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A review is given on the literature data on the concentration dependence of the 
emissivity of liquid binary metallic alloys (Ni-Fe, Ce-Cu, Ni-Cr, Ti-Al). Our 
measurements at the liquidus temperatures are presented for the systems Ni-V, 
Fe-V, and Fe-Nb and the pure components at 2 = 547 nm and 2 = 650 tam. All 
available results are interpretated in comparison to the phase diagrams of the 
systems. This comparison indicates that the nonvariant liquidus temperatures 
have the highest deviation from a linear interpolation between the emissivity of 
the pure components. The corresponding concentration ranges are characterized 
by stronger atomic interactions in the melt. Therefore errors in noncontact 
temperature measurements occur if the concentration dependence is neglected or 
estimated from the pure components. 

KEY WORDS: binary alloys; concentration dependence; emissivity; liquid 
metals; melting; pyrometry. 

1. I N T R O D U C T I O N  

One of  the  m a j o r  p re requ i s i t e s  for using new contact less  techniques for 
the rmochemica l  and  the rmophys ica l  measurements  on l iquid al loys is the 
avai labi l i ty  of  h igh-qual i ty  opt ica l  pyrometers .  Similar  it  is necessary to 
have g o o d  da t a  on  the emissivi ty of  meta ls  and  their  t empera tu re  and  con-  
cen t ra t ion  dependence.  Unt i l  now such da t a  are  lacking. On ly  a few papers  
deal  wi th  this subject  [ 1-5 ]. In  this connect ion,  it is of  special  impor t ance  
to recognize tha t  a l inear  in te rpo la t ion  between the emissivi ty of  the pure  
componen t s  may  result  in significant errors.  F r o m  this po in t  of  view we 
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have reviewed the literature and determined the hemispherical spectral 
emissivity at selected liquidus temperatures of liquid Ni-V, Fe-V, and 
Fe-Nb alloys and the pure components at the wavelengths 2 = 547 nm 
(green) and 2 =650 nm (red). The results have been used for temperature 
measurements during our electromagnetic levitation experiments about 
mixing enthalpies and heat capacities of high-melting liquid binary 
systems [ 6, 7 ]. 

2. LITERATURE OVERVIEW 

Lange and Schenck [ 1 ] performed experiments on liquid and solid 
pure metals and binary alloys to investigate the temperature and the con- 
centration dependence of emissivity. Their investigations included the 
liquid Ni-A1, Ni-Co, Ni-Fe, and Ni-Si systems. The real temperature of 
the melt Tr was measured by a thermocouple and the brightness (radiance) 
temperature of the surface Tb by a single color pyrometer (650 nm). The 
results for the alloys indicated that all values of e,,~5 o were located between 
the emissivities of the pure components (Fig. 1; Fe-Ni). They suggested 
that for the systems investigated a linear interpolation between the 
emissivities of the pure components is adequate to calculate the emissivity 
of the alloys over the entire concentration range. 
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Fig. 1. The brightness (radiance) temperature, measured by optical 
pyrometry, versus the real temperature, measured by thermocouples, for 
nickel-iron alloys. The lines refer to the pure components. The figure is 
from Ref. I. 
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This interpretation does not seem to be justified for the system Fe-Ni. 
A later investigation with an optical pyrometer of Ratanapupech and 
Bautista I-2] (integral blackbody comparison method) described a dis- 
tinctive concentration dependence. A temperature dependence (1810 to 
1890 K) was not found. They presented their results with the following 
equation: 

e,,c,4s = 0.3462 - 0.0506XNi -- 0.5009X2i + 0.5521X~i (1) 

where XNi is the mole fraction of nickel. Comparing Eq. (1) with the phase 
diagram (Fig. 2), one finds the lowest values of the emissivity in the 
concentration range near the liquidus temperature minimum of the Fe-Ni  
alloys. 
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Concentration dependence of the emissivity of iron-nickel alloys. Data points and 
curve are from Ref. 2; phase diagram is redrawn from Ref. 10. 
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With the same method Dokko and Bautista [3] investigated the 
emissivities of Ce-Cu alloys; the concentration dependence is significant, 
whereas the temperature dependence can be neglected (1376 to 1687 K). 
They presented their results with the following equation: 

e,645 = 0.292 -- 0.06Sxc, + 0.2242x 2 + 1.1381x~u -- 1.4773x~ (2) 

The variation of the emissivity with composition corresponds to the phase 
diagram (Fig. 3). The maximum of the emissivity correlates with the con- 
gruent melting intermetaUic phase Cu2Ce. The change of the emissivity in 
the cerium rich range is smooth, only a slightly marked minimum occurs. 
In this range the phase diagram shows an eutectic. 

Shvarev et al. [4] investigated the normal spectral emissivity of Ni-Cr 
alloys by polarimetry over the wavelength range 0.37-2.65 a m  up to 
XCr=0.5 at 1873 K. Measuring the refractive index (n) and the extinction 
coefficient (k), they obtained the normal spectral emissivity with the 
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Fresnel formula. Lin [8] determined the hemispherical spectral emissivity 
eh650 of pure Cr (%65o = 0.306). Using the approximation [9] 

~eha = 1.07e.a (3) 

one obtains the normal spectral emissivity e,65o = 0.286. With this value a 
polynomial regression leads to the following function of the concentration 
dependence of the emissivity of Ni-Cr alloys: 

%650 = 0.3665 - 0.2289Xc~ + 1.5624x 2, - 2.5892x~, + 1.1754x 4, (4) 

The maximum of the graph is close to the eutectic and therefore again at 
a nonvariant crystallization point of the melt (Fig. 4). 

Finally, Krishnan et al. [5] measured the optical properties (n and k) 
of liquid and undercooled liquid Ti-A1 alloys by He-Ne laser ellipsometry 
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Fig. 4. Concentration dependence of the emissivity of nickel--chromium alloys. Data points 
and are from Ref. 4 ( � 9  and 8 (~) .  The curve is according to Eq. (4). Phase diagram is 
redrawn from Ref. 10. 



1002 Schaefers, Riisner-Kuhn, and Frohberg 

0.4 

'- 0 .35 
tO 

>" 0.3 
. ~  

> 
�9 ~ 0.25 
if) 

"~ 0.2 

-~ 0.15 

-~ 0.1 

to 0.05 

0 

~ O  If&l 

1700 16/.; 

1600 

I$00 

U0O 

1300 

laCO 

atN 

0 0.2 0.4 0.6 0.8 1 

Ti x AI AI 
Fig. 5. Concentration dependence of the emissivity of titanium-aluminium alloys. Data 

points are from Ref. 5; phase diagram is redrawn from Ref. 10. 

at )~ = 632.8 nm. A function of the concentration dependence was not given. 
The highest emissivities correspond with the peritectic alloys, whereas the 
minimum is located at the aluminium-rich eutectic (Fig. 5). Moreover, a 
temperature dependence was determined. The curve refers to T =  1800 K. 

3. M E A S U R E M E N T S  OBTAINED IN THIS WORK 

Independently of one another, we used two optical pyrometers: a par- 
tial-radiation pyrometer and a quotient pyrometer. The partial-radiation 
pyrometer working at the wavelengths 547 nm (green) and 650 nm (red) 
was calibrated with tungsten lamps. The quotient pyrometer works 
simultaneously at 450 nm and 650 nm. The samples were electromagneti- 
cally levitated and melted under an inert gas atmosphere (He). The 
liquidus temperature was indicated by the quotient pyrometer as an arrest 
point in the time-temperature graph. Hereby the magnitude of the output 
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value of the quotient pyrometer is of no consequence; the real liquidus tem- 
peratures Tr were taken from the literature. Due to this, the spectral 
emissivities measured were strongly influenced by the accuracy of literature 
data of the liquidus temperatures. Knowing that high-temperature phase 
boundaries are frequently inaccurate, we performed our measurements at 
nonvariant melting alloys. For the corresponding temperatures we assumed 
an error of _10 K for the literature data, resulting in an error of _ 10% 
of the spectral emissivities obtained in this work. During the solidification 
of the sample we measured the brightness (radiance) temperature Tb with 
a partial-radiation pyrometer. With the help of a circulation gas cooling 
system which provides precise temperature control, we were able to 
expand the average period of solidification. We obtained the hemispherical 
spectral emissivity from Wien's approximation to Planck's law [Eq. (5)] 
and the normal spectral emissivity from Eq. (3). Wien's approximation is 
written as 

C2 
e'~ = exp [2-- (T~ T~)] (5) 

where ea is the spectral emissivity, C2 is Planck's second radiation constant 
(C 2 = l . 4388x10 -2m. K) ,  and 2 is the effective wavelength of the 
pyrometer. 

The following elements and alloys (at %) had been investigated at the 
liquidus temperature in the liquid state: Nb, V, Fe, Ni, the eutectic alloy 
Ni49Vst, the concentration at the melting minimum Fe69V31 , the eutectic 
alloys Fes9,4Nblo,6 and Fe41Nb59 , and the intermetallic compound Fe2Nb. 
The phase diagrams were taken from the literature: Ni-V [10], Fe-V 
[ 10 ], and Fe-Nb [ 11 ]. The determined emissivities of the pure liquid com- 
ponents are shown in comparison with the literature data in Table I. The 
values for the selected alloys are listed in Table II. 

The Fe-V system shows a slightly increasing emissivity near of the 
lowest liquidus temperature of the system (Fig. 6). This may be due to 
small interactions between the atoms of the melt which were established by 
levitation alloying calorimetric measurements of the mixing enthalpy [6]. 
In the eutectic system nickel-vanadium one finds a stronger concentration 
dependence of the emissivity (Fig. 7). The incongruent melting tr phase 
causes stronger interactions. This fact is confirmed in a clear excess heat 
capacity [7]. In the system iron-niobium the influence of interactions 
between the atoms in the melt reflects in the temperature-dependent mixing 
enthalpy [ 12]. A clear decrease in the emissivity takes place at the iron- 
rich eutectic, whereas the compound Fe2Nb is identified by the highest 
emissivity (Fig. 8). 

840/16/4-11 
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Table I. Emissivity of the Pure Metals Niobium, Vanadium, Iron, and Nickel at Their 
Melting Points, Tm (Boldface and Normal Print Refer to the Hemispherical Spectral and 

Normal Spectral Emissivity, Respectively) 

Metal, Literature 
Tin, Ref. This work values References 

Niobium, s = 0.404 (0.3776) 
2750 K [13] e65o=0.355 (0.332) 

Vanadium, e547 = 0.401 (0.375) 
2202 K [ 14] e6so = 0.385 (0.36) 

Iron, e547 = 0.4535 (0.424) 
1809 K [13] e65o=0.391 (0.365) 

Nickel, es47 = 0.492 (0.46) 
1726 K [13] e65o=0.423 (0.395) 

e6so = 0.35 
e6so = 0.34 
e645 = 0.317 
e6so = 0.36 
e547 = 0.376 
e65o = 0.36 
g633 = 0.321 

Touioukian et al., 1970 [ 15] 
Cezairliyan, 1972 [16] 
Bonnell et al., 1972 [ 17] 
Chekhovskoy et al., 1981 [ 18] 
Arpaci et al., 1985 [19] 
Arpaei et al., 1985 [19] 
Krishnan et al., 1991 [20] 

e650=0.400 Treverton et al., 1971 [21] 
e6so=0.358 Berezin et al., 1972 [22] 
e547=0.410 Lin, 1991 [8] 
~65o=0.402 Lin, 1991 [8] 

~66o = 0.36 Bidwell, 1914 [23] 
r Dastur et al., 1949 [24] 
e~5o = 0.384 d'Entremont, 1963 [25 ] 
e65o=0.298 Lange et al., 1968 [1]  
~65o = 0.378 Treverton et al., 1971 [21 ] 
e645 =0.357 Bonnell et al., 1972 [17] 
e645 = 0.346 Ratanapupech et al., 1981 [3]  

~66o=0.221 Bidwell, 1914 [23] 
e65o=0.37 Burgess et al., 1914 [26] 
e65o = 0.355 Lange et ai., 1968 [ 1 ] 
e645=0.346 Bonnell et al., 1972 [17] 
e645 =0.34 Ratanapupeeh et al., 1981 [3]  
e65o=0.366 Shvarev et al., 1990 [4] 
e633 = 0.40 Krishnan et al., 1990 [27] 

Table II. Hemispherical Spectral Emissivity of the Measured Liquid 
Binary Alloys (at %) in the Systems Ni-V, Fe--V, and Fe-Nb 

at Their Melting Points 

Hemispherical spectral emissivity 

Alloy Liquidus temp. (K) e547 t6so 

Ni49 V~ I 1475 0.525 0.510 
Fe49 V 31 1741 0.465 0.404 
Fes9.4 Nb lo.6 1643 0.4127 0.3447 
Fe2 Nb 1903 0.498 0.4175 
Fe41Nb59 1773 0.4215 0.381 
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from the present work; phase diagram is redrawn from Ref. 10. 
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4. CONCLUSIONS 

The comparison between the concentration dependence of the emissivity 
of liquid binary alloys and the phase diagrams indicates the highest deviation 
of a linear estimation between the values of the pure components in the range 
of the nonvariant concentrations. These concentration ranges are character- 
ized by stronger interactions of the atoms in the melt. The analysis of the 
data clearly points out that errors in noncontact temperature measurements 
result if the concentration dependence of the spectral emissivity is neglected 
or estimated from a linear interpolation between the pure components. 
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