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Fissure type extrusion failure, Figure 21 enlarged. 



No. 
1. 
2. 
3. 

TABLE OF CONTENTS 

Summary ___________ _ 
Page 

1 
Introduction _ __ _ ----------------------------------------------------------- 1 
Scope of this Investigation __________ _ --- ------------------- 3 

4. Test Specimens ________________ _ ------------------------------------------- 4 
5. Surface Roughness _________________________________________________________________ 5 
6. Photomicrographs of Surface Replicas ____ 8 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

Thermodynamics Analysis of Surface Reactions ________________ ____ _______ 11 
Surface Diffraction Analysis _____________ 16 
Heating in Air and Hydrogen ____ ______ _ __________________________ 20 
Crystalline Structure of Chromium Oxide_____ 20 
Molecular Structure of Water _______________ 22 
Adhesion Between Farberized Surfaces and Water ___________________ ___________________ __________ 22 
Spectroscopic Analysis ________ --------------------------- ____________________________________ 30 
Back Reflection Analysis _ ________________________________________________________ 30 
Thermodynamic Analysis of Interior Reactions ____________ _ ______ ______ ______________________ 30 
Photomicrographs of Interior Structures . ___________________ 37 
Analysis of Results and Conclusions________________ _ ___________________ _42 
Suggestions for Future Study ________________ ___________ _______________________________ ____ 45 
Acknowledgements ____________________ 45 
Bibliography _____ _______________________________________ __ _____ __________________ _________________ 46 

LIST OF FIGURES 
No. Page 
1. Reproducibility of heat transfer tests obtained from "farberized" wires. (Farber) ________ 2 
2. Heat flux relations for nickel, chromel-A, and chromel-C. (Farber) ________ __ __________ ____________ 2 
3. Photograph of farberizing apparatus _____________________________________________________ 5 
4. Schematic diagram of farberizing apparatus. --------------------------------------------------- 6 
5. Profile trace roughness of chromel-C ribbon _____ _ __________________________ 7 
6. Chromel-C faxfilm impressions, 500 X ______________________________________ ___ 9 
7. Diagram illustrating the superior driving force of the chromium reaction in an 

operating atmosphere of steam~---------------------------------------13 
8. Diagram illustrating the superior driving force of the chromium reaction for 

various kerosene combustion atmospheres _______________________________________________ 15 
9. X-ray diffraction patterns of cromel-C ___________________________________________________________________________ l 7 

10. Crystalline structure of chromium oxide ______________________________________________ 21 
11. Molecular structure of adsorbed water film ----~----------------------23 
12. Relation between interfacial tension and the critical boiling temperature __________________________ 27 
13. Spectograms of as-received and farberized chromel-C ________________________________________________ 28 
14. Back reflection diffraction photographs __________ _ ___________ _____________________________ 29 
15. The Effect of Temperature on the Equilibrium Partial Pressure Ratios of the 

Product Gases. _____________ _______ _ _________________________ 33 
16. The Effect of Atomic Hydrogen Pressure on the Equilibrium Pressure of Vari-

ous Product Gases____________________ ----~-----------------------34 
17. The Effect of Atomic Hydrogen Pressure on the Pressure of Molecular Hydro-

gen at Various Temperatures _ _____________________________ 35 
18. Microstructures of chromel-C ribbons, ½ inch wide, 0.010 inches thick, deep 

etch, 250X _______________________________________________________ 38 
19. Microstructure of chromel-C specimen 0.102 inch diameter _________________________ 39 
20. Globular type extrusion failure in 0.0102 inch diameter chromel-C wire ______ 40 
21. Fissure type extrusion failure in 0.102 inch diameter chromel-C wire _____________________________ -41 



LIST OF TABLES 
No. Page 
1. Surface Roughness, RMS microinches______ ________________________ _ _ _ ____________ 8 
2. Dimensions of Surface Details on Farberized Specimens __________________________ lO 
3. Thermodynamic Properties of Surface Reactions _ _____________ ___ 12 
4. Line Spacings and Intensities for Chromel-C, as-received and farberized __________________________ l8 
5. Line Spacings and Intensities for Air-Glowed Chromel-C ___ _ ______________________ 19 
6. Molecular Structure of Water______________ _ ________ 22 
7. Interfacial Tensions ______ ________________ ______________________________ 24 
8. Interfacial Tensions _____________________ --------------------------------··---- -----------25 
9. Interfacial Tensions _________ __________________________________________ 26 

10. Comparison of Critical Boiling Temperatures and Interfacial Tensions ___ _______ c ___ ___ 26 
11. Thermodynamic Properties of Interior Reactions _____ _ _ ____________________________________________ 32 



THE EFFECT OF HIGH TEMPERATURE STEAM ON A 
NICKEL-CHROMIUM-IRON ALLOY 

by 
Paul Ogden1 and Ralph Scorah2 

1. SUMMARY 

This paper describes the effect of high temperature steam attack (2200 °F) on a nickel-
chromium-iron alloy known as chromel-C. At the surface, high temperature steam attack 
results in the formation of a thin, hard film of chromium oxide which has special properties 
in the field of steam generation. Within the interior, high temperature steam attack leads to 
chemical reactions with metallic oxides, carbides, etc. These reactions can weaken and open 
grain boundaries, cause local melting and recrystallization, induce high thermal stress, gen-
erate gas at high pressure, and even extrude plastic interior metal through the surface crust. 
These phenomena become more and more critical as the operating temperature approaches the 
melting point. 

2. INTRODUCTION 

There is an extensive literature describing the behavior of metals at high temperature, 
and excellent reviews of this subject have recently appeared by Smith (24) 3 and Clark (7). 
Reference should also be made to the 1931 Symposium sponsored by the American Society 
for Testing Materials and the American Society of Mechanical Engineers (25) . These re-
views describe the properties of many metals and alloys at elevated temperatures and the ex-
perimental methods employed to determine those properties. Special attention is given to 
the chemical, metallurgical, and dimensional changes which occur during high temperature 
service, and these changes are often influenced by the action of the materials which operate 
in contact with the metals and alloys. 

In many important applications, the high temperature alloy must operate in contact with 
gas mixtures in which steam is a significant c :mstituent. For example, in the combustion of 
hydrocarbon fuels, gaseous products are produced which contain sizeable amounts of steam, 
and metallic alloys are required to operate at high temperatures in contact with such gases. 
In the steam power industry, the metal forming the interior surfaces of the high temperature 
steam passages operates in direct contact with nearly pure steam. Thompson (27) has shown 
that in this field alone, metallurgical advances have made it possible to increase the maximum 
throttle temperatures from 350°F in 1900 to 1050°F in 1950. 

With 1050 degree steam at the throttle, the operating temperature of the superheater 
metal may go as high as 1400°F. Similar operating conditions also apply in the field of in-
ternal combustion engines. In such engines, the exhaust valves normally operate in a 

1. Associate Professor of Mechanical Engineering, University of Missouri, Columbia, at present, Supervisor, 
Test Division Laboratory, Phillips Petroleum Company, Bartlesville, Oklahoma. 

2. Professor of Mechanical Engineering, University of Missouri, Columbia. 
3. Numbers in parentheses refer to the Bibliography at the end of the paper. 
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ENGINEERING EXPERIMENT ' STATION 3 

cherry red condition (1375°F) and in contact with gases containing steam. Still higher 
operating temperatures are reached in combustion gas turbines (1700°F-1900°F) , and again 
the materials of construction must work in contact with gases containing appreciable amounts 
of steam. If the metallurgical advances of the first half century are to be duplicated in the 
second half, materials must be developed to operate with high strength and durability at a 
white heat (2200°F). An intensive effort will be required. 

In this connection, certain heat transfer experiments using electrically heated wires sub-
merged in boiling water, provide a convenient and inexpensive way of investigating the ef-
fect of steam attack on metal at any temperature from the boiling point of water to the melt-
ing point of the metal. Some unusual and tec'm:ically important properties have already been 
discovered in this way, for example: 
1. In his experimental study of heat transfer from electrically heated wires to boiling 
water, Farber (9) discovered that if new wires were made to glow under water for 15 min-
utes, the previous test results could be duplicated. This reproducibility of results is illus-
trated in Fig. 1 which shows a plot of Farber's data for six runs with different wires on dif-
ferent days. For convenience in our laboratory, this process of glowing a metal under water 
was called "farberizing." 
2. The independent experiments of Farber (9) and Addoms (1) indicated that a nickel-
chromium-iron alloy known as chromel-C was unique in giving an unusually high peak den-
sity of heat flux. This finding is illustrated in Fig. 2 which shows a plot of Farber's boiling 
curves for nickel, chromel-A, and chromel-C. In Recommendation No. 5 of his thesis, Ad-
doms (1) pointed out that "The higher peak densities of heat flux obtained with chromel-C 
should be investigated more thoroughly in order to determine the physical and chemical 
properties which are responsible for the unique behavior." 
3. In 1947, Ogden, Kimbrell, and Scorah (20) surveyed the structural changes produced in 
chromel-C by farberizing 0.102 inch diameter wires at 2200°F, and found as follows: 

First, the farberized wire surface was covered with a dark gray coating or scale, very 
thin and tough. When examined at various magnifications, this coating was observed to have 
a uniform, lace-like or spongy structure. 

Second, the interior microstructure at various .cross-sections along the wire revealed the 
presence of large, circular areas of dendritic structure containing voids. 

Third, at random locations, the metal surface was forced open by the extrusion of sub-
surface material. Two types of extrusion failure were identified; one, a fissure type of ex-
trusion failure in which the sub-surface material emerged through a split in the surface struc-
ture, and two, a globular type of extrusion failure in which the extruded metal appeared as 
spherical globules attached to the original metal surface. 

Explanations for these experimental findings were not immediately available. 

3. SCOPE OF THIS INVESTIGATION 

The scope of this investigation was to examine more closely into the nature and probable 
causes of the surface and interior changes observed in the nickel-chromium-iron alloy, chro-
mel-C, when subjected to high temperature steam attack, and to search for physical, chem-
ical, and metallurgical explanations that would account for: 

1. the physical and chemical properties of the farber film, 
2. the stabilization of the steam generation process, 
3. the exceptionally high peak-density of heat flux to boiling water, 
4. the formation of recrystallized regions in the interior metal, 
5. the formation of voids in the interior metal, and 
6. the phenomenon of extrusion failure. 

BULLETIN No. 38 
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4. TEST SPECIMENS 

Chromel-C is the trade name of a resistance type, nickel-chromium-iron alloy made by 
the Hoskins Manufacturing Company of Detroit. This alloy conforms to the ASTM Stand-
ard No. B83-41 (2) which specifies the composition by the following percentages: 

Nickel, minimum 57 
Chromium 14 to 18 
Manganese, maximum 3 
Silicon 0.75 to 1.5 
Carbon, maximum 0.25 
Sulfur, maximum 0.03 
Iron Remainder 

The manufacturer has given the following representative values for the physical proper-
ties (21) of chromel-C: 

Melting point 
Specific heat 
Thermal conductivity (100°C) 
Specific gravity 
Coefficient of expansion (20-100°C) 
Resistivity (20°C) 
Coefficient of resistance (20-100°C) 
Tensile strength, annealed (20°C) 

1400 °C (2552°F) 
0.107 cal/g °C 
0.134 watts/ cm °C 
8.24 

13.2 X 10-6 

675 ohms/CMF 
2.60 X 10-4 

90,000 psi 

The alloy as received from the mill was in the bright annealed condition and in the form 
of continuous coils of wire and ribbon. The dimensions of the section and the quality of sur-
face finish were observed to be quite uniform along the length of the coil. In the ribbon, a 
small, systematic difference was observed in the surface finish of the two faces. To elimin-
ate disturbances from this source, the ribbon face on the inside of the coil was always 
placed upward during the farberizing operation, and this sa~e upper face was used for those 
tests which involved the specimen surface. All test specimens were cut to a length of 7¾ 
inches which provided a length of from 53/s to 6 inches for the farberized surface and still al-
lowed a liberal space for th~ electrode clamps. 

The farberizing operations were performed with the simple, rugged apparatus shown in 
Figs. 3 and 4. The test specimens were held horizontally between nickel electrodes which ex-
tended from stainless steel bus bars, and the whole assembly was suspended in a tank of dis-
tilled water, the water surface being adjusted to make contact with the stainless steel. The 
tank was provided with pyrex glass sides through which the farberizing process could be ob-
served conveniently. The electrical circuit consisted of a 5 kva, 230 volt primary, 23 volt sec-
ondary transformer, a 7 kva, General Radio variac, a current transformer and ammeter of 
250 ampere range, and a voltmeter of 30 volt range. This electrical circuit provided the quick 
control required to bring the specimen to incandescence by means of a large and rapid in-
crease of current, and to preserve incandescence without melting the specimen by means of an 
immediate but moderate reduction of current. 

The farberizing operations were not attempted until the water temperature was raised 
above 180°F. The farberizing process was then started by using the rapid control to estab-
lish stable incandescence, and then continued for the desired period of time. -The tempera-
ture of the specimen during farberizatiori was observed by means of a Leeds and Northrup op-
tical pyrometer. The farberizing temperature was subject to moderate control, and the 

JUNE 1952 



ENGINEERING EXPERIMENT STATION 5 

Fig. 3, Photograph of farberizing apparatus. 

range of control was influenced by the size of the specimen. The farberizing temperatures 
adopted for the specimens used in this investigation were as follows: 

0.020 inch diameter speciment 
0.100 inch diameter specimens 
½ inch x 0.010 inch specimens 

1900 °F 
2200 °F 
2200 °F 

The same temperature schedule was adopted for specimens heated to incandescence in 
air. 

5. SURFACE ROUGHNESS 

The roughness of the ribbon surface before and after the farberizing treatment was 
measured by means of a Brush, Type BL-103, surface analyzer and a Brush, Type BL-106, 
RMS meter. The measurements were made at the ribbon centerline using both longitudinal 
and transverse traces. Typical profiles are reproduced in Fig. 5. The roughness data in root-
mean-square microinche~ are listed in Table No. 1, which also gives for comparison, the re-
sults previously reported for 0.102 inch diameter wires (9) . 

In general, the roughness changes measured on ribbons were found to be in accord with 
tp.e changes observed on wires. 

With both wire and ribbon, the farberizing process increased the surface roughness, but 
the range of roughness on the final, farberized surface was always much less than the range 
of roughness on the initial, as-received surface. The farberizing process reduced the rough-

BULLETIN N 0. 38 
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ness range of ribbon to 34.2 per cent of the as-received roughness range. With wire, the far-
berizing process reduced the roughness range to 38.9 per cent as the as-received r ou ghness 
r ange. 

Electrically heating a specimen in air w as found to cause only a small increase in sur-
face roughness, but, as with the farberized specimens, the range of roughness on the final, 
air-glowed surface was reduced to 36. 7 per cent of the original, as-r eceived, roughness 
range. 
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Fig . 5, Profile trace rou ghness of chromel-C ribbon. 

BULLETIN No. 38 



8 UNIVERSITY OF MISSOURI, COLUMBIA 

A reduction of roughness range means a more uniform surface topography, so both the far-
berizing and the air-glowing processes have the effect of increasing the uniformity of the final 
surface. The actual roughness gain, however, was less with air-glowing and more with far-
berizing. 

The roughness gain with farberizing was influenced by the roughness of the initial sur-
face. Smooth initial surfaces led to less-rough farberized surfaces, but the roughness gain 
was greater for smooth surfaces so that farberized surfaces tended to become more alike. 
The mean roughness ratio of wire to ribbon reduces from 13.55 for as-received to 1.58 for far-
berized surfaces, so that the roughness of farberized wires and ribbons have about the same 
order of magnitude. 

The special properties demonstrated by farbe:rized surfaces in the boiling heat transfer 
process were not directly explained by the roughness characteristics measured by the Brush 
stylus. Roughness of this order of magnitude was considered to be of secondary importance, 
so the topography of the farber surface was further investigated by means of transparent sur-
face replicas and the optical microscope. 

TABLE NO. 1 

Surface Roughness, RMS microinches 
Specimen 

Ribbon: ½ inch x 0.010 inch 
As-received, average of 13 specimens 
Air glow 5 min. 

Maximum Mean Minimum Max./Min. 

Farberized 5 min. 
Farberized 5 min. x 12 times=60 min. 
Farberized 60 min. 
Average farberized Max./Min. 
Wire: 0.102 inch diameter 
As-received 
Farbareized 15 min. 

Farberized ribbon 
Farberized wire 
Air glow ribbon 

4.5 
7.5 

12.5 
33.0 
29.0 

54 
64 

2.25 
6.1 

10.5 
28.0 
25.0 

30.5 
43.5 

1.1 
5.0 
9.0 

22.0 
22.0 

7 
23 

Average farberized Max./Min. 
Ratio=-------------

As-received Max./ Min. 
0.342 
0.389 
0.367 

Mean RMS, wire 
Ratio = ---- - - --

Mean RMS, ribbon 
As-received 13.55 ·· 
Farberized (15-60 min.) 1.58 

6. PHOTOMICROGRAPHS OF SURFACE REPLICAS 

4.08 
1.50 
1.39 
1.50 
1.32 
1.40 

7.14 
2.78 

Surface replicas for use with the optical microscope were made by the faxfilm process 
(10). In this process, a thin sheet of plastic is first softened by a volatile solvent and then 
pressed firmly against the surface to be reproduced. After the solvent has evaporated, the 
plastic film is stripped off and examined by transmitted light. Faxfilm replicas are too thick 
for use in the electron microscope. 

Surface replicas for use with the electron microscope were. attempted by two methods, 
the natural surface replica and the one-step, direct surface replica. In both cases, the results 

JUNE 1952 
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As-received 

Farberized 5 minutes Air-glowed, 5 minutes 

Farberized 12 x 5 minutes Farberized, 1 hour 

Fig. 6, Chromel-C faxfilm impressions, 500X. 

BULLETIN No. 38 



TABLE NO. 2 

DIMENSIONS OF SURFACE DETAILS ON FARBERIZED SPECIMENS 

Specimen Detail Number Mean square width of detail Equivalent q 
z 

No. of water .... < l".I 
Micrograph, 500x Actual Size, lx molecules [/l .... 

,-,J 
>< 
0 

Farberized 5 min. cups 15/ cm2 0.258 cm 0.000516 cm 51600A 17,000 
.... 
[/l 
[/l 

Farberized 5 min. x 12 times cups 22 0.213 0.000426 42600 14,000 0 q 
_ .... 
n 

Farberized 60 min. cups 22 0.213 0.000426 42600 14,000 0 
t"' q 

tll .... 
Air glow 5 min. nodules 37 0.164 0.000329 32900 > 
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were unsatisfactory. The natural replica was'the farber film itself with the base metal re-
moved by chemical means. The natural replica proved to be too thick for use with the electron 
microscope. The one-step, direct replica is made by casting a thin film of plastic onto the 
surface and, after it has set, stripping it from the surface. The farberized surface absorbed 
the first applications of plastic so that there was no film to strip off. When, with continued 
applications of plastic, a film was formed, it could not be removed without tearing. 

The manufacture of the two-step, positive replica requires technique beyond the limited 
facilities of our laboratory. 

Transmitted light photographs of the faxfilm replicas at a magnification of 500 a~e repro-
duced in Fig. 6. The white areas represent high spots on the original surface; the dc1.rk areas, 
depressions. These replicas were made from ribbon specimens. At each area examined, two 
replicas were made and compared for reproductibility. Good reproducibility was obtained, 
and there was no evidence that surface material had been removed. 

The replica of the as-received surface indicated the presence of small surface defects as-
cribed in part to cold working. 

The replicas of . farberized surfaces revealed that these surfaces were covered with a lace-
like pattern of ridges separated by irregularly shaped depressions or cups. 

The replica of the air-glowed surface disclosed a dense, caracole pattern of nodules sep-
arated by a network of valleys. 

The approximate number of cups or nodules per unit area was counted and their mean 
square width computed to provide some estimate of the mean diameter of these surface de-
tails. As shown in Table No. 2, the number of cups tends to increase with the cumulative 
time of farberizing. The finding of nodules with air-glow and cups with farberizing may rep-
resent two views of the same chain of events observed at different stages of their progress. 
The replicas examined were not sufficient to show if nodules coalesce into ridges or if ridges 
decay to nodules. 

The steam molecules operating in contact with the farberized surface have a diameter of 
about 3A.4 On this basis, the average cup had a width corresponding to something like 14,-
000 to 17,000 steam molecules. Surface cups of this size were considered to be too large to 
influence the heat conduction and convection performance of the farberized surface. The 
presence of numerous small cups would be expected to increase the radiation emissivity of 
the surface since each cup would tend to operate as an artificial black body. 

The chemical action of steam molecules operating in contact with the metallic surface was 
investigated by thermodynamic analysis. 

7. THERMODYNAMIC ANALYSIS OF SURFACE REACTIONS 

In the farberizi,ng process, the atmosphere operating in contact with the metal surface is 
steam and its dissociation products, nascent oxygen and hydrogen, which react according to 
the equation 

Both molecular and atomic hydrogen may be expected at the surface, and these gases are free 
to enter the metal itself and react with the interior materials. The surface atmosphere, how-
ever, is assumed to have the equilibrium composition of steam at one atmosphere pressure, 
as defined by the equilibrium constant 

(H2 ) (02) ½ 
K=----- (1) 

4. A::::Angstrom Unit::::lxl0-8 cm 

BULLETIN N 0. 38 
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TABLE NO. 3 

THERMODYNAMIC PROPERTIES OF SURFACE REACTIONS 

T,°K 

1. H 20(g) = H 2 + ½0 2 

500 
1000 
1500 
2000 
2500 

2. Ni (;3) + H 20 = NiO + H 2 

626 
1200 
1725 

3. 2Cr + 3H20 = Cr20 3 + 3H2 

500 
1000 
1500 
1800 

4a. Fe(a) + H 20 = FeO(s) + H 2 

869.6 
1033 

4b. Fe(,8) + H 20 = FeO(s)+ H2 

1033 
1183 

4c. Fe(y)+ H2 0 = FeO(s)+H2 

1183 
1642 

4d. Fe(y)+H20=FeO(l)+H2 

1642 
1673 

4e. Fe(8) + H 20 = FeO(l) + H 2 

1673 
1808 

Sa. 3Fe(a)+ 4H20 = Fe3Q4 + 4H2 

500 
700 

1000 
Sb. 3Fe(,8) + 4H20 = Fe30 4 +4H2 

1100 

H2 
log10 --, P = 1 atm. 

H 20 

-15.1566 
- 6.6070 
- 3.7166 
- 2.2616 
- 1.3856 

- 1.5563 
- 1.7633 
- 1.7159 

11.6988 
4.9784 
2.8273 
2.1155 

0.484 
0.331 

0.331 
0.222 

0.222 
0.0591 

0.0591 
0.0890 

0.0890 
0.1373 

1.7007 
0.8450 
0.2241 

6. Fe3C(,8)+ 6H20 = Fe3Q4 +CO2 + 6H2 

500 

0.0998 

0.8349 
0.4769 
0.4019 

800 
1100 
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The leading constituents of the metal operating in contact with this steam atmosphere 
are nickel, chromium, and iron. Other materials, such as iron carbide, may also be present. 
These materials react with steam, as follows: 

Ni + H 2O = NiO + H 2 

K= H2 
H 20 

2Cr + 3H2O = Cr2O3 + 3H2 

K- _ 2_ 
[ H ~

3 

-HP 
Fe + H 20 = FeO + H 2 

K= H 2 
H 20 

3Fe+ 4H20 = Fe30 4 + 4H2 

K = (CO2) (H2) 6 

(H20) 6 

(2) 

(3) 

(4) 

(5) 

(6) 

The ratio H 2/ H 2O is a common factor of these equilibrium constants, and since the total 
pressure is one atmosphere, this ratio can be separated from Eq. (1) to (6) and thus made 
available to compare all six reactions. Representative values of log10 (H2/ H 2O) are listed in 
Table No. 3 and shown graphically in Fig. 7. The resulting curves show the equilibrium value 
of the H 2/ H 2O ratio for each reaction as a function of temperature, the total pressure being 
one atmosphere. 

Steam is continuously generated by the heat flux , and the composition of the atmosphere 
operating at the metal surface is uniform under the control of the equilibrium defined in Eq. 
(1) . The curve representing the H j H 2O · ratio of this atmosphere defines the operating at-
mosphere curve. Reactions whose H 2/ H 2O ratio curves plot above the operating atmosphere 
curve react to produce hydrogen and its companion products. Reactions whose H 2/ H 2O ra-
tio curves plot below the operating atmosphere curve react to produce steam and its com-
panion products. Reactions whose H j H 2O ratio curves intersect the operating atmosphere 
curve are in equilibrium with the operating atmosphere at the conditions defined by the in-
tersection. At any given temperature, the vertical distance separating a reaction curve from 
the operating atmosphere curve is a relative measure of the driving force or affinity of that 
reaction. 

The five reaction curves under consideration plot above the operating atmosphere curve, 
and hence these five reactions move in the direction to produce hydrogen and its companion 
products, namely, metal oxides and carbon dioxide. The chromium reaction has by far the 
greatest driving force, and thus, chromium oxide should dominate the metal surface. 

The reaction curve of chromium also lies above the operating atmosphere curves for many 
hydrocarbon fuels. The situation of these two curves for kerosene combustion gases for var-
ious air-fuel ratios at 1500°K and one atmosphere is shown in Fig. 8. In this case, a film of 
chromium oxide should form on chromel-C for all practical air ratios. 
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8. SURFACE DIFFRACTION ANALYSIS 

·The analysis of the surface material of as-received and farberized specimens was attempt-
ed by electron and x-ray diffraction. The electron diffraction experiments failed. Many at-
tempts were made to position a specimen in the electron beam in such a way that surface dif-
fraction could be observed, but all attempts were unsatisfactory. On the other hand, however, 
the x-ray diffraction experiments were successful, and significant results were obtained. 

A General Electric XRD Unit was used with a Debye-type, powder pattern camera. The 
radiation was the copper K alpha doublet obtained with a nickel filter. The surface speci-
mens were made of 0.020 inch diameter wire and were rotated on the camera axis in the pri-
mary beam. The diffraction angles of the lines observed on the film were computed from 
the geometry of the camera, and the corresponding interplanar spacings were computed with 
Bragg's equation. Identification of the surface constituent materials was made by comparing 
the computed interplanar spacings with the known spacings of compounds and substances 
published by the American Society for Testing Materials (33) . The relative intensity of the 
observed diffraction lines was estimated a,nd compared with the known relative intensities 
also published by the American Society for Testing Materials. The diffraction photographs 
obtained from specimens of chromel-C, as-received and farberized for 60 minutes, are repro-
duced in Fig. 9, and the spacings and intensities of the observed lines are listed in Table No. 4. 

The diffraction photograph of the as-received specimen provided 5 lines to characterize 
the crystalline structure of chromel-C. When the alloy was in the as-received condition, 
these 5 lines were strong and sharp, uniform in width and continuous in their path across 
the film strip. After farberizing for 60 minutes at 1900°F, these 5 lines appeared at the same 
angle; they were strong but broken into a series of ragged dots and dashes. This change in 
line character was attributed to grain enlargement during the farberizing process. The pres-
ervation of line position was interpreted as indicating that the farberizing process produced 
no change in the crystalline structure near the surface of the specimen. The discontinuous 
character of the farberized, chromel-C lines made it possible to detect the presence of a super-
imposed line in the spaces between the dots and dashes. For example, as shown in Table No. 4, 
_a superimposed line was found at d = 2.040A. 

. The diffraction photograph of the farberized specimen gave 11 lines in addition to the 5 
characteristic lines of chromel-C. The interplanar spacings of 10 of the 11 lines were in close 
accord with the ASTM spacings for chromium oxide, Cr2O3 • The one unidentified line was 
considered spurious, and the material of the. farber film was identified as pure chromium ox-
ide, Cr2O3, which is in accordance with the thermodynamic analysis. 

The mechanism of the farberizing process was further investigated by applying surface 
diffraction analysis to specimens heated in air and hydrogen. 
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Chromel-C, as-received 

Chromel-C, farberized 1 hour 

Chromel-C, air-glow 1 hour 

Chromel-C, air-glow 1 hour then hydrogen fired 

Fig. 9, X-Ray di.ffraction patterns ot chromel-C. 
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TABLE NO. 4 

LINE SPACINGS & INTENSITIES FOR CHROMEL-C, AS-RECEIVED & FARBERIZED 

Observed 
I 

Specimen: chromel-C, 
7 
7 

d 
ASTM Card File 

Identification 

9 

as-received 
2.040 
1.771 
1.255 
1.072 
1.025 

No comparable ASTM data 
9 
7 

Specimen: chromel-C, farberized 60 minutes 
2 
6 
7 
7 
5 
7 
9 
5 
9 
8 
5 
5 
3 
9 
8 
7 

3.962 
3.573 
2.632 
2.449 
2.152 
2.040 
2.040 
1.800 
1.771 
1.659 
1.456 
1.425 
1.287 
1.255 
1.072 
1.025 

Notation: I = relative intensity of a line. 

3.62 
2.66 
2.48 
2.16 
2.03 

1.81 

1.67 
1.461 
1.428 
1.294 

d = interplanar spacing in angstrom units. 
0 = a subscript identifying ASTM values. 

Chromium oxide: Cr20 3 , rhombohedral. 
Chromel-C: base metal lines 
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6 Chromium oxide 
8 Chromium oxide 
8 Chromium oxide 
8 Chromium oxide 
4 Chromium oxide 

Chromel-C 
7 Chromium oxide 

Chromel-C 
10 Chromium oxide 
8 Chromium oxide 
9 Chromium oxide 
7 Chromium oxide 

Chromel-C 
Chromel-C 
Chromel-C 
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TABLE NO. 5 

LINE SPACINGS AND INTENSITIES FOR AIR-GLOWED CHROMEL-C 

Observed ASTM Card File 
I d do Io Identification 

Specimen: chromel-C, air glowed 60 minutes. 
3 4.732 
6 2.913 2.93 4 Iron oxide 
2 2.651 2.65 4 Iron oxide 
8 2.491 2.51 10 Ir.on oxide 
6 2.388 2.41 7 Nic~el oxide 
7 2.069 2.07 7 Iron oxide 

2.040 Chromel-C 
1.771 Chromel-C 

3 1.691 1.69 6 Iron oxide 
3 1.670 1.67 10 Chromium oxide 
6 1.594 1.598 8 Iron oxide 
8 1.467 1.477 10 Iron oxide 

1.255 1.258 6 Nickel oxide 
1.255 Chromel-C 

4 1.201 1.204 5 Nickel oxide 
1.072 Chromel-C 

Specimen: chromel-C, air glowed 60 minutes then hydrogen fired. 
3 3.595 3;62 6 Chromium oxide 
2 2.913 2.93 4 Iron oxide 
3 2.638 2.66 8 Chromium oxide 
3 2.485 2.48 8 Chromium oxide 
2 2.459 2.41 7 Nickel oxide 
1 2.152 2.16 8 Chromium oxide 

2.040 Chromel-C 
6 2.026 2.03 4 Chromium oxide 
2 1.808 1.81 7 Chromium oxide 

1.771 Chromel-C 
4 1.761 
5 1.664 1.67 10 Chromium oxide 

1.61 5 Chromium oxide 
2 1.596 1.598 8 Iron oxide 
2 1.467 1.461 8 Chromium oxide 

1.475 8 Nickel oxide 
2 1.428 1.428 9 Chromium oxide 
1 1.292 1.294 7 Chromium oxide · 

1.255 Chromel-C 
2 1.248 1.237 7 Chromium oxide 

1.072 Chromel-C 
1.062 

Iron oxide: Fe20a, gamma, cubic. 
Nickel oxide: NiO, cubic. 
Chromium oxide: Cr20 3 , rhombohedral. 
Chromel-C: base metal lines. 
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9. HEATING IN AIR AND HYDROGEN 

The surface of a chromel-C specimen heated in air for 60 minutes, and the surface of a 
chromel-C specimen heated in air for 60 minutes and then hydrogen fired for about 20 min-
utes, were also subjected to powder pattern x-ray diffraction analysis. The specimens were 
made of 0.020 inch diameter wire, and the procedure was the same as for the as-received and 
farberized specimens. The diffraction photographs obtained from these specimens are re-
produced in Fig. 9, and the spacings and intensities of the observed lines are listed in Table 
No. 5. 

The diffraction photograph of the air-glowed specimen gave 16 lines, 4 of which were 
identified as characteristic chromel-C lines. Of the remaining 12 lines, 7 corresponded to iron 
oxide, 3 to nickel oxide, 1 to chromium oxide, and 1 line was unidentified. The material of 
the air-glow film was thus identified as a mixture consisting principally of iron oxide, a less-
or amount of nickel oxide, and a· trace of cromium oxide. The air-glow oxide coat was mech-
anically weak and was easily broken away from the base metal. 

The diffraction photograph of the air-glow~hydrogen-fired specimen gave 22 lines, of 
which 4 were identified as characteristic chromel-C lines. Of the r emaining 18 lines, 12 cor-
responded to chromium oxide, 2 to nickel oxide, 2 to iron oxide, and 2 lines were unidentified. 
The action of heating in a moist hydrogen atmosphere was evidently selective, able to reduce 
the iron and nickel oxides in the air-glow film and yet not interfere with the continued oxi-
dation of chromium by dissociate~ steam. The air-glowed surface after heating in moist hy-
drogen approximated the farberized surface and thus identified the farberizing process as a 
form of hydrogen firing. 

When heat is transferred from a farberized chromel-C surface to boiling water, steam 
molecules operate in contact with chromium oxide and the molecular structure of these ma-
terials was investigated by reference to the literature. 

10. CRYSTALLINE STRUCTURE OF CHROMIUM OXIDE 

Wyckoff (32) gives the symmetry of the chromium oxide crystal, Cr 20 3 , as a rhombohe-
dral unit cell having the dimensions a 0 = 5.38A and a = 54°50'. Each unit cell contains two 
molecules. The space group is D 3d 6 (R3c) and the atoms have the following special positions: 

Cr: (c) u u u; u ti ti; repeating about ½, ¼, ¼, since the 
cell is body cent!i!red. 

0: (e) vvO;vOv;Ovv; ½ -v,v+½, ¼ ; 
v+ ½, ¼, ½ -v; ½ , ¼ -v,v+ ½. 

The crystalline structure of chromium oxide is shown in Fig. 10. 
An interesting feature of this structure is that the oxygen atoms are arranged in paral-

lel planes. It is reasonable to suppose that the orientation of the unit cells of chromium 
oxide in the farber film is strongly influenced by the base metal contour and by the oxidation 
process. These considerations suggest that the oxygen atom layers will orient themselves 
parallel to the base contour. The surface of the farber film would then consist essentially of 
a compact layer of bonded oxygen atoms with probably less than 1/3 as many chromium 
atoms lifted from the base metal. At ordinary temperatures, this layer of oxygen atoms is 
arranged in an almost perfect hexagonal pattern. At high temperatures, the increased ionic 
radii and cell dimensions would tend to compact the oxygen atom layer and refine the hexa-
gonal symmetry. 

When heat is transferred from a farberized surface to boiling water, this hexagonally ar-
ranged layer of oxygen atoms with its lessor number of smaller chromium atoms r epresents 
the structure operating on one side of the interface. The structure operating on the other 
side of the interface dep·ends upon the properties of water. 
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Fig. 10, Crystalline structure of chromium oxide, 
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11. MOLECULAR STRUCTURE OF WATER 

The molecular structure of water is well described as a "broken down ice structure." 
Barnes (3) and others have shown that the nearest approach of water molecules in ice is 
2.7.6A, that each water molecule is bonded tetrahedrally to 4 neighboring molecules, With this 
scheme of packing, ice is an unusually open structure, as shown in Fig. 11. The crystalline 
symmetry of ice is hexagonal, the dimensions of the unit cell being a= 7.82A and c = 
7.36A. Each unit cell contains twelve molecules. The space group is C6v3 (C6mc). 

Bernal and Fowler ( 5), Katzoff (13), and Morgan and Warren (18) have shown that 
water retains at least partially this tetrahedral, ice-like structure. Using x-ray diffraction 
methods, Morgan and Warren (18) have determined for several temperatures the average 
number of nearest neighbor water molecules and the average distance of nearest approach. 
Their data are shown in Table No. 6. 
_ The work of Langmuir (17), who i~vestigated the orientation and packing of polar mole-

cules in adsorptive films, led Terzaghi (26)' and others to conceive of the water envelope as 
being built up of layers of uniformly oriented molecules. Based on their study of silicate 
layer minerals, Hendricks and Jefferson (12) and Bershad ( 4) have worked out the struc-
tural relationships required for water films adsorbed to silicate sheets. In such films, each 
water molecule has an average · of 5 nearest neighbors, and an average distance of nearest 
approach of 3.0A. The film structure takes the form of multiple parallel monomolecular lay-
ers, and the arrangement in each layer is hexagonal, as shown in Fig. 11. 

One fourth of the hydrogen atoms are free from the bonding requirements within the 
hexagonal network. These free hydrogen bonds serve to tie one water layer to another or 
to tie a water layer to a similar hexagonal pattern of oxygen atoms or hydroxyls in some dif-
ferent substance. In the silicate layer minerals, the oxygen atoms in the silicate sheet have 
the same hexagonal arrangement and distance of separation as do the water molecules in the 
hexagonal water layer. The strong attraction between water and the silicate sheet is attrib-
uted to this similarity of molecular structure. 

The farberized surface of the alloy chromel-C presents an interface consisting of a layer 
of chromium oxide. The oxygen atoms in a sheet of chromium oxide form a nearly perfect 
hexagonal pattern, and the oxygen separation distance, though slightly less, is of the same 
order of magnitude as in a layer of water. This similarity of molecular structure suggests 
that the strong attraction of silicate sheets should be expected between water and the chro-
mium oxide layers of the farberized surface. 

The adhesiori between farberized surfaces and water was investigated at room tem-
perature. 

TABLE NO. 6 

MOLECULAR STRUCTURE OF WATER 
Morgan and Warren Hendricks and Jefferson 

0 c 1.5 13 30 62 83 
No. nearest mol. 4.4 4.4 4.6 4.9 4.9 5.0 
Separation, A. u: 2.90 2.91 2.92 3.00 3.05 3.0 

12. ADHESION BETWEEN FARBERIZED SURFACES AND WATER 
· The iriterfacial tension or molecular attractive force between water and 0.040 inch di-

ameter wires having as-received and farberized surfaces was estimated directly by a du-
No~y type, torsion balance tensiometer. The du Nouy ring was replaced with a stirrup-
shaped wire having a hook at the top to connect it to the balance arm, and a straight, h ori-
zontal foot-section, 4 centimeters long at the bottom, to contact the water surface. 
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In the ordinary du Nouy technique, the platinum ring is standardized by heating it to a 
red heat just before each measurement. This procedure would contaminate and alter the 
surface of both as-received and farberized wires. In the measurements reported here, the 
test wire stirrups were standardized by the following operations in the order given; boiled in 
distilled water, washed in alcohol, washed in ether, and boiled in distilled water. 

The measurements for chromel-C, given in Table No. 7, indicate that the molecular at-
tractive force between water and farberized chromel-C was over 6 per cent greater than that 

· between water and as-received chromel-C. 
Similai;- measurements are given for chromel-A and nickel in Tables No. 8 and 9. For 

these two materials, however, the molecular attractive force between water and the farber-
ized surface was a little. over 3 per cent below the values observed between water and 
the as-received surfaces. 

In 1948, Farber (9) gave the boiling curves for farberized chromel-C, chromel-A, and 
nickel wires. His values of the observed ~T for maximum heat flux with nucleate boiling 
at 1 atmosphere pressure are listed in Table No. 10 along with the interfacial tensions ob-
served for faberized chromel-C, chromel-A, and nickel. These data are shown graphically 
in Fig. 12. 

TABLE NO. 7 

INTERFACIAL TENSIONS 
CHROMEL-C 

Water temperature= room temperatµre = 70°F. 

Surface tension of water at 70°F = 72.57 ± .05 dyne/ cm (!CT) 

Specimen No. 

2 

Surface 

As-received 

Interfacial tension, dyne/ cm 

70.36 

3 As-received 

Average of as-received specimens 

1 Farberized 15 min. 

4 Farberized 5 min. 

Average of farberized specimens 

Ratio of farberized/ as-received 
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70.36 
71.12 
70.71 

72.07 
72.38 
71.75 
72.88 

71.45 

75.81 
76.14 
74.66 
75.17 
74.89 

76.74 
76.69 
76.74 
76.74 
76.37 

75.99 

1.0636 
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TABLE NO. 8 

INTERFACIAL TENSIONS 
CHROMEL-A 

Water temperature= room temperature = 80°F. 

Surface tension of water at 80°F = 71.71 ± .05 dyne/ cm (!CT) 

Specimen No. 

5 

Surface 

As-received 

Interfacial tension, dyne/ cm. 

66.36 

8 As-received 

Average of as-received specimens 

6 Farberized 5 min. 

7 Farberized 5 min. 

Average farberized specimens 

Ratio of farberized/ as-received 

66.41 
66.41 
66.68 
66.45 
66.36 

65.34 
65.87 
65.44 
65.15 
65.63 
65.44 

65.96 

64.32 

64.47 
65.05 
64.32 
64.71 
64.17 

63.37 
63.37 
63.19 
63.14 
62.77 
63.56 

63.87 

0.9683 

25 
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TABLE NO. 9 

INTERFACIAL TENSIONS 
NICKEL 

Water temperature= room temperature= 81.5°F. 

Surface tension of water at 81.5°F = 71.58 ± .05 dyne/ cm (ICT) 

Specimen No. 

9 

Surface 

As-received 

Interfacial tension, dyne/ cm 

64.22 

12 As-received 

Average of as-received specimens 

10 Farberized 5 min. 

11 Farberized 5 min. 

Average of farberized specimens 

Ratio of farberized/ as-received 
TABLE NO. 10 

63.98 
63.98 
64.71 
65.15 
65.05 

64.66 
63.37 
63.46 
64.38 
64.84 
64.66 

64.34 

62.18 
62.77 
62.54 
62.64 
63.23 
62.54 

62.08 
61.44 
61.72 
61.85 
62.82 
62.82 

62.39 

0.9692 

COMPARISON OF CRITICAL BOILING TEMPERATURES 
AND INTERFACIAL TENSIONS 

Specimen 

Farberized chromel-C 
Farberized chromel-A 
Farberized nickel 

JUNE 1952 

~T for maximum 
heat flux at 1 atm 

(Farber) 
OF 
99.9 
28.0 
18.3 

Interfacial tension 
at room . temperature 

dyne/ cm 
75.99 
63.87 
62.39 
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AS RECEIVED FARBERIZED 

3057.4A IRON 
3054.3A NICKEL 

IRON 

3015.5 A CHROMIUM 

2994.4A IRON 

Fig. 13, Spectograms of as-received are farberized chromel-C 
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1. Chromel-C, as-received 
2. Chromel-C, farberized 

Fig.14, Back reflection diffraction photographs. 
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13. SPECTROSCOPIC ANALYSIS 

A Jarrell-Ash grating spectograph havinga dispersion of 8 angstroms per millimeter was 
used to investigate the spark spectrum of chromel-C ribbons in the as-received condition and 
after farberizing for 5 minutes. The range investigated was confined to the wavelengths from 
2100 to 6100 angstroms. The as-received and farberized spectograms were developed side by 
side on the same film to facilitate direct comparison. An enlarged section of the film is shown 
in Fig. 13. 

The spectograms of the as-received and the farberized specimens exhibited no signifi-
cant differences. There was no evidence to suggest that the farberizing process caused any 
depletion or contamination of the base metal constituents. 

14. BACK REFLECTION ANALYSIS 

Back reflection x-ray diffraction was used to analyze the sub-surface material of as-re-
ceived and farberized specimens. A General Electric XRD Unit was used with a Sachs-type, 
back reflection camera. The radiation was the copper K alpha doublet obtained with a nickel 
filter. The test specimens were made from chromel-C ribbon, as-received and farberized for 
60 minutes. The specimens were rotated on the camera axis which was coincident with the 
primary beam. The circular disc film was centered in the primary beam at a point 5 centi-
meters from the specimen, and the disc was rotated in the plane perpenducular to the beam. 
The film was exposed in segments so that the diffraction lines of different specimens could 
be compared directly, as shown in Fig. 14. 

The beams of diffracted radiation have their origin in the sub-surface material and are 
unaffected by thin surface films. Slight changes in the interplanar spacings of the sub-surface 
crystal structure produce relatively large changes in the diffraction angle, especially for dif-
fraction angles approaching 90 degrees. As shown in Fig. 14, no change in displacement was 
observed in the diffraction lines from specimens of as-received and farberized chromel-C, 
which indicated that the sub-surface crystal structure was unchanged by the farberizing 
process. However, the lines from the farberized specimen were less-sharp and less intense, 
and this difference in character was attributed to a coarsening of the grain and a reduction 
in the grain orientation as described by Clark (8). The sharper and more intense lines from 
the as-received specimens were considered to be due to the ordinary grain refinement and or-
ientation due to the cold working of wires and ribbons. 

15. THERMODYNAMIC ANALYSIS OF INTERIOR REACTIONS 

Consider the operation of chromel-C at 1500°K (2240°F) in contact with steam at one 
atmosphere total pressure and under negligible externally applied stress. The interior metal 
consists of a polycrystalline aggregate composed principally of nickel, with appreciable 
amounts of chromium and iron, and with small amounts of manganese, silicon, cobalt, carbon, 
sulphur, phosphorus, hydrogen, nitrogen, and oxygen. These elements will be partly or wholly 
dissolved in the nickel and chemically combined with each other to form intermetallic, 
metal-metalloid, or non-metallic compou:r;ids. The cryst:!..lline structure will have the usual 
defects: lattice distortions due to solid solution effects, t6 thermal and mechanical strain, and 
to vacant lattice positions; minute and submicroscopic fissures; aJ:ld irregularities at the grain 
boundaries. In this connection, a grain boundary is thought of as an interference with the 
crystalline symmetry which results from the fact that an adjacent material has either (1) a 
similar lattice with the same orientation but a different composition, (2) a similar lattice 
with a different orientation, (3) a different lattice, or (4) no lattice. The whole assembly 
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will _be in motion due to thermal excitation, and some electrons will move by electrical response 
when electrical potential is applied as in Farber's experiments. The presence of heat flux 
will establish a temperature gradient and thermal strain. The surface exposed to the steam 
will be covered by a thin layer of chromium oxide. 

The steam atmosphere will operate in dynamic equilibrium, and dissociation will provide 
small amounts of molecular and atomic hydrogen and oxygen. The presence of heat flux will 
establish a temperature gradient in the fluid boundary film and set up a field of natural con-
vection in the·fluid upon which a field of forced convection may be superimposed. Regardless 
of the direction or value of this temperature gradient or the character of the convection pat-
tern, the presence of dissociated steam in contact with the metal surface will have important 
consequences. 

The dissociation products first appear in a highly excited state and may pass through a 
number of extremely violent collisions until the local energy is spread to other particles. With 
dissociation at the surface, many ·of these high energy products will have trajectories direct-
ed toward the surface. Swift-moving small particles, striking at appropriate points at ap-
propriate times, will penetrate the crystalline lattice. Large particles, whatever their velocity, 
will collide and seldom penetrate. The solid metal and the surface oxide represent tightly 
packed crystals in which the unoccupied space provides passages no greater in diameter than 
about one Angstrom Unit. The oxygen atom has a diameter of about 2.8A, and consequent-
ly, is too large to penetrate easily. The solubility of hydrogen in metals is well known in the 
literature, and excellent reviews have appeared recently by Zapffe (34) in 1944, and Nau-
mann (19) in 1938. 

The hydrogen atom consists of the hydrogen nucleus or proton and one electron. Con-
sidering the orbit of the electron as a circle, the atcm is represented as a sphere having a di-
ameter of about l.lA. Such a particle may be small enough to penetrate the open spaces of 
the solid metal when provided with sufficient energy and a favorable trajectory, but in some 
ways this explanation of the solubility of hydrogen is inadequate. Further examination of 
the evidence suggests that it is the hydrogen atom nucleus, the proton, that penetrates and 
moves about in the free passage space of the closely packed metal lattice. One advantage of 
the proton hypothesis of hydrogen solubility is its much smaller size. There is good evidence 
that the proton is smaller than the electron, and the diameter of the electron has been esti-
mated to be about 3.8 X l0-13 cm or 0.000,038 Angstrom Units. These small protons would have 
little difficulty in penetrating the metal lattice and could later r e-establish themselves as hy-
drogen atoms by capturing an electron. In this way, a proton could find its way to a vacant 
lattice position and occupy it as a hydrogen atom. Still other protons could establish them-
selves as hydrogen gas at discontinuities such as inclusions and laminations, or in regions 
where segregation may have resulted in a zone of increased hydrogen solubility. For a given 
metal temperature, the composition of this gas mixture will adjust itself according to the 
equation 2H1 = H 2 so that the ratio of partial pressures will satisfy the requirements of 
thermodynamic equilibrium. The total pressure within a given volume will depend on the 
amount of trapped gas. A small amount of trapped atomic hydrogen will generate very large 
pressures of molecular hydrogen, quite sufficient to strain the fissure multi-axially, thus 
creating a state of local embrittlement, and eventually causing cracking in the fissure walls. 
The presence of additional, externally applied stress, under these conditions, could cause a 
brittle-type transgranular fracture. 
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TABLE NO. 11 

THERMODYNAMIC PROPERTIES OF INTERIOR REACTIONS 
1. 2H, =H2 

H2 
T, °K log1u-- References 

H21 
500 40.1192 Giauque (11) 

1000 17.1938 " 
1500 9.4437 " 
2000 5.5287 " 

2. 4H1 + Fe3C = 3Fe + CH4 
CH4 

log10 --
H 21 

500 42.5108 Kelley (15) (16) 
1000 16.7210 Wagman et al. (31) 
1500 8.1034 " 

3. 4H1 + Cr4C = 4Cr + CH4 

500 38.0801 " 
1000 14.7122 " 
1500 6.7759 " 

4. 8H1 + Cr3C2 = 3Cr + 2CH4 
500 39.5168 " 

1000 15.4778 " 
1500 7.2930 " 

5. 12H1 + Cr1C3 = 7Cr + 3CH1 
500 38.5464 " 

1000 14.9246 " 
1500 6.8904 " 

6. 2H1 + NiO = Ni(,B) +H2O 
H 2O 

log10--
H2, 

500 41.4636 Thompson (27) 
1000 18.9459 " 
1500 10.1867 " 

7. 6H1 + Cr2O3 = 2Cr + 3H2O 
500 28.4204 Kelley (15) (16) 

1%0 12.2154 Wagman et al. (31) 
1500 6.6164 " 

8a. 2H1 + FeO (s) = Fe(a) + H2O 
500 38.9202 Thompson (27) 

1000 16.8359 " 
8b. 2H1 + FeO(s) = Fe(y) + H2O 

1500 9.3442 " 
9. 8H1 + Fe3O4 =3Fe(a) + 4H2O 

500 38.4185 Kelley (15) (16) 
1000 16.9697 Wagman et al. (31) 
1500 9.8380 Thompson (27) 
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Protons could also find their way through the solid lattice to other materials, such as car-
bides and oxides, with which hydrogen will react. Small amounts of these materials will be 
scattered at random throughout the solid, but there will be a strong tendency for them to 
freeze out in the grain boundaries or form whole grains of themselves. In these reactions, 
hydrogen reduces the carbides or oxides and releases metal plus methane or steam. Methane 
and steam molecules will be trapped in the crystal lattice because of their large molecular di-
ameters. Since the carbides and oxides are concentrated at the grain boundaries or form 
whole grains, these gas traps will be locatecl' on a grain boundary. For a given metal tem-
perature, the composition of the gas mixture will adjust itself in accordance with the reaction 
equation until the ratio of .partial pressures satisfies thermodynamic equilibrium. The total 
pressure within the gas trap will depend on thevolume of the trap and the amount of gas. After 
exhausting the supply of carbides, or oxides, the gas trap functions substantially like the hy-
drogen fissure trap and continues to build up pressure in accordance with thermodynamic 
equilibrium. A small amount of trapped atomic hydrogen will generate very large t( ·-~.! gas 
pressures and thus strain and eventually crack open the grain boundary. 

This thermodynamic explanation of the damaging effects of hydrogen attack is based on 
the fundamental principle that every system which has not reached a state of equilibrium is 
changing continuously toward such a state with greater or less speed. This "speed" is nor-
mally the rate of the reaction, but in this case, the reaction speed is modified by the rate of pro-
ton flow from the source beyond the metal surface and by the rate of proton diffusion through 
the solid lattice. As a result, the overall speed of hydrogen attack will be extremely slow 
under some operating conditions and quite fast under others. But regradless of the speed, 
thermodynamic equilibrium is the state toward which the system moves, thus establishing the 
direction in which the chemical equations will operate, and further, the relative amount of 
change required to reach equilibrium is a qualitative measure of the relative affinities of the 
various chemical changes under consideration. 

Thermodynamic equilibrium data for a number of atomic hydrogen reactions are given in 
Table No. 11. In order to compare the relative driving force or affinity of these reactions, the 
equilibrium constant has been arranged to have the same denominator for all reactions. A 

· comparison of these data is made graphically in Fig. 15. It will be observed that at low tem-
peratures, where the supply of protons and hence hydrogen atoms would normally be ex-
tremely small, the pressure ratio of the product gases is extremely high and damage would 
result eventually in spite of the slow overall speed of the system. At high temperatures, the 
supply of protons would normally be increased, the pressure ratio of the product gases would 
be reduced but would still be large, and damage would come sooner with a higher overall 
system speed. 

The equilibrium pressure of the product gases (H2 , CH4 , or H 2O) is a function of the 
pressure of atomic hydrogen and the temperature. These relations are shown graphically in 
Fig. 16 for 1500°K. The equilibrium pressure of molecular hydrogen as a function of the 
pressure of atomic hydrogen is shown for various temperatures in Fig. 17. Very negligible 
pressures of atomic hydrogen require quite ]arge pressures of molecular hydrogen or other 
product gases for thermodynamic equilibrium. 
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16. PHOTOMICROGRAPHS OF INTERIOR STRUCTURES 

. The interior structure of as-received and farberized chormel-C was investigated by means 
of the metallurgical microscope and camera. For this purpose, specimens from ½ inch X 0.010 
inch ribbon and 0.102 inch diameter wires were prepared with transverse sections and 
mounted in bakelite with suitable reinforcements to insure flat polished surfaces. Except 
as noted, the etching agent was aqua regia, 3 parts concentrated hydrochloric acid, 1 part 
concentrated nitric acid, aged 48 hours. 

The photographs reproduced in Fig. 18 show the microstructure of chromel-C ribbon 
in four different conditions, namely, as-received, farberized 5 minutes, farberized 12 times 5 
minutes eacli, and farberized continuously for 1 hour. The photographs show the structure 
at the center line and cover the full thickness of the ribbon . 

These ribbon structures were considered to be quite characteristic of alloys of this type. 
The grain growth observed in the farberized specimens was to be expected because of the 
high operating temperature of the farberizing process. A comparison of the farberized struc-
tures suggested that the grain growth was accomplished, and perhaps stabilized, in the first 
5 minutes of farberization, and that repeated or prolonged farberization produced little if any 
further change in grain size. There was no evidence of voids or dendritic formations. There 
was no evidence of extrusion failures in ribbons of this size and under these operating con-
ditions of temperature and heat flux . 

The photographs reproduced in Fig. 19 show the microstructure at two different loca-
tions in the same 0.102 inch diameter chromel-C specimen. This specimen was prepared in 
the normal way, and no peculiarities were observed in its external appearance. Section A 
intersects a dendritic area, circular in shape, and completely encased in a field of apparently 
normal grain structure but containing large voids. Some of the grain boundaries adjacent 
to these voids appear to have been damaged or destroyed, so the voids may have been en-
larged by loss of loose metal during the polishing and etching operations. 

By means of repeated polishing and etching, the dendritic area was traced to section B, 
located less than one wire diameter from section A. The dednritic area was still roughly cir-
cular in shape, but had increased · in size and had spread to the specimen surface. The presence 
of voids was observed in the dendritic area at section B. 

The volume of dendritic metal was clearly not uniform along the length of the cylindri-
cal specimen, and further, the dendritic metal was evidently not molten during farberization 
but remained solid.and stiff enough to retain the cylindrical shape of the specimen even when 
directly exposed to the active motion of high temperature steam and boiling water in the free 
boiling process. There was, of course, no electrical burn-out. All sections between the elec-
trodes, including sections A and B, carried the same electrical load, and, so far as visual ob-
servation could discern, the surface temperature and the heat flux were quite uniform. 

The specimen was hel<l horizontal during the farberizing operation, but no record was 
made regarding angular orientation. The orientation of the photographs in Fig. 19 was con-
sidered plausible. 

When some specimens of 0.102 inch diameter chromel-C were farberized in the usual 
way, the surface was observed to have erupted at random spots. In our laboratory, these 
erupted spots were called extrusion failures and two general types, globular and fissure, 
were identified. Electrical burn-out seldom accompanied extrusion failures . More often, 
extrusion failures were found on the upper half of the specimen surface, but almost diamet-
rically opposite extrusions have been found. Typical examples of globular and fissure types 
of extrusion failures were selected for metallurgical examination. 
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Fig. 18, Microstructures of chromel-C ribbons, ½ inch wide, 
0.010 inches thick, deep etch, 250X. 
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Microstructure at section A 
showing small, interior · re-
gion of dendritic structure, 
18X. 

Microstructure at section B, 
located less than one diam-
eter from section A, showing 
large dendritic area extend-
ing to the surface, 18X. 

Microstructure at section B, 
40X. 

Fig. 19, Microstructure of chromel-C specimen 0.102 inch diameter. 
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Exterior view of globular 
type extrusion failure, lOX. 

Microstructure at section A 
showing attached globule, 
40X. 

Microstructure at section B, 
located about 0.02 inch from 
section A, showing nearby 
attached globules, 40X. 

Fig. 20, Globular type extrusion failure in 0.102 inch diameter 
chromel-C specimen. 
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Exterior view of fissure type 
extrusion failure, l0X. 

Microstructure of fissure 
type extrusion failure, aqua 
regia etch, 25X. 

Microstructure at same sec-
tion, repolished and etched 
with aqua regia and copper 
chloride, 40X. 

Fig. 21, Fissure type extrusion failure 0.102 inch diameter 
chromel-C specimen. 
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The photographs reprodueed in Fig, 20 illustrate the exterior and interior structure of a 
globular type of extrusion failure observed in a 0.102 inch diameter chromel-C specimen. 
The extruded material appeared to have escaped from a number of small openings in the 
surface and to have been soft enough to form globules upon release from the driving pressure. 

Section A intersected a globule situated at the end of an extruded neck connecting to 
the specimen surface. This specimen was repeatedly polished and etched. As the plane of 
observation was moved, the geometry of the intersected globules changed. At section B, about 
0.02 inch from section A, the original globule was lost, the extruded neck presented a different 
profile, and two new globules were in view. The interior structure throughout this procedure 
was always as shown in sections A and B. The interior grains were clearly outlined. In many 
places, the grain boundaries were damaged or destroyed, thus developing voids. The grains 
next to the specimen surface appeared to be normal, but the grains located near the specimen 
center appeared to be covered with small ripples. This rippled grain structure was consid-
ered to be an elementary form of dendritic structure. The extruded globules had this same 
elementary dendritic structure. 

The photographs reproduced in Fig. 21 illustrate the exterior and interior structure of a 
fissure type of extrusion failure observed in a 0.102 inch diameter chromel-C specimen. The 
extruded metal appeared to split and lift a flap of the surface. 

A folly developed dendritic area was observed between the center of the specimen and 
the point of extrusion. A number of voids were observed within this dendritic area. The 
dendritic clusters appeared to be oriented in a roughly radial pattern from the area center. 
The dendritic area was not defined by a sharp boundary but was gradually merg.ed into the 
surrounding grains which had the same rippled appearing, elementary dendritic structure 
observed in the globular type of extrusion failure. It was further observed that the metal 
extruded through the fisure had this elementary dendritic structure. With increased magni-
fication and an aqua regia-copper chloride etch, this elementary form of dendritic structure 
in the extruded metal region was revealed in somewhat greater detail, as shown in Fig. 21. 
Numerous little patches were observed to have the parallel teeth of the normal dendritic 
structure, but the longitudinal connecting bar of the fully developed dendritic cluster was 
missing. 

The grains next to the specimen surface and away from the extruded region appeared to 
have normal, non-dendritic structure. 

17. ANALYSIS OF RESULTS AND CONCLUSIONS 

This investigation was directed toward six related objectives, as follows: 
The physical and chemical properties of the farber film. On the chemical side, thermo-

dynamic analysis predicted and x-ray diffraction confirmed that the composition of the far-
her film on chromel-C consisted of nearly pure chromium oxide. Saunders (22) has shown 
that the same prediction and confirmation hold for chromel-A, and ·yet there must be some 
difference between these films because the boiling curves .are different, as shown in Fig. 2. 

On the physical side, the farber film on chromel-C was found to be thin, dense, and 
tough. Saunder1? (22) has estimated the thickness to be about 0.0004 inches or less. The 
roughness experiments indicate that the farberized film on chromel-C was rougher than 
the original surface, but the farberized roughness was more uniform than the original sur-
face roughness. Wires and ribbons with decidedly different initial surface roughness be-
came nearly alike in roughness when farberized. 
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The faxfilm experiments revealed a surface topography of numerous little cups separated 
by a lace-like network of ridges. These cups would tend to operate like little artificial black 
bodies and thus increase the radiation emissivity, but would have little effect on conduction 
and convection. 

The experiments with air glowing and hydrogen firing demonstrated that the surface 
films so produced were not the equivalent of farber films. These results were confirmed by 
Saunders (22) who showed such films to be weak and fragile. 

The nearly identical hexagonal pattern of the oxygen layers in chromium oxide and the 
molecular structure of water in silicates predicted a similar strong adhesion between water 
and farberized chromel-C. This prediction was confirmed by tensiometer tests which proved 
sensitive enough to distinguish between the chromium oxide films formed on chromel-C and 
chromel-A. A direct relation appeared to exist between the adhesive force and the critical 
boiling temperature. This relationship appeared to be in accord with the work of Bromberg 
et al. (6) in an investigation of liquid superheat and not inconsistent _ with the work of Schae-
fer (23) and Vonnegut (29, 30) in the seeding of supercooled water clouds. 

The farber film was better understood in the light of this evidence. First, the film 
was considered at a sub-microscopic order of magnitude. Here the farberizing process pro-
vided a cover of chromium oxide crystals, uniform structures not dissimilar in magnitude 
from the water structure. Second, the film was considered at the microscopic order of magni-
tude or, more precisely, the magnitude sensed by the Brush stylus. Here the farberizing 
process provided a sort of characteri~tic roughness that gave uniformity at this level of di-
mensional magnitude. Third, at the macroscropic level where dimensions are measured by 
common instruments, the topography of the farber film was considered to be a matter of de-
sign configuration, extended surface, etc., and properly beyond the scope of this investiga-
tion. Fourth, the adhesion between different farberized surfaces and water was shown to be 
measurable by the tensiometer. 

The stability of the steam generation proccess. Stability of the steam generation process, 
as measured by the degree of reproducibility obtained by heat transfer experiments such as 
those of Farber shown in Fig. 1, was considered to be due, first to the inherent reproducibility 
of the oxide crystals forming the farber film, and second, to the uniform surface roughness 
produced by the farber film on specimens of the same kind. 

The specimens used in Fig. 1 were taken from the same stock of chromel-C, so the test 
surfaces were almost identical films of chromium oxide. 

The exceptionally high peak-density of heat flux to boiling water. Both Farber (9) and 
Addoms (1) quite independently observed that chromel-C gave an unusually high peak-den-
sity of heat flux to boiling water. In Farber's experiments, the chromel-C was farberized, 
in Addom's experiments presumably not. Refering to Farber's data in Fig. 2, the peak-den-
sity of heat flux and the corresponding criticaL boiling temperatures were lowest for farber-
ized nickel, intermediate for farbarized chromel-A, and the highest for farberized chromel-C. 
As shown in Fig. 12, a direct relation was observed between the interfacial tension at room 
temperature between these same farberized surfaces and their critical boiling temperatures. 
The same general order of interfacial tension was shown by the as-received specimens of the 
same materials, see Tables 7, 8 and 9. The high interfacial tension of both as-received and 
farberized chromel-C was considered to have increased the liquid superheat in both Addom's 
and Farber's experiments, thus delaying the advent of film boiling, and permitting the peak-
density of heat flux to attain· very high values. 

BULLETIN No. 38 



44 UNIVERSITY OF MISSOURI, COLUMBIA 

The formation of recrystalized regions _in the interior metal. The presence of dendritic 
structures normally implies recrystallization from the melt. The melting point of chromel-
C was reported to be 2552°F. The surface temperature during farberization was about 2200°F. 
The properties of chromal-C were not available in this temperature range. Electrical heat re-
lease was always present. With a cylindrical specimen 0.102 inches in diameter, a surface 
temperature of 2200° F, and a heat flux of 338,000 Btu/ (hr x ft 2), the interior temperature 
was estimated to be no more and probably less than 2300° F. With a ribbon specimen ½ inch 
wide x 0.010 inches thick operating under equivalent conditions, the interior temperature 
was estimated to be n~ more and probably less than 2205° F. The maximum temperature 
within the ribbon was thus equivalent to the temperature just below the surface of the cyl-
indrical specimen. The melting and recrystallization of a small volume of metal within the 
specimen would require a temporary temperature increase of about 350°F for the ribbon 
and about 250°F for the cylinder. With the surface operating at 2200°F, an interior tempera-
ture of 2552°F within a ribbon 0;010 inches thick was considered to be highly improbable 
because of the excessive heat flux involved. The situation was different for the cylindrical 
specimens. Here the heat conduction path was 10 times longer than in the ribbons, the sur-
face area reduced by 2/3, and the required temperature rise was less by 100°F. A momen-
tary temperature of 2552°F was considered possible within the cylindrical specimens. 

No dendritic regions were observed in the ribbon specimens. The dendritic regions found 
in cylindrical specimens presented widely different section areas at different locations along 
the specimen length. 

Thermodynamic analysis has shown that chemical heat release must be expected. A mo-
mentary temperature increase due to local chemical heat release would depend upon the 
available supply of reactants and the reaction rate. The higher interior temperatures with-
in the cylindrical specimens would promote good chemical reactivity. The random distribu-
tion of reactant oxides and carbides, with probable concentrations at the grain boundaries, 
would provide local composition situations both favorable and unfavorable for rapid chemical 
heat release. Starting at favorable spots, local melting and dendritic recrystallization would 
spread from spot to spot, volume to volume, spreading as far as favorable conciitions were 
found. The dendritic structures observed in the cylindrical specimens were considered to be 
irregular filaments or isolated pods generated within the specimenby·awaveof-melting-and 
freezing caused by chemical heat release. The absence of dendritic structures in ribbons was 
considered due to a lower rate of chemical heat release attributed to the lower interior tem-
perature. 

The formation of voids in the interior metal. No voids were observed in the interior struc-
tures of farberized ribbons. In farberized cylindrical specimens, voids were observed in both 
dendritic and non-dendritic areas. 

With chemical action· present, the reactant oxides and carbides yield gaseous and metal-
lic products, and the solids suffer a loss in volume. When the reactants are scattered at 
random, the result would be minute fissures probably functioning as gas traps. With the re-
actants congregating at the grain boundaries, the loss of solid volume would open up gas space 
between . the grains, the grain boundary would be weakened or completely opened. 

The operating temperature gradient in the cylindrical specimens would induce thermal 
stress, compression at the center, tension at the periphery. With the whole section operating 
at temperatures upward from 2200°F, tensile strength would be low and creep-rate high, so 
the tension area would stretch and relax the whole field of thermal stress. When the 
electric current was stopped, the specimen was quenched in boiling water, then removed to 
cool in air to room temperature. The peripheral tension zone was chilled first, regaining 
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strength first. The interior was cooled later and from a higher initial temeprature. In the 
cooling process, the peripheral tension would first increase, then fall, and reverse to com-
pression, and the interior compression would first increase, then fall, and reverse to tension. 
This tensile force would tend to separate theopened or weakened grain boundaries and thus 
develop sizable voids in the interior metal. Gas trapped at high pressure would assist in the 
opening of voids. 

The phenomenon of extrusion failure. Extrusion failures were observed only in the cyl-
indrical specimens. In general, extrusion was considered to require, first, a break through 
the peripheral tension region of the specimen, second, a considerable volume of nearly melt-
ed metal, plastic enough to be extruded, and third, a high interior pressure sufficient to open 
the bi;eak in the surface and drive out extrudable metal. 

These conditions were considered obtainable and dependent upon an unusually favor 
able composition situation so that chemical heat release could provide the necessary volume 
of softened, extrudable metal under high pressure due to thermal compressive stress or prod-
uct gases or both. The location of the break at the surface and the type of extrusion, globu-
lar or fissure, were considered to depend upon the thickness and structural details of the 
peripheral tension crust of the specimen. 

18. SUGGESTIONS FOR FUTURE STUDY 

Boiling heat transfer apparatus using electrically heated wires submerged in -the liquid 
provides a convenient way of investigating the effects of high temperature steam attack on 
metals. The operating temperature of the specimen surface may range from the tempera-
ture of the liquid to the melting point of the specimen. The interior temperatures of the spec-
imen may be controlled by varying the shape and size of the specimen and by varying the 
liquid pressure. An axially applied stress, strain, and creep, may be measured by attaching 
the bus bars to a small, horizontal, materials-testing machine or equivalent device. The ef-
fect of thermal shock may be investigated by manually or automatically controlled heating 
and cooling cycles; stopping the current would provide a liquid quench. Liquids other than 
water ( e.g. liquid nitrogen) could be used to investigate materials at high temperature un-
der operating conditions not involving steam attack. 
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