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Z. FAN, A. P. MIODOWNIK

Department of Materials Science and Engineering, University of Surrey, Guildford, Surrey GU2

5XH, UK

L. CHANDRASEKARAN, M. WARD-CLOSE
Materials and Structures Department, Defence Research Agency, Farnborough, Hampshire

GU14 6TD, UK

In situ Ti/TiB composites (Ti-6Al-4V matrix reinforced with TiB phase) with different volume
fractions of the TiB phase, have been produced by consolidation of rapidly solidified
Ti-6Al-4V alloys with different levels of boron addition. The microstructural examination of
such composites shows that the reinforcing phase has a fine grain size and a uniform
distribution throughout the matrix. The Young's moduli of the in situ composites have been
determined experimentally to study the strengthening effect of the TiB phase. It was found
that the Young’'s modulus of an in situ composite with 10 vol % TiB phase can be increased to
140 GPa, compared to 116.7 GPa for the matrix alioy. The theoretical predictions are in good
agreement with the present experimental results and other results of similar composites

obtained by the reactive sintering technique.

1. Introduction

Metal matrix composites (MMCs) have been investi-
gated since the early 1960s [1, 2] with the original aim
being the production of materials engineered for speci-
fic applications, without much consideration of their
cost. However, after more than 20 years of develop-
ment, MMCs must now also be cost-competitive with
other materials. Thus the emphasis of research in
MMCs is now towards novel processing techniques,
cheaper reinforcement and net or near-net shape pro-
duction techniques [3, 4]. In addition, it has also been
realized that the majority of likely engineering appli-
cations will exploit their excellent stifiness rather than
the high ultimate tensile strength [5].

Until now, the available techniques for MMC
fabrication included (i) diffusion bonding of thin sheets
interleaved with ceramic fibres [6-8], (ii) mechanical
processing of ceramic suspensions of metallic powders
in molten metal (“compocasting™) [9, 10], (iii) pre-
mixing and consolidation of the metallic powders and
ceramic whiskers, fibres and particles [11, 12],
(iv) melt infiltration into a preform consisting an
assembly of ceramic fibres [ 13-15], (v) spray codeposi-
tion of metal droplets and ceramic particles [16-19]
and (vi) in situ growth MMCs from molten alloys [20].
The main concerns in the first five processing tech-
niques are the following two recurrent problems: near-
ly all the commercially significant reinforcements are
poorly wetted by molten aluminium, titanium, and
their alloys, and several significant reinforcements
react with molten aluminium and titanium. The art
and science of fabrication of MMCs mainly consist of
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overcoming these two problems (3, 4]. From a pro-
cessing point of view, the advantages of in situ pro-
cessing compared with the conventional powder met-
allurgy and casting particulate approaches include (i)
cost-effectiveness, (ii) homogeneous distribution of re-
inforcement, (iii) finer particles, (iv) improved wett-
ability between reinforcement and matrix, and (v)
elimination of the deleterious interface reaction.
Rapid solidification (RS) processing can provide a
novel route for fabrication of MMCs, especially for
systems in which the reinforcement react strongly with
the matrix during their fabrication process, for in-
stance, SiC- or boride-reinforced titanium alloy ma-
trix. Rapid solidification of liquid alloys at a cooling
rate greater than 10*Ks™! results in significant
undercooling of the melts and leads to several metast-
able effects which have been broadly divided into
constitutional and microstructural effects [21]. For
instance, RS allows large departures from equilibrium
constitution and results in a large extension of solid
solubility. The equilibrium solid solubility of boron in
both - and B-titanium is less than 1 at %. By applying
RS, this solubility can be extended beyond 10 at %
[22]. This advantage of RS processing over conven-
tional ingot metallurgy can offer us an effective way of
producing titanium solid solution with supersaturated
boron in it. Upon subsequent heat treatment of the RS
product, ceramic phase(s) (in this case TiB) will nu-
cleate within the titanium matrix to form a fine and
uniform distribution of ceramic reinforcement [23].
In this paper, the results from an experimental
investigation of Young’s moduli of in situ Ti/TiB
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composites produced by rapid solidification pro-
cessing will be presented and discussed. The approach
to Young’s modulus of two-phase composites de-
veloped by Fan et al. [24] will be applied to in situ
Ti/TiB composites to predict their Young’s moduli.
The theoretical predictions will be compared with the
experimental results.

2. Experimental procedure

2.1. The composite design

Ti—6A1-4V (alloy compositions in weight per cent) is a
widely used commercial alloy, and has been exten-
sively studied in the past [25]. Thus there is a better
understanding of microstructural evolution and the
response of mechanical properties to the microstruc-
tural changes in this alloy. Therefore, Ti-6A1-4V has
been chosen here as the matrix alloy for fabrication of
in situ Ti/TiB MMCs. The calculated vertical section
at constant aluminium (6 wt%) and vanadium
(4 wt %) contents for the Ti-Al-V-B system [26] is
presented in Fig. 1. The predicted o/f transus is 935 °C
for pure Ti~6Al-4V alloy without boron addition
[26], which is in good agreement with the experi-
mental result (937 °C) of Kahveci and Welsch [27].
The predicted eutectic reaction temperature
(L— B(Ti) + TiB) for Ti-6Al-4V-XB alloys is
1597°C, and the eutectic composition for the liquid
phase is 1.58 wt % B. Fig. 2 shows the Ti-B binary
phase diagram reported by Murray [28], in which the
eutectic reaction takes place at 1.6 wt % B, 1540°C. A
comparison between Figs 1 and 2 indicates that the
addition of «- and B-stabilisers does not significantly
change the stability of the TiB phase, owing to the low
solubility of boron in both «- and B-Ti. The boron
contents chosen for the composite production are
0.1,0.2,0.5,0.8, 1.5 and 2.0 wt % B. The alloys with less
than 1.5wt% are hyper-eutectic alloys, Ti—6Al-
4V-1.5B is a near eutectic alloy and Ti-6Al-4V-2B
is a hypo-eutectic alloy.
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Figure 1 Calculated vertical section of the Ti-Al-V-B quaternary
phase diagram at constant aluminium (6 wt %) and vanadium
(4 wt %) concentration [26].
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2.2. Melting and melt-spinning
Melting and melt-spinning of all the alloys designed
for this project were performed in a Marko’s advanced
melt spinner (Model 5T), which is schematically illus-
trated in Fig. 3. Melting and melt-spinning was carried
out in a stainless steel chamber with a high vacuum/
inert gas atmosphere. The alloy was melted in a water-
cooled copper hearth using a non-consumable tung-
sten electrode under a high-purity argon atmosphere.
The melt was then delivered at a controlied rate to
contact the circumferential surface of a rotating mol-
ybdenum wheel by which the melt is rapidly solidified
as long fibres with a crescent-shaped cross-
section, typically 100-300 um wide and 40-100 pm
thick. The operating parameters used in this work
were as follows: the wheel speed was 2500 r.p.m., the
gap between the V-notch on the copper hearth and the
tip of the molybdenum wheel was about 1.5 mm.
The alloys containing boron were produced by
melting together Ti-6Al-4V ingots (containing
0.205 wt % oxygen) and TiB, powder (99.5% purity,
Johnson Matthey Ltd) wrapped in 0.025 mm thick
99.6% pure titanium foil. To ensure the chemical
homogeneity of the melted alloy, the ingots were
melted at least three times before final melt spinning.
Each melting and melt-spinning operation was con-
ducted after evacuation to at least 103 torr followed
by two flushes of the chamber with high-purity argon.

2.3. Consolidation

To facilitate the consolidation process and ensure the
chemical and microstructural homogeneity of the con-
solidated products, the melt-spun fibres were com-
minuted into finer particles with particle size less than
200 um. The comminution process was performed in a
glove box which allows the milling operation to be
conducted in an argon atmosphere, thereby avoiding
the possibility of spontaneous combustion and any
further oxygen pick-up by the alloys. The comminuted
alloy powders were then filled into cylindrical titan-
ium alloy cans which had a hole drilled into their lids.
The lids were first electron welded leaving the hole
open. These cans were then baked in the temperature
range 250-300°C in vacuum (107> torr) before the
holes were sealed by electron-beam welding. This
procedure was adopted to remove occluded gases in
the powder compacts. They were then loaded into a
high-temperature isostatic presser (Hiper). The con-
solidation of different rapidly solidified titanium-
alloys was carried out at 900-920°C, 150-300 MPa
for 2h. Some of the consolidated alloys were then
subjected to a further 40% reduction in cross-section
by hot pressing (forging) the can at 900 °C to produce
a flat piece. In all cases, a fully densified material was
achieved, and porosity was rarely observed.

2.4. Mechanical testing

Tensile test pieces were milled from the consolidated
and forged material. The final test piece was a thin
sheet with a thickness of approximately 1.5-2.5 mm
and a gauge length of 14-16 mm. The other dimen-
sions are illustrated in Fig. 4. All the tensile tests were
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Figure 3 Schematic diagram of the Marko 5T melt-spinner. The arrows in this diagram indicate the water in and out directions. 1, Stainless
steel vacuum chamber; 2, rotating casting wheel; 3, water-cooled copper hearth; 4, copper electrode holder; 5, tungsten electrode; 6, d.c. power
generator; 7, ionization gauge control; 8, heavy duty steel stand; 9, variable speed drive; 10, air inlet valve; 11, sub-atmospheric pressure gauge;
12, argon inlet valve; 13, quartz view point; 14, nylon handle; 15, power stat for d.c. power generator; 16, switch for tilting motor; 17, tilting
motor; 18, two-stage gas regulator; 19, argon tank; 20, mechanical vacuum valve; 21, filter; 22, mechanical pump; 23, gate valve; 24, foreline
valve; 25, diffusion pump; 26, thermocouple gauge; 27, brush. )
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Figure 4 Schematic drawing of the thin sheet test piece used for
tensile testing.

performed on a Mayes 100 kN Servo-Hydraulic Uni-
axial Tensile/Fatigue Testing Machine fitted with hy-
draulic grips. The strain rate used was 1073571,
Load-elongation curves were obtained on an X-Y
plotting table which was linked to the load cell of the
machine and to an extensometer clamped to the test
piece. The Young’s moduli were determined by
measuring the slope of the true stress—true strain curve
in the elastic range.

2.5. Microstructural examination

Samples for optical microscopy (OM) and scanning
electron microscopy (SEM) were taken from the pro-
ducts at different stages of processing, and then cut
into suitable shapes before being mounted in conduc-
tive bakelite. The mounted samples were polished by
applying a conventional polishing technique. The pol-
ished specimens were chemically etched by using
Kroll’s reagent. A Zeiss optical microscope and a
Cambridge 250 SEM were used to examine the micro-
structure of these samples. Specimens for transmission
electron microscopy (TEM) were prepared by in a
“TENUPOL” unit using an electrolyte of 5 vol %
perchloric acid in methanol. The polishing temper-
ature was — 40 °C, the voltage 30 V, the current about
30 mA. The TEM observation was performed on a
Jeol 200 CX STEM under an accelerating voltage of
200 kV. ‘

3. Results and discussion

3.1. Microstructure

Owing to the very low solid solubility of boron in both
the o- and B-Ti, the TiB phase in the B-containing
alloys produced by the traditional ingot metallurgy is
usually large and has a non-uniform distribution in
the matrix alloy. Fig. 5 shows the microstructure of
Ti—6Al1-4V-2B alloy ingot solidified in the water-
cooled copper hearth. The TiB phase has two dis-
tinguished morphologies, the blocky primary TiB and
the needle-shaped eutectic TiB, as indicated in Fig. 5.
The TiB phase can be greatly refined by rapid solidi-
fication processing. This effect of RS processing is
demonstrated in Fig. 6 by the microstructure of rap-
idly solidified Ti-6Al-4V-0.5B and Ti-6Al-4V-2B
alloys. The cross-section of rapidly solidified fibres
exhibits a two-zone microstructure: the columnar
grain zone at the wheel side and the equiaxed dendrite
zone at the free side, as indicated in Fig. 6a. This two-
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Figure 5 Optical micrograph showing the microstructure of
Ti-6A1-4V-2B ingot solidified in the water-cooled copper hearth.
The primary TiB has a blocky shape and the eutectic TiB has a
needle-shaped morphology.

Figure 6 SEM images of the cross-section of the melt-spun fibres.
(a) Back-scattered electron image of Ti-6A1-4V-0.5B fibre, with the
free side at the top and the wheel side below. (b) secondary electron
image of Ti-6A1-4V-0.5B fibre at the free side.

zone microstructure is typical of the melt-spun titan-
ium alloys containing boron [21]. Fig. 6 also shows
that there is a boron-concentrated region between the
primary a-grains. The detailed TEM work revealed
that this region has a eutectic structure (§ + TiB) [29].



The microstructures of consolidated Ti-6Al-4V al-
loys with different amounts of boron addition are
shown in Figs 7 and 8. Ali the borides present in the
consolidated specimens were identified as TiB by both
X-ray diffraction and electron diffraction techniques
[29]. There is no evidence for the existence of the TiB,
phase in all the consolidated samples with the boron
concentration investigated here. After consolidation,
the TiB phase has a very fine grain size and a very
uniform  distribution throughout the Ti-6Al-4V
matrix, and exhibits two morphologies: the near-
equiaxed TiB and the needle-shaped TiB, as shown by
the TEM micrograph of consolidated Ti-6Al-
4V-0.8B alloy in Fig. 9. However, different from the
TiB phase in the alloy ingot (see Fig."5), the near-
equiaxed TiB particles are formed from the boron-
saturated solid solution by a solid-state reaction, and
the needle-shaped TiB particles are formed from the
eutectic structure (f + TiB) present in the as-quen-
ched state (see Fig. 6) [29]. It is also found that there is
a good bonding between the TiB particles and the
matrix, and that the TiB/matrix interfaces are sharp
with no visible evidence of the presence of any chem-
ical reaction zone as shown by the BF image in Fig, 10.
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Figure 7 Optical micrographs showing the microstructure of the
boron-containing titanium alloys after consolidation at a temper-
ature of 900 °C and a pressure of 250 MPa for 2 h and then forged at
900 °C to 40% reduction in cross-section. (a) Ti-6A1-4V-0.5B, (b)
Ti—6A1-4V-0.8B.

Figure 8 Scanning electron micrographs showing the microstruc-
ture of the boron-containing titanium alloys after consolidation at a
temperature of 900 °C and a pressure of 250 MPa for 2 h and then
forged at 900°C to 40% reduction in cross-section. (a)
Ti-6A1-4V-1.5B, (b) Ti-6Al-4V-2.0B.

Figure 9 Bright-field TEM images of Ti-6Al-4V-0.8B alloy after
consolidation at a temperature of 900 °C and a pressure of 300 MPa
for 2 h showing the uniform distribution of nearly equiaxed and
needle-shaped TiB particles in the o ( — B) matrix.

3.2. Young’'s modulus of in situ Ti/TiB
composites

The obtained Young’s moduli of in situ Ti/TiB com-

posites with different thermomechanical processes are

tabulated in Table I. The volume fractions listed in
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TABLE I Summary of the Young’s moduli of in situ Ti/TiB composites

Alloy (wt %) Expected Processing conditions E (GPa)
TiB (vol %)
Ti-6Al-4V 0.0 HIPed at 900°C, 300 MPa, 2 h 116.6
Ti-6A1-4V-0.1B 0.5 HIPed at 900 °C, 250 MPa, 2 h and forged at 900°C 116.2
Ti—-6A1-4V-0.2B 1.0 HIPed at 900 °C, 250 MPa, 2 h and forged at 900°C 121.0
Ti—6A1-4V-0.5B 24 HIPed at 900 °C, 250 MPa, 2 h and forged at 900°C 129.7
Ti~-6A1-4V-0.8B 39 HIPed at 925°C, 150 MPa, 2 h 123.5
Ti-6Al-4V-0.8B 3.9 HIPed at 900°C, 250 MPa, 2 h and forged at 900 °C 128.2
131.8
Ti-6Al1-4V-1.5B 7.1 HIPed at 900°C, 300 MPa, 2 h 128.6
132.90
Ti-6Al1-4V-1.5B 7.1 HIPed at 900°C, 250 MPa, 2 h and forged at 900°C 1336
1320
Ti-6A1-4V-2.0B 9.9 HIPed at 900°C, 250 MPa, 2 h and forged at 900°C 1394
136.6
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Figure 10 Bright-field TEM image of a near-equiaxed TiB particle
in consolidated Ti-6A1-4V-0.8B alloy showing that there is no
chemical reaction at the TiB/matrix interface.

Table I are not measured experimentally, due to the
extremely fine grain size of the TiB phase, they are
calculated from the amount of boron added to the
alloy and the densities of the TiB phase (5.26 gcm ~*
[30] and the matrix (4.45 gecm 3 [31]). The Young’s
moduli of in situ Ti/TiB composites listed in Table I
are plotted in Fig. 11 as a function of the volume
fraction of the TiB phase. Also presented in Fig. 11 are
Saito and Furuta’s [32] experimental results of
Young’s moduli of in situ Ti/TiB composites obtained
by reaction sintering. Qualitatively, there is a good
agreement between the experimental results from this
investigation and from Saito and Furuta [32]. The
scattering of Young’s moduli from this investigation is
obvious; this is caused by the inherent inaccuracy of
measuring Young’s moduli from the true stress—true
strain curve. However, the strengthening effect of the
TiB phase to the Ti-6Al1-4V matrix is quite straight
foreword. The Young’s moduli of in situ Ti/TiB com-
posites increases almost linearly with increasing vol-
ume fraction of the TiB phase. For instance, the
composite’s Young’s modulus can be increased by
20% (to 140 GPa) from the Young’s modulus of
Ti—6A1-4V matrix alloy (116.7 GPa) when the volume
fraction of the TiB phase reaches 0.1. Therefore, it is
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Figure 11 The experimentally measured Young’s moduli of in situ
Ti/TiB composites obtained by rapid solidification processing as a
function of the volume fraction of the TiB phase (O). Also shown
here are the experimental results of Saito and Furuta [32] for
Ti/TiB composites obtained by reaction sintering (J). (~—-) The
theoretical predictions of Fan et al. [24], (— ——) the prediction
by the linear law of mixtures.

desirable to increase the volume fraction of the TiB
phase to 0.2-0.3 for further increase of the stiffness of
the composite.

3.3. Prediction of the Young’'s modulus
of the in situ Ti/TiB composites

In a recent paper, Fan et al. [24] developed a new
approach for predicting the Young’s moduli of two-
phase composites based on the topological trans-
formation [29, 33] and the mean-ficld theory [34, 35].
According to this approach, the Young’s modulus of
an o—f two-phase composite, E°, can be expressed in
terms of the Young’s moduli of the constituent phases
and the topological parameters [29, 33] by the follow-
ing equation

E* = EYf, + E’f;. + E"F, (1)

where E* and EP are the Young’s moduli of the a- and
B-phases, which can be determined from tests of
single-phase specimens, f,. and f;. are continuous
volumes of the a- and B-phases, and F is the degree of



separation [29, 33]. E™ is the Young’s modulus of the
EIII body and can be calculated from the following
equation

EIII —_ 2Glll(1 + Vlll) (2)

where G™ and V™" are the shear modulus and Poisson’s

ratio of the EIIl body, and G™ can be calculated
theoretically by applying the mean-field theory
[34, 35]

I Gu (3)
L+ [fomD/(X — famy D)]
where D and y are defined as
G -G
D = : : 4
(GB_Ga)(l_,Y)+Ga ( )
7—5Vv"
TS A= )

where G* and G” are the shear moduli of the «- and B-
phases, fuy; and fyy are the volume fractions of the o-
and P-phases in the EIIl body, and vy is the strain
accommodation tensor for spheres. It is assumed that
VI follows the linear law of mixtures, i.e.

Vi = Vi + Vﬁfﬁm (6)

where v* and VP are the Poisson’s ratio of the a- and -
phases. It has been shown that the predictions by this
approach are in good agreement with the experi-
mental results in the various two-phase composites
[24].

The Young’s modulus of the monoboride phase
(TiB) is not available in the literature. However, the
Young’s modulus of TiB, has been theoretically deter-
mined (550 GPa) by applying a thermodynamic ap-
proach developed by Miodownik [36]. For the pre-
sent calculation, it is assumed that Eq;g = Eqyp,. The
Poisson’s ratio of the TiB phase (0.14) was adopted
from the ZrB, phase [37]. For the matrix alloy, the
Young’s modulus of the matrix is from the experi-
mental results listed in Table I. Poisson’s ratio of the
matrix is chosen as 0.27, which is the Poisson’s ratio of
the a-phase [31], because the low volume fraction of
the B-phase in the matrix (approximately 0.02-0.05).
These parameters are tabulated in Table II.

Because of the extremely fine size of the TiB phase,
it is difficult to determine experimentally the topo-
logical parameters required for the calculation. How-
ever, we can follow the similar assumption made in
[24] for other composite systems with a near-random
microstructure, i.e.

Jrige = f %iB (7
fue = fu ®)

TABLE II List of the parameters used for predictions of Young’s
moduli of in situ Ti/TiB composites

Phase E({GPa) v Remarks
Matrix (Ti-6A1-4V) 116.7 0.27 From [31]
TiB 550 [36] 0.14 [37] Adopted from ZrB,

where f1;5. and fy,. are the continuous volume of TiB
and the matrix phases, respectively. The calculated
Young’s moduli of the in situ Ti/TiB composites are
shown in Fig. 11 and compared with the experimental
results from this investigation and from Saito and
Furuta [32] by reaction sintering. The predictions by
the linear law of mixtures are also presented in this
figure for comparison. Fig. 11 shows that the theoret-
ical predictions are in fairly good agreement with the
experimental results and superior to the predictions
by the linear law of mixtures. Fig. 12 shows the
predicted Young’s moduli of in situ Ti/TiB composites
in the complete volume fraction range. Also shown in
Fig. 12 are the predictions by the linear law of mix-
tures for comparison. If the volume fraction of the TiB
phase can be increased to 0.2, the predicted Young’s
modulus will be 158 GPa, i.e. a 35% increase over the
unreinforced Ti—-6A1-4V matrix.

4. Conclusion

A series of in situ Ti/TiB composites (Ti-6Al-4V
matrix reinforced with TiB-phase) have been pro-
duced by consolidation of rapidly solidified
Ti-6A1-4V alloys with different levels of boron addi-
tion. The microstructural examination of such com-
posites shows that the reinforcing phase has a fine
grain size and a uniform distribution throughout the
matrix. There is a good bonding between the TiB
particles and the Ti-6A1-4V matrix, and there is no
evidence for any chemical reaction at the TiB/matrix
interface. The Young’s moduli of those in situ com-
posites have been determined experimentally to study
the strengthening effect of the TiB phase. It was found
that the Young’s modulus of an in situ composite with
10 vol % TiB phase can be increased to 140 GPa from
the 116.7 GPa of the matrix alloy. A theoretical ap-
proach to the Young’s moduli of two-phase com-
posites has been applied to predict the Young’s
moduli of the in situ produced Ti/TiB composites. It is
demonstrated that the theoretical predictions are in
good agreement with the present experimental results
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Figure 12 The theoretical predictions of Young’s modulus of in situ
Ti/TiB composites by the approach developed by Fan et al. [24]
(~—-) in the complete volume fraction range in comparison with the
predictions by the law of mixtures (—-— —). (O) Experimental
values, this work; (O) experimental values. [32].
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and the other results in similar composites obtained
by the reactive sintering technique.
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