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AbstractÐThe e�ect of heating rate and grain size on the melting behavior of Nb±47 mass% Ti is
measured and modeled. The experimental method uses rapid resistive self-heating of wire specimens at
rates between 0102 and 0104 K/s and simultaneous measurement of radiance temperature and normal
spectral emissivity as functions of time until specimen collapse, typically between 0.4 and 0.9 fraction
melted. During heating, a sharp drop in emissivity is observed at a temperature that is independent of heat-
ing rate and grain size. This drop is due to surface and grain boundary melting at the alloy solidus tem-
perature even though there is very little de¯ection (limited melting) of the temperature±time curve from the
imposed heating rate. Above the solidus temperature, the emissivity remains nearly constant with increas-
ing temperature and the temperature vs time curve gradually reaches a sloped plateau over which the
major fraction of the specimen melts. As the heating rate and/or grain size is increased, the onset tempera-
ture of the sloped plateau approaches the alloy liquidus temperature and the slope of the plateau
approaches zero. This interpretation of the shapes of the temperature±time curves is supported by a model
that includes di�usion in the solid coupled with a heat balance during the melting process. There is no evi-
dence of loss of local equilibrium at the melt front during melting in these experiments. # 1999 Published
by Elsevier Science Ltd on behalf of Acta Metallurgica Inc. All rights reserved
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1. INTRODUCTION

We investigate the extent to which di�usion limi-

tations in the solid a�ect the melting behavior of

alloys. Speci®cally we examine the e�ects of heating

rate and grain size on the shape of the temperature

vs time curve during pulse melting of Nb±47 -

mass% Ti. Both of these factors strongly a�ect the

extent of solid di�usion. The experimental method

employed here is based on rapid resistive self-heat-

ing of wire specimens into their melting range at

rates between 0102 and 104 K/s. Heating at these

rates permits the partially molten wire sample to

survive up to melted fractions between 0.4 and 0.9

before collapsing. The technique is particularly suit-

able for measurement of thermophysical properties

and melting behavior of refractory metals [1].

With this technique, the radiance temperature is

measured during heating at two wavelengths with

high-speed pyrometers. Simultaneously, the normal

spectral emissivity is measured with a high-speed

laser polarimeter. During melting, changes in emis-

sivity due to either surface smoothing or due to

intrinsic di�erences between solid and liquid are

therefore directly measured. Frequently the emissiv-

ity drops 05% at the start of melting for elements.

Therefore, it is only with corrections due to chan-

ging emissivity that reliable true temperature vs

time curves can be obtained during melting. Using

this technique for pure metals, an arrest or plateau,

corresponding to melting, is obtained that is iso-

thermal to within 01 K [2] at temperatures that

agree with accepted melting points to within several

kelvin. Thus despite the rapid heating, the assump-

tion of equilibrium during melting is in practice rea-

lized with this technique for pure metals.

However, during heating of an alloy, equilibrium

conditions at a melting interface require the liquid

and solid concentrations to di�er according to the

phase diagram liquidus and solidus. If di�usion of

solute is su�ciently fast to ensure that no concen-

tration gradients exist in the liquid and solid phases

at each instant during the melting process, the frac-

tion of solid during melting as a function of tem-

perature is given simply by the phase diagram and

the lever rule. Thus, as is well known, a tempera-

ture vs time curve during slow melting exhibits an

abrupt decrease in slope at the solidus temperature,

a smooth curve up to the liquidus temperature, fol-

lowed by an abrupt increase in slope above the
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liquidus. This is the basis of traditional thermal

analysis techniques such as DTA.
For increased rates of melting, this full equili-

brium is usually quite di�cult to achieve for substi-

tutional metallic solid solution phases; i.e. a
concentration pro®le will exist in the solid. In this
case the shape of measured temperature vs time

curves will depend on heating rate. Under the
assumption of local equilibrium at the interface,

several authors have described the di�usion of
solute in the solid phase that necessarily accompa-
nies melting. Verhoeven and Gibson [3] describe

how a planar interface, which is melting direction-
ally at constant speed, is at the liquidus temperature
due to the concentration pro®le in the solid. Wan et

al. [4] have modeled and measured the concen-
tration pro®les in the liquid and solid during iso-

thermal melting as a method to measure liquid
di�usion coe�cients. In Section 2, we present an
analysis of di�usion during melting using local

interfacial equilibrium that is relevant for the in-
terpretation of the results obtained using this pulse
melting technique.

We note the extensive literature on premelting of
pure metals. Experiments and theory on the for-

mation of ``quasiliquid layers'' of atomic dimen-
sions on sample surfaces below the equilibrium
melting temperature have been summarized by

Dash [5]. Observation of surface premelting requires
the use of samples that have large surface area to
volume ratios for calorimetric studies or requires

the use of surface structure sensitive experimental
techniques such as proton backscattering. Surface

premelting is not detected with the technique
employed in this paper as proven by the accuracy
of melting point determinations with this method

for pure metals. However, we do anticipate the in-
itiation of melting at, or slightly above, the solidus
temperature at the grain triple junctions and grain

boundaries [6], as well as the sample surface.
The alloy studied here, Nb±47 mass% Ti, was

chosen due to its commercial availability in wire
form, its particularly simple phase diagram and its
relatively high melting range, which is most suitable

for the pyrometric technique. The most recent ther-
modynamic assessment of the binary Nb±Ti phase
diagram [7] optimizes available solidus data and is

consistent with accepted heats of fusion and melting
points of the elements. The calculated diagram is

shown in Fig. 1 as the solid lines. The liquidus and
solidus temperatures for the chosen alloy are 2191
and 2118 K, respectively.

The paper is organized as follows. First, a di�usion
model is presented for melting that assumes local
interfacial equilibrium. Second, the experimental

results on the e�ect of grain size and heating rate are
described. Third, the discussion compares the results

to the model and a conclusion regarding the validity
of the local equilibrium assumption at the liquid±
solid interface for the experiments is reached.

2. DIFFUSION MODEL FOR MELTING

As shown below, melting begins at the sample
surface as well as at the grain boundaries. Because

the sample surface is also a boundary of a grain, we
propose a simple model for melting of the specimen
that considers the motion of a melt front from
grain exteriors to grain centers. For simplicity, a

spherical grain volume of radius R is considered.
The radius r:�0, R� is divided into a solid region
r:�0, ri � and a liquid region r:�ri, R�. The fraction

liquid as a function of time is given by
fL�t� � 1ÿ �ri=R�3. The temperature T(t) and liquid
concentration CL(t) are assumed uniform at each

time. The time dependent di�usion pro®le in the
solid CS(r, t) is determined by the di�usion
equation

@CS

@ t
� DS

1

r2
@

@ r

�
r2
@CS

@ r

�
�1�

in the solid region r:�0, ri � where DS is the solid dif-
fusion coe�cient. Equation (1) is subject to the
symmetry condition, @CS=@ r � 0 at r � 0 and a
conservation of ¯ux conditions at the melting inter-

face, r � ri

�CL ÿ CS �RdfL
dt
� ÿ3DS

�
ri
R

�2 @CS

@ r
ÿ RfL
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Equation (2) is obtained from an integral statement

of conservation of solute in the entire grain

4p
�ri�t�
0

CS�r, t�r2 dr� 4

3
p
ÿ
R3 ÿ r3i

�
CL�t�

� 4

3
pR3C0 �3�

where C0 is the uniform composition of the initial
solid. Di�erentiation with respect to time yields

Fig. 1. Phase diagram calculated according to the thermo-
dynamic description of Ref. [7] (solid lines) and linear ®ts
(dashed) to the liquidus and solidus given by equation (5)

in the region of interest for Nb±47 mass% Ti.
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Using equation (1) to permit integration of the ®rst
term, and the de®nition of fraction liquid, equation

(4) becomes the ¯ux condition, equation (2).
Conservation of heat requires that

cp _T � cp
dT

dt
� L

dfL
dt

�5�

where cp and L, are the heat capacity (solid and
liquid assumed equal) and the heat of fusion, re-
spectively. The parameter _T is the imposed heating

rate prior to the start of melting, which is taken as
a processing parameter. Thus equation (5) rep-
resents the implicit assumption that the net power

heating the specimen (resistive heating minus radia-
tive losses) is held constant, a fact that is very
nearly true during melting of the specimens studied.

The time dependence of the solid concentration
pro®le, the liquid concentration and the tempera-
ture were obtained from a numerical solution of the
di�usion equation [equation (1)] in the solid region

r:�0, ri � simultaneously with the conservation
equations, equations (2) and (5).
The values of CL and CS at the interface at each

instant are assumed to remain on the phase dia-
gram liquidus and solidus lines respectively at all
temperatures T(t) (local equilibrium at the melting

interface). For convenience, linear ®ts to the liqui-
dus and solidus curves were employed for the calcu-
lations in the composition ranges of interest. The
®ts (dashed lines, Fig. 1) are given, respectively, by

T � 2531:7ÿ �727:5�CL and

T � 2421:1ÿ �649:3�CS

�6�

in kelvin and mass fraction Ti. Other material par-
ameters are: C0 (the alloy concentration)=0.47 -
mass fraction Ti, L=cp � 500 K and

R � 2:5� 10ÿ3 cm (corresponding to a typical speci-
men grain radius as seen below). For Nb±Ti, extra-
polation of solid di�usion data [8] to the solidus

temperature gives DS � 6� 10ÿ8 cm2=s. The liqui-
dus and solidus temperatures, TL and TS, for the
overall alloy concentration C0 are given by equation
(6) with CL � CS � C0, respectively.

We note that equation (5) is easily integrated to
give a relationship between time, temperature and
fraction liquid, i.e.

t �
ÿ
L=cp

�
fL � �Tÿ TS �

_T
�7�

where t � 0 corresponds to the initiation of melting
(fL � 0, T � TS). The total melting time, tm, corre-
sponding to the cessation of melting (fL � 1,
T � TL) is given from equation (7) as

tm �
ÿ
L=cp

�� �TL ÿ TS �
_T

: �8�

For subsequent discussion, the instantaneous melt-
ing velocity is easily obtained from the geometry as
�1=3��R3=r2i ��dfL=dt�.
Calculations were performed for a variety of

heating rates for the ®xed value of R. We note that
for ®xed materials parameters, one can substitute
dimensionless length r 0 � r=R and time t 0 � t=tm
into equations (1), (2) and (5) to show that the
dimensionless equations, and thus the melting
curves, depend on _T and R only through the pro-

duct _TR2. Thus there is no need to recompute the
melting process for the other grain sizes R as it can
be determined from these results with suitably

rescaled values of _T . Indeed the importance of solid
di�usion can be characterized by the size of the
dimensionless Fourier number, Fo

Fo � DStm
R2
� DS

�
L=cp � �TL ÿ TS �

	
_TR2

: �9�

Figure 2 shows the predicted T(t) curves for var-
ious heating rates with time normalized by the total

melting time, tm. The behavior for melting with full
equilibrium (lever law) is also included. For the
equilibrium and slow heating rates, a signi®cant

break of slope is observed at the solidus. As the
heating rate increases, this break essentially disap-
pears and the temperature continues to climb before

curving to a relatively linear section (called a quasi-
plateau here) at a higher temperature. At the high-
est heating rates the quasiplateau approaches the

liquidus temperature. Thus at high heating rate,
very little of the grain melts at temperatures near
the solidus and there is practically no change in
slope of the heating curve. The majority of the

grain (and the entire sample) melts at much higher
temperatures near the liquidus temperature where a
large decrease in slope of the heating curve is pre-

dicted. In other words, the fraction liquid as a func-
tion of temperature di�ers considerably from the
lever rule.

Figures 3(a) and (b) show predicted concentration
pro®les along the radial direction within the grain
for two di�erent heating rates. The pro®les show
the Ti-poor region in front of the advancing melt

interface and how it is more spread out for the
lower heating rate. As the interface advances (i.e. as
more material melts), the concentration of Ti in the

solid at the liquid±solid interface decreases toward
0.356 as the liquid concentration decreases toward
0.47. These are the solid and liquid concentrations

appropriate at the liquidus temperature of the alloy.
The decrease toward 0.356 occurs more rapidly (at
shorter distance melted) for the higher heating rate.

Simultaneously, the temperature rises to the liqui-
dus temperature more rapidly (again at shorter dis-
tance melted) for the higher heating rate. This is
why, at high melting rate (or large grain size) and
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under the assumption of local equilibrium, the ma-
jority of the solid specimens will melt near the liqui-
dus temperature.

3. EXPERIMENTS

3.1. Measurement method

The electrical current pulse used to heat and melt
the alloy wire was provided by a bank of batteries.
The normal spectral emissivity e (hereafter called

emissivity) of the specimen was measured with a
high-speed laser polarimeter at 633 nm, the wave-
length of the helium±neon laser of the polarimeter

[9]. The radiance temperature of the specimen was
measured at two bracketing wavelengths l, 624 and
651 nm, with two high-speed solid-state pyrometers

[10, 11]. A set of six (two pyrometry and four
polarimetry) experimental quantities was recorded
simultaneously with a high-speed digital data acqui-
sition system having 16-bit resolution at rates,

depending on the heating rate, in the range 0.5±

4 kHz. The true temperature of the specimen, T, at
each recorded time was then determined from the
radiance temperature at 651 nm and the emissivity e
at the wavelength l � 633 nm{ using Wien's law

1

T
� 1

Trad

� l
c2

ln e �10�

where c2 � 1:4388� 10ÿ2 m K is Planck's second

constant. Details regarding the pulse heating system
[12, 13] and the computer-controlled solid-state
switch for the control of the current through the

specimen [14] are described elsewhere. All tempera-
tures reported in this paper are traceable to the
International Temperature Scale of 1990 [15]. The

estimated uncertainties (2s deviation level) in radi-
ance temperatures measured using this pyrometry
system have been determined previously to not
exceed 7 K [11, 16]. The uncertainties (2s) of emis-

sivities obtained with the polarimetry system were
found to be less than 2%, or 5 K at the tempera-
tures of interest [9]. The uncertainty in the true tem-

perature obtained by combining these factors is
10 K (2s).

3.2. Specimens

The Nb±47 mass% Ti specimens were nominally
1.6 mm in diameter and 73 mm in length, and were

cut from a single coil of wire. As reported by the
manufacturer, the material contains the following
major impurities (p.p.m. by mass): 1200 Ta, 600 O,
and 100 each Hf, Si, and Zr, with total remaining

Fig. 2. Calculated temperature vs time plots for melting at di�erent heating rates (prior to melting). The
time is normalized to the total melting time. Results are included for heating rates well below those

employed in the experiments to show convergence of the model to the global equilibrium condition.

{A small correction was made for the di�erence in
wavelength between the polarimeter and pyrometer. The
emissivity values at 651 nm used for temperature conver-
sion in equation (10) were taken to be 0.004 (1%) higher
than the measured emissivities at 633 nm. The size of this
correction was obtained using the radiance temperatures
measured at the two wavelengths (which di�er by only
02 K). This correction corresponds to a temperature
change of less than 1 K.
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500 p.p.m. of other elements. The specimens were

prepared with #600 abrasive paper to provide a
reproducible starting surface for both pyrometric

and polarimetric measurements.

Prior to each melting experiment, specimens were

heat treated to convert the deformation structure of
the as-received drawn wire to an equiaxed grain

structure. Using the solid state switch to control the

current input, one of three pretreatments was used
for each specimen: (a) pulse heating to01930 K fol-

lowed by natural cooling (0200 K/s) or (b, c) heat-

ing to 02090 K and holding for 3 or 20 s, again
followed by natural cooling. These treatments pro-

duced structures with mean grain diameters (2R) of

40, 100 and 167 mm, respectively, as measured by a
standard metallographic linear intercept method.

The heat treatment and pulse heating were con-
ducted in argon (99.999% pure) slightly above at-

mospheric pressure.
The Ti concentration and its variation within the

specimens were checked with a scanning electron

microscope by energy dispersive spectroscopy using
elemental standards. Three as-received specimens
from di�erent parts of the coil were cross sectioned

transverse to the wire axis, polished by standard
metallographic techniques and analyzed for compo-
sition at 100 points along a diameter of each cross

section. The compositions were consistent with the
maximum 21 mass% variation about 47 mass% Ti
speci®ed by the manufacturer of the wire. All three
specimens exhibited slight Ti enrichment toward the

center and surface of the wire, with a minimum at
approximately one half the wire radius. The heat
treatment of the wires to establish the grain size did

not alter these pro®les signi®cantly. A variation of
1 mass% in concentration corresponds to a change
in solidus temperature of 06 K and liquidus tem-

perature of07 K following equation (6).
After heat treatment, specimens were pulse

heated into their melting regions at various heating

rates until they collapsed prior to complete melting.
The current in each experiment was nearly constant
over the melting temperature range, decreasing by
02%. The minimum useable heating rate is deter-

mined by the limitations of radiative heat loss
whereas the maximum useable heating rate is deter-
mined by the limitations of the power supply.

4. EXPERIMENTAL RESULTS

The results of a typical pulse heating experiment
on a Nb±47 mass% Ti sample are presented in Fig.
4(a), where specimen radiance temperature at

651 nm and normal spectral emissivity at 633 nm
are plotted as functions of time. The corresponding
true temperature vs time plot is shown in Fig. 4(b).

In Fig. 4(a), the heating curve can be divided into
three regions. The transition from Region I to II is
marked by a sharp decrease in the emissivity trace

and a small corresponding ``kink'' in the radiance
temperature trace. In Region II the emissivity
remains fairly constant and the slope of the radi-
ance temperature decreases slightly. This slight

decrease of slope as well as the kink are absent in
the true temperature plot [Fig. 4(b)]. A substantial
but gradual change in slope occurs at a higher tem-

perature, de®ning the transition from Region II to
III and the beginning of a sloped plateau. It is evi-
dent that the emissivity drop is not associated with

this plateau. In contrast, for pure metals, the drop
in emissivity occurs in conjunction with the begin-
ning of the melting plateau.

The transition from Region I to II was de®ned
by the kink radiance temperature as the ®rst data
point that deviated from the imposed heating rate
during the emissivity drop. The transition from

Fig. 3. Concentration pro®les computed at times when the
interface is located at di�erent radial positions during
melting. The liquid is assumed uniform in concentration
as shown on the left and the pro®les in the solid are
shown on the right. The discontinuities show the interface
positions at 1.25, 2.5, 5, 10, 15, 20 mm from the assumed
spherical grain exterior: (a) _T � 50 K=s; (b) _T � 500 K=s.
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Region II to III was characterized by another par-

ameter called the plateau onset temperature. As

shown in Fig. 4(a), this value was obtained from

the intersection of the linear extrapolation of the

radiance temperature traces during the rapid heat-

ing before the onset and during the slower heating

after the onset. Such a construction is often used to

determine the initiation of melting, but as we will

see below, this interpretation is incorrect here and

melting actually begins at the kink temperature.

Fig. 4. (a) Radiance temperature at 651 nm and normal spectral emissivity at 633 nm of a Nb±47 -
mass% Ti specimen as a function of time during rapid heating to its melting region. (b) Corresponding
true temperature vs time curve. Regions of interest are indicated in (a). The heating rate is 320 K/s and

the grain diameter is nominally 40 mm.
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Despite its slope, Region III will be referred to as

the ``plateau'' for the remainder of this paper.

The acquired emissivity data are often noisier

and are also more sensitive to specimen motion

than the radiance temperature data. Increased speci-

men motion is encountered in the later stages of

melting, just prior to specimen collapse in Region

III. Therefore, for clarity, much of the data pre-

sented below will be reported as radiance tempera-

ture at 651 nm. In these cases, conversion of kink

and plateau onset radiance temperatures to true

temperatures was performed using average emissiv-

ities in equation (10) from data just prior to and

after the large emissivity drop, respectively. The

mean value of the emissivity at 651 nm (averaged

over 20 data points for each test and then averaged

over all the tests) just prior to the kink is 0.414

with a standard deviation of 0.014. The mean value

of the emissivity at 651 nm after its drop is 0.389

with a standard deviation of 0.005. The changes in

true temperature due to one standard deviation in

these emissivity values are 7 and 3 K, respectively.

A summary of the kink and plateau onset radi-

ance temperatures as functions of grain size and

heating rate is shown in Fig. 5. Heating rates prior

to the kink are given in terms of true temperature,
which are 1.2 times the heating rates in radiance

temperature for an emissivity value of 0.41. It can

be seen that the kink radiance temperature is essen-
tially independent of the heating rate. The lower

dashed horizontal line in Fig. 5 represents the aver-
age kink radiance temperature of 195923 K (unless

otherwise noted,2 represents 1s). In contrast, the

plateau onset radiance temperatures show a consist-
ent increasing trend with heating rate. A distinct

grain size e�ect is also apparent. The data approach

an asymptotic value (upper dashed horizontal line
in Fig. 5) of 200422 K obtained by ®tting the data

for each grain size (solid lines) to a simple function

T � a� b _T
ÿc

where a, b and c are ®tting par-
ameters. Using the average values of the emissivities

before and after the kink, respectively, the average

kink temperature and the asymptotic plateau onset
temperature convert to true temperatures of 21252
3 K and 219222 K, respectively. The combination

of these measurement uncertainties with those
intrinsic to the experimental technique gives total

uncertainties of 210 K (2s). The average kink true

temperature and asymptotic plateau onset true tem-
perature agree quite well with the solidus and liqui-

dus temperatures of the alloy of 2118 and 2191 K
from the phase diagram.{
To determine further whether the model of

Section 2 applied to the current experiments, we

sought to con®rm that melting was occurring at the
kink despite the absence of a signi®cant slope

Fig. 5. Summary of the radiance temperatures for the various specimens corresponding to the kink and
plateau onset of Nb±47 mass% Ti specimens plotted against heating rate. The results for the three
grain sizes are shown separately. The dashed lines are the mean kink temperature and the asymptotic
value of the plateau onset temperature. The solid lines are ®ts to the data provided to guide the eye.
The heating rates are evaluated at a temperature a few degrees below the kink. An approximate true

temperature scale is shown on the right using the mean values of the emissivity.

{Independent but less precise measurements of the liqui-
dus and solidus using levitation melting (without measure-
ment of emissivity) at slower heating rates, where the
assumption of full equilibrium is appropriate, con®rmed
the liquidus and solidus temperatures of Ref. [7].
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change in the heating curve. For this purpose, inter-

rupted tests were performed to prepare specimens
for examination by optical microscopy and SEM.

Specimens were heated to the following tempera-

tures and cooled: (a) just below the kink, (b) just
above the kink but below the plateau onset, (c)

early on the plateau and (d) later on the plateau.

Microscopy of specimen surfaces (Fig. 6) indicates
that the surface of (a) still exhibits surface rough-

ness from its preparation with #600 abrasive paper.

Thus no melting has occurred. This roughness dis-

appears from the surface of (b), consistent with the
measured decrease of the emissivity at the kink.

Some shallow grain boundary grooves are also evi-

dent. A molten surface could smooth itself in milli-
second time scales, thus lowering its emissivity. No

other mechanism for surface smoothing, such as

surface di�usion, would be expected to have such a
sharp temperature dependence. These observations

therefore suggest that liquid has formed on the spe-

cimen surface and along the grain boundaries at or
just above the kink temperature. On the surfaces of

(c) and (d) there are, in addition to deeper grain

boundary grooves, structures at some triple junc-

tions and grain boundaries that suggest further
melting proceeding inward from the grain bound-

aries. Optical microscopy of cross sectioned speci-

mens shows voids and other microstructure only in
the specimens heated to the plateau (c, d). These

structures are consistent with melting and resolidi®-

cation of a large portion of the grains. Because the
cooling rate is not very rapid (0200 K/s), some

aspects of the microstructure seen in (c, d) are most

probably formed during solidi®cation. The metallo-
graphy supports the conclusion that the kink at the

solidus temperature and the associated drop in

emissivity are due to the initiation of melting at the
surface and grain boundaries.

Figures 7±9 illustrate the e�ect of heating rate at

®xed grain size on the full melting curves. The

®gures plot the radiance temperature vs normalized
time. Zero time for each curve was taken just prior

to the kink temperature for each specimen.

Normalized time is the ratio of the actual time to
the total melting time, tm de®ned in Section 2 (574/
_T s, with the heating rate, _T , in K/s). As the heat-

ing rate is increased, the curves shift to higher tem-
peratures, resulting in the increase of the plateau

onset temperatures already summarized in Fig. 5.

The slopes of the plateaus tend to decrease with
increasing heating rate for a ®xed grain size.

A crude estimate of the temperature when melt-

ing would be complete if the specimens did not col-

lapse is obtained by a linear extrapolation of the
curves to a dimensionless time of unity. Inspection

of all of the melting curves indicates that melting

would ®nish at a radiance temperature in the range
of 200729 K (2s), which converts to a true tem-

Fig. 6. SEM photomicrographs showing the surface morphologies of Nb±47 mass% Ti specimens
heated to the following temperatures: (a) just below the kink; (b) above the kink but below the plateau;

(c) early on the plateau; (d) later on the plateau.
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perature of 2195 2 11 K (2s), using the average

emissivity value after the kink. Again, this tempera-

ture agrees quite well with the liquidus temperature

of the alloy, 2191 K from the phase diagram.

Finally, Fig. 10 shows true temperature vs dimen-

sionless time curves for 40 mm grain diameter speci-

mens heated at 470 and 5800 K/s using point by

point conversion to true temperature using the

measured emissivity. The kinks, occurring at

2118 K (true temperature) for both curves, while

visible in plots of radiance temperature, are not vis-
ible in the true temperature plot because they are a

result only of the changing emissivity (see Fig. 4).

This temperature is identical to the solidus tempera-

ture of the alloy. The plateau onset temperature is

higher, and the plateau slope is lower, for the
higher heating rate, trends noted previously. Both

curves extrapolate to a true temperature of
02199 K at a dimensionless time of unity, consist-
ent with the liquidus temperature of the alloy of

2191 K.

5. DISCUSSION

5.1. Shape of temperature vs time curves

The T(t) curves, computed for di�erent heating
rate (or grain size) and shown in Fig. 2, generally
resemble those measured. As melting begins at the

specimen surface and grain boundaries upon cross-
ing the solidus temperature, the Ti concentration in

Fig. 7. Radiance temperature at 651 nm of Nb±47 mass%
Ti specimens as a function of normalized time for the indi-
cated heating rates for the small grain diameter materials

(40 mm).

Fig. 8. Radiance temperature at 651 nm of Nb±47 mass%
Ti specimens as a function of normalized time for the indi-
cated heating rates for the intermediate grain diameter ma-

terials (100 mm).

Fig. 9. Radiance temperature at 651 nm of Nb±47 mass%
Ti specimens as a function of normalized time for the indi-
cated heating rates for the large grain diameter materials

(167 mm).

Fig. 10. True temperature of two Nb±47 mass% Ti speci-
mens as a function of normalized time for the indicated

heating rates for the 40 mm grain diameter material.
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the solid at the melting interface decreases rapidly

with time with little associated melting [Region II in
Fig. 4(a)]. As the Ti concentration in the solid at

the melting interface subsequently approaches its
minimum possible value (while solid is still present),

the temperature approaches the liquidus temperature
for the original alloy concentration [Region III in

Fig. 4(a)]. Similar to that observed experimentally,

the slopes of the calculated T(t) curves at a dimen-
sionless melting time of 0.5, for example, approach

zero as the heating rate (or grain size) is increased.
The asymptotic value at high heating rate of the ex-

perimentally observed plateau onset temperature
should, and does, compare favorably with the liqui-

dus temperature from the published phase diagram.

From the model of Section 2 we expect that, for
a ®xed alloy, the shapes of the experimental tem-

perature vs dimensionless time curves will depend
only on the product _TR2 (R is the grain radius).

We therefore plot in Fig. 11 the plateau onset tem-
peratures as a function of _TR2. The data collapse

well to a single curve. The solid line is a ®t of the
data employing the same functional form as used in

Fig. 5 to guide the eye.

While the general trends of the experimental T(t)
curves with changing grain size and heating rate

agree with those calculated, the calculated curves
are more rounded than the measured curves in the

region of the plateau onset. Thus it is di�cult to de-

®ne an unambiguous ``plateau onset temperature''

from the calculated curves for comparison to exper-

iment. Nonetheless, we have de®ned a theoretical

plateau onset temperature by ®nding the intersec-

tion temperature of tangents to the calculated melt-

ing curves at dimensionless times of 0.1 and 0.5.

The heating rate dependence of this theoretical pla-

teau onset, expressed as radiance temperature and

plotted using the _TR2 relation, is compared to the

measured data in Fig. 11. The agreement is seen to

be quite good using the materials parameters in

Section 2. Even better agreement can be obtained

using a di�usion coe�cient that is a factor of two

smaller than the literature value. Alternately this

would correspond to using a grain size larger by a

factor of Z2.

Preferential melting near the wire center might

have been expected because radiative losses at the

surface should lead to a radial temperature gradi-

ent. We obtain an upper bound on the temperature

di�erence between the center and surface of the

wire by solving the steady state heat ¯ow equation

for an in®nite cylinder (wire) with a uniform source

term within the wire and a radiative loss term on

the wire surface. This temperature di�erence, given

by T 4esBR=2k, is small (03 K) at the highest tem-

perature, T � 2200 K, for specimen radius

R � 0:8 mm, approximate conductivity k �

Fig. 11. Summary of the plateau onset radiance temperatures for all of the samples plotted against
_TR2. To guide the eye, the solid line is a ®t to the data for all three grain sizes. The dashed line rep-

resents the predictions of the model described in Section 5.1.
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67 W=m K (Nb at 1900 K), emissivity e � 0:4, and
sB being Boltzmann's constant.

The applicability of the analysis in Section 2 also
assumes that the temperature (and the liquid con-
centration) remains uniform within each grain

during melting. A simple estimate of when a uni-
form temperature assumption is valid requires that
tm � R2=a where a is the thermal di�usivity, with

typical values of 10ÿ1 cm2/s. A similar analysis for
liquid solute di�usion would replace a with DL, the
liquid di�usion coe�cient, with typical values of 5�
10ÿ5 cm2/s. These conditions are met except for
liquid solute di�usion at the highest heating rate
and largest grain size. A revised model, which
includes solute di�usion in the liquid, was formu-

lated. The resultant temperature vs time curve for
5000 K/s and R � 25 mm, for example, is only a few
kelvin higher than that shown in Fig. 2, and then

only toward the end of melting (t=tm > 0:9) when
liquid di�usion distances are greatest. The assump-
tion of a uniform liquid in the model is therefore

applicable to the majority of the experimental data.
Using the grain radius produced by the heat

treatments as the length scale for the analysis of dif-

fusion seems to provide a reasonable approximation
to the measured T(t) curves. For the data shown,
the heat treatments used to establish the di�erent
grain sizes were of considerably longer duration

than the melting experiments. Thus the grain size
does not change signi®cantly during the melting
runs. Plateau onset temperatures obtained from

slower tests on 40 mm grain specimens are not
included in this publication; microscopy from inter-
rupted tests at these slower heating rates revealed

further grain growth during the heatup to melting.
It should be noted that the melting solid is constitu-
tionally superheated and therefore the melting inter-
face may develop Mullins±Sekerka type instabilities

[17]. Another possibility would involve nucleation
of liquid pockets in front of the melting interface.
Such e�ects would require a more complex model

of melting involving other length scales.

5.2. Validity of local equilibrium assumption

Our results indicate that the assumption of local
equilibrium made in Section 2 seems reasonable for
the interpretation of these experiments.

Unfortunately, little is known about loss of local
equilibrium during melting.
Allen et al. [18] sought evidence for loss of local

equilibrium during the melting process, particularly
T0 (di�usionless) melting in analogy with T0 freez-
ing [19]. During the melting of a population of

small droplets of a Sn±Bi alloy at rates between 0.1
and 50 K/s, they observed a change of slope in tem-
perature vs time curves at a temperature consistent

with a thermodynamic estimate of the T0 tempera-
ture for the alloy. As the heating rate was increased,
the signal associated with the T0 temperature
increased (larger number of droplets participating)

at the expense of the signal associated with melting

at the solidus. Allen et al. argued that T0 melting

occurred at relatively low heating rates because the

interdi�usion di�usion coe�cient in solid Sn±Bi (4.1

� 10ÿ10 cm2/s) is one or two orders of magnitude

lower than that for most substitutional solid sol-

utions at their solidus (10ÿ8±10ÿ9 cm2/s). The inter-

di�usion coe�cient for the Nb±Ti alloy

extrapolated to the solidus [8] (6.0� 10ÿ8 cm2/s) is

more than two orders of magnitude higher than

that for Sn±Bi. Thus using the argument of Allen et

al., we would not expect to observe T0 melting in

Nb±Ti at heating rates used by Allen et al. Indeed

we observed no experimental event for the Nb±Ti

alloy, at any heating rate, associated with the T0

temperature of 2151 K calculated from the thermo-

dynamic parameters from the phase diagram evalu-

ation [7]. Rettenmayr et al. [20] have recently

performed experiments from which they inferred

that a signi®cant loss of local equilibrium occurs

during the melting of an aluminum alloy at inter-

face speeds as low as 10 mm/s. As argued below, we

expect no such e�ect for the Nb±Ti alloy in the pre-

sent experiments.

To gain some insight as to when signi®cant loss

of local equilibrium might be expected during melt-

ing, we examine the situation for freezing, which

has been extensively studied [21, 22]. Loss of local

equilibrium is normally associated with interface

speeds that approach a characteristic di�usive speed.

As the solidi®cation speed is increased, a continu-

ous kinetic change occurs from ``local equilibrium''

freezing to ``T0 freezing'' where no solute di�usion

is required. From theoretical models, this di�usive

speed scales with DI/d, where DI is the di�usion

coe�cient in the interfacial region, a quantity not

directly measurable. The interface thickness, d, is

usually taken as 010ÿ7 cm. Experiments have indi-

cated that this speed depends on the alloy system

and lies in the range between 6 and 38 m/s for met-

allic alloys. An attempt to correlate DI with DL, the

liquid di�usion coe�cient, and/or DS, the solid dif-

fusion coe�cient, has not been very successful [22],

but DI is clearly closer to DL than to DS for solidi®-

cation.

One hypothesis would then suggest that, on melt-

ing, nonequilibrium interface e�ects would be sig-

ni®cant when the melt front velocity is greater than

the speed DS/d. For Nb±Ti, DS � 6� 10ÿ8 cm2=s
[8], giving a characteristic speed of 00.6 cm/s. On

the other hand, a recent theoretical investigation

using the phase-®eld method by Ahmad et al. [23]

indicates that the critical speed for solute trapping

for both melting and solidi®cation is the same and

depends only on the value of DI and not on the dif-

fusion coe�cient of the parent phase. This alterna-

tive hypothesis would anticipate that the critical

speed for trapping during melting would be the

same as for freezing; i.e. in excess of 102 cm/s.
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These two estimates, 0.6 and 100 cm/s, are both
larger than the melting speeds achieved in the cur-

rent experiments. An expression for the melting
speed is given in Section 2 as � 1=3��R3=r2i ��dfL=dt�.
Using 1/tm as an approximation for dfL=dt, one

obtains

1

3

R3

r2i

_T�
L=cp � �TL ÿ TS �

	
for the melting speed. This expression gives values
that agree quite well with the numerical velocity

results obtained from our numerical calculations.
For the most rapid melting experiment in this study
(largest grain radius of 83 mm, highest heating rate
of 104 K/s), the melting speed V is 0.05 cm/s at

fL � 0, and 0.22 cm/s at fL � 0:9. These melting
speeds are smaller than both estimates required for
signi®cant solute trapping during melting. Thus it is

reasonable that the local interfacial equilibrium hy-
pothesis is valid for these experiments. Experiments
at higher heating rates are planned using a micro-

second pulse heating system [24].

6. CONCLUSIONS

1. Through simultaneous measurements of radiance

temperature and emissivity, true temperature vs
time curves have been obtained for the melting
of Nb±47 mass% Ti alloy at heating rates

between0102 and 104 K/s.
2. A signi®cant drop in emissivity occurs as melting

starts at the solidus temperature and the speci-

men surface is smoothed. However, the major
portion of the specimen melts on a sloped pla-
teau initiated at a higher temperature, which

increases towards the liquidus temperature as the
grain size and/or the heating rate are increased.

3. Predictions obtained using a solid di�usion
analysis with melting proceeding from the grain

boundaries toward the grain centers and local
equilibrium at the melting interface are consist-
ent with the measured temperature vs time

curves. Speci®cally, initial melting at the solidus
involves only a small volume of material due to
the limited solid di�usion. Moreover, the ma-

jority of the enthalpy input is absorbed near the
liquidus temperature causing the formation of
the plateau near this temperature. The analysis

properly describes the e�ect of heating rate and
grain size variations.

4. The highest melting speed obtained in these ex-
periments, i.e. for the largest grain size and fast-

est heating rate, is only 00.2 cm/s, a speed
apparently not rapid enough to cause a loss of

local equilibrium at the melt interface in this
alloy system.

5. This interpretation of the temperature vs time

curves enables a method to measure liquidus and
solidus temperatures of refractory alloys.

AcknowledgementsÐWe thank U. R. Kattner for the cal-
culation of the Nb±Ti phase diagram and for many help-
ful discussions.

REFERENCES

1. Cezairliyan, A., Int. J. Thermophys., 1984, 5, 177.
2. Cezairliyan, A., High Temp. Sci., 1972, 4, 248.
3. Verhoeven, J. D. and Gibson, E. D., Metall. Trans.,

1971, 2, 3021.
4. Wan, X., Han, Q. and Hunt, J. D., Metall. Mater.

Trans., 1998, 29A, 751.
5. Dash, J. G., Contemp. Phys., 1989, 30, 89.
6. Smith, C. S., Trans. A.I.M.M.E., 1947, 175, 15.
7. Hari Kumar, K. C., Wollants, P. and Delaey, L.,

Calphad, 1994, 18, 71.
8. Smithells, C. J., Metals Reference Book, 4th edn.

Butterworths, London, 1967, p. 659.
9. Cezairliyan, A., Krishnan, S. and McClure, J. L., Int.

J. Thermophys., 1996, 17, 1455.
10. Kaschnitz, E. and Cezairliyan, A., Int. J. Thermophys.,

1996, 17, 1069.
11. Cezairliyan, A., Foley, G. M., Morse, M. S. and

Miiller, A. P., in TemperatureÐIts Measurement and
Control in Science and Industry, Vol. 6, ed. J. F.
Schooley. AIP, New York, 1992, pp. 757±762.

12. Cezairliyan, A., Morse, M. S., Berman, H. A. and
Beckett, C. W., J. Res. Natn. Bur. Stand. (U.S.),
1970, 74A, 65.

13. Cezairliyan, A., J. Res. Natn. Bur. Stand. (U.S.),
1971, 75C, 7.

14. Matsumoto, T. and Cezairliyan, A., Int. J.
Thermophys., 1997, 18, 1539.

15. Preston-Thomas, H., Metrologia, 1990, 27, 3 and 107.
16. Cezairliyan, A. and Miiller, A., Int. J. Thermophys.,

1992, 13, 39.
17. Verhoeven, J. D. and Gibson, E. D., J. Cryst. Growth,

1971, 11, 39.
18. Allen, W. P., Fecht, H. J. and Perepezko, J. H.,

Scripta metall., 1989, 23, 643.
19. Baker, J. C. and Cahn, J. W., in Solidi®cation. ASM,

Metals Park, OH, 1971, p. 23.
20. Rettenmayr, M., Warkentin, O. and Exner, H. E., Z.

Metallk., 1997, 88, 617.
21. Aziz, M. J. and Boettinger, W. J., Acta metall. mater.,

1994, 42, 527.
22. Aziz, M. J., Metall. Trans., 1996, 27A, 671.
23. Ahmad, A., Wheeler, A. A., Boettinger, W. J. and

McFadden, G. B., Phys. Rev. E, 1998, 58, 3436.
24. Cezairliyan, A. and McClure, J. L., Int. J.

Thermophys., 1987, 8, 577.

BASAK et al.: EFFECT OF HEATING RATE AND GRAIN SIZE3158


