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CHAPTER IINTRODUCTION
As technology is advanced, the need for materials is 

increasingly demanded, capable of withstanding various atmos­

pheres at elevated temperatures. Two common environments, 

encountered at elevated temperatures are; those which promote 

external oxide scale formation, and those which promote 

evaporation.

Many experiments have been performed in order to 

determine the oxidation characteristics of most metals and 

alloys. Of the metals and alloys considered, iron and alloys 

of iron, namely iron - chromium, iron - nickel and iron - 

chromium - nickel alloys, have been widely investigated. 

Investigations on the system iron - chromium, with chromium 

contents below 12 percent, have yielded non reproducible rate 
data and abnormal surface features (1) as a result of the 

type of oxide films formed on these alloys. With chromium 

contents greater than 12 percent, the results of experimental 

investigations appear to be reproducible within the limits 

of experimental error.

The evaporation kinetics of the metals iron and 

chromium have been established with suitable accuracy; 

however, the kinetics of evaporation of the system iron - 

chromium are still not well defined. In all investigations,

1
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only the weight loss measurements and pertinent thermody­

namic data have been reported. The effect of evaporation on 

surface topography, and visa versa, is relatively poorly 

understood.

In this thesis, the results of evaporation experi­

ments are reported for an iron - 5 percent and an iron - 25 
percent chromium alloy in the temperature range 900°C to 

10&0°C. The vapour pressures, determined from weight loss 

measurements under conditions of free evaporation, are 

compared to those calculated from existing thermodynamic 

data, assuming the system iron - chromium to behave ideally. 

The condensation coefficient,, determined from the ratio 

of the observed pressure to the ideal pressure, is reported 

for all temperatures considered. A complete description of 

surface topography is included and the effect of thermal 

etching on evaporation is discussed in terms of the theory

of metal crystal evaporation.



CHAPTER II

THEORETICAL CONSIDERATIONS

2.1 Theoritlcal Analysis of the Determination of the
Vapour Pressures of Pure Metals

2.1 ( i ) Introduction

The methods used for the determination of the vapour 

pressures of metals can be divided into two classifications 

depending upon the magnitudes of the pressures being measured. 

High pressure methods are employed when the vapour pressure 
is in the pressure range of 1CT2 to lC“3mm. Hg, and low pressure 

methods when the pressures are in the range 10”2 to 10“9mm. Hg. 

High pressure methods can again be categorized into static 

methods, (manometric, boiling point, weighing, dew point, vapour 

concentration and density methods) and dynamic methods, the 

principal one being the gas entrainment method. The principles 

of these methods will not be discussed here since the vapour 

pressure measurements, to be described later, do not lie in 

the high pressure range. The reader is referred to a monograph 

by Speiser and Spretnak for a review of this subject.

In the low pressure range, dynamic methods, involving 

measurements of evaporation and effusion rates, have been ex­

tensively used to determine the vapour pressures of metals.

The usage of these methods arises from two causes:

(a) the rates of evaporation and effusion of material

3
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from the condensed phase to the vapour phase are directly pro­

portional to time. Consequently, a material with a low vapour 

pressure may be evaporated over long time periods allowing

one to obtain accurate measurements for the rate of material 

loss from which the vapour pressure may be calculated.
(b) high pressure methods cannot be employed for 

investigations of materials, for example, involatile refrac­

tory metals, which react with their environment at temperatures 

sufficiently high for accurate measurement of pressure. The 

application of low pressure methods allows measurements at 

lower temperatures under high vacuum conditions which greatly 

refine experimental technique.
2.1 (ii) Free Evaporation Method for the Determination

of the Vapour Pressures of Metals

Langmuir devised a dynamic method, based upon the 

kinetic-molecular theory of gases, to determine the vapour 

pressures of refractory metals from their weight loss when

heated in a vacuum.

If a solid is in a state of equilibrium with its 

vapour, we then regard this equilibrium as a balance between 

the rates of evaporation and condensation. That is, the 

number of atoms which evaporate from the surface is equal to 

the number of atoms which condense on the surface per unit 

time. The number of evaporating atoms depends upon their 

number at the surface having sufficient thermal energy to 

escape the attractive forces of their neighboring atoms, and
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also, upon the external pressure. At temperatures where the 

vapour pressure of a substance does not exceed a millimeter, 

one may generally neglect the effect of molecular collisions 

in the vapour phase on evaporation rates. Hence, the rate 

of evaporation is the same in a vacuum as in the presence 

of saturated vapour. The rate of condensation, however, 

only depends on the vapour pressure. It can therefore be 

seen that;

vapour pressure^ate of condensation = rate 
of evaporation (1)

The rate at which atoms from the vapour phase collide 

with the surface can be calculated from the kinetic-molecular 

theory of gases. The mass, m, of vapour atoms striking unit 

area per unit time is,
m z £ f v (2)

where Z7 is the density of the vapour and v is the mean mole­

cular average velocity.

From the ideal gas equation,

s S <3>

where p is the pressure, M is the molecular weight of the 

vapour, R is the gas constant, and T is the absolute tempera­
ture. Substituting (3) into (2), and, noting that,

we find,

p = m /FFrT (5)
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This result is based upon the assumption that every 

atom which strikes the surface condenses. Accordingly, equa­

tion (5) gives the desired relation between the vapour pres­

sure and the rate of evaporation in a vacuum. However, it 

could be equally well assumed that only a fraction,-^, of 

the atoms, colliding with the surface, condense. The vapour 

pressure should then be calculated from a modified expression 
for equation (5), namely,

D = m /2W (6)°< J M

The correction factor, , is designated the condensa­

tion coefficient. Therefore, vapour pressures of substances 

can be computed by means of (6) if the value of this coeffi­

cient can be evaluated. For metallic systems, investigators 

have determined or assumed x 1. The properties of the 

condensation coefficient will be discussed more fully in 

section 2.3.
2.1 (iii) Effusion Method for the Determination of the

Vapour Pressures of Metals

Knudsen devised a method for the determination of

vapour pressures of condensed 

sion rate of a vapour through 

region where the vapour is in 

from a region of high vacuum.

phases by considering the effu- 

a small orifice separating the 

equilibrium with the condensate

This method differs in principle

from the Langmuir technique only in that an opening is pro­

vided through which the vapour escapes rather than having it 

escape from the surface of the material itself. For the
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«application of this technique, Knudsen has shown that the 

pressure must be sufficiently low so that the r^tio of the 

mean free path of the atoms in the vapour to the diameter of 

the orifice is greater than 1C. If this condition is satis­

fied, the effusion rate through an orifice of negligible wall 

thickness will depend only on the difference in pressure across 
the orifice (the pressure difference between the Knudsen cell 

and the vacuum chamber), the orifice diameter and the gas 

density. If the pressure, p, inside the Knudsen cell is 

assumed to be the equilibrium pressure, it can be shown that 

the relation between this pressure and the effusion rate is,

p = «y,2^.1 (7)

It can immediately be seen that this relation is 
identical to (6) with the exception of the condensation 

coefficient, <=\ . Since the determination of the vapour pre­

ssure by this method depends only on the amount of material 

which has effused through the orifice, the Knudsen technique 

permits an unambiguous determination of vapour pressures for 

solids and liquids. However, there is one serious disadvantage 

in the utilization of this technique. The quantity of material 

which effuses through the small orifice may be so minute that 

an accurate evaluation may not be made of the weight loss m.

On the other hand, the Langmuir method can be employed to 
measure vapour pressures that are a factor of 10“- to 10“^ 

smaller. Here, the larger weight loss from the larger area
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of the freely evaporating surface permits a higher degree of 

accuracy in measuring the evaporation rates.

The Knudsen cell must be constructed according to 

rigorous specifications. The geometry of the orifice in the 

cell is subject to two restrictions, namely, the diameter and 

the length of the orifice wall. The maximum allowable orifice 

area is governed by the effect of effusion on the vapour pressure 

in the cell. If no hole is present, a pressure p’, the true 

vapour pressure at some temperature, will be established. How­

ever, if an orifice of area h is introduced, a steady state 

value of the pressure p, will occur where p<pT. This steady 

state value of the pressure is attained when the effusion rate 

through the orifice is equal to the evaporation rate from the 
effective area, s, within the cell (the inside diameter of the 
cell). Speiser and Spretnak 2 have 3hown that the relation 

between the true vapour pressure p’ and the steady state 

pressure, p, is,
P = p* (S)

h/s ~ <=<.

Here, h and s are the orifice area and cross-sectional 
area of the cell respectively. Thus, if h/s <<<=»< , then p*.

The second factor to be considered is that of orifice 

wall length. The process must be considered as effusion through 

a short tube if the walls have appreciable length. Molecular 

collisions with the walls of the tube reduce the rate of ef­

fusion and, hence, lead to an inaccurate determination of the
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vapour pressure. Clausing has made a detailed study of 
this problem, and Kennard ? devised empirical relations which 

reproduce the corrections, deduced by Clausing, with good 

agreement. Thus, a correction factor, K, appears in the Knudsen 

equation,

p = JL / 2'^~KTK J T-

where K • _____ 1 for 0 4- l/a 4 1.5
1+ 0.5 l/a

and K « 1 -A 0.4 1/a_____
1 + 0.95 l/a + 0.15 (l/a)2, for l/a > 1.5

(9)

(10)

(11)

Here, 1 is the wall length of the orifice and a is 

the radius. Despite these limitations, experimenters gener­

ally may construct the Knudsen cell so that K£^ 1. Knudsen’s 

equation (7) may then be employed for determinations of vapour 

pressures.

2.2 Theoretical Aspects of the Determination of the 

Vapour Pressures of Alloys

2.2 (i) Introduction

The vapour pressures of components in alloy systems 

are not only of intrinsic value, but also provide data from 

which chemical activities and heats of solution can be cal­

culated for liquid and solid alloy systems. The vapour 

pressure method is especially convenient when the system is 

chemically reactive. Also, this method may be applicable to 

cases where the determination of thermodynamic properties by 

electromotive cell measurements fail due to polarisation and
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diffusion offsets in solids.

2.2 (ii) Free Evaporation and Effusion Methods for

the Determination of Vapour Pressures of Alloys

There are no essential differences in the determina­

tions of vapour pressure relations for alloy systems compared 

to those for pure metal3, if the condensation coefficient is 

of a value equal to one. For this condition, the methods men­
tioned in section 2.1 (i) and the principles employed in deriv­

ing the expressions for the rates of evaporation and effusion 

are identical. These methods, however, only permit the direct 

measurement of the total vapour pressures, and do not allow a 

direct determination of the partial pressures of the alloying 

constituents in the vapour phase. These partial pressures can 

only be determined if the vapour is collected and analyzed for 

composition. For metallic vapour, the partial pressures may 

then be generally calculated by employing Dalton’s Law for 

Partial Pressures. Subsequently, the activities of the com­

ponents can be estimated. In some cases, due to difficulties 

encountered in collecting the vapour, only the total pressure 

can be obtained. Where such systems show nearly ideal behav­

iour, the activity coefficients have been estimated by invoking
dthe concept of regular solution behaviour. The molecular 

weights of the evaporating species must be known in order to 

calculate the vapour pressures over alloys In both the evapora­

tion and effusion methods.
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2.3 The Condensation Coefficient

The condensation coefficient,^ , has been defined as 

the fraction of colliding atoms or molecules, in equilibrium 

with a solid, which condense upon impact with the surface. 

Therefore, a fraction, (1 ), of the atoms is reflected

from the surface. A3 was 3hown in section 2.1 (ii), ,

is a coefficient which must be known or ascertained in order 

to use the Langmuir method for the determination of vapour 
pressures. Consequently, many investigators;»*»' employing 

various techniques, have determined for different systems.

For metallic systeias, the experimental results show that
c< # 10,11,12,13

It has been reported that this coefficient is also 

less than unity presumably due to impurity adsorption or 

oxide contamination of metallic surfaces. Recently, Hirth 
and Pound 15,16 have questioned this viewpoint, and carried 

out a detailed theoretical analysis of the mechanism of 

crystal evaporation. Their analysis demonstrated that the 

condensation coefficient is a function of both the vapour 

pressure and temperature. They found that , for a perfectly 
clean metallic surface, can vary from l/3 to 1. Experiments 

were then carried out on the evaporation rate of single silver 

crystals to test this theoretical prediction. They demonstrated 

that these evaporation results suitably agreed with the theoreti­

cal predictions for the evaluation of the condensation coefficient.

The properties of will be further amplified in the
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following sections.

2.4 Theory of .'fetal Evaporation

2.4 (i) Introduction

The purpose of the following sections is to illustrate 

that an atomistic model of a metal crystal, in conjunction 

with a mechanism of surface diffusion and desorption, can be 

used to predict and correlate phenomena expected in connection 

with the vaporization process. It will be shown that the re­

lation for the condensation coefficient, * , is a function of 

temperature and pressure for a pure metal exhibiting a monatomic 

vapour.
2.4 (ii) Review of Evaporation Theory

The concepts of evaporation have been developed in

several distinct stages. The first dealt with the problem of

how long it would take an atom or molecule to leave its

potential trough at the surface, where it is bound by the
17 1$energy of evaporation, A . Polanyi, wigner ' and Neumann 

solved this problem by statistical methods and presented equa­

tions for evaporation rates. In this development, it was neces­

sary to assume that all the surface atoms possessed a binding 

energy A , and that each had an equal opportunity to evaporate. 

This assumption, however, is not valid for crystalline solids 

since most of the molecules are bound by an energy greater 
than A , as was shown by Kossel.^ As a result, Volmer2^ 

introduced the second stage of development of crystal evapora­

tion theory by hi3 concept of stepwise evaporation. According
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to Volmer atoms are able to leave their ’’half crystal positions", 

where they are bound with an energy equal to the energy of 

evaporation, and move to the surface. At this position, they 

are less strongly bound and only adsorbed. Hence, these atoms 

may migrate on the surface by surface diffusion for various 

time intervals until evaporation takes place. Thus, theory 

was now based upon the concepts of surface diffusion and crystal 

imperfections.

More recently, Volmer’s ideas have been formulated 
quantitatively by Burton, Cabrera, Frank*I»*2 and Knacke,

Stranski and Wolff2^»2^ to obtain equations for the evaporation 

rate of crystals.
2.4 (iii) Mechanism of Metal Evaporation

The concept of stepwise evaporation, that is, that 

evaporation takes place by means of an adsorbed layer, is a 

direct consequence of the theoretical and experimental works 

of Langmuir, Knudsen and Volmer.

Langmuir demonstrated that as an atom approaches 

the solid surface, it is attracted, and thus gains additional 

kinetic energy. When it strikes the surface, only a few ad­

jacent atoms are affected, since the energy is very rapidly 

dissipated into the crystal. He concluded that there were no 

elastic reflections and only a process of condensation and 

re-evaporation. Consequently, the condensation coefficient 

would be unity.
26 stated that the reflection of vapour fromKnudsen
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the surface must be diffuse, where the angle of reflection 

does not depend on the angle of incidence. Specifically, 

the evaporation probability normal to the surface should show 

a cosine distribution. He showed by experiment, that this in­

deed was the case. These concepts may be explained on the 

basis of an adsorbed layer.
Volmer ?? then observed that Hg crystals grow laterally 

at a rate 1,000 times faster than expected for an immobile ad­

sorbed layer of atoms. These observations could only be ration­

alized by assuming that the atoms in the adsorbed layer exhibited 

an appreciable mobility.

It might be mentioned here that no all embracing theory 

exists regarding condensation and evaporation. However, Knacke 

and Stranski have summarized theoretical approaches to the 

mechanism of evaporation. They show that evaporation involves 

escape from regular lattice positions to edges, corners, and 

monatomic steps on the crystal surface, then to adsorbed 

positions and finally to the vapour. This basic mechanism is 

an essential feature of the theory for evaporation of metal 

crystals. There is justification for this viewpoint. Burton, 

Cabrera and Frank have shown that the converse process of 

crystal growth from the vapour proceeds by adsorption, surface 

diffusion to the edge of an advancing monolayer, and then 

diffusion along the edge to a kink or half crystal position.

The ledges mentioned arise from screw dislocations, stepped 

monolayers, or other nonequilibrium imperfections.
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At this point, it is necessary to introduce a model of 
a crystal surface after Kossel and Stranski 2&t29f as iS 

shown in Figure 1. Several characteristic atom positions are 

identified in this figure: (a) in a surface, (b) in a ledge, 

(c) at a kink, (d) at a ledge and (e) adsorbed on the surface. 

The reader may notice that the kink or half crystal position 

constitutes the starting point in stepwise evaporation (growth 

site in condensation). An atom or molecule leaving the kink 

position gives rise to the repeatable step in stepwise evapora 

tion.

Employing the nomenclature of Hirth and Pound the 

state of the surface during evaporation can be described by

the following relations :

atoms in ledge atoms in kinks (12)
atoms in kinks atoms at ledge (13)

atoms at ledger adsorbed atoms (14)
**2

adsorbed atoms -Jj atoms in vapor (15)
r4
r<

atoms at ledgeatoms in vapour (16)
r6

where the r’3 represent the rates of the reactions considered 

and are in units of number of atoms per cm of surface per

second. These rates, at equilibrium may be written as:



Figure 1. Model of a crystal surface illustrating characteristic atom positions o\
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= y. n (L)e V expf-^/kT) (17)

= 2y y .n(s)e U expF^/kT)

= n(s )f i/exp(-Z F^/kT) (19)

» Pe / (2Z7"mkT)^ (20)

• y.n(L)e"j/exp(-/4 F^/kT) (21)

= (yny/n0) . Pg / (2 77mkT)à (22)

where y = ledge length per cm ,
'V = vibration frequency of atoms at the surface, 

if • probability of a given jump direction in random

walk of atoms on the surface,
n(s)e « equilibrium concentration of adsorbed atoms, 

n(L)e • equilibrium concentration of atoms at a ledge, 

ny = number of atom sites per unit length of ledge, 

n0 = number of atom sites per unit area of surface,

and the A F’s are the free energies of activation for the 

particular process considered.

One consequence of this system of equations lies in 

the fact that they may be used to gain some insight concerning 

the assumption previously made about the mechanism of stepwise 

evaporation. Basically it is necessary to analyse the two prin­

cipal processes, namely, (a) dissociation of atoms at ledge

positions (r^), and subsequently desorption (r-^) or (b) by 

direct evaporation from positions at a ledge (r5). In order
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to determine the correct method by employing equations (17) to 

(22), it is necessary to know the approximate values of the

free energy quantities.

These free energies are estimated by considering the 

net number of bonds broken for various atom transitions on the 

surface where only the nearest and next nearest neighbour inter 

actions are utilized. As an approximation for these values, 
Hirth and Pound ^5 evaluated the enthalpy change for each re­

action. These energies are good approximations to the values 

of the free energies because the entropy contributions are 

relatively small. Table I shows the relation between the Zl F 

terms and the binding energies involved for various atom 
transfers. The symbol </ and represent the binding energies 

due to nearest and next nearest neighbour interactions 

respectively. These are further assumed to be additive. Hence 

the above equations may be used to estimate which processes 

occur more readily, and to establish the validity of either
process (a), or (b), or both.

We can see that since F^ -> F^ and n(s) 7 y.n(L)e, 

ro ?7 ITj« alternatively, 3ince at equilibrium, r^ = rp, 

r-j = r4, r5 - r6, and nQ 77 yny, then r^ 77 r6 and r* 77 r^. 

Also,A F^ 7 A and ?\77 r^. Hence, we may conclude that 

evaporation occurs by a mechanism of dissociation of atoms from 

ledges to adsorbed positions and subsequently, to the vapour 

phase.
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fcc (100) 2</> + <f) 4</> + </>' 6<f>+ 2</>‘ <■ <t> ^•/2 e <f>± 3 <f> 9<f> 4- 5<f>

bcc (100) </>' 4<^>4- (f> 4</> 4- 2</>‘ 4</>4- 3<f>' 4 </> 4- 5

be c (110) </>' 2 <f> 2 </>+ 2 </>' 4</> 4 2<f>' <<t> <A72 4</>4- 3<f> 6 <f> 4 4<f)

S impie

c u blc (100) * </> + 2 </>' </>+ 4 </>' 2<f> ± 6 <f) <4> </>/* 3</>4 6</)‘ 5 <f> 4- 8</>'

Simple

cubic (110) «/>’ * 2 </> + 5 (f> 3 5 <f> <4> </>/2 3</>4- &/>' 4 </> 4-7 <f)

hep (0001) </> 2 $ 3<f>± 3 </>’ 5<f) ± 3(f) <4> ^/2 6</> + 3<f> 9<f)±3(f)'



20

Burton, Cabrera, and Frank zl have further demonstrated 

that the number of atoms at a ledge, n(L) is given by n(L)e, 

even under conditions removed from equilibrium. Hence, even 

when p < P- (non equilibrium case), the mechanism is essentially 

the same since r^?? r^. This conclusion was also established 
by Knacke and Stranski 9 fOr the geometry of a hard sphere 

model of a hexagonal surface, by estimating the transition 

probabilities for various atom movements.

2•4 (IV) Kinetics of Metal Evaporation

An expression for the evaporation rate can be derived 

if one solves the problem for the surface diffusion of atoms 

from ledge positions in a direction normal to the ledge (x 

direction). In applying equations (17) to (22) under non 
equilibrium conditions, Hirth and Pound1have shown that it 

is only necessary to write p for pe and assume n(L) » n(L)e 

in equations (17), (20), (21), (22). However, in order to 

apply equations (IB) and (19), it is necessary to obtain an 

expression for n(s) which does not equal n(s)e due to surface 

diffusion away from a ledge. They were able to obtain such an 

expression by assuming n(s) # n(s)e near a ledge and solving 

the diffusion problem.
The solution of this problem by Hirth and Pound 1"i is 

as follows. The net flux, Jv, into the vapour at any point on 

the surface is r-j - r^ . Therefore,
Jv = n(s)7/exp(- A F^/kT) - p/ (27TrakT)^ (23)
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or at constant temper ture,
Jv : C1n(s)-C2P (24)

Since n(s) 2 f(x), it is necess ry to find a relation

for n(s) with respect to x. The net flux of atoms away from 

a ledge is,
J, : - D3 dnlsj.

dx
(25)

e. - Js z J , (26)
3 x

d2n(s) z (C1/D3)n(s)-(WD3)p (27)
dx"

Incoroorating the above assumption thatn(s) 2 n(s)e

near a ledge, and the fact that the distribution of adsorbed 

atoms under sto>dy state conditions is symmetrical from ledge 

to ledge, a solution for n(s) from equation (27) can be 

obtained with the following boundary conditions: n(s) Z n(s)e 
at x = 0, x = A° and dn(s)/dx = 0 at x = A«/2. Here, Ao 

is the distance between two adjacent ledges.

It is now of interest to calculate < n(s)> average» since 

the result can be inserted into equation (24) to comnute the 
net rate of evaporation. Hirth and Pound^ give this result as:

<n(s)> ay • (t/i Ao) Cn(s)e“G?pJ tanh (< A*/2) C^p (23)

where Q and C3 are constants.
The only unknown parameter is A° , preventing the 

determination of the net evaporation flux from:
Jv = Cx <n(s)> ay - C2p (29)

Ao may be estimated by considering the motion of
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monatomic ledges on a crystal surface. It has been shown 
tiiat \° — 6/Q, when the ledges have attained a steady state 

terminal velocity. This value can be substituted into equation 

(28) to obtain ^n(s)? ay .

It is more convenient to express the evaporation rate 

in terms of ©< which is given as :
r3 (p s p) = <n(s)? av (30)

= r^ (p « pe) n(s)e

The result of this ratio has been shown to be:
-< - 2/3 (p/pe) + 1/3 (31)

Thus, it is seen that the condensation coefficient, 
at constant temperature, Increases from l/3 at p = 0, to unity 

at p : pe. At p s 0, <=* is independent of temperature, and

for finite values of p, e* decreases with an increase in 

temperature due to an increase of the vapour pressure, pe, with 
temperature. Nevertheless, the value never falls below l/3. 

These conclusions only apply under the condition that the 

distance between sources of monatomic ledges at crystal edges 
or line imperfections is large relative to À» .

In their analysis, Hirth and Pound^-5 have demonstrated 

that crystal edges do in fact serve as ready sources for ledges. 

These ledges attain a steady state maximum velocity on moving 

away from their sources, such that the terminal spacing 
i3 achieved at a distance XQ from the source, where Xo — 10 A" • 

The authors emphasize that these conditions only apply for 

perfect metals, free of pores, cracks^screw dislocations,
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macroscopic steps etc.

2.4 ( V ) The Effects of. Various Physical Properties on the

Condensation Coefficient

An increase in the evaporation rate, due to positive 

deviations from the rate limiting law (equation 31) should be 

expected for very small crystals, since the crystal edges serve 

as sources for ledges. According to the advanced theoretical 

considerations of the previous sections, a decrease in crystal 
size to the extent that its diameter is less than A° implies 

that the ledges can only attain a spacing of A < Ac . Con­

sequently, an increased evaporation flux and a larger value for

c< may be expected as a result of equations (29) and (30). 

Nevertheless, this effect would only occur in crystals in the 
1 to 100 micron range due to the small values of A® Pores

and cracks may also serve as ledge sources and only act in de­

creasing the crystal size.

It is known, that screw dislocations, emerging at 

crystal surfaces, play an important role in crystal growth, 

acting as sources of monatomic ledges. However, in crystal 

evaporation, edges etc. can act as ledge sources, and screw 

dislocations are not necessary. Hirth and Pound have dem­

onstrated that, at large undersaturations, except for a 

perturbed region near the point of intersection of a dislocation 
with the surface, the ledge spacing should approach A® as for 

ledges originating from crystal edges. Within the perturbed 
region (Xo), the terminal spacing of ledges (A) is less than
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, and positive deviations from the limiting rate law may 

occur in this area.

M small undersaturations, Hirth and Pound demon­

strated that the soacing between led ;tex- than A” »

and hence, the limiting law holds for all concentrations of

screw dislocations and temperatures.

It would be expected that an oxide film would altogether 

change the evaporation kinetics of metal crystals. It has been
31observed that the evaporation characteristics of Fe - Cr alloys 

have not been upset by the presence of thin surface films. It 
is believed^that, at elevated temperatures, when the vapour 

pressures of metals are appreciable, adsorbed gas would be 

present in negligible amounts and would not seriously affect 

evaporation phenomena.

For an equilibrium crystal of the C-ibbs - Vulff shape

in equilibrium with it3 vapour at pe, the evaporation rate per
2cm oer second is the same for each of the bounding crystallo­

graphic planes, which are in general, low index planes. When 

net evaporation is occurring (9<Pe)> it can be shown that the 

evaporation rate is approximatsly the same for the low index 

planes. For high index planes, there are two possible effects; 

for small crystals, where surface free energy is a criterion 

in evaporation phenomena, the high index planes will be an­

nihilated by atom movements through the vapour and by surface 

diffusion to low index planes, and hence, evaporation from 

the low index planes only need be considered. For large crystals,
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it is thought that impurity adsorption at selective positions 

on high index planes, containing a large concentration of kinks, 

will poison active kink positions deactivating these planes 

with respect to low index planes, thus promoting the crystal 

to assume a shape bounded by low index planes. Again only the 

low index planes need be considered.

2.4 (VI) The Effects of Various Chemical Properties on 

the Condensation Coefficient

The presence of macroscopic ledges or striations on the 

surface of an evaporating crystal would be expected to alter 

the kinetics of that surface. Two schools of thought exist 

regarding the origin of these ledges, and, in both cases, the 

presence of an oxidizing agent is necessary.
Benard and Moreau 32, after investigating the thermal 

etching characteristics of several Fe - Gr alloys, proposed, 

that if a metal surface is exposed to an atmosphere in which 
the partial pressure of the oxidizing agent (Oj or HjO) is less 

than the dissociation pressure of the oxide of the material, 

selective chemisorption will occur on the different crystal 

faces. As a result, the surface energy of various crystal 

faces is lowered. The appearance of striations may then occur, 

provided the temperature is sufficiently elevated to permit 

the reorganization of the surface by surface diffusion or some 

other process. According to the above authors, net evaporation 

is not necessary for the appearance of striations. The reduc­

tion in surface energy is the driving force for the reaction.
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On iron, this reaction is reversible; the surface will striate 

if the atmosphere is slightly oxidizing, and becomes specular 

if the oxidizing agent is rigorously removed from the system.

A critical gas composition defines a transition region at each 

temperature.
33On the other hand, Hondros and Moore ' have demonstrated 

that net evaporation in the presence of oxygen is a necessary 

factor to produce thermal etching on silver. They consider 

that the tendency to establish a minimum of surface energy is 

not the driving force of the process. In vacuum, pits are 

found on the surface, and in an inert gas the surface remains 

smooth.

These authors believe that the presence of macroscopic 

or polyatomic ledges is due to the coalescence of monatomic 

ledges. On evaporation, atoms are continually removed from the 

kink positions of the step edges and thus the monatomic ledges 

attain a drift velocity. It is felt that the impurity adsorp­

tion of oxygen retards the motion of ledges, allowing advancing 

ledges to group together to form a macroscopic ledge. Under 

conditions of evaporation and condensation, because the surface 

remains smooth, this poisoning effect, and hence, the grouping 

of ledges, does not occur.

It is of interest to point out the consequences of 

these views on the evaporation kinetics of metals. If poly­

atomic ledges act as a source for monatomic ledges, and, if 

their separation is only of the order of Xo, the distance of
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the perturbed area, positive deviations from the rate limiting 

law would occur. We have previously shown in the description 

of evaporation kinetics that the condensation coefficient 

would then approach unity. Polyatomic ledges, however, formed 

as a result of oxygen poisoning, would not be expected to act 

as a source for monatomic ledges. In this case, the concentra­

tion of adsorbed atoms would decrease as grouping of the ledges 

occurred. Hence, the rate of evaporation would be lowered and 
one could expect negative deviations from the value of 1/3 for 

the condensation coefficient under the rate limiting conditions 

previously discussed.

2.5 Vapour Pressure Determinations of Iron and Chromium 
2.5 (i) Introduction

In this section, the vapour pressure data reported in 

the literature for iron, chromium and the system iron-chromium 

are summarized. The chief methods used are the Knudsen cell 

and Langmuir free evaporation techniques, although the vapour 

pressure of chromium has been determined using a relatively 

unreliable boiling point method. In many cases, the data has 
been reported as In p vs. l/T plots. These curves will not be 

reproduced here; however, the results of such investigations 

will be compared to the more reliable data, where the vapour 

pressures have been reported as a function of temperature. In 

general the vapour pressure of a metal is expressed by an equa­

tion of the following type:
H 1. p = (!?„-■

T cp - (■
F$ - H e . 293 )g - (—(32)
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where,
H“(T) S +(«>?■ - H§98)& -(«?- H°9(j)cp (33)

and from which, the heat of evaporation may be determined.

The more reliable data on enthalpy changes are reported in 

the following sections.

2.5 (ii) Vapour Pressure Determinations of Iron

The vapour pressures of iron have been reported by 
Jones, Langmuir and MacKay'/+, Marshall, Dornte and Norton' ' , 
Edwards, Johnston and Ditmars^^, McCabe, Hudson and Paxton^, 

and by Gulbransen and Andrew^.

Jones et al. determined the vapour pressure of iron 
by the Langmuir method over the temperature range 1270°K to 

15&0°K, by measuring the rate of evaporation from filaments 

heated in a vacuum. The temperature of the filaments was 

measured with an optical pyrometer. Marshall et al. measured 

the free evaporation rate from inductively heated iron rings 
over the temperature range 1317°K to 1579°K at twelve tempera­

tures. The results of these investigations were in agreement 

within the limits of experimental error, and the values for 

the heats of evaporation reported were 95,522 and 96,033 
cal/gm. atom respectively.

Edwards et al., again employing the Langmuir method, 

measured the vapour pressure of iron from the rates of evapora 

tion from inductively heated cylinders over the temperature
range 1356°K to 1519°K. The values for the vapour pressures
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obtained by those investigator’s are approximately one half the

values obtained by Jones et al. and Marshall et al. The heat

of evaporation at the absolute zero temperature was reported
as 99,207 cal/aole. In this investigation, the authors expressed

the vapour pressure as a function of temperature by the equation:
log P = - 2T677 + 0.00044W

T
- 0.0000003157T2 + 7.591S (34)

McCabe et al. determined the vapour pressure of iron 

by the Knudsen cell method over the temperature range 1495°K 
to 1510°K. The results of this investigation were in good 

agreement with those of Edwards et al. The results obtained 

by Edwards et al. and McCabe et al. demonstrate that the 

Knudsen cell and Langmuir free evaporation methods agree at 

elevated temperatures within the limits of experimental error. 

They concluded that the condensation coefficient for iron must 

be between O.S and 1.0.

hencently, Gulbransen and Andrew determined the vapour 

pressures of iron by the Langmuir method over the temperature 
range 1O25°C to 1150°C. The evaporation rates were measured, 

utilizing a sensitive raicrobalance, in a vacuum of 10"& mm. Hg. 

The vapour pressures calculated in this investigation were 

lower than those reported by Edwards et al. and McCabe et al.

The heat of evaporation at absolute zero was reported as

100.5 kcal/mole.
37Elliott and Gleiser, in their text "Thermochemistry

for Steelmaking", have reported the most probable values of
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the constants in equation (32). The heat of evaporation at 

29#°K for iron, compiled from the data of Morris et al. , is 

99,610 - 200 cal/gm. mole. We have employed these results for 

the determination of the vapour pressure of iron in the tempera­

ture range of this investigation*

2.5 (iii) Vapour Pressure Determinations of Chromium

The vapour pressures of chromium have been determined 
by Bauer and Brunner^, Speiser, Johnston and Blackburn^-0,

McCabe, Hudson and Paxton^, Kubaschewski and Heymer^, and 

Gulbransen and Andrew-^.

Bauer et al. reported the first experimental determina­

tions of the vapour pressures of pure chromium. The vapour 

pressures were determined by a boiling point method and are

not considered to be reliable as compared to the results of more 

recent investigations.

Speiser et al. determined the vapour pressures of 
chromium over the temperature range 12B3°K to 156l°K. In this 

case the Langmuir technique was employed and the rates of 

evaporation were computed from the weight loss of inductively 

heated annular rings. The heat of evaporation at absolute 
zero was reported as 93.5 kcal/mole and the vapour pressure 

was expressed as a function of temperature :

log p (atm) = - (2O|47J) +- 7.467 (35)

McCabe et al. determined the vapour pressure of 
chromium over the temperature range 1435°K to 15O5°K using



31

the Knudsen cell method. The results of this investigation 

were in good agreement with those of Speiser et al. This

fact demonstrates, as in the case for iron, that the condensa­

tion coefficient for chromium should be between 0.Ô and 1.0.

Kubaschewski et al. determined the vapour pressures 
of chromium over the temperature range 1170°C to 1397°G. In

this case, the investigators used a Knudsen cell in conjunction 

with a radioactive tracer technique, in order to obtain the 

rates of effusion of chromium through the cell orifice. Excell­

ent agreement was obtained with the results of Speiser et al. 

and McCabe et al. The vapour pressure of chromium was ex­

pressed within a reliability of i 20percent as:

log p (atm) = - 19700 + 6.92 (36)T

Recently, Gulbransen et al. obtained the vapour 
pressures of chromium over the temperature range 1000°C to 

1100°C, employing a vacuum microbalance for the determination 

of the rates of free evaporation. The results of this investiga 
tion, carried out in a vacuum of 10”# mm. Hg, were slightly 

lower than earlier reported data. The heat of evaporation for 
chromium at absolute zero was given as 95«4 kcal/mole.

In this investigation, we have employed the constants 
given by Eliott and Gleiser^? for equation (32) to calculate 

the vapour pressures of chromium in the temperature range 900°C 
to 1100°C. The heat of evaporation for chromium at 29#°K is 

94,#50 + 500 cal/gm. mole.
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2.6 The Vapour Pressure Determinations of the System

Iron - Chromium
2.6 (1 ) Introduction

The results of vapour pressure determinations of alloys 

are not only of importance per se but allow the calculation of 

chemical activities and other pertinent thermochemical data.

The Knudsen and Langmuir methods are particularity suitable

for the determination of vapour pressures of alloys at elevated 

temperature, whenever the vapour can be collected and analysed 

for the evaporating species. In this section, the results of 

previous investigations on the system iron - chroraium are pre­

sented along with other pertinent data.

2.6 (ii) The Vapour Pressures of Iron - Chromium Alloys

The vapour pressures of iron - chromium alloys have

been determined by McCabe et al. , Kubaschewski et al. , and 
31more recently, by Gulbransen et al.

McCabe et al. determined the total vapour pressures

of several iron - chromium alloys over the temperature range 
12C7°C to 1249°C, utilizing the Knudsen technique. Since all 

attempts to collect and analyse the vapour for chromium failed, 

the Knudsen equation had to be slightly modified. The equation 

can be written as:
PT • pCr + PFe * f X + X ) (37)

At 1/MCr /We /

Since the weight losses of chromium and iron were not

determined separately the Knudsen equation was written as:
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where

Pt - 2 TT RT
M.av

wT

WT • wCr + WF«

/^7# t «r.,.j >

(3ô,

(39)

(40)

Total pressures were determined for alloys ranging in 
chromium content from 17.9 percent to 77.1 percent at 1207°G 

and one determination was made at 1249°C.

The activities of chromium were estimated on the basis 

of regular solution theory. According to this theory, the 

activity coefficient of chromium in iron - chromium alloys 

can be expressed as:
rCr../3,|l. tu)

Likewise, the activity coefficient for iron can be written as:

where Y is the activity coefficient, N is the mole fraction, 

and Z3 is a constant.

The value of (3 , and hence, the activities were 

estimated from the experimental data, after appropriate sub­

stitutions had been made in the Knudsen expression, namely:
WT • (p°rNCr ^NFe/^+p£eNFe --- lk__

(277-RT)2

where p° is the vapour pressure of the pure component, A is 

the orifice area, and t is the exposure time.

The activities calculated by this method are given in 
Table II (a). In the temperature range 1200°C to 125O°C, the
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TABl* IX (a) TABLE II (b)

Temperature
(°C)

«Cr ACr Temperature
(°C)

«Cr Acr

1370 0.0513 0.115 1205 0.756 0.764
1355 0.0474 0.112 1206 0.271 0.304
1341 0.0436 0.107 1208 0.177 0.216
1370 0.0398 0.100 1205 0.178 0.242
1355 0.0828 0.153 1206 0.558 0.569
1341 0.0813 0.151 1211 0.409 0.393
1370 0.0798 0.146 1207 0.133 0.164
1341 0.2973 0.398 1249 0.165 0.168
1370 0.2965 0.391
1355 0.2955 0.402
1355 0.2945 0.402
1370 0.501 0.528
1355 0.501 0.543
1341 0.5005 0.534
1370 0.699 0.712
1355 0.699 0.727
1370 0.2983 0.391
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Iron - chromium system shows only small positive deviations 

from Raoult’s Law, that is, the thermodynamic behaviour of 

iron and chromium in the system iron - chromium is close to 

ideal over the temoerature range investigated.

Kubaschewski et al. directly determined the partial 

pressures of chromium over several iron - chromium alloys at 
1341°C, 1355°C and 137O°C, utilizing the Knudsen technique 

and a radioactive tracer method to analyse for the chromium 

contents of the vapour. The activities of chromium were cal­

culated, and again, only small positive deviations from Raoult’s 

Law occurred. These results are given in Table II (b).

Although the activities determined by Kubaschewski et al. are 

slightly higher than the values reported by McCabe et al., 

the results of the two investigations are in good agreement.

In view of the fact that Kubaschewski et al., determined the 

partial vapour pres ures of chromium directly, their results 

are considered to be more reliable than those of McCabe et al.

Gulbransen and Andrew recently determined the vapour 

pressures of an iron - 21.9 percent chromium alloy over the 
temoeratnre range 920°C to 1040°C, utilizing the Langmuir free 

evaporation method. The weight losses were determined using 

a vacuum microbalance technique, the residual pressure in the 
experimental apparatus being 10~# mm. Hg. In contrast to McCabe 

et al. and Kubaschewski et al., Gulbransen’s values for the 

total vapour pressure are less than the values calculated on 

the basis of ideal behaviour. Although the values reported 

are close to ideal, these results show that the apoarent
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nsgative deviations from iiaoult’s Law are associated with the 

erroneous assumption that the condensation coefficient is 

equal to unity over the temperature range investigated.



CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Experimental Apparatus

Three types of apparatus were employed in this investiga 

tion. For the initial stages of the experiments a vacuum 

assembly was constructed for measurements of free evaporation 

rates. This assembly was then equipped with a Knudsen cell

for vapour effusion measurements. Finally, a hot stage micro­

scope assembly was constructed for observations at temperature 

of the alloy surface during the process of evaporation.

A general view of the apparatus used for all vaoour 

pressure determinations is shown schematically in Figure 2.

The furnace section was of relatively simple construction.

Power was supplied from a 2,500 VA transformer to the 20 inch 

Kanthal resistance heating element. This element was packed 

in a cylindrical ceramic protection tube with an aluminum 

silicate powder. A six inch layer of heat insulating brick 

was fitted around the protection tube. The remainder of the 

space between the layer of heat insulating brick and the outer 

transite walls was filled with mica for additional insulation. 

This heating assembly proved to be quite satisfactory through­

out the course of experimental tests.

A Philips controlling instrument was utilized to control 

the temperature for an experiment to a pre-assigned constant

37
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A - Furnace Assembly 

B - Evaporation Chamber 

C - Oil Diffusion Pump 

D - Mechanical Pump 

E - Mercury Manometer 

F - McLeod Gauge 

G - Gas Storage Flasks 

H - Cold Trap

A

Figure 2. Schematic diagranvof evaporation apparatus
VjJ
00-
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value in the he ting chamber. Any temperature fluctuation 

was sensed by a chromel-alumel thermocouple positioned in the 

hot zone. The voltage increment was relayed to the controlling 

instrument which, in turn, activated or deactivated a mercury 

plunger relay in the power circuit. The temperature in the 
reaction chamber was controlled to 1 1°C by this system.

The reaction hot zone, for the suspension of specimens 

to be evaporated, measured 2 inches with no variations in 
temperature to the experimental precision of ~ 1°C, and 

4 inches with only t 2°C variation over this length. The 

central position of the hot zone varied from 10 inches at 
700°C to 11 inches at 1100°C, as measured from the furnace top. 

This arrangement was suitable for all tests.

An enlarged view of the reaction tube section is shown 

in Figure 3. Originally, only a vacuum tight mullite tube was 

employed as a reaction chamber. However, it was discovered 

that the evaporating material attacked the tube walls giving 

rise to wall porosity and leakage from the atmosphere. The 

system was then modified, and this form is that shown in 

Figure 3. The outer mullite tube was sealed directly to the 

pyrex vacuum train. A fused quartz tube was inserted into the 

mullite tube and sealed to the pyrex walls utilizing a graded 

seal. The vacuum train was so arranged that a vacuum was pro­

duced in both the inner and outer regions of the quartz tube. 

This was done in order to prevent its collapse at high tempera­

tures. As shown in Figure 3, the upper portion of the reaction
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Figure 3. Evaporation tube
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tube consists of a ground glass joint fitted with a male union 

containing a windlass. This permitted the rapid raising and 

lowering of the specimens without breaking the vacuum. For

example, a sample could be raised from or lowered into the 

reaction zone within 30 seconds.

The pyrex vacuum train is clearly illustrated in 

Figure 2. It serves to connect the other components of the 

system with the pumping equipment, and contains the necessary 

valves, cold traps and gas storage flasks for experimental 

operations.

The vacuum pumping section consists of a water cooled, 

two stage oil diffusion pump backed by a single stage rotary 
pump. With this combination, a vacuum of 10**6 mm. Hg could

be obtained after the necessary outgassing period. Another 

rotary pump was utilized to evacuate the previously mentioned 

quartz-mullite region.

The pressure measuring section consisted of a mercury 

manometer for high pressure measurement, and a McLeod gauge 

for low pressure measurement. The McLeod gauge was capable of 
measuring a vacuum of 10“6 mm. Hg.

For the vapour pressure determinations by the rate of 

effusion method, Knudsen cells were fabricated from molybdenum 
and npyrophylliten (a refractory aluminum silicate). This 

latter cell was constructed to determine whether there was an

influence of the material on the effusion measurements. The 

construction was the same for both types of cells and,
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consequently, only the fabrication of the molybdenum cell is 

given.

A schematic illustration of the cell is shown in Figure 4. 
The cell body was machined from a 3/S inch diameter rod, threaded 

on the outside surface to accept a retaining cap, and was bored 
with a 5/16 inch diameter drill. The retaining cap was machined 

to size from a 1/2 inch molybdenum rod and threaded on the in­

side surface to fit the cell body. A small rim was retained 

on the cap and was drilled to accept two quartz suspension
hooks. An orifice was formed in a 3/£ inch diameter, 3 mil 

♦
molybdenum sheet by deforming the disc at its mid-point with 

a sharp punch. This operation formed a small nipple, the tip 

of which was then filed away until a small knife - edged hole 

appeared. The hole diameter was then measured on a projection 

microscope. The disc fitted the rim of the cell body, and 

when the retaining cap was screwed in place, a gas tight seal 

was formed. The coranlete cell was then suspended from the 

windlass into the hot zone by platinum wire.

Several tests were performed utilizing a hot stage 

assembly which fitted atop a Riechert projection microscope.

A schematic illustration of the hot stage assembly is shown in 

Figure 5. The stage body was constructed from wrought brass 

containing a vycor window, fitted to the stage base by means 

of an ”Onring and a retaining cap. The "lid" contained teflon 

insulators through which the water cooled copper electrodes 

were inserted. The lid was attached to a flange on the stage
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Figure 4. Schematic diagram of Knudsen cell
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Figure 5. Schematic diagram of hot stage assembly ■p-
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casing by means of an "Q* ring and retaining bolts. A rec­

tangular molybdenum heating element was connected to the elec­

trodes by coppei’ bus bars. A pryophyllite sample holder was 

machined to fit on the edges of the heating element, and to 

accept a machined sample, as demonstrated in Figure 5.

The vycor window was protected from heat and vapour 

by a molybdenum radiation shield and a movable quartz optical 

flat. The unit, in position on the microscope stage, was evacu 

ated by an oil diffusion pump in conjunction with a rotary 

pump. The heating power was supplied from a transformer con­

trolled by a powerstatt. The temperature was measured with a 

platinum - platinum, 10 percent rhodium thermocouple positioned 

in a hole bored into the specimen. The temperature was con­
trolled to ± 5°C in this manner. The metallographically 

polished sample surface could then be viewed, at temperature, 

employing the optical system of the projection microscope.

3.2 Experimental Procedure

Experimental tests were carried out on the iron - 5 

percent and iron - 25 percent chromium alloys in the apparatus

described above. In the Langmuir tests, the samples used were 

cut from 5 mil thick alloy sheet supplied in the cold worked 

condition. The surface preparation consisted of abrasion with 

four grades of silicon carbide polishing paper ranging from 
O/O to 4/0. The sample dimensions were determined with a 

micrometer for computation of surface area (area range was 

approximately 3.5 cm4). After thorough degreasing in acetone
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for at least one hour, the samples were dried in an air blast 

and weighed on a microbalance to a precision of - 2-Mg.

Immediately after weighing, the specimens were attached 

to a platinum suspension wire, placed on the windlass of the 

reaction cell assembly and lowered into the hot zone, after 
a vacuum of at least 5 x 10"6 mm. Hg had been attained. All 

tests of the Langmuir free evaporation type were preceded by 

a two hour vacuum anneal at 3QO°C. Time zero was recorded 

after the test temperature was attained. A serious error was 

not introduced in the measurements of weight loss during the 

heating period from &OC°C to the test temperature, since the 

furnace was capable of attaining the minimum temperature of

900°C and the maximum of 1Q#Q°C in 5 minutes and 20 minutes, 

respectively. After the prescribed time period, the samples 

were removed from the hot zone, cooled in a vacuum, weighed 

and examined microscopically under normal and oblique illumina­

tion. All surface features were then recorded and weight losses 

calculated.

Knudsen tests were carried out on the iron-25 percent 

chromium alloy. Sample preparation consisted of collecting 

alloy chips produced by a machining operation followed by 

thorough degreasing in acetone. The cell, illustrated in 
Figure 4, after outgassing at 1150°C for 50 hours and at 155O°C 

for 15 minutes, was filled to the 3/4 level with the sample 

chips, weighed and suspended by platinum wire and quartz sus­

pension hooks on the windlass in the reaction tube. The same
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evaporation procedure as used above was employed with the ex­

ception of the omission of the two hour annealing period.

After the test period, the cell and charge was weighed and the 

weight loss computed.

Hot stage experiments were performed on the iron - 25 

percent chromium alloy in order to follow morphological changes 

at the test temperature. A cylindrical sample was machined 

from alloy stock to the dimensions required by the holder and 

heating element geometry. It was then abraded with silicon 

carbide paper with water as lubricant followed by a polishing 

operation employing a 0.1alumina slurry on a selvyt cloth. 

The specimen was then placed in position as shown in Figure 5.

A thermocouple was placed into a hole bored in the specimen, so 

that its temperature could be recorded. Upon evacuation of the 

system, the power was turned on to the heating element and the 

test temperature attained in approximately 5 minutes. The 

temperature was checked and corrected, if necessary, every 15 

minutes. Changes in surface morphology were followed visually, 

and Dhotographed at various time intervals.

A complete chemical analysis of the alloys used in this 

investigation is given in the Appendix.



CHAPTER IV

EXPERIMENTAL RESULTS

4.1 Introduction

In this section, the results of our investigations 

on the evaporation kinetics of the iron - 5 percent chromium 

alloy and the iron - 25 percent chroraium alloy are summarized 

graphically. The reported data apply to the temperature range 
900°C to 10#0°C; experimental tests were conducted at 900°C, 

95O°C, 1000°C, 1035°C and 1030°C for both alloys. Since a 

phase transformation occurs on the iron - 5 percent chromium 
alloy at $55°C^2» the structure being body centred cubic below 

#55°C, and face centred cubic above this temperature, the alloy 

was in the austenitic state for the experimental tests. The 

iron - 25 percent chromium alloy undergoes no transformations 

at temperatures below the melting point and, therefore, was

in the ferritic state throughout the course of experiments.

The prominent surface features of specimens subjected to free 

evaporation are reported and illustrated by photomicrographs 

taken under normal and oblique illumination. The features 

are further amplified by interference photographs of appropriate 

areas, and a photographic sequence of an iron - 25 percent 

chromium specimen under evaporation conditions employing hot 
stage microscopy techniques (see Figure 5).
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4.2 Evaporation of an Iron - 5 Percent Chromium Alloy
in the Temperature Range 900°C to 1Q#Q°C

4.2 (i) Evaporation Kinetics

The free evaporation kinetics of the iron - 5 percent Gr

alloy are summarized graphically in Figure 6, and tabulated 

measurements are given in Table III. Each open circle on the 

graph represents a separate determination. The results show 
that the weight loss of the alloy (mg/cm^) was directly pro­

portional to time, and that linear kinetics obtain for tests 
up to 90 hours at 900°C and 10 hours at 10#0°C. As to be 

expected, the rate of evaporation increased with increasing 

temperature.
4.2 ( i i ) Surface Topography

After all tests, the surface topography of each

specimen was examined microscopically. Under normal illumina­

tion only coarse features were observed such as grain boundary 

delineation, abrasion scratches, a result of the method of 

preparation, and twinned regions. These observations are 
illustrated by Figures 7 (a) and 7 (b), which are photomicro­

graphs of iron - 5 percent chromium alloy specimens evaporated 
for 2 hours and 15 hours respectively at 100C°C. In both cases, 

the magnification is 120 times. In Figure 7 (a), grain bound­

ary delineation and preparation scratches are readily observed.
In Figure 7 (b), however, grain boundary grooving is more promin­

ent and the preparation scratches are not as evident as in 
Figure 7 (a). Also, twinned regions are illustrated by Figure 7(b)
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TABLE III

WEIGHT LOSS TL. A; •• ...TS / IROM - 1? PERCENT CHROMIUM ALLOY
Run Number Temperature

______
Time 
(Hrs )

eight Loss 
(mg/cm2)

la 900 45 0.023
lb 900 45 0.032
2a 900 68 0.031
2b 900 68 0.028
3a 900 89 0.027
3b 900 89 0.048

4a 950 40 0.066

4b 950 40 0.057

5a 1000 2 0.019
5b 1000 2 0.022
6a 1000 5 0.037
6b 1000 5 0.038
6c 1000 5 0.039
7a 1000 10 0.081
7b 1000 10 0.073
7c 1000 10 0.082

8a 1000 15 0.118
8b 1000 15 0.110
8c 1000 15 0.118
9a 1000 20 0.134
9b 1000 20 0.143
9c 1000 20 0.147
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TaBLS III

(Cont’d)

: ICi-iT LJ  USURE; EN TS / IRON » 5 PShCENT CHiiûft kLLOY

Run Number Temperature Time Weight Loss
(°C)(hrs )(rog/ctn2 )

10a 1000 26 0.190

10b 1000 26 0.172

10c 1000 26 0.175

11a 1000 33 0.219

lib 1000 33 0.218

12a 1000 39.5 0.290

12b 1000 39.5 0.232

12c 1000 39.5 0.322

13a 1035 20 0.365

13b 1035 20 0.321

14a 1080 2 0.152

14b 1080 2 0.130

15a 1080 5 0.356

15b 1080 5 0.400

16a 1080 10 0.760

16b 1080 10 0.530
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Figure

(a) Evaporated for 2 hours

(b) Evaporated for 15 hours

7. Surface topographies of Fe-5 percent Cr specimens 
evaporated at 1000°C; X 120.
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The fine surface detail was not observable under 

normal illumination and, therefore, the specimens were viewed 

under oblique illumination. The results of these observations 

are summarized in the following photomicrographs. Figure 8 

illustrates the general appearance of the surf-ce of a specimen 
evaporated at low weight losses, for 68 hours at 900°G. The 

magnification is 1080 times. This photomicrograph demonstrates 

the observed types of features, namely, regions of coarse surface 

faceting, regions of wavy contours, regions of parallel contours 

and specular regions. Grain and twin boundary delineation is 

also illustrated. The twinned region, crossing the coarse 

faceted grain, clearly demonstrates the effect of orientation 

on surface structure. This striated surface is characteristic 

of specimens of the iron - 5 percent chroraium alloy, evaporated 
at temperatures from 900°C to 1O35°C for the exposure times 

given by Figure 6. Specular regions were present on all 

surfaces but are in the minority over this temperature range.
At the highest investigated temperature of 1G8O°C for long 

exposure times, specular regions were more abundant, and the 

striated regions did not show the prominent contours observable 
at lower temper tures. A photomicrograph (1G80 X) of a 

typical surface area of a specimen evaporated for 10 hours at 
1080°C is shown in Figure 9. It is obvious that the striated 

regions are in the minority and that the contour formations 

are not as distinct as those demonstrated in Figure 8.

The alteration of surface appearance with temperature
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Figure 8 , Surface topography of an Fe-5 percent Cr specimen 
evaporated at 900°C for 66 hours; X 1060 (oblique)

— < •

Figure 9» Surface topography of an Fe-5 percent Cr specimen
evaporated at 1060°C for 10 hours; X 1060 (oblique)
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from a striated morphology to a specular morphology is further 
demonstrated in Figures 10 (a), 10 (b), 10 (c), 10 (d), and 

10 (e), representing appropriate areas of specimens evaporated 
at 900°C for 68 hours, 950°C for 40 hours, 1000°C for 26 hours, 

1035°C for 20 hours and 1080°C for 10 hours respectively. The 

magnification in all cases is 760 times. This sequence not 

only demonstrates the surface transformation effect with 

temperature, but also supplies ohysical evidence for the striated 

appearance of surfaces of specimens evaporated in the austenitic 

state for the temperature range investigated.

It was also observed that the striations on the 5 per­

cent alloy could be eliminated by a prolonged anneal in the 

ferritic range. This effect is demonstrated in Figure 10 (f) 

(1080 X), which illustrates the surface of a specimen origin­
ally evaporated for 6# hours at 900°C (10 a) then evaporated 

at 840°C for 70 hours. It is evident that the surface has 

undergone transformation from a striated to a specular appear­

ance. At the maximum investigated temperature, this transform­

ation appeared to be time dependent. This observation is demon­

strated by the photomicrographs at a magnification of 1080 X 
in Figure 11 (a) and 11 (b), representing surfaces of specimens 
evaporated for 2 hours and 5 hours respectively, at 1080°C.

These observations and those represented in Figure 10 (e) il­

lustrate the time dependence, at constant temperature, of 

the surface appearance. Thus, the results indicate that the 

transformation from a striated to a specular surface occurs
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Evaporated at 900°G for 63 hours

■■■

(b)

Figure 10.

Evaporated at 95O°C for 40 hours

Surface topograohies of Fe-5 percent Cr specimens; 
X 760 (oblique)



5â

(c) Evaporated at 1000°C for 26 hours

(d) Evaporated at 1O35°C for 20 hours

Figure 10. Surface topographies of Fe-5 percent Cr soecimens; 
X 760 (oblique)



59

Evaporated at 1080°C for 10 hoursFigure 10 (e)

Figure 10 (f) Evaporated at 900°G for 68 hours and at 840°C 
for 70 hours; X 1030 (oblique)
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(b) Evaporated at 1Q8C°C for 5 hours

Figure 11. Surface topographies of evaporated Fe-5 percent Cr 
Specimens; X 76C (oblique)
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with increasing temperature, and that this transformation 

also occurs at the maximum temperature investigated, with 

increasing time.

Finally, the evaporated specimens were examined under 

the interference microscope. The results of this investigation 

do not add significant information concerning the various surface 

features observed under oblique illumination, since it was 

found that the fringe patterns were a direct consequence of 

the method of preparation. Although the patterns demonstrate 

the degree of suiface roughness due to preparation scratches, 

various areas exhibited effects of the surface striations.

These latter results are of importance because additional in­

formation is given about the observations previously made on 

the surfaces.

Figure 12 (a) and 12 (b) illustrate interference photo­
graphs (550 X) of samples evaporated at 900°G for 6# hours and 

10$0°C for 10 hours respectively. In both cases, it is evident 

that the fringe pattern represents surface scratches. A care­

ful examination of these photomicrographs shows that the fringes 

in various areas are influenced by the oriented surface stria­

tions. In general, the overall surface roughness of a speci­
men evaporated at 900°C was greater than that of a specimen 
evaporated at 10$0°C.

Grain boundary grooving was more intense at higher 

temperatures. This is illustrated by the photomicrograph 
($00 X) in Figure 13 of a grain boundary region of a specimen
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(b) Evaporated at 1G#O°C for 10 hours

Figure 12. Interferograms of evaporated Fe-5 percent Cr 
specimens; X 55C.
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Figure 13. Interferogram of an Fe-5 percent Cr specimen 
evaporated at 10#0°C for 10 hours; X #00.
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evaporated for 10 hours at 10S0°C. The depth of grooving at 

this temperature is appreciable and it can be readily observed 

that the groove profile need not be symmetric.

4.3 Evaporation of an Iron - 25 Percent Chromium Alloy
in the Temperature Range 90Q°C to 1GSC°C

4.3 (i) Evaporation kinetics

The free evaporation kinetics of the iron - 25 percent 

chromium alloy are summarized in Figure 14, and tabulated 

results are given in Table IV. As in the case of the iron - 5 

percent chromium alloy, the weight loss of specimens evaporated 

in the investigated temperature range was directly proportional 

to time. Linear kinetics were obtained for experimental tests 
of 40 hours at 900°C and 10 hours at 10#0°C. In comparison to 

the weight loss measurements of the iron - 5 percent chromium 

alloy, the rate of material loss at each temperature from the 

iron - 25 percent chromium alloy was approximately twice that 

observed for the former alloy. Again, as expected, the rate 

of evaporation increased with an increase in temperature.

In order to compare the vapour pressures of the iron - 

25 percent chromium alloy, determined from the results of the 

free evaporation tests, with the equilibrium vapour pressures, 

determined from the results of the rates of effusion method, 

experiments were carried out on the iron - 25 percent chromium 
at 10GC°C utilizing the Knudsen cell shown in Figure 4 • Since 

the vapour pressure of the alloy at 100G°C is very small, 
approximately 9«0 X 10”^ atm., extremely low weight losses
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TABLE IV

'.EIGHT LOSS ME.,3URj,!ËHTS / I.,J?] - 25 ? ..CENT CHROMIUM ALLOY

Run dumber TemperatureRe)........... ...Time(hrs
Weight Loss 
(mg/crrr)

17a 900 10 0.006

17b 900 10 0.005
18a 900 20 0.020
10b 900 20 0.023

19a 900 30 0.028
19b 900 30 0.033
19c 900 30 0.012
19d 900 30 0.018

20a 900 40 0.044
20b 900 40 0.039

21a 950 30 0.084

21b 950 30 0.085

22a 1000 2 0.058

22b 1000 2 0.055

23a 1000 5 0.110

23b 1000 5 0.101

24a 1000 10 0.200

24b 1000 10 0.188

25a 1000 20 0.364

25b 1000 20 0.369

26a 1000 30 0.573
26b 1000 30 0.527
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TAbLE IV

(Cont’d)
LIGHT LOSS BASUxu^KYS / IRON - 25 Pr.-KC£RT CHROMIUM ALLOY

Run Number Temperature......  Pel...... Time 
(hrs )

Weight Loss 
(mg/cm2)

27a 103$ 15 0.578

27b 1035 15 0.498

28a 1080 2.2$ 0.441
28b 1080 2.25 0.372

29a 1080 6 0.586

29b 1080 6 0.8$9

30a 1080 10 1.378

30b 1080 10 1.212



63

were to be expected within reasonable evaporation times. For 

example, assuming the iron - 25 percent chromium alloy to be 

ideal, the weight loss after 50 hours exposure would only be 
11 /z g at 1QOO°C. We found that such small weight losses 

could not be accurately determined because oxidation of the 

cell body and sample material lead to spurious results for 

this investigation.

The results of our Knudsen cell experiments are 

tabulated in Table V. The non-reproducible measurements of 

weight losses for various times demonstrate that the method 

is not suitable for vapour pressure determinations of the 

iron - 25 percent chromium alloy in the low temperature range. 

It appeared that the initial large weight losses were due to 

vacuum degassing of the cell body and sample material. In 

several cases, after a series of exposures, the weight loss 

values approached the ideal value. However, it was noted that 

the cell assembly increased in weight after longer exposure 

times. This effect must be due to oxidation of the assembly 

and alloy with residual oxygen at the te3t temperature, and

oxidation with the atmosphere at room temperature. It is 

emphasized that the measurements given in Table V are only 

tentative, since the cell assembly slowly increased in weight 

upon exposure to the atmosphere. The weight losses reported 

are the initially observed values in all cases.



table vKNUDSEN CELL MEASUREMENTS
Run Number Cell Material Orifice Area 

(cm2)
Exposure Time 

(hrs)
Weight Change 

.....  Jug.)J.. .. .. .

1 Mo 0.0067 48 - 447
2 Mo 0.0067 51 - 1

3 Mo 0.0067 48 4 36

4 Mo 0.0067 71 4 387

5 pyrophyllite 0.0049 48 - 1650

6 pyrophyllite 0.0049 58.5 - 184

7 pyrophyllite 0.0049 50.5 - 7
8 Mo 0.0047 60 -42

9 Mo 0.0047 146 4 21

ovO
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4.3 {i i) Surface Topography

The features of the evaporated surfaces of the iron - 

25 percent chromium specimens are illustrated by the photo­
micrographs taken under normal illumination (120 X) in Figures

16 (a) and 16 (b). The specimens have undergone evaporation

at a 1000°C for 2 hours and 10 hours respectively. The presence 

of preparation scratches is obvious in both cases, however,

they are not as well defined as in the case of the 5 percent 

chromium alloy specimens. The photomicrographs also demonstrate 

that the surface roughness decreases with exposure time. Grain 

boundary delineation is also prominent on the iron -25 percent 
chromium alloy after an exposure of only 2 hours at 1000°C.

The increase in grain size with time is readily appar­

ent on comparing Figures 16 (a) and 16 (b), and evidence of 

grain boundary movement is clearly illustrated by the latter 

photomicrograph. Since this alloy exhibits the body centred 

cubic structure, the absence of twinned regions on the surfaces 

of the evaporated specimens was, of course, expected.

In order to obtain a better understanding of grain 

boundary grooves and the migration of these boundaries, hot - 

stage microscopic techniques were adapted for the iron - 25 

percent chromium alloy, under conditions of net evaporation.

The photomicrographs at a magnification of 200 X in Figures

17 (a) to 17 (e) illustrate the appearance of the alloy sur­

face, taken after exposures of 5 minutes, 3, 6, 11, and 14 
hours at 900°C respectively. The appearance of boundary
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(a) Evaporated for 2 hours

Figure 16,

(b) Evaporated for 1C hours

Surface topographies of Fe-25 percent Cr specimens 
evaporated at 1000°C; X 120.



72

(a) Exposure time - 5 minutes

(b) Exposure time - 3 hours

Figure 17. Topographical changes in the surface of an Fe-25 
percent Gr specimen evaporating at 9OC°C; X 200.
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(c) Exposure time - 6 hours

Figure 17. Topographical changes in the surface of an Fe-25 
percent Gr specimen evaporating at 900°C; X 200.

(d) Exposure time - 11 hours
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(e) Exposure time - 14 hours

figure 17. Topographical changes in the surface of an Fe-25 
percent Cr specimen evapor.ting A 9OC°C; X 200.
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grooving was evident afte. 5 minutes at temper ture, and was 

fully developed within 3 hours. One notes the occurrence of 

grain boundary migration in this sequence. ioreover, the move­

ment of a boundary from its initial position at the surface 

gives rise to a "ghost” boundary, which eventually disaopears 
by surface diffusion and evaporation. The development of the 

groove in the new boundary position is clearly demonstrated 
in Figures 17 (b) to 17 (e) inclusive.

Under oblique illumination, the fine surface fe itures 

observable on the iron - 5 percent chromium alloy were not 

apparent. This observation was valid for the iron - 25 oer- 

cent chromium alloy at all times and temperatures investigated. 

In every case, the specimen surfaces were completely specular 

in appearance. This observation is illustrated by the photo­
micrographs (1080 X) in Figures 18 (a) and 18 (b) of specimens 
evaporated at 90C°C for 40 hours and at 108C°C for 10 hours 

respectively. These micrographs clearly demonstrate that sur­

face 3triations were not observed at either the lowest or the 

highest investigated temperature for this alloy.

Traces of preparation scratches were visible on the 
specimen treated at 9C0°0; these were not evident on the speci­

men treated at 1080°C. In the latter case, the surface was 

specular with the exception of grain boundary grooving.

The degree of surface roughness and grain boundary 

grooving on this alloy may be demonstrated by reference to 

the interferograms of Figures 19 (a), 19 (b) and 20. Here,
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(a) Evaporated at 900°C for 40 hours

(b) Evaporated at 1Q3O°C for 10 hours

Figure 13. Surface topographies of evaporated Fe-25 percent 
Cr specimens; X 1030 (oblique)
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(a) Evaporated at 9Q0°C for 20 hours

(b) Evaporated at 1G$O°C for 10 hours

Figure 19. Interferograms of evaporated Fe-25 percent Gr 
specimens; X 550.



Figure .20 . Interferogram of an e- 25 percent Gr specimen 
evaporated at l080°C for 10 hours ; X 550 . 

78 
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surfaces are depicted of specimens evaoorated at 900°C for 
20 hours, 103G°C for 10 hours, and again, 10&0°C for 10 hours, 

respectively, i'he irregular fringes demonstrate that the soeci 

men treated at 900°C exhibits a roughened appearance due to 

preparation scratches. As illustrated by the more regular 

fringes in the photomicrographs in Figure 19 (b), this rough­

ness effect has almost completely disappeared after exoosure 
at 1030°C. Moreover, the duration of surface roughness from 

metallurgical polishing, appears to be orientation dependent. 
This effect is evident in Figure 19 (b), if one compares the 

difference of irregularities in the fringe patterns of neigh­

boring grains. The interference fringes in the photomicrograph 

of Figure 20, illustrate the general profile of grain boundary 

grooves.

A comparison of the results from the interferometric 

investigations on the iron - 5 percent chromium alloy to the 
iron - 25 percent chromium alloy, (Figures 12 (a), (b), and 

13 to Figures 19 (a), (b), and 20), illustrates the degree of 

surface roughness is greater on the former alloy system at 

all times and tei peratures. also, the deoth of boundary groov­

ing is greater on the iron - 5 percent chromium alloy after 
prolonged exposure at 10#0°C. (Figures 13 and 20) The magni­

tudes of the effects shown by the interferometric microscopic 

studies will be discussed fully in the discussion section.



CHAPTfih V

DISCUSSION

5.1 Introduction

In the following sections of this chapter, a complete 

analysis of the experimental results, outlined in the previous 

chapter, is given. The heats of evaporation and vapour pres­

sures, calculated from the experimentally observed weight loss­

es, are presented for both alloys considered in this investiga­

tion, and are compared to the results reported in the literature. 

The salient features of the evaporated alloy surfaces are di s- 

cussed fully, with constant reference being made to the photo­

graphic evidence presented in the previous chapter. The con­

densation coefficients, determined at all temperatures for both 

alloys, are also presented. The significance of the values

obtained for these coefficients becomes evident in the section 

on the mechanism of evaporation. Finally, an evaporation 

mechanism is proposed, based on the experimental conditions 

used for the determinations of the evaporation kinetics of both 

alloys and the results of this investigation, with reference 

being made to the theory of metal crystal evaporation and to 

pertinent data reported in the literature.

5.2 analysis of the weight Loss Measurements

The weight loss measurements for the iron - 5 percent 

chromium alloy are given in Table III and are summarized

SO
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graphically in Figure 6. In Figure 6, the weight loss in 
mg/cra^is plotted versus the time in hours for all investiga- 

tedtemperatures. The tests were completed in triplicate at 
1000°C and in duplicate for all other temperatures. The data 

may be represented by linear curves for the investigated temp­

eratures and exposure times illustrating that evaporation from 

this alloy proceeds at a constant rate under isothermal conditions

The weight loss measurements for the iron - 25 percent 

chromium alloy are given in Table IV and are summarized graph­

ically in Figure 14. Again, it is evident that evaporation 

from this alloy also proceeds at a constant rate under isother­

mal conditions. These rates are approximately twice those for 

the alloy containing 5 percent chromium. The occuirence of 

constant evaporation rates at all temperatures suoports the 

viewpoint that evaporation is controlled by a surface orocess 

rather than by depletion of chromium and its diffusion in the 

underlying metal substrate.

The weight loss measurements were used to compute the 

rate constants of evaporation for both alloys at all investigated 

temperatures, by determining the slooes of the linear evapora­

tion curves by the method of least squares. In order to evalu­

ate the heats of evaporation the rate constants were expressed 

according to the Arrhenius equation:
K « Ae’^RT (44)

where, K is the reaction rate constant, À is a constant, and 

Q is the energy or heat of activation for the process.
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Arrhenius plots of these constants are shown in Figure 21. 

, she linear rite constant is the ordinate on a log scale

and the reciprocal of the absolute temperature is the abscissa.

The heats of evaporation were determined for both alloys from 

the equations of the straight lines, obtained by the method of 
least squares, over the temperature range 95O°C to 1O$Q°C. The 

values obtained for the heats of evaporation were 94*3 - 4.5 
kcal/gm. mole and 93.7 -6.5 kcal/gm. mole for the iron - 5 

percent chromium and the iron - 25 percent chromium alloy res­

pectively. These values for the heats of evaporation, which 
lie within the range of values of 99 and 94 kcal/gm. mole re­
ported for pure iron and chromium •'? respectively, demonstrate 

that the temperature coefficient for alloy evapor tion is 

determined by the escape of metal atoms from the surface to 

the environment.

No significance was attached in these calculations to 

the values of the rate constants determined at the lowest in­
vestigated temper ;ture of 900°C. microscopic observations

illustrated that larger weight losses occurred, after short 

exposures, in regions markedly influenced by the method of 

surface preparation. It is believed that abrasion scratches 

act as sources of monatomic ledges during the initial stages 

of exposure. The presence of scratches, therefore, would give 

rise to an increase in the rate of evaporation. The effect 
of this increased rate is more important at the 900°G level,

due to the normally 3mall weight losses observed. After longer



CM



Ô4

exposure times, these abrasion scratches disappear as evapora­

tion proceeds, and cease to exist as sources of monatomic 

ledges. The presence and disappearance of abrasion scratches 

on the 5 percent and the 25 percent alloys aie demonstrated 
by Figures 7 (a) and 7 (b) and Figures 16 (a) and (b) respect­

ively.

5.3 Vapour Pressure Determinations

Using the evaporation rates computed from the weight 

loss measurements, the vapour pressures were calculated for 

the iron-5 perçait and the iron-25 percent chromium alloys 
at the investigated temperatures from equation (6), with

- 1 and /T s ^(Mgr -t- 3?e)j é = 7.34. The vapour pressures

determined are presented in Table VI (a) for the 5 percent 

chromium alloy and in Table VI (b) for the 25 percent chromium 

alloy.

The vapour pressures of iron - chromium alloys reported
by McCabe et al.u and Kubaschewski et al.^x, (Knudsen method),

at temperatures greater than 1200°C, are greater than the ideal

pressures by a factor of approximately 1.04 for a 5 percent

chromium alloy and 1.0# for a 25 percent chromium alloy. On

the other hand, it may be hoted that the results of Gulbransen 
3let al. A, who determined the vapour pressures of an iron - 21.9 

percent chromium alloy at 10” mm. Hg over approximately the 

same temperature range investigated in this project, lie slightly 

lower than the vapour pressures calculated on an ideal basis.
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TABLE VI
(a)

VAPOUR PRESSURES / IRON - 5 ? • 0 ..x GHRORIUR aLLOY

Temperature
(°C)

Rate of Evaporation 
(gn/cm2/sec)

Vaoour pressure 
~ (atm)

900 l.od X 10-10 1.14 X 10”H

950 4.27 X 10”10 4.59 X 10”ll

1000 l.dd X 10“9 2.05 X 10-10

1035 5.11 X 10-9 5.63 X lO’lO

iodo 1.7Ô X IO”0 2.01 X 10-9

TaBLE VI

(b)

VAPOUR PRESSURES / IkOU - 25 PERCENT CKROuIUM ALLOT

Temperature
Po)...

Rate of Evaporation 
(sm/cm2/sec)

Vapour pressure 
(atm)

900 2.57 X 10“10 2.70 X 10-U

950 7.31 X 10-1° 3.39 X 10“H

1000 4.94 X 10-9 5.41 X 10"10

1035 9.96 X 1C’9 1.11 X IO”9

iodo 3.36 X 10“d 3.30 X IO"9
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The values determined in this investigation at 10“^ mra. Hg are 

also lower than the ideal values. Moreover, the vapour pressures 
determined at 10~6 mm. Hg are lower than the results of Gulbran­

sen et al. determined at 1Q“# mm. Hg.

5.4 Condensation Coefficient Determinations

Attempts were made to determine the vapour pressures

by the Knudsen cell method, in order to compute the condensation

coefficients from the relation:
= Pl (45)

PK

where, p^ is the vapour pressure determined by the Langmuir 

method and, pjç is the vapour pressure determined by the Knudsen 

cell method. To this time, only tentative results are able 

to be reported for this investigation. However, several values 

reported in Table V indicate that the system iron - chromium 

shows some positive deviations from ideal behaviour. The 
results of investigations at higher temperatures,'»^ ( 125O°C)

demonstrate that the pressures evaluated by the Knudsen cell 

technique show only slight positive deviations from ideal pres­

sures. Since pressures are not available from our Knudsen cell 

experiments at lower temperatures, we have calculated pressures 

from thermodynamic data, assuming the system iron - chromium 

to be ideal, and have substituted these for the Knudsen values. 

Thus, the condensation coefficients were calculated from:
c< s JL ( 46 )

Pid
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The values determined from this ratio are reported in 

Table VII. For the same reasons stated in section 5*2, the 
values reported for the 90C°C determinations were omitted in 

computing the average value of the condensation coefficient.

The average values for the 5 percent and the 25 percent chromium 
alloys were found to be -.370 t 0.0#G and 0.489 - 0.090 res­

pectively. In contrast, it has been shown, that the results 

of vapour pressure measurements on iron and chromium at higher 

temperatures, determined by the Langmuir and Knudsen methods, 

agree within the limits of experimental error. If these con­

siderations were applicable to the iron - chromium alloys, one 

would expect a condensation coefficient of approximately unity.

5.5 Analysis of Surface Tooograohie3

5.5 (i) Surface Topogra"hies of the Iron - 25 percent

Chromium Alloy

It is evident from Figures 18 (a) and 18 (b), photo­

micrographs of surfaces evaporated at 900°C and 10$0°C, that 

the surface morphology of the evaporated 25 percent chromium 

specimens is specular at all times and temperatures investigated. 

The only surface irregularities evident at lower temperatures 
(900°C) are those due to grain boundary delineation, pitting 

characteristics from local regions of enhanced evaporation, 

and regions exhibiting traces of abrasion scratches. The 

effect of these scratches on specimens evaporated at lower 

temperatures is further illustrated by the interferogram 
illustrated in Figure 19 (a). At highei' temperatures, the



33TABLE VII
CONDENSATION COEFFICIENTS

TEMP .

°C

Fe - 5 % Cr
ALLOY

Fe-25 % Cr
ALLOY

900 0.438 0.468

950 0.416 0.4 28

1000 0.309 0.579

1035 0.448 0.494

1080 0 308 0.454

AVERAGE
VALUE

(950-1080)
0.370 i 0.080 0.489 1 0.090

i
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o
surface is specular to the dimensions of at least 500 A as 

shown by the constancy of fringes of the interferogram in 

Figure 19 (b). The depth of grain boundary grooving at higher 

temperatures for long exposure times is estimated to be app­

roximately 0.25 microns from the interferograms in Figures 
19.(b) and 20.

The process of grain boundary delineation is further 

illustrated by the hot stage photographic sequence shown in 
Figures 17 (a) to 17 (e) under conditions of net evaporation, 

at 900°G. It appears that the process is initially time de­

pendent and approaches a steady state configuration. Grain 

boundary migration and the presence of ’’ghost” boundaries 
(previous boundary positions) are clearly evident. Grain 

boundaries are considered to act as sources of monatomic ledges 

which appear to migrate over the surfaces of the iron - 25 oer- 

cent chromium alloy grains without giving rise to polyatomic 

ledge faceting.

5.5 (ii) Surface Topographies of the Iron - 5 Percent

Chromium Alloy

The iron - 5 percent chromium alloy, evaporated in the 

austenitic state, demonstates a more complex morphology. A 

typical surface appearance of specimens evaporated at lower
temperatures is illustrated in Figure 3. The orientation of 

striations and the degree of faceting are seen to be dependent 

on grain orientation. Moreover, the degree of faceting was 

observed to be temperature dependent. This is demonstrated by
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Figures 10 (a) to 10 (e). The surfaces of specimens evaporated 
at 900°G are completely striated, whereas specimens evaporated 

at 10$0°C for long exposure times approach a specular appear­

ance. At 10S0°C, the transition from a striated to a specular 

appearance occurred with time, as shown by Figures 11 (a) and 

11 (b) in conjunction with Figure 10 (e).

It was also established that the striated appearance 

of specimens evaporated at lower temperatures could be êlimin- 

ated from an austenitic specimen by a prolonged anneal at a 
temperature in the ferritic range. Figure 10 (f) demonstrates 

this effect on the surface of a specimen evaporated for 6# 

hours at 900°C (striated), and further evaporated for 70 hours 
at #40°C (specular).

The interferograms of the 5 percent chromium alloy, 
shown in Figures 12 (a) and 12 (b), demonstrate that the

surfaces of specimens evaporated at 90C°G are quite irregular 

and that there is a tendency to approach a specular appearance 

on specimens evapor ted at higher temperatures. Figure 13 

demonstrates that the depth of boundary grooving on specimens 

evaporated at higher temperatures is approximately 0.75 microns

On comparing the surface featurs of the iron - 5 per­

cent and the 25 percent chromium alloys, it can be seen that 

the surfaces of the latter specimens are specular at all times 

and temperatures, whereas, the 5 percent chromium specimens 

exhibit a transformation from a striated to a specular appear­

ance with increasing temperature. Boundary grooving in the
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case of the iron - 5 percent chromium specimens is approxim­
ately 3 times (at 0.75 microns) as great as compared to 0.25 

microns for the iron - 25 percent chromium alloy. Also, 

striations on the iron - 5 percent chromium alloy can be elim­
inated by evaporation in the ferritic range. The importance 

of these observations will become evident when discussed in 

terms of the mechanism of evaporation.

5.6 Evaporation Model

In the preceding sections, it has been demonstrated 

that linear kinetics are obtained for relatively long exposure 

times illustrating that the evaporation process is surface 

controlled rather than by chromium depletion and its diffusion 

in the underlying, metal substrate. The heats of evaporation, 

calculated from the experimental data, were approximately the 

same values reported for the evaporation of pure iron and 

chromium. This was expected on the basis that solid solutions 

of iron and chromium behave ideally. However, the calculated 

vapour pressures were lower than the Knudsen cell values ex­

pected over this temperature range. These values were also 

in poorer agreement with the ideal pressures than the Langmuir 

values reported for an iron - 21.9 percent chromium alloy over 
the same temperature range at 10“^ mm. Hg. On the basis of 

higher temperature data, where the Langmuir values agree with 

the A.nudsen values, = 1), one is surprised to find that the

condensation coefficient is less than unity in both cases. The 

actual values reported were Û.37O and 0.4#9 for the iron - 5
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percent and the 25 percent chromium alloys respectively. Even 

more surprising, on the basis of evaporation theory outlined 

in Chapter II, is the fact, that the condensation coefficient 

for the striated iron - 5 percent chromium alloy is less than 

that for the soecular iron - 25 percent chromium alloy. Ac­

cording to evaporation theory, the reverse case should be true 

However, a tentative model can be presented to explain these 

observations, if one takes into account the effect of chemical 

and physical parameters on the condensation coefficient.

e may now advance evidence to show that the conden­

sation coefficients are, in fact, less than unity, for the 

conditions under which these evperiments were carried out, 

because of the adsorption of impurities, probably oxygen, from 

the residual gas. These arguments are also compatible with 

the morphological findings illustrated in Chapter IV. It is 

now more appropriate to discuss the results of Gulbransen 
and Andrew 31 on the vapour pressure studies of an iron - 21.9 

percent chromium alloy, which readily demonstrate the effect 

of the residual gas pressure on the experimental results. The 

results of this investigation are compared to our results on 

the iron - 25 percent chromium alloy in Figure 22, in the form 
of a log p vs. l/T plot. The ideal pressures for both alloys 

are also given over the same temperature range. The results 

of Gulbransen et al., at 10 °mm. Hg, are in better agreement 

with the ideal values, calculated from thermodynamic data, 

than are those of this investigation. The condensation
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coefficient is in the range 0.6 to 0.7, for the residual gas 
pressure of 10“^ mm. Hg, compared to 0.4 to 0.5 for evapora­

tion at 10“6 mm. Hg. These results suggest that the conden­

sation coefficient for polycrystalline alloys would approxi­

mate unity, as for high temperature measurements, if surface 

contamination could be avoided.

In the discussion on the chemical properties affect­
ing the condensation coefficient, section 2.4 (vi), reference 
was made to the findings of Bénard et al.^2, that the occurr­

ence of a striated or a specular surface on iron and iron - 

chromium alloys was dependent on the degree of oxygen adsorp­

tion. At oxygen pressures less than the dissociation pressure 
of the most stable oxide, (Cr20p X 10“22 atm. at lGCO°Cp7

selective adsorption of oxygen could occur on the different 

crystalline faces. For a minimization of surface energy, a 

non-planar striated surface could arise, if the adsorption 

of oxygen is sufficient, and if the temperature is high enough 

to permit the surface to redistribute itself by surface dif­

fusion or some other process. In agreement with this viewpoint, 

these investigators demonstrated that specular surfaces are 

obtained, when oxygen is rigorously removed from the system.

The transformation from a striated to a specular surface occurred 
at a critical oxygen potential as determined by HjO/Hg ratios 

at a specific temperature. This critical range existed in 

both the austenitic and ferritic range, the critical curve 

being continuous at the transformation temperature.
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The evaporating conditions in this investigation, at 
a residual gas pressure of 10”°mm. Hg, are such, that these 

requirements for selective oxygen adsorption orevail. In the 

case of the iron - 25 percent chromium alloy, oxygen adsorption 

must not be sufficient in any case. For the iron - 5 percent 

chromium alloy, the oxygen pressure must be sufficient to 
promote striated surfaces at 900°C. On the other hand, at higher 

temperatures, oxygen adsorption must play a minor role, since 

the striations were not as prominent and tended to disappear 

with time. This also appeared to be the case, if the alloys 

initially evaporated in the austenitic state, were re-evaporated 

in the ferritic range.

There are essentially two ways in which oxygen can 

be removed from the surface of the iron - 25 percent chromium 

alloy. These are illustrated diagraramatically in the top 

portion of Figure 23. In the first case, evaporating metal 

could getter residual oxygen, possibly form some molecular 

oxide, and deposit on the cooler sections of the furnace 

assembly. The ratio of chromium evaporation from the alloy 

containing iron - 25 percent chromium to that of the iron - 

5 percent chromium alloy is approximately 10. In the second 

case, oxygen could be removed from the surface by its diffu­

sion into the metal substrate. The ratio of the oxygen dif-
J ofusion constants J for the alloy in the ferritic and austen­

itic states is approximately 10^. The latter process would

be the predominant mechanism for oxygen removal from the
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Figure 23. Evaporation model
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iron - 5 percent chromium alloy specimen re-evapor ted in the 
ferritic r*nge at &40°C. All conditions are such, that eva­

poration is occurring under a smaller degree of oxygen adsorp­

tion on the iron - 25 percent chromium alloy and the 5 percent 

alloy in the ferritic state as our metallographic observations 

have illustrated in the range of specular surface formation.

In the case of the iron - 5 percent chiomium alloy at 

higher temperatures, the rate of evaporation and the rate of 

oxygen solution are sufficient to promote specular surface for­

mation. On the other hand, at lower temperatures, the select­

ive adsorption of oxygen on different crystalline faces would 

be larger under these evaporating conditions. Here, the sur­

face is faceted giving rise to a topography as shown in the 

bottom portion of Figure 23. The non-planar morphology is 

stabalized by selective oxygen adsorption.

If it is assumed, that the evaporation process occurs 

by the led; e mechanism outlined in Chapter II, oxygen adsorp­

tion must decrease the motion of monatomic ledges (poisoning) 

during evaporation. This viewpoint is supported by the fact 

that the condensation coefficient for the iron - 5 percent 

chromium alloy, evaporating under conditions of greater oxygen 

adsorption, is of smaller magnitude than that of the iron - 

25 percent chromium alloy. Slight oxygen adsorption cn the 

surface of the iron - 25 percent chromium alloy at ledge posi­

tions could account for the decrease in the condensation co­

efficient from 1 to 0.5
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This explanation must be tentatively accepted until 

accurate Knudsen cell measurements of vapour pressures, or 

chemical activities of iron and chromium in the system iron - 

chromium, have been determined. It is still possible that 

metal is evaporating from the specular surface of the iron - 

25 percent chromium alloy from monatomic ledges, under ideal 

conditions, in which case, the condensation coefficient would 

be expected to be much less than unity, and approximate a value 
of 1/3, as is indicated by the theory of evaporation.



CONCLUSIONS

As a result of the investigations carried out on the 

iron - 5 percent chromium and the iron - 25 percent chromium 
alloys in the temperature range 900°C to 1080°C, the follow­

ing conclusions may be presented:

1. Linear evaporation rates were observed for both 

alloys at all investigated temperatures, which demonstrate 

that the evaporation is controlled by a surface reaction.

2. The values for the heats of evaporation are 

within the range of values reported for pure iron and chromium 

illustrating that the temperature coefficient of alloy evapora 

tion is determined by the escape of metal atoms from the sur­

face to the environment.

3. The vapour pressures of both alloys calculated 

by means of the Langmuir equation for free evaporation, are 

lower than the ideal pressures, as a result of the invalid 

assumption that the condensation coefficient is unity for the 

iron - chromium system over the investigated temperature range

4. The occurrence of a striated or specular surface 

topography is dependent on the degree of selective impurity 

adsorption, probably oxygen, from the residual gas in the 

evaporation chamber.

5. The condensation coefficients for an iron - 5 per­

cent and an iron - 25 percent chromium alloy are in the range
99
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0.4 to 0.5, for evaporation between 900°C and 10$0°C in a vacuum
zof 10“° mm. Hg, in contrast to a value of unity for pure iron 

and chromium at higher temperatures.

6. Evaporation from the surface of the iron - 5 per­

cent chromium alloy is occurring under a greater degree of 

selective impurity adsorption as compared to evaporation from 

the surface of the iron - 25 percent chromium alloy.

7. The possibility exists, that evaporation is occurr­

ing from the iron - 25 percent alloy specimens under conditions 

outlined by the theory of metal evaporation, in which case,

the condensation coefficient is expected to approach a value 
of 1/3.



APPENDIX

CHE/.IOaL COMPOSITION OF iAOft - CHuOFIUM ALLOYS

Iron - 5 Percent Alloy

C P Si Mn 8 Gr Fe

0.00 0.005 0.019 0.04 0.00? 5.0 balance

Iron - 25 Percent Alloy

C P Si Mn S Cr Fe

0.00 0.017 0.053 0.20 0.015 25.0 balance
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