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'work on thin films as such, originating 
in 1889, has been extensive but has been 
directed principally toward the solution 
of problems related to d i d  state physics. 
l&atridy and physically the behavior 
of thin films deviates considerably from 
tbt of bulk metal. Reaietivitiea and 
temperature d c i e n t s  of resistivity 
frequently have no mmblance to those 
of the bulk metal. Film behavior is 
dected by the conditions under which 
it is formed. Tensile strength (8) and 
&mica1 inertness (1) generally increase 
as the film becomes thinner. This general 
subject is treated mom extenmively in 
reference 16. 

An interesting application of evapo- 
rated metd films has been.their use as 
reaietsnce thcnnometers for the measure- 
ment of surface temperatures. Not only 
may heat transfer studica and other 
specific situations require spot tempern- 
ture measurements precisely a t  the sur- 
face, but also avemgc valuea may be im- 
portant in c a m  where temperature varies 
over a surface n m .  Many methods em- 
ployed for such mcssurementa have dis- 
advantages thut can be eliminated by the 
use of metal films. Optical methods of 
temperature measurements are incom- 
patible with tho thermal shielding that is 
fmquently required. Thcro is some d i s  
agreement regarding the effectiveness of 
the k t  designed thermocouples (6, 0). 
Techniques in which the wall of the con- 
duit itself is used as a resistance ther- 
mometer (9) suffer from the need to 
mensure extremely low reaistancee and the 
fact that the temperature measured is not 
precisely that of the surface. Coatings of 
tempcrature-sensitive phosphors (6) ham 
a restricted range and require optical 
measurements. Though closer M the 
thin-film concept, use of a wrapping of 
tin foil over a surface (14) was only a 
h t  approximation. 

The initial inmtigation by Winding, 
Baua, and Topper (16) of the urn of 
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evaporated metal film on glass for the 
measurement of surface temperaturea 
indicated that thii method showed prom- 
ise in the range of room temperature to 
l25OC. Chromium films and, for short 
periods, nickel films 200 to 1,500 d. 
thick were found suitable and were 
succea%fully used for the measurement 
of an average surface temperature in tim 
calculation of d c i e n t s  of heat transfer 
for condensing organic vapors. The 
a n w e n t a  and advantages of film 
thermometers have been d i d  by 
these authors. Included are eaaentially 
x e r o  heat capacity, no change in surface 
geography, equivalency of the electrical 
&stance to an average surface value, 
and convenient values of electrical 
propertiC?E. 

Itecently a thick evaporated nickel 
film was ueed on steel as a thermo- 
couple for the measurement of an in- 
stantaneous &ace temperature in a gun 
b a d  (4) in a manner similar to some 
earlier work (7). Precision of results waa 
not reported. The need for a greater 
understanding of film behavior again 
appeared necesesry for more general 
application of the principle. 

In this study an effort was made to 
perfect the utilization of evaporated 
metal films for average surface tempera- 
ture measurements. In both the preceding 
studies the d t y  for random choice 
of film paramotere and inexpliasble film 
phenomena indicated the need for a more 
cadul, fundamental investigation. Ex- 
tension of the range of tomperaturea that 
might be measured by film thennometem, 
improvement in film stability and accy- 
racy, introduction of greater variety of 
suitrrble metals, and grater understand- 
ing of their behavior have been attained. 

EXPERIMENTAL 

The technique and equipment requircd to 
produmevnporated metal film am rclativf-ly 
aimplc, but considerable carc must be cxer- 
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c i d  to produce film with deeirahle proper- 
ties. In general, a syatem capable of produo- 
ing vacuum of 10-4mm. Hg or better in a 
closure bii enough to housc the evaporation 
apparatus is required. Metal is vaporized 
from a hih-tomprature ~ourco and, h e  
cause the reaidual presavo is low enough m 
that the mean free path of a gamcou~ metel 
atom is greater than the dimenaiona of the 
enclosure, tramla in a straight Iino until it 
hits an obetruction, where it condenaea and 
form a film. Shadows completely free of 
deposited me.tal can be produced by in- 
ducing obstructions or shields in front of the 
deaired area. Metal is distributed in thick- 
ncmuea varying aa the inverse square of the 
d m c e  from the EOU~CC. 

Problems of technique include tho need 
for evaporation temperaturea of Woo to 
3,wOOC. and evaporator materiala &taut 
to the extreme reactivity and mlvent power 
of metala at  high temperatum. Fu* 
more, pretreatment of the target surface snd 
excellent vacuum must preclude contamina- 
tion since evolution of gamn from tho target 
and othcr surfacca is one of the principal 
factom causing unsatiandory film. 

In this study a vacuum system of the bell 
jar and metal b p l a t e  type and an oil- 
diuaion pump wcro u d .  Vacuum of 1 X 
1Wmm. Hg deteriorated to aa high M 
3 X 1Wmm. during deposition of film 
owing to the outgawing of the system c o d  
by radiated heat from the hot evaporator. 
In addition to those electrically heated re- 
fractory mctal wurcm described in reference 
26, V-ehaped refractory metal strips 3 in. 
long wcre used. For the evaporation of 
nickel or cobdt, conical baskets of tungsten 
wire lined with thorium oxide prepared M 
recommended by Swanger (U) -re u d .  

Metals requiring a hiher temperature or 
more inert source for evaporation were 
heated by bombardment with e l e c h ~  
from a heated tungaten filament. Whem 
ncwunary, a crucible, for example graphite, 
waa used. Filament-to-target voltagca up to 
4,000 v. D.C., unfiltered, and current to 
?4 amp. could bo obtained. Despito the 
highly efficiently transmitted powcr of up 
to 2,000 w., evaporation ram were limited 
when ioniaation and consequent glow dib 
chargo of the locally concentrated metal 
vapor occurred. This electmn bombardment 
technique appesrs d u l  for the fusion, 
where these limitations would not apply, of 
largc quantities of a wide range of sub- 
stnncoa. 

Film were dc~paitd on a l/l& by 2- by 
1-in. Vywr or Pyrex or fusedquarh 
subatrate. One-half-inch electric contacts 
were made by firing Hanovia platinum 
paste 13A on cach cnd. Initially thc slides 
were cleaned with a good detergent, hot 
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Fig. 1. Calibration of resistance of chrom- 
ium films vs. temperature; (1) during 132 hr. 
aging at 150°C. and (2) after 67 hr. more at 

300°C. 

chromic acid, and boiling water. Following 
firing of the electrodes, the slides were 
cleaned with detergent and with boiling 
water. A shutter permitted the exclusion of 
all but the middle fraction of the evaporat- 
ing metal vapors. The substrate could be 
heated in vacuum before or during the 
evaporation. 

Films were removed from vacuum and 
electrical cont.act made through both a wire 
soldered to the surface of the platinum 
electrode and a tightly clamped brass plate. 
The effect of evaporation conditions and of 
various treatments on the electrical resistiv- 
ity, temperature coefficient of resistivity, 
and appearance was then determined. A 
Wheatstone's bridge was used for the suc- 
cessive calibrations of the films while im- 
mersed in a Dowtherm-A bath. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The types of metal films prepared, the 
method used for their evaporation, and 

the evaporation parameters resulting in 
films having the greatest stability and 
temperature coefficient of resistivity are 
listed in Table 1. Thickness w p  varied 
over the range 200 to 3,000 A. in this 
study. 

Thermal Properties 

As a result of a large number of trial 
runs, a standardized ' procedure was 
adopted, and the data of Table 2 con- 

TABLE 2. SI~MMARY OF EVALUATION OF 
METALS AS RESISTAWE TIIERMOMETERS I N  

AIR 

Metal 150°C. 220°C. 300°C. 400°C. 
Performance up to 

Au 
c o  
Cr 
Mo 
MoSi, 
Ni 
Xi-Cr 
P t  
Ta  
Ti 
Ti-Cr 
V 
W 
Zir 
Zir-Cr 

m.s. u. 

m.s. m.s. 
? U. 
? ? 

V.S. 8. 

V.R. 5. 
a. 8. 

m.s. m.s. 
9. ? 
m.s. u. 

S. m.s. 
U. U. 

U. U. 
U. U. 
U. U. 

U. 
m.s. 
m.s.? 

? 
m.s. 

m.s. 

U. 

U. 

U. 
U. 
U. 
U. 
U. 
U. 
U. 

U. 
U. 
U. 
U. 
? 
U. 
U. 
? 
U. 
U. 
U. 
U. 
U. 
U. 
U. 

v.9. indicates very satisfactory, < 1°C. calibra- 
tion loss/32 hr. aging at indicated tempera- 
ture. 

R. indicates satisfactorv. 1-3'C. calibration -. ~ 

loss/32 hr. Btindicacd temperature. 
m.8. indicatea moderately satisfnctory. 3-10°C. 

calibration loss/32 hr. aging at indicated 
temperature. 

u. indicates unsatisfactory, >lO"C. calibration 
loss/32 hr. aging at indicated tempcrature. 

cerning the suitability of thoroughly 
aged films for average surface tempera- 
ture measurements were obtained. Of 
these, nickel films are considered the 
most successful of the films developed. 
For short-term service, a few hours, they 
appear ' adequate for measurement of 
temperatures with accuracy approaching 
0.01"C. No exceptions to  good perform- 
ance in the range to 2$OoC. were found 
for films 500 to 1,500 A. thick, prepared 

TABLE 1. USEFUL FILMS AND THEIR METHOD OF PREPARATIOK 
Evap+ Heated Resis- Temperrc- 

Thickness, ration Type of sub- tivity ture cwffi- 
Metal A. method evaporator strate ratio' cient ratio* 

Au over Biz03 450-2,500 Ohmic Mo V No 5.3 $0.45 
c o  470-900 Ohmic Tho2 over W baskct Yes 2.2 $0.50 
Cr 

Mo 
MoSil 
Ni 
Ni 
Pt 
P t  
Ta 
Ti 
Ti 
V 
v 
W 
Zir 

450-600 

2770 
600 
500-1,500 
3 0 0 - 6 0 0 
400 
1500 
2470 

i00 
550 

850 

400-2,200 

500-3,500 

5OO-1,500 

Ohmic T a V  

Electron None 
Electron Mo crucible 
Ohmic Tho2 over W basket 
Ohmic W wire 
Electron Tho2 over W basket 
Electron Graphite 
Electron None 
Ohmic T a V  
Electron Graphite 
Electron Graphite 
Ohmic MoV 
Electron None 
Ohmic W wire 

W basket 

*Ratio of value of film to that of bulk 
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K O  
N O  
Yes 
Yes 
Yes 
Yes 
Yes 
YCS 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

21 

14 
19 
2 .0  
9 
2.4 
2.4 

4.3 
3.6 
9.3 
5.6 
5 .7  

47 

21 

- ,051 

$ ,043 

$0.62 
$0.15 
+O. 30 
+O. 30 

-0.23 

- ,060 
- .032 
- ,025 
- .001 
+ . O M  
- .016 
- . M 6  

as described on heated Vycor-glass slides. 
In the range up to  150°C. the performance 
of the tantalum film was considered the 
most satisfactory. The data show that 
further investigation is required to 
confirm the usefulness of platinum or 
molybdenum disilicide films for the 
measurement of higher temperatures than 
any of the other films measure. Since 
deterioration of the platinum-paste elec- 
trodes occurred a t  450"C., use of chemi- 
cally reduced platinum or elimination of 
special electrodes might improve per- 
formance. At this time use of films a t  
tempcratures in excess of 300°C. is not 
recommended. 

Application of an evgporated mag- 
nesium fluoride film 600 A. thick for the 
protection of some of these films proved 
moderately useful with some exceptions. 

Mechanical and Chemical Properties of Films 

Additional data were gathered in an 
effort to permit prediction of the be- 
havior of these metal films under most 
conditions. The effect of abrasion of the 
films by the surface of a section of Kraft 
paper in a standardized procedure was 
determined by resistance measurement. 
Absolute changes in resistance and 
equivalent loss of temperature calibration 
were of interest. Suitable stability in the 
abrasion tests was considered indicative 
of probable satisfactory performance as 
a thermometer in gentle contact with 
solids. This test might also be considered 
to be a safe-side estimate of the ealibra- 
tion loss which would be caused by a 
rapid flow of water over the film. All 
the films were found to be a t  least satis- 
factory by this test. Tungsten, nickel, 
and cobalt suffered changes of resistance 
to 0.37h. Equivalent teniperature-cali- 
bration loss for nickel or cobalt was, 
however, less than 1°C. 

Films were immersed in Dowtherm-A 
at 1SO"C., YjZ0 sodium sulfate a t  BOOC., 
and boiling water for periods of 2 hr. 
These liquids were chosen as typical 
examples of nonionic, strongly ionic, and 
weakly ionic systems respectively. There 
was no mechanical agitation of the test 
liquids. 

Large initial changes, perhaps peculiar 
to the film state, were found and per- 
mitted to elapse prior to final evaluation. 
Performance was in specific cases dis- 
appointing. Cobalt was completely re- 
moved hy boiling water; however it was 
not possible to  distinguish between 
peeling of the film and chemical reaction. 
Vanadium suffered continual augmenta- 
tion of its resistance in aqueous media. 
Tungsten proved highly sensitive to 
water and showed an unusual pattern of 
behavior. A platinum film which peeled 
in the water test was believed to have 
verged on nonadherence before immersion 
because of its thickness. The resistance 
of molybdenum also increased greatly in 
5% sodium sulfate or water. However, 
zirconium, titanium, chromium, tan- 
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talum, and nickel were found generally 
satisfactory. 

The films were then subjected to a 
more rigorous series of specific chemical 
tests. The tests were performed by simple 
immersion of the films in the desired 
reagent with lead wires removed. The 
reagents were not. agitated. Depth of 
penetration by the reagent was estimated 
from the change in electrical resistance 
of the film. Various concentrations of 
hydrochloric, sulfuric, nitric, acetic, and 
phosphoric acids were used as test 
reagents. 

The general statement may be made 
that the films retain a corrosion resistance 
at least equal to that of the bulk metal. 
Platinum appeared to  be the sole excep- 
tion since a platinum film disintegrated 
in concentrated hydrochloric acid at 
room temperature within 4 hr. Most of 
the metals may be said to be moderately 
superior to the bulk metals in their 
resistance to acids. Chromium and 
titanium films proved greatly superior. 

H '  ON HEATED SUBSTRATE. 

Important Film Variables 

The principal portion of the behavior 
otserved which was unique to  the film 
state could be explained by the variations 
in properties associated with the film. 
These properties were found to be 
chemical inertness of the metal, thermal 
aging to which the film had been exposed, 
thickness of the film, temperature of the 
substrate during deposition, type of 
evaporator used, and the atomic number 
of the metal. 

Necessarily, the chemical resistance of 
the particular metal was the most 
important factor in determining long- 
range film stability. The original choice 
of metals consequently wns dictated 
largely by this consideration. 

The severity and duration of the 
thermally accelerated aging to which a 
film has been exposed cause unexpected 
changes. \Vhat was presumed to be a 
structural instability of fresh films was 
rapidly eliminated by aging, as evidenced 
by resistance and resistance-temperature- 
coefficient changes. However, this ap- 
pearcd to be a resistance-driving-force 
relationship, for exposure to a new maxi- 
mum temperature or a temperature close 
to the prcvious muxirnum caused elimina- 
tion of an additional increment of struc- 
tural instability. Sickel was typical of 
metals whose films showed an initial 
rapid resistance decrease resulting from 
structural stabilization. Vanadium was 
typical of another type showing a dimin- 
ishing rate of resistance increase. 

Figure 1 illustrates these processes for 
a chromium film. I t  can be seen that the 
next higher temperature range has 
introduced a large rapid decrease in 
resistance. 

Howevcr, this steady state rate was 
not wholly dependent upon chemical 
resistance to the surroundings. For some 
metals slow evolution, presumably also 
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structural, may oppose the increase in 
resistance caused by corrosion. It is not 
considered impossible that this slower 
resistance decrease, not detected with 
all metals, contributed to the high steady 
state stability of nickel. 

The magnitude of this slow type of 
evolution of properties was greatest for 
400- to  700-b. chromium films. With the 
extended knowledge of the behavior of 
these films (lo), it  is possible to  obtain a 
stable film by using the foregoing decrease 
in resistance to offset oxidation-caused 
increases a t  temperatures varying with 
their age. 

Protective magnesium fluoride films 
appear to  reduce the rate of this slow 
type of evolution and may be used as a 
factor determining the range of greatest 
stability of the chromium films suggested 
above. 

Variation of film thickness also permits 
unusual control over film behavior. 
Graphs presented in the prior publication 
(15) and the additional data obtained in 
this study have been combined to fit a 
curve by the method of least squares for 
ratio of resistance of film to  that of the 
equivalent bulk metal vs. thickness with a 
correlation coefficient of 0.97. The relation 
becomes 
ratio = 5,700(t)-o.86; 150 < t < 1,500 b. 
and applies only to chromium films pre- 
pared on unheated substrates by evapora- 
tion from conical crucibles of tungsten 
wire. This exponential relation is typical 
of thin films. In a like manner most 
properties of thick films may be said to 
approach those of the bulk metal. The 
extent of the irreversible changes in the 
resistance of fresh thick films is less than 
that of thin films, for which the extreme 
case is evolution to an infinite resistance. 
The rapidity of the completion of this 
change in thick films is also favorable. 

The behavior of a tantalum film par- 
ticularly demonstrates the satisfactory 
fit of proposed concepts of structural 
evolution to this thickness-stability rela- 
tion. This film had been found increas- 
ingly stable in successive aging periods 
at 220°C. The film was heated 2 hr. a t  

TABLE 3. ADHERENCE LIMITS m n  

Type of Substrate Maximum 
evaporator condition thickness, A 

CHHOhlIUM FILMS 

Tungstkn cone Unheated 1,100 
Tantalum V Unheated >2,500 
Tantalum V Unheated <3,100 
Tungsten cone Heatcd 1,650 

300°C. with minor rwistance change. 
Heated again for 3P hr. a t  300°C., i t  in- 
creased many hundredfold in resistance. 
According to current theory. structural 
evolution in the film proceeded a t  300°C. 
to the point of agglomeration of the con- 
tinuous film of metal into aggregates, 
forming a state found in electron micro- 
scope studies typical of films of thickness 
less than a maximum, dependent on the 
degree of annealing of the film. The 
maximum varied fzom 100 b. for un- 
annealed to 500 A. for well-annealed 
films. This film mas approximately 
400 b. thi ick. Utilization of a film several 
hundred Angstroms thicker should permit 
aging to stability a t  30OoC. without 
agglomeration. 

When they were also found to have 
greater steady state stability, emphasis 
was shifted to the thicker films. Adher- 
ence then became a dominant problem, 
for although films of most metals are 
strongly adherent when thin, a t  greater 
thicknesses the film may peel spon- 
taneously from the base. 

Two-layer films from zirconium, tita- 
nium, or nickel over chromium were 
prepared, greater adhcrcnt thicknesses 
and better, more stable electrical proper- 
ties being sought. Chromium is considered 
one of the most adherent of metals and 
hence was included in each pair. Though 
in general better electrical properties were 
not forthcoming, improvement in ad- 
herence was obtained, which was out- 
standing in the case of nickel. 

Another variable, the substrate tem- 
perature during evaporation, is even more 
important in determining the maximum 
adherent thickness of 3 metal. Zir- 
conium films of any thickness could be 
easily wiped off tlicir substrates if they 

Page 115 Vol. 2, No. 1. A.1.Ch.E. Journal 



Y 

I I 1 
0 1000 2000 3000 4000 

THICKNESS ANGSTROM DEGREES 

Fig. 3. Temperature coefficients of resistivity vs. thickness for 
vanadium films similar in all respects except that curve-1 films 
were deposited on heated substrates and curve-2 films on unheated 

substrates. 

had not been heated during deposition; 
on a heated substrate they became 
strongly adherent. Such improvement 
was true for many metals. The effect may 
be detected in Table 3. 

This variable also strongly influences 
the film’s electrical properties. Though 
the resistance of one reasonably thick 
film on an unheated substrate quickly 
became infinite and is not plotted, r ’ b  4 I rure 
2 indicates that at equal thicknesses the 
film deposited on an unheated substrate 
has a greater resistance. The effect of this 
factor on the temperature coefficient of 
resistivity is best shown by the results 
for vanadium metal, presented in I”g ’1 ure 
3. Coefficients may be seen to be signifi- 
cantly more positive for films prepared 
on heated substrates. 

That these effects are not purely the 
result of the excellent outgassing achieved 
by heating the substrate is evidenced by 
the study of vanadium films. Substrates 
for some films were heated in vacuum 
and permitted to cool prior to deposition 
of the film. Only those deposited on hot 
substrates possessed the advantages enu- 
merated above. 

Film properties are strongly condi- 
tioned by the type of eveporator used in 
its preparation. This fact has led to  the 
conclusion that contamination of the 
film occurs by evaporation of a minute 
portion of the refractory metal composing 
the evnporatois. Outstanding is the 
dependence of the maximum adherent 
thickness on thc type of evaporator. 
Chromium films, prepared by cvaporation 
from tantalrim V’s, have a higher limiting 
thickness than those prepared from 
conical cvaporators of tungsten wire. In 
all likelihood tantalum evaporators run 
hotter because of smaller contact area 
between them and the chromium and 
because of less likelihood of appreciable 
current flow through the chromium. 
Hence they are more suspect as sources 
of contamination. Table 3 clearly dcmon- 
strates this variation in limiting thickness. 

ATOMIC C R O U P  

Fig. 4. Ratio of film temperature coefficient of resistivity to equiva- 
lent bulk-metal coefficient vs. atomic number. 

Similarly the effect of type source on 
electrical properties appears to stem 
from contamination by the evaporator. 
In Figure 2 the curve of the ratio of the 
resistivity of the film to  that of the bulk 
metal vs. thickness for titanium films 
prepared from tantalum evaporators lies 
above that for films prepared by electron 
bombardment of metal in a carbon 
crucible. In  the latter case direct heating 
of the metal can be expected. Similar 
results were obtained for chromium, and, 
in addition, improvement in the tempera- 
ture coefficient of resistivity for chromium 
occurred. Results for vanadium were 
uncertain. 

An interesting correlation, presented in 
Figure 4, has been found between the 
tempcrature coeficients of resistivity of 
fresh films of this study and of other 
workers and the atomic number of the 
metal. Prediction of the temperature co- 
efficient of unevaluated metals may be 
possible from this curve. 

PRACTICAL USE OF FllMS 

Kern techniques are available in 
assembling films .as resistance thermom- 
eters and as elements in circuits. Evapo- 
rated films of chromium, molybdenum, 
cobalt, nickel, and molybdenum disili- 
cide only 500 to 1,500 A. thick on glass 
have been found satisfactory electrodes 
to which lead wires may be soft-soldered. 
It should be possible to increase the 
variety of metal films satisfactorily 
wetted by the use of solders of varying 
compositions. The chemical resistance 
of the films and ease of application as 
compared with fired platinum make them 
ideal for use as clectrodes for the attarh- 
ment of lead wires to a film of the same 
or different metal under severe or special 
conditions. 

Protecting and insulating evaporated 
mineral films resulting in cumulative 
thicknesses exceeding the adherence limit 
of the metal have been successfully 
applied. l’ractical application of their 

properties should be possible in film 
circuits. 

\I7he11 the films are in use as thermom- 
eters, repeated complete calibration would 
not be necessary. During the aging of a 
film a t  temperatures below the maximum 
in its history, the successive calibration 
curves are simply displaced without 
affecting temperature coeficients. Since 
all the films considered for thcrrnomctcrs 
have linear or nearly linear calibration 
curves, a series of parallel lilies results, 
each of which may be deterriiincd by 
a single new calibration point. 

Wherc srirfucc heaters of negligible bulk 
and known output or where resistances of 
low tcmperatiire coefficient are desired, 
evaporated metal films may be used. The 
ncar-zero temperature coefficients of 
resistivity of a wide range of t.hickricsses 
of chromium films prepared on heated 
substrates make them particu1:irly suitcd 
for this purpose. Films of other metals fill 
this criterion when prepared in thicknesses 
a t  which their tempcrature coefficients 
change sign. Vanadium (see 1:igure 3) 
would be an unusually good metril of this 
type bec~iusc its coefficient changes sign 
a t  a relatively great thickness and the 
stability associiited with thick films 
would be retained. 

SUMMARY 

A number of type: of evaporated metal 
films 400 to 3,000 A. thick dcposited on 
glass surfaces have been made that are 
useful as thcrmoscnsitive elcriients in air 
over rarigcs of tempcrature arid periods 
of time far exceeding those previously 
offered. Xickel :md cobalt films shoiyed 
high sensitivity with usefulness a t  tem- 
peraturcs up to 300°C. :is well as out- 
standing stability. Chromium, titanium, 
tantalum, gold, vanadium, and chromium 
over nickel films proved useful to inter- 
mediately high temperatures. I’latinum 
and molybdenum disilicide films show 
promise of being suitablc with further 
development a t  even higher temperatures. 
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These films as resistance thermometers 
may displace conventional devices lacking 
versatility and reliability. 

The technique for evaporation by 
electron bombardment permitted the 
evaluation of the electrical properties of 
thick films of the refractories, molyb- 
denum, tungsten, and tantalum. 

The performance of films has been 
evaluated in three typical hot liquids, 
organic, weakly ionic, and strongly ionic 
in nature, to permit predictions of their 
behavior in other media. These and tests 
of their abrasion resistance indicate that 
suitable selected films should be rugged 
enough for service in most liquids, in 
gentle contact with solids, and in contact 
with gases and vapors. 

Chemical behavior against mineral 
acids likewise has been compared with 
the behavior of the bulk metal. Generally 
films have been found to be moderately 
to markedly superior. 

1,. , e been collected concerning 
the resistivities and temperature coeffi- 
cients of resistivity of these films. The 
important variables causing behavior 
unique to the film state have been out- 
lined. Deposition of metal on a substrate 
a t  200°C. proved strikingly effective in 
producing films of superior adherence 
with greater stability and electrical 
properties closer to those of the bulk 
metal. The temperature coefficients of 
thick films show an interesting correla- 
tion with their atomic number. 

Techniques and recommendations for 
the practical use of evaporated films 
have been outlined. 
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Chemical Reactor Stability and Sensitivity 
11. Effect of Parameters on Sensitivity 
of Empty Tubular Reactors 

OLEGH BILOUS and NEAL R. AMUNDSON 
University of Minnesota, Minneapolis, Minnesota 

In this paper extensive calculations on the quasi isothermal tubular reactor are pre- 
sented. Temperature and concentration protiles were obtained on an analogue computer 
(R.E.A.C.). The calculations tend to show that there are regions of operation in which the 
reactor effluent is very sensitive to operating conditions. For example, it  is shown that in 
some regions of operation a small change in the heat transfer coefficient at the reactor 
wall or a small dilution of the feed will produce large changes in the effluent. In such cases 
the reactor is said to exhibit parametric sensitivity. It is shown analytically that this sensi- 
tivity may be predicted by analyzing the frequency response or transient response of the 
reactor approximated by a local linearization. This linearization requires complete solutions 
of the steady state problem. Semiquantitative results are then obtained for the regulation 
required from a given specification of product limits. The frequency-response analysis 
should be useful in connection with the control problem. 

If the reactor is fed partially with a recycle stream, then experience with electrical 
systems indicates that the possibility of instability exists. I t  is shown that a t  least theo- 
retically these instabilities do exist, and a method based on the transfer function is devel- 
oped for derivation of criteria of stability or instability. 

In Part I of this paper the stability of 
the well-agitated reactor was examined 
in detail and criteria were developed 
based on the steady state values so that 
reactor behavior after perturbations, 
either small or large, might be predicted. 
This problem was not difficult because 
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the transient behavior is described by 
ordinary differential equations. The treat- 
ment of stability problems for chemical 
systems exactly parallels the treatment of 
problems in nonlinear mechanics. This is 
fortunate as the theory therefore must 
only be restated in terms of the param- 
etera of the chemical system. When one 
considers the tubular reactor, however, 
the problem is considerably more difficult, 
because transient reactor behavior is 

described by partialdifferential equations 
which are nonlinear, and no adequate 
method of solution or estimate of the 
error in their linearization is available. 
Thus the treatment given in the following 
must be considered unsatisfactory from 
a rigorous point of view although i t  will 
be shown that machine solutions of the  
rigorous equations agree in a semiquanti- 
tative way with the solutions of the  
approximated equations. This may be 
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