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Abstract

AI-B4C MMCs are important materials as neutron absorber in spent nuclear fuel
storage and transportation due to their high boron (10B) concentration and thus high neutron
absorption capability. However, wide application of these materials is still limited due to
the lack of suitable joining techniques to fully take advantage of the materials. Problems
such as porosity and chemical reaction between Al matrix and B4C particles can arise
during fusion welding of the material. Therefore, the present study is intended to find
effective and reliable welding techniques for AI-B4C MMCs. The weldability of AA1100-
16%B4C (particle size: 11 pirn) and AA1100-30%B4C MMCs (median particle size: 15 pirn)
was evaluated using laser welding and friction stir welding. In comparison with
conventional arc welding techniques, the deep and narrow fusion zones associated with
laser welding can result in smaller heat affected zones, and thus less thermal distortion and
mechanical property degradation. On the other hand, friction stir welding, as a solid state
process, seems promising as it can avoid various problems that may otherwise be
encountered during fusion welding of MMCs.

For laser welding without filler, it was found that most B4C particles were decomposed
during welding leading to formation of needle-like AIB2 and AI3BC phases in the weld. In
this case, a joint efficiency of 63% (UTS) after tensile test was obtained. The variation of
laser power from 2 to 4 kW and welding speed from 1 to 2.5 m/min did not affect the
needle-like morphology. Based on thermodynamic calculation, Ti filler was used as the
filler material aiming to improve the properties of laser joints. It was found that the addition
of Ti with 150 |nm thick foil increased the joint efficiency to 75% due to the decrease of
size and quantities of needle-like phases. The addition of Ti with filler wire instead of Ti
foil did not show significant mechanical property improvement due to the Ti segregation
and microstructure inhomogeneity in the weld zone.

On the other hand, the feasibility of friction stir welding for joining AA1100 based
metal matrix composites reinforced with B4C particulate was studied for 16 and 30%B4C
volume concentrations. For both composites, friction stir welding has a significant
influence on the particle size distribution and the matrix grain size. For the AA1100-
16%B4C composite, the average particle size decreases after welding by -20% and the
grain size from 15 to 5 [xm as measured in the weld nugget. Tensile testing of welded joints
showed up to 100% joint efficiency for both annealed AA1100-16%B4C and AA1100-
30%B4C composite materials. However, if the ultimate tensile strength values of all the
studied composites are similar at -130 MPa, the weld ductility is higher for the annealed
materials. In addition, it was observed that varying the welding speed between 100 and 275
mm/min does not influence the joint tensile properties and the particle size distribution in
the nugget. Furthermore, a welding tool made of WC-Co showed much better durability



than the steel tool for which tool wear occurred mainly on the shoulder edges. The FSW
joint surfaces using both tools exhibited lower corrosion resistance compared with the base
material. The joints made by WC-15wt.%Co tool showed a better corrosion resistance than
those made of steel tool.

Dissimilar joints between AA1100-16 vol.% B4C MMC and AA6063 aluminium alloy
were also successfully produced using FSW process. All dissimilar joints produced under
the investigated welding conditions were stronger than the base materials of AI-B4C
composite and demonstrated high UTS at -126 MPa and good elongation at -8%. Analysis
of the Mg concentration and B4C particle distribution indicates that a good material mixing
and seamless bonding was achieved around the interface between the AI-B4C composite
and AA6063 alloy during FSW. The electron backscatter diffraction analysis showed that
during dissimilar FSW, there was a gradual microstructure evolution on both material sides,
resulting in a variety of grain structures in the different weld zones. In the weld zones of
FSW joints, the materials underwent dynamic recovery and recrystallization to different
extents depending on their thermal mechanical history. The grain refinement of both
materials in the nugget zone was observed (MMC side: 15 vs. 8 |im; AA6063 side 76 vs.
20 |nm). It is recommended that the 6063 aluminum alloy should be fixed on the advancing
side and the use of an appropriate offset to the 6063 aluminum side is preferred.

Comparison of all tensile data revealed that laser welding may be a good alternative
for joining AI-B4C MMCs as the maximum joint efficiency can reach up to 75% (UTS).
Further enhancement of mechanical properties may be achieved if an optimum Ti amount
was added and the Ti was uniformly distributed in the weld. On the other hand, FSW was
considered to be a superior choice for joining AI-B4C MMCs as it avoided chemical
reactions and led to excellent mechanical properties. It is recommended that the FSW be
used for materials in annealed conditions as the joint efficiency and ductility are higher than
that of as rolled materials. It is worthwhile to highlight the fact that most of the tensile
samples made of MMCs with 16 vol.-% B4C in annealed conditions failed in the base
materials. This indicates that the FSW joints of these MMCs were stronger than the base
materials, which is very promising for joining aluminium MMCs.
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Résumé

Les composites AI-B4C à matrice métallique sont des matériaux importants comme
absorbeurs de neutrons dans le stockage et le transport du combustible nucléaire en raison
de leur concentration élevée en bore et donc de leur haute capacité d'absorption des
neutrons. Toutefois* l'application de ces matériaux est encore limitée en raison, entre autres,
de l'absence de techniques d'assemblage appropriées pour bénéficier pleinement des
avantages des matériaux. Des problèmes tels que la porosité, la réaction chimique entre la
matrice Al et des particules B4C peuvent se produire pendant le soudage par fusion. Par
conséquent, la présente étude vise à trouver des techniques de soudage efficaces et fiables
pour des composites AI-B4C à matrice métallique. La soudabilité des composites à matrice
métallique AAl 100-16% B4C (taille moyenne des particules: 11 |im) et AAl 100-30% B4C
(taille moyenne des particules: 15 |im) a été évaluée à l'aide du soudage au laser et du
soudage par friction malaxage. En comparaison avec les techniques classiques de soudage à
l'arc, .les zones de fusion pénétrantes et étroites associées au soudage au laser peuvent
entraîner des zones affectées par chaleur plus petites, et donc moins de distorsion thermique
et de dégradation des propriétés mécaniques. D'autre part, le soudage par friction malaxage,
étant un procédé de soudage à l'état solide, est prometteur car il permet d'éviter divers
problèmes qui pourraient autrement être rencontrés au cours de soudage par fusion.

Pour le soudage au laser sans matériau d'apport, il a été constaté que le plupart de
particules B4C ont été décomposées lors du soudage conduisant à la formation de phases
AIB2 et AI3BC en forme d'aiguille dans la soudure. Dans ce cas, une efficacité de joint à 63%
(UTS) a été obtenue après essai de traction. La variation de puissance de laser de 2 à 4 kW
et de la vitesse de soudage de 1 à 2.5 m/min n'a pas d'incidence sur la morphologie en
forme d'aiguille. Sur la base de calculs thermodynamiques, le titane a été utilisé comme
matériau d'ajout visant à améliorer les propriétés des assemblages. Il a été constaté que
l'ajout de Ti avec une feuille de 150 (im d'épaisseur a augmenté l'efficacité de joint à 75%
en raison de la diminution de la taille et la quantité des phases en forme d'aiguille. L'ajout
de Ti sous forme de fil d'apport n'a pas montré une amélioration significative des
propriétés mécaniques en raison de la ségrégation du titane et l'inhomogénéité
microstructurale dans la zone soudée.

D'autre part, la faisabilité du soudage par friction malaxage pour assmebler les
composites à matrice métallique AAl 100 renforcées par des particules B4C est étudiée pour
des concentrations en volume de 16 et de 30% B4C. Pour les deux composites, le soudage
par friction malaxage a une influence significative sur la distribution de la taille des
particules et celle des grains de la matrice. Pour le composite AAl 100-16% B4C, la taille
moyenne des particules diminue après le soudage de ~ 20% et la taille de grain de 15 à 5
|im telle que mesurée dans la zone soudée. Les essais de traction des joints soudés a montré
une efficacité allant jusqu'à 100% pour les matériaux composites à l'état recuit AAl 100-
16 % B4C et AAl 100-30% B4C. Toutefois, si les résistances ultimes en traction de tous les
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composites étudiés sont similaires à ~ 130 MPa, la ductilité des joints soudés est plus
élevée pour les matériaux recuits. En outre, il a été observé que la variation de la vitesse de
soudage entre 100 et 275 mm/min n'influence pas les propriétés de traction et la
distribution de tailles des particules. En outre, l'outil de soudage en WC-Co a montré une
durabilité bien meilleure que l'outil en acier pour lequel l'usure a eu lieu principalement sur
les bords de l'épaulement. Les surfaces du joint FSW produits en utilisant les deux outils
ont présenté une résistance à la corrosion inférieure par rapport au matériau de base. Par
contre, les assemblages réalisés par l'outil de WC-Co 15 wt.% ont montré une meilleure
résistance à la corrosion que celles faites par l'outil en acier.

Des assemblages dissimilaires formés des composites AA1100-16 vol.% B4C avec un
alliage d'aluminium AA6063 ont été produits avec succès par FSW. Tous les assemblages
produits dans les conditions de soudage étudiées étaient plus forts que les matériaux de
base d'Al-B4C et ont donné une résistance ultime élevée de ~ 126 MPa et un allongement
de ~ 8%. L'analyse de la concentration de Mg et la distribution des particules B4C indique
qu'un bon mélange du matériau a été réalisé pendant le soudage par friction malaxage,
autour de l'interface entre le composite AI-B4C et l'alliage AA6063. L'analyse EBSD a
montré que pendant le soudage, il y avait une évolution progressive de la microstructure sur
les deux côtés des matériaux, résultant en une variété de structures de grain dans les zones
de soudure différentes. Dans les zones de soudure, les matériaux ont été dynamiquement
recristallisés à des degrés différents en fonction de leur histoire thermo-mécanique. Le
raffinement des grains des deux matériaux dans la zone du noyau a été observé (côté MMC :
15 vs 8 |om, côté AA6063 : 76 vs 20|xm). Il est recommandé que l'alliage AA6063 soit
positionné sur le côté avançant et l'utilisation d'un 'offset' approprié sur le côté AA6063
est préféré.

Une comparaison de toutes les données des tests de traction ont révélé que le soudage
au laser peut être une bonne alternative pour l'assemblage des composites AI-B4C et que
l'efficacité du joint peut atteindre jusqu'à 75% (UTS). Une plus grande amélioration des
propriétés mécaniques peut être atteint si une quantité optimale de titane est apportée lors
du soudage et que le titane est uniformément réparti dans la soudure. D'autre part, le
soudage par friction malaxage a été considéré comme un choix judicieux pour assembler
des composites AI-B4C car il permet d'éviter les réactions chimiques et conduit à
d'excellentes propriétés mécaniques. Il est recommandé que le soudage par friction
malaxage soit utilisé pour des matériaux à l'état recuit parce que l'efficacité du joint et la
ductilité sont plus élevés que celles des matériaux dans l'état laminé. Il est intéressant de
souligner le fait que dans des conditions à l'état recuit la plupart des échantillons soudés
entre composites AA1100-16vol.% B4C ont fracturé dans le matériau de base. Cela indique
que des composites soudés par friction malaxage étaient plus forts que les matériaux de
base, ce qui est très prometteur pour l'assemblage des composites à matrice d'aluminium.
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Chapter I Definition of Problem

1.1 Introduction

Metal matrix composites (MMCs) reinforced with ceramic particulate have been used

in a wide range of structural and functional applications, especially in automotive,

aerospace, and defense industries due to their superior properties compared to monolithic

metallic alloys [1-3]. However, barriers to their wide applications concerning

manufacturing and processing still exist. Particularly, challenges of welding technique for

joining complex structure must be overcome to enhance the engineering usage of these

metal matrix composite materials.

The joining of MMCs was first explored by using conventional fusion welding

techniques such as Tungsten Inert Gas (TIG) or Metal Inert Gas (MIG) because they are

relatively well developed and have good affordability. Although problems such as

reinforcement segregation, porosity, chemical reaction may arise during fusion welding of

MMCs, sound welds can be obtained with special attention to the joint preparation and

design, selection of welding methods, process parameters and filler metals [4-7]. Successful

TIG and MIG welding for Al-SiC MMCs were obtained with ER4043 filler wire [4].

DURALCAN has also successfully applied both TIG and MIG welding processes to



foundry and wrought aluminium MMCs for surface defect correction and some structural

applications [6]. Some precautions and tips need to be followed carefully to produce sound

welds. For instance, proper joint preparation and good joint design are the base lines for

welding MMCs. Welding practice with low heat input and high silicon content filler wire

could minimize the formation of AI4C3 phase during the welding of SiC reinforced

aluminium MMCs, and the use of magnesium-containing filler could inhibit the dewetting

and clumping effects of AI2O3 particles during the arc welding of AI2O3 reinforced

aluminium MMCs [6].

Compared with arc welding processes, laser beam welding (LBW) has great

advantages by using a controllable high intensity heat source. First, the deep and narrow

fusion zones associated with laser welding result in a much smaller heat affected zone in

comparison with arc welding techniques [8]. Thus, less thermal distortion and mechanical

property reduction can be expected. Furthermore, laser welding has advantages for welding

smaller components and for welding heat sensitive components due to its precise control

[9]. In addition, laser welding has very good process flexibility as the laser heat input can

be delivered through optical fibers [10]. It can be performed in various environments and

welding can even be realized in locations inaccessible to other welding processes.

Application of laser welding for joining Al-MMCs reinforced with SiC and AI2O3 particles

has been investigated. The majority of investigations have emphasized the effects of

chemical reaction between the matrix and reinforcement on the joint quality. Researchers

have gained some understanding of reaction mechanisms and skills to control these



undesirable reactions in laser welding of MMCs, mainly concentrated on Al-SiC and Al-

AI2O3 systems. The formation of needle-like AI4C3 and spinel phase (MgA^CU) can be

observed in laser welding of Al-SiC and A1-A12O3 MMCs respectively [11-12]. These

phases may act as stress concentration source and thus have a negative influence on

mechanical properties. It is suggested that minimum superheating and short melting time

[12-13], the use of silicon filler or silicon containing matrix alloy [14], and the use of

titanium filler [15-16] would be recommended for Al-SiC MMCs; while aluminium matrix

with magnesium content lower than 1 wt% would be preferred for AI-AI2O3 MMCs [17].

However, complete elimination of these harmful phases is difficult and the chemical

reaction problem is material specific. Therefore, any change of the reinforcement or the

matrix could result in a completely different issue to resolve.

On the other hand, friction stir welding (FSW), as a solid state process, seems to be

promising as it provides the opportunity of joining MMCs components without typical

problems encountered during fusion welding. A number of research works have been

reported showing the feasibility of FSW for joining Al-based MMCs reinforced with

various ceramic particles. The tensile strength of FSW joints could reach 60-84 % of the

parent metal strength [18-20]. An appropriate post-weld artificially aging treatment may

further improve this joint efficiency depending on the matrix alloy and its initial temper

[18]. These behaviors can be attributed to the concurrent effects of different microstructural

modifications induced by the FSW process such as the refinement of grain structure, and

the overaging of the matrix alloy. Nonetheless, an important issue is the severe welding



tool wear which occurs during FSW of the composite materials. This tool wear may not

only reduce lifetime of welding tool and thus increase the cost; but may also affect the

performance of FSW joints. It is remarkable that a self optimization phenomenon of tool

shape was observed in the study of FSW of AA6O6I-AI2O3 MMCs [21]. No additional tool

wear can be detected after a sufficient welding distance for the same set of welding

parameters.

In order to overcome challenges in joining AI-B4C MMCs, the present study is

intended to evaluate the weldability of AAHOO-B4C MMCs by laser beam welding and

friction stir welding. AI-B4C MMCs are principally used as neutron absorber in spent

nuclear fuel storage and transportation due to its high boron (10B) concentration and thus

high neutron absorption capability [22-23]. Increasing demand for joining components of

AI-B4C MMCs has been posed in applications with complex structure. The achievement of

sound joints is considered as one of the important milestones for widespread application of

AI-B4C MMCs as engineering materials. However, the investigation of welding techniques

for AI-B4C MMCs is still in its initial stage. Studies on the feasibility of welding technique

for the material have been rarely reported in the literature [5, 18, 24]. Therefore,

systematical research works were carried out in the present study in order to understand the

welding mechanism and to improve the mechanical performances of joined assemblies

made of A1-B4C MMCs. The effects of the LBW and FSW on the microstructural and

mechanical properties of AI-B4C MMCs welds were studied.



1.2 Objectives

The objectives of this study are detailed as follows.

1. To evaluate the feasibility of laser beam welding and friction stir welding for

joining A1-B4C MMCs;

2. To optimize the mechanical performances of AI-B4C MMCs through adjusting the

process parameters of these two welding techniques;

3. To study the effects of the LBW process parameters on microstructure and

mechanical properties of the AI-B4C MMCs

4. To investigate the effects of the FSW process parameters on microstructure and

mechanical properties of the AI-B4C MMCs;

5. To study the effects of FSW on microstructure and mechanical properties of

dissimilar joints between the monolithic aluminium alloys and the AI-B4C MMCs;
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Chapter II Literature Review

2.1 Metal Matrix Composites

Metal Matrix Composites are important engineering materials for their property

advantages compared to monolithic metals. These materials provide us the opportunity to

combine various properties coming from ceramics and metals including higher specific

modulus, better wear resistance, increased specific strength, and superior properties at

elevated temperatures, into one material [25, 26]. Therefore, MMCs have very high

potential in a wide range of structural and functional applications, especially in automotive,

aerospace, and defense industries [11]. A general overview about the technological

consideration of MMCs is provided in the following parts. Emphasis is put on the welding

techniques of MMCs. More detailed information about the constitution, fabrication and

processing of MMCs is available elsewhere in the literature [2, 25-27].

2.1.1 Selection of MMCs

MMC is a mixture of metal matrix and reinforcement. A suitable matrix alloy could

provide the intended application with interesting properties such as light weight, high

corrosion resistance and thermal conductivity, and sufficient mechanical properties at room
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or elevated temperatures. Various light metal alloys such as aluminium, magnesium,

titanium are usually desirable matrix candidates [27]. Other metals such as copper, iron

may be also used in some special applications. For instance, copper based MMCs are used

in applications that require extremely high thermal conductivity and high strength at

elevated temperatures simultaneously [2, 26]. On the other hand, the addition of the

reinforcement aims to bring some special improvements to the properties of material. Thus,

they usually have a specific property profile. The most common used reinforcements are

silicon carbide (SiC), aluminium oxide (AI2O3), graphite (C), boron (B), and boron carbide

(B4C) [2, 27]. Low density, mechanical and chemical compatibility, thermal stability, good

mechanical properties and economic efficiency should be thoroughly considered when

selecting reinforcement for MMC [25].

The selection of reinforcement is material specific and complicated, detailed

instruction is hence beyond the scope of this study. A balance of physical and mechanical

properties of these materials can be achieved to meet the applications needs by varying the

matrix alloy, the reinforcement, the volume fraction, shape, distribution of the

reinforcement, and even the manufacture processes [28]. Table 2.1 gives a list of MMCs

applications and the main design considerations.

2.1.2 Al - B4C Metal Matrix Composites

AI-B4C MMCs have been mainly used in spent nuclear fuel storage and transportation

applications owing to their good corrosion resistance, excellent thermal conductivity and



the specific capability of 10B to capture neutrons [22]. They have also been successfully

applied in applications of bicycle frames and automotive brake components, thanks to their

low density, high wear resistance and good mechanical properties [30, 31]. Aluminium

matrix provides superior thermal conductivity, excellent mechanical properties, and

lightweight, while boron carbide reinforcement offers high neutron absorption capability

for the product. Generally, AA6XXX-B4C composites with a T4 or T6 temper are produced

for structural parts in the container; AAHOO-B4C composites are prepared for non-

structural components and can incorporate the highest B4C concentration while keeping

good formability. If the casting has complex geometries, Al-Si-B4C composites with

excellent castability can be selected [23].

Currently, five suppliers in North America including DWA Technologies, METAMIC

LLC, Talon Industries, Ceradyne Inc. and Rio Tinto Alcan have demonstrated their

capability of producing aluminium boron carbide MMCs. The former four suppliers are

actually using powder metallurgy processes, while Rio Tinto Alcan is applying a so called

"liquid mixing process" by mechanically blending boron carbide into the molten aluminium

and then going directly to Direct Chill (DC) casting [22, 23]. The liquid mixing process has

shown numerous advantages in terms of efficiency and cost control, and thus it is currently

the dominating process for the production of most common commercial aluminium MMCs

[32].
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Table 2.1 Application of MMCs [2,3,25,26,29]

Materials

Al-SiC

A1-A12O3

Al-B

Al-C

A1-B4C

Mg-SiC

Mg-Al2O3

Mg-C

Ti-SiC

Ti-TiB

Cu-W

Cu-C

Fe-TiC

Application examples
Brake components on
passenger vehicle
Piston, various components
in cylinder head
Frames and rib truss
members in mid-fuselage
section of space shuttle

High-gain antenna boom
for Hubble space telescope

Nuclear transport
containers

Electronic packaging

Automotive engine
components

Large space mirrors

Nozzle actuator links in
General Electric F110
engine
Intake and exhaust valves
in Toyota Altezza engine
Spot welding electrodes

Electric carbon brushes

Cutting, rolling, piercing,
punching components

Properties of main concern
Good wear resistance, high thermal conductivity,
reduced braking distance
Improved wear and fatigue resistance, reduced
thermal expansion coefficient

High specific strength and stiffness

Increased stiffness, low thermal expansion
coefficient, excellent electrical conductivity and
high dimensional stability
High neutron absorption capability, superior
thermal conductivity and high specific strength
Low thermal expansion coefficient, high thermal
conductivity
High specific strength and stiffness, low thermal
expansion coefficient
High modulus of elasticity, near - zero coefficient
of thermal expansion, low density, and high
thermal conductivity

Elevated temperature strength, high corrosion
resistance

Elevated temperature strength, high corrosion
resistance, good wear resistance, high hardness
Burn up resistance
High electrical and thermal conductivity, good
wear resistance

Ultra hardness, high wear resistance

As an important issue of AI-B4C MMCs, the chemical compatibility of the

reinforcement in a specified matrix should be thoroughly considered. Interfacial reactions

between aluminium and boron carbide have been reported in the literature [32-34]. Many

binary or ternary compounds containing Al, B and C were identified under different
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conditions. Nevertheless, the reaction mechanism of AI-B4C system is still not well

understood, especially at relatively high temperatures (> 1000 °C).

According to D.C. Halverson et al. [33] in an earlier study of B4C-AI composites, at

temperatures between 800 and 900°C, AIB2 and phase A13BC are the major reaction

products after 24 h heat-treatment; AIB12 will form instead of AIB2 with the increase of

heat-treatment time and they also indicated that AIB12 and AI4C3 would be the final stable

phases given a sufficient heat-treatment time. For temperatures between 900 and 1000°C,

AB12C2 is thermodynamically more stable than AIB12. Between 1200 and 1400°C, AI4C3

and AIB24C4 will become the stable phases. To avoid this undesirable phase of AI4C3, they

suggested that the B4C-AI composites should be processed at temperatures below 1200°C.

In another fundamental investigation, J.C. Viala et al. [34] extensively studied the reaction

mechanism in the mixture of AI-B4C composites at temperatures ranging from 900 to

1273K. A sharp increase of the reaction rate was noticed at the melting point of aluminium.

At temperatures between 933 and 1141K, AI3BC and AIB2 phases will form, as shown in

Fig. 2.1. Above 1141K, a new phase of AI3B48C2 (P-AIB12) and the ternary phase of AI3BC

were observed as the final reaction products; AIB2 no longer existed. Recently, X.-G. Chen

[32] reported that the reaction between aluminium and boron carbide could lead to rapid

loss of liquid fluidity in a very short holding time, and thus degrade the melt to unusable

level. They also developed a new method to control the interfacial reaction by the addition

of Ti into the casting melt. A dense protective layer of TiB2 and TiC was formed on B4C

particle surfaces and has effectively improved the castability of the MMC melt.

12



Although some progress has been made in the production processes, further

application of AI-B4C MMCs is still limited due to the cost of these materials and the lack

of suitable joining techniques to fully benefit the advantages of the materials. Earlier

attempts have been made to weld these materials by using TIG or MIG welding processes

[5, 24], Problems of porosity and inhomogeneous distribution of B4C particles were

observed in the fusion zone, and these problems cannot be avoided despite the fact that the

level of porosity might be decreased by reducing the cooling rate of welding pool [5].

According to T.W. Nelson et al. [24], significant amounts of undesirable needle-like phase

were also detected in the fusion zone as shown in Fig. 2.2. In the same study, they also

examined the feasibility of FSW technique for joining aluminium boron carbide MMCs.

Problems associated with fusion welding processes were totally eliminated because of the

solid state feature of FSW technique. Tensile test results indicated that FSW is a superior

joining process compared to TIG when welding AA6O6I-B4C composite materials [24].

The same tendency was confirmed later in the investigation of X.-G. Chen et al. [18]; a

further increase of joint efficiency was also obtained by applying an artificially aging heat

treatment. The problem of FSW technique was the severe tool wear during welding of

MMCs [18, 24], which will be discussed later.
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Fig. 2.1 SEM photographs of A1-B4C (5 %) reacted at 1000 K for (a): 15 h and (b): 48
h, showing the growth of AI3BC and AIB2 crystals [34].

a) b)

Fig. 2.2 a) Micrograph showing aluminium carbide in TIG weld, and b) chemical
analysis of needle phases in a) [24].
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In general, it is extremely difficult to produce high quality welds of AI-B4C MMCs by

using TIG or MIG processes [5], while some preliminary success by using FSW has been

found in the field. The searching of appropriate welding techniques for these materials is

still in its initial stage. Therefore, the present study is intended to find effective and reliable

welding techniques for aluminium boron carbide MMCs.
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2.2 Welding of MMCs

2.2.1 Introduction

The welding of MMCs is always a challenge though these materials can with great

care be welded by a range of welding processes including fusion and solid state techniques.

The addition of particle reinforcement has made the welding of MMCs more complex than

for monolithic alloys due to the physical and chemical property differences of metal matrix

and ceramic reinforcement. Researchers and engineers have put a lot of efforts in the study

for joining MMCs and have gained some experience and knowledge. Table 2.2 summarizes

advantages and disadvantages of the welding processes for MMCs. Several extensive

reviews on welding of MMCs can be found elsewhere [11, 35-38].

2.2.1.1 Fusion Welding Processes

Fusion welding technologies were first applied for the joining of MMCs because they

usually had good affordability and were relatively well developed. Fusion welding includes

all welding processes that need to melt materials to be joined. Appropriate joint preparation

and design, selections of welding methods, process parameters and filler metals are of great

importance for sound welds. Nevertheless, the high temperatures associated with fusion

processes could make a number of problems take place during welding of MMCs. First, the

solid ceramic reinforcement could result in high viscosity of the melt, which made it

difficult to have a fully mixed welding pool; viscous melt also led to a lower heat transfer

by convection in the welding pool and hence affects final microstructures and stress
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distributions [11, 35, 38]. In addition, the reinforcement could be rejected by the

solidification front if the solidification rate was below a critical value, which could produce

unreinforced regions [11, 38]. Moreover, undesirable chemical reactions between metal

matrix and reinforcements could cause serious degradation of weld quality such as low

joint strength and ductility [11, 35-38]. For example, brittle phase AI4C3 could form in Al-C

or Al-SiC MMCs, spinel phase of MgAl2O4 arises in Mg-Al2O3 or Al-Mg-Al2O3 MMCs [4,

38]. In a similar way, TiC, and A1B2 might be produced correspondingly in Ti-SiC and Al-

B MMCs system [39, 40].

Table 2.2 Welding processes for MMCs [11,35,36]

Welding process

TIG or MIG

Electron Beam
Welding (EBW)

Laser Beam
Welding (LBW)

Resistance
Welding

Diffusion Bonding

Magnetically
Impelled Arc Butt
Welding (MIAB)

Friction Welding

Friction Stir
Welding

Advantages

Standard equipment, filler wire can be
easily used to facilitate welding process

Relatively high speed, deep and narrow
welds
High speed welding, no vacuum required,
deep and narrow welds, low distortion,
greater accuracy

Short thermal cycle and thus less
dissolution / reaction of reinforcement

Interlayer may be required for optimum
bond properties, no particle-matrix
interaction

Suitable for tubular components only

No particle-matrix interaction, full bond
strength achievable after heat-treatment

No particle-matrix interaction, cracking,
porosity, filler metals, and shielding gas;
simple weld preparation, shrinkage and
distortion; full bond strength achievable
after heat-treatment

Disadvantages
Possibility of chemical
reaction, low weld strength
with unreinforced filler wire
Possibility of chemical
reaction, vacuum required
Possibility of chemical
reaction, shielding gas
required, high beam coupling
Possible segregation of
reinforcing particles,
geometry limitations
Insufficient or excessive mass
transport may produce poor
bond, long thermal cycle

Limited geometries

Small axis-symmetric parts
required, high stress applied,
flash requires removal

Large and expensive
equipment, limited to flat
plate, severe tool wear
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2.2.1.1.1 Arc welding

TIG and MIG welding are two of the most common arc welding processes. TIG uses a

non-consumable tungsten electrode, while MIG uses a continuous consumable metal

electrode to produce the weld. Both processes are protected with inert gas shielding.

Successful TIG and MIG welding for Al-SiC MMCs were obtained with 4043 filler wire

given that the powder metallurgy manufactured MMCs were well degassed [4]. T.M. Stantz

et al. [5] examined the weldability of AI-B4C MMCs by using TIG and MIG processes.

Problems of porosity and inhomogeneous distribution of B4C particles were observed in the

fusion zone, and these problems cannot be avoided despite the fact that the level of porosity

might be decreased by reducing the cooling rate of welding pool [5]. DURALCAN has also

successfully applied both TIG and MIG welding processes to foundry and wrought

aluminium MMCs (A356 and 6061 based) for surface defect correction and some structural

applications [6]. Some precautions and tips need to be followed carefully for sound welds.

For instance, proper joint preparation and good joint design are the base lines for welding

MMCs. Welding practice with low heat input and high silicon content filler wire could

minimize the formation of AI4C3 phase during the welding of SiC reinforced aluminium

MMCs, and the use of magnesium-containing filler could inhibit the dewetting and

clumping effects of AI2O3 particles during the arc welding of AI2O3 reinforced aluminium

MMCs [6]. Y. Coo [41] reported that the addition of Ti filler could effectively restrain the

formation of brittle AI4C3 phases in TIG welding of A1356-20%SiC MMCs. In another

investigation, J. Grabian et al. [42] reported that correct selection of beveling type may help
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to produce visibly defect-free TIG welds of AlSi9-SiC MMC and that the presence of

AI4C3 phase was not detected in the weld produced with a Mg containing filler (5356). In a

comparative study of the MIG welding of Al-TiC composites by using direct and indirect

electric arc, the composite materials exhibited a good degree of weldability [43]. Negligible

dissolution of TiC occurred in welding using indirect electric arc, while some dissolution

was observed by using indirect electric arc [43]. In comparison with aluminium based

MMCs, fewer studies can be found in arc welding of MMCs with other metal matrix. Z.Z.

Xuan et al. [7] reported that TIG welds of an Mg-10%TiC MMC were susceptible to

porosity and chemical reaction between Mg and TiC reinforcement was not detected.

2.2.1.1.2 Electron beam welding

As a high energy beam technique, electron beam welding uses a narrow beam of high

energy electrons to produce a weld joint in vacuum. The welded joint has advantages such

as narrow heat affected zone, low distortion and contamination. However, electron beam

process requires a vacuum chamber, and only very few papers could be found in the

literature. In the work of T.J. Lienert et al [44], it was found that electron beam welding

produced less AI4C3 than laser welding with the same powers and travel speeds. They

attributed this phenomenon to the preferential energy absorption by the SiC reinforcement

during laser welding process, and suggested that sharp focus of the electron beam and high

welding speed should be used to minimize the formation of AI4C3.
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2.2.1.1.3 Laser beam welding

Laser beam welding is a fusion welding process that uses a concentrated high energy

laser beam to produce the weld. Compared with other fusion processes, laser beam welding

has received more attention for joining MMCs over the past two decades. This is mainly

because of its advantages of high energy density, greater position accuracy, feasibility for

automated 3D welding, low distortion and no requirement of vacuum chamber which may

be beneficial for joining MMCs [35]. Laser welding represents one of the advanced fusion

techniques and has become widely accepted in many industries [9-10]. Detailed discussion

on laser welding of MMCs will be given in later parts following an introduction of laser

welding technique.

2.2.1.2 Solid State Welding Processes

Compared to fusion welding, solid-state welding techniques seem to be more suitable

for joining MMCs. The disappearance of molten welding pool can eliminate various

problems encountered in fusion process. In particular, friction stir welding has been

emerging as a competitive alternative for joining MMCs. A summary of several solid-state

welding techniques is provided below.
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2.2.1.2.1 Diffusion bonding

Diffusion bonding is a welding process that produces a solid state bond between two

components under a certain load at a temperature below the melting point of the materials

to be joined. At present, diffusion bonding has found some applications for welding MMCs,

though restrictions may be imposed on the process. In general, surface preparation,

interlayer and other parameters such as processing time, temperature and pressure are of

significant importance for optimum bond properties [35, 38]. The major concern of

diffusion bonding of MMCs is the use of suitable interlayer to improve the joining quality.

X.-P. Zhang et al. [45] reported that good joints of an Al-SiC MMCs were successfully

produced by vacuum diffusion bonding. A soft active layer of Al-Si-Mg and a pure copper

foil were actually used as interlayer in their study. It was found that the use of suitable

interlayer could benefit to the interface bonding and lead to increasing of joint strength. In

another investigation of diffusion bonding of an AI-AI2O3 MMCs, the joining process was

favored by the use of an Al-Li alloy which accelerates the breakup of protective aluminium

oxide [46]. It needs to be noticed that the diffusion bonding process is usually conducted

above the solution treatment temperature of the matrix of base materials, and further post-

weld heat treatment is thus required to recover the mechanical properties [35]. Another

limitation of diffusion bonding is that the process is incapable of joining some MMCs that

have lower hot strength to withstand the bonding pressure without excessive macro-

deformation [35]. Besides, it can be difficult to achieve reproducibly satisfactory bonds in

aluminium based MMCs [ 11 ].
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2.2.1.2.2 Friction welding

Friction welding is a solid state process that uses friction heat generated between a

moving workpiece and a stationary one to produce the weld. Although high pressures

should be applied during friction welding of MMCs since the reinforcement has

substantially increased the flow stress of the material [38], friction welding seems to be

very attractive for joining small MMCs components with axis-symmetric feature. In fact,

different types of MMCs have been friction welded with good results. MJ. Cola et al. [47]

conducted an investigation of friction welding on AA6O6I-AI2O3 MMCs in T6 temper

condition. Sound welds without any discontinuity were produced though the ductility of the

weld zone was not good. More recently, A.A.M. Silva et al. [48] have examined the

feasibility of friction welding on a titanium based MMCs. Satisfactory joints with high

tensile properties could be obtained in a wider operating window. Similar to diffusion

bonding technique, a further concern is the possible decrease of strength in the heat affected

zone due to dissolution of hardening precipitates, although this can be recovered by

applying the proper post weld heat treatment [49].

2.2.1.2.3 Friction stir welding

The advantages of solid state welding over fusion welding process have been widely

recognized [11, 35]. However, the application of diffusion bonding or friction welding is

limited due to their low productivity. The development of FSW process provides the

opportunity of welding MMCs components with flat geometry at much higher productivity.
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The feasibility of FSW of MMCs has been demonstrated in some investigations over the

past decade [24, 50, 51]. It was identified that high quality welds of MMCs reinforced with

ceramic particles could be produced by FSW. Like for laser welding technique, FSW of

MMCs will also be reviewed later in a separated section.

2.2.1.3 Summary

Based on the above discussion, it is clear that MMCs components can be welded by

most of the existing welding techniques. Although fusion welding processes may

experience various problems such as viscous welding pool, reinforcement segregation,

interfacial reaction and porosity, sound welds can still be produced with more careful

attention in terms of joint preparation, process parameters and selection of filler metal. On

the other hand, solid state welding processes seem to be more promising for joining MMCs

and should always be preferred when applicable. It needs to be realized that the welding of

MMCs is a really tough challenge, especially with the development of new types of MMCs.

Based on above literature review, laser beam welding and friction stir welding are selected

in the study to evaluate the weldability of AAHOO-B4C MMCs since they are two very

promising techniques and also because these two processes are available at Aluminium

Technology Centre (NRC-ATC). Reviews of these two processes and their application for

welding MMCs will be provided in the following parts.
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2.2.2 Laser Beam Welding

2.2.2.1 Introduction

Laser beam welding is a high energy beam process that is used to join multiple

workpieces through the use of a laser. As shown in Fig. 2.3, the laser beam is focused on or

very near the surface of the workpieces to be joined. The laser energy initially absorbed by

the workpiece surface quickly heats the material, causing production of an energy

absorbing ionized vapor [10, 52]. This ionized vapor rapidly accelerates the absorption of

laser energy and initiates a keyhole into the workpiece. Due to multiple reflections on the

keyhole walls, the laser energy is entrapped in the keyhole which increases the coupling of

laser energy into the workpiece. In the keyhole, the vapor cavity surrounded by molten

material is maintained through equilibrium between forces from material ablation, plasma

formation, surface tension and hydrostatic pressure of the molten pool [53, 54]. As the laser

beam moves forward, material is progressively melted at the edge of the molten pool and

flows around the vapor cavity to the rear of the pool. The keyhole will collapse at excessive

welding speed, whereas a wide weld bead will be produced at insufficient speed [54]. The

laser welding practice must therefore be conducted in a certain speed range.
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laser beam

Weld pool

Keyhole

Fig. 2.3 Principle of laser welding keyhole (butt welding configuration).

Laser beam welding has been increasingly used in many industries such as automotive

and defense industries because of its great advantages by using a controllable high intensity

heat source. With this process, a deep and narrow fusion zone with almost parallel fusion

boundaries [8, 52] could be produced with a single pass. The lower heat input feature for a

given penetration results in a much smaller heat affected zone in comparison with arc

welding techniques, thus less thermal distortion and mechanical property reduction can be

expected [10]. LBW also has advantages for welding small components and for welding

heat sensitive components due to its high accuracy and precise heat control [9, 52]. hi

addition, LBW has very good process flexibility for 3D welding as the laser heat input can

be delivered through optical fibers. It can be performed in various environments and even

welding can be realized in locations inaccessible for other techniques [55]. Besides, laser

25



welding technique can produce welds at high welding speed which may compensate the

high equipment cost in long term for instance in car manufacturing industries [8, 10].

2.2.2.2 Process Consideration

Currently, CO2 and Nd:YAG lasers are two main high power laser systems being used

in laboratories and industries. The big difference between them is the shorter wavelength of

Nd:YAG compared with that of CO2 laser, which are 1.06 and 10.6 (im correspondingly

[10, 52]. This shorter wavelength allows fiber optic delivery of Nd:YAG laser beam while

it is not possible for the CO2 laser beam [8, 53], which is probably the most attractive

feature of Nd: YAG laser for industrials. On the other hand, the CO2 laser has the advantage

of higher output efficiency (the ratio of output laser power to input electrical power), which

is very competitive in industrial applications though less power is needed for NdiYAG laser

for the same weld performance due to much lower reflectivity of metals at short wavelength

[8, 10]. Recently, new laser technologies (disc laser and fiber laser) have been put in the

market but no significant work seems to have been done on MMCs.

As a high energy beam process, laser welding is quite different to conventional arc

welding which solely depends on Joule effect and heat conduction to achieve a weld. The

energy transfer from an incident laser beam to the workpiece is completed through optical

absorption by the material and plasma and multiple reflections of the laser beam at walls of

the keyhole [54]. Laser energy absorption by a material is affected by many factors like
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type of laser, incident power density, temperature, type of material and materials surface

condition [10, 52-54]. The absorptivity (A) of several metals for laser radiation at normal

incidence on a metal surface at room temperature is listed in Table 2.3. Careful

considerations of these factors can be very useful in tailoring laser profiles for particular

welding operations. However, detailed discussion on these factors is out of the scope of the

present study.

Table 2.3 Absorptivity of metals for Nd:YAG and CO2 laser [10].

Metal

Al
Cu
Fe
Ni
Ti
Zn
Carbon steel
Stainless steel

Absorptivity (A)
Nd:YAG laser
0.06
0.05
0.1
0.15
0.26
0.16
0.09
0.31

CO2 laser
0.02
0.015
0.03
0.05
0.08
0.03
0.03
0.09

In addition to the factors above, high quality laser welds require a precise control of

various process parameters such as laser power, spot size, welding speed and shielding gas.

The major process parameters of LBW and their effects on the welding process are listed in

Table 2.4. Comprehensive reviews on the subject can be found elsewhere in the literature

[8-10, 52-54].
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Table 2.4 Process parameters of LBW and their effects on the welding process [8-10,
52-54].

Process parameter
Laser power

Continuous wave (CW) or
pulsed wave

Spot size

Beam spatial mode

Focal length

Depth of focus (DOF)

Focal plane position

Welding speed

Shield gas

Comments
Greater power, higher penetration at a set welding speed

CW: high speed welding, pulsed wave: precision welding of
small components

Smaller spot size results in higher power density at a given laser
power

TEMoo mode: smaller spot size with low divergence angle,
Higher order modes: larger focal spots

The shorter the focal length, the smaller the beam waist diameter
and the depth of focus, and the larger the convergence angle

Larger DOF indicates larger vertical distance for acceptable weld
quality
Important for laser beam coupling, and adjustable for maximum
penetration
Higher welding speed, lower penetration at a given laser power
Important to prevent oxidation, to control plasma plume, and to
protect optic lenses from weld spattering and fumes

2.2.2.3 Laser Welding of MMCs

Laser welding technique has been applied in joining MMCs over the past two decades

due to its various advantages. Investigations were carried out trying to control the

microstructure of weld and thus the mechanical properties of joints. As summarized below

in Table 2.5, most of the investigations on welding MMCs focused on aluminium based

MMCs, only very few studies can be found for other types of MMCs. Sound laser welds of

MMCs could be successfully obtained with appropriate welding parameters and filler

materials. The high energy feature of laser welding could benefit some properties such as

28



distortion and residual stress of MMCs joints. As any other fusion welding processes, laser

welding technique may also suffer possible problems such as reinforcement segregation,

porosity and undesirable chemical reaction between matrix and reinforcement in welding of

MMCs [39, 56, 57]. Although these problems can, to some extent, be lessened through

adjusting the laser process parameter, complete prevention of them, especially interfacial

reaction between matrix and reinforcement, is almost impossible by only changing the

process parameter [58-60]. The use of different types of filler metals seems to be a

promising method to solve these problems [14-16, 61], which is detailed in the following

sections.

2.2.2.3.1 Microstructure Evolution

The microstructure of a metallic material mainly depends on the experienced thermal

cycle. In comparison with arc welding processes, the distinction of laser welding is the high

energy density of laser beam and the rapid cooling rate of the workpiece after welding.

Thus narrower weld zones and finer microstructure can be expected in laser welding [55].

Consequently, laser welds usually have reduced thermal distortion and improved

metallurgical properties in comparison with that produced by arc welding techniques. On

the other hand, this high energy density and the rapid cooling rate may also cause problems

like cracking and possible loss of some volatile elements [10]. The addition of ceramic

reinforcement into the metallic matrix further complicates the microstructure evolution of

MMCs during laser welding.
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Table 2.5 Summary of studies on laser welding of MMCs

Materials

A354-5-15%SiC

A356-10%SiCand
A356-20%SiC
A356-10%SiC and
A356-20%SiC

A356-15%SiC

A359-20%SiC

A359-20%SiC

AA1100-15%SiC

AA2124-17%SiC

AA6061-20%SiC
AA6061-20wt.%
SiC
AA6061-25%SiC
AA6061-25%SiC
AA6063-15%SiC
AA2618-20%Al2O3

AA6061-20%Al2O3

AA2681-20%Al2O3

AA6061-20%Al2O3

AA2681-20%Al2O3

AA6061-20%Al2O3

AA6061-30%Al2O3

AlSi7Mg-20%SiCp

ZC71(Mg-7Zn-
lCu)-12%SiC

Laser types

CO2 : CW

CO2 : CW

CO2 : pulsed

CO2 : CW
Nd:YAG: pulsed

CO2 : CW,
Diode laser: CW

Nd-YAG: pulsed

CO2 : CW

Nd-YAG: CW
and pulsed

Nd:YAG: pulsed
CO2: CW and
pulsed
CO2 : CW
CO2 : CW
CO2 : pulsed

Nd-YAG: pulsed

CO2 : CW

CO2 : CW

Nd:YAG: pulsed

Nd-YAG: pulsed

Nd:YAG: pulsed

Process parameter
Power: 4 kW, filler: ER4043 and ER4047, spot size: 0.8 mm,
shielding: N2, speed: 15-61.7 mm/s
Power: 1.2-2.7 kW, filler: Ti, mode: TEMi0, focal position: 0.5
mm below surface, shielding: Ar at 4 L/min, speed: 25 mm/s
Power: 1.6-2.9 kW, mode: TEMio, focal position: 0.5 mm below
surface, shielding: Ar at 4 L/min, speed: 25 mm/s
CO2 power: 1.0-1.5 kW, focal length: 127 mm, focal position:
0.64 mm below the surface, spot size: 0.56 mm, shielding: He at
19 L/min, speed: 36-97 A mm/s
Nd:YAG power: 200 W, focal length: 127 mm, focal position:
workpiece surface, shielding: He at 19 L/min, speed: 3.2-8.5
mm/s
Power 1: 2.4-4 kW, focal length: 200 mm, focal position:
workpiece surface, spot size: 0.6 mm, shielding: N2, speed: 30-
50 mm/s
Power 2: 2 kW, mode: TEMOo, focal length: 66 mm, shielding:
N2, speed: 15-35 mm/s
Power : 2-5 kW, shielding: N2, He, Ar at 5 L/min, speed: 25-33.3
mm/s
Power: 2 kW, filler: ER4043 and ER4047, spot size: 0.8 mm,
shielding: N2, speed: 15-25 mm/s,
Power: 400-1400 W, filler: Ni, focal length: 100 mm, focal
position: workpiece surface, spot size: 0.5 mm, shielding: Ar at
10 L/min, speed: 25 mm/s
Power: 300-600 W
Power: 1.5 kW, filler: Ti, Beam mode: TEMOo, Focal length:
6.35 mm, spot size: 120|im
Power: 2.5-4.5 kW, shielding: Ar at 4 L/min, speed:9-20 mm/s
Power: 2.5 kW, speed: 5-8.3 mm/s
Peak power: 1 kW, speed: 20 mm/s
Power : 2-5 kW, shielding: N2, He, Ar at 5 L/min, speed: 25-33.3
mm/s
Power: 4 and 6 kW, filler: ER5356, focal position: workpiece
surface, spot size: 0.5 mm, shielding: N2, He, Ar at 5 L/min,
speed: 66.7-133.3 mm/s without filler and 41.7-66.7 mm/s with
filler
Power: 6 kW, mode: TEM02, spot size: 0.5 mm, shielding: N2

and He, speed: 50-83.3 mm/s,
Power: 50-375 W, shielding: N2, frequency: 15-50 Hz, speed: 5
mm/s,
Laser fluence energy: 2 J, filler: Ti, mode: TEMOo, spot size: 1.26
mm, frequency: 25 Hz, pulse duration: 4 ms, speed: 5 mm/s,
Power: 300-400 W, shielding: Ar at 20 L/min, speed: 0.83-5
mm/s,

Ref.

14

16

58

57

13

12

14

62

63

15

59
61
60

12

56

65

66

64

67

* The concentration of reinforcement refers to volume fraction unless otherwise specified.
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Reinforcement Segregation

The segregation of AI2O3 particles inside the fusion zone can be observed during laser

welding of AI-AI2O3 MMCs. This behavior would be less severe when the laser power was

reduced or a higher welding speed was used [12, 56]. The reinforcement segregation could

also be reduced by using a matrix with higher magnesium content since magnesium may

enhance the wettability of the reinforcement particles in the matrix melt [12]. In addition,

the use of Ar as shielding gas was reported to be the most effective, compared with N2 and

He, to reduce the A12O3 segregation [12, 56]. However, no explanation was provided. The

segregation of SiC reinforcement in aluminium or titanium matrix has not been reported,

probably because of the severe chemical reaction taking place in the laser melt pool. In the

laser welding of a 12% SiC particulate reinforced magnesium composite, welds with

microstructures even similar to the original material were obtained. This behavior could be

explained by the lower reactivity of Mg with carbides when compared to Al. However,

severe burning and evaporation of magnesium might occur if the laser beam density was

too high due to the lower vaporizing temperature of magnesium [67].

Porosity

Porosity is always a challenge during liquid processing of aluminium and its alloys due

to the large solubility difference of hydrogen in it. Surprisingly, it was not widely discussed

or clarified in laser welding of aluminium based MMCs. F. Bonollo et al. [14] pointed out

that the use of a silicon-rich aluminium filler wire during laser welding of Al-SiC MMCs

could reduce the porosity content of the weld. In another study on laser welding of Al-
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AI2O3 MMCs, it was reported that Ar shielding gas is more effective for avoiding the

porosity than N2 and He [12].

Chemical Reaction

One of the most important issues during laser welding of MMCs is the chemical

reactions which may occur between reinforcement and matrix. In fact, the majority of

investigations on laser welding of MMCs have emphasized the effects of these chemical

reactions on the joint quality. Researchers have gained some understanding of reaction

mechanisms and skills to control these undesirable reactions in laser welding of MMCs,

mainly concentrated on AI-AI2O3 and Al-SiC systems. However, the chemical reaction

problem is really material specific, and any change of the reinforcement or the matrix could

result in a completely different issue to resolve. A review of chemical reaction in some Al-

MMCs during laser welding is provided below.

Chemical reaction takes place in AI-AI2O3 MMCs only when the magnesium element

is present in the Al alloy matrix or filler material. MgO and MgAlC>3 precipitate according

to the following equations [12, 65]:

(2.1)

(2.2)

These products, especially the MgA^C^ spinel phase, may act as stress concentration

source, and thus have a negative influence on mechanical properties [12, 65]. It was

reported that the alumina particles could react with magnesium producing either MgA^CU
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for 1 % < Mg < 4 wt% or MgO at Mg > 4wt% in the Al matrix [17]. Thus, aluminium

matrix with magnesium content lower than 1 wt% would be preferred for AI2O3

reinforcement when the MMC is considered for welding.

The chemical reaction problem during laser welding of Al-SiC MMCs is quite typical.

Fig. 2.4 shows an example micrograph of weld zone of SiC reinforced materials. Needle-

like AI4C3 phases were formed during laser welding process, which deteriorated the

properties of the weld in terms of ductility, fracture toughness and corrosion resistance [11,

38]. In principle, needle-like AI4C3 and blocky Si phase precipitate out during fusion

welding according to the following reaction [38]:

3SiC(s) + 4Al(l) -> A14C3 (s) + 3Si(s) (2.3)

The Gibbs free energy change of this reaction has been reported by A.S. Isaikin et al.

[68] and can be used as a criterion to establish the stability of products formed by chemical

reaction:

AG(J/mol) = U3900-l2.06T]nT + 8.92xl0-3T2 +7.53xl(T4:r1 + 2L5T + 3KT]n(a[SiJ)
(2.4)

where (s) and (1) denote solid and liquid, while a[Si] is the activity of Si in liquid

aluminium. From this equation, the free energy of the reaction will become negative above

a critical temperature value, which is depending on the activity of Si in the melt.

Accordingly, several possible methods were pointed out to limit the formation of AI4C3.
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Fig. 2.4 Optical micrograph of laser weld zone of SiC reinforced materials [51].

First, the welding practice should always be performed with minimum superheating

and short melting time. According to P. Bassani et al. [13], the formation of AI4C3 was

moderately reduced by simply decreasing the laser power. It is possible to avoid this by

using a laser in conduction mode [13]. However, laser welding in conduction mode has a

very limited penetration and would not be an ideal solution. While I. Calliari et al. [12]

reported that during laser welding a similar microstructure to the base material can be

obtained at a relative low laser power under pulsed mode though, some trace of AI4C3

phase was also observed. It seems that pulsed laser was more effective than continuous

wave laser in lowering the total heat input while ensuring the same penetration [62]. The

effects of pulse frequency and pulse duty cycle on the formation of AI4C3 were also studied

[58, 60]. It was demonstrated that reasonably lowering the duty cycle or increasing the laser

power frequency could suppress the formation of AI4C3. However, a complete elimination

of AI4C3 phase was not achieved in their studies. It can be concluded that any measure
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reducing superheating and melting time of the weld pool would suppress the formation of

brittle AI4C3 phase.

Another way to prevent the formation of AI4C3 is to artificially increase the activity of

silicon in the welding pool through the use of silicon filler or silicon containing matrix

alloy. Interestingly, F. Bonollo et al. [14] attributed this behavior to the temperature

difference of the molten pool. A complete prevention of AI4C3 formation could be achieved

if the pre-saturation of silicon was satisfied in the melt.

The third method to suppress or eliminate the formation of the needle-like harmful

AI4C3 phase is to find a filler metal that has much greater affinity to carbon than aluminium

has. This concept was first proposed by K.C. Meinert Jr. et al [15] based on thermodynamic

calculation. As shown in Fig. 2.5, titanium and zirconium showed much higher affinity to

carbon under standard condition. In their investigation, the addition of titanium filler was

made to the fusion zone by placing thin foils of the material between the edges of two

sheets of the composite in a butt weld. The results showed that the formation of harmful

AI4C3 phase had been suppressed. A very fine dendritic structure of titanium carbide was

observed in the weld instead of the needle-like aluminium carbide. The idea of Ti filler for

Al-SiC MMCs was further confirmed in some later investigations [16, 61, 64]. In the study

of H.M. Wang et al. [61], two amounts of Ti filler were used to investigate the reaction

mechanism. It was shown that a complete prevention of AI4C3 phase could be achieved, but

excessive Ti content might lead to the formation of TisSi3 and A^Ti besides TiC.

Unfortunately, the amount of necessary titanium filler was not optimized in the study [16,

35



61]. Recently, K.W. Guo studied the influence of in-situ reaction during laser welding of

SiCp/AlSi7Mg with Ti filler [64]. The results showed that the laser welding with in-situ

reaction could effectively restrain the pernicious AI4C3 forming reaction in the interface

between aluminium matrix and reinforcement particles. Simultaneously, the reaction

formed TiC phase distributed uniformly in the weld. In a very similar way, T.M. Yue et al.

[62] utilized another filler metal by brush plating of nickel on the joining surfaces before

laser welding. Laser welds without AI4C3 were also produced in the study. They indicated

that there is a relationship between the thickness of nickel coating and the laser parameters

to guarantee an aluminium carbide free weld. Several Al-Ni intermetallic phases were

identified by energy dispersive spectroscopy. However, they did not give any explanation

about the principle and some longitudinal cracks were observed in the joints.

Ttmpemtura (*C)

Fig. 2.5 Free energy of formation for several metallic carbides in welding of Al-SiC
MMC[15].
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Chemical reaction during laser welding of SiC fibre reinforced Ti based MMCs was

also reported by A. Hirose et al. [39]. Small particles of TiC were formed by chemical

reaction between the Ti matrix and the SiC fibres. It was reported that this chemical

reaction was promoted by excess heat input at higher laser power. Consequently, laser

welding should always be carried out at the lower possible power to reduce the formation

of TiC particles. However, it is worth noting that post-weld heat treatment at 1173 K could

decompose these TiC particles and homogenize the weld [39].

2.2.2.3.2 Mechanical Properties

In contrast with the microstructural aspects, the mechanical properties of laser welds of

MMCs were less documented. An increase of microhardness was generally observed inside

the welding beads due to the chemical reaction between the reinforcement and the matrix

producing hard phases such as AI4C3 and MgAl2Û4 in Al-SiC and AI-AI2O3 systems

respectively [12-14, 56]. Accordingly, any methods suppressing chemical reactions should

be able to reduce this hardness increase. With the use of Si containing filler, F. Bonollo et

al. [14] obtained more homogenized microhardness profiles in laser welding of Al-15% SiC

MMCs. P. Bassani et al. [13] indicated that the structure refinement due to rapid

solidification may also account for this hardness increase. It should be realized that the

hardness increase does not mean good properties of laser welds. Actually, these reaction

37



products often have a negative influence for other mechanical properties especially fracture

toughness and ductility.

The tensile properties of laser welds can only be found in several investigations. It was

reported that laser power, welding speed, pulse frequency and duty cycle were of great

importance to the final tensile properties of the welds [58, 60, 64, 67, 69]. Generally, the

as-welded tensile properties are significantly lower (as low as 35%) than that of the base

materials if no specific care is taken during welding.

W. Guo et al. [66] studied the tensile properties of AA6061-30% A12O3 MMCs by

varying laser power and laser pulse frequency. It was shown that the tensile strength of

laser welds was lower than that of base material but remained stable with different laser

powers as long as the composite material was fully penetrated; further increasing the laser

power would however lead to a decrease of weld strength since excessive power input had

promoted the formation of MgAl2C>4. The effect of laser pulse frequency on tensile strength

was also identified in the same work at a selected laser power. It was found that increasing

the pulse frequency could improve the reinforcement distribution and significantly increase

the tensile strength of joints.

The tensile properties of laser welded Al-SiC MMCs are mainly affected by the extent

of interfacial reaction. According to equation (4), the chemical reaction in the system can

only proceed at temperatures higher than a critical value. Thus controlling the laser heat

input by adjusting various process parameters could effectively optimize the tensile

strength of the welds. The effects of laser power and welding speed have been
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demonstrated in two different investigations [63, 69]. It was found that the properties of

joints could be improved by decreasing the laser power or increasing the welding speed. In

an extensive study of laser welding A356-SiC MMCs conducted by N.B. Dahotre et al. [58],

optimized tensile properties were obtained under the condition of intermediate duty cycle

(67-74 %). This effect was later confirmed in the laser welding of AA6063-SiC MMCs [60].

Recently, K.W. Guo studied the influence of in-situ reaction during laser welding of

SiCp/AlSi7Mg with Ti filler [64]. The results showed that the laser welding with Ti filler

could improve the tensile strength of welded joints. Different amount of Ti filler was tried

by adjusting the thickness of filler metal (0.15 to 0.75 mm) in the study and the optimized

tensile strength was obtained with 0.3 mm thick Ti filler addition.

2.2.2.3.3 Summary

Laser welding is a competitive welding technique for MMCs, though various

difficulties may be encountered. The weld quality could be optimized through adjusting the

process parameters or the use of proper filler material. Chemical reaction is a serious

problem in laser welding of most MMCs system since the reaction products are usually

harmful to weld properties. Among others, the thermodynamic approach could prevent

these reactions, which has been validated in laser welding of Al-SiC MMCs. This approach

may be borrowed in laser welding of other types of MMCs such as A1-B4C composite

material which is being studied in the present work. Up to present, laser welding of AI-B4C

MMCs has never been reported.
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2.2.3 Friction Stir Welding

2.2.3.1 Introduction

Friction stir welding process, as illustrated in Fig. 2.6, involves a rotating tool that is

inserted into the joint edges and moves forward along the joint line. As a result of the local

friction between the tool and the workpiece, the material is heated and transferred from the

front to the back of the pin. Consequently, a sound weld is produced in solid state [37, 70].

Downward force

Tool Rotation

Friction Stir
Welded Region

Retreating
Side

Welding
Direction

Shoulder

Nugget

Advancing
Bide

Fig. 2.6 Schematic drawing of friction stir welding [37].

FSW is a relatively new welding technique [71] that has demonstrated its great

potential in joining materials that are traditionally considered to be unweldable or difficult

to weld. Compared with fusion welding processes, the solid state feature of FSW prevents

many metallurgical problems such as porosity and formation of brittle phases and enables

us to produce welds with a minimum distortion and shrinkage that result from the melting
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and solidification [19, 37]. In addition, a much finer microstructure can be obtained owning

to a dynamic recrystallization process, which will benefit the mechanical properties of the

welds. Furthermore, FSW also eliminates the needs of shielding gas and filler metal

because of the elimination of the liquid welding pool. With these interesting advantages,

FSW has gained wide acceptance for welding aluminium alloys and is becoming an

important technique in many industries [70].

2.2.3.2 Process Parameters

Various process parameters including the tool rotational speed, welding speed, tilt

angle and the vertical pressure on the tool can be changed to control the FSW process. The

resulted material flow and temperature profile during the process further determine the

microstructural evolution and the subsequent mechanical properties of the welds [37, 72].

Thus, the major FSW parameters and their effects on the process are listed in Table 2.6 to

facilitate the selection during the present study.

Table 2.6 Summary of major FSW parameters and their effects on the process [37,721
Process parameter
Tool rotation speed

Welding speed

Tilt angle

Vertical pressure or
insertion depth of pin
shoulder

Preheating

Cooling

Effects on FSW process
Peak temperature increases with increasing rotation speed.
Peak temperature decreases with increasing welding speed.
Suitable tilt angle may help the tool hold the stirred material and
transfer the material efficiently from the front to the back.

Too high pressure leads to overheating, excessive flash and joint
thinning; while too low pressure may cause insufficient heating and
inner voids or surface groove.

May help high melting point materials soften and plasticize.

Could help low melting point materials avoid too much grain growth
and dissolution of strengthening precipitates.
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2.2.3.3 FSW of Aluminium Alloys

In order to understand the FSW process, microstructural evolution and mechanical

property aspects of friction stir welded aluminium alloys are reviewed below. Aluminium

alloys are selected here for two reasons: first, most of the information on FSW is related to

aluminium alloys. Second, the present study is to be conducted on AI-B4C MMCs. Some

background knowledge in aluminum alloys are expected to help us understand the

behaviors of A1-B4C MMCs during FSW.

2.2.3.3.1 Microstructural Evolution

The microstructural evolution is one of the most important issues since it further

determines various properties of the materials. In the case of FSW, the microstructural

aspect has been extensively documented in the literature. Generally, three distinct regions

shown in Fig. 2.7 can be identified in aluminium friction stir welds as nugget zone, thermo-

mechanically affected zone (TMAZ), and heat affected zone (HAZ) [37, 73]. According to

J.C. Lippold et al. [73], the nugget zone is a recrystallized region associated with the

passage of the tool. The TMAZ is a region unique to FSW in which the material has

undergone some macroscopic deformation without grain refinement since the force and

temperature are not high enough to promote dynamic recrystallization, while the HAZ is a

region without deformation but may undergo some metallurgical change. In fact, apart from

the grain structure difference, metallurgical changes are happening simultaneously in all

these three regions depending on the temperature profile and alloy composition.
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Advancing

Fig. 2.7 A typical macrograph showing various microstructural regions in aluminium
friction stir welds [37].

Precipitate Behavior during FSW

FSW process exerts a thermal cycle on the workpiece in solid state. For many

aluminium alloys strengthened by precipitation hardening mechanism, it can be predicted

that FSW would cause a soften region within and around the weld nugget. As illustrated in

Fig. 2.8, R. Nandan et al [72] used a schematic diagram to interpret this softening process.

HVmin and HVmax represent the hardness in the solution-treated and precipitation hardened

states. They described that the precipitates may experience coarsening, dissolution and

reprecipitation during FSW depending on the localized temperature. The heat produced

during FSW causes a drop in hardness from HVmax to HVmin, curve (a) in Fig. 2.8. Some re-

precipitation may occur during the cooling part of the thermal cycle, resulting in a hardness

value beyond HVmjn, curve (b) in Fig. 2.8. The minimum hardness would thus appear at

somewhere in HAZ as a result of the competing effect of dissolution and reprecipitation.
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Fig. 2.8 Schematic diagram showing dissolution and reprecipitation in age hardenable
aluminium alloys [72].

In fact, the above theory has been proven in several studies on microstructure

evolution of FSW [74-75]. In the work of J.Q. Su et al. [74], the typical precipitate

distribution in each weld region of an AA7050-T651 alloy was illustrated by transmission

electron micrographs as shown in Fig. 2.9, which corresponds very well to the above

interpretation. Similarly, a comparison between AA6063 friction stir welds and isothermal

aging samples has been made by Y.S. Sato et al. [75] according to simulated thermal cycles,

which also confirmed again the precipitation sequences in heat-treatable aluminium friction

stir welds.
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Fig. 2.9 TEM micrographs showing precipitate distribution in different FSW weld
regions: (a) Parent metal, (b) HAZ, (c) TMAZ I, (d) TMAZ H, (e) Nugget zone [74].

Effects of Process Parameters

The thermal cycle experienced by the workpiece is the main factor that determines the

microstructure evolution and the final property of friction stir welds. Any change in process

parameters will undoubtedly lead to variation in the thermal cycle and hence in the

microstructure and properties.
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For both heat-treatable and non-heat-treatable aluminium alloys, it was recorded that

the grain size in the nugget zone increased with increasing rotation speed or decreasing

welding speed [76-79]. Fig. 2.10 gives a good example of micrographs showing the effects

of rotation speed on grain structure. At 180 rpm, the average grain size in the nugget was

extremely fine, around 1.7 |im, compared with 6 \xm in the welds made at 450 rpm. These

results can be explained by the thermo-mechanical cycle in the weld. As mentioned earlier

in Table 2.6, the peak temperature during FSW could be controlled by varying the rotation

speed and the welding speed, which in turn determines the resultant grain structure of a

dynamic recrystallization process. In a different way, S. Benavides et al. [80] obtained finer

grain size of about 0.8 |im compared to the original of 10 \xm through lowering the starting

temperature from 30 to -30 °C, which effectively decreases the peak temperature from 330

tol40°C.

It is worth noting that Kh.A.A. Hassan et al. [76] observed a grain size decrease from

the top to bottom in the nugget of AA7010 alloy and the effect was less remarked with

higher rotation speed. In another work, Y.S. Sato et al. [79] observed the opposite behavior

in FSW of AA1100 alloy. However, none of them gave any explanation.
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(a)

Fig. 2.10 EBSD maps showing the grain structures in the nugget zones of FSW welds
with different rotation speeds but a constant welding speed, (a) and (c) at the center,
(b) and (d) at the bottom of the welds [76].

Abnormal Grain Growth

Abnormal grain growth sometimes known as secondary recrystallization, usually takes

place in recrystallized materials at high temperatures. This process may lead to the

formation of large grains of even greater than several millimeters [81], which causes

negative effects for mechanical property. Its occurrence during the post weld heat treatment

(PWHT) of friction stir welds has been reported in the literature [76, 79, 82, 83]. A good

review of this phenomenon in FSW could also be found in the work of Y.S. Sato et al. [79].

Kh.A.A. Hassan et al. [76] studied the stability of friction stir welded AA7010 alloy during

solution treatment. It was concluded that the abnormal grain growth might be promoted by

the fine grain structure in nugget zone and the partial dissolution of second phase particles

during solution treatment. The welds made with higher heat input seem to be more stable
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since only a few large grains developed at the base of the weld on its advancing side. M. M.

Attallah [83] also revealed that the rotation speed and the welding speed can be used as a

tool to control abnormal grain growth during subsequent heat treatment. It was found that

the welding parameter determines the extent of abnormal grain growth and the welds made

with lower rotation speed and higher welding speed have higher tendency to abnormal

grain growth. Nevertheless, none of the above two investigations was able to completely

avoid abnormal grain growth. Recently, Y.S. Sato et al. [79] conducted a more systematic

research work with AA1100 alloy. Different rotation speeds and heat treatment

temperatures were used in FSW and PWHT respectively. The peak temperatures

experienced during FSW were measured by placing alumel-chromel thermocouples at the

bottom of the stirred zone. As shown in Fig. 2.11, the abnormal grain growth was only

observed in conditions with PWHT temperature higher than the peak temperature

experienced during FSW. For instance, the peak temperature measured during FSW with

1800 rpm was 755 K, PWHT were carried out under different temperatures of 573, 623,

643, 673, 773, 873 K. Only the materials heat-treated at 773 and 873 K, which are higher

than 755 K, experienced abnormal grain growth.
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Fig. 2.11 Effect of rotation speed on onset temperature of abnormal grain growth [79].

2.2.3.3.2 Mechanical Properties

As discussed above, FSW has produced significant microstructural changes in the

workpiece, which have substantial influences on the weld mechanical properties. A review

of hardness and tensile properties of friction stir welds will be provided below as a

reference for FSW of MMCs.

Hardness

Hardness data were usually measured as an initial evaluation of mechanical properties

across the FSW weld zone. Although it was reported that the hardness responses to FSW

are dependent on the materials' composition, initial temper and also the welding process

parameters, these materials can generally be classified into heat-treatable and non-heat-

treatable alloys. The commonly reported hardness plots for heat-treatable alloys usually

have "W" shapes, which consist of a local maximum central plateau with two minimum on
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both sides in HAZ, but the overall hardness values in the weld zone are much lower than

that in the base materials [75, 78, 84, 85]. For non-heat-treatable alloys, the hardness

distribution seems to be controversial though the same principle was used to explain the

different results.

The hardness of heat-treatable alloys is dominated by precipitation behavior. As

discussed in the previous part, the precipitate experiences a process of coarsening,

dissolution and reprecipitation during FSW depending on the localized temperature. Thus,

it is not surprising to have à "W" shaped hardness profile in the weld of heat-treatable

alloys, and an example is shown in Fig. 2.12. It is important to note that the welding

process parameters have some influences on the hardness profile of the weld. A.P.

Reynolds et al. [84] did an elegant work to build the relationship between welding

parameters and hardness distribution in AA7050 alloy. It was found that the average

hardness in the weld nugget is closely related to welding process parameters. As shown in

Fig. 2.13, the average hardness increases with increasing welding speed at a constant weld

pitch (ratio of welding speed and rotation speed). Furthermore, higher hardness was

achieved at higher rotation speed for a given welding speed. It can thus be concluded that

the average nugget hardness level increases with increasing the heat input during welding

[84]. It was also observed that the hardness minimum on both sides increases with

increasing weld power [84]. Kh.A.A. Hassan et al. [78] investigated the effect of welding

parameters on the hardness of the nugget zone. Similar results were obtained except that the

hardness minimum did not change with welding parameters as in the nugget.
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Fig. 2.12 Hardness profiles in the welds made with the same weld pitch (ratio of
welding speed and rotation speed) [84].
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Fig. 2.13 Effect of weld pitch and welding speed on the average hardness in FSW
nugget [84].

On the other hand, the hardness of non-heat-treatable aluminium alloys is mainly

dependent on grain size and dislocation density. It was generally reported that FSW did not
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cause too much changes in hardness of the weld for annealed alloys [85, 87], while an

obvious softened region could be observed in the weld of strain hardened alloys [87, 88].

However, N. Saito et al. [89] observed higher microhardness in the weld zone for both the

rolled and annealed AA1050 alloy samples. Recently, Y. J. Kwon et al. [90] examined the

average hardness across the weld of a cold rolled AA1050 alloy after welding at different

rotation speeds from 560 to 1840 rpm. It was reported that the average hardness of the weld

increased significantly with decreased tool rotation speed, as shown in Fig. 2.14. Fifty

percent increase of the average hardness in the weld was observed by adjusting the rotation

speed from 1840 to 560 rpm (32 vs. 48 HVo.i). They suggested that the weld zone have

much finer grain size and lower dislocation density than the base metal. Therefore, at lower

rpm (560-1350) the grain size contributes more to the hardness than dislocation, while for

1840 rpm the effect of the grain size cannot overcomes the negative influence of dislocation

decrease.

560 980 1350 1840

Tool Rotation Speed, r/rpm

Fig. 2.14 Average Vickers microhardness of the unprocessed base metal and friction
stir welded zone [90]. FZ: friction stir processed zone, UZ: unprocessed zone.
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Tensile Properties

Like the hardness, tensile properties are also determined by the microstructure of the

materials. Compared with fusion welds, friction stir welds are generally characterized by

finer grain microstructure and less reduction of mechanical properties. The tensile

properties of some friction stir welds are summarized in Table 2.7. Most of the data focused

on alloys in strain-hardened or aging hardened conditions. It can be seen that the joint

efficiency is generally higher than 60%, but lower than 100%. Higher efficiency could be

achieved through adjusting the process parameters. It should be noted that extremely high

joint efficiency of about 146% has been obtained in FSW of a cold rolled 1050 alloy [90].

Table 2.7 Tensile properties of friction stir welds in as-welded condition

Base alloy

AA1050-H24

Cold rolled AA1050

AA2219-T6

Overaged AA2095

AA5083-O

AA6061-T651

AA6082-T6

AA7010-T7651

AA7050-T7451

Friction stir welds properties

UTS (MPa)

72-85

125-202

225-336

188-211

303-344

186-217

211-243

226-254

210-270

375-518

427

YS (MPa)

38-51

-

-

-

114-141

~

-

136-185

~

303

Elongation (%)

9.5-20.5

�

5-7.3

-

�

8.5-11.8

8.1-8.8

�

10-11.6

3.5-22

5.7

Efficiency (%,
UTS)
62.3-73.6

90.6-146

54-80.8

95-100

�

60-70

69-79

�

�

�

76.5

Ref.

87
90
91
83
92
93
94
92
95
78
96
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As already mentioned, the thermal cycle experienced by the workpiece is the main

factor that determines the microstructure and the final mechanical properties of friction stir

welds. It can be controlled by varying the process parameters such as the tool rotation

speed and the welding speed. The effect of process parameters on tensile properties of heat

treatable alloys has been investigated in several studies [78, 92-96]. Kh.A.A. Hasson et al.

[78] found that there is an optimum FSW condition that gives the best tensile properties for

AA7010-T7651. They explained that the tensile properties of the materials are dominated

by the behavior of precipitates. Relatively higher heat input could lead to more dissolution

of coarsened precipitate particles, and thus more solutes are available for natural aging

process for 7xxx series alloys. However, too high heat input will deteriorate the weld

properties due to reprecipitation occurring during the cooling process after welding, which

would reduce the natural aging response of the welds. Similar trends of tensile properties

for AA6082-T6 alloy were also observed in another study [95]. On the other hand, the

effect of process parameters on tensile properties of non-heat-treatable alloys has also been

reported in the literature. Y.J. Kwon et al. [90] examined the mechanical properties of a

cold rolled AA1050 plates after FSW by using different tool rotation speeds. It was shown

that the average tensile strength of the welds increased significantly with decreased tool

rotation speed (from 123 to 202 MPa), which has a similar tendency to the average

hardness results (from 32 to 46 HVo.i). They attributed this behavior to the much finer grain

size in spite of lower dislocation density. Meanwhile, H. Liu et al. [87] reported a similar

study of FSW for AA1050-H24 plates by varying the welding speed from 1.7-13.3 mm/s

with constant rotation speed of 1500 rpm. It was observed that the yield strength increased
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slightly with increased welding speed, and the ultimate strength however showed a peak

value at 6.7 mm/s. Unfortunately, the authors did not give any explanation for this

phenomenon.

Post weld heat treatment is sometimes applied to recover the mechanical properties of

friction stir welds. It can easily be understood that solution treatment followed by artificial

aging could probably completely restore the base metal tensile strength [82]. However,

attention needs to be paid to the occurrence of abnormal grain growth, which is believed to

be very harmful to mechanical properties. As described previously, the mechanism of

abnormal grain growth has been understood to some extent. Nevertheless, its effects on

tensile properties were not reported in these studies probably because the mechanical

properties of the joints have been degraded to unacceptable level [76, 82, 83].

2.2.3.4 FSW of MMCs

The feasibility of FSW for MMCs has been identified in some investigations. The

technical information of these studies is summarized in Table 2.8. According to T.W.

Nelson et al. [24], FSW joints of AA6061-B4C MMCs showed superior tensile strength

(205 MPa) compared with that produced by TIG welding technique (157 MPa). Generally,

the tensile strength of FSW joints could reach 60-84 % of the parent metal strength [18-20,

50]. An appropriate post-weld artificially aging treatment could further restore them to 81-

93 % of the parent metal strength [18, 50]. However, the elongation of these joints

exhibited significant decrease after FSW and could not be recovered through post-weld heat

treatment. It is worth noting that a post-weld T6 treatment does not necessarily increase the
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tensile strength of AA6xxx based MMC. An abnormal grain growth was observed in the

investigation of X.-G. Chen et al. [18] and thus resulted in an obvious decrease of

mechanical properties. It was reported that FSW could lead to more uniform particle

distribution if any cluster or regular orientation of particles was present in the base metal

[18, 50]. The breakage of AI2O3 particles was noticed by L.M. Marzoli et al. [19] and L.

Ceschini et al. [20]. Another important issue of FSW is the excessive tool wear occurring

during the process. Detailed investigations of tool wear were conducted by R.A. Prado et al.

[21]. It is remarkable that a self optimization phenomenon was observed in their study of

FSW of AA6O6I-AI2O3 MMCs. No additional tool wear can be detected after a sufficient

welding distance for the same set of welding parameters. This tool shape optimization was

further confirmed in the FSW of A359-SiC MMCs [97].

2.2.3.4.1 Microstructural Aspects

The microstructure response of MMCs during FSW is essentially similar to that of the

matrix alloy. Fine and equiaxed grains are also generated by a dynamic recrystallization

process. Porosity and chemical reaction are generally absent in FSW of MMCs. In addition,

redistribution and breakage of particles were observed in some studies. However, the effect

of welding process parameters on the microstructure of MMCs has been rarely reported in

the literature.
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Table 2.8 Summary of technical information in FSW of MMCs *

Welding Materials

AA606M5,20%B4C

AA6063-6,10.5 %B4C

AA356-15%SiC

AA359-20% SiC

AA2009-15%SiC

AA2009-15%SiC

AA2124-20% SiC

AA2124-25% SiC

AA6092-17.5% SiC

AA7093-25% SiC

AA6061-10,20%Al2O3

AA6061-20%Al2O3

AA7005-10%Al2O3

Al-10%wt.TiB2

AA6061-3%wt.TiCto
7%wt.TiC

Al-15%wt.Mg2Si

AZ91 Mg-10%SiC

Thickness of
materials (mm)
2.5

4.5

6

4

4

3

8
8
4

6

3.2

-
4
4
7
5
7
7
7
7
6

6

6

4

Rotation
rate (rpm)
670

1500

1200

500-1000

500-1000

1000

400-1000

600

500

800

1350
~

500-3000

500

400-700

1000

800

800

600

600

2000

~

710-1400

1250

Welding
speed (mm/s)
1.9-2.3

10

0.5

1-11

1-11

5

0.83

0.83

0.83

2

0.17

-

1.7-41.7

0.83

2.5-8.3

1-9

0.93

0.93
5

4.2

0.5

0.5-2.25

2.1

0.53

Tool materials

H13 tool steel

AISI4340 steel

D2 tool steel

AISI oil-hardened,
RC62

RC62 tool steel

AISI 1040 steel
coated with
multilayer PVD
AlSiCrNorAlSiTiN

Tool steel

Tool steel

Tool steel

TiAIN coated HSS
steel

H13 coated with B4C

-
»

Tool steel

-

RC62 tool steel

~

-

RC 63 steel

-

HCHCr steel

high carbon high
chromium steel

HI 3 tool steel

SKDll(JIS)tool
steel

Ref.

24

18

98

97

99

100

101
102

51

103

70
104

50

51

19
21

105

105

20

106

107

108

109

110

* The concentration of reinforcement refers to volume fraction unless otherwise specified.
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Particle redistribution

Clusters, regular orientation of particles and particle-free regions could be found in the

parent materials. While after the FSW process, it seems that the particle distribution in the

nugget zone became more uniform due to intense plastic deformation and materials mixing

[18, 50, 98, 102]. This behavior is believed to be somewhat beneficial to the mechanical

properties such as modulus of elasticity and hardness. S.C. Baxter et al. [102] reported that

the percentage of extremely small particles within the weld increased significantly, which

was attributed to the breakage of SiC particles. A.H. Feng et al. [102] and H. Uzun [103]

confirmed similar results in FSW of Al-SiC MMCs. On the other hand, the breakage of

A12O3 particles was also observed in several investigations [50, 20, 105]. However, X.G.

Chen et al. [18] did a research work to investigate if similar modifications occurred in their

welded AA6O63-B4C samples. Results obtained for the cross-section area and aspect ratio

of the particles revealed that the particle size and shape was not significantly modified in

the welded zone for the 6% and 10.5% B4C materials, this phenomenon may be attributed

to much higher hardness of B4C particles.

Post weld heat treatment

Although much finer grain structure could also be obtained in FSW nugget of MMCs,

the materials in as-welded condition usually have reduced mechanical properties compared

with the base metal. The use of PWHT is expected to recover the reduced properties and

has shown some positive effects in FSW of A1-A12O3 MMCs [50] and Al-SiC MMCs [70,

102]. However, as discussed previously, there is a risk that the abnormal grain growth may
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take place, which will significantly reduce the mechanical properties of the welds. X.G.

Chen et al. [18] observed an average grain size of 940 |um in the nugget of AA6O63-B4C

MMCs after the solution treatment of T6 compared to approximately 13 \im in as welded

condition. According to Y.S. Sato et al. [79], the abnormal grain growth in AA1100 alloy

was only observed in conditions with PWHT temperature higher than the peak temperature

experienced during FSW of aluminium alloys. Therefore, the PWHT temperature should be

carefully selected according to the process parameters used in FSW.

2.2.3.4.2 Mechanical Properties

A number of studies have been carried out over the past decade to evaluate the

mechanical properties of friction stir welded MMCs. The tensile properties of the friction

stir welds and the initial temper of base materials reported in the literature are summarized

in Table 2.9.

Hardness

Generally, the hardness of the welds also exhibited corresponding decreases after FSW

of aging hardened MMCs like that in aluminium matrix alloys. This is mainly because of

that the coarsening and dissolution of the precipitates during the FSW welding thermal

cycle [18, 103, 109]. It is interesting that L. Ceschini et al. [20] observed two peak hardness

in the TMAZ of friction stir welded AA7005/10%vol. AI2O3 composite, as illustrated in Fig

2.15. They suggested that the maximum microhardness in TMAZ is probably a

subsequence of strain hardening, reprecipitation of second phase and formation of Guinier-

Preston zones after natural aging. In contrast, the relatively lower hardness in nugget zone
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is due to the presence of coarsened precipitates formed during reprecipitation. It is also

worth noting if the base materials are welded as fabricated without any heat-treatment,

there will be a distinct microhardness increase in the nugget zone [101]. They attributed

this to the precipitate hardening effect caused by FSW thermal cycle. It is regretful that

none of these studies discussed the effect of reinforcement particles on the hardness profile.

Table 2.9 Summary of mechanical properties of FSW MMCs

Composites

AA6061-21% B4C

AA6063-6%B4C

AA6063-10.5%B4C
A356-15%SiC

AA2009-15%SiC

AA6092-17.5%SiC
AA6061-10%Al2O3

AA6061-20%Al2O3

AA7005-10% A12O3

Al-10%wt.TiB2

AA6061-3%wt.TiCto
7%wt.TiC

Al-15%wt.Mg2Si

Initial
temper
-

T5

T5

Cast
Extruded

T6
T6

T6

T6

Cast

T6

Cast

UTS(MPa)

205

172

176

186

325
300
250

232

251
329

262
299
240-282

138-235

95-115

YS(MPa)

135

125

125
~
225

189
~
~
234

280

193
263

�

�

�

Elong.
(%)
4.5

2.5

2.5

-
2

2.72
3.3

1.5

�
1.3

2.8
1.2

3.4-6.7

-

�

Joint
efficiency
83

62

62

134

105.5

72.5
78

74

70.7
86.8

72.0
80.8

79-99

73-114

~

Ref.

24

18

18
98

101,102

70
50

50

19

105
111

20

107

108

109

* The concentration of reinforcement refers to volume fraction unless otherwise specified.
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Fig. 2.15 Hardness profiles (HV0.02) on the cross-section of a FSW composite [20].

Tensile properties

The FSW process has caused a decrease in tensile properties since most of the

materials used in these studies has an aging hardened initial temper. According to L.

Ceschini et al. [ I l l ] , this behavior can be attributed to the concurrent effects of different

microstructural modifications induced by the FSW process such as the refinement of grain

structure, the particle redistribution and the overaging of the matrix alloy. Nevertheless,

these FSWs still have a joint efficiency around 62-87%. T.W. Nelson et al. [24] conducted

a comparison between fusion welding and FSW with A1-B4C MMCs, and reported that the

FSW welds exhibited a 22% increase in tensile strength over GTAW welds. On the other

hand, if the base materials were as-extruded condition without aging heat-treatment, an

improvement in tensile properties can be observed due to the precipitation strengthening

resulted from the FSW thermal cycles [102]. As mentioned above, PWHT has shown
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positive effects on the mechanical properties of the welds, but that is not always the case as

the abnormal grain growth may take place in some conditions. X.G. Chen et al. [18]

performed a T6 heat treatment after FSW of AI-B4C composite. The obtained tensile results

even showed some decrease compared with that in as-welded condition though an increase

of microhardness was observed in the nugget zone. S. Gopalakrishnan et al. [108] studied

the effects of various welding parameters and tool pin profile on the mechanical properties

of joints in FSW of Al-TiC MMCs. The FSW specimens without any post-weld heat

treatment belonging to a different set of parameters tested, exhibited a high joint efficiency

(most of them ranging from 90% to 98%) with respect to the ultimate tensile strength of the

base material of AA6061-MMC. It was found that the tool pin profile and the welding

speed have more significant effects on tensile strength and the joints produced using

tapered square tool present maximum joint efficiency [108]. However, in the study of S.J.

Vijay et al. [107], the joint welded by square pin profiled tool exhibits highest tensile

strength when compared to joints produced by other tools. The joint fabricated by tapered

square pin profiled tool has the least tensile strength. The reason for the opposite results on

the effect of tool pin profile may be related to the different matrix alloy and more work

needs to be done before concluding.

2.2.3.4.3 Tool Wear

Excessive tool wear is a serious problem during FSW of MMCs because of the

presence of very hard ceramic reinforcement. Such tool wear significantly reduces the

lifetime of the FSW tool and may also affect the quality of joints. J.A. Lee et al. [70]

recorded the tool wear behavior in FSW of AA6092-17.5% SiC MMCs. A tool made of
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HI3 with B4C coating was actually used in this work. The pin diameter was reduced by

0.83 mm/m and had to be replaced from the welding head for every 1.5 m welding. T.W.

Nelson et al. [24] used threaded HI 3 steel tools for welding AA6061-21%B4C composite.

The threads were completely removed in less than 254 mm of welding. D. Contorno et al.

[100] investigated the wear behavior of uncoated and coated steel tools in friction stir

processing of extruded AA359-20%SiC MMC. However, a definitive advantage of the

coatings on the hardened tool was not found.

R.A. Prado et al. [21, 112] used a simple technique to calculate the wear rate of the

welding tool by measuring the relationship between the original tool and the worn tool.

This is accomplished by weighing the photograph of the worn tool in 2D projection and

comparing the relative percentage change to the original tool photograph. They reported

that the tool wear and the rate of wear for hardened steel decreased with increasing welding

speed in the FSW of AA6061-20%Al2O3 MMCs, as illustrated in Fig. 2.16. It can be

readily observed that 20% tool wear has been reached in less than 100 cm of welding.

Interestingly, a self optimization phenomenon of tool shape was noticed in the study. When

this optimized tool shape was achieved, tool wear as determined by shape change

essentially ceased and this shape was slightly different at different welding speeds. It was

found the optimized tool could produce porosity free welds with a narrower HAZ. Thus, it

was suggested that the use of threaded tools for the FSW of MMC is not required since the

self-optimized tools yield better quality welds with fewer drops in hardness than the

threaded pin tools. Self-optimizing wear phenomena may provide a basis for designing
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optimized tools for other FSW practices, especially those involving appreciable tool wear

where tool wear reduction becomes important.
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Fig. 2.16 Pin tool wear as a percent of initial pin shape projections versus
corresponding MMC-/FSW traverse distance at various welding speeds noted. (Tool
rotation constant at 1000 rpm) [21].

GJ. Fernandez et al. [97] and DJ. Shindo et al. [99] confirmed the same phenomenon

in the FSW of A359-20%SiC MMCs using the same welding tools. However, much less

tool wear was recorded in their studies in comparison with the work of R.A. Prado et al.

[21]. In the case of 1000 rpm and 9 mm/s, only 15% tool wear was observed after self-

optimization compared to 30% tool wear during FSW of AA6061-20%Al2O3 MMCs. It is

probably because the relatively harder aluminium matrix AA6061 needs more deformation

force to flow. It was also reported that welds made after the pin optimization, are more

homogeneous and have less particle comminution. There is only a 7% reduction in the

mean SiC particle size in the weld zone for self-optimized pin tool without threads as
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compared to a 25% variation for threaded tools wearing significantly at the beginning of

the welding. It is especially interesting to note that the rate of tool optimization apparently

decreases with increasing welding speeds, and the speeds used in these studies were as high

as 9 and 11 mm/s which are very favorable in commercial welding application.

2.2.3.4.4 Summary

The feasibility of FSW has been demonstrated in different types of MMCs. It seems to

be a very promising technique for welding MMCs in terms of mechanical properties.

However, the exploration of FSW of MMCs is still at its initial stage. Further study is

definitely needed for several aspects. First, the effects of process parameters such as tool,

rotation speed and welding speed on the microstructural and mechanical properties of

MMCs welds have not been studied yet. Furthermore, a better way is needed to monitor the

tool wear condition. Although a self-optimization phenomenon was noticed in FSW of Al-

A12O3 [21, 112] and Al-SiC MMCs [97, 99], the exact reason for this behavior has not been

provided in literature. The present study is to be conducted to clarify these experimental

facts for FSW of A1-B4C MMCs.
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Chapter III Methodology

3.1 Materials

Three materials are used in this study: extruded plates of AA6063 aluminium alloy

(4.5 mm thick, T5 temper) and rolled plates of AAl 100-16%B4C MMC (4.4 mm thick) and

AAl 100-30% Ë4C MMC (2.5 mm thick). The median particle size of boron carbide in the

MMCs is around 11 (im for AAl 100-16vol.% B4C and 15 |xm for AA1100-30vol.% B4C

MMCs. The matrix of the MMCs is an AAl 100 aluminium alloy. The chemical

composition of the AA6063 plate analyzed by Optical Emission Spectroscopy (OES) is

given in Table 3.1. The AAl 100-B4C composite was fabricated by Rio Tinto Alcan via an

ingot metallurgy route [23]. The cast ingots were subsequently preheated and hot-rolled

with multi-passes of cross-rolling to the final shape. For laser welding, commercially pure

titanium of grade 1 in the form of foils (thickness: 150 jam) and filler wire (diameter: 1 mm)

were used as filler metal. For FSW, some plates of the 16% vol. B4C composite were

annealed (400 °C for 1 h) before welding in order to study the effect of initial temper of the

materials on the mechanical properties of the joints.

Table 3.1 Chemical composition of AA6063 plate (wt.%) measured by OES

Alloy

AA6063

Si

0.44

Fe

0.19

Cu

0.01

Mg

0.50

Mn

0.03

Ti

0.01

Al

Bal.
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3.2 Welding Procedures

The plates of AAHOO-B4C MMCs and aluminium alloy were shear-cut into plates

with dimensions of 150 mm (rolling direction) x 100 mm. For laser welding, the plate

edges were machined into flat; while for FSW the shear cut plates were used directly

without machining. All plates were carefully degreased with liquid acetone and dried in air.

For laser welding, a steel brush or sand paper was used to remove the possible smudges and

oxide films on the plate edges. This surface preparation is critical for a sound laser joint and

good surface finish since any moisture or excessive gap between the two welding surfaces

would cause laser energy loss and defects in the weld [52]. All plates were butt welded

along the rolling direction. As shown in Fig. 3.1, a robotized Nd:YAG laser welding

equipment (HL4006D, Trumph) in continuous emission mode was used for fusion joining,

whereas a MTS I-Stir PDS FSW machine in force control mode (max force: 90 kN) was

used for solid state joining (Fig. 3.2). For laser welding, no gap was left between the two

plates to butt weld. A schematic of laser welding with Ti filler foil between the two plates

is shown in Fig. 3.3 as an example. During laser welding with a Ti foil, an aluminium

backing plate was used to keep the Ti foil layers in position. The amount of Ti added was

controlled by adjusting the number of foil layers or the feeding rates of the filler wire. An

argon shielding gas was used at a constant flow rate of 20 L/min backward from the

vertical axis at about 40 degrees. The optical fibre transmitting the laser beam energy had a

600 \xm core diameter. The laser welding head was used in the configuration with a focal

length of 200 mm and was pushed at 10 degrees backward from the vertical axis to avoid
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possible damage to the laser optics from the beam reflection. Finally, an electric heat-gun

(at 2.5 kW) was used for 20 s at a distance o f - 10 cm in order to eliminate the possible

humidity on the welding plates. For FSW tests, the welding parameters were selected to

avoid macro-defects in the weld and excessive flash on the surface. Preliminary tests were

carried out in position control mode in order to find out the appropriate vertical force for

the specific welding condition. Conical unthreaded tools made of WC-15% Co and HI 3

tool steel were used. The outline profiles of these tools are described later in the section on

tool wear measurement in the same chapter.

Laser welding head
(Trumph)

Shielding gas nozzle

Welding plates

Fig. 3.1 The robotized Nd:YAG laser welding machine at NRC-ATC.
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I su head

Clamping de* ice

Backing plate \l-h,( plates

Fig. 3.2 FSW equipment at NRC-ATC.

Shielding uas nozzle
Laser beam

Weldinu direction

Backing plate \I-B,( \ | \ ICs plate

Fig. 3.3 Schematic of laser welding with Ti filler foil.
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3.3 Characterization and Analysis

3.3.1 Metallographic sample preparation

The welded samples were transversely sectioned and polished using conventional

mechanical polishing method. A polishing procedure adapted for MMCs is used as the

composite consists of a very soft aluminium matrix and a very hard B4C reinforcement.

Grinding and polishing were carried out using an automatic grinding / polishing machine

(Fig. 3.4) according to the following procedures. Sectioned samples were first hot mounted

in epoxy resin and ground with grained diamond disc down to 40 pm. The specimen was

polished with diamond pastes of 15, 9, 6, 3 and 1 [an granulation for a few minutes each.

Finally, polishing with a 0.05 pm colloidal silica solution was done for 15 minutes. Water

and Struers DP-suspension were used as the lubricant for grinding and polishing

respectively. It is important to wash the sample surface and change the washing water

before going to the next polishing step. On the other hand, samples for electron back-

scattered diffraction (EBSD) analysis were prepared using ion beam polishing method. It

was performed using a Cross Section Polisher (Fig. 3.5). For generating the ion beam, the

argon pressure was selected at 170 kPa. The specimen was polished for eight hours with 5

kV accelerating voltage and approximately 100 mA beam current.
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Fig. 3.4 Automatic polishing machine at ATC (Struers TegraPol-31).

Fig. 3.5 Ion beam cross section polishing machine at UQAC (Cross Section Polisher:
SM-09010).
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3.3.2 Microscopy and phase identification

The microstructure observation was performed using an optical microscope (OM,

Olympus BX51M) with an image analyzer (Clemex JS-2000) and a scanning electron

microscope (SEM, Hitachi SU-70) equipped with energy dispersive spectrometer (EDS).

The two microscopes are shown in Figs. 3.6 and 3.7. For laser welds, microstructure

observation was mainly performed at 2000-5 OOOx magnification under SEM. For friction

stir welds, microstructure observation was mainly made at 200x and 500x magnifications

under OM. For particle measurement, image analysis was conducted under OM at 500x

magnification. As shown in Fig. 3.8, a total of 64 fields (190 x 140 |im2/field, 8 fields by 8

fields) uniformly distributed in the analyzed zone (-3 mm wide) were actually measured to

increase the statistical accuracy. For the purpose of comparison, all EBSD analyses were

performed at 800x magnification and a step size between 0.25 and 0.5 [im was used.

Regardless of polishing method, the specimen was directly used for the EBSD analysis

without any etching. The phase identification was carried out under SEM using EDS

spectrum and element mapping. Some x-ray diffraction (XRD) tests were also performed

on laser welds to confirm the phases compositions. Fracture surfaces of tensile samples

were observed at lOOOx magnification under SEM.
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OM

Stage

Stage controller for Image analyzer

Fig. 3.6 Optical microscope (Olympus BX51M) equipped with image analyzer at ATC.

SEM

Fig. 3.7 Scanning electron microscope (SEM, Hitachi SU-70) at ATC.
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Fig. 3.8 Distribution of fields throughout the thickness of plate for image analysis.

3.3.3 Tool wear measurement

Tool wear is one of the problems which prevent application of FSW for joining MMCs.

The tool weight loss can be measured to calculate the actual volume loss. However, this

method only gives us the overall tool wear rate and does not provide any information on

tool profile changes. In order to better characterize the tool wear occurred during FSW of

MMCs, a three dimensional method was used to construct the outline profile of FSW tool.

One tool made of WC-Co and one made of HI3 steel was selected for comparison. It

involves a series of topographical measurement by means of the interferometry technique

after a specific distance of welding using a noncontact optical profilometer (STIL

MICROMESURE, Fig. 3.9). This equipment has a vertical resolution of 57 nm and a

horizontal resolution of 1 |im. It is assumed that the conical tool has a symmetrical wear

rate and thus two-dimensional outline profiles across the tool axis were used to illustrate

tool shapes. Fig. 3.10 provides an example of the measurement on a new steel tool.
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Fig. 3.9 Noncontact optical profilometer for FSW tool shape measurement (STIL
MICROMESURE)

10

g

!«
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S
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0-10 -5 0 5 10
Distance from the center line (mm)

Fig. 3.10 Example of outline profile of a new FSW steel tool.
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3.3.4 Microhardness and tensile tests

Vickers microhardness of the matrix was measured at two locations on the cross

section after metallographic preparation: 1 mm from the top surface and 1 mm from the

bottom surface. Fig. 3.11 shows the equipment used for Vickers microhardness testing

(CMT, Clemex). For AA6063 aluminium alloy, a load of 100 g was applied and

measurements were made automatically at intervals of 0.5 mm. For MMCs, a load of 10 g

was used because the AAl 100 aluminium matrix is very soft and the ceramic concentration

is relatively high. Measurements were made manually at intervals of about 0.5 mm to avoid

indentation on B4C particles. The tensile tests were carried out according to the ASTM E8-

04 standard at a test speed of 1 mm/min [113]. Rectangular flat specimens of 200 mm long

with 50 mm long and 12.5 mm wide gauge in the reduced section were used (Fig. 3.12).

Tensile samples of the joints were prepared without any change of surface condition after

welding (e.g. no machining). The tensile properties of each joining condition, namely the

ultimate tensile strength (UTS), the yield strength (YS) and the fracture elongation (e), are

the average values of a minimum of three tensile samples, and the standard deviation is also

calculated for each condition.
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Hardness testing
machine

Fig. 3.11 Vickers microhardness testing machine at ATC (CMT, Clemex)

200

57 (minimum)

I Ln
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Weld
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« »

R = 12.5 (minimum)

Fig. 3.12 Sketch of a typical tensile sample (unit: mm)
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3.3.5 Corrosion test

The effect of FSW on the corrosion properties of the material surface was studied by

using a 3.5wt% NaCl solution at room temperature. As shown in Fig. 3.13, the top surface

of specimen with a rectangular shape (20 mm x 20 mm) was ground with SiC paper down

to 1200 grit in order to remove the welding flash and then cleaned with isopropyl (CsHgO).

The top surface of the weld was not touched. A Teflon cylinder (~5 mm high) with 0.5 cm2

cross section area was positioned on the top surface to be tested using pliers. An epoxy

primer was then applied manually around the cylinder on the edges of specimens and dried

in air for one day. The specimens with the cylinder and epoxy primer were ground again

with SiC paper down to 1200 grit in order to obtain a flat epoxy surface and thus to avoid

crevices of solution during corrosion testing. The residual Teflon cylinder was then

removed from the specimens' surface. The specimens were then cleaned with distilled

water and dried in air. Therefore, an area of approximately 0.5 cm2 of the top surface which

was covered with Teflon during preparation, was exposed to 1000 ml of the NaCl solution

during testing. The open circuit potential (OCP) and the potentiodynamic polarization

curves were measured using a Reference 600 Potentiostat (Gamry Instruments, USA). As

shown in Fig. 3.14, the tests were performed using a three electrode system with a platinum

mesh as counter electrode and Ag/AgCl as reference electrode. The OCP of the specimens

was monitored until it stabilized for a period of approximately 1 h. The potentiodynamic

polarization curves were recorded by scanning from 250 mV below the OCP at 1 mV/s
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until the current reached 1 mA. Fig. 3.15 shows an example of a polarization curve for the

base material of A1-16%B4C MMC.

Areas with epoxy
Top surface of a weld

Area exposed to NaCl
solution (0.5 cm )

Fig. 3.13 Schematic of a specimen for corrosion test.

Counter
electrode

NaCl
Solution

Reference
electrode

Sample

Fig. 3.14 Schematic of the three electrode system for corrosion testing.
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Fig. 3.15 Example of a polarization curve for the base material of AI-16%B4C MMC.
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Chapter IV

Laser Welding of AA1100-16 vol.% B4C Metal

Matrix Composites
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Chapter IV Laser Welding of AA1100-16 vol.% B4C Metal

Matrix Composites

Laser welding of AA1100-16 vol.% B4C Metal Matrix Composites was explored in

this chapter. As shown in Table 4.1, the welding conditions are generally divided into three

groups: without any filler, with Ti foil and with Ti filler wire. Welding parameters were

selected based on visual inspection and microstructure observation. It was found that most

B4C particles were decomposed and that needle-like AIB2 and AI3BC phases were

substantially formed during the welding process without filler. A relatively low joint

efficiency of 63% (UTS) was obtained due to needle-like phases in the weld. The addition

of Ti with 150 \im thick foil increased the joint efficiency to 75% due to the decrease of

needle-like phase formations. On the other hand, the addition of Ti with filler wire did not

show significant tensile property improvement due to the Ti segregation and microstructure

inhomogeneity in the weld zone. The fracture surfaces of laser welded joints were

investigated to understand the fracture mechanisms.

The main content of this chapter is published in: J.F. Guo, P. Gougeon, X.-G. Chen, "Study on Laser Welding
of AA1100-16% V0I.B4C Metal Matrix Composites", Composites Part B: Engineering, 2012, online published,
DOI:10.1016/j.compositesb.2011.11.044.
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Table 4.1 Laser welding parameters used in the study

� , u . A Conditions _ . . o . .
^ A ^ n\\T\ Welding speed fC .,, . Defocus* BackingCode Power (kW) , , . f (foil layers or wire , . , x

 &
y (m/min) *� J- � / / � w (m m ) P*ate

_ feeding rates (m/min))
B
Fl
F2
Wl
W2
W3
W4

3.2
3.0
3.0
4
4
4
4

1.0
1.5
1.8
0.6
0.75
0.75
0.75

�
1 layer
2 layers
0.3
0.5
0.6
0.75

-3
0
0
0
0
0
0

no
yes
yes
no
no
no
no

* Defocus < 0 when the focal point is set into the material.

4.1 Microstructural Characterization

4.1.1 Laser Welds without Filler

Fig. 4.1a shows a typical macro-view of joints without filler indicating that a sound

joint can be obtained. The base material consists of aluminium matrix and B4C particles

which are uniformly distributed in the matrix (Fig. 4.1b), while the laser weld zone consists

of a large number of needle-like phases and some B4C residues (Fig. 4.1c and d). The EDS

analysis under SEM reveals that these needle-like phases are Al-B-C and Al-B compounds

(Fig. 4.2) and the XRD results confirm that both phases are AI3BC and AIB2 respectively

(Fig. 4.3). In the weld pool, the following chemical reaction took place:

9AI (0 + 2B4C (5) -* 3AlB2(s) + 2AlzBC(s) (4.1)
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Two intermetallic phases, AIB2 and AI3BC, are produced at the expense of the B4C

decomposition which is similar to the interfacial reaction occurring under conventional

casting conditions [114] although the peak temperature in the laser weld pool is reported to

be much higher (above 980°C) [115-116]. The needle-like phases can promote high stress

concentrations at the interface between the matrix and the needles and can be very harmful

to the mechanical properties of the material. Thus, the prevention of the needle-like phases

is preferable to improve the mechanical properties. During the tests, different energy inputs

were then applied by varying the laser power from 2 to 4 kW and the welding speed from 1

to 2.5 m/min. However, the needle-like morphology of both intermetallic phases was not

changed to a noticeable level. In the laser welding of Al-SiC MMCs, it was reported that

the size and the amount of the needle-like reaction product, aluminium carbide, could be

modified by varying the laser energy input [117]. Formation of the needle-like phase was

constrained in both size and quantity by decreasing the laser energy input. The formation of

needle-like phases in AI-B4C MMCs does not seem sensitive to the welding process

parameters in conditions tested. Therefore, an alternative method must be found to

effectively limit the harmful needle-like phases.
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(a)

(c)

(b)

Fig. 4.1 Images showing typical microstructures of: (a) macro-view of the laser joint
(condition B), (b) base material, (c) weld zone under OM, and (d) weld zone under
SEM.



Al-B-C

Al-B

CKal 2

Fig. 4.2 Element mapping results showing the formation of Al-B-C and Al-B
compounds

sc

Fig. 4.3 XRD results showing the presence of AIB2 and A13BC in the weld zone of Al-
B4C MMCs

87



4.1.2 Selection of Filler Material

A method to modify the microstructure of the weld zone is to find an effective filler

material that has a higher affinity to the specific elements than that of Al. As indicated in

[114], addition of Ti filler seems promising to modify the microstructural compounds in the

AI-B4C system. The standard Gibbs free energy formation of possible carbides and borides

in the AI-B4C system are calculated from data [118] and the results are illustrated in Fig.

4.4. An approximate comparison could be made if both carbon and boron atoms could be

balanced. Compared to aluminium, it is obvious that titanium has shown a much greater

affinity to boron and carbon under standard conditions. It can therefore be expected that the

titanium addition would change the microstructure of the AI-B4C MMCs laser weld zone.

The ideal amount of Ti addition should be adequate to capture all the boron and carbon

elements while avoiding the formation of other unnecessary intermetallic phases. In the

present study, Ti is used as the filler material aiming to improve the properties of laser

joints.
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Fig. 4.4 Standard Gibbs free energy of formation of possible reaction products

4.1.3 Laser welds with Ti filler foil

Two different amounts of Ti foil (150 and 300 |im thick) were used to evaluate the

effect of Ti addition on the laser welding of AI-B4C MMC. Typical macro-views of joints

welded under these two conditions are shown in Fig. 4.5 (the brighter parts at the bottom of

images are backing plates). Some undercuts on the top surface and a few porosities smaller

than 100 |im at the boundary of fusion zone can be observed. The formation of porosity is

due to the imperfect alignment of Ti foils between the two welding plates. The dimension

of the Ti foils should be more precisely controlled during preparation. Zones with a dark

gray color are due to their higher local Ti concentration. The typical microstructures in the

weld zone of the joints can be seen in Fig. 4.6. With a 150 nm thick Ti foil addition (one

layer of foil), the needle-like phases A1B2 and A13BC have been significantly reduced both
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in size and quantity (Fig. 4.6a). A new fine rod-like phase was found and the EDS analysis

indicated that this phase was a Ti-B compound (Fig. 4.7). The XRD results further

confirmed the rod-like phase as being TiB2 (Fig. 4.8). As illustrated in Fig. 4.4, the

microstructural change in the weld zone could be explained by the fact that TiB2 is the most

stable phase in the Al-B4C-Ti system. In the case of a 300 jim thick Ti foil addition (two

layers of foil), the needle-like phases completely disappeared in the weld zone as shown in

Fig. 4.6b and three new phases i.e. one rod-like, one fine particle-like, and a large amount

of thick plate-like phases were produced. The SEM mapping identified them as the Ti-B

(rod-like), Ti-C (fine particle-like) and Al-Ti (thick plate-like) compounds respectively (Fig.

4.9) and these phases are confirmed to be TiB2, TiC and A^Ti by the XRD analysis shown

in Fig. 4.10. As discussed in the previous paragraph, the ideal amount of Ti addition should

be sufficient to capture all the boron and carbon elements while avoiding the formation of

other intermetallic phases. The ideal Ti addition (uniform distribution) is calculated to be

19% volume fraction of the fusion zone in the A1-16%B4C composite according to the

following chemical reaction:

3Ti (0 + B4C (s) -> 2TiB2(s) + TiC(s) (4.2)

As the average width of the weld zone in this study is around 1 mm, the additions of 150

and 300 nm Ti foils correspond approximately to 15% and 30% Ti (volume fraction)

respectively. Obviously, the optimum Ti foil thickness should be between 150 and 300 |iim

for eliminating needle-like AIB2 and AI3BC phases while avoiding large Al3Ti

intermetallics.
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( i l )

Fig. 4.5 Optical images showing typical macro-views of laser joints made with (a) 150
urn and (b) 300 am Ti foils

(b)

Fig. 4.6 SEM micrographs showing the typical microstructure of the weld zone with (a)
150 am Ti and (b) 300 am Ti
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Fig. 4.7 Element mapping results showing the formation of Al-B, Al-B-C and Ti-B
compounds

5oO

40
�250

D Al
0 B4C
� AIsBC
9 AlBj
A TiB2

n u
0

n

J * 6A Afl

n

D
ILL

60 ec

Fig. 4.8 XRD results showing the presence of AIB2, AI3BC and T1B2 in the weld zone of
joints made with 150 u.m Ti foil
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Fig. 4.9 Element mapping results showing the formation of Ti-B, Ti-C and Al-Ti
compounds
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Fig. 4.10 XRD results showing the presence of TiB2, TiC and AI3T1 in the weld zone of
joints made with 300 urn Ti foil
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4.1.4 Laser welds with Ti filler wire

Four wire feeding rates (Wl - W4 listed in Table 4.1), corresponding to 9%, 13%, 15%

and 19% Ti (volume fraction) respectively were tested. It was observed, however, that

microstructures of the laser joints in all four conditions were not as uniform as for the joints

made with the Ti filler foils. A typical macro-view of the laser joint is shown in Fig. 4.11

and the Ti segregation in the weld zone is very severe. Various microstructures with

insufficient, adequate or excessive Ti concentrations are simultaneously found in the same

weld for all four feeding conditions. Figs. 4.12a and b display typical microstructures with

insufficient Ti and show large need-like AIB2, AI3BC and AI4C3 phases. Fig. 4.12c shows

the zone consisting only of titanium boride and titanium carbide (Til$2 and TiC) that

corresponds to the adequate Ti content, while Fig. 4.12d represents an excessive Ti zone

with a large amount of A^Ti intermetallic phases. The microstructural inhomogeneity of

the joints is due to the non-uniform intermixing in liquid state before the bulk solidification

of the welding pool. Unlike the Ti foil that was uniformly placed along the joint before

welding, the Ti wire first had to be melted and then redistributed through diffusion and

convection within the entire weld pool. Due to the narrow weld pool and the high cooling

rate, it appears very difficult to reach a uniform Ti distribution in the weld zone. The Ti

segregation, and hence the inhomogenous microstructure, would undoubtedly have a

negative effect on the mechanical properties of the joints.
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Fig. 4.11 Optical images showing typical macro-view of laser joints made with Ti filler
(zone lwith light color: insufficient Ti, zone 2 with dark gray color: excessive Ti)

"MlI "

(c) (d)
Fig. 4.12 SEM micrographs showing typical microstructures with various local Ti
concentrations, a) and b) insufficient Ti zones, c) adequate Ti zone and d) excessive Ti
zone
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It is interesting to notice that there are zones with an optimum Ti amount consisting of

only titanium boride and titanium carbide (Fig. 4.12c). Further improvement of the

microstructure and hence the mechanical properties would be possible if the problem of the

Ti segregation could be resolved in the weld process.

4.2 Mechanical Properties

4.2.1 Microhardness

Fig. 4.13 shows the Vickers microhardness profiles of the welds produced without

filler and with Ti filler foils. All these welds demonstrated a sharp increase of

microhardness in the fusion zone. This is due to a large amount of reaction-induced

intermetallic phases formed in the fusion zone. In addition, a slight decrease of

microhardness could be observed in the HAZ owing to the annealing effect of the laser heat

input. A comparison between these curves reveals that the weld made with one layer Ti foil

presents a relatively small hardness increase in the fusion zone compared to the base

material, while the welds made with other two conditions exhibit large microhardness

increases. This is because the intermetallics in the weld using one layer Ti foil were finer

and less brittle compared to that in the other two conditions.
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Fig. 4.13 Vickers microhardness profiles across the laser weld: (a) without filler, (b)
with 150 fim Ti foil and (c) with 300 urn Ti foil

4.2.2 Tensile Results

The tensile results of the base material and the laser welded joints of AI-B4C MMCs at

different conditions are presented in Table 4.2 and are illustrated in Fig. 4.14. All the

welded joints failed in the fusion zone which had the highest microhardness (Fig. 4.13) in

the welds. This is explained by the presence of a large number of brittle intermetallics and

by the stress concentration effect which was rather intense in the fusion zone. For laser

joints without Ti addition, a joint efficiency (UTS) of 63% was obtained. The low value of

the tensile properties was due to the large amount of needle-like phases formed in the joint
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during laser welding. With 150 |nm Ti foil addition, the joint efficiency (UTS) of the joints

increased to 75%. This is attributed to the reduced amount and size of the needle-like

phases and the formation of a TiB2 rod-like phase. In contrast, the joints made with 300 |im

Ti foil showed a decrease of joint efficiency compared with the one obtained for welds

produced with a 150 |im Ti foil addition. According to the microstructural observation, the

formation of a large amount of plate-like A^Ti intermetallics may account for the decline

of mechanical properties. On the other hand, the Ti addition in the form of filler wire did

not show remarkable improvement of the tensile properties and the tensile strengths were

almost the same as the joints without Ti addition. The conditions W2 and W4 exhibited a

slight enhancement of joint efficiencies (66 - 68% compared to 63% without Ti). Although

the amounts of Ti addition with filler wire were varied from 9 to 19% by adjusting the wire

feeding rates, the relative insensitivity of the mechanical properties with the Ti filler wire

was mainly attributed to the Ti segregation and resultant microstructural inhomogeneity

and defects.

In a practical point of view, the addition of Ti foil along the joint is a simple method

that produced a uniform Ti distribution in the entire welding zone. Selection of an

appropriate foil thickness corresponding to the optimum Ti concentration of the joint would

further improve the joint efficiency as long as uniform intermixing is obtained in the

welding pool. It should also be mentioned that in all the above weld conditions, elongation

of the laser joints remained relatively low (less than 1%) compared to the base composite

material (3,8%). This is mainly because of the formation of brittle intermetallics during

laser welding. In addition, the welding defects such as undercut and porosity may also play
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an important role in the degradation of the ductility. It should be pointed out that the

composition of B4C under all conditions does not affect the capability of neutron absorption

of the MMC because the amount of 10B isotope remains unchanged no matter what

compound it forms.

Table 4.2 Tensile results of the base material and laser welded joints of AI-B4C MMCs
(± corresponding standard deviation)

Conditions

Base material

B (without filler)

Fl (1 layer)

F2 (2 layers)

Wl (0.3 m/min)

W2 (0.5 m/min)

W3 (0.6 m/min)

W4 (0.75 m/min)

UTS (MPa)

160 ±1

101 ± 1

120 ±4

103 ±6

99 ±2

109 ± 1

100 ± 1
106±3

YS (MPa)

147 ± 1

93 ±2

116± 1

99 ±4

91 ±2

95 ± 1

92 ±3
91 ±2

s

3.8

0.4

0.5

0.5

0.5

0.5

0.5

0.7

(%)

±0.5

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

Joint eff.
(%)
~

63

75

64

62

68

63

66

Failure
location

�

joint

joint

joint

joint

joint

joint

joint

180

160
W.l.ls frith Ti Toil
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IUTS
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Fig. 4.14 Tensile results of the base material and laser welded joints for AI-B4C
MMCs
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4.2.3 Fractography

The fracture surfaces of the base material and the laser joints of the AA1100-16 vol.%

B4C MMCs were examined by SEM to study the fracture mechanisms involved during

tensile testing. For laser joints with Ti addition, only those with Ti foils were selected for

fractography as the maximum tensile strength was obtained with one layer Ti foil. The

typical micrographs of the fracture surfaces are shown in Fig. 4.15. In the base material

(Fig. 4.15a), large interfacial voids resulting from decohesion between B4C particles and

the matrix, and some ductile dimples in the matrix were the main characteristics of the

fracture. In joints without the Ti addition (Fig. 4.15b), the fracture surface was

characterized as a brittle fracture with some large cleavage planes. As previously

mentioned, the addition of 150 |nm Ti foil remarkably reduced the size and quantity of the

needle-like phases. Consequently, the fracture surfaces of joints made under this condition

(Fig. 4.15c) showed a smaller scale of cleavage planes than that of joints without the filler

(Fig. 4.15b) and a higher tensile strength was recorded when 150 ^m of Ti foil was added.

However, the fracture surfaces of joints made with 300 (im Ti foil (Fig. 4.15d) showed

coarser cleavage planes when the microstructure of the joints contained a great number of

plate-like A^Ti intermetallics which decreased the tensile strength of the joints.
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(cl (d)
Fig. 4.15 Tensile fracture surface of the (a) as-rolled base material and (b) laser joints
without filler, (c) with 150 fim Ti foil, and (d) with 300 u.m Ti foil

It is worth mentioning that in all laser joints produced in the three conditions, the

fracture surfaces were characterized as brittle although some differences could be seen

amongst the corresponding surfaces. This explains why the tensile properties of the laser

joints, particularly the elongation, decreased in comparison to that of the base material.
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4.3 Summary and Conclusions

1. A joint efficiency (UTS) of 63% is obtained for the laser welding of AAllOO^C

MMCs without filler material. In the weld zone, most B4C particles are decomposed into

needle-like AIB2 and AI3BC phases.

2. The joint efficiency of the laser welded joints can be increased to 75% with the addition

of 150 |im Ti foil. An appropriate addition of Ti concentration may further improve the

mechanical properties of the joints. With Ti addition, TiB2, TiC and A^Ti phases are

formed in the laser weld zone instead of needle-like AIB2 and AI3BC phases.

3. Addition of the Ti in form of filler wire did not show significant improvement of the

tensile properties due to the Ti segregation and microstructural inhomogeneity in the laser

weld zone.

4. The ductility of all laser joints remains lower than 1% even with Ti addition.
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Chapter V

Friction stir welding of AA1100-B4C Metal Matrix

Composites
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Chapter V Friction stir welding of AA1100-B4C Metal

Matrix Composites

The feasibility of friction stir welding for joining AA 1100 based metal matrix

composites reinforced with B4C participate was studied for 16 and 30%B4C volume

concentrations. The wear behavior of FSW tools made of WC-Co and HI3 steel were

compared. Most of the joints were produced using the WC-Co tool except otherwise

specified. For the 16% B4C composite, the material received from the manufacturer is in

the as-rolled condition. Some plates of the 16% B4C composite were annealed (400 °C for

1 h) before FSW to study the effect of the initial temper of the materials on the mechanical

properties of the joints. For the 30% B4C composite, only the annealed temper was used.

The welding parameters were selected to avoid macro-defects in the weld and excessive

flash on the surface, as listed in Table 5.1. It was found that the welding tool made of WC

showed much better durability than the steel tool for which the tool wear occurred mainly

on the shoulder edges. For both composites, friction stir welding has a significant influence

on the particle size distribution and the matrix grain size. For the 16% composite, the

average particle size decreases after welding by -20% and the grain size from 15 to 5 |im

The major part of this chapter is published in: J.F. Guo, P. Gougeon, X.-G. Chen, "Characterization of
Welded Joints Produced by Friction Stir Welding in AAHOO-B4C Metal Matrix Composites", Science and
Technology of Welding & Joining, 2012, Vol. 17, No.2, pp. 85-91.
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as measured in the weld nugget. Tensile testing of welded joints showed up to 100% joint

efficiency for both annealed AA 1100-16%B4C and AA 1100-30%B4C composite

materials. However, the ultimate tensile strength values of all the studied composites are

similar at -130 MPa, and the weld ductility is higher for the annealed materials.

Furthermore, it was observed that varying the welding speed between 100 and 275 mm

min"1 does not influence the tensile properties and the particle size distribution in the

nugget.

Table 5.1 FSW welding parameters

Code B4C (vol.
fraction)

Temper Rotation Welding speed
speed (rpm) (mm/min)

LRl
LR2
LR3
LAI
LA2
LA3
HA1
HA2
HA3

SI (steel tool)
S2 (steel tool)

16%
16%
16%
16%
16%
16%
30%
30%
30%
16%
16%

As-rolled
As-rolled
As-rolled
Annealed
Annealed
Annealed
Annealed
Annealed
Annealed
Annealed
Annealed

1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

100
200
275
100
200
275
100
200
275
100
275

5.1 Tool wear

The tool wear of conical unthreaded tools made of H13 steel and WC-15 wt.% Co

were compared. As can be seen in Fig. 5.1a to c, the tool made of HI 3 tool steel has been

worn out in one meter FSW of Al-16%vol.B4C MMC. The tool wear occurs mainly on the

tool shoulder edge as the concave shape has become completely convex. The tool profiles
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measured by the optical profilometer are provided in Fig. 5.2a, which confirms this wear

behaviour. The preferential wear on the shoulder edge can be explained by two reasons.

First, the materials under the outer part of the tool have lower temperature and thus higher

viscosity [119] which makes the friction experienced by the outer part of the tool much

higher. In addition, the outer part of the tool passed longer distance than the inner part did.

In contrast, the tool made of WC-Co displayed excellent durability (Fig. 5.1d-f) in FSW of

Al-16%vol.B4C MMC. Only a limited wear can be observed on both of the tool shoulder

and pin after six meters' FSW (Fig. 5.2b). This is promising as the WC-Co tool with

unthreaded geometry can significantly reduce the tool wear during FSW. It was reported

that an appreciable tool wear was observed in the FSW of a Al-30 vol.% SiC MMC by

using a threaded tool made of WC-Co material [120], The average wear rate was calculated

according to the mass loss measured by using a high precision balance. As shown in Table

5.2, the results demonstrate that the WC-Co tool is significantly more durable than the steel

tool. The results obtained on the wear tests could be very useful for the future tool design

and material selection. For instance, composite tools with different combination of pin and

shoulder materials may be an attractive option for prolonging tool life and reducing tool

cost.

The presence of the tool wear debris in the welded microstructure was examined in

the nugget zones for both tool materials. Most debris was concentrated at the top part of the

nugget. Fig. 5.3 shows the typical micrographs taken at the top of nugget zones. Numerous

particles of steel debris were observed close to the top of the joint (less than 0.5 mm from

the top) when welded by the steel tool (Fig. 5.3a). On the contrary, only few and tiny WC-
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Co debris could be observed at the corresponding area of the joint made by the WC-Co tool

(Fig. 5.3b). The fact that the debris was mainly found in the top part of the nugget

corresponds well to the preferential wear on the shoulder edge, especially in the case of

using steel tool. In the presence of numerous hard ceramic particles, the tool wear through

abrasion is considered as the main wear mechanism in the FSW of AI-B4C composites.

It should be noted that self-optimization of tool geometry was not observed on either

tool. Little tool wear can hardly be noticed on the pins of both tools. This can be attributed

to the absence of threads on the tool pins and thus much less vertical driving force was

generated to create translational turbulence. According to R.A. Prado et al. [21], the

resulting flow of ceramic particles from the turbulence would erode the threads. The tool

became self-optimized when there is no threads left.

a) Initial (steel) b) After 0.45 m (steel) (c) After 1 m (steel)

d) Initial (WC-Co) e) After 3.8 m (WC-Co) (f) After 6 m (WC-Co)

Fig. 5.1 Shape changes of the FSW tools, (a ~ c) H13 steel and (d ~ f) WC-Co
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Fig. 5.2 Tool shape measurement of (a) H13 steel tool and (b) WC-Co tool

Table 5.2 Tool wear rate comparison for both tool materials

Wear WC tool Steel tool (HI 3)

properties Initial After 3.8 m After 6 m Initial After 0.45 m After 1 mm

Mass(g) 39.91 ±0.01 39.87 ±0.01 39.84 ±0.01 21.46 ±0.01 21.38 ±0.01 21.31 ±0.01

Volume 2526.0±0.1 2523.6± 0.1 2521.4±0.1 2750.9 ± 0.1 2740.7±0.1 2731.7±0.1
(mm3)
Tool wear N / A 0 6 3 2 0.768 N/A 22.7 19.23
rate (mnv /m)
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(a) (b)

Fig. 5.3 Typical micrographs showing (a) the steel debris, and (b) WC-Co debris at the
top edge of the weld cross-sections

5.2 Microstructures

All FSW joints of AAHOO-B4C materials were inspected from the bottom side by

ultrasound in an immersion bath prior to further analyses to ensure they were sound and

free of macro defects. The ultrasonic inspections were performed with a focused shape

transducer operating at 30 MHz. The inspection results for a defect-free weld and for a

weld with discontinuous defects are presented in Fig. 5.4 (a) and (b), respectively. It should

be noted that any non-uniformity in the inspected materials (larger than -120 um) will

cause a change in the ultrasonic wave propagation and generate a different color from the

blue background color. Therefore, some welding defects and particle clusters in the

AAHOO-B4C composite materials could behave in a similar way during ultrasonic

inspection. Careful analysis of discontinuities has to be made with the inspection software
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to distinguish between welding defects and particle clusters. According to the analysis,

most of the spots (change of color) outside of the welded zone are due to particle clusters. It

is remarkable that the FSW process significantly reduced the number of particle clusters in

the stirred zone, as shown in Fig. 5.4a. The discontinuous defects in the welded zone (Fig.

5.4b) are usually caused by insufficient forging force and can be avoided by setting the

welding parameters accordingly.

A typical macroscopic overview of sound weld cross-section is shown in Fig. 5.5. The

stirred zone (nugget), TMAZ, and HAZ, as well as the base material (BM), can be roughly

identified by color change due to the different thermo-mechanical histories of the materials.

The typical defects found in the fusion welding joints, such as particle segregation, porosity

and chemical reaction, are not observed in the FSW joints.
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Wcldod zone

(a) Defect free FSW joint

»rt Welded zooo

Stop not in view

20 mm

Stop

(b) FSW joint with discontinuous worm hole

Fig. 5.4 Typical ultrasonic inspection images of FSW joints of AA1100-16 vol.% B4C
MMCs. a) Defect free FSW joint, b) FSW joint with discontinuous worm hole.

Advancing side

TMAZ

HAZ

Base material

Nugget

Fig. 5.5 Typical macrograph of FSW joint of AAl 100-16 vol.% B4C composite. Weld
zone on the retreating side cannot be clearly identified.
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5.2.1 B4C particle characterization

Image analyzer results show similar average volume concentrations of B4C particles in

the nugget zones and base materials. The measured B4C concentrations are 15 ±1% in the

nugget and 16 ±1% in the base material for Al-16 vol.% B4C MMCs, and 32 ±1% in the

nugget and 33 ±1% in the base material for Al-30 vol.% B4C MMCs.

Although the FSW process does not affect the B4C volume concentration, it should be

noted that significant particle size and shape changes are observed in the weld zone. As

illustrated in Fig. 5.6, breakage of B4C particles occurs in both materials, and typical

micrographs of the base and welded materials clearly show this feature.

Typical B4C particle size and shape histograms are plotted in Fig. 5.7 for both

materials. Particle size analyses were carried out with great care using the image analysis

software to avoid counting intermetallics (fine and grey particles) as B4C particles (black

particles). Furthermore, particles for which the cross section area is smaller than 2 |nm2 are

not counted due to measurement uncertainties. Obviously, the amount of finer B4C particles

increases significantly in the nugget for both materials. For Al-16% B4C MMCs (LR3), the

average particle area decreased from 86 ±5 fim2 (base material) to 60 ±5 |xm2 (nugget),

while for Al-30% B4C MMCs (HA1), this average value decreased from 186 ±5 |im2to 109

±5 |nm2. Similar results were also obtained in the FSW of Al-SiC and A1-A12O3 MMCs [19,

98]. On the other hand, the particle aspect ratio is significantly reduced (from 2.53 ±0.02 to

2.13 ±0.02) in the Al-16% B4C MMCs. This rounding effect may be due to the breaking
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and possible abrasion of the B4C particles during FSW of this Al-composite. However, the

particle aspect ratio for Al-30% B4C MMCs does not change significantly (constant

average value of 1.92 ±0.02). The reason for this different behavior is unclear, but the

smaller aspect ratio of B4C particles, the difference in the initial particle distribution, and

the higher viscosity of the material during FSW surely play a role. In our study, the

influence of welding speed on particle breakage and aspect ratio was investigated in Al-16%

B4C MMCs, and the results are given in Table 5.3. Similar behavior of the particle

breakage was observed in both as-rolled and annealed conditions and the welding speed did

not have a significant influence on the particle breakage and roundness.

Optical microscopy showed that the distribution of B4C particles in the stirred zone is

more homogenous than that of the base material. Particle clusters and alignment along the

rolling direction found in the base material have completely disappeared in the stirred zone.

A similar phenomenon was also reported in FSW of Al-SiC [103] and AI-B4C MMCs [18].

This can be attributed to the physical stirring effect of the FSW tool and is very favorable

here since homogenous B4C particle distribution is of primary importance in nuclear

applications.
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Fig. 5.6 Typical optical micrographs of (a) base material and (b) nugget zone of Al-
16%B4C MMCs (LR3); (c) base material and (d) nugget zone of Al-30%B4C MMCs
(HA1)
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Fig. 5.7 Particle area and aspect ratio histograms measured in the base material and
FSW nugget of both Al-16% and Al-30% B4C MMCs

Table 5.3 Particle

Conditions
(welding speed

-mm/min)
LR1 (100)
LR2 (200)
LR3 (275)

size and aspect

Base
Particle area

Urn
85
83
86

ratio before and

material

Aspect ratio

2.56
2.42
2.53

after FSW of Al-16% B4C

Nugget
Particle area .

2 Aspect ratio
Urn
55
59
60

2.04
2.11
2.13
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5.2.2 Fragmentation of constituent particles

To facilitate the fabrication of AI-B4C MMCs cast ingots during the liquid mixing cast

process, a certain amount of Ti was added to the aluminium matrix to avoid the degradation

of B4C particles. By adding Ti, a protective layer consisting of fine TiB2 and AI3BC formed

around the B4C particles [114]. Therefore, in the microstructure of rolled base materials,

several reaction-induced fine particles such as TiB2, AI3BC and AIB2 are often found

around B4C particles. Furthermore, some Al-Fe intermetallic particles from the impurities

of the AA1100 alloy are distributed in the aluminium matrix.

As illustrated in Fig. 5.8a, many TiB2 and AI3BC fine crystals around B4C surfaces

were generally recognized before FSW, while such particles can no longer be found around

the B4C particles in the stirred zone, as seen in Fig. 5.8b. It is evident that most of the

reaction-induced particles are broken down and stirred away from B4C particles, and

redistributed in the aluminium matrix. The fragmentation of Al-Fe intermetallic phases was

also observed in the nugget zone. The fragmentation and redistribution of these constituent

particles are believed to be beneficial for grain structure refinement of the matrix since the

fine intermetallic particles may act as nucleation sites during dynamic recrystallization

induced by FSW. It is also reasonable to believe that these fine particles can have a

dispersion strengthening effect on the aluminium matrix.
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Fig. 5.8 Typical backscattered images of the inter metallic distribution in AA1100-16%
B4C MMCs before (a) and after (b) FSW

5.2.3 Grain refinement of the aluminium matrix

Significant grain refinement of the aluminium matrix was observed in the stirred zones

of both 16% and 30% B4C composite materials. Comparing the base material and nugget

zone grain structures in Fig. 5.9 (a) and (b) reveals the grain refinement effect in an

example of the 16% B4C composite material. As shown in Fig. 5.9, the average grain size

of 16% B4C composite material is reduced from about 15 um in the base material to about

5 um in the nugget zone. Refinement of the grain structure is mainly attributed to the

effects of plastic deformation and thermo-mechanical cycle during FSW. Similar grain

refinement in the nugget has also been reported in the literature for different aluminium

alloys [74, 121]. In the case of metal matrix composites, other authors have confirmed a

similar recrystallization process for FSW of Al-SiC [103], A1-B4C [18] and other MMCs.
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(b)

Fig. 5.9 EBSD maps showing the typical grain structure in (a) the as-rolled base
material and (b) its weld nugget zone. The black color indicates B4C particles while
the other colors display different orientations of aluminium grains.
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5.3 Mechanical properties

5.3.1 Microhardness

The microhardness profiles measured in the FSW joint of as-rolled AA1100-16% B4C

MMCs show an increase of hardness in the nugget zone for all welding conditions, as

shown in Fig. 5.10a. This can be related to the much finer grain size in the nugget and the

hardening effect of the fine broken particles embedded in the matrix. A softened region can

be observed in the weld of strain hardened monolithic alloys, as previously reported [87-

88]. However, in this study the hardening effect of grain refinement and the fine broken

particles embedded in the matrix overcome the softening effect. It is important to note that

the minimum hardness for as-rolled Al-16% B4C is observed in the transition zone of the

weld, where there is an annealing effect by the FSW thermal cycle. Such minimum does

not exist in the microhardness profiles of the annealed material (Fig. 5.10b). Moreover, the

hardening effect in the stirred zone is also confirmed for the annealed material.

The microhardness in the FSW joints of AA1100-30% B4C MMCs has not been

measured since the inter-particle distance is not sufficient to allow the implementation of an

effective indent even with 10 gf.
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Fig. 5.10 Microhardness profiles across the FSW joints of (a) as-rolled AAllOO-16%
B4C MMCs (LR3), (b) annealed AAllOO-16% B4C MMCs (LA3)

5.3.2 Tensile properties

The transverse tensile tests of all FSW joints were carried out to examine the effects of

FSW parameters on the mechanical properties of welded assemblies. For comparison

purposes, the base materials in the corresponding temper were also tested perpendicular to

the rolling direction. The tensile properties of the base materials and their FSW joints are

listed in Table 5.4 and are illustrated graphically in Fig. 5.11. Generally, tensile results

show high joint efficiency for both composite materials, up to 100% for the joints made

from annealed materials.
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Table 5.4 Tensile tests of the base materials and FSW joints for AI-B4C MMCs

Material

As rolled
A1-16%B4C
LR1 (lOOmm/min)
LR2 (200 mm/min)
LR3 (275 mm/min)
Annealed
A1-16%B4C

LAI (100 mm/min)

LA2 (200 mm/min)

LA3 (275 mm/min)

Annealed
Al-30%B4C
HAl (100 mm/min)
HA2 (200 mm/min)
HA3 (275 mm/min)

UTS
(MPa)

160

129
133
132

126

129

131

127

128

132
129
130

Standard
deviation
(UTS)

0.86

3.9
0.87
0.82

1.9

0.69

0.80

0.86

0.86

0.42
1.6
1.2

YS
(MPa)

148

101
100
94

61

70

71

77

91

93
90
88

e (%)

3.8

2.9
3.9
4.3

12.6

11.9

14.6

10.1

7.8

6.4
6.4
7.0

Joint eff.

(%)

�

81
83
83

�

100

100

100

�

100
100
100

Failure
location

--

TMAZ/HAZ
TMAZ/HAZ
TMAZ/HAZ

�
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Fig. 5.11 Tensile properties of AAIIOO-B4C MMCs and their FSW joints.
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The decrease of the ultimate tensile strength and yield strength of the as-rolled

AA1100-16% vol. B4C MMCs is due to the annealing effect induced by the thermal cycle

during FSW. As shown in Table 5.4, the failure location of the joints occurs in the

transition zone (TMAZ/HAZ), which is also the position for the minimum value in the

microhardness profile. Figure 5.12 shows the EBSD maps from the base material and the

HAZ. In the as-rolled base material, there are a number of dislocation networks (low angles

2 - 5°), while in the HAZ, the heat generated during welding causes the recovery to take

place and most dislocation networks to disappear, resulting in a drop in the strength and

hardness.

For this material, the increase of welding speed from 100 mm/min to 275 mm/min

does not have a significant effect on the UTS and YS, which is somewhat unexpected

according to the literature on FSW of strain hardened pure aluminium [87, 90]. The non-

effect of welding speed on the mechanical properties of welded as-rolled MMC materials

compared to monolithic strain hardened aluminium alloys may be attributed to higher heat

generation during FSW of MMCs. Indeed, higher temperature is expected during FSW of

AI-B4C composites due to their higher flow stress and lower thermal conductivity (173

WnT'-K"1 for A1-15%B4C and 222 Wm^K" 1 for AA1100-O) [122-123].

On the other hand, the FSW joints of the annealed MMC materials, for both B4C

concentrations, show UTS, YS and elongation values comparable to those of the

corresponding base materials. The variation of welding speed from 100 mm/min to 275

mm/min, as expected, does not show significant effect. This is understandable as the
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materials are already in fully annealed condition, which negates the softening effect of the

FSW thermal cycle.

It is worthwhile to highlight the fact that all tensile samples made of MMCs with 30%

vol. B4C and most of the tensile samples made of MMCs with 16% vol. B4C in annealed

condition failed in the base materials. This indicates that the FSW joints of these MMCs are

stronger than the base materials, which is very unusual for aluminium based material

welding. This is related to the grain refinement of the matrix resulting of the FSW process.

It is interesting to note that the FSW joints of as-rolled samples show good consistency in

terms of tensile properties, as indicated by the low standard deviation values on repeated

measurements.

Comparison of the tensile data between the FSW joints of as-rolled and annealed

AAl 100-16% B4C MMCs indicates that the starting temper of the materials does not have

much influence on the final UTS of the joints, but has a significant effect on elongation s.

The annealed starting temper is recommended as far as tensile property values are

concerned as for similar UTS the welded samples give higher elongation. It is worthwhile

to highlight the fact that most of the tensile samples made of MMCs with 16% vol. B4C in

annealed conditions failed in the base materials, as shown in Fig. 5.13. This indicates that

the FSW joints of these MMCs were stronger than the base materials, which is very

promising for joining aluminium metal matrix composites.
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Fig. 5.11 EBSD maps from the as-rolled base material (a) and the HAZ (b), showing
the recovery to take place in the HAZ where most dislocation networks (low angles 2-
5°) disappear. The black regions are B4C particles while other color regions represent
the aluminium grains with different orientations. The black lines are the boundary
angles > 15°, while the green lines display the boundaries between 5 and 15 ° and the
grey lines between 2 and 5 °, respectively.

Original joint line

20 mm

Fig. 5.13 Failure locations of FSW joints (FA2)
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5.3.3 Fractography

After tensile testing, the fracture surfaces of the base material and the FSW joints of

the AA1100-16% B4C MMCs were examined by SEM to investigate the effects of FSW on

fracture behavior. The results of typical SEM micro-images are shown in Fig. 5.14. The

fracture of particulate reinforced MMCs under tensile loading is controlled by three main

mechanisms depending upon the nature of the matrix, reinforcement and interface [124-

125]: i) If the matrix is very strong and the local stress exceeds the fracture stress of the

reinforcement particle, particle fracture will occur; ii) If the local stress is lower than the

particle fracture strength but is higher than interfacial strength, interfacial decohesion

occurs; iii) If both the interface and the reinforcement are stronger than the matrix, then

fracture takes place by void coalescence of the matrix.

In the as-rolled materials, large interfacial voids, resulting from decohesion between

B4C particles and matrix, are the main characteristics of the fracture (Fig. 5.14a). Particle

fracture was occasionally observed but a large portion of the fracture consisted of

interfacial decohesion. The local stresses were not large enough to fracture the majority of

the particles but exceeded the interface strength, which resulted in interfacial voiding.

In the FSW joints of the as-rolled material, failure occurs in the transition zone

(TMAZ/HAZ). The fractograph (Fig. 5.14b) shows extensive ductile dimpling in the matrix

with occasional small interfacial voids between particles and matrix. As the tensile strength

decreased significantly after FSW of the as-rolled material, the void coalescence of the
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matrix became the dominant feature. The rupture surface is due to the finer particles in the

TMAZ zone compared to the base materials, and easier plastic deformation of the

aluminium matrix annealed by FSW.

Fig. 5.12 SEM micrographs of tensile fracture surfaces of (a) the as-rolled base
material, (b) the FSW joint (LAI) and (c) the annealed base material

On the other hand, the fracture surfaces of the annealed base material and the

corresponding FSW joints are very similar, and the morphology can be characterized as

major ductile dimpling in the matrix with a small fraction of interfacial decohesion (Fig.

5.14c). The scale of the matrix dimples and interfacial voids is coarser than that found in

126



the FSW joints of the as-rolled material, as shown in Fig. 5.14b. This is because the failures

of the FSW joints of the annealed materials are located in the HAZ or the base material

where there was no refinement of both particles and matrix. In both cases (annealed base

material and its FSW joints), the materials were already fully annealed and the tensile

strengths were low. The annealed AA1100 matrix is very soft, and therefore, it is

understandable that the AA1100 aluminium matrix tends to fail before the fracture of B4C

particles and interfacial decohesion.

5.4 Corrosion Property

To distinguish the corrosion resistance of the base materials and the friction stir welds,

potentiodynamic polarization measurement was carried out [126]. Fig. 5.15 shows the

typical polarisation curves for the base material and the friction stir welds in 3.5 wt. %

NaCl solution. The corrosion potential (Ecorr), the corrosion current density (jcorr) and the

polarization resistance (Rp) are summarized in Table 5.5. The corrosion current density

jcorr was obtained from the extrapolation of the cathodic Tafel slopes to the respective

corrosion potentials and the polarization resistance (Rp) values were calculated from the

slope of linear E - j curves found by varying ±10 mV around the Ecorr. As can be seen in

Table 5.5, the base material displays the highest corrosion potential (Ecorr=-667mV) and

the highest polarization resistance (Rp=19.91 kQcm2). Consequently, the base material has

better corrosion resistance than the welds made with both tools.
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On the other hand, welds produced by steel tool showed lower corrosion potentials and

polarization resistances than those produced by WC-Co tools at the same welding speed

condition. This indicates that the joints produced by steel tool possess the worst corrosion

resistance. The difference of the corrosion resistance between two types of joints may be

attributed to the fact that a large amount of steel tool debris was embedded in the top part of

the welds and thus increased the corrosion initiation sites (Fig. 5.3).
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Fig. 5.13 Potentiodynamic polarisation curves of the base material and its friction stir
welds

Table 5.5 Electrochemical

Conditions
ECorr (mV)

j c o r r (uA cm"2)
Rp(k0cm2)

Base
-667
0.898
19.91

parameters

SI
-689
1.921
1.74

for the polarisation

S2
-693
0.999
4.27

curves shown

LAI
-670
1.501
4.68

in Fig. 5.13

LA3
-675
1.142
6.03
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5.5 Summary and Conclusions

1. Friction stir welding is a good welding technique for joining AAllOO-based metal

matrix composites reinforced with B4C particles up to 30% volume fraction. Joint

efficiencies (UTS) higher than 81% are obtained for the as-rolled AA1100-16 vol.%

B4C composite, and up to 100% for both the annealed AA1100-16 vol.% and AA1100-

30 vol.% B4C composite materials.

2. Breakage and fragmentation of ceramic and constituent particles during FSW are noted.

While the particle size distribution stays monomodal after FSW, the average particle

cross section area decreases from 86 to 60 jam2 for the 16% B4C composite and from

186 to 109 \xm2 for the 30% B4C composite, respectively. Some rounding has also been

observed after welding, with a particle aspect ratio varying from 2.5 to 2.1 after welding

of the 16% B4C concentration composite.

3. The annealed starting temper is generally recommended for AAllOO-based metal

matrix composites, as their FSW joints have equal UTS at about 130 MPa and higher

elongation compared with those of the as-rolled condition.

4. The grain refinement of the aluminium matrix (15 to 5 |nm for AA1100-16% B4C)

induced by FSW contributes to the high tensile properties of FSW joints.
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5. The FSW joint surfaces produced by both tools exhibited lower corrosion resistance

than that of the base material. But the joints made by the WC-15wt.%Co tool showed a

better corrosion resistance than those made by the steel tool.
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Chapter VI

Microstructure evolution and mechanical

properties of dissimilar friction stir welded joints

between AA1100-B4C MMC and AA6063 alloy
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Chapter VI Microstructure evolution and mechanical properties

of dissimilar friction stir welded joints between AA1100-B4C

MMC and AA6063 alloy

Joint configurations between metal matrix composites and monolithic metals are

inevitable in many applications and can be very cost effective as we can use the costly

MMCs only where necessary. The fusion welding between MMCs and monolithic metals,

similar to the welding of MMCs, would be very difficult as the problems such as porosity

and chemical reaction will arise [11]. In contrast, FSW may be a promising technique as it

permits to weld metals without melting them.

In the present study, dissimilar joints between rolled plates of AA1100-16 vol.% B4C

MMC and extruded plates of AA6063 aluminium alloy (T5 temper) were successfully

produced using FSW process. All plates of composites were annealed (400 °C for 1 h)

before welding as it has been demonstrated that the FSW joints made in this condition have

very good strength and much better ductility [122]. The welding parameters were selected

to avoid macro-defects in the weld and excessive flash on the surface, as listed in Table 6.1.

The offset means the distance of the FSW tool axis shifted to the 6063 aluminium side from

the original interface of the welding plates.

The main content of this chapter is intended to be published in: Materials Science and engineering A, 2012.
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Table 6.1 Main welding parameters for different conditions

Code

DF1
DF2
DF3
DF4

Advancing
side material
6063 alloy
6063 alloy
6063 alloy

A1-B4C MMCs

Rotation
speed (rpm)

2000
2000
2000
2000

Welding speed
(mm min"1)

100
200
100
100

Offset (mm)

0
0

0.8
0

Tilt angle (°)

3
3
3
3

All dissimilar joints between AA1100-16 vol.% B4C and AA6063 alloy produced

under investigated welding conditions were stronger than the base materials of AI-B4C

MMC and demonstrated high UTS at -126 MPa and good elongation at -8%. The variation

of welding speed (from 100 mm min"1 to 200 mm min"1), the material side of welds or the

use of 0.8 mm offset to the 6063 aluminum side did not have significant impact on the

tensile properties of the joined assembly. Microstructure analysis of the Mg concentration

and B4C particle distribution indicates that a good material mixing and seamless bonding

was achieved around the interface between the A1-B4C MMC and AA6063 alloy during

FSW. The EBSD analysis shows that during dissimilar FSW, there was a gradual

microstructure evolution on both material sides, resulting in a variety of grain structures in

the different weld zones. In the weld zones of FSW joints, the materials underwent

dynamic recovery and recrystallization to different extents depending on their thermal

mechanical history. The grain refinement of both materials in the nugget zone was observed

(MMC side: 15 vs. 8 |im; 6063 Al side 76 vs. 20 |nm). It is recommended that the 6063

aluminum alloy should be located on the advancing side and the use of an appropriate

offset to the 6063 aluminum side is preferred in order to reduce the tool wear while

maintaining good mechanical property.
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6.1 Macroscopic structure

Fig. 6.1 shows the macroscopic images of dissimilar FSW joints produced under

conditions listed in Table 6.1. It was observed that sound welds could be obtained for all

the welding conditions investigated. A macro interface between the AI-B4C MMC and the

6063 alloy can be readily identified. It is evident that the two materials were not completely

blended and their identities were retained in the nugget zone for all four welding conditions.

This can be attributed to the unthreaded feature of the FSW tool which was designed in our

prior study [127]. It was reported [128] that the macro-interface can be also easily

identified in dissimilar FSW of AA2024 alloy and AA2014-20%Al2O3 MMC using a tool

with square pin which is similar to the results in the present study. On the other hand, a

banded structure in the nugget zone, which possessed alternated MMC and Al layers, was

observed in dissimilar FSW of AA2024 alloy and AA2009-15%SiC MMC using threads on

the pin [129-130]. It seems that FSW tools without threads cannot fully mix the materials

macroscopically as the materials experienced a weak vertical flow movement.

When the 6063 alloy was located on the advancing side (Fig. 6.1a), the weld nugget

featured with a convex aluminum alloy surrounded by a wedge shaped layer of MMC on

the top. When the welding speed increased to 200 mm min"1, it seems this wedge shaped

layer of MMC became thicker and more MMC material transferred into the aluminum alloy

side (Fig. 6.1b). The use of an 0.8 mm offset to the 6063 aluminum side (Fig. 6.1c) did not

change the materials flow pattern though the position of interface was shifted somewhat to

the MMC side compared to Fig. 6.1a. An appropriate offset to the 6063 aluminum side can
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significantly reduce the amount of the MMC in contact with the FSW tool. Thus, the use of

an offset may reduce tool wear during FSW of MMCs. However, in our preliminary tests,

the use of a 1.5 mm offset failed to produce sound welds with full penetration. Therefore,

the maximum offset must be carefully examined as sound welds can only be obtained in a

very narrow welding window especially with the use of an unthreaded FSW tool. On the

other hand, when the 6063 plate was located on the retreating side (Fig. 6.Id), the materials

flow pattern was significantly changed. The interfaces of two materials are close to the

original interface and some aluminum penetrated deeper into the MMC side to form bands.

However, the deep concave top surface illustrated in Fig. 6.Id was observed on the

aluminum side where the surface finish of the weld was negatively affected. According to

WJ. Arbegast [131], the Material under shoulder zone is dragged across the joint from the

retreating side toward the advancing side. When the 6063 alloy was located on the

retreating side, more material could be dragged away since the monolithic Al alloy has a

much lower flow stress than the MMC.

6.2 Microstructure

Fig. 6.2 shows the typical micrographs of the base material and the weld nugget zone

on the MMCs side under an optical microscope. Some breakage and rotation of B4C

particles can be observed in the weld nugget of the dissimilar joints produced under all

welding conditions investigated. However, the particle breakage was less severe compared

with that occurred during FSW of same AA1100-16% B4C MMC material [127]. The

breakage of B4C particles is mainly due to the collisions between the welding tool and the
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particles or between particles themselves [127]. In the dissimilar FSW, the chance of

collisions with the welding tool and between B4C particles themselves was significantly

reduced during the material transfer.

fb)

AA6063at
Advancing side

AA6063at
Advancing side

AA6063at
Advancing side

Al-B4CMM<:\if
Ailvruicingsirle

5 mm

i
Fig. 6.1 Macroscopic images showing the cross-section of the dissimilar FSW joints
produced under condition: (a) DF1, (b) DF2, (c) DF3, (d) DF4. Red dashed lines mark
the original interfaces.

Fig. 6.3 shows the SEM images at the weld interfaces, corresponding to the two joint

conditions of DF1 and DF4 in Fig. 6.1. To determine whether sound and seamless bonding
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between the two materials can be produced, the quantitative analysis of element Mg, which

was only contained in the AA6063 alloy (Table 3.1), was performed using SEM-EDS.

Results of the Mg distribution at different positions of the interface are displayed in Fig. 6.3.

The Mg content in the base 6063 alloy is approximately 0.5 wt%. The presence of various

Mg contents inside the MMC zone indicated that 6063 alloy was blended into the

composite during FSW and that good material mixing was achieved microscopically at the

AI-B4C MMC and 6063 alloy interface. Based on the variation of B4C and Mg

concentrations, a mixing zone of approximately 500 urn wide can be recognized. In the

mixed zone, the volume concentration of B4C particles evidently decreased and the Mg

content gradually changed. It is obvious that the two dissimilar materials penetrated into

each other. As a result, the interface had mixed profiles of B4C and Mg concentrations and

a seamless bonding was formed between the A1-B4C MMC and 6063 alloy during FSW.

(a) (b)

Fig. 6.2 Typical microstructure of the base material and the weld nugget zone on the
MMCs side (DF4)
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(b) (d)
Fig. 6.3 SEM images showing the interfaces of the weld at positions marked in Fig. 6.1
(a, b for condition DF1; c, d for condition DF4).

The evolution of the grain and subgrain structures across the weld zone was analyzed

with EBSD and the results, in the form of orientation maps with different misorientation

angles are presented below. Fig. 6.4 shows the grain structure of the base materials before

welding. Equiaxed grains with different sizes (average grain size in equivalent diameter of

15 urn in AI-B4C MMC and of 76 \im in AA6063 alloy) were observed in the two base

materials while more subgrains and dislocation networks could be observed in the matrix of

AI-B4C MMC. The typical grain structures in the weld nugget around the interface in the
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welds (DF1 and DF4) are provided in Fig. 6.5. After welding, grain refinement was

observed in the nuggets produced under all welding conditions investigated. The average

grain sizes in the nuggets were 8 |im and 20 jam on the sides of AI-B4C and 6063 alloy

respectively. It can be seen that many new recrystallized grains formed but a large amount

of subgrains and dislocation networks still existed in the original deformed grains in both

materials. This indicates the microstructure in the nugget was partially recrystallized on

both sides of A1-B4C and 6063 alloy. Several researchers [121, 132-134] attributed the

grain refinement in the friction stir welding to continuous dynamic recrystallization, in

which a continuous introduction of strain is coupled with rapid recovery and migration of

subgrain/grain boundaries. During FSW, the material in the nuggets experienced severe

deformation which continuously induced a very high density of dislocation. With continued

deformation, the stored energy contained in these dislocations provides the driving force in

the following recovery and recrystallization processes. It is worth noting that, in

comparison with the 6063 alloy side, the AI-B4C side in the nugget featured finer

recrystallized grains. However, as no clear interface could be defined between the two

materials, this demonstrated good mixing between AI-B4C and the 6063 alloy.

The grain structure evolution along different weld zones was further analyzed in

details using EBSD. Only the weld of DF1 was presented as the other conditions had a

similar microstructure evolution behavior. At approximately 2 mm away from the nugget

center (6063 alloy side, Fig. 6.6a), the grain structure featured a high level recrystallized

microstructure. Many new recrystallized grains coexisted with the original deformed grains
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that contained a number of subgrains and dislocation networks. This indicates the materials

in this zone experienced similar degree of deformation and have the same level of

recrystallization as those in the nugget center (partial recrystallization). At approximately

3.6 mm away from the nugget center on the 6063 alloy side (Fig. 6.6b), the grain structure

exhibited a low level of the recrystallization. A few recrystallized grains and many

elongated grains with subgrain boundaries inside were observed. The elongated grains

seem to follow the FSW tool shearing direction (vertical line of Fig. 6.6b is parallel to the

FSW tool axis). The materials in this zone experienced less severe deformation and hence

lower driving force for recrystallization as compared with that in the nugget zone. At 4.4

mm away from the nugget center on the 6063 alloy side (Fig. 6.6c), a large amount of fine

subgrains with low angles of 2 to 5° misorientation were introduced inside the original

grains. In this thermo-mechanically affected zone (TMAZ), the grains changed its shape

from elongated to equiaxed one. As the materials in this zone only experienced a light

deformation, only the dynamic recovery occurred. At 5.2 mm away from the nugget center

on the 6063 alloy side (Fig. 6.6d), it seems that the grain structure returns to a coarse and

equiaxed structure similar to that of the base 6063 alloy. In this heat affected zone, the

mechanical deformation was negligible and the thermal energy induced by the friction

could not change the grain structure.

On the other hand, the microstructure evolution on the AI-B4C MMC side

demonstrated some different characteristics. The grain structure in the nugget center on the

MMC side (Fig. 6.5) showed much finer recrystallized grains when compared with the
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6063 alloy side. This can be explained by two reasons: the particle stimulated nucleation

effect induced by ceramic particles [135-136], and the original grain structure on the MMC

side containing more high angle grain boundaries that can provide preferred nucleation sites

for recrystallization [137]. At 3 mm away from the nugget center on the MMC side (Fig.

6.6e), the microstructure showed a partially recrystallized grain structure. In this TMAZ,

the new recrystallized grains mixed with the original deformed grains that contained a

number of subgrains with low angles of 2 to 5°. Unlike on the 6063 alloy side (Fig. 6.6b),

elongated grains were rarely found. The grain structure difference on two material sides

may be related to materials flow patterns experienced during FSW. At 4.8 mm away from

the nugget center on the MMC side (Fig. 6.6f), there is no more recrystallization structure

and only a number of subgrains with well-defined low angles were induced in the original

grains.

(a) (b)
Fig. 6.4 Typical grain structure of the base materials before welding: (a) AA6063
aluminium alloy, (b) AA1100-16 vol.% B4C MMC. Black color area in (a) represents
B4C particles; black lines: > 10°, green lines: between 10° and 5°, grey lines: between
5° and 2°.
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(a) DF1 (advancing side: 6063 alloy)

(b) DF4 (advancing side: A1-B4C MMC)
Fig. 6.5 Typical grain structures of the area around interface in the weld nugget of
condition; (a) DF1 (advancing side: 6063 alloy), (b) DF4 (advancing side: AI-B4C
MMC). Black color areas represent B4C particles; black lines: > 10°, green lines:
between 10° and 5°, grey lines: between 5° and 2°.

The above EBSD results across the weld indicate that during dissimilar FSW, there is a

gradual microstructure evolution on both material sides which results in a variety of grain

structures in the different weld zones. In general, as the shear deformation and temperature

sharply increase from the base materials towards the weld nugget, the initial non-deformed

grains first undergo a subgrain development. At certain position close to the weld nugget,

the subgrains with low angle boundaries with the original grains gradually transfer into

individual fine and recrystallized grains with high angle boundaries. The transition from

dynamic recovery to dynamic recrystallization towards the weld center leads to the grain

refinement of both materials in the nugget zone.
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(e) (f)
Fig. 6.6 Typical grain structure along different weld zones (a-d on the 6063 Al side, e-f
on the MMC side): (a) 2 mm from the nugget center, (b) 3.6 mm from the nugget
center (TMAZ), (c) 4.4 mm from the nugget center (TMAZ), (d) 5.2 mm from the
nugget center (HAZ), (e) 3 mm from the nugget center, (f) 4.8 mm from the nugget
center. Black color areas represent B4C particles; black lines: > 10°, green lines:
between 10° and 5°, grey lines: between 5° and 2°.
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6.3 Mechanical Properties

6.3.1 Microhardness

Vickers hardness of the dissimilar joints was measured at the top and bottom of each

joint at intervals of about 0.5 mm. The Vickers microhardness profiles across the joints

were illustrated in Fig. 6.7 for DF1 and DF4 conditions. The microhardness profiles for the

joints produced in the other two conditions are not reported as they are very similar to that

of condition DF1. Fig. 6.7a shows that the base material of AI-B4C has the lowest hardness

values and indicates the failure would most likely occur in the MMC's side during tensile

testing. The hardness in the nuggét in the MMC side showed a modest increase compared

to that of the base material. This is mainly due to the refinement of grain structure and the

embedment of fine B4C particles. On the 6063 aluminum side, the hardness of the nugget

displayed a significantly decrease compared to that of the base 6063 alloy. The hardness

profile in 6063 aluminum alloy mainly depends on precipitate distribution and the effect of

grain structure on the hardness is negligible [18, 75]. It is interesting to note that the

softened region on the 6063 side extends to approximately 15 mm away from the nugget

center, which is much larger than that of the recrystallized / recovered region (around 5 mm

from the nugget center) observed by EBSD technique. In this softened region, most

precipitates were dissolved in the 6063 matrix due to a similar effect of the solution

treatment induced by FSW thermal cycle. Moving away from the softened region, a

partially softened region can be observed. In this region, the precipitates coarsened and

partially dissolved. This is similar to an overaging process. Around the interface between
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two materials, some hardness values higher than that of 1100 matrix but lower than that of

6063 alloy can also be observed. This again demonstrated the good mixing of the two

dissimilar materials. As described previously in section 6.2, the MMC material and 6063

aluminum alloy were blended into each other and the micro-interfaces have complex

profiles of the composition. In Fig. 6.7, it is interesting to see that the microhardness

profiles of the DF1 and DF4 joints are almost identical except that the DF4 has a reverse

hardness profile because of the reverse material configuration of the joint.
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Fig. 6.7 Typical microhardness profiles across the dissimilar friction stir welds: (a)
DFl,(b)DF4

6.3.2 Tensile properties

The transverse tensile testing of the base material of MMC and the dissimilar joints

were performed. The results are listed in Table 6.2 and graphically illustrated in Fig. 6.8.

All dissimilar joints showed similar values of ultimate tensile strength compared with the

base materials of MMC. Most of the welded joints failed in the base material on the MMC
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side, far from the weld centers (Fig. 6.9). This indicated that the dissimilar welds were

stronger than the base material of AI-B4C MMC, which is attributed to the grain refinement

of the weld nugget during FSW and the good mixing and seamless bonding between the

two materials at the interface. A 100% joint efficiency (UTS) was attained for all dissimilar

welds, when the joint efficiency was defined as the ratio of the UTS value of the joint

versus that of the weaker material. In addition, the dissimilar joints produced under all

welding conditions investigated showed much higher yield strength and slightly lower

elongation compared to that of the base material of MMC. This is explained by the fact that

the materials in the 6063 aluminum side were much stronger than in the MMC side (typical

tensile values of AA6063-T5 are 185 MPa in UTS, 145 MPa in YS and 12% of elongation

[123]. During tensile testing, the elongated deformation occurred mostly on the MMC side,

as the total length of 6063 aluminum plate after testing remained almost the same as the

original 90 mm (Fig. 6.9). Therefore, higher YS values were recorded at 0.2% strain and

the slightly lower elongation of the dissimilar joints is measured because the material on

the 6063 aluminum side was hardly deformed. At such condition and because the failure is

far from the welds, the measured YS and elongation do not reflect the real tensile values of

the welds. It is worthwhile to mention that variation of welding speed (from 100 mm min"1

to 200 mm min"1), the material side of welds or the use of 0.8 mm offset to the 6063

aluminum side did not have significant impact on the tensile properties of the joined

assembly.
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Table 6.2 Tensile tests
Conditions

Base MMC
DF1 (100 mm min"1)
DF2(200mmmin"1)
DF3 (0.8 offset)
DF4 (reverse side)

results of dissimilar
UTS
(MPa)

126 ±2
127 ± 1
128 ± 1
126 ± 1
127 ± 1

YS
(MPa)

61 ± 1
81 ±4
81 ±2
79 ± 1
80 ±2

friction stir
Elongation
(%)

13 ± 3
9± 1
10± 1
8± 1
8 ± 1

welded joints*
Joint
efficiency
(UTS)
�
100%
100%
100%
100%

Failure
location
(MMC side)
�
Base
Base/TMAZ
Base
Base/TMAZ

* Joint efficiency: ratio of the UTS of joints to that of the weaker material (AI-B4C MMC)
in the joint configuration.
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Fig. 6.8 Tensile test results of dissimilar friction stir welded joints.

It should be noted that a more concave top surface finish was always observed on the

6063 aluminum side when the 6063 aluminum was located in the retreating side (Fig. 6.Id).

Although the concave feature on the top surface did not influence the tensile properties

(DF4 in Table 6.2), it remarkably reduces the thickness of the weld section and affects the

surface finish of the joints. In addition, the transverse fatigue life of the joints can be

147



deteriorated [37, 138-139]. For this reason, it is desirable that the 6063 aluminum alloy be

fixed on the advancing side. In addition, the use of an appropriate offset to the 6063

aluminum side is preferred in order to reduce the tool wear while maintaining good

mechanical properties.

miiiil i"int line Failure location

606? M sick

� ' I ,i.L

6063 Al side

'-» 15 16 17 10 19 20 2 '

Fig. 6.9 Fractured tensile samples of the dissimilar joints showing the failure locations
and the distribution of elongation (DF1)

6.4 Summary & Conclusions

1. All dissimilar joints between AAl 100-16 vol.% B4C and AA6063 alloy produced under

investigated welding conditions were stronger than the base materials of A1-B4C MMC

and demonstrated high UTS at -126 MPa and good elongation at -8%. The variation of

welding speed, the material side of welds or the use of 0.8 mm offset to the 6063

aluminum side did not have significant impact on the tensile properties of the joined

assembly.
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2. Analysis of the Mg concentration and B4C particle distribution indicates that a good

material mixing and seamless bonding was achieved around the interface between the Al-

B4C MMC and AA6063 alloy during FSW. The materials in the weld zones of FSW

joints underwent dynamic recovery and recrystallization to different extents, depending

on their thermal mechanical history. The transition of dynamic recovery to dynamic

recrystallization towards the weld center was observed, which leads to the grain

refinement of both materials in the nugget zone.

3. The microhardness in the weld showed a slight increase on the MMC side and a

significant decrease on the AA6063 side compared to their specific base materials.

4. It is recommended that the AA6063 alloy should be fixed on the advancing side The

reverse joint configuration would cause a deep concave top surface on the aluminum side

of the joints. The use of an appropriate offset to the AA6063 aluminum side is preferred.
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Chapter VII

Conclusions and recommendations
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Chapter VII Conclusions and recommendations

7.1 Conclusions

Laser and friction stir welds have been produced in butt configuration at various

process conditions for A1-B4C MMC. Decomposition of B4C particles was observed and

needle-like AIB2 and AI3BC phases were substantially formed during laser welding of

AAIIOO-B4C MMCs (16% and 30%) without filler. In this case, a joint efficiency of 63%

(UTS) was obtained after tensile test. The variation of laser power from 2 to 4 kW and

welding speed from 1 to 2.5 m/min did not affect the needle-like morphology. Based on

thermodynamic calculation, Ti filler was used as a filler material aiming to improve the

properties of laser joints. It was found that the addition of Ti with 150 \im thick foil

between the facing edges increased the joint efficiency to 75% due to the decrease of size

and quantities of needle-like phases. However, the joints made with addition of 300 |tim

thick foil only showed slight increase of joint strength because of the formation of a large

amount of intermetallics. The addition of Ti with filler wire instead of Ti foil did not show

significant mechanical property improvement even by varying the filler wire rate due to the

Ti segregation and microstructure inhomogeneity in the weld zone. It should be noted that

151



the ductility of all laser joints remains lower than 1% even with Ti addition since the strain

was localized in the joint during tensile testing.

On the other hand, friction stir welding could produce sound joints without any

formation of needle-like intermetallics because it is a solid state process. It was found that

friction stir welding has a significant influence on the B4C particle size distribution and the

matrix grain size. Tensile testing of welded joints showed up to 100% joint efficiency for

both annealed AA1100-16%B4C and AA1100-30%B4C composite materials. However, if

the ultimate tensile strength values of all the studied composites are similar at -130 MPa,

the weld ductility is higher for the annealed materials. Besides, it was observed that for a

given tool rotation speed varying the welding speed between 100 and 275 mm/min does not

influence the tensile properties and the particle size distribution in the nugget. Furthermore,

the welding tool made of WC-Co showed much better durability than the steel tool (0.8 vs.

19 mm3/m) for which tool wear occurred mainly on the shoulder edges. The FSW joint

surfaces using both tools exhibited lower corrosion resistance compared with the base

material. However, the joints made by WC-15wt.%Co tool showed a better corrosion

resistance than those made by using steel tool.

The dissimilar joints between AA1100-16%B4C MMCs and monolithic AA6063

aluminium alloy were also investigated. All dissimilar joints produced under investigated

welding conditions were stronger than the base materials of AI-B4C composites and

demonstrated high UTS at -126 MPa and good elongation at -8%. Analysis of Mg

concentration and B4C particle distribution indicates that a good material mixing and
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seamless bonding was achieved around the interface between the AI-B4C composite and

AA6063 alloy during FSW. The electron backscatter diffraction (EBSD) analysis shows

that during dissimilar FSW, there was a gradual microstructural evolution on both material

sides, resulting in a variety of grain structures in the different weld zones. In the weld zones

of FSW joints, the materials underwent dynamic recovery and recrystallization to different

extents depending on their thermal mechanical history. The grain refinement of both

materials in the nugget zone was observed. It is recommended that the AA6063 aluminum

alloy should be fixed on the advancing side and the use of an appropriate offset (0.8 mm) to

the AA6063 aluminum side is preferred.

The present study revealed that laser welding may be a good alternative for joining

AAHOO-B4C MMCs as the maximum joint efficiency can reach up to 75% (UTS). It is

expected that enhancement of mechanical properties could be achieved if an optimuAi Ti

amount was added and the Ti was uniformly distributed in the weld. However, the

elongation of all laser joints remains lower than 1% even with Ti addition. On the other

hand, FSW was considered to be a superior choice for joining AI-B4C MMCs as it avoided

chemical reactions and led to excellent mechanical properties. It is recommended that the

FSW be used for materials in annealed conditions as the joint efficiency and ductility are

higher than that of as rolled materials. Therefore, the industrial application of A1-B4C

MMCs will be expanded after this study as the joining of these materials is no longer a

problem.
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7.2 Recommendations

The feasibility of laser welding and friction stir welding for joining AA1100-B4C

MMCs has been demonstrated in the present study. In particular, the microstructural

evolution and mechanical property response of the materials during welding were

investigated. Based on the present study, following recommendations can be made for

future work in this field.

Laser welding of AI-B4C MMC products with different reinforcement concentrations

or different thicknesses can be conducted. These factors may change the temperature and

the reaction equilibrium in the welding pool. Thus, welds with less brittle phase formation

and good mechanical property could be produced.

Ti filler addition in other forms such as powder or electroplating can be tried to

improve Ti distribution in laser welding pool and hence to optimize the mechanical

properties of laser joints. Other filler metal containing Sc, Zr, or Ni elements could also be

tested as they may also prevent the formation of brittle phases in fusion welding of AI-B4C

MMCs.

FSW tools with different wear resistant coatings can be examined to improve tool life

and to reduce welding cost.
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Appendix

Although the addition of small amount titanium has been shown to protect boron

carbide from further reaction with aluminium matrix during all the casting processes, it is

obviously not enough to prevent the formation of aluminium carbide during the laser

welding of A1-B4C MMCs. Based on free energy data, it was shown that Ti element has a

much greater affinity to boron and carbon under standard conditions. It can therefore be

expected that the titanium addition would change the microstructure of the A1-B4C MMCs

laser weld zone. The ideal amount of Ti addition should be adequate to capture all the

boron and carbon elements while avoiding the formation of other unnecessary intermetallic

phases. A chemical equilibrium analysis of amount of filler metal necessary to prevent the

formation of aluminium carbide was provided below.

With the addition of Ti filler metal, the following chemical reactions I believed to

occur in the system during laser welding.

3Ti(l) + B4C(s)^>TiC(s) + 2TiB2(s)-~(AG° =-616.3 kJ/mol)

Theoretically, the molecular ratio between titanium and boron carbide needs to be

around three according to the above equation. Assuming the weld pool has a cubic form,

the volume of the weld pool is Vw, and the volume of titanium needed is VTi. Known the
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density of titanium and boron carbide are 4.51 and 2.52 g/cm3, and the molecular mass of

them are 47.9 and 55.26 g/mol. Then we have,

47.9 55.26

3 x

47.9 55.26

^ = 0.189 «19%
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