and TiAl is
extremely small [19]. Once intermetallic compound is formed by the combustion
synthesis, the growth of the reaction layer can be considered to be small. In other words,
the bonding between AL, Ti and TiAl should be dominate by the combustion synthesis
reaction at the melting temperature of Al
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Fig. 2.8 Changes in the width of the reaction layer with increasing (a) bonding pressure
(bonding time:300s) and (b) bonding time (bonding pressure:10MPa).
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2.3.3 Formation of thick coatings of AL,Ti on Cu substrate

Figure 2.9 shows microstructures of the Al;Ti coating on the Cu substrate obtained
by hot pressing at 973K for 300s under 20MPa. The thickness of the alloyed layer was
about 500pm. Unlike the formation of Al;Ti coating on the TiAl substrate, there are
some distinction in the microstructure between the outer and inner coatings. As shown
in Fig. 2.9(b), the microstructure of the outer coating exhibited such a homogeneity that
some volume fraction of voids (dark contrast) and unreacted Ti (bright contrast) were

15um
(c) (d)

Fig. 2.9 ALTi coating formed on the Cu substrate by hot pressing at 973K for 300s
under 20MPa. (a) General view, microstructures of (b) the outer coating, (c)
inner coating and (d) reaction layers formed on the bonding interface.

-17 -



observed. Figure 2.9(c) shows the microstructure of the inner coating, revealing that the
unreacted Ti was surrounded by dual phases which were confirmed by X-ray diffraction
patterns and EDX analysis that the inner phase surrounding unreacted Ti was Al;CuTi,
[20] and the outer one was Al,Ti.

Although the coating exhibited some inhomogeneity, it was confirmed to be bonded
well with the Cu substrate by the formation of three reaction layers on the bonding
interface as shown in Fig. 2.9(d). Figure 2.10 shows X-ray diffraction patterns of the
reaction layers on the bonding interface. From this results and EDX analysis, the
reaction layers from the coating were identified as Al,CuTi, with some Al,Ti and Ti
inclusions (250pm), Ti(Cu,Al), (30pum) and fec Cu(Al) solid solution (80um). This fcc
Cu peaks shifted to lower angle, since the atom radius of Al is larger than that of Cu and
the lattice parameter of fcc Cu(Al) solid solution became larger than that of pure Cu.
Compared with the formation of the AL,Ti coating on the TiAl substrate, the width of
the reaction layers, especially Al,CuTi, was much larger. This result can not be
explained by the same mechanism as the case of TiAl substrate. Therefore, the Cu
seems to affect the formation mechanism of the reaction layers and also the combustion
synthesis of the coating.

X : AlsCuTiz
(i) l;(' {0 : AlsTi
< & Ti(Cu,Al)

intensity, arb. unit

20 40 60 80 100
20, degree (Cu-Ko)

Fig. 2.10 X-ray diffraction patterns of the reaction layers shown in Fig. 2.9(d).

-18-



In order to clarify the reaction mechanism between the Cu substrate and the Al;Ti
coating, the sample was heated to 783K where the measured temperature rapidly
increased during the continuous heating and then rapidly quenched to room temperature.
Figure 2.11 shows the cross section of the sample. The coating could be divided into
three regions. Figure 2.12 shows the microstructures at the bonding interface and

| 300um |

Fig. 2.11 A cross section of the sample which was heated to 783K and rapidly

quenched to room temperature.

EDX analysis. Two reaction layers consisted of Al and Cu were formed due to
interdiffusion. Enjo et al. reported that reaction layers of Al,Cu (8) and Al,Cu, (7,) were
observed on both sides of Al and Cu of the bonding interface, respectively, when
diffusion bonding of Cu to Al was carried out [21]. In this case, since Ti was not
detected in the reaction layers, it can be considered that the same reaction layers as 6
and v, were formed in the early stage of bonding. Figure 2.13 shows the microstructure
of the coating adjacent to the bonding interface and EDX analysis. Although the
temperature is below the ignition temperature for the combustion synthesis of Al-Ti,
Al,Ti and dendritic compound consisted of Al and Cu were formed. Figure 2.14 shows
the X-ray diffraction pattern of the coating around this area. This dendritic phase was
identified as Al,Cu, which was formed on the bonding interface and once melted even
by heating to 783K. Figure 2.15 shows the Al-Cu binary phase diagram [22]. It was
reported that rapid heating of the mixed powder of Al and Cu induces the combustion
synthesis of v, [23]. As the eutectic reaction between Al and 0 took place at 821K, the
combustion synthesis reaction occurred between Al and Cu, and the exothermic heat
raised the temperature over the eutectic temperature (821K) adjacent to the bonding
interface. This melting can be confirmed by the existence of solidification structured
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Al Cu

Ti Ti
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(c) (d)

Fig. 2.12 (a) Microstructures at the bonding interface of the sample shown in Fig. 2.11,
(b) higher magnification of (a), (c) EDX analysis of A in (b), and (d) B in (b).

dendrite AL,Cu as seen in Fig. 2.13. Subsequently the melted Al-Cu ignited the
combustion synthesis with Ti resulting in the formation of Al Ti or Al;CuTi, [24] as
shown in Fig. 2.9(c) and this reaction is propagated toward the coating. However, the
outer coating consisted of unreacted Al and Ti as shown in Fig. 2.16. In conclusion,
since the temperature adjacent to the bonding interface was raised due to the formation
of v, phase, Al and Cu formed a eutectic liquid phase, which ignited the combustion
synthesis in the coating. Probably due to the absence of sufficient heat, however, the
combustion synthesis reaction was not sustained and stopped on the halfway. Unreacted
Al and Ti near the outer coating reacted and formed Al,Ti by subsequently heating over
the ignition temperature as shown in Fig. 2.9(b).
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Fig. 2.13

(a) Microstructure of the coating adjacent to bonding interface of the

sample shown in Fig. 2.11, (b) higher magnification of (a), and (c) EDX
analysis of A in (b).
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Fig. 2.14 X-ray diffraction pattern of the coating shown in Fig. 2.13.
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Fig. 2.15 Binary phase diagram of Al-Cu system [22].
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| 15um |

Fig. 2.16 Microstructure of the outer coating shown in Fig. 2.11.

Figure 2.17 shows the change in unreacted residual Ti ratio as a function of holding
time. The residual Ti ratio shows almost no change against the holding time. As the
almost homogeneous Al;Ti coating could be formed on the TiAl substrate that way
described in the previous section, it can be found that Al amount which was expected to
react with Ti and to form Al;Ti was decreased in the coating when formed on the Cu
substrate. This decrease in Al is considered due to the reaction between Al and Cu, and
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Fig. 2.17 Effect of bonding time on unreacted residual Ti ratio of the coating formed
on the Cu substrate at 973K under 20MPa.
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the outflow of Al, or eutectic liquid phase. So change of the composition to Al-rich and
pressure control are considered to be effective to form a homogeneous Al,Ti coating.
Figure 2.18 shows the microstructure of the Al;Ti coating formed on the Cu substrate
using the Al-20at.%Ti powders at 973K for 300s. The applied pressure was 20MPa to
773K, and 10MPa from 773K to 973K which way decreased in order to prevent out-
flowing of the liquid phase. The microstructure of the coating was almost homogeneous.

(a) (b)

Fig. 2.18 ALTi coating formed on the Cu substrate using the Al-20at.%Ti powders at
973K for 300s. (a) General view and (b) microstructure of the coating.

2.3.4  Properties of AL, Ti coatings

Figure 2.19 shows the Vickers hardness profiles of the Al;Ti coating on the TiAl and
Cu substrates as a function of distance from the bonding interface. The hardness of the
coating was HV630, which is almost the same as that obtained for casting. The coating
formed on the Cu substrate exhibited gradual increase in hardness toward the bonding
interface, indicating no brittle Al-Ti-Cu compounds formation.

Figure 2.20 shows the wear coefficients of the Al;Ti coating and the TiAl, Cu
substrate. In the present abrasion condition, the wear mechanism can be considered to
be an adhesion wearing due to the heat of friction between the test material and the
abrasing material. In this mechanism, wear properties are affected by hardness and
melting temperature. Since the Al;Ti has the higher melting temperature and hardness,
the coating of ALTi should have the better wear coefficient than that of TiAl, Cu
substrate. The wear coefficient of the Al,Ti coating was nearly the same as that of the
Al Ti ingot material.
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Fig. 2.19 Vickers hardness diprofiles of the Al;Ti coating on the (a) TiAl and (b) Cu
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Conclusions

The AL Ti was fabricated using a mixed powder of elemental Al and Ti by the
combustion synthesis. Simultaneously, the Al,Ti was bonded with the TiAl and Cu
substrate. The main results obtained in this chapter can be summarized as follows.

(1) Al and Ti in the mixed powder spontaneously reacted and formed the Al;Ti
near the melting temperature of Al.

2) During the combustion synthesis of Al;Ti, mainly the Al in the mixed powder
reacted with the TiAl or Cu substrates and formed reaction layers of Al,Ti, or
Al-Ti-Cu compounds, which could achieve the bonding of both materials.

3 The voids which were tend to be introduced in the combustion synthesized
Al1,Ti could be decreased by increasing the bonding pressure. The use of green
compacts with a less volume fraction of voids was also effective to decrease
voids of the AL;Ti.

4 For the formation of the Al,Ti coating on the Cu substrate, the composition of a
green compact was favored to be rich in Al content against the stoichiometric
Al,Ti to form a homogeneous coating because Al was exhausted in the reaction
with the Cu substrate and the liquid phase out-flows.

&) The obtained ALTi coating showed almost the same hardness and wear
properties as the cast Al;Ti.
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Chapter 3  Application of mechanically alloyed powders to form
homogeneous coatings of AL Ti

3.1 Introduction

In Chapter 2, thick coatings of the Al,Ti were formed on the TiAl and Cu substrates
by the combustion synthesis and exhibited almost the same wear properties as the cast
ALTi. However, the Al and Ti did not react completely and the microstructure of the
coating remained some inhomogeneity probably due to the out-flowing of the liquid
phases and the shorter diffusivity of each element than the particle size of starting
powders. For the formation of homogeneous coatings, (1) to fabricate at a lower
temperature to prevent the out-flowing of the liquid phases and the reaction between the
coating and substrate, and (2) application of fine mixed particles to reduce the diffusion
distance are considered to be effective.

Mechanical alloying (MA) is a process to obtain homogeneously alloyed powders
from elemental ones, and a high energy ball milling operation involving repeated
welding, fracturing and rewelding of powder particles. During the initial stages of
milling, lamellar structures or fine dispersions of elemental powders are produced.
Since further milling leads to refinement in the lamellar space or particle size and to
increase the interfacial region between elemental powders, the reactivity between
elements is further improved. Furthermore, since there are little contamination such as
an oxide layer at the lamellar interface, the ignition temperature for the MA powders
becomes lower [1, 2]. ‘

The application of the MA powders is considered to be effective to form
homogeneous coatings of the Al,Ti due to (1) a lower ignition temperature and (2) fine
mixed elemental powders.

In this chapter, the effect of initial particle size in the reactant-powders on the
microstructure of the products formed by the combustion synthesis was investigated. By
discussing the compound formation mechanism and diffusion kinetics during the
combustion synthesis, the initial particle size required for complete reaction was
estimated. By applying the MA process to obtain fine mixed powders, a homogeneous
ALTi layer was formed and its wear properties were evaluated.

3.2 Experimental

Al (99.9%, <20pum) and Ti (99.9%, <44pm or <10pm) powders were mixed in a
composition of Al-25at.%Ti. MA was performed by vibrating ball mill (Nisshin Giken,
SUPER MISUNI NEV-MABS) with a frequency of 13.1Hz. The mixed powders were put
into a cylindrical stainless vial (SUS304, 9.0x10°m®) with stainless balls (SUS304,
¢:11mm) under Ar gas atmosphere. The weight ratio of balls to powders was fixed to 17.
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To avoid the adhesion of powders to balls and vial, ethanol with 1wt.% of the mixed
powders was added as a process control agent. The obtained MA powders were cold
pressed under 567MPa to a cylindrical powder compact (¢:10.6mm, 1.6mm thickness)
with a relative density of 87.5%. The powder compact was hot pressed at 773K for
3.6ks under 100MPa to the relative density of 95%.

Combustion synthesis and bondmg, microstructural observatlon and evaluation of
coatings were performed as described in Chapter 2.

33 Results and Discussion

3.3.1  Effect of initial Ti particle size on microstructure of Al;Ti

Figure 3.1 shows DSC traces of the green compacts including Ti powders with
particle sizes of 10pum and 44pum. When smaller Ti particles were used, an exothermal
peak started from about 600K, and become sharp at about 930K which is close to the
melting point of Al. In this case, the combustion synthesis is interpreted to be the
reaction between solid Ti and molten Al. On the contrary, there was no exothermic
reaction both for the first and the second run when larger Ti particles were used. Figure
3.2 shows the microstructures of green compacts heated to1003K in DSC measurement.
Although almost all of Al and Ti reacted and formed ALTi (A in Fig. 3.2(a)) by the
combustion synthesis when using 10pm Ti particles, AL, Ti was only formed at the AV/Ti
interface (B in Fig. 3.2(b)) and Ti particles remained without any reaction with Al when
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Fig. 3.1 DSC traces of the green compacts including Ti powders with particle sizes of
10um and 44um.
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using 40um Ti particles (C in Fig. 3.2(b)). Since the interface area decreased for larger
Ti particles, the reactivity became low so that unreacted Ti and Al elements seemed to

remain.

(a) (b)

Fig. 3.2 Microstructures of the green compacts including Ti powders with particle sizes
of (a) 10um and (b) 44um heated to 1003K in DSC measurement.

For the optimization of the Ti particle size to obtain homogeneous a Al;Ti coating
after the combustion synthesis, a spherical shell model [3, 4] shown in Fig. 3.3 was
applied to the reaction between Al and Ti. Based on the microstructural observation, the
mixed powders are consisted of Ti particles with a initial diameter of r, and which is
surrounded by Al particles, and Ti particle size decreases to r; as the reaction develops.

Reaction at
Al3Ti/Ti
interface

Diffusion in Al3Ti
phase

Fig. 3.3 Schematic illustration of a spherical shell model for the formation of AL;Ti.
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It is assumed that any other compounds such as TiAl but Al Ti are formed [5-7] through
the following two processes. One is the diffusion of Al in Al;Ti to the AL, Ti/Ti interface,
and another is the reaction between Al and Ti at the A13Tifl" i interface.

The diffusion velocity (v,, mol/s) can be represented by eq. (3.1).

D, (da
v =4m2#(—ﬂ) (3.1)
I Ya or

where D,,, 7,,and a,, are the diffusion coefficient of Al in AL, Ti, the activity coefficient
and the activity of Al in AL;Ti, respectively. By the integration of this equation by r on
the condition that v, is constant between r; and r,, eq. (3.2) can be obtained.

Du Yot
ve=4m==.

1-au 32
Gl (32)

The reaction velocity (v, mol/s) can be represented by eq. (3.3).

v, = %mf(kc -ay—k,) (3.3)
al+in = —l-Al3Ti (3.4
37 3
kb

where kc and k» is rate constants toward the direction as shown in eq. (3.4). By taking
the conservation law of mass at the AL Ti/Ti interface into consideration, the overall
reaction velocity, v can be represented by eq. (3.5).

2 .
v Am, (3.5)
Yu 1,(r,—1)  3r?
+ 2 2

Since this velocity was equal to that of the decrease of Ti volume, the Ti particle size
to form the homogeneous Al,Ti can be obtained by integration with r; from r, to zero. In
the present calculation, D,=3.82x10’exp(-2.93x10*/RT) m?/s [8], k,.=5.55x10exp
(-1.25x10°/RT) mol/(m?s) [3], and 7,=1 were used. Figure 3.4 shows the estimated Ti
particle size required for complete formation of AL Ti at various temperature and was
about 1pm at 973K for 180s. Since Ti is easily oxidized and the production of such fine
powders is difficult, application of the MA process is considered to be effective to
obtain the mixed powder including fine Ti particles.
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