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VAPORIZATTON PHENOMENA OF HAYNES ALLOY NO. 25 T0O 1150°C

D. T. Bourgette

ABSTRACT

The evaporation rate of Haynes alloy No. 25 was
measured at 870, 930, 980, 1040, 1090, and 1150°C
over a pressure range of 6 X 10710 to 5 x 1077 torr.
Results of long-term tests showed that the evapora-
tion rates were highly temperature sensitive. At
constant temperature, the evaporation rate decreased
with time. Changes in the composition of vapor
deposits and electron probe microanalyses have shown
that the higher vapor pressure elements, Mn, Cr, Fe,
and Ni, were guickly evaporated from the specimen
surfaces, resulting in concentration gradients.
FPurther loss of these elements was dependent on their
diffusion rates in the cobalt-tungsten matrix, thereby
accounting for the decrease in evaporation rate with
time.

The major microstructural changes which are
directly attributed to evaporation losses are subsur-
face and surface-connected veld formation, gross sur-
face roughening, and formation of Laves phase at the
specimen surfaces. Changes in the bulk alloy composi-
tion also resulted in the dissclutioning of Laves
rhase in the subsurface reglons of the specimen.

INTRODUCTION

The future success of space exploration 1s to a great extent
dependent on the development of lightweight, efficient power plants to
supply the electrical needs of space vehicles. Design studies® at the
Oak Ridge National Laboratory have shown that high performances are
achievable in a nuclear reactor mated to a Rankin cycle turbine generator

system employlng potassium as a single working fluid. In addition,

1A. P. Frass, lNucleonics 22, 72 (1964).



liquid-metal. corrosion studies?

have shown that the corrosion resistance
of Haynes alloy No. 25 1s superior to that of Inconel and type 316 stain-
less steel. The dissolubive corrosion of Haynes alloy No. 25 does not
increase inordinately with increasing temperature, and a2t higher test
temperatures, problems associated with aging embrittlemcent and fatigue
cracking are less severe. In addition to the above listed properties

K

the excellent high-temperaturc streangth of t©

5

fis alloy indicates its
potential as a container material for boiling potassium at 1000°C.

The room~-temperature embrittlement usually associated with this
alloy results from the precipitation of a Taves phase; however, tThis
embrittlement is rarely retained szbove 550°C (ref. 3). The embrittlc-
ment does not appear to be more acute in welded than in wrought material;
however, compositional changes involving an increase in tungsten and
silicon and a decrease in iron and nickel promote the Formstion of the
Taves phase.

The purpose of this investigation was to determine the high~vacuum
stability of Haynes zalloy No. 25 over 1is useful temperature range with
regard to (1) ils eveporatiocn characteristics, (2) the effects of cvap-
oration losses on alloy composition, and (3) the effects of long-term

annealing and evaporzstion losses on the alloy microstructure.
EXPERIMENTAL

Sample Preparation

Specimen stock C.16 cm thick was cold rolled to approximately

0.015 cm. Specimens with & total area of about 13 em?

were cub, polished
through 4/0 abrasive paper, degreased, weighed, and thelr geometric
surface area dcltermined. The compesition of the allcoy used in thls study

is:

°D. H. Jansen and E. B. Hoffman, Type 316 Stainless Steel, Tnconel,
and Haynes Alloy No. 25 Natural-Clrculation Boiling-Potassium Corrosion

3g. T, Wlodek, Embrittlement of a Co-Cr-W (L-605) Alloy, R 61 FPD
538 (Dec. 1, 1961).




Concentration

Element (b %)
Cr . 20.00
W 16.45
Ni 10,97
Fe 1.65
Mn 1.38
Si 0.30
c 0. 066
Co 49.16

Evaporation Apparatus

The two types of evaporation apparatus employed in this study are
schematically illustrated in Fig. 1. The first apparatus permitted
continuous messurement of the evaporation losses by observing the welght
change in a specimen suspended from a calibrated steel spring. The com-
bined sensitivity of the spring and the cathetometer for detecting weight
changes was 0.004 mg. This apparatus was capable of 5 X 107% torr at
temperatures to 950°C and 5 x 1078 torr at 1100°C.

A knowledge of the behavior of the principal elements vaporizing
from the alloy is important In understanding the time-dependent changes
in evaporation rates and the resulting microstructure of the alloy.
Therefore, a second apparatus was designed to permit the collection of
vapor deposits under variable conditions of time and temperature. The
vapor deposits from induction-heated specimens were guantitatively ana-
lyzed for elemental concentrations. This apparatus was capable of
1079 torr at temperatures to 1500°C. The construction, operating charac-
teristics, and experimental procedure for both types of equipment have
been discussed previously in detail.*

In an effort to determine composition gradients across the specimen
thickness, electron probe mlcroanalyses were completed using a

Norelco AMR/3 electron probe analyzer. A computer code described by

“p. T Bourgetté, Bvaporation of Iron-, WNickel-, and Cobalt-Base
Alloys at 760 to 980°C in High Vacuums, ORNL-36'/7 (November 1964).
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Fig. 1. Schematic Drawings of Zvaporation Apparatus Utilized in the Vaporization Studies of Eaynes
Alloy No. 25.



Brown? was used to correct the intensity data for absorpbtion and
fluorescent effects and to convert the corrected rate datas to welght

percents.
RESULTS AND DISCUSSION

Validity of the Experimental Teclnigue

The accuracy of the experimental evaporstion technique used in this
investigation was verified by the determination of the vapor pressures
of pure iron and pure nickel using the Knudsen-Langmuir equation with
the vaporization coefficient equal to unity. The measured vapor pres-
gsures agreed well with 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 a published value’ of
1.77 %X 1077 torr at 872°C. The results of these evaporation tests show

a linear weight loss with time, a behavior characteristic of pure metals. 8

Alloy Evaporation

Tdentification of Evaporated Elements

Chemical analyses of deposited metal vapors from tests conducted
for approximately 500 hr are summarized in Table 1. Although the total
amount of material being evaporated increased with increasing temperature,
the relative concentrations of the different alloying elements varied

considerably. The concentration of the higher vapor pressure elements,

°J. D. Brown, A Computer Program for Electron Probe Microanalysis,
Bureau of Mines No. 6648, 1965,

6y, E. Elliott and M. Gleiser, Thermochemistry for Steelmsking,
Vol. 1, p. 270, Addison-Wesley, Reading, Massachusetts, 1960.

7R, A. Gulbransen snd K. F. Andrew, Trans. Met. Soc. AIME Z21,
1247 (1961). B

85, P. Hirth and G. M. Pound, J. Phys. Chem. 64, 619 (1960).




Table 1. Chemical Analyses of Vapor Deposits Evaporated from Haynes Alloy No. 25

Analyses of Vapor Deposits

Actual Total
Test Welght - s . Vapor
Conditions® TLossP Cr Mo co we L 81 v DepositC

") g) (9 e (%) (w) (8) W) G d) () (mH) () (0% () (rE) 06

872°C for 3.40 2.11 66.88 0.56 17.75 0.26 8.27 0.18 5.70  0.03 1.01 0.00% 0.03 0.01 0.35 3.155
504 hr

927°C for 4.70 3.08 66.31 0.68 14, 64 0.48 10.33 0.17 3.66 0.21 4.52 0.001 0.02 0.024 C.52 4. 645
507 hr

982°C for 1:.80 7.63 66.58 1.24 10.82 1.75 15.27 0.38 3.32 0.28 2.41 0.15 1.31 0.03 0.29 1%.46
509 hr

1038°C for 23.6 14.90 64.50 2.18 9,44 4.43 19,18 0.79 3.42 0,65 2.81 0.08 0.35 0.07 0.20 23.10
505 hr

1093°C for 303.90 146.50 47.79 17.1C 5.58 106.0 34.58 9.00 2.94 26.60 8.68 0.9 0.3C 0.41 0.13  306.55
503 hr

#At 1 x 1079 torr.
bInitial sample weight minus final sample weight.

CWeight of deposit determined by analytical chemistry methods.
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Cr, Mn, and Fe, iu the vapor deposit decreased with increasing tempera-
ture between 872 and 1093°C, while the concentration of the lower vapor
pressure elements, Co, Ni, and Si, showed an incresse.

Tests conducted at 982°C for times ranging from 5 to 500 hr showed
that the concentration of manganese and iron in the deposit decreased
with increasing time, while the concentrations of the remaining elements
in the deposit increased. The concentration of chromium and cobalt
increased at a significantly greaber rate than did nickel and silicon.
These results indicated a selective loss of alloying elements, resulting
in a constantly changing surface composition.

Electron probe microanalysis of specimens tested at temperatures
ranging from 872 to 1150°C for times to 3000 hr showed the existence of
concentration gradients which varied with time and temperature. Pypical

results as illustrated in Fig. 2 for a 1040°C test substantiated the
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chemical analysis and indicated that there 1s a depletion at the specimen
surfaces of Fe, Cr, Ni, and Mn. The surface concentration of tungsten
and silicon increased substantially, while the cobalt concentration
increased only slightly. Further, losses of the higher vapor pressure
elements, chromium and manganese, from the interior regions of the
specimen resulted in an increase in the Co, W, and Fe concentrations in
these regions. This behavior indicated that subsequent losses of the

evaporating elements were diffusion-rate dependent.

Metallography

The microstructure of Haynes alloy No. 25 at the temperatures
investigated exhibited four major changes that can be directly
attributed to evaporation losses. These changes are listed below.

1. The formation of microscopic subsurface voids resulting from
the coalescence of Kirkendall vacancies.

2. The formation of a "honeycomb® structure at specimen surfaces

above 1000°C.

3. Formation of the Laves phase (Co,Ni),(W,Cr) at specimen surfaces.

4, Dissolutioning of the Laves precipitate in the subsurface
regions of the specimens due to bulk compositional changes.

These microstructural changes are illustrated in Figs. 3 and 4.

Wlodek? reported that Haynes alloy No. 25 on prolonged exposure in
the temperature range of 630 to 1100°C will precipitate a Laves phase,
which promotes alloy embrittlement. Maximum Taves preciplitation occurs
in the vicinity of 870°C after abcocut 1000 hr. Aging treatments at higher
temperatures result in lesser amounts of lLaves phase in the microstruc-
ture. Wlodek further stated that silicon stabilizes the Taves phase and
also the hexagonal-close-packed modification of the cobalt wmatrix. Other
constituents such as iron and nickel tend to stabilize the facce-centered
cubic high-temperature structure of the cobalt matrix. In addition,

nickel tends to decrease the stability of the Laves phase.

°3. T. Wlodek, Fmbrittlement of a Co-Cr-W (L-605) Alloy, R 61 FPD
538 (Dec. 1, 1961).




PHOTO 84999

870°C Y-70344 930°C Y-70339 980°C Y-70338
142 hr 2043 hr 2157 hr
WT. LOSS—0.68 mg/cm?  WT. LOSS—3.41 mg/cm? WT. LOSS—8.73 mg/cm?2

g. 3. The Effect of Evaporation Losses of Less Than 10 mg/cm2 on the Microstructure of Haynes
Mloy No. 25. Original magnification 500x. Etchant: 100 ml Hp0 + 40 ml HCpH30,; + 40 ml HCL +
15 ml Hy80, + 40 ml HNO; + 25 g FeClj, electrolytically polished using a platinum cathode.



PHOTO 84998

1040°C Y=70343 1090°C Y-70342 1150°C Y-70341
2672 hr 670 hr 164 hr

WT. LOSS—22.6 mg/cm2  WT. LOSS—27.5 mg/cm2  WT.LOSS-25.20 mg/em?

Fig. 4. The Effect of Evaporation Losses in Excess of 20 mg/cm2 orn the Microstructure of
Hayunes Alloy No. 25. Original magnification 5CCX. Etchant: electrolytically polished using a
platinum cathode in & solution of 10C ml Hy0 + 40 mi HCpH302 + 40 ml HCL + 40 ml HNOs + 25 g Fells.

Ot
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Slight compositional changes involving the elimination of silicon,
a decrease in the tungsten level, and an increase in the iron and nickel
contents may suppress the Laves phase precipitation in the temperature
range 850 to 1000°C. This sbudy has shown, however, that in addition to
chromium and manganese, substantial amounts of iron and nickel with
lesser amounts of silicon were evaporated from the specimen surfaces.
The loss of these elements from the surfaces of thin specimens, in
essence, resulted in an increase in the concentration of tungsten and
cobalt. This evaporation behavior could therefore promote the formation
of the Laves phase at temperatures above 900°C. Wlodek? also reported
that Laves phase forms within 64 hr at temperatures of 760 to 980°C.
Evaporation tests have shown, however, that at these temperatures far
longer times are required to substantially change the bulk composition
of the alloy. Therefore, the Laves phase in the microstructure (Fig. 3)
resulted from thermal effects and not from evaporation.

Resgults of x-ray diffraction analysis showed that the surfaces of
all specimens evaporation tested at 930 to 1150°C were composed of the
Laves phase. Metallographic examination further showed that the amount
of laves phase at the specimen surfaces increased with temperature or
with an increase in evaporation losses. Thig behavior is illustrated in
Fig. 3 for evaporation losses of less than 10 mg/cmz and in Fig. 4 for
losses in excess of 20 mg/cm?. Dissolution of the Laves phase in the
subsurface regions occurred simultaneously with its formation on the sur-
face. This anomelous behavior is abttributed to the gross differences in
composition in these regions due to evaporation losses of the higher
vapor pressure clements, Mn, Cr, and Si.

The higher evaporation losses from reglons near the surface and the
coalescence of volds directly beneath the surface resulted in the honey-
comb structure at the specimen surfaces (Fig. 4). Subsurface voids were
present throughout the microstructure of the 0.015-cm specimens that
had suffered a weight loss of 2 mg/cm2 or greater. The formation of
these microscopic voids 1s attributed to the coslescence of Kirkendall

vacancies.



kBvaporation Behavior of Polished Specimens

Evaporation tests were conducted at 870, 930, 980, and 1040°C for
times ranging from 1200 to 2700 hr. Tests conducted at 1090 and 1150°C
were terminated prematurely at 650 and 170 hr because of excessive cvap-
oration losses. The results of these tests, illustrated in Fig. 5, show
that evaporation losses in this alloy are highly dependent on tempera-
ture. In addition, the changes in slope of these curves indicate =
decrease in the evaporation rate with increasing time. This behavior is
illustrated more clearly in Fig. 6. The decrease in evaporation rate
with time was greater at the low lemperatures and is attributed to the
decreage in diffusion rates of the evaporating elements at these
temperatures.

As shown earlier by the existence of concentration gradients and
the time-dependent changes in the composition of vapor deposits, the
surfaces of the specimens become depleted in the higher vapor pressure
elements. Therefore, their future losses become diffusion-rate depen-
dent. The major significance of Fig. 6, however, is that the curves are
nearly parallel which indicate that the evaporation mechanisms or the
rate controlling step changes only slightly between 2 and 1000 hr. It
is postulated that this change may be due to the formation of Laves
phase on the specimen surfaces.

Potential space applications for Haynes alloy No. 25 may require
service lives in excess of 10,000 hr. A method for predicting total
welght losses for potential operating temperatures to various service
lives is plotted in Fig. 7. 1In addition, these curves may be used to
select operating temperatures for a maximum tolerable weight loss. The
microstructures associated with such weight losses may in turn be esti-
mated with the aid of Figs. 3 and 4. It is emphasized, however, that
this research tested specimens only 0.015 to 0.020 cm in thickness and
that greater thicknesses might yield quite different experimental
results. Tt is felt that the major differences would be an increase in
the severity of the concentration profiles of the evaporating elements
near the surfaces and a decrease in the severity of void formation

within the bulk of the sample. However, the evaporation rates would
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Fig. 6. Variations in the FEvaporation Rate of Haynes Alloy No. 25
with Time and Temperature.
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remain relatively high as long as the temperature was sufficient for the
higher vapor pressure elements to diffuse to the specimen surfaces.
Greater thicknesses simply mean that more material 1s available for

selective evaporation.

CONCLUSIONS

This study has shown that the higher wvapor pressure alloying ele-
ments, manganese and chromium, were selectlvely evaporated from Haynes
alloy No. 25 at high vacuum in the temperature range of 870 to 1150°C.
When the surface of this cobalt-base alloy became depleted of the higher
vapor pressure alloying elements, their further loss became dependent on
their diffusion rates in the base alloy. At the lower temperatures
(<1050°C), the low diffusion rates of the volatile, evaporating elements
resulted in severe concentration gradients. At temperatures of 1090 and
1150°C these gradients were lesgs severe; however, there occurred =z much
greater change in the bulk concentration of these higher vapor pressure
elements. Eventually, the specimen surfaces became enriched in the
lower vapor pressure elements, cobalt and tungsten. Because of this
behavior, the evaporation rate at constant temperature decreased with
time. The amount of cobalt in the vapor increased with time.

Surface roughening, vold formation, and formation of massive Laves
phase at the specimen surfaces were the major microstructural changes
attributed to evaporation losses. As evaporation of the higher vapor
pressure elements continued, however, the alloy composition in the sub-
surface regions of the specimens was altered in a manner which resulted
in the dissolution of the finer laves precipitate.

The use of Haynes alloy No. 25 in space environments for times in
excess of 10,000 hr is not recommended at temperatures above 870°C, It
is felt at the present time that thicker sections could be used

successfully at 800°C or below.
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