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Simultaneous measurements, by a subsecond duration transient technique, to 
determine the specific heat capacity, cp, the electrical resistivity, p, and the 
hemispherical total emittancc in the temperature range 1400-1700 K, and the 
melting point and the radiance temperature at the melting point, of AISI type 
304L stainless steel are described. The results are expressed by the relations: 

cp-  1127 - 7.265 • 10 -1 T +  2.884 • 10 4T2 

p = 75.59 + 4.695 x 10 2 T -  9.592 • 1~0 -6 T 2 

where cp is in J - kg -~ �9 K -I, p is in #f~ - cm, and T is in K. The value of the 
hemispherical total emittance is 0.37 in the range 1700-1900 K. The melting point 
and the radiance temperature (at 653 nm) at the melting point are 1707 and 1590 
K, respectively, yielding a value of 0.385 for thenormal  spectral emittance at the 
melting point. Estimated inaccuracies of the measured properties are: 3% for the 
specific heat capacity, 2% for electrical resistivity, 5% for hemispherical total 
emittance, and 8 K for melting point and radiance temperature at the melting 
point. 

KEY WORDS: dynamic techniques; electrical resistivity; high temperatures; 
melting point; radiance temperature; specific heat; stainless steel; thermal emit- 
tance. 

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

N u m e r o u s  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  o n  t h e  p r o p e r t i e s  o f  s t a i n l e s s  s t e e l s ;  

h o w e v e r ,  n e a r l y  al l  o f  t h e s e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  a t  t e m p e r a t u r e s  
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below about 1400 K. In this paper, we describe the measurement of selected 
thermophysical properties of AISI (American Iron and Steel Institute) type 
304L stainless steel at temperatures above 1400 K by a subsecond pulse 
heating technique. The measured properties are: specific heat capacity, 
electrical resistivity, hemispherical total emittance, melting point, 2 and 
radiance temperature 3 at the melting point. The measurement technique has 
been used successfully to obtain thermal and radiative properties of a number 
of refractory metals and alloys [ 1 ]. 

The method is based on rapid resistive self-heating of the specimen from 
room temperature to its melting point in less than 1 s by the passage of an 
electrical current pulse through it; and on simultaneously measuring such 
experimental quantities as the specimen temperature, the current through 
and voltage across the specimen. The temperature is measured by means of a 
high-speed photoelectric pyrometer [2]. The current through the specimen is 
determined by measuring the voltage across a standard resistance in series 
with the specimen. The voltage across the middle one-third of the specimen is 
measured between spring-loaded knife edge probes. These quantities are 
recorded digitally every 0.4 ms with a full-scale resolution of about 1 part in 
8000. Details regarding the construction and operation of the measurement 
system and other pertinent information such as formulation of relations for 
properties, error analysis, etc., are given in earlier publications [3, 4]. 

2. MEASUREMENTS 

2.1. Specimens 

The measurements of specific heat capacity, electrical resistivity, hemi- 
spherical total emittance, and melting point were performed on four speci- 
mens in the form of tubes. The tubes were fabricated from rods by removing 
the center portion by means of an electro-erosion technique. The dimensions 
of the tubes were, nominally: length, 76 mm; outside diameter, 6.4 ram; and 
wall thickness, 0.5 mm. A small rectangular sighting hole (0.5 • 1 ram) was 
fabricated through the wall at the middle of each tube, thereby approximat- 
ing a blackbody cavity for the pyrometric temperature measurements. The 
outer surfaces of the specimens were polished to reduce heat loss due to the 
thermal radiation. 

The radiance temperature measurements at the melting point were 

~Alloys have a melting range instead of a melting point. For convenience, in the present work the 
solidus point of the alloy is referred to as the melting point. 
3Radiance temperature (sometimes referred to as brightness temperature) of the specimen 
surface is the temperature at which a blackbody has the same radiance as the surface, 
corresponding to the effective wavelength of the measuring pyrometer. 
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Table I. Chemical Composition of the Low Carbon 304 Stainless Steel in Percent by Mass 

Elements 
Material 

form Fe Cr Ni Mn C Si S Cu Co P Mo N 

Rod Major  18.50 9.30 1.16 0.022 0.70 0.011 0.010 0.010 
Sheet Major 18.48 9.38 1.72 0.019 0.60 0.009 0.10 0.18 0.033 0.15 

i 

performed on specimens in the form of strips fabricated from a sheet of the 
specimen material. The nominal dimensions of the strips were: length, 76 
ram; width, 6.4 ram; and thickness, 0.25 mm. The rod and sheet forms of 304 
stainless steel were supplied by different manufacturers. Their chemical 
analyses (of typical material) show little difference in composition, as can be 
seen in Table I. 

2.2 .  Procedure  

All experiments were performed with the specimen in an argon environ- 
ment at slightly above atmospheric pressure. To optimize the operation of the 
high-speed pyrometer, the temperature interval (1400-1700 K) was divided 
into two ranges. This yielded a total of eight experiments on four tubular 
specimens. The desired heating rate in a given temperature range was 
achieved by adjusting a resistance in series with the specimen prior to each 
experiment. The heating rates in experiments on tubular specimens ranged 
typically from 1800 to 2100 K �9 s-l, corresponding to current pulses of 650 to 
600 ms in duration. In experiments on strip specimens, the heating rates 
ranged typically from about 500 to 7000 K �9 s -1, corresponding to current 
pulses of 1500 to 250 ms in duration. 

Upon completion of the experiments, the high-speed pyrometer was 
calibrated by means of a tungsten filament reference lamp which, in turn, had 
been calibrated against the NBS Photoelectric Pyrometer by the Radiometric 
Physics Division at NBS. All temperatures reported in this work are based on 
the International Practical Temperature Scale of 1968 [5]. 

3. RESULTS 

In all computations, the geometrical quantities were based on their room 
temperature (295 K) dimensions. The results on specific heat capacity and 
electrical resistivity obtained from individual experiments are given in Tables 
A1 and A2 of the Appendix. The final values for the properties given at 50-K 
temperature intervals in Table II  were computed by fitting (least squares 
approximation) the results presented in the Appendix to polynomials in 
temperature. 
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Table II. 

Cezairliyan and Miiller 

Smoothed Specific Heat Capacity and Electrical Resistivity of Low Carbon 304 
Stainless Steel 

T(K) cp(J �9 kg ~ �9 K 1) p (~2 �9 cm) 

1400 675.2 122.5 
1450 679.9 123.5 
1500 686.2 124.4 
1550 693.8 125.3 
1600 702.9 126.2 
1650 713.4 126.9 
1700 725.4 127.7 

3.1. Specific Heat  Capacity 

Specific heat  capac i ty  was computed  f rom da t a  taken during the heat ing 
period. The  radia t ive  heat  loss was, in all cases, less than  2% at  1400 K and 
approx imate ly  3% at  1700 K of  the input  power. A correct ion for this loss was 
made  based on the hemispher ica l  total  emi t tance  results  obta ined  dur ing the 
same experiments .  The  function for specific heat  capac i ty  (SD = 0.5%) that  
represents  the  results  in the t empe ra tu r e  range  1400-1700 K is 

cp = 1127 - 7.265 x 10 - l  T + 2.884 x 10 -4 T 2 

where T is in K and cp is in J �9 k g -  ~ �9 K -  ~. 

(1) 

3.2. Electrical Resistivity 

The electr ical  resist ivity was de te rmined  from the same exper iments  tha t  
were used to ca lcula te  specific hea t  capaci ty .  The  function for e lectr ical  
resist ivity (SD = 0.2%) tha t  represents  the results  in the t empe ra tu r e  range  

1400-1700 K is 

O = 75.59 + 4.695 x 10 -z T - 9.592 x 10 -6 T 2 (2) 

where T is in K and O is in #f~ �9 cm. In the  computa t ion  of e lectr ical  
resistivity,  the cross-sectional  a rea  was obta ined from a measuremen t  of 
specimen weight  and from the value of densi ty  (7.885 g �9 cm 3) de te rmined  
by measurements  on a cyl indr ical  sample  of specimen mater ia l .  The  measure-  
ments,  before the  pulse exper iments ,  of the e lectr ical  resist ivity of the four 
tubu la r  specimens at  290 K with a Kelvin br idge yielded an average value of 
72.8 #f~ �9 cm with an average absolute  deviat ion of  0.3% and a m a x i m u m  
absolute  deviat ion of  0.6%. 
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3.3. Hemispherical  Total Emittance 

Hemispherical total emittance was computed from data taken during 
both heating and initial free radiative cooling periods. The results of measure- 
ments in the temperature range 1500-1600 K did not show any definitive 
variation of emittance with changing temperature. A value of 0.37 was 
obtained by averaging all the results (average absolute deviation ~-2%; 
maximum absolute deviation -~4%). 

3.4. Melt ing Point 

The temperature of the tubular specimens was measured before and 
during the initial melting period until the specimen collapsed. An abrupt 
decrease in the rate of temperature rise (to about 10% of the premelting 
heating rate) indicated the transition through the solidus point. Typical 
results for the specimen during the onset of melting are shown in Fig. 1. The 
melting point (solidus point) for each specimen was obtained from the 
intersection, along the temperature vs time function, of a linear fit to the 
melting "plateau" and a quadratic fit to the temperatures before melting 
determined by the least-squares method. The results are presented in Table 
III. The average melting point of the four specimens is 1706.6 K, with an 
average absolute deviation from the mean of 0.7 K and a maximum absolute 
deviation of 1.4 K. It may be concluded that the melting point of the low 
carbon 304 stainless steel studied in this work is 1707 K. 
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Variation of the temperature of AISI type 304L 
stainless steel (specimen 3) as a function of time near and at 
its melting point. 
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Table III. Summary of Measurements of the Melting Point of Low Carbon 304 Stainless Steel 

Premelting period Melting period 

Heating Standard Slope of Melting Standard 
Specimen rate a deviation b Number of plateau a point e deviation f 
number (K �9 s -l) (K) temperatures c (K ~ S - 1 )  (K) (K) 

1 1970 0.5 70 203  1708.0 0.3 
2 1960 0.4 72 217 1706.6 0.4 
3 1970 0.5 71 210 1706.2 0.4 
4 1930 0.5 78 208 1705.7 0.5 

aDerivative of the temperature vs time function (at approximately 10 K below the melting point) 
obtained by fitting the temperature data before melting to a quadratic function in time with the 
least squares method. 

bStandard deviation of an individual temperature from the least-squares fit to the temperatures 
before melting. 

CNumber of temperatures used in obtaining a linear temperature vs time function during the 
melting period. 

aDerivative of the temperature vs time function obtained by fitting the temperature data during 
the melting period to a linear function of time by the least-squares method. 

eCorresponds to the intersecton, along the temperature vs time function, of a linear fit to the 
melting plateau and a quadratic fit to the temperatures before melting by the least-squares 
method. 

/Standard deviation of an individual temperature from the smooth temperature vs time 
function (linear) obtained by the least-squares method. 
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Fig. 2. Variation of the radiance temperature (at 653 nm) 
of AISI type 304L stainless steel (specimen 1) as a function 
of time near and at its melting point. 
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3.5. Radiance Temperature at the Melting Point 

R a d i a n c e  t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  on  t h e  s t r i p  speci -  

m e n s  a t  653  n m ,  w h i c h  c o r r e s p o n d s  to t h e  e f fec t ive  w a v e l e n g t h  o f  t h e  

p y r o m e t e r ' s  i n t e r f e r e n c e  fi l ter .  T h e  b a n d w i d t h  o f  t h e  f i l ter  was  10 n m .  T h e  

c i r c u l a r  a r e a  v i ewed  b y  t h e  p y r o m e t e r  was  0 .2  m m  in d i a m e t e r .  T y p i c a l  

r e su l t s  a r e  g iven  in Fig.  2 for  t h e  v a r i a t i o n  o f  t h e  s p e c i m e n  r a d i a n c e  

t e m p e r a t u r e  d u r i n g  m e l t i n g ,  w h i c h  m a n i f e s t e d  i t se l f  by  a n  a r r e s t  in  t h e  

t e m p e r a t u r e  rise,  f o r m i n g  a p l a t e a u  d u r i n g  t h e  i n i t i a l  m e l t i n g  pe r iod ;  th i s  was  

fo l lowed  b y  a f u r t h e r  r i se  in  t e m p e r a t u r e  a t  a p p r o x i m a t e l y  10% of  t h e  

p r e m e l t i n g  h e a t i n g  r a t e  u n t i l  t h e  s p e c i m e n  co l l apsed .  A s ing le  v a l u e  for  t h e  

Table IV. Summary of Measurements of the Radiance Temperature (at 653 nm) of Low 
Carbon 304 Stainless Steel During Melting 

Premelting period Initial melting period 

Standard Number Plateau Radiance Standard 
Heating devia- of Slope at temp. temp. devia- 

Specimen rate a tion b tempera- plateau d difference e at melting tion g 
number (K �9 s -j) (K) tures c (K �9 s -l) (K) pt.f (K) (K) 

1 2220 0.4 48 5.0 0.2 1589.0 0.6 
2 850 0.5 84 13.0 0.9 1588.2 0.6 
3 3840 0.6 30 10.2 0.3 1590.4 0.6 
4 6300 0.7 12 -92.0 -0 .9  1590.0 0.7 
5 7000 0.6 14 3.9 0.1 1589.7 0.5 
6 2470 0.5 44 7.6 0.3 1589.7 0.6 
7 470 0.7 174 23.1 3.3 1589.4 1.2 
8 570 0.8 114 21.0 2.0 1589.2 0.8 
9 580 0.7 129 22.2 2.4 1589.3 0.9 

10 2540 0.7 30 47.1 1.2 1589.5 0.7 
11 4900 0.9 23 20.8 0.4 1590.5 1.0 
12 4500 0.7 25 34.7 0.7 1589.4 0.8 

~ of the temperature vs time function (at approximately 10 K below the melting 
plateau) obtained by fitting the temperature data before melting to a linear function in time with 
the least-squares method. 

bStandard deviation of an individual temperature from the least-squares fit to the temperatures 
before melting. 

CNumber of temperatures used in averaging the results at the plateau to obtain an average value 
for the radiance temperature at the melting point of the specimen. 

~Derivative of the temperature vs time function obtained by fitting the temperature data at the 
plateau to a linear function in time by the least-squares method. 

eMaximum radiance temperature difference between the beginning and the end of the plateau 
based on the linear temperature vs time function. 

fThe average (for a specimen) of measured radiance temperatures at the plateau. 
gStandard deviation of an individual temperature as computed from the difference between the 
measured value and the average plateau radiance temperature. 
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radiance temperature at the melting point was obtained by averaging the 
temperatures at the plateau. The results are presented in Table IV for heating 
rates in the range 500-7000 K �9 s -~. The average radiance temperature at the 
melting point for the specimens is 1589.5 K, with an average absolute 
deviation of 0.4 K and a maximum absolute deviation of 1.3 K. It may be 
concluded that the radiance temperature at the melting point of low carbon 
304 stainless steel is 1590 K. 

3.6. Normal Spectral Emittance 

The normal spectral emittance at the melting point was determined from 
the results of the radiance temperature (obtained from measurements on 
strip-shaped specimens) and the melting point (obtained from measurements 
on tubular specimens). Computations, based on Planck's law, yielded a value 
of 0.385 for the normal spectral emittance (at 653 nm) at the melting point of 
the stainless steel. 

3.7. Estimate of  Errors 

The details of estimating errors in measured and computed quantities 
using the present measurement system are given in an earlier publication [4]. 
In the present work, the specific items were recomputed whenever the 
conditions differed from those in the earlier publication. The results are 
summarized in Table V. 

4. DISCUSSION 

Considering the wealth of literature data on stainless steels, there is 
remarkably little information on the thermophysical properties of AISI  type 
304L at temperatures above 1400 K. In Figs. 3 and 4 the smoothed values for 

Table V. Summary of the Estimate of Errors 

Quantity Imprecision ~ �9 Inaccuracy b 

Specific heat capacity 
Electrical resistivity 
Hemispherical total emittance 
Melting point 
Radiance temperature (at melting point) 
Normal spectral emittance (at melting point) 

0.5% 3% 
0.2% 2% 
2% 5% 
1K 8K 
1K 8K 

3% 

almprecision refers to the standard deviation of a quantity as computed from the difference 
between the measured value and that from the smooth function obtained by the least-squares 
method. 

blnaccuracy refers to the estimated total error (random and systematic). 
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Fig. 3. Specific heat capacity of AISI  type 304L stainless steel repotted in the 
literature. 

specific heat capacity and electrical resistivity listed in Table II are compared 
with the results of Feith et al. [6], which appear to be the only literature data 
available near the temperature range of the present work. Their results for 
specific heat capacity (derived from enthatpy measurements in the range 
500-1600 K) are linear in temperature and are about 2% lower than our 
results in the temperature range common to both investigations. From Fig. 4, 
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Fig. 4. Electrical resistivity of AISI  type 304L stainless steel reported in 
the literature. The values of electrical resistivity are based on the room 
temperature dimensions of the specimens, 
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it can be seen that the electrical resistivity results of Feith et al. are about 1% 
higher than the results of the present work. 

No data have been found in the literature on hemispherical total 
emittance of 304 stainless steel that correspond to the specimen conditions 
and the temperature range of the present measurements. The value of the 
hemispherical total emittance for a somewhat similar alloy (AISI type 310 
stainless steel) at the highest reported temperature (about 1400 K) in the 
literature [7] is 0.29. This low value, compared to 0.37 (the value obtained in 
the present work for 1500-1600 K), may be attributed, in part, to the higher 
chromium-nickel content of 310 stainless steel: nominally 25% Cr-21% Ni, 
compared to about 18% Cr-9% Ni for the specimen material in our 
experiments. 

In the present experiments related to melting, it was not possible to 
follow the entire melting process because of the hydrodynamic collapse of the 
specimens prior to reaching their liquid phase. Our work on tubular 
specimens yielded a value of 1707 K (at a heating rate of about 2000 K �9 s 1) 
for the solidus point (or melting point) of 304 stainless steel, which is 
somewhat higher than that implied by the melting range 1670-1727 K 
commonly cited in the reference literature (for example, see Metals Hand- 
book [8]). 

In an effort to check for evidence of superheating in melting, we carried 
out a series of melting experiments on strip specimens at heating rates in the 
range 500 to 7000 K �9 s -1. The results of the individual experiments are 
presented in Fig. 5, where the deviations from the average radiance tempera- 
ture at the melting point (1589.5 K) are plotted as a function of the heating 
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Fig. 5. Deviations from the average radiance temperature (1589.5 K) at 
the melting point as a function of the heating rate used in the individual 
experiments. 
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rate. It may be seen that, in the range of heating rates used, the variation in 
the results lie within the experimental imprecision (+ 1 K), and thus do not 
indicate any effect of heating rate on the melting point. 

We have seen in Figs. 1 and 2 that, as 304L stainless steel begins to melt, 
its true temperature increases at a rate that is about 10% of the premelting 
heating rate, whereas its surface radiance temperature remains approxi- 
mately constant during the initial melting phase and then increases at about 
10% of the premelting rate. This suggests that, during the initial melting 
period, the normal spectral emissivity decreases by about 3%. 

Measurements of the normal spectral emittance at 665 nm on several 
stainless steel alloys (not including type 304L) under different conditions 
were reported in the literature [9] for temperatures in the range 1100-1500 
K. There is considerable scatter in the values of normal spectral emittance for 
the different alloys at 1500 K, ranging between 0.3 and 0.4. The value of 
0.385 obtained at the melting point (1707 K) of 304L stainless steel in the 
present work is consistent with these literature values. 
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Table A2. Experimental Results for the Electrical Resistivity of Low Carbon 304 
Stainless Steel 

Specimen 1 Specimen 2 Specimen 3 Specimen 4 

T p Ap = p Ap = p ~p" p Ap a 
(K) (#~2 - cm) (%) (#~2 �9 cm) (%) (uf~ �9 cm) (%) (u~ �9 cm) (%) 

Range I 
1400 122.9 +0.3 122.5 -0.1 122.4 -0.1 122.2 -0.3 
1450 123.9 +0.3 123.6 +0.1 123.4 -0.1 123.2 -0 .2  
1500 124.9 +0.4 124.5 +0.1 124.4 -0.1 124.1 -0.3 
1550 125.7 +0.3 125.4 +0.1 125.3 -0.1 125.0 -0.3 

Range II 
1550 125.7 +0.3 125.4 +0.1 125.1 -0 .2  I24.9 -0.3 
1600 126.6 +0.3 126.2 +0.1 126.0 -0.1 125.7 -0 .4  
1650 t27.4 +0.4 127.0 +0.1 126.8 -0.1 126.6 -0.3 
1700 128.2 +0.4 127.8 +0.1 127.5 -0.1 127.3 -0.3 

"Ap is the percentage deviation of the individual results from the smooth function defined by Eq. 
(2). 
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