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Ti-6Al-4V (TA6V) titanium alloy is widely used in industrial applications
such as aeronautic and aerospace due to its good mechanical properties
at high temperatures. Experiments on two different resistive pulse heating
devices (CEA Valduc and TU-Graz) have been carried out in order to study
thermophysical properties (such as electrical resistivity, volume expansion,
heat of fusion, heat capacity, normal spectral emissivity, thermal diffusivity,
and thermal conductivity) of both solid and liquid Ti-6Al-4V. Fast time-
resolved measurements of current, voltage, and surface radiation and shad-
owgraphs of the volume have been undertaken. At TU-Graz, a fast laser
polarimeter has been used for determining the emissivity of liquid Ti-6Al-4V
at 684.5 nm and a differential scanning calorimeter (DSC) for measuring the
heat capacity of solid Ti-6Al-4V. This study deals with the specific behavior
of the different solid phase transitions (effect of heating rate) and the melting
region, and emphasizes the liquid state (T >2000 K).

KEY WORDS: emissivity; phase transitions; Ti-6Al-4V; thermal conductivity;
thermophysical properties; titanium alloys.

1. INTRODUCTION

During the last three decades, dynamic resistive heating techniques have
been widely used for investigating the thermophysical properties of solid
and particularly liquid metals in the temperature range T >1500 K [1]. The
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main reason is that conventional heating techniques are not suited to the
study of liquid metals due to their high chemical reactivity caused by con-
tamination and exothermic reactions from the crucibles.

However, most of the studies have been devoted to nearly pure met-
als, of which a summary is given in the review papers of Gathers [2]
or Cezairliyan [3]. During the last decade, a few laboratories have dealt
with the study of liquid metallic alloys, with attention on industrial met-
als such as Inconel 718, Ti-6Al-4V, and CF8M stainless steel [4, 5], 53Nb-
47Ti (mass%) [6, 7], Ti-44Al-8Nb-1B [8], Fe-Al alloys [9], Fe-Ni alloys
[10], Ni- or Co-based alloys [11], or We-Re refractory alloys [12]. Indeed,
accurate thermophysical property measurements of liquid industrial alloys
are required for high-temperature technologies [13, 14] (i) to improve the
modeling of industrially relevant solidification processes in casting and
welding, (ii) to understand, simulate, design, and improve new processing
equipment, (iii) for obtaining phase diagrams, (iv) for obtaining temper-
ature reference points, (v) for accurate assessment of potential accidents
in the design of safe nuclear reactors, (vi) for basic theory such as critical
points of metals determination, which require high-temperature and high-
pressure conditions, and (vii) for aerospace techniques (e.g., construction
of low-pressure turbines blades, turbocharger rotors, etc).

The TiAl intermetallic alloy family has been widely used in this last
domain because of its high mechanical properties (high strength/density
ratio), such as stiffness, yield, fatigue, and creep strength, its principal
weaknesses being its limited ductility and toughness at room temperature.
Among the TiAl alloys, the Ti-6Al-4V (TA6V) alloy is considered as a
standard material. As a result, such an alloy has been widely studied,
but essentially in the solid state. Among the numerous studies reported
in the literature regarding the solid, only a few have been reported up to
the melting region [4, 15]. Moreover, to our knowledge, only one original
study has been devoted to liquid Ti-6Al-4V [5] by reporting specific heat
capacity and electrical resistivity measurements up to 2300 K. The purpose
of the present study is thus an extension of the temperature range of the
liquid phase.

2. GENERAL CONSIDERATIONS FOR THE TI-6AL-4V ALLOY

2.1. Ti-6Al-4V Phase Diagram

When alloying titanium, the additional elements mainly lead to the
α + β solid solutions (with a large proportion of the α phase), such as
Ti-6Al-4V. Inside this region and for a defined composition, the α phase
proportion under equilibrium increases when the temperature decreases.
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Moreover, such a region is separated from the β one-phase field whose
transformation temperature Tβ , the so-called β-transus, changes as a func-
tion of chemical composition. In the case of Ti-6Al-4V, the two additional
elements, Al and V, result in opposite behaviors.

• Al (as for O, C, and N) is an active α -stabilizer (so-called alphagen
element) and tends to increase Tβ . The addition of such an element
is correlated with hardening of the α phase, an increase of resis-
tance, a decrease of ductility, and better resistance to extrusion.

• V (as for H, Mo, Ta, and Nb) is a typical β-stabilizer (so-called
betagen element) and tends to decrease Tβ . On the other hand, it
increases the alloy resistance and is correlated with a decrease of
resistance to oxidation (opposite to Mo).

Regarding the crystalline structures, it should be noted that the α phase is
pseudo-hexagonal close-packed whereas β is body-centered cubic.

Figure 1 presents a partial phase diagram of the Ti-6Al alloy as a
function of vanadium composition (up to 16% mass fraction) extracted
from Ref. 16. This diagram indicates that the 4% V mass fraction line
(corresponding to the Ti-6Al-4V alloy) intersects the β-transus tempera-
ture Tβ at about 1280 K.

Moreover, melting ranges from 1873 to 1923 K (Goodfellow Cam-
bridge Ltd. data). The values of most thermophysical properties are given
in Ref. 17, and were used for welding applications. Since Al and V are
lighter atoms than Ti, the alloy density (4.42) is lower than that for pure
Ti (4.507) [17].

2.2. Chemical and Microstructure Analyses

Rod-shaped Ti-6Al-4V samples were provided by Goodfellow Ltd.
The typical chemical analysis of Ti-6Al-4V samples is given in Table I
according to the ASTMD 348-99 standard [18] referenced by Goodfellow
Ltd.

Figure 2 presents the microstructure obtained from one single exper-
iment where the sample is heated in the solid phase up to the β-phase
by adjusting the current intensity. The micrographs are obtained at the
frontier of the sample holder (no heating—cold zone) and the specimen
(heated zone). As shown in Fig. 2, one can clearly distinguish both α +
β (cold zone) and β (heated zone) phases. α + β presents an equiax-
is-like structure with very fine grains (containing only a small propor-
tion of the β phase). Unfortunately, little information is given from the
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Fig. 1. Partial ternary phase diagram of Ti-6Al-V extracted
from (Brooks, 1982) [16].

supplier regarding the manufacturing process. It seems to be typical for
a cold-drawn microstructure obtained from an α +β structure. Moreover,
the heated zone presents a β monophased needle-like microstructure with
lamella of the α phase which is typical of a so-called Widmanstätten struc-
ture [19].

Table I. Typical Chemical Analysis of Ti-6Al-4V Alloys (ASTMD 348-99 Reference)

Element Al C Fe H N O V Ti

Composition (mass%) 6 0.1 0.4 0.015 0.05 0.2 3.5–4.5 Balance
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Fig. 2. Micrographs revealing microstructure differences of the α + β phase (not heated
zone: top micrograph) and the β phase (heated zone: micrograph below).

3. GENERAL CONSIDERATIONS ON BOTH PULSE HEATING
EXPERIMENTAL DEVICES

Both devices consist of rapid resistive self-heating of an electrical con-
ducting specimen (typically a rod of a few hundred microns to a few mil-
limeters diameter and a few centimeters in length) and heating them by
the Joule effect. In other words, these experiments utilize the passage of a
large electrical current pulse through the sample by discharging a capac-
itor bank with an appropriate time resolution of less than 1 s (typically
from a few hundred milliseconds to a few hundred nanoseconds).

Among the numerous advantages of these dynamic techniques (num-
ber of accessible thermophysical data, exploration of the entire liquid state,
determination of critical points, etc.), such methods are particularly rel-
evant since the applied energy is imparted uniformly to the entire vol-
ume of the specimen (volume heating) in less than one second on the one
hand, and permits the time dependence of some physical phenomena on
the other hand.

Such dynamic methods can be classified according to various heat-
ing durations of the experiment and/or heating rates. Both devices belong
to microsecond resolution systems and have been described in detail pre-
viously: Refs. 20 and 21 for CEA Valduc and Refs. 10 and 22 for TU-
Graz, the heating duration being around 100 and 40µs, respectively. Such
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submillisecond devices have been developed for investigating thermophysi-
cal properties of materials in the temperature range of 2,000 to 10,000 K.
The corresponding heating rate ranges from 106 to 108 K · s−1.

3.1. Measured and Calculated Quantities

At any instance, the following basic measurements are generally avail-
able: (i) current intensity through the sample I (t); (ii) voltage drop along
the sample U(t); (iii) diameter of the sample φ(t); and (iv) thermal emis-
sion from the heated sample surface J (t). Figure 3 presents such data
for typical measurements on Ti-6Al-4V. These basic measurements already
show the α+β −β solid transition from electrical measurements and melt-
ing throughout the pyrometer response.

From these measured quantities mentioned above, thermophysical
properties, namely, enthalpy H(t), electrical resistivity ρel(t), specific vol-
ume V/V0(t) (and consequently density), thermal conductivity λT , thermal

0 20 40 60 80 100 120 140 160 180 200

  current pulse

Nd:YAG pulse
(sound velocity)

melting

(α +β )−β 

A
rb

itr
ar

y 
un

its

Time, ms

  voltage

 

  pyrometer response

 

 

Fig. 3. Basic measurements (current intensity, voltage, pyrometer response) of a
dynamic experiment performed on a Ti-6Al-4V specimen. The capacitor bank voltage is
7 kV producing a 6 kA current during 120µs (CEA Valduc device). Sample dimensions
are: 1 mm diameter, 30 mm length.
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diffusivity a, and temperature T (t) are calculated. By combining these
different terms (which are all reported as a function of time), one obtains
H(T ), ρel0(T ), ρel0(H), ρel(T ), ρel(H),V/V0(T ),V/V0(H), a(T ), λT (I) and
the isobaric heat capacity cp.

The enthalpy variation, equal to the internal (electrical) energy is then
expressed by

�H =H(T )−H(298)= 1
m

∫ t

t0

I (t)Uc(t)dt, (1)

where m is the mass of the sample and Uc is the voltage corrected for the
inductive term:

Uc(t)=U(t)−L
dI (t)

dt
, (2)

where L is the self-inductance of the circuit.
It should be noted that due to the high heating rate (up to 108 K · s−1),

radiative heat losses are assumed to be negligible. Such a consideration would
not be true, for instance, for the millisecond systems (about 103 K · s−1).

The electrical resistivity is simply calculated from Ohm’s law:

ρel 0(t)= Uc(t)

I (t)

πφ2
0

4l
, (3)

where φ0 is the initial wire diameter and l is the distance associated with
the potential difference measurement.

In most cases and when available, the radial expansion, and conse-
quently the volume variation, is obtained by employing a shadowgraph
technique with the use of a streak camera or a high frame rate CCD cam-
era. Then a CW laser (or lamp) backlights the sample, whose shadow is
viewed by the camera. Since supporting jaws block both ends of the wire,
only radial expansion occurs.

A typical streak image is shown in Fig. 4. Consequently, image pro-
cessing is used to obtain the relative radial expansion variation φt/φ0.
Since the sample maintains its cylindrical geometry throughout the solid
and liquid states (before collapsing after the end of the experiment due to
gravity or to phase explosion), and therefore the specific volume can be
calculated from the following expression:

V (t)

V0
= φ2

t

φ2
0

. (4)
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Fig. 4. (a) Radial expansion streak image of a wire-shaped Ti-6Al-4V sample and (b)
correlated diameter variation as a function of time.

The density d (or specific gravity) can be calculated by using the mass con-
servation law as follows:

d =d0
V0

V (t)
(5)

where d0 is the initial density of the sample.
The correct electrical resistivity ρel must take into account the radial

expansion of the wire during heating. Then Eq. (3) becomes:

ρel(t)= Uc(t)

I (t)

πφ2
t

4l
=ρel 0(t)

φ2
t

φ2
0

. (6)

By knowing both the enthalpy (see Eq. (1)) and temperature (see Section
3.2), the specific heat capacity at constant pressure is also deduced from
the following equation:

cp =
[
∂H(T )

∂T

]
p= const

. (7)

Some other thermophysical properties such as thermal conductivity
and thermal diffusity can be determined. Indeed, the thermal conductivity
λT is simply related to the electrical resistivity ρel from the Wiedemann–
Franz law:

λT (T )= LT

ρel(T )
, (8)
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where L is a constant, the so-called Lorentz number, i.e., L = 2.45 ×
10−8 V2 · K−2. Equation (8) signifies the dominance of electrons in the
heat transport and is known to work well for pure liquid metals [23].

The thermal diffusity may also easily be expressed from thermal con-
ductivity according to

a(T )= λT (T )

Cp(T )d0
, (9)

where d0 is the initial density at room temperature.

3.2. Temperature Measurements

The TU-Graz system has recently integrated a new laser polarime-
ter permitting the determination of normal spectral emissivity. Such a tool
is very relevant since the application of simultaneous laser polarimetry
and spectral radiometry leads to a true temperature determination. Great
advances have thus been achieved in temperature measurements by signifi-
cantly improving their accuracy with such a device for a series of selected
pure metals [24–26].

Briefly, it consists of the so-called microsecond-division of amplitude
photopolarimeter (µs-DOAP) presented in Fig. 5. The physical basis of
the µs-DOAP is to reflect an initially polarized laser beam (wavelength
λ=684.5 nm) from the pulse-heated liquid wire and to analyze the change

Fig. 5. Schematic setup of the µs-DOAP. PSD—polarization state generator with the
following parts: LD—diode laser, LP—linear polarizer, QWR—quarter wave retarder,
L—lens; S—sample; PSD: polarization state detector with the following parts: IF—
interference filter, BS—beam splitter, CCD—CCD-camera, FS—field stop, GTP—Glan–
Thompson-prism, D0–D3—detectors.
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in polarization of the light upon reflection from the wire. Obtained prop-
erties are primarily the changes in optical constants n (refractive index)
and k (extinction coefficient). Starting with these two optical constants, the
normal spectral emissivity at 684.5 nm and its change during the experi-
ment can be calculated.

Once n and k have been determined, the normal spectral reflectivity,
Rλ, is calculated from the following equation:

Rλ = (n−n0)
2 +k2

(n+n0)
2 +k2

, (10)

where n0 is the index of refraction of ambient gas (n0 ≈1 for air).
For opaque materials the normal spectral emissivity ελ is then deter-

mined from Kirchoff’s law:

ελ =1−Rλ (11)

From Eq. (11) and the determination of the sample radiance temper-
ature TR at a given wavelength, the true temperature T can be deduced
from Wien’s law:

1
T

− 1
TR

= λ

c2
log ελ, (12)

where λ is the wavelength, ελ is the normal spectral emissivity at the wave-
length λ, and c2 is the second Planck’s constant (14388 µm · K).

3.3. Uncertainties

According to the guide to the expression of uncertainty in measure-
ments [27], uncertainties reported here are expanded relative uncertainties
with a coverage factor of k =2. An evaluated set of uncertainties is given;
for the measured pulse-heating data the following uncertainties are esti-
mated: current, I , 2%; voltage drop, U , 2%; temperature, T , 4%; normal
spectral emissivity, ε, 8%; mass m, 2%, from which we obtain for enthalpy,
H , 4%; enthalpy of melting �H, 8%; specific heat capacity cp, 8%, specific
electrical resistivity with initial geometry, ρel,0, 4%, and specific electrical
resistivity with volume expansion considered, ρel, 6%.

The estimated uncertainties of the thermal conductivity and thermal
diffusivity are found to be 15% [10].
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4. DSC MEASUREMENTS

To complete pulse heating data in the solid state, TU-Graz has also
used a differential scanning calorimeter (DSC) which is described in Ref.
28. The specific heat capacity can be determined from room temperature
up to 1500 K. The associated heating rates are typically 20 K · min−1, and
this technique can be considered as a quasi-static process. Hence, by com-
bining DSC and pulse-heating techniques, the complete temperature range
of solid and liquid phases is investigated.

The DSC can be used primarily for measurements of the heat
capacity of the sample (5.2 mm diameter and 0.5 mm height) in the tem-
perature range from 500 to 1500 K. The sample is measured relative to a
second, inert sample of approximately the same heat capacity. One experi-
ment consists usually of three separate runs: a scan with two empty pans,
a scan with one pan containing a sapphire reference sample, and finally
a scan with the sample in the same pan where the reference sample was
previously. The heat capacity as a function of temperature of the sample
under investigation, cp(T ), is obtained by using the following equation:

cp(T )= cr
p(T )

mr

m

�3 −�1

�2 −�1
, (13)

where �1, �2, and �3 are, respectively, the three DSC signals with empty
pans, the signal of the reference, and the signal of the sample. mr and m

are the masses of the reference and the sample, respectively, and cr
p is the

heat capacity of the reference.
Using this heat capacity cp(T ) obtained with DSC measurements, one

is able to calculate the enthalpy of the specimen by integrating the heat
capacity signal with respect to temperature and considering a constant cp

from room temperature to the start temperature of the experiment,

H298(T )=
∫ T

473
cp(T ) dT + (473−298)cp(473), (14)

where H(T ) is the enthalpy and cp is the specific heat capacity.
The assumption in Eq. (14) of a constant heat capacity between 298

and 473 K is taken into consideration for the uncertainty of the enthalpy
values.

Therefore, the enthalpy versus temperature dependence for a given
material can be calculated directly from DSC measurements. This enthalpy-
temperature dependence can further be used to obtain the inverse
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dependence, temperature versus enthalpy. With this result, one is able to
extend our electrical measurements (i.e., enthalpy or electrical resistivity)
of the pulse-heating experiments to lower temperatures by combining the
temperature scale from the DSC (temperature versus enthalpy) with the
electrical measured properties versus enthalpy. It has to be noted that
the above mentioned procedure is only applicable as long as there are
no phase transitions in the solid state of the material under investiga-
tion. Phase transitions can easily be observed with DSC measurements,
but can be wholly or partially suppressed under pulse-heating conditions
as applied within this experiment, due to the extreme high heating rates
of 108 K · s−1. This procedure enables us to extend the results for enthalpy
versus temperature and resistivity versus temperature to lower temperature
regions, starting now at the onset temperature of the DSC (500 K). Up
to now access to these temperature regions when using pulse-heating tech-
niques was only possible by experiments with millisecond time resolution
[29]. For the DSC data the uncertainties are: temperature, T , 2 K; specific
heat capacity, cp, 3%. The uncertainties of the temperature values after
the merging of pulse-heating and DSC data results are dominated by the
uncertainty of the enthalpy values obtained by pulse heating. Out of this,
the uncertainty over the whole temperature interval is estimated to be 4%.

5. RESULTS AND DISCUSSION

5.1. Solid Phase

Figure 6 presents electrical resistivity measurements (not volume cor-
rected) as a function of enthalpy for solid Ti-6Al-4V for the present
work (microsecond systems) compared to literature data [5]. In all cases,
it clearly shows the (α + β) − β transition by a strong electrical resis-
tivity variation. Moreover, very good agreement between all the experi-
ments is observed except for the millisecond experiment presenting a lower
enthalpy value for the transition. Indeed, the β-transus strongly depends
on the heating rate as first shown by Kaschnitz et al. [5] by using both
millisecond (corresponding to a 103 K · s−1 heating rate) and microsec-
ond (107 K · s−1) systems. Present data are obtained with 5 and 7 kV
CEA bank voltages corresponding to 1.3×107 and 2.3×107 K · s−1 heat-
ing rates, respectively. In all cases, the β-transus is shifted towards larger
enthalpy values and thus higher temperatures compared to the millisec-
ond experiment. Such a phenomenon could be attributed to nonequilib-
rium conditions by using high heating rates and is probably enhanced for
alloys compared to pure metals.



Thermophysical Properties of Solid and Liquid Ti-6Al-4V Alloy 519

100 200 300 400 500 600 700 800 900 1000
1.55

1.60

1.65

1.70

1.75

1.80

1.85

1.90

1.95

2.00

β α+β 

 Present work (CEA - 5 kV)
 Present work (CEA - 7 kV)
 (Kaschnitz et al. - microsecond, 2002) [5]
 (Kaschnitz et al. - millsecond, 2002) [5]
 Present work (TU-Graz)

E
le

ct
ric

al
 r

es
is

tiv
ity

, m
Ω

 ·m

Enthalpy, kJ·kg-1

Fig. 6. Electrical resistivity as a function of enthalpy. The β-transus strongly depends on
the heating rate as first shown by Kaschnitz et al. (2002) [5] by using both millisecond
(corresponding to a 103 K · s−1 heating rate) and microsecond (107 K · s−1) systems. Pres-
ent data are obtained with 5 and 7 kV CEA bank voltages, and 6 kV TUG bank voltage
corresponding to 1.3×107,2.3×107, and 2.5×107 K · s−1 heating rates, respectively.

The specific heat capacity at constant pressure Cp has also been stud-
ied by using the differential scanning calorimeter (TU-Graz) operating
at continuous heating. Its variation versus temperature up to 1400 K is
reported in Fig. 7. The peak observed at 1220 K corresponds to the β-
transus line. It seems to be quite narrower than the one obtained by
Basak et al. [4] from pulse-heating experiments. Such a difference is not
well explained, but the specific heat capacity and electrical resistivity are
known to strongly depend on the thermal history of the material. More-
over, the material behavior could be influenced by continuous (DSC) and
pulse heating regimes (effect of heating rate).

It should be noted that variations of cp are also observed from
DSC experiments. Such reproducible variations occur at around 800 and
900 K and would correspond to endothermic and exothermic phenomena,
respectively.
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Fig. 7. Specific heat capacity of solid Ti-6Al-4V compared to literature data (Basak
et al., 2003) [4].

5.2. Liquid State

Even with a high melting point, liquid Ti-6Al-4V has also been inves-
tigated. Figure 8 presents the electrical resistivity as a function of enthalpy
in both solid and liquid states. Strong variations or change of slope are
associated with phase transitions. Therefore, the β-transus and melting are
clearly evidenced. From DSC measurements, the (α+β)−β transition was
found to be at 1220 K (Fig. 7) which corresponds to an enthalpy value
of 678 kJ · kg−1. The latent heat of fusion �Hm is calculated either with
the electrical resistivity variation (Fig. 8) or with the pyrometer response
(Fig. 3). In both cases, its value is found to be �Hm = (290±5)kJ · kg−1

in very good agreement with previous data (average of several experi-
ments) of (286±3) [30] or (295±15)kJ · kg−1 [31].

On melting, the values for electrical resistivity without expansion cor-
rection are ρel0,s = 1.70µ
 · m at the solidus and ρel0,l = 1.65µ
 · m at
the liquidus. It should be noted that such a decrease on melting has also
been observed by Kaschnitz et al. [5]. Indeed, this corresponds to a behav-
ior opposite to a very large majority of metals, as for the elements of the
Ti-6Al-4V alloy such as Ti [20], Al [32], and V [33] or even another TiAl
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out volume correction.

alloy [8]. Such a decrease of electrical resistivity disappears in both melt-
ing and the liquid phase by integrating the volume correction as shown
in Fig. 8. Such results have already been observed on pure metals such as
rhenium [34].

Corrected electrical resistivity values result in ρel0,s = 1.90µ
 · m at
the solidus and ρel0,l = 1.92 µ
 · m at the liquidus, meaning a slight
increase during melting.

The specific volume variation has been also determined as a function
of enthalpy as shown in Fig. 9. It was calculated according to Eq. (4) and
radial expansion measurements obtained from Fig. 4. From these results,
the volume expansion on melting �Vm is found to be �Vm = (3.9±0.3)%.

The normal spectral emissivity of liquid Ti-6Al-4V at λ = 684.5 nm
has been determined from laser polarimetry by using Eqs. (10) and (11),
and is presented versus radiance temperature at 650 nm in Fig. 10. The
emissivity results are the mean value of six individual and independent
DOAP measurements. The normal spectral emissivity at 684.5 nm versus
radiance temperature TR can be described by the following linear least-
squares fit:
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ε =0.428−1.28×10−5TR 1788 K<TR <2600 K. (15)

Consequently, the linear least-squares fit to the liquid state of the
normal spectral emissivity versus true temperature at 684.5 nm calculated
from the emittance versus radiance temperature plot (Fig. 10) gives

ε =0.425−1.05×10−5 T Tm <T <2920 K. (16)

The radiance temperature at the melting transition (which is assumed
to be here the liquidus line as this alloy looks like a melting transition of
pure metals rather than a solidus-liquidus transition as would be expected
from an alloy) is obtained with TR = 1788 K. Furthermore, by using the
extrapolated emissivity at the liquidus, a true temperature value of Tm =
1928 K is found in very good agreement with the material supplier (Good-
fellow Cambridge Ltd.) data of 1873–1923 K for the melting temperature
of Ti-6Al-4V.

One interesting issue with this alloy is the fact it takes an additional
200 K after the nominal melting temperature for emissivity to drop to a
reproducible value in the liquid state. This behavior has also been found
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ues extrapolated to the liquidus temperature; vertical dashed line: liquidus temperature.

with zirconium and hafnium [26], both of which tend to have surface lay-
ers of oxides, nitrides, impurities, etc. As these surface layers can have
melting temperatures that are significantly different from the melting tem-
perature of the pure sample material, it might take some additional time
(which equals a higher temperature during pulse-heating) for those surface
layers to disappear (burn, get transparent, melt, etc.).

Such a phenomenon could also occur with Ti-6Al-4V as one of
the components is aluminum, which has a much lower melting tempera-
ture (913 K) compared to the other two. Consequently, aluminum can be
expected to be located in the outer regions of the wires, as the component
with the lowest melting temperature is pushed to the surface. Furthermore,
aluminum is known for its extremely fast growing oxide layer, which has
completely different optical and physical properties. Then, such an alumi-
num oxide could be one of the main reasons for this ‘delayed’ drop in
emissivity.

Moreover, since titanium is the main component within this alloy
(about 90%), it is expected that some of the optical and physical properties
are mainly influenced by titanium. This is especially true for the melting
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Fig. 11. Specific heat of solid (DSC) and liquid (pulse heating) Ti-6Al-4V.

temperature (which is very close to the melting temperature of pure tita-
nium, Tm =1943 K) and also for the normal spectral emissivity value at the
melting transition, ε in the liquid state, and also for the slight decreasing
trend of emissivity throughout the liquid state.

Because the pyrometer threshold is around 1700 K, the low temper-
ature range could not be measured from pulse experiments. Therefore,
the DSC has been used for the 300 < T < 1600 K range for solid Ti-6Al-
4V, whereas temperature values were calculated from pulse heating exper-
iments (see above) from 1700 K in the pre-melting range up to 2600 K in
the liquid phase. By combining all of these data, the specific enthalpy is
reported over the complete temperature range as presented in Fig. 11. The
linear behavior of such a curve in the liquid phase is represented by

H(T )=−607.95+1.126T for Tm <T <2600 K (17)

One can calculate the specific heat capacity cp value of liquid
Ti-6Al-4V from the slope of this curve (see Eq. (7)) which is found to be
constant and equal to 1126 J · kg−1 · K−1. This value is about 20% higher
than 931 J · kg−1 · K−1 obtained by Kaschnitz et al. [5]. Such a difference
is not well explained and cannot be attributed to the material origin or
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Fig. 12. Electrical resistivity versus temperature of solid and liquid Ti-6Al-4V and com-
parison with literature data (Basak et al., 2003 [4]; Cezairliyan et al., 1977 [15]; Kaschnitz
et al., 2002 [5]).

manufacturing process (and associated thermomechanical treatments) since
both electrical resistivity measurements of liquid Ti-6Al-4V show good
agreement (see below). Moreover, our 1126 J · kg−1 · K−1 value is very close
to 1147 J · kg−1 · K−1 obtained for another TiAl intermetallic alloy such as
Ti-44Al-8Nb-1B [8].

Once the temperature is determined by combining DSC and pulse
experiments, all the thermophysical properties can be reported as a func-
tion of temperature. Then, the electrical resistivity is reported in Fig. 12
versus temperature and is compared to available literature data in the
melting region obtained by millisecond [4, 15] and microsecond [5] pulse-
heating techniques. Agreement is good with Kaschnitz et al. and Cezairli-
yan et al., since our data are about 5µ
 · cm (i.e., 3%) lower than these
literature values. However, a larger deviation (∼10 µ
 · cm) is observed
with Basak et al. results. As for cp values (see Section 4), such a differ-
ence could be attributed to the origin and history of the material.

Moreover, our best linear fit of the electrical resistivity variation of
liquid Ti-6Al-4V is as follows:
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Fig. 13. Thermal conductivity of solid and liquid Ti-6Al-4V versus temperature.

ρel(T )=1.85−1.07×10−4T for Tm <T <2600 K. (18)

It should be noted that a negative slope of dρel0/dT of liquid Ti-
6Al-4V was observed by Kaschnitz et al. [5] and also for Ti-44Al-8Nb-1B
[8]. By incorporating the volume correction, it does indeed become posi-
tive as shown in Fig. 8.

The thermal conductivity has been determined by using the Wiede-
mann-Franz law (see Eq. (8)), and is presented in Fig. 13.

The linear fit for the β phase is found to be

λT =−0.32+1.46×10−2 T 1400<T <1850 K (19)

and in the liquid phase:

λT =−6.66+1.83×10−2 T 1950<T <2700 K (20)

where λT is in W · m−1 · K−1 and T is in K.
The thermal diffusivity has also been calculated according Eq. (9) in

the melting region (see Fig. 14), and leads to the following relationships
according to the temperature ranges:
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the melting region.

a(T )=
(
−1.54+3.9×10−2T

)
10−7 1400<T <1850 K (21)

and for liquid Ti-6Al-4V:

a(T )=
(
−1.54+3.9×10−2T

)
10−7 1950<T <2700 K (22)

It should be reminded that the associated uncertainty of thermal
conductivity and thermal diffusivity is ±15%.

6. CONCLUSION

The thermophysical properties of solid and liquid industrial titanium
alloy Ti-6Al-4V, namely electrical resistivity, specific heat capacity, volume
expansion, spectral emissivity, thermal conductivity, and thermal diffusiv-
ity have been investigated up to 2700 K.

Transient techniques have demonstrated their unique capabilities of
measuring thermophysical properties of materials under extreme experi-
mental conditions. Such work confirms pulse heating experiments are also
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well suited to studies on refractory alloys, stimulating a new investiga-
tion field, since the last several decades have been mainly focused on pure
metals. However, one has to take care about the effect of the heating rate
inducing a shift of solid phase transitions.
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