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Abstract:
The present work deals with the effect of semisgi@dcessing on microstructure and

mechanical properties of Al-4.5 % Cu — 5% TiB-situ cast composites. The composite was
prepared by flux assisted synthesis in which,TpBrticles were formed in-situ through an
exothermic reaction between KFs and KBFR halide salts. Al-4.5wt% Cu alloy and Al-4.5%
Cu-5 % TiB composite samples were forged in semisolid state &3 volume fraction of
liquid. Semisolid forging was carried out for tworde reductions (30% and 50% forge
reductions). Microstructure studies show that tleenissolid forging results in uniform
distribution of TiB particles and AlCu particles in the composite. Further, Tigarticles
play a dual role as grain refiners as well as eogments of composites. EBSD and nano
indentation studies shows that semisolid forgirspits in dynamic recrystallization of grains
in the composite with significant grain refinememhich leads to a marked increase in

hardness and elastic modulus of the alloy as vgdth@ composite.



1. Introduction

The demand for lightweight and low cost disperstrengthened components is increasing in
automotive and aerospace applications to improwe firel efficiency and to reduce
greenhouse gas emissions [1][2]. An important eingié in manufacturing of light weight and
high strength aluminium parts is to produce nearshape components of complex geometry
with desired properties meeting the requiremenisubdmotive applications [1]. As a result,
there is a considerable interest in aluminium basethl matrix composites (MMCs) due to
their high specific strength and stiffness [3].sltt metal matrix composites in which
reinforcement is generated within the alloy offens advantage of clean interface with
minimal interfacial reaction between reinforcemandl matrix [4][5]. Amongst many types of
reinforcements used [3, 6-13], TLiBinforcement in aluminium alloys using salt based
situ methods offers great advantages such as nmingaetivity[7], clean interface[14], sound
thermal conductivity [15] and high elastic moduarsl hardness [16]. Tiarticles acts as a
heterogeneous nucleating site Al [11] controlling the grain size, thereby impes/ the
mechanical properties of the Al matrix. During ddication this sub- micron sized TiB
particles are pushed to the grain boundaries regulh the formation of clusters [17].
Unfortunately, the clustered second phase partedesot control the grain size [17]. These
clusters could be fragmented and the particle idigion could be improved by secondary
processes such as extrusion, rolling and semisolithg or forging [16, 18-21]. The semi-
solid forming results in a non-dendritic microstwre due to forming at a temperature
between solidus and liquidus temperature [22]. émisolid state, the enclosed liquid
component allows the slip and rotations of solidiigg thereby improving the formability of
metals [23]. In addition to this, semisolid tempgera has a critical role on the final
microstructure such as grain orientation, grainphoftogy and distribution of reinforcement

particles during solidification of alloys [24]. Liet al. [25] reported that the semisolid



processing has a significant effect on improvenoémbechanical properties of the alloys. The
study of semi-solid forging on aluminium alloys re®wed a high-temperature dependence
on microstructure, especially on precipitation iRQu alloys [26]. Higher amounts of solid
fraction are usually preferred as they reduce piyrogromote laminar flow of liquid, and
also improve the surface quality of alloys [24].eWous research studies on semisolid
deformation behaviour of metals have shown thadjad fraction between 10% and 30% is

commonly suitable for semi-solid forging [27].

Recent X-ray computed tomography studies on Al-£5%%TiB in-situ composite showed
that semisolid forging has resulted in improvement oB;Tparticle size distribution and
reduction of particle clusters [28Additionally, Deepak Kumar et al. [29], suggestbdt
semisolid forging of AlI-5TiB composites improves mechanical properties of tmposite.
Aluminium alloys are generally expected to produesv grains during hot deformation by
dynamic recrystallization process which can be erpmtally studied using [30, 31].
Electron backscattered diffraction (EBSD) mappif@min boundary misorientation [32]. It
was found that only few studies have used EBSDsitiyation of semisolid processed Al-
TiB, composites [33] and there is no earlier report 8B studies on semisolid forged Al-
4.5% Cu - 5% TiBin-situ composites. Since the hardness and Young@ulus behaviour of
Al-TiB , composites are found to be increased with increaségme fraction of TiB and
uniform distribution of TiB particles [34], the semisolid forging would defelit have an
influence on the mechanical properties of compssiiéhe effect of semisolid forging on
Young’'s modulus and hardness of Al-BiBomposite are important inputs for micro-structure
based modelling of the process [35]. Nano indemriastudies were rarely carried out on Al-
TiB, composites to determine Young’'s modulus and haslri®s means of accurately
measured load-depth data [36]. In this work, welisd the effect of semi-solid forging on

microstructure and mechanical properties of Al-4AG#5%TIB, in-situ composites



thixoforged at 0.3 volume fraction (Y of liquid with two forge reductions (30% reductio

and 50% reduction).

2. Experimental procedure
2.1 Processing of Al-4.5Cu-5wt%TiB; in-situ composite

Al-4.5%Cu-5wt%TiB composite was synthesized by Flux Assisted Syrdh@AS)
technique which consists of addition of halide sak,TiFs and KBFR, to molten Al-4.5Cu
alloy at 800 °C and a reaction time of one houe $thematic of flux assisted synthesis of in-
situ Al-Cu-TiB, composites is shown in fig 1. The exothermic rieactvithin the melt results
in the formation of titanium-diboride (Tip particles within the matrix. The melt was stirred
intermittently every 10 minutes to ensure complet&ction of salts with molten aluminium
and homogenous distribution of TiBarticles. After completion of reaction, the lightdross
was decanted and the melt was degassed uslg. The composite melt was finally poured
into rectangular mild steel mould and machineditoesision of 10 mm x 10 mm x 60 mm
prior to forging in semi-solid state. Thixoforgimgas carried out using 80-ton hydraulic press,
at a load of 150 Kg/cfrand at a ram speed of 20 mm/sec. As-cast alloycamposite were
subjected to forging at 30% and 50% deformatiosami-solid state. As-cast alloy and the
composite were forged at 631°C and 632°C respdygtogresponding to a liquid fraction of
0.3. The samples were soaked at forging temper&urEd minutes prior to forging. The K-

type thermocouples were used to monitor the tenypemwith an accuracy of + 2 °C.
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Fig. 1. Schematic of flux assisted synthesis of in-sittCAFTiB, composites

2.2 Microstructural characterization

Microstructure studies of alloy and composite weaeried out using optical microscopy and
field emission scanning electron microscope (FESEM@r polishing respective samples
using standard metallographic procedures. Polisaalples were anodised with a Barker’s
reagent (1.8% HBFN water) applying 23V DC for upto 1 minute. Ddigld and bright field
micrographs were captured using a NIKON (Model: BESE LV150N) metallurgical
microscope. Grain size analyses was performed a8 PEM E112 standard test method in
polarized mode using a LEICA metallurgical micrgze¢Model: DM 4000M). Samples were
deep etched with 20% NaOH solution to study theteling behaviour of particles at high
magnifications using SEM coupled with energy dispar X-ray spectrometer (Carl Zeiss

SMT AG).



2.3 Mechanical property characterization

Nano-indentation tests were performed using a madentation instrument (Fischer-Cripps,
Australia) with a standard Berkovich indentor whicteasures force and displacement as
indentation progresses. The Berkovich indenterahaigjonal pyramidal shape with a nominal
angle of 65.3°. The samples were ultrafine polisieedvoid surface roughness effects on the
results of nano indentation studies. For each santph indentations were made using a
maximum load of 30 mN with each indentation semaraddy 20um. Details about nano
indentation test methodology can be found elsewfgtg Fig. 2 shows the typical loading —
unloading curves obtained from nano indentatiordietl [38]. As shown in Fig. 2, B
represents the load at maximum indentatigny is the indenter displacement at peak load, h
is the final depth of the contact impression atteloading. The total displacement,g is

the displacement of the indenter from its initigisjfion at peak load (R,). However, the
material elastically recovers its shape partiallgen the indenter is unloaded [37-40]. So the
total displacement is composed of both elastic pladtic displacements. From this, elastic
displacements can be measured to calculate thecetasdulus, E. The hardness, H can be
calculated by removing this elastic contributioonfrthe total displacement.

The hardness H can be calculated as;

_ Pmax
H="m ()

Where Rds the peak load, A is the projected area of cdnbetween the indenter and

sample [38].
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Fig. 2. Schematic representation of a loading-unloadingecu

3.  Resultsand discussion

3.1 Microstructure of Al-4.5Cu alloy and Al-4.5Cu-5wt%TiB, in-situ composite

Fig. 3 shows the optical microstructure of as east semi solid processed Al-4.5Cu alloy and
in-situ Al-Cu-TiB, composites. As represented in Fig. 3(a), the mtanoture of the as cast
Al-4.5Cu alloy shows coarse rosette shapesl grains and AICu dispersed in the alloy. As
shown in Fig. 3(b, c), deformation of the alloysemi-solid state led to a fragmentation and
dispersion of AICu patrticles (bright phase) . Further, it was obsérthat higher percentage
of deformation (50% reduction) did not lead to exted distribution of AICu particles as

shown in Fig 3(c)



Fig. 3. Dark field optical microstructure of Al-4.5Cu @l (a) as cast condition ()Wquia =
0.3, 30% reduction (C) VMiquia = 0.3, 50% reduction, Al-4.5Cu-5TiB:omposite (d) as cast

condition (€)V jiquia = 0.3, 30% reduction (f) Miquia = 0.3, 50% reduction

Fig. 3(d) shows the formation of fireAl grains in Al-4.5Cu-5TiB composite due tm-situ
formed TiB; particles which act as heterogeneous nucleaties.$iB, is mainly seen in the
form of clusters of varying size randomly distribdtin the matrix. When samples were
subjected to semisolid forging, it is observed un#tl grains are elongated in the direction
normal to forging [Fig. 3(e, f)]. Also, the larggglomerates of TiBparticles are fragmented
into relatively smaller agglomerates and uniformistributed in the matrix. The compressive
force applied during forging resulted in separatanTiB, particle clusters and probably
closure of pores in the composite [28]. Tiiarticles are redistributed by both viscous fldw o
liquid and fragmentation of unmelted solid graingedo the force applied during semisolid
state forging. It was also observed that JIrticles are driven from their original locations
at grain boundaries by viscous drag of intergranlidid when subjected to thixoforging.

The composite deformed by 50% [Fig. 3f] shows faldsmal to direction of forging.



The a-Al grains in the microstructure of as cast alloydacomposites were studied using
polarised optical microscopy to understand thecefé semisolid forging on grain refinement
Al-4.5 Cu alloy. Fig. 4 shows average grain sizeasfcast Al-4.5Cu alloy and Al-4.5Cu-
5TiB, composite. The average grain size of as cast Al alloy was found to be 59 um,
while in and as cast Al-4.5Cu-5TiBomposite was 24 pm. This shows that fine andoumif
grain structure is formed in the composite samgle@npared to as-cast alloy due to the
presence of TiB particles which acts as grain refiners as well agidforecement in Al-

4.5Cu-5TiB composite.

| i ' | : y [Li2(1): ASTM=47.2 |
LI1(1); ASTM=44.7 LI2(1). ASTM=47.2

LI1(3): ASTM=44 7

j LI2(3) ASTM=47 2 LI2(4) ASTM=47 2

LI2(2): ASTM=47 2

Fig. 4. Polarized optical microstructure of as cast (a)4ACu alloy (b) Al-4.5Cu-5TiB

composite

In order to understand the effect of semisolid ifggon particle clustering and distribution in
as cast and semi solid processed in-situ Al-Cu, Tnposites, SEM studies were performed
at higher magnifications. Fig. 5 shows SEM imagesleep etched as cast and semi solid
processed in-situ Al-Cu-TiBcomposites. As shown in Fig. 5(a), the average eizTiB,
particle was found to be 1-2m in as cast composite. The shape of ;Tjfarticles were
observed as flakes as well as hexagonal shapethaaensin fig 5(a), which in a close

observation seems to have a third dimension. Itieaghat the particles have a hexagonal



shape in 3 Dimension, but show different face DiRensional images. Similar observations
were made by Sun et al [41] that FiBarticles in Al matrix exhibits hexagonal shapathw
smooth surfaces. Upon semisolid forging, Zrticles were fragmented and observed to be
finer in size as compared to as-cast samples agnsimFig. 5(b). However, it is to be noted
that the TiB particles were embedded in,&l clusters in the composite as shown in fig 5(b).

These clusters were observed to be elongated astdbdied in the direction normal to

forging along the grain boundaries instead of foigriarge agglomerates in the matrix.

Fig. 5. FESEM Electron backscatter image showing the gartlusters in Al-4.5Cu-5TiB

composite (a) as cast condition (k)i¥.ia = 0.3, 30% reduction.

3.2 X-Ray Diffraction analysis

Fig. 6 shows the XRD pattern obtained from the A€uU-5TiB, composite with 0.3 volume
fraction of liquid and 30% reduction condition. Theensity peaks corresponding to 3B

Al,Cu and Al represents their presence in the matrix.

10
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Fig. 6. XRD pattern of Al-4.5Cu-5TiB composite with 0.3 volume fraction of liquid and

30% forge reduction.

3.3 EBD analysis

Semisolid forging is a material deformation procassemsolid temperature range and is
expected to have a dynamic recrystallisation dutimg process. The-Al grains in the
microstructure of as cast and semi solid processesitu Al-Cu-TiB, composites were
analysed using EBSD to understand the grain otientagrain boundary characteristics and
grain size distribution due to semisolid forgingig. 7 shows the grain orientaion in as cast
and semi solid processed in-situ Al-Cu-Ti@mposites. It is to be noted that Tigarticles
were not able to be identified in EBSD maps duth&r extremely fine sizes in comparison
to a-Al grains in the composite. All the poorly indexpgdints (black coloured) were excluded

from the image as noise [42]. The grains were elted) due to semisolid forging with

11



particles aligned along the grain boundaries inabmposite (Fig. 7(b)), while grains were

found to be equiaxed in as cast composite (Fig).7(a

Fig. 7. EBSD map showing the grain orientation in Al-4.5&LiB, composite (a) as cast

condition (b) V iiquia = 0.3, 30% reduction.

12



Fig. 8. EBSD map showing the grain orientation in Al-4.58loys (a) as cast condition (b)

Vi liquid = 0.3, 30% reduction.

Fig. 8 shows the grain orientaion in as cast allog semi solid processed in-situ Al-Cu alloy.
The grains were observed to be elongated due tsskanforging (Fig. 8(b)) as compared to
the grains in as cast alloy (Fig. 8(a)). Fig 9 shdBSD mapping representing the effect of
semisolid forging on grain misorientation angle audin size of the composite. The grain
boundaries with a misorientation angle abové€ iS5 generally considered as high angle
boundaries (HAB), while grain boundaries with asamientation angle below 15are
considered as low angle boundaries (LAB). As shamviirig. 9(a) as cast composite has
almost all of its grain boundaries as HAB with ghter degree of uniformity, while semisolid
forged composite has significantly higher amountLaB along with HAB. During hot
deformation in semi solid state, liquid film forna grain boundaries thereby causing
migration of grain boundaries which initiated restallization in the alloy [43]. Some of the
boundaries are incomplete LAB and mixed charactachvmight be due to a transformation
from low angle to high angle or vice versa. Theaedi nature of boundaries is due to the
continuous type recrystallization (CDRX) [42]. [Ing dynamic recovery the LAB'S
increases progressively results in formation of meams which then transforms into HAB'’s

[44]. As shown in Fig. 9(a) more than 95% grain faries were found to be high angle

13



boundaries in as cast composite, whereas only G03fam boundaries were found to be high
angle boundaries in semisolid forged compositethiény the grain size is found to be finer in

the semisolid forged composite as compared to stscomposite (Fig. 9(b)).

(a)0 Sy ] ) Il As cast C (b) “ ] B As caft c
R - ' 0, =
| lowangle! High angle o3V, 30%C I 0.330% C
' <
0.30 - ' 504
L
0.25 - —
] & 40
c
§ 0.20 S
T«% 3 30
& 0154 =
1 20
0.10 ]
0.05 - 104
0.00 + 04
0 10 20 30 40 50 60 0 10 20 30 40 50
Misorientation angle (deg) Grain size (um)

Fig. 9. EBSD results of Al-4.5Cu-5TiBcomposite showing the effect of semisolid forgamy

(a) grain misorientation angle, and (b) grain sistribution.

A similar type of observation is obtained after smotid forging of Al-4.5Cu alloy. Fig. 10
represents EBSD results showing the effect of sa@idigorging on grain misorientation
angle, and grain size distribution of Al-4.5Cu glléd\s shown in Fig. 10(a), more than 90%
boundaries were found to be high angle boundaneasicast alloy, whereas only 50% of
boundaries are found to be high angle boundariesemisolid forged alloy. Further, the
grains in semisolid forged alloy were found to beefin size as compared to as cast alloy

(Fig. 10(b)).
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Fig.10. EBSD results of Al-4.5Cu alloy showing the effe¢tsemisolid forging on (a) grain

misorientation angle, and (b) grain size distributi

Hence, above EBSD results as shown in Fig 9 andlBigepresent that the application of
semisolid forging results in formation of fine ngnains due to recrystallization in alloy and
composite respectively. Similar observations werdenby Hogg et al. [45] that the hot
compression of aluminium alloys resulted in a gra@finement of microstructure by partial
dynamic recrystallization in the alloy. The sizenefwly formed recrystallized grains depends
on the nucleation rate and the velocity of movingB's [46]. The average grain size was
found to be small in the alloy (Fig 10(b)) as comgygiato the composite (Fig 9(b)). Also, the
effect of semisolid forging on grain size of thempmwsite was found to be significantly higher
than the alloy. The fraction of low angle boundarfermed due to semisolid forging of
composite (Fig 9(a)) was found to be less thanfitaetion of low angle boundaries formed
due to semisolid forging of the alloy (Fig 10(a))'he particles could have inhibited the
movement of dislocations, initiated the heterogeseoucleation and resulted in enhanced
recrystallization. However, further studies neetbégperformed using TEM to understand the
mechanism of dynamic recrystallization and movifigg@in boundaries due to semi solid

forging of alloys and composites.
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3.4 Nanoindentation

The hardness and elastic modulus of as-cast andssdich forged Al-4.5Cu alloy and Al-
4.5Cu-5TiB composite were determined from the loading-unlogdiurve using the method
proposed by Oliver and Pharr [38]. In order to mmizie the indentation size effects, an
indentation depth of 0.713 pm and an interval ofju®0 between each indentation was used
[39,40]. Fig. 11 shows the loading - unloading euof semi-solid processed Al-4.5Cu alloy

and Al-4.5Cu-5TiB composite from which the hardness and elastic husduere measured.

04— As cast A
——0.3V; 30% A

0.3Vy 50% A

25
|——AscastC
0.3V430% C

= = 0.3V, 50% C
= __"— Vg % |
% 15 4 jer
3 if
T Ilyf
|
5- g
0 T jﬁ! T

0.0 0.5 1.0

Displacement (um)
Fig. 11. Loading - unloading curve of semisolid processddl.ACu alloy and Al-4.5Cu-

5TiB, composite.

The grain orientation differences have a significaffect on indentation measurements.
Pathak et al. [47] studied the indentation behavafwas cast and 30% deformed samples and

16



they reported a dramatic increase in modulus witheiase in local dislocation and the local
stored energy due to deformation. Table 1 summsatize results of as cast and semi-solid
forged Al-4.5Cu alloy and Al-4.5Cu-5TiB2 compositeeasured using nano indentation as
shown in Fig. 11. The results show that the hasliéghe alloy is increased on semisolid
processing. The hardness of Al-4.5Cu alloy is iasesl by 2.14% after semisolid forging.
This increase in hardness could be due to the osfl pores by the application of
compressive force applied during forging and reatiization of the grains. The hardness of
as cast Al-4.5Cu-5TiB2 composite was increased.by% compared to the as cast Al-4.5Cu
alloy. This can be attributed to the reinforcemehtiB, particles in the composite [6, 20,
29]. Further, it was observed that the semisolidjify has a significant influence on the
elastic modulus of the alloy and composite. Thetalanodulus of as-cast Al-4.5Cu-5TiB
composite was found to be 9% higher than the asAda&5Cu alloy. This increase in elastic
modulus can be attributed to the reinforcementiBt Particles in the matrix [48]. The elastic
modulus and hardness is increased by 8% and 2.idspectively in case of alloy, while
elastic modulus and hardness increased by 15% .4d&o/respectively in case of composite
due to semi solid forging.

Table 1 :Elastic modulus and hardness of Al-4.5Cu alloy and Al-4.5Cu-5TiB, composite

Materials Elastic % Hardness %
modulus (GPa) increase  (GPa) increase
Al-4.5Cu alloy 89.68 +2.86 0 1.40+£0.06 O
Al-4.5Cu alloy, 0.3\, 30% 90.71 +3.51 1% 1.41 £0.07 0.07%
reduction
Al-4.5Cu alloy, 0.3\, 50% 97.35 +2.29 8% 1.43+0.09 2.14%
reduction
Al-4.5Cu-5TiB, composite 97.99 +3.14 9% 1.50+£0.147.14%

Al-4.5Cu-5TiB, composite, 0.3V, 111.33 +3.69 24% 1.60 £ 0.11 14.28%
30% reduction
Al-4.5Cu-5TiB, composite, 0.3Y, 108.70 + 3.01 20% 1.55+0.06 10.71%

50% reduction

17



Further, it was observed that the increase in falgirmation from 30% to 50% shows a
significant change in the elastic modulus and hesdrof the composite. The elastic modulus
and hardness are found to be higher for the 30%ctesh condition. The possible reason for
this could be the better distribution of TiPparticles and reduction in cluster size when
subjected to 30% deformation [49]. The cluster sezkiction and TiBparticle distribution in
Al-4.5Cu-5TiB, composite with 30% reduction by semisolid forgimgs well explained in
our recent X-ray computed tomography studies [Z&]ruvilla et al. [50] found that the
extremely fine size TiB particle reinforcements results in the improvemehtelastic
modulus of the aluminium matrix composite. Thisdstshows the application of semi solid
forging on improvement of mechanical propertieshef alloy and composite by the combined
effect of reinforcement of TiBparticles and enhanced dynamic recrystallizatioalloy and

composite.

4. Conclusions

The in-situ TiB particles in Al-4.5Cu-5TiB composite perform a dual role of grain refiner
and reinforcement thus contributing to hardening Hgll-Petch mechanism as well as
dispersion hardening mechanism. Semisolid forgihthe composite leads to fragmentation
of TiB;, clusters thereby enabling uniform distribution dricles in the matrix. It also
enables dynamic recrystallization and nucleatiografns with increased dislocation density.
This leads to marked increase in hardness andcelasidulus of the alloy as well as the

composite.
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Effect of semi-solid forging on microstructure and mechanical properties of in-situ
Al-Cu-TiB,composites

Highlights:

* Al-Cu-TiB, MMC was prepared by casting using flux assistedissis method.

* Semisolid forging was employed to deagglomerate €lBsters in the composite.

» Semisolid forging resulted in improvement in greefinement in the composite due
dynamic recrystallization.

« 30% forge reduction in semi solid state improvedngls modulus and hardness of
the composite.
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