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Pulsed heating experiments that measure high-temperature thermophysical properties
using pyrometric measurement of the temperature—time history of metal specimens
rapidly heated by passage of electric current have a 30-year history at the National
Institute of Standards and Technology. In recent years, efforts have been made to
move beyond the limitations of the standard technique of using costly, black-body
geometry specimens. Specifically, simultaneous polarimetry measurement of the
spectral emissivity has permitted study of sheet and wire specimens. This paper
presents the results of two efforts to expand beyond the macroscopically monolithic,
single-phase materials of all previous studies. In the first study the melting
temperatures of coatings, including Ti and Ti(Al) alloys, deposited on higher

melting Mo substrates are measured. In the second study the melting temperatures of
substrates, Ti and Cr, covered by higher melting W and Mo coatings are measured.

I. INTRODUCTION specimen surface, concurrent with pyrometric measure-
ment of the radiance temperature on the same surface,
Pulsed heating experiments based on pyrometric andas permitted study of sheet and wire specimeather
electrical measurement of the temperature—time historyhan costly black-body geometry specimens. Such a tech-
of metal specimens rapidly heated by passage of electrigsique permitted a study of the impact of heating rate and
current have been used to obtain melting temperaturegyrain size on the melting behavior exhibited by a Nb—47
specific heats, and latent heats at the National Institutenass% Ti alloy® The savings do come with other
of Standards and Technology (NIST) for the past‘costs”, specifically loss of accuracy in temperature
30 years:? Electrical and magnetic issues related to thedetermination caused by inclusion of an additional
pulsed current in these experiments are detailed in Ref. Zal-time measurement (spectral emissivity). However,
in particular; for the currents and pulse times in thesdhe accuracy is still significantly higher than that of other
experiments, spatial variation of current density due teexperimental techniques, e.g., visual observation of melt-
such effects is negligible. Early experiments utilized tu-ing. For refractory metals and alloys, where many
bular specimens with small sighting holes to approximatanelting temperatures have uncertainties approaching or
black-body conditions. The pyrometer is focused on theexceeding 100 K (see below), the enhanced versatility
hole, and the experimentally measured pyrometer voltef such a technique far outweighs the increased uncer-
ages can be directly converted to true temperatures withainty of the measurements. It is in the spirit of further
out knowledge of the spectral emissivity of the specimerincreasing the versatility of the technique that this paper
at the pyrometer wavelength. Such experiments providenoves beyond the macroscopically monolithic, single-
thermodynamic data for elemental materials at elevateghase materials of previous studies. All temperatures
temperatures, with uncertainties in determination of, e.g.given in this paper are true temperatures computed using
melting temperature as small as those associated with tHdanck’s law and the measured emissivities and radiance
pyrometric determination of temperature, typically ap-temperatures.
proximatey 8 K (20) at temperatures near 2000 K. A Two separate types of experiments are detailed. The
significant drawback of such specially prepared specifirst study is of the melting behavior of lower melting
mens is their cost. coatings, particularly Ti and Ti(Al) alloys, deposited on
Some recent efforts attempt to move beyond the limi-higher melting Mo substrates. The second study is of the
tations of this standard technique. Specifically, polari-melting behavior of lower melting substrates, particularly
metric measurement of the spectral emissivity of theli and Cr, covered by higher melting Mo or W/Mo
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coatings. In both cases a current of 500—-1500 A resistsubstrates) to study the melting behavior of the coatings.
tively heats the specimen through the duration of thdnterdiffusion of Mo into Ti and Ti(Al) only raises the
experiment, typically 50 to 100 ms from the initial ap- solidus and liquidus temperatures. This ensures that
plication of the current until the inception of melting and the inception of melting corresponds to that of the pure
subsequent failure. The experiments with the pure Ti asaterial rather than that of any interdiffused region.
coating or substrate are meant to assess the accuracy ofMicroscopy (both optical and scanning electron) of
such experiments through comparison of the measure®9.99% (metals basis) Cr used as a substrate material
melting temperatures to the known melting temperaturéndicated the presence of a second phase located at the
of Ti (T, = 1943 = 2 K). The experiments with the grain boundaries. Composition analysis demonstrated
Ti(Al) coatings subsequently apply the technique tothat these 1 to 1.m diameter regions were oxygen rich,
measure melting temperatures of alloy compositions irwith atomic fractions between 46 and 58% Cr, with the
an industrially relevant binary phase diagram. The exyemainder oxygen by difference. Such oxides are typical
periments with the Cr coated with Mo or W/Mo measureof “high-purity (metals basis)” Cr grown by electrode-
the poorly known melting point of elemental Cr; the high position. With oxide particles approximately @m in
vapor pressure of Cr at temperatures approaching itdiameter spaced approximately %0m apart (optical
melting point prevents accurate determination of thismicroscopy), this material had an oxide volume fraction
temperature by most techniques. Use of both low-oxygewf approximately 1% and, thus, an average of approxi-
content and high-oxygen content “99.99% (metals bamately 0.005 atomic fraction oxygen. This material is
sis)” Cr permit evaluation of features on the Cr—0O binaryreferred to as “high-oxygen” Cr in this paper. Also used
phase diagram as well. as substrate material was Cr of purity 99.95% (metals
basis) with 2.5 x 10% atomic fraction oxygen (76 ppm by
weight determined by the manufacturer); it is referred to
ll. SPECIMEN PREPARATION as “low-oxygen” Cr. The Cr was coated with W and Mo
All coatings were deposited by electron beam evapoto study the melting behavior of the Cr substrates. The
ration. The deposition system has three separate sourcésuble W/Mo coating was used to prevent the formation
and a base pressure of approximately®®a (108 torr).  of lower melting compositions by Cr—Mo interdiffusion.
Titanium approximately 0.5m thick was preevaporated No such regions exist in either the Cr—W or W—Mo phase
on the walls of the deposition chamber at the start otliagrams. The Mo overlayer was used because deposi-
deposition to eliminate contamination caused by outgaston of a sufficiently thick layer of W alone was imprac-
sing from the chamber walls. Substrate surfaces wergical. Nitrogen or oxygen pickup during deposition of the
sputter-cleaned using ionized Ar from am situ ion  coatings is irrelevant since it does not affect the melting
source prior to deposition of the coatings. For deposipoint of the Cr substrate material.
tion of alloys, two sources were run simultaneously.
Composition control was based on the individual depoy;; RESULTS AND DISCUSSION: MELTING
sition rates of the two sources as recorded by two quartgr coaTINGS
crystal monitors. Compositions quoted in this paper are L i
measured compositions, obtained directly from cross sed> Pure titanium coatings
tions of the coated specimens using energy dispersive Specimens were fabricated with p0n-thick Ti coat-
x-ray spectroscopy (EDS) with elemental standards in éngs on Mo rods. Experiments were conducted to deter-
scanning electron microscope. mine the heating rates that sufficiently minimized
For the Ti(Al) alloy depositions, a flat surface was interdiffusion between the coatings and substrate mate-
polished on the side of the Mo rod with length equal torials. The temperature at which the spectral emissivity
the length of the rod and width approaching the diameteexhibited a discontinuous decrease was taken as smooth-
of the rod. Deposits on this flat surface were smootheing of the surface caused by meltifgdata from 21
than those on the curved surface, exhibiting higher reexperiments are summarized in Fig. 1. The melting point
flectivities, which improved the signal to noise of the is independent of heating rate above approximately 1 x
measurements. The starting Al was 99.99% pure a$0" K s *. The increase of melting temperature at slower
specified by the manufacturer. The Ti source used foheating rates is consistent with increased interdiffusion
deposition of the coatings was prepared by the iodideluring the longer times associated with these experi-
process, having a 99.9% stated purity and measured oxyrents. Such interdiffusion was confirmed by EDS of
gen and nitrogen contents of T0at.% (100 ppm) and cross-sectioned specimens obtained from experiments
107° at.% (10 ppm), respectiveR/Additional nitrogen or  terminated prior to melting of the coating. The melting
oxygen pickup during deposition of the coatings cannotemperature measured at the highest heating rates (neg-
be ruled out. Titanium and Ti(Al) coatings were de- ligible interdiffusion) is approximately 10 K higher than
posited on Mo (99.99%) rods of 1.6-mm diameterthe value of 1945 K obtained in this laboratory using pure
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Melting of Titanium Coating on Molybdenum substrates. The accelerated diffusion might also indicate
the dominance of nonbulk diffusion paths, such as grain
2100 boundary diffusion.
2050 | ° B. Titanium(aluminum) alloy coatings
i- * Specimens were fabricated with approximately
% 2000 o 24 Mm-thic_k Ti(AI) alloy c'oatings' on Mo rods_. Thes_e
s . . included six specimens with coatings Qf atomic fr.actlon
£ T, o " P 0.19 £ 0.01 Al (2 for all stated uncertainties) studied at
F 1950 . . heating rates between 7.0 x*148nd 9.5 x 10K s and
four specimens with coatings of atomic fraction 0.31 +
1900 0.01 Al studied at heating rates between 2.2 £ a0d

6.2 x 10" K s™*. At these heating rates little penetration
of Mo into the Ti(Al) coatings is expected. Figure 2
shows the radiance temperature and spectral emissivity
o stbstates ploted versus average heatng rate. A cloar wend [SC0Tded during a typical experiment along with the true
visible at heatingrates less than apprgximatelﬁlggl, with coatings f%mperature calculated from th(,am' A short plateau of t_he
melting at significantly higher temperatures due to interdiffusion of {fu€ temperature, associated with the enthalpy of melting
Mo from the substrate into the Ti coating. of the alloy coating, is observed. The flatness of the

plateau is consistent with the small separation of the
Ti specimens. Note that, for monolithic materials of thissolidus and liquidus expected for this alloy (next sec-
type the steady-state difference in temperature betwedipn). For the Ti81AI19 specimens, the plateau occurs at
the center and surface of a 1.58 mm radius Mo rod due t8939 * 24 K. For the Ti69AI31 alloy specimens, the
radiative losses from the surface is only approximatelyplateau occurs at 1925 + 20 K.
3 K.* Other values from the literature are between
1941 and 1943 K. That the experimental value is highe€. Discussion of Ti and Ti(Al) alloy results

than the accepted value might be indicative of oxygen or The experimental data available in the literature for the
nitrogen in the films. For the materials of interest for 1i_a liquidus and solidu&™ are not considered reli-
study by this technique, an uncertainty of this size isyp|lo pecause the melting temperatures that were meas-
acceptable. _ _ _ ured for pure Ti in those papers are 20 to 50 K higher
_ The critical heating rate provides an experimental €Sthan the currently accepted value. The lack of reliable
timate of the effective diffusion rate for penetration of yaia results in uncertainty in the phase diagram. Liquidus

Mo into the Ti. The diffusion distance, for a constant  anq solidus lines obtained in thermodynamic assessments
heating rateT, is given by

0 10000 20000 30000 40000 50000 60000
Heating rate, K/s

5 4A (1) 2200 . : . . ‘ . . - . 0.56
X =,

T 2100 4 ° " - .. 4054

. . - 0.52

where ¢ 2000 R .. True Temperature, , * 7 050
- & ] Emittance " . -t -4 ’ g
A=["DoexpFQ/RT] dT @ 3" o
R aé-" 1800 . .t 'R'a;ii'ar;c.e.'l'emperature 1 048 E

for constant heating rate from room temperature to the® s - 0.44

melting temperature. For Mo penetration into Dj, = 7004 1 042

0.24 cnts *andQ = 214.8 kJ mol*,° giving a value for 1600 1 oo

A = 5.2 x 10°cn? K s™*. For a heating ratefd x 10 '
1500 0.38

K s, x = 1.4 um. However the experiments suggest 27 28 29 30 3 32 33 34 35 365 a7
that the penetration is about a factor of 10 greater than Time, ms

1.4 um, implying an experimental diffusion coefficient Fig. 2. Melting data for a 24.m-thick, Ti81AI19 coating on a Mo
that is approximately 100 times larger than the publishedubstrate. The plot shows the radiance temperature recorded by the
value. One possible explanation is a bulk diffusion co-pyrometer (operating at 651 nm), the spectral emissivity measured by
efficient in the evaporated thin films that is higher thanthe polarimeter (operating at 633 nm), and the true temperature cal-

th ted | d t ilibri culated from them using Planck’s law. The difference in operating
e reported value due to a nonequilibrium (excess) Conyayelengths for the two measurements leads to an error of less than 1

centration of poin_t defeCtS_; h!ghly defec_ted crystallinek for a Ti53Nb47 alloy* The plateau in the true temperature is asso-
structures are typical of thin films deposited on cooledciated with the enthalpy of melting for the alloy.
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predict behavior that ranges from a monotonic decrease o T T —— 100
with Al content®*?to a congruent maximurt®**These 2100 ¢ L qess
features are shown in Fig. 3. The melting temperatures of G X
the pure Ti, Ti81AI19, and Ti69AI31 alloy coatings | True Temperaturs __..+" .- Loss
measured in this study, because they decrease monotoffi- 1eo ...~ T : 080 o
cally with Al content, are inconsistent with the congruent 2 7 Radiance Temperatre Lors &
maximum. They are consistent with the liquidus (ratherg 18oo | R E
than solidus) data reported for higher Al concentratiéns & e e, : 10704
as seen in Fig. 3. Such is expected for rapid melting of "*°| . Emiftance e 088
an alloy? wool - 080
o - 0.55
1500 1 ‘ s T ") o.s0
IV. RESULTS AND DISCUSSION: MELTING % 30 35 40 45
OF SUBSTRATES Time, ms

A Ti wi d with M FIG. 4. Melting data for Ti rod coated with Mo. The plot shows the
- Tihwires coated wit 0 radiance temperature recorded by the pyrometer (operating at 651 nm),

Two experiments were conducted on Ti wire with the spectral emissivity measured by the polarimeter (operating at
10 pm-thick Mo coating at heating rates of 5.5 x 633 nm), and the true temperature calculated from them using Planck’s

_ . A law. The plateau in the true temperature is associated with the enthalpy
1
10*K s Data from one experiment are shown in Fig. 4'of melting for the Ti. The rapid drop of the emissivity beyond 41 ms

The full melting plateau, associated with the latent heals associated with complete dissolution of the Mo coating that leads to
of melting of the Ti wire, is obtained, which is not the failure of the now fully molten specimen.

case for uncoated specimens at these heating rates.

The rapid decrease of the measured emissivity, indicatingxperiment) is approximately 10 K below the melting
melting of the surface, and subsequent rapid failureaemperature of Ti, which will be addressed later. How-
(<2 ms later) of the specimen occur only after the end okver, for the materials of interest for study by this tech-
the plateau. Thus, some thickness of the encapsulatingque, an uncertainty even of this size is acceptable.
solid Mo coating survives melting of the entire Ti wire.

The relatively gradual change of slope toward the end. Cr wires (high-oxygen) coated with W/Mo

of the plateau, as compared to the sharp corner at the

start of the plat.eau', is likely a.res.ult Qf steadily increasingy wm W plus 15 to 20um Mo. Temperatures obtained
Mo concentration in the melt; th'S. d|ssolu_t|on of the MO \\ih yncoated strips were approximately 50 K lower than
coating ultimately leads to specimen failure. The pla-,qe optained for coated specimens, probably because of
teau temperature of 1935 K (1933 K in the secontye high Cr vapor pressure over the Cr surfaces, and are
excluded from this work. Heating experiments were per-
formed on (1) six coated Cr rods at heating rates of 1 x
10%to 3 x 10 K s7%, (2) four coated Cr strips at approxi-
matel 3 x 10° K s, and (3) five Cr black-body tubes
(uncoated) B3 x 10°to 4 x 1F K s7%, the tubes studied
by pyrometry alone. A typical melting curve (Fig. 5)
exhibits features not typical of a pure metal, viz., a dis-
continuous change in the slope of the temperature—time
curves (approximately 1930 K) and a sloping plateau
(approximately 2040 K inception). Similar results were
obtained for all three types of specimens, ruling out in-
terdiffusion as the cause of either event. With the coated
rods and strips the slope change was observed at 1910 £
15 K; the blackbody tubes yielded 1925 + 10 K. The
plateau inception was observed with the coated rods and
| — strips at 2050 + 20 K; the blackbody tubes yielded
0.3 0.4 0.5 2060=*10K. Note that both the slope change and plateau
: : inception obtained with the W/Mo coated Cr are 10 to
A. tomic Fra C ti _O n A l_ 15 K lower than those obtained using the blackbody ge-
FIG. 3. Experimental data on the melting point for the Ti(Al) alloy . . .
coatings (stars) overlaid on the phase diagram calculated from thelQmetry' -l_-he value obtained for the melting point of Mo
modynamic assessments (sdftjashed) and DTA datd® (liquidus, ~ coated Ti was also 10 K lower than the accepted value
empty circle; solidus, filled circle). (Sec. IV. A).

The high-oxygen Cr was coated with approximately

K
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FIG. 5. Melting data for high-oxygen Cr rod coated with W and then FIG. 6. Melting data for low-oxygen Cr rod coated with W and then
Mo. The plot shows the radiance temperature recorded by the pyromvio. The plot shows the radiance temperature recorded by the pyrom-
eter (operating at 651 nm), the spectral emissivity measured by theter (operating at 651 nm), the spectral emissivity measured by the
polarimeter (operating at 633 nm), and the true temperature calculategolarimeter (operating at 633 nm), and the true temperature calculated
from them using Planck’s law. Note the deflection of the true tem-from them using Planck’s law. The main melting plateau (2120 K) is
perature curve at 1930 K (67 ms) and plateau inception at 2040 Kat the melting point of pure Cr, with melting of approximately 3%

(74 ms). The emissivity drop at 79 ms indicates Cr has broken througlaf the specimen (2070 K) at the Cr—O monotectic (discussed in Sec.
the Mo coating. Iv. C).

The probable source of this discrepancy is the roughelividing the latent heat by the specific heat and heat-
ness of the coated surfaces, which persists through meltag rate prior to the plateatiFor Cr this is approxi-
ing of the underlying substrate material; the underlyingmately 350 K divided by the heating rate which gives
theory for analyzing the polarimeter data assumes 85 ms at a heating ratd @ x 10° K s™*. The preplateau
smooth surface. The roughness manifests as values tifus corresponds to melting of at most 4% of the speci-
emittance (Figs. 4 and 5) that are nearly twice the 0.3 tonen; it is discussed in the next section. The corrected
0.4 value typical of the spectral emissivity of a smoothtemperature of the main plateau, at which the bulk of
Mo surface in this range of temperature and wavelengthmelting occurs (see Fig. 6), is 2115 + 20 K from seven
To correct for this systematic measurement errorgxperiments. This temperature, 2115 + 20 K, is the melt-
a +10 K correction is made, where noted, to the temperaing point of pure Cr.
tures computed from the measured emissivities and
radiance temperatures using Planck’s law. Thus the cop. Discussion of Cr results
rected experimental temperatures for the slope change
and plateau inception are 1920 + 15 and 2060 + 10 K
respectively.

A version of the Cr—O phase diagram from a selected
sourcé’ is shown in Fig. 7. For the low-oxygen Cr
(2.5 x 10“ atomic fraction oxygen), the phase diagram
predicts approximately 1% of the material should melt at
the monotectic temperature (2073 K), with the rest melt-
The low-oxygen Cr was prepared with rectangular andng, essentially, at the melting point of pure Cr (2133 K).
square cross sections of 3.2 mm x 1.6 mm and 1.6 Jhe corrected temperatures of the preplateau and main
1.6 mm, respectively. All were approximately 50 mm plateau observed during melting of the low-oxygen Cr
long. One side was polished on each specimen, gathl are consistent with the monotectic and the Cr melting
W followed by 11um Mo was deposited on that side; the point on the phase diagram, respectively. The fraction
remaining three sides were coated with QU8 W fol-  melted during the preplateau is also consistent with the
lowed by 1um Mo. The pyrometer and polarimeter ob- prediction of the phase diagram.
served the side with the thick coating in all experiments. For the high-oxygen Cr (0.005 atomic fraction oxy-
Results of a typical experiment are shown in Fig. 6. Ongen), the phase diagram in Fig. 7 predicts approximately
the basis of the emissivity and true temperature behavt% of the material should melt at the eutectic tempera-
iors, the Mo coating survived through partial melting of ture (1933 K) and approximately one-quarter of the ma-
the Cr. A short “preplateau” of at most 1.5 ms in durationterial should melt at the monotectic temperature.
is distinguishable at a corrected temperature of 2080 Additional melting should occur as the temperature ap-
20 K, in most experiments, prior to the main plateauproaches the liquidus. Consistent with these predictions,
(Fig. 6). For constant input power, a prediction of thethe corrected slope-change and plateau-inception tem-
time required to fully melt the specimen is obtained byperatures are quite close to the temperatures of the

C. Cr wires (low oxygen) coated with W/Mo
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2800 approximately 1% of the input powé?.Since continu-
. ous current is used, the density of currgntand thus
2600- // \\ / the heat source ternt| = pi%, would be uniform if the
L/ i L / electrical resistivity p, were uniform. As can be seen in
// two liquids \\ / Table I, the room-temperature resistivity of W and Mo
% 24004 / 1 / are nearly the same, but that of Cr is more than twice as
o ,’ \‘ / large and that of Ti is nearly eight times larger. However,
% ’I i ,’ using the temperature-dependent properties shown for
5 2200 \\ / Mo and Ti in Table Il, by 2000 K the resistivity of Ti is
g- J =2073 ] ,’ only twice as large. Considering the two materials of the
S 5000 =0.02 z0.48\\ II substrate (s) and coating (c), for specimen length much
= ~1933 \/ greater than radius, one can write
=0.52 _ .
1800 E= Pds = Pdc (3)
< (Cr) Cr,03 > where E is the electrical field (i.e., the voltage/unit
1600 length) in the wire and currents are presumed uniform

‘ ‘ : within both the coating and the substrate. The Joule
0 0.1 0.2 ) 0.3 ,0'4 05 06 source terms in the two media are therefore given by the
Atomic Fraction O

following relationship:
FIG. 7. Partial binary phase diagram for the Cr—O systém.

2 -1
B pc Hs [ ps
eutectic and the monotectic on the phase diagrantls = Els—p_s ~ e H. or 0 [P_c] : (4)
respectively, with a weaker signal at the slope change ¢
(eutectic). The ratio of the Joule source terms is therefore in-

Values selected in compilations for the melting tem-verse the ratio of the electrical resistivities.
perature of pure Cr vary by approximately 50 K. Two The heat balance to be solved in the wire can be
graphical compilations of binary phase diagrams involv-written as
ing Cr with melting points for Cr of 2133 K and
2136 K'® are in reasonable agreement with the corrected a_hv = 1o [K r ir] +H, v=sorc 5
value 2115 * 20 K obtained in this work. Analytical ot ror| v or v ’
descriptions of the free energy of pure Cr in thermody- . o .
namic computations of binary phase diagrams use gvh(;relx IS tpe;hermaLcondUCSV|§y ar_iui, thfe \éolume;trllc
higher melting point of 2180 K% °inconsistent with the enthalpy of phase. T e time derivative of the enthalpy
value obtained here. Phase diagrams for the Cr-O syste(ﬁ?n also be written:
from various sources include an approximately 90 K oh, aT a0s
range of values for the monotectic temperature: 2073 K; ot -G Lo v=sorc . (6)
2093 K¢ 2130 K;'® 2160 K*° [More recent thermody-
namic based assessmehfts? added the GO, phase wherec, is the volumetric specific heat,, the volu-
into the phase diagram. For this case, the eutectic.[L metric latent heat of fusiong, the volume fraction of
(Cr) + Cr;O,] replaces [L— (Cr) + Cr,O5] with only a  solid, andT the temperature field. Continuity of the tem-
small change in temperature.] The eutectic, monotectigperature at the substrate/coating interface has been as-
and pure Cr melting points of Ref. 17 (see Fig. 7) andsumed, and the latent heat (if remelting occurs) is
Ref. 16 (for the eutectic) are consistent with the experiteleased at the melting point. Using temperature-
mental data from both the high-oxygen and low-oxygendependent thermal and electrical properties (Table 1),
Cr specimens. Temperatures for the monotectic anéqgs. (5) and (6) have been solved using a simple 1-
pure Cr melting points obtained from the thermodynamicdimensional finite volume program based on an implicit
assessment$*® are significantly higher than the corre-

sponding experimental values. TABLE |. Room-temperature properties of bulk elemefits.

Resistivity, p Conductivity, k Specific heatg,

V. MODELING OF TEMPERATURE (108 Q m) (WmtK™? (10° I M K™Y
DISTRIBUTIONS IN COATED SPECIMENS cr 12.9 93.9 392
The heating ratesT, in these experiments are suffi- W 5.65 177 2.59
ciently fast (1 x 18to 5 x 1¢* K s7%) that the specimens I/:o 42_2 1%34 ggg

can be considered adiabatic; radiated power is only
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TABLE Il. Temperature-dependent properfies bulk element$?

Resistivity,p (1078 Q m) Conductivity,k (W m™ K™ Specific heatg, (10° J mT3 K™)
Ti(300:1150) K 0.16T 20.9-1.25 x 10T 207 +9.4x10°T
Ti(1150:2000) K 134+0.012T 20.9-1.25 x£ar® 179 + 9.4 x 10°T
Mo(300:2000) K 0.0205T 146-3.48 x 1T 2.38+6.6 x10*T

3Room-temperature values obtained from the expressions are consistent with those given it Exolpt for the electrical resistiviti€é which are both
approximately 20% higher.
bExtrapolated from lower temperature data.

1960 the surface of the coating and the center of the wire is
Mo/Ti approximately 60 K. In contrast, for a Mo rod is coated
1950 . . . . .

with Ti, most of the heating occurs in the Mo wire and

1940 fast thermal diffusion through the thin coating results

¥ 1930 Time to initial melting : 80 ms in a variation of ony 3 K across the entire specimen

£ g0 (see Fig. 8). _ _ _ _
b On the basis of these calculations, experiments with
“é.’ 1910 the Ti coating on the Mo rod should be most accurate for
& 1900 Ti/Mo measuring the melting point of Ti. Even though the Ti at
1890 the interface begins to melt prior to that on the surface

viewed by the instruments, the temperature change

1880 across the thin coating is much less than 1 K. There is no

1870 reason to expect a systematic error with specimens of this
0 0.2 0.4 0.6 0.8 geometry_
Radius, mm For the Mo coating on the Ti rod specimens, the tem-

FIG. 8. Calculations of the temperature distributions in specimend€rature rise_across the MO coating is _atsm K when
composed of a coating of Ti on a Mo rod (Mo/Ti) and for a coating of the Ti at the interface begins to melt (Fig. 8). However,
Mo on a Ti rod (Ti/Mo). The temperature distributions are shown atgs further heating and melting occur, a temperature gra-

approximately 80 ms, with the coating 24w thick and the rod ; ; ; i ;
1.59 mm in diameter in both cases. Power inputs are such that th((-'e1Ient will form in the liquid (absent convection). The Mo

temperature at some location in the Ti has just reached the melting©2ting, and the molten Ti adjacent to it, will rise to
point of Ti (1945 K). emperatures above the melting point of Ti, even while

the inner region of the Ti rod is still in the process of

melting. The increase in temperature evident in the latter
scheme and a temperature recovery method (i.e., the ter@art of the Ti melting plateau (Fig. 4) might be a mani-
perature of a reme|ting volume element is held at théestation of thiS, though Mo and Ti interdiffusion is also
me|t|ng point until the Corresponding Vah%’v is equa| consistent with this increase. This effect is significantly
to zero). As the process is nearly adiabatic during thémaller for the Mo-coated Cr specimens due to the simi-
very short heating times, the calculations were performedfifity of the Mo and Cr resistivities (Table 1) and the
with a homogeneous Neumann condition at the surfactinner coatings.
of the coating.

The results of calculations of temperature distributions

for a coating of Ti on a Mo rod and for a coating of Mo VI. UNCERTAINTIES
on a Ti rod are shown in Fig. 8. The input power is such The uncertainties associated with measurements ob-
that the inception of melting occurs at approximatelytained from the pyrometer and polarimeter in this
80 ms, with the coating 24m thick and the rod approximate temperature range have been noted previ-
1.59 mm in diameter in both cases. The calculations repausly? In those results, uncertainty associated with the
resent the temperature profile when the temperature atgyrometry wa 7 K (20); uncertainty associated with
location in the Ti first reaches the melting point (1945 K). the polarimetry was 2% (5 K). The resulting combined
The Mo heats more rapidly than the Ti because the rationcertainty was 10 K. The scatter of the data for the
of the heat source term and the specific heat is larger fofi coatings on Mo as well as the Mo coatings on Ti
Mo than for Ti. For this reason, the Ti first melts at the are consistent with this 10 K uncertainty. The scatter in
Ti/Mo interface. For the case of a Ti rod coated with Mo, the data from the Ti81AI19- and Ti69AI31-coated speci-
most of the heating occurs in the Mo coating and thermens, noted to be 24 and 20 K, respectively, are signifi-
mal diffusion limitations result in a rather nonuniform cantly larger (all uncertainties in this work are)2 The
temperature field. The temperature difference betweesource of this additional scatter is believed to include
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some contribution from actual composition variation 2. A. Cezairliyan, J. Res. Natl. Bur. Stand. (U.35C, 7 (1971).
of the specimens. On the basis of these data, total meas* Qggﬁyzsa'f?yﬂég-,s('lg%?”a"‘ and J.L. McClure, Int. J. Ther-
“re"_‘e”t uncertainties of 25 and 22 _K apply to these 4. D. Basak, W.J. Boettinger, D. Josell, S.R. Coriell, J.L. McClure,
melting temperatures. The scatter in the results for = g krishnan, and A. Cezairliyan, Acta Matef7, 3147 (1999).
the melting point of low-oxygen Cr, 20 K, yields a total 5. R.M. Waterstrat, Natl. Inst. Stand. Tech. Rep. NISTIR 88-3856,

measurement uncertainty of 23 K, including instrumental  1988.
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coefficients for Mo in Ti.
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The results of two geometrically identical but funda- 8. E.S. Bumps, H.D. Kessler, and M. Hansen, Trans. AN&,609

mentally different types of pulsed heating experiments  (1952).

have been described for measuring melting temperatures:’ rI\i;u}iogns”g\F/e’, cE)'tZ'.' E%:;e_vﬁéu?g?'\f'(Ai'g\ég;'fova’ Izvest. Akad.

Both types of experiment use coated substrate specip. yR. Kattner, J-C. Lin, and Y.A. Chang, Metall. Trans.28A,

mens; the use of substrate materials with melting tem- 2081 (1992).

peratures higher (lower) than that of the coating wasll. F.Zhang, S.L. Chen, Y.A. Chang, and U.R. Kattner, Intermetal-

shown to yield the melting temperature of the coating _ ics 5, 471 (1997). o . .

(substrate) material. Experiments with Ti coatings on Ma*% }'{?Shhr?“ma’ Y. Fujita, H. Mitsui, K. Ishikawa, R. Kainuma, and

; . . . Ishida, Acta Mater48, 3133 (2000).

rods studied at different heating rates were used to quans. .. Murray, Metall. Trans. A9A, 243 (1998).

tify the experimental conditions required to overcomei4. N. Saunders, iI€OST 507 edited by I. Ansara, A.T. Dinsdale,

interdiffusion-induced artifacts. The results of studies and M.H.Rand (European Communities, Luxembourg, 1998),

with the Ti coatings on Mo substrates, as well as with Ti \J/O(I: i/l igﬁﬁ %i—gaia 1. Perenesko Nitrostiucture—Propert

substrates coated with Mo, de.monStratEd the accure_lcy Relationships in Titanium AFI)uminides and Alloyasditedp byy

be expected from such experiments. Results from Ti(Al)  y.\. kim and R.R. Boyer (TMS, Warrendale, PA, 1991), pp.

alloy coatings yielded melting temperature data helpful  3-30.

for understanding a portion of the Ti—Al phase diagram,16. Binary Alloy Phase Diagramznd ed., edited by T.B. Massalski

demonsiaiing hat @ congruent maximum does ot exis, (S et P o 1090 i 1ot s L

in the Ti-rich side. Measurement of the' meltlng' point of Crysta”og’raphic and Thermodynamic Data of Binary Allogs; ’

Cr through the use of coated Cr specimens yielded the jieq by 0. Madelung (Springer, Berlin, Germany, 1994), Gr. IV,

melting point of Cr (2115 + 20 K), demonstrating that  vol. 5, Subvol. d, pp. 49-50.

the melting points used in thermodynamic assessmeng$. J.R. Taylor and A.T. Dinsdale, Z. Metallkdgl, 354 (1990).

are at least 50 K too high. A monotectic and a eutecti¢t9- M- Kowalski and P.J. Spencer, CALPHAD, 229 (1995).

. 0. D. Basak, U.R. Kattner, J.L. McClure, D. Josell, and A. Cezairliyan,
temperature on the Cr—O phase diagram were als? Int. J. Thermophys21, 913 (2000).

obtained. 21. Handbook of Chemistry and Physi&s8th ed. (CRC Press, Boca
Raton, FL, 1987-88).
22. Thermophysical Properties of High Temperature Solid Materials,
REFERENCES edited by Y.S. Touloukian (Macmillan, New York, 1967), Vol. 1.

1. A. Cezairliyan, M.S. Morse, H.A. Berman, and C.W. Beckett,
J. Res. Natl. Bur. Stand. (U.S74A, 65 (1970).

Downloaded fr%mtps:/www.cambridge.org/core. University of Basel Librar)J,-oMﬁWayB@ﬁvay@l._%i:&), N@je@bt@‘% @éQlQJridge Core terms of use, available at https:/www.cambridge.org/core/terms.
https://doi.org/10.1557//MR.2001.0332


https://doi.org/10.1557/JMR.2001.0332
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

