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a b s t r a c t

Thermal expansion and lattice parameters are investigated up to 1100 ◦C for Ti–6Al–4V components,
fabricated by shaped metal deposition. This is a novel additive layer manufacturing technique where
near net-shape components are built by tungsten inert gas welding.

The as-fabricated SMD Ti–6Al–4V components exhibit a constant coefficient of thermal expansion of
1.17 × 10−5 K−1 during heating up to 1100 ◦C, not reflecting the � to � phase transformation. During cool-
ing a stalling of the contraction is observed starting at the � transus temperature. These high temperature
experiments denude the � phase of V and enrich the � phase.

The development of the lattice parameters in dependence on temperature are observed with high tem-
itanium alloy
hermal expansion
igh temperature X-ray diffraction
hase transformation

perature X-ray diffraction. The unit cell volumes derived from these parameters are at room temperature
larger for the � than for the � phase. With increasing temperature the unit cell volume of the � phase
increases stronger than the one of the � phase resulting in a similar unit cell volume at the � transus
temperature.

These observations are interpreted as an indication for as-fabricated the SMD components being in a
non-equilibrium state and reaching equilibrium during the slow heating and cooling during of the two

re exp
different high temperatu

. Introduction

Titanium alloys are widely used when excellent strength to
eight ratio [1], superior biocompatibility, low elastic modulus

nd/or enhanced corrosion resistance are needed [2]. Examples
or this can be found, for example, in applications for aerospace,
mplants, and sports equipment [1–3]. One of the most widely
pplied Ti alloy is Ti–6Al–4V [3].

Ti is a costly metal and traditional machining of Ti alloys is
xpensive and time consuming. It is especially difficult to machine
ince it is prone to oxygen contamination at high temperatures.
his contamination results into the formation of a brittle surface
ayer, the so-called � case [4,5]. In order to avoid this � case, low

achining rates are required which increases the machining time
nd the costs.

Hence, near net-shape production by innovative manufacture
outes would be of great advantage, which in addition would reduce

he amount of scrap and the fabrication time to the end product. So-
alled additive layer manufacturing can fulfil these requirements.
everal techniques are currently under investigation, where dif-
erent heat sources such electron beam [6–9], laser [9–18], or a
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welding torch [19–29] are applied. The later is called shaped metal
deposition (SMD), a technique patented by Rolls Royce, which is
the topic of the present paper.

Additive layer manufacturing allows rapid fabrication of 3D
objects, layer by layer directly from a computer aided design data
source. Furthermore, it is promising in small-scale production of
parts and for repair of high performance alloy components. How-
ever, additive layer manufacturing in general, and therefore also
SMD, exhibits a rather peculiar fabrication scheme with repeated
exposure to high temperatures, thermal gradients and cooling
rates. This peculiar thermal history has a major impact, since
the morphology and therefore the properties of Ti alloys depend
critically on it. For example, the Ti–6Al–4V equilibrium phase dia-
gram predicts at high temperatures the body centred cubic �
phase and a � + � phase field below 1000 ◦C (Fig. 1). When, during
manufacturing, these different phase fields are traversed, differ-
ent morphologies can be obtained depending on the cooling rate
[30–33]. Colony structures and basket weave Widmanstätten struc-
tures with � phase lamellae in a residual � phase matrix do occur
during slow or medium fast cooling rates. At very high cooling rates
(>410 ◦C/s) diffusion based transformation to the � + � phase may

be omitted and passing the MS line (Fig. 1), the result is a fully
martensitic hcp �′ phase microstructure [32]. Naturally, also inter-
mediary or mixed states may arise. Not only the morphology, but
also the composition of the phases may depend on the thermal his-
tory. For example, for higher cooling rates a departure from the

dx.doi.org/10.1016/j.jallcom.2010.12.014
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. Schematic ternary phase diagram Ti–6Al–V (MS: martensite start temper-
ture) after [3]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
ermission.

quilibrium phase boundaries can be expected, decreasing the size
f the � + � phase field [34], and leading to an � phase composition
igher in vanadium and poorer in aluminium than in the equilib-
ium case. The non-equilibrium � phase composition would then
e lower in vanadium and higher in aluminium.

It has been shown elsewhere, that Ti–6Al–4V SMD components
onsist mainly of � lamellae in a � matrix, either colony or bas-
et weave Widmanstätten, with no indication for the martensitic
′ phase [25,26]. Furthermore, it has been demonstrated, that this
aterial is highly textured, and that the � to � transformation

beys the Burgers orientation relationship [25]. This microstructure
iffers significantly from the one in material fabricated by conven-
ional techniques, and the properties can therefore not necessarily
e simply deduced. The goal of the present paper is to investigate
he thermal expansion and relate it with the lattice parameters

easured by X-ray diffraction (XRD).

. Experimental

.1. Shaped metal deposition

The SMD cell consists of a tungsten inert gas (TIG) welding head, attached to
6-axis Kuka robot linked to a 2-axis table, all of which are enclosed in an air-

ight chamber. The setup is located at the AMRC, Sheffield, United Kingdom. In the
resent case, a Ti–6Al–4V grade 5 wire with a diameter of 1.2 mm in an inert argon
tmosphere (99.999% purity) is applied to build a component. Layer by layer, with
otating the table to keep a constant torch direction, a tubular shape with squared
ross-section (0.15 m × 0.15 m), a height of 0.12 m, and a wall width of 0.01 m was
uilt. The controlled parameters were the wire feed speed of 2.4 m/min, the table
peed of 0.3 m/min and the electrical current of 150 A.

.2. Thermal mechanical analysis

The thermal expansion in dependence on the temperature has been measured
y the Netzsch DIL 402C dilatometer, a set-up also called TMA (thermo-mechanical
nalysis), in vacuum up to 1100 ◦C with a heating and cooling rate of 2 ◦C/min. Gen-
rally, before starting the TMA the vacuum chamber was flushed three times with
rgon and evacuated. In one case, the chamber was pumped after the third flushing
or a whole day resulting in a better vacuum than in the case of starting the test after
umping for 1 h after the third flushing.

.3. X-ray diffraction including high temperature measurements

The room temperature X-ray diffraction (XRD, 3003-TT, Seifert, Ahrensburg,
ermany) was carried out in ambient atmosphere. The high temperature diffraction
xperiments (HT-XRD) were performed with the same diffractograph in continuous
ow of Ar applying in addition a high temperature furnace (HDK 2.4 X-ray furnace,

ohanna Otto, Hechingen, Germany). The testing temperatures were 50 ◦C and fur-
her from 300 up to 1100 ◦C increasing in 200 ◦C steps. The same temperatures were

nvestigated during cooling down. The room temperature XRD was performed in
he 2� range from 20◦ to 120◦ with a step size of 0.02◦ and a scan step time of 2 s.
he HT-XRD was performed in the 2� range from 30◦ to 95◦ with a step size of 0.05◦

nd a scan step time of 1 s.
As already mentioned, the Ti–6Al–4V SMD components are highly textured and

n some sense can be considered as pseudo-single-crystalline [25]. The diffraction
Compounds 509 (2011) 2723–2728

pattern of such highly textured component depends critically on the orientation
of the component relative to the X-ray beam and frequently the required Bragg
condition is not accomplished. Hence, the appearance and the height of diffraction
peaks usually do not agree with the one derived from powders. A consequence of
this is that the relative amount of two phases cannot be derived from the relative
intensities. Yet, if a diffraction peak appears, the diffraction angle 2� can be used,
applying Bragg’s law, to determine the distance of the reflecting planes d. With
the reflecting planes the lattice parameter can be derived. For hexagonal closed
packaged structures, such as the � phase, the lattice parameters a and c can, for
example, be calculated using the [1 0 0], [1 1 0], [0 0 2], and [1 0 2] reflections:

a = d1 0 0
2√
3

(1)

a = 2d1 1 0 (2)

c = 2d0 0 2 (3)

c = 2√
(1/d2

1 0 2) − (4/3)(1/d2
1 1 0)

(4)

For bbc structures, such as the � phase, the lattice parameter c can be derived
by:

c = 2d2 0 0 (5)

The unit cell volume V then is

Va =
√

3
2

ca2 or Vˇ = c3 (6)

The average length L for the unit cell, which will be taken as a measure for length
changes, can be approximated by

L = 3√
V (7)

2.4. Scanning electron microscopy including EDX

The microstructure was investigated by scanning electron microscopy (SEM, FEI
XL30FEG) of polished cross-sections, where back-scattered electron (BSE) imaging
with very high contrast allows discerning directly the � and � phases, omitting
artefacts from etching. Energy dispersive X-ray (EDX) point analysis was applied to
determine the composition of the phases.

2.5. Micro-Vickers hardness

The Vickers microhardness tests were performed on polished cross-sections
of as-fabricated specimens and of specimens tested by IET or TMA applying a
Leitz/Durimet 2 microhardness tester using a weight of 100 g (HV0.1).

3. Results

3.1. Thermal mechanical analysis

During heating in a good vacuum the SMD specimen exhibits
continuous linear expansion until 1100 ◦C, not exhibiting any vari-
ation while passing the � + � phase field or reaching the � phase
field (Fig. 2(a)). Hence, in the case of as-fabricated material, phase
transformations are not reflected in the TMA. The coefficient of
thermal expansion (CTE) during heating is 1.17 × 10−5 K−1. During
cooling, first the contraction line follows the expansion line until
reaching the � transus temperature at 1000 ◦C. Then, the contrac-
tion stalls until about 900 ◦C. Further on, again linear contraction is
observed with a slope similar to the expansion. The stalling during
heating between 1000 and 800 ◦C results into a hysteresis and a
net-increase of the specimen length of about 0.1%.

The experiment in the poorer vacuum shows the influence of
oxygen (Fig. 2(b)). During heating, until about 800 ◦C a similar CTE
as in the case of the good vacuum is observed. At higher tem-
peratures, however, increased expansion is recorded. Also, during
cooling, in the regime between 1100 and 1000 ◦C, the contraction
rate is slightly lower than the observed expansion rate during heat-
ing. Therefore, due to the poorer vacuum the hysteresis is opened

up more and a net-increase of the specimen length of about 0.2%
is observed. However, the general result in both cases is the same:
during heating the phase transformation from � to � is not reflected
in the TMA curve, while during cooling the transformation from �
to � phase results in an increased length.
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Fig. 2. TMA curves showing the relative length change in dependence on the tem-
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is the only remaining. It is noteworthy that this peak exhibits at
1100 ◦C a broad shoulder. Cooling down, the � phase reflections
reappear, but not necessarily the one observed in the as-fabricated
state. For example, during cooling down the [2 0 1] reflection now
is very dominant, but the [1 0 0] does not exist anymore. With cool-
erature in the case of good (a) and poorer (b) vacuum. (c) Relative length change
erived from the unit cell volume measured by the HT-XRD (derived from [1 1 0]� ,
1 0 2]� , and [2 0 0]� reflections). The arrows indicate the heating (up) and the cooling
down).

After TMA up to 1100 ◦C the surfaces of the specimens are dull
ndicating oxidation at the surface. The specimen tested in the
oorer vacuum even exhibits oxide flakes spalling off during han-
ling after the test.

.2. X-ray diffraction including high temperature measurements
Fig. 3 shows the diffraction patterns before and after TMA. All
eaks can be attributed to Ti � phase. After TMA some peaks are
eaker than before or are not appearing at all. This is attributed to

lightly different orientations of the specimen in connection with
he strong texture, as discussed before. No reflections belonging to
Fig. 3. X-ray diffraction pattern at room temperature before and after TMA.

the � phase appear which can be explained by the low amount of
the � phase in combination with orientations not fulfilling Bragg’s
law for the � phase. The lattice parameters derived from the dif-
ferent reflections are given in Table 1. It appears, that both lattice
parameters a and c of the � phase, and therefore also the unit cell
volume V, have increased due to the TMA experiment. This increase
gives, applying Eqs. (6) and (7) (only for the � phase, since no reflec-
tions of the � phase were detected), a net length increase of about
0.5%.

Fig. 4 exhibits the HT-XRD patterns, where all besides one peak
belong to the � phase. The additional peak can be identified to
be the [2 0 0] reflection of the � phase [35]. With increasing tem-
perature the peaks shift to the left and the [2 0 0] reflection of
the � phase increases in intensity. At 1100 ◦C the � phase reflec-
tions have disappeared and the [2 0 0] reflection of the � phase
Fig. 4. High temperature diffraction patterns.
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Table 1
Lattice parameters and unit cell volume at room temperature, derived from different XRD reflections (as indicated) before and after TMA, respectively HT-XRD.

Before TMA After TMA Before HT-XRD After HT-XRD

� phase a1 0 0 [Å] 2.931 2.946 2.934 –
a1 1 0 [Å] 2.928 – 2.928 2.926
c0 0 2 [Å] 4.669 4.696 – –
c1 0 2 1 1 0 [Å] 4.676 – 4.669 4.679
V1 0 0 0 0 2 [Å3] 34.74 35.28 – –

– 34.66 34.68

– 3.203 3.216
– 32.86 33.26
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V1 0 2 1 1 0 [Å3] 34.73

� phase c2 0 0 [Å] –
V2 0 0 [Å3] –

ng down, the intensity of the [2 0 0] reflection of the � phase has
ecreased significantly.

Fig. 5 shows the development of the unit cell volumes V of
he � and the � phase during heating and cooling of the HT-XRD
xperiment. The unit cell volume of the � phase V� changes fairly
inear during heating and cooling and is only slightly larger after
he HT-XRD experiment. The unit cell volume of the � phase V�
s at room temperature significantly smaller than the one of the �
hase. However, during heating the unit cell volume V� increases
ore pronounced and at the � transus temperature (1000 ◦C) both

hases have supposedly the same unit cell volume. During cooling
gain a prominent change in the unit cell volume is observed. After
he HT-XRD the unit cell volume of the � phase is larger than before.

The unit cell volumes and the lattice parameters at the begin-
ing and at the end of the HT-XRD experiment are summarized in
able 1. Apparently the HT-XRD has increased V� slightly, but V�
ignificantly. Assuming an amount of 10% of the � phase as typi-
ally observed for Ti–6Al–4V at room temperature, the change of
� and V� gives a net increase in length of 0.1%, which agrees with
he TMA result in a good vacuum.

The lattice parameters derived from different reflections and
ifferent as-fabricated specimens agree well with each other, and
ive a = 2.93 Å and c = 4.67 Å for the � phase and c = 3.20 Å for the �
hase. The relative average length of the unit cell volume, derived
rom [1 1 0]�, [1 0 2]�, and [2 0 0]� reflections, is plotted in Fig. 2(c)
o compare with the TMA results (Fig. 2(a) and (b)). For simplicity,
� phase volume amount of 10% has been assumed for temper-

tures below 1000 ◦C and of 100% for 1100 ◦C. The dependence of
he relative average length of the unit cell volume on tempera-

ure is quite similar to the one measured with TMA indicating that
he assumptions made for the calculations are in the right order of

agnitude. However, the details measured by TMA, specifically the
talling during cooling, could not be reproduced.

ig. 5. Unit cell volumes of the � and the � phase in dependence on the temperature
uring HT-XRD (derived from [1 1 0]� , [1 0 2]� , and [2 0 0]� reflections). The arrows

ndicate the directions of the temperature change.
Fig. 6. Thermally etched surface after HT-XRD exhibiting lamellae and surface steps.

After the HT XRD experiment the specimen is still shiny
indicating that in contrast to the TMA experiments no oxygen con-
tamination took place. The former polished planes now exhibit
a surface relief revealing grains and lamellae and surface steps
(Fig. 6). This surface relief is interpreted as the result from ther-
mal etching due to preferential evaporation at different rates on
different crystallographic planes [36].

3.3. Scanning electron microscopy including EDX

The microstructure of as-fabricated Ti–6Al–4V SMD compo-
nents (Fig. 7(a)) comprises of � phase lamellae (grey contrasts)
in a � matrix (white contrast). These lamellae may form a bas-
ket weave Widmanstätten structure (Fig. 7(a)), or, especially near
the component surfaces, colony structures. Always only bimodal
�/� structures were found, which indicates diffusion and therefore
excludes the diffusionless martensitic formation of the �′ phase.
Apparently, the SMD process supplied not high enough cooling
rates for the martensitic transformation and/or formed marten-
sites were retransformed during subsequent SMD steps, which
subjected already deposited material to temperatures above than
the MS line [37]. More details about the microstructure can be found
elsewhere [25,26].

After TMA, the lamellae are much coarser, but still exhibit Wid-

manstätten structure (Fig. 7(b)). In addition, near the surface a �
case has been formed, where alloying of oxygen stabilizes the �
phase, preventing residual � phase. The TMA has changed the com-
position of the phases (Table 2). Most significantly, the � phase

Table 2
Composition of the � and � phase before and after TMA, as determined by EDX.

Ti [wt.%] Al [wt.%] V [wt.%]

� phase As-fabricated 92.0 ± 0.5 5.7 ± 0.1 2.3 ± 0.6
After TMA 91.7 ± 0.5 6.9 ± 0.5 1.4 ± 0.9

� phase As-fabricated 89.6 ± 0.5 5.0 ± 0.4 5.4 ± 0.9
After TMA 76.9 ± 3.2 3.5 ± 0.4 19.6 ± 2.9
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ig. 7. Microstructures in the as-fabricated state (a), after TMA including the � case
t the surface (b) and after HT-XRD (c).

as a decreased amount in vanadium and an increased amount
n aluminium, and the � phase has a largely increased amount
n vanadium. Precise values for the � phase can, however, not be
etermined reliably, since their size is too small compared to the
ize of the electron beam and neighbour areas influence the result.

After the HT-XRD experiment, no Widmanstätten microstruc-
ure was observed but only large colonies of coarsened � lamellae in
� matrix (Fig. 7(c)), which is typical for slow cooling rates [30,32].

.4. Vickers hardness

As fabricated the SMD component has a Vickers microhardness
f 311 ± 25 HV0.1. After TMA, the �Vickers hardness varies across
he whole width of the specimen. Near the surfaces the values are
argely increased up to almost 600 HV0.1 (Fig. 8). In the centre,
he values are 322 ± 22 HV0.1, which are comparable or possibly
lightly larger than for as fabricated components. In the case of HT
RD no change in hardness was observed.
. Discussion

Astonishingly not much published work can be found about
hermal expansion on �/� Ti, and all of these are not additive
Fig. 8. Vickers microhardness of a cross-section of the specimen after TMA. The lines
indicate the average value (bold line) of the as-fabricated SMD component including
the variance (thin lines).

layer manufactured, but fabricated by conventional routes. Further-
more, the few reports concerning the thermal expansion of �/� Ti
are rather contradicting. Carvalho et al. [38] report for Ti-6242 a
dilatometry curve during heating similar to the cooling curve of
the present work and a cooling curve similar to the heating curve
of the present work. They claim that the �–� transformation can-
not be responsible for the observed stalling of the expansion during
heating and speculate that interstitials, particularly oxygen may be
responsible. They argue that possibly during heating these intersti-
tials may outgas in the high vacuum resulting in the stalling of the
expansion.

Tarin et al. [39,40] report a totally different dilatometry curve for
their Ti alloys. During heating their alloys expand first linearly until
900 ◦C, then the expansion increases drastically until about 950 ◦C,
and from 950 until 1000 ◦C approximately the original expansion
rate was obtained, which is also similar to the contraction rate dur-
ing the whole cooling until room temperature. They attributed the
drastic increase of the expansion to the � to � transformation but
do not discuss why the � to � transformation during cooling does
not appear in a similar way.

Robert reports in his thesis [41] other types of dilatometry
curves. For Ti–6Al–4V, he measures in what he calls equilibrium
condition (25 ◦C/min) a continuous expansion during heating until
950 ◦C (the maximum temperature in this experiment) with a CTE
of 1.1 × 10−5 K−1, during cooling first an increased contraction lev-
elling out to a constant contraction with a CTE of 1.0 × 10−5 K−1. For
high heating rates (1000 ◦C/s!), however, he reports a dilatometry
curve similar to the one by Carvalho et al. [38] with 1.1 × 10−5 K−1

up to 900 ◦C and 0.9 × 10−5 K−1 between 1090 and 1200 ◦C. He
argues that the stalling represents the end of the � to � transfor-
mation.

The question arises, to what extent transformations between
the � and � phases would influence the length of the material.
Basis of the answer is the unit cell volume of the � and � phase.
According to XRD measurements (Fig. 5) at room temperature the
unit cell volume of the � phase is larger than the one of the �
phase. The expansion of the unit cell volume of the � phase with
temperature complies with a CTE of 1.1 × 10−5 K−1. The unit cell
volume of the � phase expanses in a similar way until 500 ◦C, and

then the expansion accelerates. At the � transus temperature both
phases have a similar unit cell volume. This behaviour is in agree-
ment with in situ observations of lattice expansion of Ti–6Al–4V
using synchrotron radiation by Elmer et al. [35] and with high tem-
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erature XRD measurements by Pederson et al. [42]. Elmer et al.
eport a CTE of 1.0 × 10−5 K−1 at temperatures up to 500 ◦C and a
lightly increased CTE of 1.3 × 10−5 K−1 between 600 and 1000 ◦C.
he important message of the X-ray diffraction results is that the
ransformation from � to � phase cannot result in expansion as sug-
ested by Tarin et al. [39,40], since the � phase has a smaller unit
ell volume. In the contrary, reduced expansion is to be expected.
et, the change could only be small [42].

Assuming reversibility, during cooling a similar small stalling in
he dilatometry curve would be expected due to the � to � trans-
ormation. The question is why such a stalling is observed during
ooling and not during heating. One reason could be the propensity
f Ti to receive oxygen at high temperature. Another reason could
e attributed to the non-equilibrium state of the as-fabricated SMD
aterial and to the equilibrium state after the slow TMA exper-

ment (heating and cooling rate of 2 ◦C/min). In other words the
hases could have different compositions before and after TMA.
his could have an effect on the amount of � phase, the composition
f the � and � phase, residual stresses and others.

It is obvious that oxygen reacts with the Ti alloy in the present
MA experiment. The formation of a � case (Fig. 7(b)), and in the
ase of the poorer vacuum the one of oxide scales are observed.
owever, according to the Vickers hardness profile no significant

ncrease in hardness due to alloying of oxygen can be observed in
he bulk (Fig. 8). Furthermore, the time at temperature is too small
or in-depth diffusion of the oxygen. Hence, the influence of oxygen
s restricted to the surface, and can be neglected for TMA, which is
ot a surface sensitive technique.

It is obvious that the TMA experiment has changed the composi-
ion of the phases (Table 2). The � phase is denuded and the � phase
s enriched by Vanadium, reaching values in accordance with the
quilibrium phase diagram for Ti–6Al–4V [31]. The lattice constants
lso have changed due to the TMA experiment (Table 1). From these
wo observations it is deduced that as-fabricated the SMD compo-
ent is not in the equilibrium state. This non-equilibrium state is
ot the martensitic �′ phase, since the microstructural analysis sug-
ests a diffusion controlled microstructure, but a non-equilibrium
imodal structure related with a smaller � + � phase field dur-

ng rapid cooling [34]. This deduction of a non-equilibrium � + �
hase field is supported by mechanical spectroscopy experiments
internal friction), where an additional transformation process in
s-fabricated SMD material was observed and attributed to the
ransformation from a non-equilibrium � phase to � phase [29].
f the � phase in equilibrium state has larger lattice constants than
he one in the non-equilibrium state, it is imaginable that the trans-
ormation into the � phase results in a detectable stalling during
ooling, while the transformation from the non-equilibrium does
ot show. Unfortunately the resolution of HT-XRD was not suffi-
ient and the error too large in order to resolve the small change in
ength observed by TMA.

. Conclusions

As-fabricated SMD Ti–6Al–4V components exhibit a constant
TE of 1.17 × 10−5 K−1 during heating up to 1100 ◦C, where the � to
phase transformation is not reflected. The stalling of the contrac-

ion during cooling is attributed to acquiring phase equilibrium at
igh temperatures with denudation of V in the � phase and enrich-
ent in the � phase. This is taken as indirect evidence that the as-

abricated SMD component contain non-equilibrium composition.
Lattice parameters at room temperature are given as a = 2.93 Å
nd c = 4.67 Å for the � phase and c = 3.20 Å for the � phase. At room
emperature the unit cell volume for the � phase is larger than the
ne for the � phase. However, with increasing temperature the unit
ell volume of the � phase increases strongly in such a way that at
000 ◦C both phases have similar unit cell volume.
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