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X-RAY AND METALLOGRAPHIC STUDY OF THE NICKEL-RICH ALLOYS OF THE
NICKEL-MOLYBDENUM SYSTEM. IT

P. V. Guthrie E. E. Stansbury

ABSTRACT

This investigation is a continuation of previous studies on the
nickel-rich alloys of the nickel-molybdenum binary alloy system. The
research was conducted on alloys produced by melting and casting or by
the powder metallurgy technique. Alloys ranging from 18 to 60 wt % mo-
lybdenum were prepared and homogenized in a hydrogen atmosphere at 1250°C
for a minimum of 50 hr. Subsequent heat treatments in the temperature
range 700 to 1000°C provided information on the progress of phase trans-
formations in the system and, in so far as possible, indicated the equi-
librium phase relationships to be expected. X-ray, metallographic, and
hardness-measuring techniques were used.

The lattice parameter of the & solid solution as a function of mo-
lybdenum concentration was determined and used as an aid in establishing
the extent of solid sclubility of molybdenum in nickel., Molybdenum ex-
pands the nickel lattice at the approximately constant rate of 0.0033 A
per weight per cent molybdenum.

The peritectoid reaction for the formation of the B phase from the
& and 7 phases was established at 868 + 2°C, which compares to a previ-
ously reported temperature of 840°C. The body-centered tetragonal struc-
ture of the B phase was confirmed, although there i1s evidence for an in-
termediate structure to form during the process of transformation of the
& to the B phase. The etching characteristics of the B phase were ob-
served to be quite variable, depending on the etchant and the rate at
which the B8 had formed from &, In general, etching tends to produce a
Widmanstatten pattern presumably associated with the large number of ori-
entations available to B as it forms.

Alloys in the composition range between the solubility limit of mo-
lybdenum in nickel and the B phase composition develop Widmanstatten
structures similar to the pure B phase. For this reason it has not been
possible to establish whether or not a two-phase (& + B) region exists

for these compositions or that a nonstoichiometric ordering is occurring.




The peritectoid reaction fur tiw 7 phase was observed at 910°C,
which confirms earlier wvesearch on tiw present projecct and compares to
the previously reported §:0°C. The » phuse does not possess a simple
close-packed hexagonal wunit cell as veported in carlier literature. X-
ray diffracticn studies showed o lzrge wmumper of faint lines which could
not be analyzed to provide The strusture.

X-ray, metallographic, and hardoess observations indicate that the
Q@ phase transtoims throwsh one or rore intermediate phases in approaching
the equilibrium state for the alloy. Tne sequence frequently involves a
precipitation from the & phase, followed by a grain-boundary-nucleated

growth process yielding the eguilicrium phasces.

ITWIRODUCTION

This investigation is a contimnation of the study of nickel-rich
alloys containing molybdenum, a subject of research of the Department of
Chemical and Metallurgical Frngineering of the University of Tennessee
for the past several years under subcontract No. 1114 with the Union
Carbide Nuclear Company.

In an effort to produce superior alloys capable of withstanding the
high temperatures and corrosive atuospheres in nuclear reactors, a more
extensive investigation of nickel-base alloys was begun at the Oak Ridge
National Laboratory. Of the many alloying agents investigated, molybde-
num in particular was outstanding in that nickel-molybdenum alloys ex-
hibited very high resistance to chemical corrosion as well as good high-
temperature properties. However, these alloys leave much to be desired
where oxidaticu resistance is a prime ccnslderation.

Further additions of chromiun end, possibly, iron, manganese, and
silicon (as found in Hastelloy B, a commercial alloy produced by the
Haynes Stellite Cowpany) were found Lo increase the high-temperature ox-
idation resistance of these nickel-molybdenum alloys, consequently giving
them a much wider range ot uscs. kut, before the effects of such addi-
tions can be understood, it is essentlal to have a more accurate and

thorough knowledge orf the binary systen.




The purpose of this investigation was to conduct a program of re-
search which would lead to a more complete understanding of the nickel-
rich portion of the nickel-molybdenum equilibrium diagram. The research
covered the composition range 18 to 62% molybdenum and the temperature

range 600 to 1000°C.

LITERATURE SURVEY

Alloys of nickel and molybdenum have been studied rather extensively
in the past, with two complete constitutional diagrams being published.
The first to publish data on this system were Grube and Schlect (E), who
reported the previous work of Baar (1), Dreibholz (1), and Koster and
Schmidt (1) along with their own work. Baar's investigation by thermal
analysis and microscopic examination was concerned with the higher-tem-
perature region of the diagram, including the solidus and liquidus lines.
Dreibholz's work essentially confirmed the previous work of Baar.

Koster and Schmidt found by hardness measurements that alloys of

1

more than 18 wt % molybdenum show, upon "aging," an increasing hardness

. . [+ . .
beginning at 600°C, with a maximum UNCLASSIFIED
ORNL-LR-DWG 56822

value at approximately 800°C, They 1600 ///

also established several polnts

showing the effect of molybdenum on M“)\~§§§E::::\\\\/A - —

the Curie temperature of nickel,

Grube and Schlect (1) sought 1200 1 ! \
+NiM
to complete the phase diagram by / i ’

NiMo +Mo
1000
; l 880°C

800 |- ¥

electrical conductivity and hard-

ness measurements, xX-ray structure

TEMPERATURE (°C)

identifications, and microscopic

examinations. However, they were
600
unable to do so and reported indef- 8

inite phase boundaries in their
400

I

|

. . . I
constitutional diagram, as shown [
I

I

I

Ni,Mo ‘ NiMo ‘
i
|

|

o] 20 40 60 80 100
WEIGHT PER CENT MOLYBDENUM
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exists below 880°C and extends from

approximately 31 to 62 wt % molyb- o )
Fig. 1. Nickel-Molybdenum Constitutional Diagram.

denum. They reported evidence of After Grube and Schlect (I).




a second phase exiscting 1o this rvegion but were uvnable to identify it.
However, they did determine the structure of the B phase, correspondin
J J
to the compound Ni o, as face-centered tetragonal with a ¢/a ratio of
) S
0.986. They further reported and guve evidence for ordering reactions
in this region.

They also reported solid solution lattice spacings for several al-

loys which had been annealecd 100°C and qguerched. These are shown in
FPig. 2, plotted as o function or thoivr correspondlng welght per cent mo-
lybdenum.

A continuation or this wurl oo pecrforied by Grube and Winkler (E)-

ol diagram, as shown by

Their principal contribution to the ceastitweion:
Fig. 3, was the determinstion or the rreviousl, guestiouaple phase oc-
curring in the renge from «bLoob 35 to ol molytdewus.  They identified

i

this new phase, 7, corresponding to the cowpouna [1sMo, as having a hex-
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Fig. 2. Plot of (420) Lattice Spacings as a Func- i .
tion of Weight Per Cent Molybdenum, as Deteimined
by Grube and Schlect (I). Alloys were unnealed at Fig. 3. Nickel-Molybdenum Constitutional Diagram.
1100°C and quenched. After Grube and Winkler (2).




The second complete constitutional diagram was later published by

Ellinger (3), as shown by Fig. 4. The major difference between this dia-

gram and that of Grube and Winkler,
outside of slight variations in
transformation temperatures and
phase boundaries, was the interpre-
tation of the B phase. Ellinger's
interpretation, supported mainly by
x-ray, metallographic, and age-
hardening data, was that the B phase
resulted from a peritectoid reaction
involving & and y. His x-ray work
did not reveal the structure of the
P phase, but he did confirm the pre-
vious conclusions regarding the 7
phase.,

The crystal structure of Ni Mo
was investigated by Harker (4), who
reported that an alloy contalining
about 20 at. % molybdenum undergoes

an ordering reaction below 840°C

UNCLASSIFIED
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Fig. 4. Nickel-Molybdenum Constitutional Diagram.
After Elinger (3).

which results in a slight tetragonal distortion of the cublc lattice.

He described this new cell, containing 2.5 times the volume of the dis-

torted face-centered cubic cell, as a Cih—I % space group with the di-

mensions of the unit cell being: ag =

5.720 A, cg = 3.564 A, and c/a =

0.6231. IHis conclusions were based on x-ray diffraction studies of a

27.3 wt % molybdenum alloy that possessed a face-centered cubic structure

having a lattice parameter ag = 3.612 A upon quenching from 1200°C.

An investigation of the nickel-molybdenum-chromium ternary system

about 1250°C by Grant and Bloom (5) led to several changes in that region

of the nickel-molybdenum binary diagram. These were essentially a cor-

rection for the eutectic composition and a correction for the d-peritectic

temperature, along with the necessary changes in the ligquidus curve as

shown by Fig. 5.




The most recent investigation UNCLA9SIFIED
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of the nickel-molybdenum system was
performed by Stoffel (6) on alloys
of 20 to 33% molybdenum, using me-

tallographic and x-ray techniques,

Ch

He observed that the complete range

T URE 4

of alloys investigated, with the ex-

TERPE RS
N

ception of a 20 wt % alloy, readily

responded to heat treatment, produc-
ing Knoop hardnesses between 350 and
550. In the 22 to 25% molybdenum

range, structures corresponding to . 3 4z 6 =0 o4

LEiGHT PER CENT KOVBOENUM
typical precipitation reactions were g, 5 Central Region of Nickel-Molybdenum
observed to develop, while in the 27 Diagram. After Grant and Bloom (5).

to 33% molybdenum alloys a tendency to form lamellar structures was ob-
served.,

With existing x-ray techniques he was unable to establish the forma-
tion or structure of the P phase. However, he did observe and agree with
the previously published data on the y phase. In general his data sup-
ported the basic features of the diagram reported by Ellinger (2), with
the exception of the temperature limits of the G~y region. Stoffel ob-

served these upper and lower temperature limits to be approximately 900

and 875°C, respectively.

EXPERIMENTAL PROCEDURE

Alloy Preparation

The seven alloys which had been previously prepared and used by
Stoffel (é) were also used initially in this investigation. However,
repeated inconsistencies in both x-ray data and metallographic exemina-
tions were observed, indicating that possibly some inhomogeneity still
existed in these furnace-cooled ingots even though they had been homog-
enized at 1250-1300°C for 100 hr or more. Thus, these specimens were

soon abandoned and a completely new series of alloys prepared.




The preparation of these new alloys utilized two markedly different
metallurgical techniques. Induction melting and chill casting under a
partial vacuum was employed to produce the dense homogeneous specimens
necessary for microscopic examination, while powder metallurgical tech-
niques were used for the preparation of alloys to be used solely for x-
ray analysis.

Nickel of 99.95% purity, supplied by the International Nickel Com-
pany, and molybdenum of 99.8% purity, supplied by the Climax Molybdenum
Company, were used in the preparation of the melts. The weighed stock
of approximately 250 g was placed in a high-purity alumina crucible sur-
rounded by a graphite liner. A hydrogen atmosphere surrounded the metal
while melting and holding in the molten state, but a partial vacuum of
approximately 25 in. Hg was obtained in the system before casting. Prior
to casting, the molten metal was superheated 300 to 400°F for 30 to 45
min to ensure a completely homogeneous melt. The molten metal was chill
cast into a cold copper mold, producing ingots 3/4 in., wide by 1/2 in.
thick by approximately 3 in. long.

Metallographic examination of the as-cast ingots revealed fairly
dense alloys with some dendritic segregation, but no observable mass
segregation (Fig. 6). After homogenization for 100 hr at 1250°C the al-
loys appeared to be metallographically homogeneous (Fig. 7).

For most purposes in this investigation, the alloys were reduced
10 to 50% in thickness by hot rolling. Alloys of molybdenum content up
to 25 wt % were reduced readily 50% or more, while alloys in the 28 to
31% range developed cracks, chiefly at the grain boundaries, upon reducing
g to 10%. A gradual increase in the amount of permissible reduction was
observed in the 32 to 39% range, with a maximum of 30% reduction attained
in the 39% alloy. All hot rolling was done at temperatures between 1000
and 1150°C.

A subsequent anneal for 50 hr at 1250°C produced in most cases a
coarse-grained & matrix, as shown by Fig. 8.

Hydrogen~reduced high-purity metal powders screened through 325 mesh
were used in the preparation of the alloys intended for x-ray analysis.
The powders, accurately weighed in the desired proportions, were thor-

oughly mixed by tumbling on slowly turning rollers for approximately 100




hr. From these mixtures, disks of 1/2 in. diameter and 1/8 in. thick-
ness were pressed at 60 tons/in.? followed by a 100-hr sintering period
at 1250-1300°C in hydrogen. If the resulting sintered disk was suffi-
ciently ductile, it was given a 50% reduction by cold rolling and then
was resintered for another 100 hr. Such a reduction was not permissible
in some of the alloys, with the same general trend existing as previously
indicated in the hot rolled ingots.

Microscopic and x-ray examinations revealed that these alloys were

homogeneous though still having considerable porosity (Fig. 9).

Preparation of Specimens for Analysis

Specimens intended for metallographic examination were cut from the
annealed ingots to a size approximating 1/4 in. square by 3/16 in. thick.
Prior to heat treatment, the specimens were placed in Vycor capsules
which were then evacuated to a pressure of 10-15 p Hg and sealed. Simi-
larly, x-ray specimens in the form of filings taken from the sintered
disks were sealed in Vycor capsules.

Heat treatments below 1000°C were carried out in horizontal-type
tube furnaces wound with Nichrome. Temperature gradients were minimized
by using long tubes with small diameters (36 in. long, 2-1/2 in. in diam-
eter) and decreasing the spacing between windings at each end of the tube.
Plugs in both ends eliminated external air currents. Above 1000°C a fur-
nace using Globar-type heating elements was used.

All furnaces were controlled by separate Leeds and Northrup Micromax
potentiometers equipped with time-duration-adjusting-type controls in
response to Chromel-Alumel thermocouples. A maximum temperature varia-
tion of +3°C was observed for heat treatments extending into hundreds of
hours, while *#1°C was normally realized on heat treatments of 50 hr or
less.

Temperature measurements were made with a 22-gage platinum vs plat-
inum—10% rhodium thermocouple. The thermocouple was initially calibrated
at the aluminum point and at the gold point and, later, during the course
of the investigation, recalibrated at the gold point. A1l calibration

points were within 0.5°C of the accepted value of the standard.







Maximum temperature variations for each heat treatment were deter-
mined and recorded along with numerous readings throughout the course of
the heat treatment. The calibrated couple was always inserted prior to
a temperature measurement and removed thereafter to reduce, if possible,

any alteration of the calibration.

X-Ray Analysis

The majority of the x-ray data were obtained by conventional meth-
ods, employing powdered specimens. For this analysis Debye-Scherrer
cameras having radii of 5.73 cm were used, utilizing nickel-filtered
copper radiation producing a characteristic wavelength of 1.54050 A
(K ).

Specimens 10 to 20 mils in diameter were prepared by either rolling
the heat treated and screened powders (200 mesh) into filaments, using
cellulose acetate cement as an adhesive, or by coating a cylindrical
layer of the powder-cement mixture on the surface of a small glass fiber.
The former method was preferred by the author because shorter exposure
times were realized.

All film measurements were made on a fluorescent indexing apparatus
capable of determining each line position within #0.002 in., thus real-
izing an accuracy of #0.0003 A for each lattice-parameter determination.
Typical film-shrinkage corrections were made by using a method described
by Buerger (7). Lattice parameters were determined by extrapolation of

the plot of the apparent parameter as a function of

2 2
cos< 4 cos“ 6
1/2 <sin2 8 + g >

to its intercept with the ordinate. 1In this function, © is the Debye

diffraction angle.

In some instances it was found desirable to resolve regions con-
taining numerous diffraction lines by means of a powder diffractometer
capable of traversing a 20 of 180° with angular velocities of 1/4 and
l/8° per minute. Additional correlation of metallographic with x-ray
data was obtained by running similar diffractometer traces on metallo-

graphic specimens.

10




Metallographic Technique

The heat treated specimens intended for microscopic examination

were mounted in Lucite prior to polishing.

The usual polishing proce-

dures then followed, with the final polish being done by Linde B on a

microcloth.

In general, an echant made up of two parts of 20% hydrochloric acid

plus one part hydrogen peroxide, applied hot with a swab, was satisfac-

tory in revealing the microstructure of the entire composition range

studied. Alloys containing a P precipitate in an & matrix revealed the

fine B structure most favorably by a similar application of an etchant

composed of one part 10% chromic acid plus one part 50% hydrochloric

acid, following a light hydrochloric acid-hydrogen peroxide etch.

Microhardness measurements were subsequently made on all metallo-

graphic specimens by using a Tukon tester equipped with a diamond pyra-

mid hardness indenter. An average of several indentations was used to

compute the reported hardness.

Composition Analysis

The fact that molybdenum has a
very marked effect on the lattice
parameter of nickel provided a con-
venient means of analyzing the mo-
lybdenum content of the vacuum cast
alloys. Precise & lattice param-
eters for the powder metallurgy
specimens were determined and plot-
ted as a function of thelir accepted
weight per cent molybdenum (Fig. 10).
By use of this plot as a standard,
similar lattice parameter measure-
ments of the vacuum cast alloys

yielded their apparent molybdenum content.

ag (A)

given in Table B-1 in Appendix B.

UNCLASSIFIED
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Unfortunately, the range of

this analysis is limited by the solubility of molybdenum in nickel, which

was found to be approximately 37% at 1250°C.
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RESULTS

A series of 29 specimens representing 23 different molybdenum con-
centrations were prepared by two different techniques and used during
this investigation. In the initial stages of the investigation powder
metallurgy specimens were used for both metallographic and X-ray analysis.
As work progressed, it became apparent that structure identification by
microscopic examination would be greatly facilitated if much of the re-
tained porosity in these powder compacts could be eliminated. It was
found that this could be done by repeatedly cold working and annealing
the specimens, involving much time and labor, as well as increasing the
possibility of further contamination. At this stage of the investiga-
tion, work was concentrated on the development of casting equipment and
techniques through which dense, homogeneous bulk specimens necessary for
good metallographic work could be prepared. These efforts were success-
ful, and, consequently, powder specimens were used solely for Debye-
Scherrer powder patterns. A more complete description of the techniques
and procedures used in the alloy development is given in the preceding
section, "Experimental Procedure.’

The vacuum cast alloys, analyzed by the previously discussed tech-
nique, were all found to lie within experimental error of their expected
positions on the standard parameter plot. Since they were used only in
estimating phase boundaries by metallographic methods, no corrections
for molybdenum content were made. The following is a list of alloys pre-

pared by the indicated methods.

Powder Metallurgy Alloys Vacuum Cast Alloys
(wt % molybdenum) (wt % molybdenum)
18.00 30.00 18.7 31
20,00 32.01 21 32
22,01 34,02 23 33
24,02 35.27 25 34
26.01 36.00 27 35
27.98 38.01 28 36
29.00 62.01 29 39

30

During this investigation some 200 Debye-Scherrer powder patterns

were made and analyzed for structures and parameters. Supporting these




.

powder photograms were approximately 160 metallographic specimens, all
of which were examined microscopically, photographed, and analyzed by an
x-ray spectrometer. In addition to these analyses, microhardness meas-
urements were made on many of these bulk specimens.

In this section the results of these analyses are given in the form
of a proposed phase diagram, supported by microstructures, x-ray patterns,
and hardness measurements. These data are presented in separate sections
in order to provide a convenient means by which the results of future

studies may be compared with those of this experiment.

The Phase Diagram

The data obtained in this investigation, primarily through perti-
nent x-ray and metallographic analyses, led to a proposed partial phase
diagram for the nickel-rich portion of the nickel-molybdenum system. In
general these data support the basic form of Ellinger's constitutional

diagram (3), although several changes are proposed. Diagrammatically,

these can be seen by comparing Fig. UNCL ASSIFIED

. . ORNL — LR—DWG 56828
11 with Fig. 3, the latter being a "0 '
reproduction of Ellinger's diagram

1000 a
as shown in the American Society
for Metals Handbook. _ 900 :
- O/O‘o_ 868 * 5°C
It can be seen in Fig. 11 that = /°

the P peritectoid temperature has

EMPER

been placed at approximately 868°C; = 7o .
this differs from Ellinger's value //
o 600 ® a+ 3 By y +8

of about 840°C. Another change has (

been the establishment of the ¥y peri- 54 : s i
15 20 24 28 32 36 40

tectoid temperature at approximately WEIGHT PER CENT MOLYBDENUM

9]_O°C, as compared with Ellinger's Fig. 11. Proposed Partial Diagram for the Nickel-

1 £ about 890°C AL Lot Molybdenum Alloy System. Closed circles refer to
vailue O apou . SO Cconslist=-

x-ray parameter determinations; open circles refer
ent with these temperature changes to estimates based on metallography.

were changes in the solubility limits of molybdenum in nickel in the tem-
perature range of 800 to 900°C. The @ phase boundary established by this
research supports earlier observations reported by Grube and Winkler (g)

(Fig. 3).
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Photomicrographs

In order to conserve space only a fraction of the photomicrographs
obtained in this investigation are included here. They cover the entire
range of compositions and temperatures studied and are representative of
the structures present. The numbered circles within the phase diagram
shown in Fig. 12 refer to these photomicrographs and show their relative
positions in the diagram. For example, the circled number 1 refers to
the photomicrograph shown in Fig. 12-1, No. 2 refers to the photomicro-

graph shown in Fig. 12-2, etc.

UNCLASSIFIED
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Fig. 12. Proposed Phase Diagram Showing Relative Positions of Photomicrographs Shown in Figs.
12-1 through 12-32. Circled numbers refer to the figures in this sequence.
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X-Ray Spectrometer Patterns

The typical spectrometer traces included here as Figs. 16, 17, and
18 are photographs of the actual traces. These were made from the pol-
ished metallographic specimens and were very useful in correlating the
observed microstructures with the Debye-Scherrer data. In some cases
spectrometer traces are omitted because preferred orientation resulting
from hot rolling obscured several of the diffraction peaks. This was
especially true in alloys of lower molybdenum content which contained
primarily all @, and consequently in those which contained & plus B,

the B being essentially ordered (.

Hardness Data

Microhardness measurcments were made on many of the aforementioned
metallographic specimens. These data have been plotted in Figs. 19
through 24 to show the trends in hardness as functions of time, temper-
ature, and molybdenum concentration. Table B-1 (Appendix B) gives these

values.

26
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Fig. 19. Effect of Molybdenum Concentration on
Diamond Pyramid Hardness of Specimens Quenched
from 1000°C. Specimens were held at 1000°C for
17 hr.
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Fig. 21, Effect of Composition and Time of Heat
Treatment on Hardness of 28, 29, and 30 wt %
Molybdenum Alloys Aged at 825°C. As-quenched
hardness given in Fig. 19.
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Fig. 20, Effect of Composition and Time of Heat
Treatment on Hardness of 28, 29, and 30 wt %
Molybdenum Alloys Aged at 865°C. As-quenched
hardness shown in Fig. 19.
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DISCUSSION OF RESULTS

This research has resulted in a re-evaluation of a portion of the
nickel-rich end of the nickel-molybdenum phase diagrem. The proposed
diagram is presented in Fig. 11. The present discussion is concerned
with the correlation of the microstructural, x-ray, and hardness data
which were used to establish the diagram. As previously mentioned, only
a portion of the total data taken during the course of the research will
be considered. The discussion is presented in sections, each considering
evidence in support of the proposed boundaries of the single- or two-
phase regions within the diagram. Inconsistencies and problems arising

during the investigation are discussed where pertinent.

The & Phase

The solid solution range of molybdenum in nickel was substantiated
as varying quite widely with temperature. At 600°C a maximum solubility
of approximately 19 wt % molybdenum was determined, while at 1250°C a
solubility of approximately 37% was observed. Other points within this
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range included solubilities of 32% at 910°C, the y decomposition temper-
ature, and 29% at 868°C, the B decomposition temperature.

A lattice expansion of about 0.0033 A per weight per cent molybdenum
was found to be useful in establishing several points on the O~ plus P
phase boundary. Unfortunately, above 850°C uncertainties in the lattice
parameters limited this procedure for establishing phase boundaries, and,
therefore, estimates based on the results of metallographic examinations
became more reliable. Films yielding uncertainties in the & parameters
showed the appearance of a new set of weak lines inconsistent with the
diffraction lines of any established phase in the system. Considerable,
but unsuccessful, effort was made to establish the identity of these
weak diffraction lines.

At first it was thought that these weak lines were the result of one
or more impurities entering the sample during the filing process and
during heat treatment. In fact, spectrographic analysis showed suffi-
cient quantities of silicon and iron to Jjustify such a conclusion. To
investigate this possibility a new series of specimens was prepared and
heat treated in a manner minimizing silicon and iron contamination. These
specimens, prepared from the sintered compacts in the form of small cy=-
lindrical rods, were sealed in evacuated Vycor capsules, along with fil-
ings of the same alloy composition. The filings served to prevent the
specimen from making contact with the capsule wall and also to absorb
the major part of any volatile material which might have been in the cap-
sule. The specimens were then heat treated at various temperatures,
etched to remove any surface effects, and analyzed by x-rey diffraction.
These unidentified weak lines were still present with very little change
in intensity, although parameter inconsistencies were reduced somewhat.

To investigate the possibility of complex oxides, nitrides, or hy-
drides, various pressures of alr and hydrogen were imposed upon filings
during heat treatment. These, too, had very little effect, if any, on
the intensity of the weak lines.

The interplanar spacings of the planes producing these weak lines
were compared with those listed in the ASTM files for 21l oxides, ni-
trides, and carbides of nickel and molybdenum. These, also, could not

account for the unidentified lines.
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At this point, being unable to establish any clue to their source,
it was concluded that these weak unidentified lines must be contributed
by a metastable phase existing within the system. A superlattice is a
possibility but appears rather improbable at this state of the investi-
gation. A summary of the conditions under which the weak diffraction
lines were seen to exist is as follows: temperature range — above 800°C;
composition range — 26 to 36 wt % molybdenum; quenching rates — any
quenching rate rapld enough to prevent excessive blurring of the back
reflection diffraction region.

Table B-3 in Appendix B contains the observed intensities and 6
values for these lines. The observations were made on a Debye pattern
of a 34 wt % molybdenum solid specimen which had been heat treated at
1000°C for 72 hr.

The B Phase — NigMo

The major disagreement in the constitutional diagram data published
on the nickel-molybdenum alloy system to date lies in the interpretation
of alloys containing about 20 at. % molybdenum. Early work on alloys in
this composition range by Grube and Schlect (;), publishers of the first
nickel-molybdenum phase diagram, identified this region as containing a
single phase, B, corresponding to the compound Ni,Mo and having a face-
centered tetragonal unit cell with a c/a ratio of approximately 0.98.
They also reported evidence of a superstructure existing for alloys lying
to the nickel-rich side of the NigMo composition. From their work in
this region, which was based primarily on x-ray studies, it was not pos-
sible to establish the details of the ordering reaction.

The more recent phase diagram established by Ellinger (3) interprets
the region on the nickel-rich side of Ni Mo as a two-phase region con-
taining the nickel-rich solid solution as well as B, the B being the re-
sult of a solid solution precipitation phenomenon. His work was based
primarily on microscopic examinations and hardness data.

As will be discussed shortly, x-ray data obtained in this investi-
gation have established that the structure of the B phase can be derived

from the & phase by the equivalence of ordering of the molybdenum atoms
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and allowing a slight shift in interplanar distances. This derivation
leads to a B unit cell identical with the one proposed by Harker (é).

For an & phase of the IlizMo composition existing at high tempera-
ture, a mechanism of conversion to B of exactly Wi Mo composition must
be considered. The mechanism does not reguire bulk diffusion of either
species. However, if the composition 1s not stoichiometric, it becomes
necessary to propose either that a nonstoichiometric ordered phase will
form, or that, at some stage, bulk Gifrusion of the species will occur,
with the formation of two-phase structurec.

In the nickel-molybdenum system it is possible to study the trans-
formation of O to structures containing both greater and smaller amounts
of molybdenum than required for Hi,lo. Ior compositions extending from
the O solubility limit to NizlMo, metallographic studies made during this
investigation have shown a precipitation-type phenomenon. The precipi-
tating phase is observed to grow from the & matrix in a variety of forms,
ranging from very fine precipitates to highly developed Widmanstdtten or
lamellar structures. These observations confirm those reported by
Ellinger (3).

Since a Widmanstétten structure is observed also for the exact
Ni Mo composition, at least for this alloy there is no way to rational-
ize that a second phase exists at equilibrium. Of course during the
formation of B from &, two-phase structures are expected. However, the
Widmenstitten structure persists after all G, detectabls by x-ray meth-
ods, is gone.

Considering the results of both x-ray and metallographic studies,
1t was concluded that B may be considered as an ordering of the & phase.
Beta nucleates and grows with erystallographic relationship to the ma-
trix &, undoubtedly with coherency existing between ordered plates of B
and the disordered O matrix. Otrain at this stage of transformation
could account for the observed etching effects. With further growth of
a B plate, both laterally and in thickness, B plates will finally im-
pinge. If consideration is given to the particularly simple case of
platelets of B having randomly nucleated on different planes of a given
set of parallel matrix planes, it is evident that there will be a mis-

mateh in the order as successive platelets of B finally meet when the
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last & between them transforms. These disorder boundaries could give
rise to etching effects in "pure" B. Typical structures of "pure'" B

are shown in Tigs. 12-14 and 12-20.

Other alloy systems which exhibit x-ray diffraction evidence of
order-disorder states existing together in equilibrium are the cobalt-

platinum (8), the nickel-platinum (9), and the gold-copper (10) systems.

Fvidence of an Ordered Structure

| Alloys of the theoretical B composition, 29.02 wt % molybdenum,
guenched. from temperatures above 868°C, produce Debye-Scherrer x-ray
patterns characteristic of the nickel-rich face-centered cubic solid so-
lution. X-ray patterns of this alloy heat treated below this tempera-
ture show a splitting of these lines into two or three components, with
the exception of the (111) and (222) planes. In addition to this line
splitting, numerous other faint lines resembling those characteristic
of an ordering reaction appear upon further aging at these temperatures.
Neglecting these faint lines, these patterns can readily be indexed as
the face~-centered tetragonal structure reported in earlier literature.
However, as Harker (é) pointed out, it is impossible to account for these
new "superstructure” lines on the basis of this face-centered tetragonal

cell.

Derivation of Ordered Cell

Approaching the problem from an atomistic point of view, that is,
arranging the molybdenum atoms on the & lattice to form an ordered struc-
ture with an atom ratio of four nickel to one molybdenum, several super-
lattices are readily deduced. Of these, only one will be discussed be-
cause 1t is the simplest and places the molybdenum atoms at a maximum
distance from each surrounding molybdenum atom, which would normally be
expected in an ordered structure.

The following scheme was used: molybdenum atoms are placed in every
fifth position in a [110] direction on a (100) plane. Molybdenum atoms
on successive [llO] rows of atoms are arranged, in a systematic manner,
so as to be at the greatest distance from the molybdenum atoms on the

previous [110] row, as shown by Fig. 25.
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If a second (100) plane of UNCLASSIFIED

ORNL-LR-DWG 56836

atoms, arranged exactly as the
first, were placed so that the
molybdenum atoms contained by it
fall directly above the positions
marked by the x's, and then a third
similar plane of atoms were super-
imposed directly above the first,
an ordered lattice is seen to de-
velop. This ordered lattice would
then be described in terme of a new

unit cell containing eight nickel

and two molybdenum atoms. Its basic 100] PLANE

O =Ni ATOMS

structure is that of a body-centered @ - Mo ATOMS

tetragonal cell and could be treated  gi; 25 Schematic Drawing of Ordering Process.
as five interpenetrating lattlces Dotted lines outline face-centered cubic cell,
of the body-centered tetragonal

type — one of pure molybdenum and four of pure nickel.

Miller indices were then determined for several diffracting planes
within this tetragonal cell by relating them to their equivalent face-
centered cubic diffracting planes (see Appendix A). Using these pre-
scribed indices, it was then found possible to further assign indices to
all the B lines observed on the Debye patterns. The intensities of these
lines were then calculated, using Lorentz, polarization, multiplicity,
and structure factors. The results of these calculations appear in Table
1, along with the cbserved and calculated intensities and 9 values. Since
the observed and calculated intensities are in good agreement, the
structure is assumed to be correct. Parameters determined for this cell
weres ag = 5.727 A, cg = 3.566 A, and c/a = 0.623. These parameters
are in very good agreement with those determined by Harker (é) for a
27.3 wt % molybdenum alloy. The intensity calculations listed here are
not in good agreement with those determined by Harker. These differ-
ences are not understood, although similar equations were used. How-

ever, agreement between observed and calculated intensities made 1n this
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Table 1. Calculated and Observed Intensities for an X-Ray Powder

Diffraction Pattern of a 29 wt % Molybdenum Alloy Heat
Treated at 825°C for 46 hr?

hk 4P 0 Observed T Calculated® I Observedd
110 11.11 1.57 m wk
101 14.90 1.33 m wk
200 15.76 0.59 wk
211 21.85 44,18 v st
220 22.48 0.22 wk
310 25.33 14.00 st
002 25.78 6.47 m st
301 2741 0.28 wk
112 28.35 0.22 wk
202 30.73 0.18 wk
321 32.19 0.30 wk
400 33.06 0.07 v wk
330 34.89 0.05 v wk
222 35.27 0.11 wk
411 36.69 1.00 m wk
420 37.11 4,14 m st
312 37.49 8.00 st
103 41.57 0.07 v Wk
510 43.41 0.06 v Wk
402 43.76 0.06 v wk
501, 431 45.00 11.07 st
213, 332 45,67 5.19 m st
422 47,85 4.82 m st
422 48.05 2.41 m
521, 440 49.19 0.14 wk
303 49.75 0.06 v wk
530 51.79 0.06 v wk
600, 323, 512 54,15 0.26 m wk
611 57.89 0.12 Wk
620 o 58.36 2.32 m wk
620 Qp, 413 58.60 1.28 m wk
004 oy 59,81 1.20 m wk
004 iy 60.10 0.60 wk
442 61.08 0.06 v wk
114 62.30 0.06 v WK
541 62.65 0.13 wk
532 0 63.56 0.14 wk
532 0y 63.93 0.07 v wk
204 oy 64 .88 0.08 v wk
204 o 65.19 0.04 v wk
602 oy 66.35 0.08 v wk
602 66.66 0.04 v wk
631 Oy 68.15 6.17 m st
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Table 1 (continued)

hkgP 8 Observed I Calculated® I Observedd
631 O, 68.50 3.09 m
503 ¢y, 433 O 69.10 12.75 st
503 a,, 433 O, 69.47 6.37 m st
224 Oy 70.76 0.09 v wk
224 O 71.20 0.05 v wk
710 o, 550 Of 72.05 10.94 m st
710 Oy, 550 Qp, 622 Oy 72.59 13.07 st
622 O 73.05 7.60 m
314 &y 74,40 8.46 st
314 o, 74 .94 4.23 m
640 o 75.87 0.13 v Wk
640 O, 523 76 .42 0.33 wk
523 ap 77.02 0.14 v Wk

aNickel-filtered copper KX radiation was used.

bIndividual K components where resolved are indicated by the sub-
scripts.

“In general, the intensities of (hkf) and (khf) are not the same,
but since they both diffract at the same angle, their intensities were
added to give the calculated intensity listed opposite (hk£) in the
table.

v st = very strong m = medium m wk = medium weak
st = strong wk = weak
m st = medium strong v Wk = very weak

investigation is better than those reported by Harker (é). The follow-

ing discussions regarding B are based on this cell determination.

Discussion of Structure

The atomic arrangement of the Ni Mo unit cell is very close to cubic
close packing, with each atom having 12 nearest neighbors. FEach molyb-
denum atom has 12 nearest neighbors all of which are nickel, and each
nickel atom has three molybdenum and nine nickel atoms as nearest neigh-
bors.

Perhaps the most important and interesting factor governing the un-
usual physical properties that are observed as the B ordering process oc-
curs 1s that there are 30 possible ways for B to nucleate from a single

& lattice. Referring to Fig. 25, each one of the first five atoms in the
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[110] row could serve equally well as the origin of the structure. Sec-
ondly, the tetragonal a axis can be inclined either positively or nega-
tively to this [110] direction. Finally, this (100) plane can be any
one of the three cube planes. Thus, 5 X 2 X 3 = 30. Of these, however,
only six will produce different orientations of B, each having five
starting positions.

It is reasonable to assume that local distortions of the original
cubic structure, such as would te produced by forming complicated arrays
of Ni,Mo crystals within the cubic lattice, would make slip very diffi-
cult and explain the problems encountered in the cold working of alloys
of this composition. The increase in hardness which accompanies this

ordering reaction can also be explained on this basis.

B Plus &

X~ray patterns of B in equilibrium with & usually show two triplet
formations in the regions of the original & (200) and (311) lines. Two
lines of each triplet develop with the B tetragonal cell, the third belng
the original & line. These can be seen from the photograph of Fig. l4-1.
Observed 6 values and intensities for this pattern are given in Table B-4
in Appendix B.

When parameters of both cells are compatible, only doublets are
formed, the & line being superimposed with one of the B lines. In these
cases, critical line intensity comparisons must be made in order to dis-
tinguish a mixture of B and & from pure B.

Metallographically, B is seen to form in ¢ as both finely dispersed
particles and in platelets, producing sharp striations within the origi-
nal ¢ grains. Near the & phase boundary this fine dispersion of B in &
is the most predominant, as seen in Figs. 12-18, 12-25, and 12-26. At
longer periods of aging, these B formations tend to coarsen somewhat
(Figs. 12-25 to 12-27), but do so at a very slow rate.

In alloys near the B composition, the striations which develop with-
in the solid solution grains are the primary identification features of
B (Figs. 12-20 and 12-28). This striated appearance develops within a
few hours and remains essentially unchanged after several hundred hours

of heat treatment. TFigure 12-19 shows B as both finely dispersed and
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striated, as was consistent throughout specimens examined within this
intermediate composition range.

In all the specimens exhibiting sharp striations only three differ-
ent directions of plate traces were observed, indicating a (100), habit
plane for the formation of B in &, Preferential growth of B along ei-
ther the tetragonal a or c axis would produce B as plates exhibiting a
(100) habit plane, as both are parallel to (100) planes of the parent
cubic lattice. It is reasonable to assume, however, that preferential
growth would occur along a direction of greatest match between the two
lattices. Shrinkage factors determined for the ordering reaction were
approximately 0.5 and 1.0% in the tetragonal a and c axes, respectively.

Thus, one could conclude that the observed preferential growth is along
any one of the three {100} planes of the matrix, but in every case the

(001) planes of B are parallel to the matrix cube plane.

All specimens heat treated within this & plus B region, with the
exception of the 18.7 wt % molybdenum alloy, responded readily to heat
treatment, producing rapid hardness increases in a few tenths of an
hour, as seen by Figs. 20, 21, and 22. Continued aging periocds beyond
5 hr, in most cases, resulted in a rapid hardness decreese. This is in
turn followed by another hardness increase, but of a more gradual nature.
These exhibited double aging peaks are not fully understood.

Reviewing previously discussed x-ray Observations of similar aging
periods, it was observed that short-time treatments produced Debye pat-
terns showing the formation of a face-centered tetragonel cell. Contin-
ned aging times produced the weak superlattice lines of the fully or-
dered body-centered tetragonal cell. A reasonable correlation between
x-ray and hardness data could be interpreted as follows: In very short
aging times a partially ordered structure, B', is formed coherently in
the & lattice, producing a rapid hardness increase. As coherency is lost
by the formation of the fully ordered cell, B, hardness decreases. Con-
tinued formation and growth of B could then reasonably account for the
second aging peak of the hardness curves. Schematically this could be

shown as follows:

1
Yeoe 7 Pret ™ Poet

40




The 7y Phase -~ NisMo

Alloys of the theoretical y composition heat treated above 910°C
produce x=-ray diffraction patterns showing primarily & plus a small
amount of &. Slightly below this temperature 5 is seen to disappear,
with a large amount of y appearing, but still some & present. As the
temperature is decr.ased, the relative amount of & decreases. These
trends can be seen in Figs. 15-1 through 15-3.

The phase NisMo has been reported to have a hexagonal close-packed
lattice (2), with a = 2.545 A and c¢/a = 1.65. The lines of the x-ray
photograms obtained in this investigation were analyzed on the basis of
this prescribed cell, with the results shown in Table 2. As can readily
be seen, this hexagonal close-packed cell does not account for the three

doublets observed in the principal lines characterizing the 7 phase as

Table 2. Comparison of Calculated and Observed Diffraction
Tines for Ni;Mo*

hk{ for
6 Observed 6 Calculated Calculated Values
20.40 20.35 100
20.63
21.58 21.65 002
23.18 23.18 101
23.40
, 30.47 30.47 102
37.27 37.00 110
37.62
40.65 40.80 103
44..00 44,01 200
4, 87 44,93 112
46 .40 46.00 201

*Comparison of gamma lines observed with those calculated for a hex-
agonal close-packed cell with a = 2.545 A and c/a = 1.65. Powder speci-
men was taken from a 32.01% molybdenum alloy and heat treated at 872°C
for 64 hr.

Only principal lines observed for the ¥ phase. TFor additional lines
see Table B-6 in Appendix B.
Nickel-filtered copper KX radiation was used.
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well as numerous faint lines which are not given in this table. These
faint lines resemble those characteristic of a superstructure, similar
to those encountered in the B phase. Also these doublets have the same
ratio of their sine-squared values, 0.98, as was found in the B phase.
These conditions suggest that a superlattice exists in this region, and,
if so, it must be very close to the described hexagonal close-packed
structure.

An attempt was made to determine the structure of NisMo on this
basis, but it was unsuccessful because a satisfactory agreement between
observed and calculated intensities could not be reached.

Figure 12-12 shows a typical 7 structure as recrystallized from
large-grained ®. The dark needlelike formations and the precipitation
outlining some of the original & grain boundaries are residual ® parti-

cles resulting from previous homogenizations.

B Plus v

Figures 12-29 through 12-32 show progressively the formation of B
plus y from large-grained &. In the 30 and 31% specimers the transfor-
mation is occurring by a process of nucleation and growth principally
from the grain boundaries and resulting in a lamellar structure consist-
ing of B and y. The 32% specimen is entirely consumed by this p-y struc-
ture. Still closer to the y composition, as in the 33% specimen, regions
unconsumed by this precipitate occur again. At 34% (see Fig. 12-23), the
structure becomes predominantly single-phase 7.

Hardness measurements of the 30 and 31% specimens revealed that the
hardness of the unconsumed regions is almost identical to that of the
B-y precipitate. This, and the fact that the hardness is reached in a
very short time, suggests that formation of a metastable precipitate in
o of a metastable B of the higher molybdenum composition precedes that
of the lamellar growth and is absorbed by this growing interface, al-
though it has not been observed metallographically in this investigation.
Stoffel (é), however, did observe a precipitate to form within the origi-
nal ¢ grains of 30% alloys, followed by nucleation and growth of this
lamellar structure. His work did not establish the structure or mech-

anism of this precipitation.
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Spectrometer traces of 30% alloys investigated in this experiment
produced diffraction peaks at positions equivalent to those of the B
(110) and (002) lines after aging periods of only 1 hr. As nucleation
and growth of the B-y structure become microscopically resolvable, more
prominent B peazks plus those characteristic of y become visible. As
growth continues, these B and y peaks become more and more prominent.
These conditions indicate that a metastable precipitation of B precedes
the formation of the B-y structure. However, it is felt that sufficient
evidence has not been obtained to justify a definite conclusion at this

time.

a Plus vy

In the @ plus y region, y normally precipitated from & as plates,
forming banded grains composed of alternate layers of & and y. Typical
structures showing these banded grains are seen in Figs. 12-6 and 12-11l.
Near the O~y phase boundary, y has a tendency to form as a precipitation
outlining the original & grains (Fig. 12-5). Also, the small oval-shaped
particles sparsely scattered throughout the & matrix are y formations.

A typical set of measurements showing hardness trends across this region

is shown in Fig. 23.

The & Phase — NiMo

Although the major purpose of this investigation was to eilther ver-
ify or correct the nickel-rich portion of the existing constitutional
diagram, an alloy of the theoretical & composition, 62.01 wt % molybdenum,
was prepared. This alloy was developed by the aforementioned powder met-
allurgy techniques and was intended solely for identification purposes
when & coexists with & or y. X-ray patterns of this specimen showed nu-
merous diffraction lines, indicating a complex structure, even more com-
plex than that of B or y. A structure determination for this phase was
not attempted. Table B-7 in Appendix B contains the observed © values
and intensities for this alloy.

Figures 12-2, 12-3, and 12-4 show progressively the development of
S in an O matrix. Near the -8 phase boundary, & 1s seen to develop

primarily as a precipitation outlining the original & grains. Figure
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12-3 shows a more uniform precipitation of & in & at a slightly higher
molybdenum content. At a still higher molybdenum concentration the for-

mation of the & plus & eutectic structure is clearly shown (Fig. 12-4).

CONCLUSIONS

This investigation has led to a re-evaluation of the nickel-rich
portion of the nickel-molybdenum diagram. The results of this investi-
gation permit the following conclusions:

1. The B peritectoid temperature has been established at 868°C.

2. The y peritectoid temperature has been established at 910°C.

3. Necessary changes in phase boundaries consistent with these
decomposition temperature establishments have been made.

4., The B phase has been confirmed to have a body-centered tetrag-
onal unit cell, belonging to the Czh—I4/m space group as reported by
Harker (4).

5. The y phase does not possess a simple close-packed hexagonal
unit cell as reported in earlier literature. Its structure, not estab-
lished by the results of this investigation, is complicated by numerous
faint diffraction lines characteristic of a superstructure, as well as
several distinct diffraction lines not accounted for on the basis of
the previously reported unit cell.

6. X-ray data and hardness measurements have indicated that sev-
eral of the final equilibrium structures are preceded by the formation
of a metastable precipitate. The mechanism of this formation has not

been established.
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Appendix A
CORRELATION OF TETRAGONAL AND CUBIC INDICES

Referring to Fig. A-1, the relationship between equivalent diffract-
ing planes in the body-centered tetragonal cell and the original face-

centered cubic cell can readily be calculated as follows:

tan 6 = -fhéég— = E
ZaA/E 2

l) UNCLASSIFIED
( ORNL-LR-DWG 56837

and
sin 6 = sin <%an_l % > = E%%Ei-- (2)
Hence,

a' = 1.581la , (3)

where a' is the lattice parameter

of the tetragonal cell and a is the

parameter of the original cubic

lattice,
Since the cell directions in (100) CUBIC PLANE
the Z direction are ldentical, Fig. A-1. Schematic Drawing of Ordering Reac-
tion.

ct =a . (4)
Thus, the volume V' of this new cell is seen to be 2.5 times the volume

of the original cubic cell:
V! = a'2ct = 2,5a° . (5)

The angles of the rays diffracted from the cubic cell would be gov-
erned by the Bragg equation of the form

A

4a?

Sj.l’l2 0 =

(h? + k2% + 22) , (6)

while the rays diffracted by the tetragonal cell would be governed by an

equation of the form

sin® 9 =

~

A /hrZ L k'? . £|2> . (7)

\ at? ct?
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Since all lattice sites have been conserved in deriving this new
cell from the & lattice, the diffracting angles of identical planes
would be the same; thus,

h2 + k2 + 22 hx2 + k12 £t2 8)
=2 = ) +c:2 ) (

and, substituting for a' and c' in terms of a,

h12 + k'2

n® + k2 + 4% = — =5 + 412, (9)

This expression is the relationship between the indices of identical
planes of the two cells. We can even go further and say that the £ terms

of the two cells must be equivalent; thus, thlis expression becomes
2.5 x (h? + k?) = h'? 4+ k'? . (10)

From this expression it is readily seen that the original face-centered
cubic indices — (111), (200), (220), etc. — must now become the (211),
(310), (420), etc., of the ordered body-centered tetragonal cell.
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Appendix B

HARDNESS DATA AND ANALYSIS OF DEBYE-SCHERRER X-RAY FILMS

Table B-1. ag Values for & Solid-Solution Alloys

T 0
18.00 3.5724
20.00 3.5793
22.01 3.5853
24.02 3.5917
26.02 3.5970
27.98 3.6042
29.00 3.6080
30.00 3.6105
32.01 3.6180




Table B-2. Hardness Data

. Composition Aging Temperature Aging Time Diamond Pyramid
(wt % molybdenum) (°c) (hr) Hardness
18.7 1000 17 119.4
21 1000 17 136.8
23 1000 17 140.7
25 1000 17 150.0
27 1000 17 155.5
28 1000 17 160.0
| 29 1000 17 160.0
30 1000 17 159.2
31 1000 17 167
32 1000 17 173
33 1000 17 180
34 1000 17 182
35 1000 17 297
36 1000 17 283
39 1000 17 339
28 865 1 348
28 865 5 351
28 865 25 322
28 865 100 378
. 28 865 150 346
28 825 1 321
28 825 5 347
28 825 25 340
28 825 100 347
| ) 28 825 150 377
| 28 800 1 323
‘ 28 800 5 326
28 800 25 312
28 800 100 347
28 800 250 384
29 865 1 388
29 865 5 375
29 865 25 383
29 865 100 375
29 865 150 378
29 825 1 360
29 825 5 374
29 825 25 345
29 825 100 342
29 825 150 369
29 800 1 364
29 800 5 354
29 800 25 384
29 800 100 378
29 800 250 363




Table B-2 (continued)

Composition Aging Temperature Aging Time Diamond Pyramid
(wt % molybdenum) (°c) (hr) Hardness
30 865 1 353
30 865 5 359
30 865 25 354
30 865 100 355
30 865 150 334
30 825 1 377
30 825 5 400
30 825 25 367
30 825 100 391
30 825 150 436
30 800 1 376
30 800 5 375
30 800 25 339
30 800 100 380
30 800 250 420
28 872 150 161
29 872 150 167
30 872 150 182
31 872 150 257/185
32 872 150 363
33 872 150 387
34 872 150 437
35 872 150 482
36 872 150 509
39 872 150 54t
18.7 800 250 148
21 800 250 150
23 800 250 153
25 800 250 323
27 800 250 363
28 800 250 384
29 800 250 363
30 800 250 420
31 800 250 436
32 800 250 464
33 800 250 488
34 800 250 437
35 800 250 484
36 800 250 539
39 800 250 583
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- Table B-3. Analysis of a Debye-Scherrer X-Ray Film of a 34%
Molybdenum Alloy Heat Treated at 1000°C for 48 hr?

. g I Observed® hkg — P e T Observed® hkf — OP
16.54 wk 58.12 o4 wk
18.06 wk 58.39 O, m wk 400
21.64 m wk 59.10 &g wk
21.71 st 111 59.39 o, v wk
23.70 m wk 60.73 g wk
25.29 m st 200 60.99 o, wk
28.07 v wk 66.51 0 v wk
30.44 wk 67.70 0q wk
32.99 wk 68.00 o, O m 331 &g
35.47 wk 68.36 O m 331
37.04 m st 220 71.15 O wk
37.86 wk 71.60 Oy wk
40.23 v wk 72.02 O m 420 0
} 40.51 v wk 72.48 Qg m 420 Oy
45.01 n 311 73.65 0 wk
46.08 wk 74.12 Q; v Wk
47.13 wk 75.27 Oq wk
47.62 m wk 220 75.86 Qg v wk
51.88 v wk 78.50 O wk
54.15 Oy v wk 79.27 Cy v wk
55.65 o wk 80.92 oy v wk
55.86 Cly v wk 81L.86 O, v wk

#Nickel-filtered copper radiation was used.

bIndividual k components where resolved are indicated by subscripts
following the 9 values.

¢ st

m st

weak
very weak

medium wk
medium weak v Wk

It

strong m
medium strong m wk

rn

»
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Table B-4. Analysis of a Debye-Scherrer X-Ray Film of a 29%
Molybdenum Alloy Heat Treated at 830°C for 142 hr*

6 I Observed** hks — B hky — &
11.06 wk 110
14.87 m wk 101
15.69 wk 200
21.89 v st 211 111
25.30 m st 310
25.51 m st 200
25.72 m 002
37.06 m 420
37.46 st 312
45.07 m st 501, 431
45.44 m st 311
45.74 m 213, 332
47.96 m 422 O
68.32 m 631 Oy
68.53 m wk 631 o
69.11 st 503 0q, 433 0y
69.53 m st 503 a2, 433 a2
72.03 m wk 710 &y, 550 o
72.57 m 710 &, 550 @, 622 Oq
73.08 v wk 622 Qs
Th.41 m wk 314 &y
*Nickel-filtered copper radiation was used.
*¥v st = very strong m = medium m wk = medium weak
st = strong wk = weak
m st = medium strong v wk = very weak




Table B-5. Analysis of a Debye-Scherrer X-Ray Film of a 30%
Molybdenum Alloy Heat Treated at 846°C for 90 hr@sP

6 I Observed® hks — B8
11.09 m wk 110
14.87 m wk 101
15.76 Wk 200
21.86 v st 211
25.30 st 310
25.76 m st 002
27 .41 v Wk 301
28.25 v Wk 112
30.74 v Wk 202
32.24 Wk 321
36.59 v Wk 411
37.08 r 420
37.45 m st 312
45,04 st 501, 431
45 .70 n st 213, 332
47.89 m st 422
58.35 m wk 620 o
58.62 Wk 620 Oy, 413
59.82 wk 004 o
68.11 m 631 o
68.48 m wk 631
69.06 st 503 o, 433 O
69.44 m st 503 Oy, 433 O
72.00 m 710 &, 550 Chq
72.53 m st 710 a2) 550 Qf2) 622 Oll
73.04 m 622 0y
74.38 m st 314 o
74,93 m 314 o,
76,41 wk 503 oy
76.88 v wk 523 o,

SNickel-filtered copper radiation was used.

bA very faint trace of gamma was observable but not indexable on
this film.

°v st = very strong m = medium m wk = medium weak
st = strong wk = weak
m st = medium strong v Wk = very weak




Table B-6. Analysis of a Debye-Scherrer X-Ray Film of a 35.27%
Molybdenum Alloy Heat Treated at 846°C for 90 hr*

o I Observed**
9.37 v wk
10.14 v wk
13.44 wk
13.90 wk
14.72 wk
16.50 v wk
17.21 wk
17.77 v wk
20.38 m wk
20.62 m
21.58 m st
23.17 m st
23.42 st
25.71 v wk
28.55 v wk
29.89 v wk
30.53 m
31.92 v wk
34.95 v wk
37.11 m
37.60 m wk
40.64 m
42.99 v wk
43.93 wk
44 .88 m
45,36 m wk
45,82 m wk
46,50 m
47.13 m wk

*Nickel-filtered copper radiation was used.

** st = strong m wk = medium weak
m st = medium strong wk = weak
m = medium v wk = very weak
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Table B-~7. Analysis of a Debye-Scherrer X-Ray Film of a 62%
Molybdenum Alloy Heat Treated at 851°C for 146 hr¥*

e I Observed**
16.81 wk
18.67 m wk
20.53 m st
21.12 m wk
21.72 m st
22.05 st
22.32 m wk
22.91 m
23.62 m wk
24,67 wk
25.03 m wk
25.36 wk
26.10 v Wk
29.23 v WK
29.89 v WK
31.56 v WK
32.17 v WK
33.39 v Wk
33.90 wk
34.66 Wk
35.15 Wk
37.17 m wk
37.96 m wk
38.51 m wk
41 .04 wk

*Nickel-filtered copper radiation was used.

*¥* gt = strong m wk = medium weak
m st = medium strong wk = weak
m = medium v wk = very weak
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