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EVAPORATICN OF IRON-, NICKEL~-, AND COBALT-BASE ALLOYS
AT 760 'TO 980°C IN HIGH VACUUMS

D. T. Bourgette
ABSTRACT

Evaporation rates of types 316, 304, and 446 stainless
steels, Inconel, INOR~&, and Hayggs alloy No;925 were measured
at pressures ranging from 5 X 10 * 4o 1 X 10 7 forr in both the
polished and oxidized conditions to determine thelr suitability
for use in high vacuums.

Ivaporation logses increased with chromium and manganese
concentration and temperature but were independent of pressure
in the range investigated. The data have alsc shown that, at
constant temperature, the evaporation rates decreased with time
and that the lower the test temperature the greater was the
decrease 1in the rate.

Metallographically, the manifestations of evaporation were
subgurface void formation, grain growth at the specimen surface,
excessive void formation in the grain boundaries, dlsappearance
of precipitated phases, and materials loss from the edges of
surface grains. Chemically, chromium and manganese were found
to be the principal elements lost; however, lesser amounts of
Fe, Ni, Co, C, and Si were found in the vapor deposits. Micro-
probe analysiz revealed the existence of chromium and manganese
concentration gradients that changed with time.

At test temperatures of 872 and 982°C, it was found that
a thin film of Crz0s (the most stable oxide studied) retarded
the evaporation of the basge .alloy; however, the protection was
not permanent. After approximately 1000 to 3000 hr, the
evaporation rates for both the oxidized and polished surfaces
of type 316 stainless steel were nearly equal.

In the case of type 316 gtainless steel, the alloy most
thoroughly studied, the evaporation rates for the polisghed con-
dition varied from 5.23 X 10 ° mg/cm®/hr at 760°C to
6.60 X 107 ° mg/em?/hr at 982°C. While, for the oxidized condi-
tion (Crz03 film), the evaporation rates varied from
b4 bty X 1075 mg/cmé/hr at 872°C to 3.57 X 107° mg/cm®/hr et
982°C, at 760°C an oxidized specimen suffered no welght loss
in 1142 hr.

It was concluded that multicomponent alloys, unlike pure
metals, evaporsted nonlinearly with time and that this evapora-
tion resulted in preferential loss of the higher vapor pressure
elements. Further, thesge changes in composltion may result in
important changes in the physical and mechanical properties of
the alloy.



INTRODUCTTION

This report summarizes the evaporation behavior of Inconel, TNOR-8,
Haynes alloy No. 25, and types 304, 316, and 446 stainless steels between
760 and 982°C in vacuums of 5 X 10 ' to 1 X 10°° torr for times up to
3500 hr with major emphasis directed toward the study of type 316 stain-
less steel. The investigation encompasses measurements of the evapora-
tlon rates, identification of the evaporating elements, and correlation
of these measurements to the alloy composition for specimens in both the
polished and oxidized conditions.

Although the practicality of using the above alloys up to 982°C has
been demenstrated for a variety of enviromments, the concept of their
use in the hard vacuum of space, as indicated in Table 1, is unigue and
has not been shown to be feasible.?l

A potential and perhaps serious problem arises regarding the stabil-
1ty of the alloys, because pure metals and multicomponent alloys vaporize
when heated to elevated temperatures in vacuum. The evaporation rate of
a pure element or a simple compound evaporating as a monomolecular vapor
is related to its vapor pressure p and molecular weight M by the Knudsen-
Langmuir equation

1/2
W=oarp (2rR1/M)
where W is the evaporation rate, O is the evaporation coefficient,
generally equal to 1, and the other symbols have thelr conventional
meaning.

The usefulness of this expression in estimating the vaporization
rates of multicomponent alloys is doubtful since a large source of error
arises not so much from an estimation of the molecular weight of the
alloy vapor as from a determination of the vapor pressure. Because
selective evaporation losses of the more volatile elements are a distinct
possibility, the surface composition could become progressively enriched
with lower vapor pressure elements and bear no resemblance to the orig-

inal surface. The theoretical losses based on the Knudsen-ILangmuir

lr. s. Johnson, Satellite Environment Handbock, Stanford University
Press, Stanford, Calif., 1961.




Table 1.

Characteristics of Space Environments
at Various Altitudes

Altitude Molecular Particles Dengity Pressure Constituents
(miles) Weight (No./cm?) (g/cr?) (torr) and Proportions
0 29 2.5 % 1019 1.22x 1000 760 L, 2L 079 I
3002 16.6 1.44 x 108 4,10 x 1077 2.17 x 10 88% 0—5% N—7% Ip

b - - .
300 15.9 1.20 X 107 3.10 X 1o_ig 1.24 X 10_32 91% O-8% N-1% N
1000 8.2 1.00 X 10%  1.35 x 10 5.10 X 10 46% O—8% N—46% H
Db B} ;
1000 1 3.7 X 16% 6.3 X 10°%°  3.87 x 10°**  100% H
Trterplane- 1.0 30 5.00 x 107%% 5 x 107%® 1009 |

tary space®

a . -
At maximum sunspot activity.

At minimum sunspot activity.

C

Values from NRC literature.
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eguation are expected to be representative only of the initial alloy and
would give high estimates when applied to the tests in this investigation.
The purpose of this investigation, therefore, was to deterwine the
high vacuum stability of certain iron-, nickel-, and cobalt-base slloys
with regard to their compositional, surface, and microgtructural behavior.
It was Telt that this approach would: (1) provide a value for the initial
evaporation rate, (2) indicate changes in this initial rate caused by a
dynamically changing composition, surface structure, and microstructure,

and (3) suggest methods by which evaporation losses might be minimized.
FXPERIMENTAL
Sample Preparation

As-received specimen stock 0.16 to 0.48 cm in thickness was further
cold rolled to thicknesses ranging from 0.013 to 0.020 em. Specimens
with an area of approximately 6.50 cm? were cut, polished through 4/0
abrasive paper, degreased, welghed, and their geometric gurface area
determined. The compositions of the alloys used in this study are
presented in Table 2, "Evaporation of Types 304, 316, and 446 Stainless
Steels, Inconel, TNOR-&, and Haynes Alloy No. 25," this report.

Evaporation Apparatus

The two types of evaporation apparatus employed are illustrated
schematically in Fig. 1. The first permitted continuous measurement of
the evaporation rate by observing the weight change of a specimen sus-
pended from a calibrated steel spring. The springs were made by winding
0.127-mm music wire around a graphite rod 127 mm in diameter and austeniz-
ing at 820°C in argon for 3C min. Following a wabter quench, the wire was
tempered at 200°C for a period of 4 hr. The springs were cut to length
and calibrated in vacuum over a weight range of 0.2500 to 1.2500 g.
Spring constants varied from 1.68 to 1.90 mg/mm. Changes in the spring
length were measured with a cathetometer sensitive to 0.001 mm.

The vacuum system was constructed principally of Pyrex with high-

fired mullite used in the hot zone and silver-coated surfaces in the
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liguid-nitrogen cold traps. The vacuum pumping equipment was composed
of a CVC GF-25-w Pyrex diffusion pump backed by a l/4~hp mechanical

pump. A brass bellows was placed between the diffusion pump and mechani-
cal pump to reduce vibrational interference to the spring. The spring
wag also protected from thermal effects by water cooling the spring
stack and inserting a tantalum radiation shield above the furnace hot
zone.

Normal high vacuum techniques were followed. 'These included bake-
out of the Pyrex at 200 to 400°C and the mullite at 1000°C, elimination
of all valves and greased joints from the high vacuum side of the system,
and use of liquid-nitrogen cold traps, a small system volume, and Dow
Corning 704 diffusion pump oil. A base pressure of 5 X 10-8 torr was
achieved at 200°C; and during the course of a test, the pressure was
further decreased due to the gettering actlion of the metal vapors.

The second apparatus permitted the collection of the metal vapors
from individual induction-heated specimens held at temperature for
various perlods of time. Evaporation rates of individual elements from
the base alloy were determined by chemical analysis of the deposits.

The vacuum system was constructed of Pyrex and the evaporation
chamber, which was water cooled, contained a replaceable inner Pyrex
tube on which the vapor deposits were collected. To the inner gurface
of this tube were fused three l/8~in.—dimn Pyrex rods that prevented
the formation of a continuous vapor-depogited film and thereby prevented
induction heating of the film. A vapor deposit weighing 45.5 mg and
illustrating this technique is presented in Fig. 2.

The vacuum pumping equipment consisted of a 15 1iter/sec Vaclon
pump vwhich was used after the system had been "roughed" to 107 torr
with a cold trap-diffusion pump-mechanical pump combination. Again,
normal high vacuum techniques were employed which resulted in a base

pressure of 1 X 1077 torr at 900°C.
Procedure

Once the systems had been baked out and were considered clean, the
tegting procedure was virtually the same for both of the systems. The

systems were backfilled with dry, high-purity argon (99.998%) to
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Fig. 2. Vapor Deposits from a Type 316 Stainless Steel Specimen
with Discontinuities which Prevent Film Heating in an Induction Field.



atmospheric pressure, opened, and loaded with the desired specimens.
The systems were resealed and immediately evacuated; the entire proce-
dure required approximately 15 to 20 min. When a pressure of 1077 torr
was obtained, heat was applied to the specimens at a rate which did not

increase the pressure to above 10—6 torr. Under these conditions, a

24-hr period was required to bring the specimen to the desired temperature.
Evaporation tests were conducted on types 304 and 446 stainless

steels, Inconel, INOR-8, and Haynes alloy No. 25 at 872 and 982°C for

times up to 700 hr. Type 316 stainless steel was tested at 760, 872,

927, and 982°C for times up to 3500 hr.

RESULTS AND DISCUSSION
Validity of the Experimental Technique

The accuracy of the experimental technique used in this investiga-
tion was verified by determining the vapor pressure of pure iron and
nickel using the Knudsen-langmuir equation with the vaporization coeffi-
cient equal to unity. The vapor pressures determined by this technique
agreed quite well with the published values. In the case of nickel, the
experimental value of 2.25 X 1077 torr is compared with the published
value? of 3.00 X 1077 torr at 1038°C, while for iron an experimental
value of 1.54 X 1077 torr is compared to 2 published value? of
1.77 X 1077 torr at 872°C. The results of these evaporation tests,
illustrated in Fig. 3, show a linear weight loss with time, a behavior
characteristic of pure metals.>

Metallographic examination showed that the surfaces of these metals
became faceted after exposure to high vacuum at elevated temperatures,
as illustrated by the pure nickel specimen shown in Fig. 4. The cross-
sectional microstructure, illustrated in Fig. 5, showed grain boundary
evaporation; however, no grain boundary grooving at the surface occurred

in tests to 915 hr.

2J. F. Elliott and M. Gleiser, Thermochemistry for Steelmaking,
Vol. 1, p. 270, Addison-Wesley, Reading, Mass., 1960.

3E. A. Gulbransen and K. F. Andrew, Trans. Met. Soc. AIME 221, 1247
(1961).
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Fig. 4. Evaporated Surface of High-Purity Nickel Evaporated at
1038°C and 5 X 107° torr for 215 hr. 750X
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Fig. 5. Cross Section of High-Purity Nickel FEvaporated at 1038°C
and 5 X 1078 torr for 215 hr. Etchant: 70% CH3CO0H-29.5% HNO5;~0.9h HCL.
500%
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Evaporation of Types 304, 316, and 446 Stainless Steels,
Inconel, TNOR-8, and Haynes Alloy No. 25

Polished Surfaces

Evaporation losses from Types 204, 316, and 446 stainless steels,
Inconel, INOR-8, and Haynes alloy No. 25 were measured at 872 and 982°C
and at pressures ranging from 5 X 1077 to 5 x 1078 torr. The results
of ghort-term (to 700 hr) tests, surmarized in Table 2, indicated that
the evaporation rates at both temperatures increased with increasing
chromium and probebly increasing manganese concentrations. Further, the
rates at any given temperature were not constant but decreased with time.
The magnitude of the decrease was less with increasing temperature and
generally with decreasing chromium content.

The curveg illustrated in Fig. 6 compare the continuous evaporation
losges of these alloys at 872 and 982°C, respectively. TFrom these data
it appearsg that the evaporation rates became nearly constant after
approximately 50 hr. As will be shown later, much longer tests with
type 316 stainless steel (and probably other alloys containing high
chromium concentrations) indicated that the evaporation rate actually
continues to decrease slowly with time.

The initial evaporation losses, which came primarily from the sur-
faces, regulted in gevere changes in surface concentration of the higher
vapor pressure elements, particularly at 872°C. At 982°C the diffusion
rates of the various elements were rapid enough to replenish surface
losses. ¥or example, results of several microprobe analyses showed that
at 872°C manganese and chromium concentration gradients existed at the
conclusion of several 600-hr tests, while at 982°C the concentration
gradients were barely detectable.

A second source of evaporative losses is the edges of the surface

4

grains. Metallographic examination ghowed that aonnealing for 1 hr at

900 to 1000°C resulted in grain boundary grooving.

“W. L. Winterbottom and J. P. Hirth, Evaporation of Silver Crystals,
pp. 16—18, Carnegie Institute of Technology, Metals Research Ieboratory,
1962.




Table 2. Evaporation Rates of Iron-, Nickel-, and Cobalt-Base

Alloys et 5 x 1077 to 5 X 10 ° torr
Evaporation Ratg4
o (mg/em?/nr) x 10
5 3 o
Alloy Composition (wt %) 5750 585G

Alloy Fe Ni Mo Co C W Mn 81 Cr Initial® Final® Initial Final
INOR-3 5.10 69.76 17.81 0.15 0.04 0.29 0.58 6.78 1.54 1.54 30.8 30.8
Inconel 5.84  79.62 0.0 C.54 314.29 7.57 2.89 59.7 33.5
Type 316  64.03 13.28 2.25 0.05 1.67 0.74 17.05 30.0 6.59 134.0 66.4
stainless

steel
Type 304 €8.84 10.68 G.07 1.61 0.84 18.C4  53.7 6.71

ctainless

steel
Haynes 1.41 10.50 49,81 0.02 15.72 1.58 0.76 19.46 58.5 5.66 140.0 69.2
glloy No. 25
Type 446  73.91  0.71 0.02 1.20 0.14 24.71 73.8 25.7 156.0 69.0
stainless

steel

Tupurity elements not listed.
bMaximum rate during first 50 hr of test.

“Rate cduring last 50 hr of testh.
1=

€T
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Fig. 6. BEvaporation Losses of Iron-, Nickel-, and Cobalt-Base
Alloys at 872 and 982°C and Approximately 5 X 1077 to 5 X 1077 torr.
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During the later stages of evaporation when the curves illustrated
in Fig. 6 approached linearity, the grain boundaries beneath the surface
exhibited severe material losses, subsurface voids appeared, precipitates
near the surface decreased, and grain growth resulted — probably from
loss of carbon. These evaporation effects to 700 hr at 282°C are metal-
lographically illustrated in Fig. 7.

Analytical results of the pre- and posttest alloy compositions
revealed substantial losses of chromlum, manganese, and carbon. The
results of geveral 600-hr tests are summarized in Table 3. The manganese
and chromium losses increased with increasging chromium and manganese con-
centration in the original alloy becsuse of their higher vapor pregsures,
while the carbon logses did not vary substantially. This behavior and the
fact that metallographic examination revealed bands near the specimen suxr-
faces which were depleted of precipitates suggested a decomposition of
carbides. .

Table 3. Flemental Logses of Iron-, Nickel-, and
Cobalt~Bagse Alloys Evaporated at 872°C

Percent Decrease in

Length . .
of Test Original Concentratlion
Alloy® (hr) Mn Cr C
INOR-8 598 13.9 1.61 29.7
Tnconel 618 3.86 28.5
Type 316 stainless 604 21.6 5.21 27 .4
steel
Type 304 stainless 608 29.4 5.96 27.1
gsteel
Haynes alloy 557 44 9 3.01L 28.4
No. 25
Type 446 stainless 613 54.1 4. 85 12.1
steel

®See Table 2 for original composition.
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Fig. 7. Cross-Sectional Microstructures of Iron-, Nickel-, and Cobalt-Base
Alloys Illustrating Evaporation Effects at 982°C and 5 X 1077 to 5 X 1078 torr.
Etchant: glyceria regia. 500X
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Oxidized Surfaces

It has been demonstrated that surface oxides will retard the evapora-

5 To ascertain the effect of an oxide film on

tion of pure base metals.
the present alloys, several specimens were oxidized in air and gubse-
quently evaporation tested. The oxidizing conditions, oxide identifica-
tion, and results of subsequent evaporation tests at 982°C are summarized
in Table 4. The postevaporation x-ray data indicated that only CrzOs;

wag stable under the test conditions. Comparison of initial and final
evaporation rates for INOR-8 and type 316 stainless steel showed that

the complex oxide compositions did initially retard evaporation of the
base metal. In the case of Inconel, it is postulated that the greater
initial rate is due to decomposition of unknown oxides which were present
in quantities too small to be detected by normal x-ray procedures. The
weight loss versus time plot was virtually a stralight line, and only on
an expanded scale was the initial higher rate obtainable. In the case

of Haynes alloy No. 25, it is believed that the high initial evaporation
rate is due to the rapid vacuum decomposition of the cobalt-bearing
oxides.

This general type of behavior suggested the existence of a transi-
tion period during which time the oxide film was evaporating without
exposure of the base metal. When portions of the base metal became
exposed, the evaporation rates were accelerated and for short-term tests
(500 to 700 hr) appeared to be linear. Metallographic examination showed
that the oxide film initially deteriorated at the intersection of the
surface and the grain boundaries and that the subsequent evaporation
losses came principally from the grain boundaries.

Comparison of the evaporation rates (Tables 2 and 4) for both the
polished and oxidized conditions of the alloys investigated indicates
that the oxide remaining on the surface continued to retard evaporation
from grain faces. For example, the final evaporation rates of INOR-8,

Inconel, type 316 stainless steel, and Haynes alloy No. 25 at 982°C were

5Tpid.



Table 4. The Effect of Air Oxidation on the Subsequent
Evaporation Rates of Various Alloys at 982°C

Oxidation Evaporation Rate Oxide
Temper- Oxygen Duration (mg/cm?/hr) x 107% Present
ature Time Picku X-Ray Identification of Test after
Alloy (°c) (nr) (mg/cm*®) of Oxide Film (hr) Initial® Final? Evaporation
INOR-8 870 50 0.0521 NiMoO, + NiCrgz0, + 531 8.5 25.0 none
Cr205 + NiFeQ,

Inconel 980 25 0.1735 Crz03 522 36.3 30.5 Cr203
Type 316 stainless 980 100  4.3950 OFep03 + Ni0-Fep03 + 504 1.94 6.65 Crz05 +
steel 3Fe203:Crp03 Fes0y

(trace)
Haynes alloy 1038 90 0.0229 Crp03 + NiO-FepOy + 510 66.5 3.34 Cra03 +
No. 25 CoFez0,4 + CopoMnOy4 OFes0,
(trace)

fMoximm rate during initial 50 hr of test.

bRa‘be during last 50 hr of test.

8T
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reduced by factors of 1.2, 1.1, 10, and 21, respectively, when oxidized
in air. Ag will be discussed subsequently, longer term tests on oxidized
type 316 stainless steel indicated a diminution of protection with time.
The evaporation data of oxidized specimeng indicated that oxide
thickness as well ag its composition may be instrumental in retarding
evaporation of the base metal. In addition, the carbon content of the
bage metal may have influenced the rate at which surface oxides deteri-
orated in vacuum at elevated temperatures in accord with the following

reaction.
+ + .
Mxoy yC — xM + yCO

For example, the oxygen pickup in type 316 stainless steel was
4.395 mg/em? when oxidized in air at 980°C for 100 hr. At 982°C this
specimen exhibited initial and final evaporation rates of 1.94 and
6.65 X ]_O”4 mg/cm?/hr, respectively. A comparison of x-ray intensities
of thig heavily oxidized gpecimen placed the amount of oxygen in the
form of Crp0s3 (Table 4) at approximately 20% or 0.879 mg/cm?. These
data can be compared with evaporation data obtained from speclmens
oxidized in low-pressure wet hydrogen at &70°C for 170 hr to produce
only Crz0s3 on the surfaceg. The evaporation results of these specimens
showed, for example, that an oxygen pickup of 0.2804 mg/cm? yielded
initial and final evaporation rates of 26.9 and 35.7 X 1074 mg/cm2/hr,
respectively (see Table 7). It is postulated that the thinner Crz01
film Tormed in wet hydrogen decomposed more rapidly because of carbon
reductions and thereby resulted in a greater evaporation rate of the
type 316 stainlegss steel base metal at the grain boundaries.

For Haynes alloy No. 25 that was oxidized in air at 1040°C for
90 hr, an oxygen pickup of 0.0229 mg/cm? regulted in initial and final
evaporation rates of 66.5 and 3.34 X 1074 mg/cmz/hr, respectively. 1In
addition to the rapid decomposition of the cobalt-bearing oxides leaving
only Cr203 on the surface, it may also be noted that the original Haynes
alloy contained only 0.02 wt % C and this may have been somewhat reduced
by air oxidation. Both of these factors could have contributed to the

relatively low final evaporation rate of this alloy.
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Evaporation of Type 316 Stainless Steel

Polished Surfaces

Short-term tests (500 to 650 hr) conducted at 982, 927, 872, and
760°C indicated that the initial evaporation rates at all temperatures
were greater than the final rates; and as the test temperature was
lowered, the difference between the initial and final‘rates lncreasged.
Further, the time necessary to achleve a gignificant decrease in evapora-
tion rate increased with decreasing temperature. For present purposes
this time is defined as the transient period. Thig behavior suggests
the development of concentration gradients of the evaporating elements
in the specimens. If this reasoning is correct, then long-term tests
at all the test temperatures should show a constantly decreasing evapora-
tion rate.

To substantiate this hypothesis, tests exceeding 1000 hr were con~
ducted and the results are compared to the shorter term data in Table 5.
The long-term test data indicated that at all temperatures the evapora-
tion rates continued to decreasge with time. This phenomenon wag more
acutely demonstrated at 872 and 760°C. Tor example, the data at 872°C
showed thet at 50 hr the rate was 2.68 X 10 ° mg/cmz/hr, while at 610
and 3400 hr the rate had decreased to 6.38 and 3.90 X 107% mg/cm2/hr,
respectively. A typical concentration gradient for manganese and
chromium, as determined by a microprobe analysis, is shown in Fig. 8.

The data at all of the temperatures investigated can be represented

by curves of the type
AW = AP

where A and B are constants. At 872°C the experimental data can be

represented by the equation

AW = 0.0068 10-68 (1)
or its equivalent form

log AW = 0.68 log t — 2.17 (2)

where

M = weight loss in mg/cm?; t = time in hours.
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Table 5. Evaporation Rates and Length of Transient Periods of
Type 316 Stainless Steel as a Function of Temperature

Short-Term Tests Long-Term Tests
Evaporation Evaporation Decrease
Rate Rate Average from
Tegting Test (mg/cmg/hr) Test (mg/cm2/hr) Lengt@ of Inlﬁ%al
Temper~- Dura- % 10 Dura- 5 10—4 Transient to Final
ature tion é 5 tion Period Evaporation
(°c) (hr) Initial” Final (hr) Initial Final (hr) Rate (%)
982 616 114.0 66.4 956  120.0 65.9 30 45
927 598 39.8 21.9 1832 42.3  20.5 50 52.6
872 613 30 6.59 3453 26.8 3.9 80 85.4
760 1321 6.56  0.528 200 93

CMaximum rate during initial 50 hr of test.

bRate during final 50 hr of test.

The first derivative of Eq. (1) gives the instantaneous vaporization
rate in milligrams per square centimeter per hour at 872°C.

LY - 0.0046 <1;—O'322> . (3)
The evaporation losses in the form of Eg. (2) are presented graphically
for the various temperatures in Fig. 9. Some deviation may be noted for
small times at the lower temperatures.

Chemical analyses of the deposited metal vapors from tests conducted
at 7.0 X 10“9 torr and 872°C are summarized in Table 6 and presented
graphically in Fig. 10. Manganese initially is the major contributor to
the total evaporation rate, but longer tests have ghown that chromium
losses increase while manganese losses decrease. The losses of Si, Fe,
and Ni also increase while carbon losses decrease with time. These
results indicate a selective loss of alloying elements, resulting in a
constantly changing surface composition at temperatures of 872°C or
lower. At 927 and 982°C, there wag no detectable evidence of concentra-
tion gradients, indicating greater bulk diffusion of the alloying ele~
ments, thereby accounting for the smaller difference between the initial

and final evaporation rates.
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Table 6.

Chemical Analyses of Deposits Evaporated from
Type 316 Stainless Steel at 872°C and

7 X 1077 torr

Analyses® Analyses of Vapor Deposit Ratio: Weight Percent Deposit/
Vapor of at Various Times (wt %) Weight Percent Alloy
Prezsure Original (hr) {xr)
BEle- of Element Alloy '
ment  (torr) (wt %) © 12 25 50 150 480 6 12 25 50 150 480
Mn & X lO_4 1.67 77.72  71.24 70.2  68.1 59.85 50.88 46.5 42,7 42.0 40.8 35.8 30.9
cr 2.5%x10°° 17.05 3.18 3.84 4,40 7.91 19.95 29.4 0.187 0.225 0.258 0.464 1.17 1.723
si 7 x 1077 0.74 0.712 0.971 1.31 L.45 1.51 1.70 2.03 2.77 3.74 4,14 431 4.86
Fe  1.5x 1078 64.03 1.29 1.33 2.39 4.86 9.03 12.27 0.02C0 0.020 0.037 0.075 0.141 0.1%2
Wi 4 x 107° 13.28 1.01 1.4 1.62  1.71  1.83 1.95 0.076 0.105 0.122 0.128 0.138 0.147
¢ 5x107*  0.05 7.53 4.32  3.93 2.11 1.70 1.41 150.6  86.4  78.6  42.2 34.0 28.2
Mo 3 X310t 2.25

a o . R
Analyses of impurity elements are omitted.

KL
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The microstructural manifestations of evaporation such as subsurface
voids, grain growth, grain boundary grooving, and grain boundary losses
were the same at all temperatures studied; however, longer times were
required at the lower temperatures to produce equal magnitudes for any
one type of effect. In multicomponent alloys containing high vapor pres-
sure alloying elements and interstitial impurities, the grain boundaries
become enriched in thege elements and impurities. The high degree of
lattice disorder existing at the grain boundaries promoted a greater
evaporation rate when compared to the grains themselves. It 1s, there-
fore, concluded that initial evaporation losses from the grain boundaries
exposed adjacent grain surfaces, ag illustrated in Fig. lla and b. Fur-
ther evaporation from the edges of the surface grains resulted in the
formation of grooves which continued to widen with time, as 1llustrated
in Fig. llc and 4. As the grooves widened (receded across the grain)
and subsurface voids continued to coalesce at the grain boundaries, the
surfaces of the specimens became smoother. This was accompanied by
the formation of a semicontinuous network of voids in the grain bound-
aries. This behavior is illustrated in Fig. lle.

In the case of type 316 stainless steel, grain boundary grooving
became apparent after 1 hr at 1000°C and 4 hr at 800°C. Other micro-
structural changes such as subsurface void formation, grain growth, dis-
appearance of precipltates, ferrite formation at the specimen surfaces,
and widening of the grain boundaries became readily apparent after
testing times of 500 hr at 872°C. These phenomena are metallographically
illustrated in Figs. 12 and 13. TFor test periods greater than 1000 hr,
chi phase began to precipitate and severe grain boundary voids began to
appear, a behavior also illustrated in Figs. 12 and 13.

When ferrite precipitation was observed metallographically, x-ray
analysis verified this conclusion, and it was postulated that initially
evaporation losses depleted the surface regions of austenite stabilizers
(e.g., C and Mn). At 872 and 982°C, this precipitation started just
prior to heavy or deep grain boundary losses, but as the specimen thick-
ness decreased, the ferrite precipitate disappeared. It was felt that
the low nickel losses coupled with high loss of chromium allowed the

ferrite to retransform to y-iron (austenite). For example, it ig seen
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Fig. i5. As-Bvaporated Surfaces of Type 316 Stainless Steel Tested at 872°C
and 8 X 1077 torr for 613 and 3453 hr, Respectively. Original magnification: 200X
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in Fig. 12 that the 892~hr test regulted in surface ferrite while the
3453-hr test showed no indication of the presence of ferrite. Further,
it is seen in Fig. 13 that the evaporated surface of the 3453-hr test
containg annealing twins which are usuvally due to the face-centered
cubic structure, but ferrite is a body-centered cubic structure. In
addition, all short-term test specimens were magnetic while the long-
term tests (> 1000 hr) were nonmagnetic, and ferrite could not be
detected by x~-ray analysis.

When the surfaces of short-term test specimens transformed to
ferrite, the evaporation rate of type 316 stainless steel approached
that for pure iron. For example, at 982°C the evaporation rate of pure
iron was measured to be constant and equal to 6.2 X 1077 mg/cmg/hr while
the final rate Tor type 316 stainless steel wag 6.064 X 1077 mg/cmz/hr
for a 650-hr test.

The experimental data have shown that the evaporation rates changed
with time at a constant temperature. Therefore, the variation of evapora-
tion rates with temperature was compared at approximately equal times.
On this basis, Fig. 14 was drawn to provide a means of predicting the
rates at temperatures below 750°C where accurate data were difficult

to obtain.

Oxidized Surfaces

Several specimens oxidized in wet hydrogen were evaporated at 982,
927, 872, and 760°C. The Cr203 layer formed on the specimen surfaces
retarded the evaporation of the base metal Tor varying periods of time,
depending on the evaporation temperature. At the three higher tempera-
tures, the Crp03 films deteriorated initially at the intersection of
the surface with the grain boundaries, where evaporation of the more
volatile elements and impurities occurred. This resulted in a semi-
continuous network of voids. The remaining Crs0s3 film became progres-
sively thinner due to evaporation and to a carbon-oxygen reaction which
resulted in the formation of carbon monoxide. Subsurface voids attri-
buted to the diffusion and condensation of lattice vacancies increase
in sgize and number with increasing temperature. Simultaneous loss of

austenite stabilizers resulted in the formation of surface ferrite at
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982 and 927°C for short-term tests, while at 872°C no ferrite was
detected in a 1456-hr test. At 760°C, the Crp0s3 film was fully protec-
tive against evaporation losses of the base metal, at least to 1142 hr.
These evaporation effects are metallographically illustrated in Fig. 15
while the results of the evaporation tests are summarized in Table 7
and presented graphically in Fig. 16. Comparigon of the data in Table 7
with that previously presented in Table 5 indicates the degree of pro-
tection afforded by Crp0s filme. When the Crz0s; film is reduced by the
carbon in the alloy at the alloy grain boundaries, evaporation of the

alloy proceeds as illustrated in Fig. 17.

Table 7. Experimental BEvaporation Rates of Type 316 Stainless
Steel Preoxidized in Wet Hydrogen at 870°C

Evaporation Duration  Evaporation Rates,  Oxygen Final
Temperature of Test (mg/cm?/hr) X 10°"  Pickup Oxide
(°c) (hr) Initial Final (ng/cm®)  Tlayer
982 1058 26.9 35.7 0.2804 Crs03
927 1226 7.89 12.5 0.2983 Cra203
872 1456 wr 4ild 0.3134 Crp0s+
MnO»
(trace)
760 1142 No welght losg 0.2525 Cra03
CONCIUSIONS

This study has shown that multicomponent iron-, nickel-, and cobalt-
base alloys containing high vapor pressure elements such as chromium and
manganege exhibit two modes of free evaporation from the golid state.

1. An initial high rate of surface evaporation due to the normal
presence of the high vapor pressure elements.

2. Evaporation from the edges of surface grains, resulting in
grain boundary grooving. .

Once the surface became depleted of the higher vapor pressure ele-
ments, further loss of these elements was dependent on their diffusion
rate in the base alloy. At the lower temperatures (< 900°C), the slow

diffusion rates of the volatile, evaporating elements resulted in
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Fig. 15. Type 316 Stainless Steel Oxidized in Wet Hydrogen and
Subsequently Evaporation Tested in High Vacuum. Reduced 49%.
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concentration gradients; however, at temperatures of 980°C or above,
these concentration gradients were difficult to detect and the evapora-
tion losses were more nearly constant with time. However, in either
case & change in alloy compogition occurred, and for type 316 stainless
steel, the loss of austenite stabilizers resulted in ferrite precipita-
tion at the specimen surfaces for short-term tests (< 1000 hr). In the
cage of Heynes alloy No. 25, the precipitates near the surfaces dis-
appeared; however, grain boundary evaporation was not evident.

When the surfaces of the alloys investigated were oxidized in air,
the initial evaporation rates decreased. However, alfter a transition
period, the length of which was temperature dependent, the final rates
were accelerated due to the deterioration of the oxide film at the
surface~grain boundary intersection.

The evaporation of the oxides fTormed in air showed that Cry03 was
the most gtable. Type 316 gtainless steel coated with Cra03 did not
initially evaporate as rapldly as the polished surfaces; however, the
final rates at 872, 927, and 982°C were great enough 1o rule out adeguate
protection againgt evaporation of the bage alloy by this technique. At
760°C, however, Crp0s; fully retarded evaporation of type 316 stainless
steel, at least for 1150 hr, probably bhecause carbon diffusion in the
base alloy is sluggish (at this temperaturc) and most of the carbon is
tied up as carbides.

Several congiderations, therefore, make the theoretical prediction
of the evaporation rates extremely difficult, if not imposgsible; these
include compositional changes, phase transformation, areag of preferential

evaporation, grain size, and decomposition of compounds.
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