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ABSTRACT

The results of experimental investigations to determine the
effect of potassium on the creep-rupture properties of the TZM
alloy are presented herein. The tests were conducted at 1800°
and 20000 F, with and without exposure to saturated potassium
vapor. The results indicated that the creep-rupture behavior was
not influenced significantly by exposure to potassium vapor for
periods of approximately 1,000 hours. However, some mass-transfer
type corrosion was observed. This signifies that it is dangerous
to extrapolate the results of this study to 10,000 hours, because
progressive mass transfer might eventually cause accelerated creep
and premature failure.

Publication of this technical documentary report does not
constitute Air Force approval of the report's findings or con-
clusions. It is published only for the exchange and stimulation
of ideas.
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SECTION I - INTRODUCTION AND OBJECTIVE

The candidate material selected for fabrication of the wheel
and blade components for the potassium-vapor turbine in the SPUR
power plant is the TZM alloy (Mo - 0.5 w/o Ti - 0.08 w,/o Zr).
This material appears to have the necessary fabricability,
strength, and resistance to corrosion by potassium. Another
important property for this application is resistance to creep,
since excessive creep of the turbine blades under the centrifugal
stresses imposed can cause rotor unbalance and rubbing of the
blade tips on the shroud.

The turbine can be designed on the basis of vacuum-creep
data at the temperatures of interest, provided thwt exposure to
potassium vapor does not cause accelerated creep.' The objective
of this study was to compare the creep-rupture behavior of the
TZM alloy in a vacuum or inert atmosphere with its creep-rupture
behavior in saturated potassium vapor at 18000 and 2000'FT

To circumvent the temperature-instability problems asso-
ciated with 2000°F boiling-refluxing potassium in a bellows-
sealed chamber, hollow creep-rupture specimens were used. For
the potassium-vapor exposures, a small amount of potassium was
sealed into each specimen cavity and the tests were run in con-
ventional vacuum-creep equipment. Control tests (vacuum or
helium in the specimen cavity) utilized the same specimen design,
but without potassium.

Manuscript released by authors Cctober. 1964, for publication
as an RTD Technical Documentary Report.
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SECTION II - TEST MATERIALS AND SPECIMEN PREPARATION

The TZM specimen stock was procured from the Universal
Cyclops Steel Corporation in the form of 3/4-inch-diameter, arc-
vacuum-cast, hot-rolled, stress-relieved (1 hour at 22000F)
ground bar. The vendor's analysis showed the following con-
stituents (weight percent):

Ti 0.50 Cr <0.001 Fe 0.0015

Zr 0.09 W 0.006 0 0.0018

C 0.027 Sn 0.001 N 0.0001

Si 0.0035 Ni 0.002 H 0.0003

Al <0.001 Pb <0.001

This material was from Mill Order No. RW9-1984-G, Heat No.
KD-TZM-1155B. The room-temperature mechanical properties (longi-
tudinal direction) of two samples tested by the vendor were as
follows:

Hardness 295 and 300 VHN

Yield point 112.6 and 113.8 kpsi

Ultimate tensile strength 130.9 and 129.7 kpsi

Elongation 21.6 and 24.5 percent

Reduction in area 40.1 and 51.3 percent

Specimens were fabricated from this material according to
the drawing shown in Figure 1, using the following procedure:

(I) Bar stock was sawed into 3-9/16-inch lengths.

(2) The 1:2-inch hole was gun-bored and honed to a surface
finish of <10 p.in. rms.

(3) Using a lathe with a collet on one end and a live
center at the other, the OD's were turned to size
and threaded, leaving 5 to 15 mils of excess stock
on the gauge sections for finish grinding.

(4) The gauge lengths and fillets were finish ground in
a spindle grinder to a surface finish of <10 in. rms.

(5) All specimens were then meLsured for internal and
external surface roughness, internal and external
diameters, and gauge length.
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Special-purity potassium, obtained from MSA Research Corpo-
ration, was used. A certified analysis of this material, supplied
by the vendor, was as follows:

Element PPM Element PPM Element PPM

Na 30 Cu 9 Be < 1
Fe 35 Pb < 5 Ag < I
B <10 Cr < 5 Zr <10

Co < 5 Si <25 Sr < I
An 5 Ti < 5 Ba < I

Al 6 Ni 12 Ca 10

As 4 Mo <3 0 10

Sn <5 V < I

Although the purity of this potassium was riore than adequate
for charging the creep-rupture specimens, it was subjected to a
hot-gettering step in order to minimize contamination during the
transfer and specimen-charging operations. Figure 2 illustrates
the hot-gettering loop. Potassium from the shipping container
(fill tank) was melted and transferred by gas p:essure to the
gettering pot. The liquid was then circulated through the loop
at 1200 0F for at least 24 hours. The gettering foil was a Zr -

30 w/o Ti alloy, 5 mils thick. All valves were of the sealed,
bellows type.

After the gettering period, the potassium was frozen in the
transfer vessel; this vessel was then removed from the loop at
the two flanges in the horizontal legs and transferred to a glove
box. The glove box was evacuated and backfilled with pure helium.
One end of the transfer vessel was then fitted with an orifice
plate and the other with a screw-operated plurner. I"

The creep-rupture specimens, with one end plug Heliarc-welded
in place and leak-checked, were charged jith potassium inside the
glove box as follows. A solid potassium rod about 3 inches long
was extruded mechanically from the transfer vessel, cut off with
a Teflon-coated razor blade, and discarded. Several cubic centi-
meters of potassium were then extruded into a glass jar on a hot
plate. The jar had been washed with a detergent, rinsed with
acetone, and dried with alcohol. A similarly cleaned hypodermic
needle was then used to extr&ct and insert 1/4 cu cm of molten
potassium into each specimen cavity. The second end plug was
then welded into each specimen, and the specimens were removed
from the glove box and given a final leak check with the mass-
spectrograph helium leak detector.

4
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At the same time that the specimens were being charged, sam-
ples were taken for oxygen determinations. One sample, extruded
directly into the mercury amalgamation apparatus, showed 14.5 ppm
oxygen. Three others showed 38, 63, and 67 ppm oxygen, respec-
tively. The higher values were obtained with samples that had
been allowed to stand for appreciable periods of time in Tygon-
sealed glass tubes outside the glove box before the tubes were
flamed off and inserted into the amalgamation apparatus. Since
these samples tarnished visibly during storage, it was concluded
that they were contaminated after they were removed from the glove
box. Consequently, it is felt that although three samples were
higher than 15 ppm (381 63ý and 67 ppm) oxygen, the analysis of
the first sample (4.5 ppm) represents an accurate oxide concen-
tration in the potassium employed in these tests.
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SECTION III - TEST APPARATUS

The apparatus utilized for conducting the creep-rupture
experiments on the TZM alloy is shown schematically in Figure 3.
Figure 4 shows a portion of the vacuum-creep-test laboratory at
Battelle, illustrating the creep frames, lever system, mechanical
and diffusion pumps, and method of making optical strain measure-
ments.

The specimens were stressed by placing dead weights on a
hanger attached to the rear of the load lever. The mechanical
advantage was approximately 9:1, varying slightly from unit to
unit. Each unit was equipped with an electric timer, which
started when the load was applied and stopped automatically when
the specimen ruptured. In routine operation during most tests,
the vacuum system maintained a chamber pressure that was well
below the bottom of the scale (10- 3 torr) on a thermocouple-gauge
indicator. Some of the newer units were equipped with ionization
gauges; normally indicating 5 x 10-5 to 5 x 10 4 torr during a
test.

The furnace resistance windings were Hoskins 875 alloy for
the 1800°F runs and molybdenum for the 2000°F runs. The windings
were tapped at nine axial locations to permit short sections at
hot zones to be shunted out, thus maintaining a uniform axial
temperature in the specimen. A thermocouple-actuated Foxboro
controller regulated the specimen temperature at the desired value
within about 5 degrees at 20000 F.

7
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SECTION IV - TEST PROCEDURE

The following steps were used in preparing and running a
creep-rupture experiment:

(1) The upper and lower pull rods (which were fabricated
from stress-relieved TZM bar stock) were threaded onto
the specimen ends.

(2) The gauge section of the specimen was wrapped with two
strips of 1-mrl-thick tantalum foil, overlapping about
an inch in the center. The wrapping, secured with
molybdenum wires, can be seen in the partial assembly
in Figure 5. The tantalum foil served to getter traces
of reactive gases in the vacuum chamber, thereby re-
ducing contamination of the specimen surface during a
test.

(3) Three Chromel-Alumel thermocouples were wired to the
sf cimen--one in the middle and one near each end of
th gauge length--with the beads tight against the
tantalum, as shown in Figure 5. In test, the center
thermocouple was attached to a Foxboro controller
which regulated the current to the furnace. The other
two thermocouples were periodically monitored to
insure axial temperature uniformity.

(4) Overlapping platinum extensometer strips were wired
at each end of the specimen shoulder, utilizing the
circumferential V-grooves (Figure 1) to hold the
molybdenum wires in place. One pair of such strips
is visible in Figure 5; the other pair is 180 degrees
away (behind the specimen). During a test, the sepa-
ration of the fine reference marks scribed on the
sliding platinum strips was measured periodically
with a traveling micioscope tocused through the
chamber sight port (Figure 4), which resulted in the
direct measurement of strain in the gauge length.

(5) The ends of the pull bars were fitted with stub
adapters, and the whole assembly was inserted in
the furnace tube (Figure 3) and sealed to the water-
cooled bellows flanges with Neoprene gaskets. The
six thermocouple leads were brought out through an
insulating elastomeric vacuum seal in the water-
cooled thermocouple outlet tube.

(6) The vacuum chamber was evacuated, and the specimen
heated to the desired temperature.

10
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(7) When equilibrium conditions were achieved (specimen
temperature uniform and steady at the desired value),
the test was begun by placing predetermined weights
on the lever load pan. These weights were calculated
to provide the desired axial stress in the specimen,
compensating for:

(a) Pressure difference between the inside and
outside of the specimen

(b) Pressure difference between the inside and

outside of the vacuum chamber

(c) Dead weights of loading-system components

(d) Lever-arm mechanical advantage

(8) Strain readings were taken optically at the
instant the load was applied, at frequent intervals
during the first hour, and then once or twice a day
thereafter until the specimen ruptured.

1f
0
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SECTION V TEST RESULTS

Twelve creep-rupture experiments were conducted during this
investigation--seven at 2000OF and five at 1800'F. The test
conditions and results are summarized in Table I and in Figures
6 through 10.

A. Effect of Internal Pressure

Before adopting a hollow specit.;en with potassium vapor
sealed inside under an atmosphere of helium, the possibility was
considered that the multiaxial stresses resulting from the in-
ternal pressure due to the helium expansion on heating and to
Lhe vapor pressure of the potassium would affect the creep re-
sults. At 20000 F, there is an internal pressure of 153 psia fron
the potassium vapor and about 67 psia from helium expansion, or
about 220 psia total internal pressure. The maximum principal
stresses induced by this pressure (by Lame's equations) are 300
psi axial tension, 815 psi tangential tension (at the inner wall),
and 220 psi radial compression (at the inner wall). The smallest
axial tensile stress used in any of the tests listed in Table 1
was 36,500 psi (Tes- 7).

It was demonstrated experimentally by Oak Ridge Nationai
Laboratory', 2 that when the ratio of axial to tangential siresses
(uZ/ag) is greater than i,/2, the axial strain rate is independent

of the state of stress and depends only on the stress in the axial
direction. Thus, the creep behavior under the triaxial stresses
in the current wurk (j c • > 40) would be expected to be inidis-

tinguishable from that 4hich would uccur under uniaxial tension.

The purpose of Test 2 (solid specimen - no internal pressure)
was to get a quick experimeital check of this. As can be seen
from the very good agreement of the creep curve for Test 2 with
those for Tests I and 3 in Figure 7, the internal pressure seemed
to have no effect on the creep-rupture results. Test 2 also pro-
vided confidence that hollow specimens (even without multiaxial-
stress considerations) give results comparable to those obtained
with solid specimens.

B. Thermocouple Diffusion Reaction

Visual examination of the specimens following the tests re-
vealed isolated spots on the outer surface, varying in size from
scarcely visible to about 1 16 inch in diameter and located pre-
cisely where the Chromel-Alumel thermocouple beads had been wired
to the tantalum-foil wrapping. These reaction zones were most
pronounced under the two end thermocoupkes on specimens which had
been at 2000 F for the longest periods of tinge (Tests 4. j. and
7). There was generally very iittle reaction under the center
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thermocouple, undoubtedly because the bead was separated from the
TZM surface by a double thickness of tantalum foil, whereas the
ends had only a single-thickness wrapping. The reaction zones
were insignificant in specimens that had been tested at 1800cF.

Figure II shows photomicrographs of sections of a specimen
where reactions with the thermocouple beads had occurred. The
reaction zones are sharply defined by the recrystallized grain
structure. It was not considered worth while to do any detailed
analytical work on the reaction produc':s, since the problem can
be circumvented in any future tests by inserting a ceramic
barrier under the thermocouple bead. A reasonable guess is that
the nickel in the thermocouple wires (Chromel is 90 Ni - 10 Cr
and Alumel is 94 Ni - 3 Mn - 2 Al - I Si) diffused through the
tantalum foil and into the surface of the T2M, lowering the
recrystallization temperature in the Ni - Mc. alloy region to
below the 2000cF test temperature.

The recrystallized zones have significantly lower strength
than the parent TZM. In two of the specimens (Tests 4 and 7),
rupture occurred directly through such reaction zones. One of
these is shown in Figure lla, and Figure tlb shows how the grain
boundaries in the recrystallized area separate under the tensile
stress.

Since the reaction involves highly localized solid-state
diffusion and subsequent recrystallization of the altered alloy,
both of which are time-dependent phenomena at a given temperature,
it would not be expected to influence the gross creep behavior
until the reaction had progressed to a considerable extent. Thus,
Tests 1, 2, and 3 (Figure 7) are probably not affected by this
phe, jmenon, nor are the first 150 hours or so of Tests 4, 5, and
7. Further, since Specimen 5 did not fail through a reaction
zone, its creep curve is very likely valid throughout. However,
in Tests 4 and 7 whete failure occurred through reaction zones,
third-stage creep and rupture were undoubtedly accelerated by the
thermocouple reactions. This explains why rupture occurred
earlier in Test 4 than in Test 5, even though the stress was
lower in Test 4.

The possibility that the diffusion reactions altered the
thermocouple calibrations was investigated by calibrating a
thermocouple from a particularly severe reaction zone after
the creep test. It was found to be well within the tolerance,
reading only 50F low at 19 8 3 °F, as tabulated below.

Standard
temp, --F 1983 1832 1578 1459 1320 1167 990 922

Indicated

temp, °F 1978 1831 1578 1459 1320 1167 990 921

Error, 'r -5 -1 0 0 0 0 0 -1

20
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C. Crystal Deposits

It should be noted from Table 1 that, with the exception of
Specimen 7, all hollow specimens suffered an increase in the sur-
face roughness of their bores. In general, the potassium vapor-
exposed surfaces were roughened more than the vacuum- or helium-
exposed surfaces. Specimen 12 appears to be an exception, but
actually its bore had been exposed briefly to 1800OF potassium
vapor before Test 12 was run. Originally, Specimen 12 had been
charged with potassium and brought up to 1800"F in the vacuum-
creep furnace in preparation for Test 11. However, before the
stress was applied, a crack developed in the threads. It was
feared that the crack would propagate to the interior wall. If
this had occurred, the potassium vapor would have had unob-
structed passage to the furnace interior and the test would have
been aborted. Therefore the specimen was salvaged by drilling
out an end plug, cleaning the bore with alcohol, and utilizing
it for Test 12 (vacuum) instead of Test 11. It was felt that
the crack did not require repair since there was a sufficient
number of sound threads remaining to grip the specimen for the
test.

After the tests, the specimens were cut in half longitudi-
nally and their interior surfaces examined. All potassium-
exposed specimens showed a slight polishing in the short liquid-
contacting zone at the bottom but no well-defined liquid-vapor
interface line. Rather, the surface appearance changed
gradually from bright, where the liquid had been, to dull in the
vapor region. In the three specimens that had been exposed to
2000°F potassium (Tests 3, 4, and 5), this dull finish changed
to an irregular satin texture in the thin-walled gauge section.
Microscopic examination of this satin finish revealed that it
was caused by deposited crystals, mostly metallic. Specimens
that had been tested in vacuum did not show such deposits.

Representative crysta. deposits from Test 5 (2000 0 F, 641.3
hours) are shown in Figure 12. Microprobe analysis showed the
metallic crystals to be 99 plus percent molybdenum. They were
tightly adherent to the TZM surface. The nonmetallic needles,
which were found only in one isolated region (Figure 12b), were
identified by x-ray diffraction as K2 MoO 4.

Crystal deposits, much finer and sparser, were also observed
in specimens from the short-time 1800'F Tests 8, 9, and 10; and
the largest, most concentrated crystals of all were fcund in the
specimen from the 1800 F Test 11. This latter test was discon-
tinued after 1,539 hours, with the specimen well into third-stage
creep, so that the specimen could be sectioned and the potassium
removed without disrupting the deposits.

As with the 2000 F specimens, the one from Test 11 showed an
irregular pattern of deposition over the entire gauge section,
with the heaviest concentration of crystals in a zone just above

22
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the bottom fillet. These crystals can be seen in Figures 13a and
b. A well-defined circumferential ring about 20 mils wide,
passing through this heavy deposition zone, was found under the
microscope to be an area from which metal had been leached, as is
evident in the cross-sectional view, Figure 13c. It is likely
that this highly localized band was the source of much of the
metal in the deposited crystals.

Similar circumferential bands were observed in all specimens
tested with potassium inside. Some were scarcely more than a
tarnish ring, flanked by very tiny crystals; others consisted of
a smooth band bordered on one or both sides by a dense, narrow
ring of metallic crystals. It appears that the locations of
these rings on the specimen bores are associated with the posi-
tions of the molybdenum wire used to hold the tantalum foil and
thermocouples in place (see Figure 5). This, together with the
polished appearance of the liquid-contacting end and the crystal
deposition in the thin-walled region, suggests a temperature-
gradient mass-transfer mechanism.

It is difficult to see how any sizable temperature gradient
(t) can exist in the walls of a high-thermal-conductivity

specimen during a creep test. However, it is conceivable that
gradients within the specimen length of only a few degrees
Fahrenheit could produce the deposits observed. From the
specimen and pull-rod geometry and the furnace arrangement, it
is possible that the grip ends of the specimen were hotter than
the gauge length. In addition, because of the more intimate con-
tact of the tantalum foil with the specimen surface under the
place where the molybdenum wire was wound, heat radiated from
the furnace to the foil was transferred to the specimen surface
in this region, resulting in a local hot ring. This effect was
aided by the fact that the molybdenum can absorb radiant heat
more readily than tantalum by virtue of its higher emissivity
(approximately 0.13 versus 0.075 to 2000•F).

Unless the boiling-refluxing action inside a specimen were
accompanied by violent splashing, the observed crystal deposition
would have had to take place from the vapor phase. In general
the deposition patterns suggest that this(vapor phase deposition)
was the case. Without a detailed study, it is not possible to
spell out the mass-transfer process. There are a number of
possibilities. A plausible one is that some potassium compound
reacted with the TZM wall in a hot region, forming a volatile
molybdenum compound which was reduced by potassium vapor in a
cooler zone, depositing free molybdenum and returning the
potassium compound to the hot zone to pick up more molybdenum.

As an example, consider the reactions

(a) 2K 1 1 2 MoO 2  - K2 0 - 1 2 Mo

and

25



(b) 2K + 1/3 MoO 3  K K20 + 1/3 Mo.

The free energy changes for the forward reactions, in kca!/mole
of K20, are:

Reaction AF l8O0oF &O2000OF

(a) +6.5 +9.5

(b) -3 0
Assuming that the liquid region was hotter thin the vapor region
inside the specimen, the K20 in the melt would react with molyb-
denum oxide, in accordance with the back reactions. Now, MoO2 ,
which sublimes at 2012 0 F, has a relatively high vapor pressure
at the test temperatures, as does MOO 3. Consequently, a fraction
of these oxide species would be transmitted to the vapor space,
where the temperature is lower and the back reactions are less
favored. Here, the molybdenum oxide vapors would be reduced by
the potassium vapor in accordance with Forward Reactions (a) and
(b), leaving molybdenum to crystallize on the cooler walls and
freeing the potassium oxide to start the cycle again in the
hotter liquid zone.

Fortunately, reactions that compete with Reactions (a) and
(b) are much more favorable thermodynamically, thus retarding
the mass-transfer processes. For example, MoO 3 and MoO 2 reacting
with potassium liquid or vapor are much more likely to form
K2 MoO 4 than K20, in accordance with the following:

•F0, kcal Mole of KMo204

Reaction 1800°F 2000°F

2K + 2MoO2 - K2MoO 4 + Mo -7473

2K + 2McO 3  K2Mo04 + M002 -126 -124

2K + 4`3 MoO3 0- K2MoO 4 + 1/3 Mo -108 -106

The K2 Mo0 4 , which is molten above 17000 F, is apparently thermally
stable at 2000OF and not readily reduced; therefore, it V.ould be
expected ultimately to tie up most of the oxygen of the system.

It should be emphasized that the above-described mechanism
of transport through oxidation is only one of a variety of pos-
sibilities. The concept of simple K-Mo solution-precipitation
cannot be ignored. The solubility of molybdenum in potassium at
the temperatures encountered is small but finite. In a boiling-
refluxing system, the refluxing potassium could dissolve molyb-
denum from local regions on the walls and leave crystals behind
as the potassium is re-evaporated. The presence of "erosion
tracks" on the ID surfaces of some specimens and the concentra-
tion of deposits above and below the hot bands tend to support
this concept.
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Sincc the kinetics of this system are not readily explain-
able and the anticipated life time (10,000 hours) of the com-
ponents to be fabricated from this alloy is much greacer than
the test times experienced, a program was immediately initiated
to determine the causes of the mass-transfer mechanism and the
means by which it might be circumvented. These tasks will be
accomplished prior to the initiation of any creep tests of
longer duration.

D. Corrosion Effects

A search was made for metallographic evidence of corrosive
attack other than hot-zone leaching and crystal deposition.
Except for localized dissolution and deposition as shown in
Figure 13 (the severest case found), the overall post-test sur-
faces and grain structures were the same as those of the pretest
TZM. The close similarity between Figures 14(a) and 14(b)
illustrates this.

E. Creep-Rupture Behavior

Comparison of the deformation-time curve in Figure 6 for
Test 10 with that for Test 12 (the same stress and temperature)
shows the potassium-exposed specimen to have a higher creep rate
and shorter rupture life than the inert-atmosphere specimen.
However, the reverse is true when Tests 5 and 6 are compared in
Figure 7. This inconsistency seems to be the result of simple
data scatter, rather than any real effects of environment.

The latter conclusion was reached from careful study of
Figures 8, 9, and 10. Figures 8(a) and 9 correlate all the 180O0F
test results, and Figures 8(b) and 10 correlate all 20OO°F test
results, with allowances for the accelerated creep in the later
stages of Tests 4 and 7, owing to thermocouple reactions. These
curves show that any influence the potassium vapor may have had
on the stress-rupture behavior of the TZM in these experiments
was small compared with that of other factors contributing to
scatter in the data. The inert-atmosphere points seem to be
more or less randomly interspersed among the potassium-vapor
points.

The six 1800F stress-rupture points from DMIC[190, plotted
in Figure 9 fe r comparison purposes, show a great deal more
scatter than do the results of the present investigation. Either
the TZM material, the test conditions, or both were not consistent
in the Climax tests. However, since five of the Climax points lie
above the rupture curve in Figure 9, the material used by Climax
must have been more creep-resistant. The Ci.. -

rupture at 2000F (Figure 10) show considerably better alignment
with the newly generated 2000 F rupture curve.
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SECTION VI - CONCLUSIONS

On the basis of the results of this study, the following
conclusions can be drawn regarding the effect of potassium on
the behavior of stress-relieved TZM alloy during 18000 and
2000OF creep tests:

(1) The 1000-hour creep-rupture behavior is not
intluenced significantly by exposure to potassium
vapor during creep testing at the above test
temperatures.

(2) Nonisothermal TZM surfaces in contact with 1800'
or 2000OF saturated potassium vapor can undergo
hot-zone leaching and cooler-zone crystal
deposition. Apparently small temperature
gradients will suffice since each of the three
specimen thermocouples indicated only minute
temperature variations within the specimen.

(3) The severity of the mass transfer appears to
increase with increasing maxinum temperature
and duration of the exposure.

(4) Extreme care should be practiced in extrapolating
the resultant data until the nature of the mass-
transfer mechanism is ascertained. If the
results of the newly initiated mass-transfer in-
vestigation indicate that this mechanism can be
circumvented, the results will have to be sub-
stantiated by future creep tests of longer duration.
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