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ABSTRACT

An investigatioh was conducted to determine the effects of alloy
additions of Hf, Ta, W, Re, Os, Ir, and Pt on the hardness of Mo. Special
emphasis was placed on alloy softening in these binary Mo alloys. Results
showed that alloy softening was produced by those'elements having an ex-
cess of s+d electrons compared to Mo while those elements having an equal
number or fewer s+d electrons than Mo failed to produce alloy softéning.

Alloy softening and.alloy hardening can be correlated with the difference

in number of s+d electrons of‘thé solute element and Mo.
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SUMMARY
An investigation was conducted to determine the effects of alloy
additions of Hf, Ta, W, Re, Os, Ir, and Pt on the hardness of Mo. Spe-

cial emphasis was placed on .alloy softening in these binary Mo alloys.
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‘ A modified micro-hardness test unit permitted hardness determinations at
homologous témperatures ranging from 0.02 to Q.lS; where alloy softening
normally occurs in b.c.c. alloys. Alloys were prepared by arc-melting

- high purity electron beam melted Mo and high purity alloying elements.
Alloy additions ranged from less than one atom percent up to the maximum
solubility of each of the elements in Mo. Hardness was determined for at
le#st six alloys from each alloy systeﬁ at four test temperatures in
order'to.fully‘characterize alloy softening in these binary Mo alloys.

Results showed that alloy softening was ﬁroduced by those elements
having an excess of s+d‘electrons compared to Mo while those elements

having an equal;number or fewer s+d electrons than Mo failed to produce

" alloy softening. The magnitude of the softening and the amount of solute ~ ~—

element at the hardness minimum diminished rapidly with increasihg test

temperature., At soluté concentrations where alloy softening was observed;

the temperature'sensitivity of hardness was lowered. For solute elements
————— having-an—exceés~of~s+d—electrons-or~fewer—s+drelectrons-than—Mo,ialloy—-_- - -

softening and alloy hardening can be correlated with the difference in

number of s+d electrons of the solute element and Mo. These results point
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to an intrinsic property confrblling low temperatﬁre deformation of Mo

alloyed with the transition elements of the sixth periced.

INTRODUCTION
In a previous study (ref. 1), the authors showed that alloy soften-
ing in the Group VIA metals Cr; Mo, and W alloyed with Re was similar in
all threé alloy systems, occﬁrring at hoﬁologous_temperatﬁres less than
6.16 aﬁd at Re concentratioﬁs iess thén ie atom ﬁercent. The results of
that study led to the conclusions that ‘alloy softening in Group ViA—Re |
alloys is controlled by an inherent propertyvand that electron concentra-
tion plays a dominant roleAin the hérdness behavior of these alloy systems,
Alloy softening in other b.c.c. alloys contiﬁues to aftract much
" interest on the part of numerous investigators (ref. 2). One common
factér noted in these studieé is tﬁat-alioy‘systemsbthat exhibit alloy
_softeniﬁg also exhibit a temperature dependencé of yield stress, flow
streés; or hardness that is léss fhaﬁ the’s&lvent metai; 'Howevér, in-
A Qestigators_afe not in agreehent éﬁ the mechanism.producing alléy éoften-
, ing.':Especially in the Gréup VA metals, V, Nb, and Ta, there is disagree-

ment on whether alloy softening results from an extrinsic factor such as

_ . scavenging of interstitial impurities or from an intrinsic factor such as
lowering of the Peierls stress. For example, Hasson and Arsenault (ref. 3,
using internal friction techniques, showed that in Ta+2 at.% W doped with

oxygen tungsten does not act as a scavenger. The Ta-W alloy system had

previously been shown to exhibit alloy softening (ref. 4). Similar results

‘were obtained for a Ta+9.2 at.% Nb alloy doped with oxygen. In contrast,
internal friction results for a V+1.31 at,% Ti alloy-doped with oxygen

indicated that Ti was acting as a scavenger. This was expected based on



‘titanium's high affinity for oxygen. Hasson éndersenéﬁlt attributed
alloy séftening in all three alloy systems to an intrinsic effect, lower-
ing of the Peierls stress.,

Saques and Gibala (ref. 5), using internal friction techniques, have
shown that in Ta-Re-N alloys Re scavenges N and that alloy softening in
this system may be due to an extrinsic factor, the Re-N interaction°

The results on Group VA metals suggest that two possible mechanisms
may cause alloy softening in these metals. For the Group VIA metals the
only systematic study of alloy softening is the recent investigation by
fhe.authors (ref. 1), where an intrinsic factor Qas postulated to be
résponsible for alley softening.

| The purpose of the present investigation was to further characterize
allby sof tening in one of the Group VIA metals, Mo, and to determine the
role of electron concentration on the hardness behavior of Mo, Alloy
adaitions iﬁcluded the transition metals from the sixth period, Hf, Ta,.
W, Re, Os, Ir, and Pt. Solute contents ranged from less than one atom
percent up to the maximum solubility of solute in Mo, At least six alloys
from each system were tested over a homologous temperature range of 0.02

to 0,15 utilizing a modified microhardness test unit.

SYMBOLS
a . lattice parameter

C, Cg solute concentration

Cuo ‘molybdenum concentration
”““‘"";"‘“‘ hardness
VHN  Vickers hardness number
T absolute melting temperature of unalloyed molybdenum



AF;V free energy of formation

AV change in number of s+d electrons
e/a electron-to-atom ratio

o = /v

EXPERIMENTAL PROCEDURE
Materials

Table I presents the nominal and analyzed compositions of unalloyed
Mo and the fiffy binary Mo alloys employed in this investigation. Inter-
stitial analyses are also listed in Table I for two alloys from each
alloy system., -‘Materials used for this study included high purity elec-
tron-beam melted Mo, Ta, W, and Re; commercial purity Hf turnings and Pt
foil; and hydrogen annealed Os aﬁd If éowdefs.‘ Ingots were prepared by
ﬁénconsumably trible arc-melting 70 gram charges in ‘a water-cooled copper

- mold follbwed by droﬁ casting into a square cross—sectiqnvm§ld.

Slices appréximately 3 mm thick by 15 mm on a side‘were_cut from.the
cast ingots for hardness festing; Specimens were annealed in vacuum for
one hour at 0.7 Tﬁ or at a higher temperature within the solid solution

range in order to reduce segregation and produce single phase, equiaxed,

-r;:’-<stnain—freeéspecimens:::Specimens:were:giyen:a:metallognaphic;polishgdnzjjf;::;
the face to be hardness tested. | |
Aﬁparatus
| The.modified microhardness test'unit used in this study has previously

___b?gP_d§§93ib§§_£F9f:;%2t.~?b§"39§F_unit permitted hardness testing over

the temperature range 77 to 4ll K.
Procedure

Alloying elements selected for this study are shown in the partial
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periodic table in figure 1. ’Alloying elements are all from the sixth
period and include the transition elements Hf through Pt. Solute conteﬁts
were selected to give eduivalent electron-to-atom ratios in alloys whose
solute elements have fewer s+d electrons than Mo (Hf and Ta). Solute
contents were similarly-selected for those elements having an excess of
s+d electrons compared to Mo (Re, Os, Ir, and ff).- Additions of W were
excluded froﬁ this basis for alloy compositiﬁn selection sinée Mo and W
have the same number of s+a electrons. Solute contentslwere also chosen
to cover the solubility range of each solute in Mo which can be seen in
figure 2 (refs. 6-9) to vary from a minimum of-only-a few atom percent for
Pt in Mo up to complete solubility for the Mo-Ta énd Mo-w alloy systems.

- Test temperatures were-sélected to cover approximately the tempera-
ture range where alloy softening is obServed, less than 0.16 T for Mo-Re |
allo&s (ref. 1), where T, is the absolute melting temﬁeratufe of unalloyed
Mo, Test témperatures invequivalent increments included'77, 188, 300, and
_Qil K or Of027, 0.065, 0.104, and'0.143 Tps respectively.

A minimum‘of 10 diamond pyramid hardneés impressions were made on
'each‘alloy at each test temperature; A load of one kiloérém and a dwell

time of 15 seconds were used for the impressions. Hardness readings. were

‘taken only of impressions within the grains. The relative standard devia-

. tion was 5 percent.

"RESULTS
Solute Effects
As noted in figure 2, two of the sixth period elements, Ta and W, are

totally soluble in Mo. The hardnesses of -these two alloy systems at 300 K

are included in figure 3. It should be noted that Ta additions produce



apparent parabolic hardening of Mo and that ﬁaximum hardness in this
system occurs near 50 at. % Ta. In contrast W additions produce near
linear hardening of Mo with hardpesses lying close to a straight line
"connecting the hardness values for ﬁnalloyed Mo-and W.

A dramafic difference in hardness behavior is 6bserved for alloying
elements'having infermediate or limited solubility iﬁ Mo.i Results for
ﬁg and Pt additions from this study as well as results repérted'in the
literafure (refs. 10 to 16) are #lSo shown in figure 3. It should be
noted for Re additiéns at 300 K an initial softening of Mo'occuré followed

- by épparent parabolic hardening up to the solubility limit:of Re in Mo,
near 40 atom percent. Formation of the o phase produces an extremely
high hardness in the Mo-Re system and finally near the Re rich end of the
Mo-Re sysfem hardness decreases to the value fqr unalloyed‘Re.

Hardnéss for the Mo-Pt system based on the available data from this
_étudy and data reported in the literature, apparently reaches a maximum
near'fhe maximum- solubility of Pt in Mo. -Within fhe solid solution range.
of Pt in M§ hardness increases rapidly with increase in.Pt content.

Table II summarizes the hardness data for the seven ailoy systems

inveétigated;- These data are breSented graphically in figdreﬂu. It
should be noted in figure u4(a) to () that Hf, Ta, and W additions produce
hardening of Mo over the entire homqlégous temperature range 0.027 to
0.143 where alloy sdfteniﬁg was observed iﬁ Mo-Re alloys (ref. 1). In

contrast,alloy additions of Re, Os, Ip, and Pt produce an initial soften-

ing of Mo at low solute contents and at low temperatures, figure 4(d) to
(g). At higher solute concentrations and higher temperatures hardening

of Mo is observed. The amount of solute required to produce a hardness
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minimum in each of:theSé four systems is noted (1) to increase with de-
creasiné temperature in agreement with previous observafions on Group
VIA-Re alloys (ref. 1), and (2) to decrease with increasing s+d electrons.
Temperature Effects | |
The temperature dependence of hardness is illustrated in figure 5
for unalloyed Mo and the seven alloy systems investigated; Hardness in
figure 5 is ﬁoted to decrease.mdnotonically with temberature for unalloyed
Mo.and the binary Mo alloyg.’ Examination of figure 5(c¢) to (g) shows
.'that'dilute'additions of Re; Os, Ir, and Pt resulted in a marked decrease
- in the témperature dependence of hardness compared to unalloyed Mo. This
.dédrease in temperature dependence of hardness or yield stress with alloy-
.ing isvcharacteristié of alloy softening in B.C.c. metalé, having been
' oﬁserved in Group VIA-Re alloys 5y the authors (ref, l)vand in other
b,c;c..metais exhibiting alloy softeﬁing (refs, 2, 4, and 5); Additions
of.Hf and Ta also lower the temperature sensitivity of hardness, but not

sufficiently_to preduce softening.

DISCUSSION OF RESULTS

The purpose of this section of the report is to analyze the hardness

_data in terms of current theories of alloy softenigg and hardening and to
illustréte'thaf electron conceﬂtration plays a dominant»roie iﬁ fhe hard-
ness behavior of binary Me alloys. | B
Scavengihg

The, avallable free energies of formatlon AFf (ref. 17) of the 51xth
perlod elements with C, O, \and N (at 2000 K) are llsted in Table III.
Based on the data in Table III it is pestulated that Hf and Ta would be

expected to be potential scavengers of all the interstitials listed.
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Comparing the values of AF; for tne oxides of the sixth period elements,
those elements producing alloy hardening, Hf, Ta, and W, would be expected
to scavenge oxygen from the Mo lattice, Of the elements produc1ng alloy
softening, Re, Os, Ir, andth figure u(d) to (g), only Os would be
expected to scavenge oxygen from Mo. Assuming that all the oxygen in Mo
is in-solutioniand based on thermodynamic calculations, Hf at the same
concentration as Os at the hardness minimum of 77 K, i.e.,‘l.72 at. % is
calculated to be a much more effective scavenger of oxygen than Os. How-
ever, softening is not observed in Mo-Hf alloys. Fron tnese calculations
the'equilibrium amount of oxygen left in solution in a Mo-Hf alloy would
be several-orders of magnitude less than in a Mo-0s alloy.

Data are not available to make a_similar'conoarison for carbides and
nitrides, possibly because Re, Os, Ir, and Pi do'not form stable carbides
Vand nitrides,

Based on the thermodynamic calculations coupled with observations of
c‘alloy softening for Mo-Re, Os, Ir, and Pt alloys and only alley hardening
in Mo;Hf, Ta, and W alloys=it is concluded'that interstitial scavenging,
i.e., chemical combination of solute and interstitial'is not responsible

~for alloy softening in the binary Mo alloys under investigation.

ThlS conclus10n ‘does not exclude the 1dea of solute-interstitlal T

- association proposed by Saques and Gibala (ref. 5). It is not known if
fnis mechanism can explain tne absence of alloy softening in Mo—Hfa Ta,
and W alloys.

''''' Atomic Size Misfit- —— ——— — - - —— - — -~ —— -~~~ — o L
It has .been shown by Fleischer (ref. 18) that solution hardening-can

be correlated with atomic size misfit or modulus misfit factors between

solute and solvent for a number of alloys of copper or silver, More
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recently Mitchell and Raffo (ref. 19) have shown that the rate of alloy
hardening for b.c.c. alloys is proporfional to the atemic misfit para-
meter as measured by the rate of change in lattice paraméter,

Teatum, Gschneidper, and Waber (ref. 20) have recently calculated
the atomic radii for a number of solutes.in Mo. The calculated atomic
radius ratios .of solute eiements to Mo are shown in figure 6 and the
change in iattice parameter of Mo upon élloying with the sixth period
elements based on the data of Pearson (ref., 21 and 22) is shown iﬁ
figure 7. Lattice parameter data for Mo-Pt alloys were not given by
Pearson,. but based upon our measurements and those of Ocken and Van Vucht
(ref. 9) the lattice parameter of Mo is unchanged with additions of up to -
12 atom percent Pt., Comparison of thé-éhange in lattice'parameter of Mo
with calculated atomic radius ratio reveals that the change in lattice
.parameter is as would be eXpected‘from atomic size effects. Those ele=-
menfs that arevlarger thaﬁ Mo increase thé lattice parameter and those

f‘fhat afe,smaller‘than Mo decrease the lattice parameter. Thé rate of
increase or decrease in lattice pérameter is directly propertional to the
-atomic radius_rétié. |

In figure 8(a) the initial rates of hardening for the binary Mo

”‘_alloys*dH7ﬁ€zéf:¢II:K:fme:ff@ﬁfé:Q:WHéTézéﬁIyzﬁéfaéﬁi*g:is:bbservedzare;—“*ﬁ“f:“’
plotted- against the initial rates of change in lattice parameter of Mo
dé/dc from figure 7. The data for W, Ta, and Hf additions suggest that

atomic size misfit parameter may be important in controlling hardness in

e~ these systems+u-Hdweven,_additionsﬁof_Re,;Os,_1r4_and_P;_cgngot be rel fgi
to atomic size misfit parameter. A similar plot is shown in figure 8(b)

for data at 77 K where the initial softening rates dH/dc are shown for
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-Re, Os, Ir, and Pt.additions along with the hardeniné rates for Hf, Te,
" and W additions. Agaln hardness of blnary Mo-Hf, Ta, and W alloys can
.be correlated with atomic size misfit parameter da/dc. Rate of alloy
_softening cannot be correlated with atomic size misfit for binary Mo-Re,
' OS, Ir, and Pt alloys. |
Data for rate of change in modulll are not available for the binary
alloys and, therefore, the correlatlon with rate of»haroenlng or soften-
ing cannot be examined.
,Electron Concentration
- A further comparlson is made of the hardness behavior. of the binary
Mo alloys for data determined at 77 K. In figure é(e)-data are compared
.for those alloys producing hardening of Mo while in‘figure 9(b) a com-
»parisonris msde of.data for alloying.elements that initiall&iproduce
softening of Mo. The increeses in hardness at a particular solute con-
_'tent are noted to vary remarkably.- For example, at a solute_content of
8 atom percent for solute elements producing only hardening of Mo, fignre
a(a) epproximate increases in VHN of 30, 80, and 160 result for alloey |
additions of W, Ta, snd HE respectively. In contrast, at a similar

' solute contents for those elements produc1ng an initial softenlng of Mo,

figure 9(b), increases in VHN of approxlmately 160 380, and 620 result
‘for additions of Os, Ir, and Pt while Re additions at the 8 atom percent
produce ‘a decrease in VHN of approximately 75, as shown in figure 9(b).

It was mentioned previously in the Experimental Procedure that solute

content was selected to glve alloys having equlvalent electron—to—atom

ratios, e/a. The e/a ratlo of binary Mo  alley can be represented by

(e/a)alloy = [Cy (e/a)y, + Cgle/a)g] o (1)
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where Cy . and CS are the atom fraction of Mo and solute, respectively.

Equation (1) can be written as

(e/a) 110y = (1-Cg) (e/aly, + Cgle/alg (2)

or

(e/8) 110y = (e/adgo + Cg [(e/a)g = (s/ayg] (3)

where [(e/a)g - (e/a)MO] is equal to the change in number of s + d
electrons (V).
The change in electron concentration upon alloying Mo with elements

- from the sixth period is given by

A ef/a = (e/a)alloy (e/a)Mo = Cg 4V | : (4)

Values of number of s+d electrons-are shown in figure 1.

| The effect.of change in eleotron ooncentration‘onihardness for the
binary Mo alloys_isfshown in flgure 10 for data determined'at 77 K. Data
for Moéw alloys are excluded from this plot since'AV = 0.7 It is interest-
'1ng to note in flgure lO that a smooth curve can be drawn through hard-“

‘ ness values for dllute Mo-Hf :and Mo-Ta.alloys: where hardenlng is observed

T T e "“:"“*--‘ e B

and hardness values for dllute Mo—Re, Os, Ir, and Pt alloys where alloy -
softenlng 1s.observed. The authors (ref. l) showed ‘that alloy hardenlng
in Group VIAeRe:alloys was proportlonal to the square root of solute con-

‘tent (parabolic hardening) ‘AFigure 11 shows the variation of hardness

with square root of solute content “and the change in electron concentra-

tion where 'the parameter Q; is

Q= cl/2 zy
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It can be seen. in figune ll(a) that the alloy hatdening data at 77 K for
Mo~Hf and Mo-Ta alloys and alloy softening data for Mo-Re, Os, Ir, and Pt
alloys also yields a reasonable fit of the data with the exception of the
two most concentrated Mo-Re alloys. Figure 11(5), (c), and (d) shows
that this type of correlation of the dataAis satisfactory at temperatures
of 188, 300, and 411 K. It should be noted in figure 11 that the slopes
of the two lines are approachlng each other as temperature increases,
lmplylng that hardness can be correlated with lAV[ above the temperature
where- alloy softening dlsaopears,

From the correlation shown in figure 11 it is concluded that the

hardness or strength of binary alloys of Mo - sixth period elements Hf

~ through Pt can best be correlated with electron concentration. Even

alloyed with Re AV-is constant. A least squares fit of hardness data in

though.the initial rate of hardening in Mo-Hf and Mo-Ta alloys>could be

correlated with atomic size factor it appears that electron concentration
plays a more doninant role over the entire range of compositionS'investi—
gated here, [

Comparison of our previous work on Group VIA-Re alloys (ref. 1). re-

veals that a correlation of hardness for these alloys is also consistent

with ‘the present relation between hardness and Q, since for Cr, Mo, or W

the previous study indicated hardness could be expressed proportiocnal to
Re content or to the sqnane root-of Re content. Based on the present re-
sults it appeabs that the square root of solute content is preferred. It
wonld appeagif;on“tnege_t;o>studles that the correlation between-electron

concentration and hardness.or strength may be applicable to other b.c.c.

transition metal alloys.
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Examination of figure ll'revealsithat the hardness miuimum'occurs

at lower values of Q mith increasiug temperature. ' Figure 12 shows that
QMins the value of @ at the hardness minimum, decreases linearly with in-
creasing temperature. A least squares line through the data in figure 12
extrapolates to a temperature of 487 K (0.169 Tm). Above this tempera—
ture alloy softening would not be expected in the.binary ho—sixth period
element alloys. This:is in good agreement.With a temperature of 481 K
(Oth Tm) for Mo-Re alloys determined by averaéingvthe data for Group |
VIA Re alloys (ref 1). The line in flgure 12 extrapolates to Quin =
3 17 (at. o)l/2 at O K from which the maximum amount of solute that can

be added to produce alloy softening can be determined from the relation
Quin = CY2 W = 3,17 (at. $)1/2 4t 0 x.

The amounts of Re, Os, Ir, and Pt expected at the hardness minimum in Mo

would be 10, 2.5, 1.1, and 0.6 atom percent, respectively.'

. CONTROLLING MECHANISM
The correlation of hardness with electron concentration for the

alloys 1nvest1gated p01nts to an 1ntr1n31c property of the tran51tlon

c metal- alloys belngnrespon81ble for«the alloy_softening_ and hardening that
" has been observedlln:thls study. The lack of softenlng in Mo-Hf and Ta
'1 alloys- suggests that sCavenglng, even though it may occur in these alloys
is not 1mportant in controlllng alloy softenlng in these materials. Also,

fallure to correlate hardenlng or softenlng rates w1th atomic size factor

alone, especially where the greatest rates of hardening and softening were
observed in Mo-Pt alloys without a change in lattice parameter, precludes

atomic size factor being a controlling mechanism. As pointed out
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previously by the authors (ref, 1) and by Arsenault (ref.-23); alloying

Mo with elements having a greater number of s+d electrons can lead to a

reduction in the Peierls stress as a result of reduc1ng the directionality

of the electron bonding. A lowering of the Peierls stress has been pro-

posed by several investigaters to be responsible for alloy softening

(refs. 1, 2, 3, 18, and 22).

The abrupt change to alloy hardening at Q@ = 2.64 (at. $)L/2 gt 77 K

for the binary Mo alloys and at decreasing 2 at higher temperatures is of

primary importance. in determining the mechanism of alloy softening and

hardening in these alloys. Some insight into the change in softening to

hardening at these e/a ratios may be gained from a study of the magnetic

susceptibility of these alloys which gives some information as to the

‘electron structure. Jones and McQuillan (ref. 2u4) and Booth (ref. 25),

in ‘studying the magnetic susceptibility of Mo-Re alloys, showed that in-

stead of the expected increase in magnetic susceptibility with increase

in. Re content within the entire solubility range a maximum was observed.

Jones and{McQuillanvor Booth did not correlate this anomaly with the

: density-of-states curve, but if the observation is real and characteristic

of the other binary Mo alloys under investigation here, measurements of

_ this type may help lead to an understanding of ihe role that electron

structure plays in the mechanical behavior of the tranSition metals. and

alloys.

CONCLUSIONS

Based on a hardness study of binary Mo-Hf, Ta, W, Re, Os, Ir, and Pt
alloys the following conclusions are drawn:

1. Hardness of the alloys investigated can be correlated with
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electron concentration of the alloys.
2.. Alloy softening is produced in Mo by those elements having an
excess of s+d electrons compared to Mo. Elements having fewer s+d elec-

trons than Mo or an equal number of s+d electrons do not produce alloy

_ softening.

3. Alloy hardening of Mo-ﬁf and Mo-Ta alleys and alloy softéning of
Mo-Re, Os, Ir, and Pt alloys can be correléted with the square root of
sélute éontent and change in electron conc¢entration dué to aadition of
the solute element. Alloy hardening in Mo-Re, Os, Ir, and Pt alloys obeys
a similar correlation.

- 4. Scavenging of interstitials by éolute elements does not appear
respensible for allby softening in Mo-sixthvperiod transition metal alloys.

S. Afomic size factér may play é minor role‘in.hardness behavior qf

Mo-Hf, Ta, and W alloys, but cannot be correlated with hardness behavior

of Mo-Re, 0Os, Ir, and Pt alloys.
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CHEMICAL ANALYSIS, ELECTRON-TO-ATOM RATIO AND VALUES OF @ FOR BINARY

Mo A

[Sclute Content (at. %).

(a) Mo-Hf Alloy System

LLOYS

- - Nominal Analyzed

(b)~

Interstitial Content (wt-ppm). ]

1/2

_H N 0 e/a  Q=C"'° AV
1.0 0.92 5.982 - -1.92
2.5 2.7 16 2.0 2.1 29 .5.946. -3.29
4,0 3.9 | 5,022 - -3.95
5.0 4.8 5.904  -4.38
10.0 9.9 21 2.2 4.2 31  5.802  -6.29
. 16.0 15,9 5,682,  -7.98
Mo;Té Alloy: System o
0.4 0.23 5998 -0.45
2.0 2.2 13 2.5 s 16 5,978 - -1.u8
5.0 . 4.9 .'_ 5.951  -2.21
8.0 7.9 s.921 -2.81
20,0 17.1 12 2.5 4,9 %0 5.829  -b.1u
:::;%:z~f:—=432;osf—f¥v:2573—<-~~ ‘-1%22215%747:::;25?03‘—‘
| 40,0 38,2 5.618  -6.18
60.0 . 59.3 s.407  -7.71
80,0 . 8L.5 -9.04



(c) Mo-W Alloy System

_Nominal Analyzed _C H N 0 e/a a=ct/2 av
2,0 1.1 6.00 0
5,0 3.4 25 2.7 4.0 24
8.0 '5.5 |
10.0 12.1
- 20.0 18.8 8 14 - 1.6 17
32,0 37,2 | |
60.0. 58,3
. sd,o 82,4
- (d) Mo-Re Alloy System
o  2.0 2,0 81 . 2.1 w1 24 6.020 1.41
5.0 s.é ' 6.053 2.30
8.0 8.2 6.082 2.86
10.0 "10.2 - - 6.102 3.19
1200 203 4 16 6.5 29 6203  4.51
32@0 32,8 | | 6.326  5.71
(e) Mo-Os Ailpy System
Lo 111 - 6.022  2.10
| T u7 L \ 6.034 2.63
2.5 2.61 .:iz 1.8 2.2 - 20 6.052 3,24
4,0 3,64 | 6.073 3.82
5.0 sfés 6.105 4,57
_‘“__-_"I&J*'~7££_’_Efmajf_f§;—"36f%};;_—EEE_‘i_~~——_
16.0 15.76 6,315




(£) Mo-Ir Alloy System

20

Nominal - Aria__lyzed | c . H ’ N 0 e/a Q:‘Cl/2 AV
0,67 0.63 6.019 2,39
.10 1.12 6.034 3.18
1,67 1.71 6.051 3.92
2,67 | 2,49 ; 16 1.1 7.7 20 6.075 4,73
3,30 3,31 6.099 5.46
6.67  6.76° 15 3.0 = 3.7 4l 6.203 7.80.
10.67 10,46 6.3 9.70
(g) Mo-Pt A'noy'systgm |
'j 05 o0.20 6.008 1.79
0,75 o 6.028 3.38
1.0 1.2 6.018 4,38.
2.0 2.0 - W 2.3 2.3 25 6.080 5.6
2,5 2.5 | ' | 6.100 6.32
.' '5;0',1 ;_’4;845' 6.192 .76
- 8.0 - R 6.304  11.03
(h) Mo o -
P - 15 L 3.4 20 s.oooA_<__;o -



"TABLE II-

SUMMARY OF HARDNESS DATA FOR BINARY Mo ALLOYS

- (a) Mo-Hf alloy éystem

Temperatufé, K

Hf content, "77_; 188" ' 300 Cu411
Cat. % T ,'Hardngss;.VHN
0.92 421 290 190 159
2.7 uar 32 251 221
3.9 uss aus 301 266
4.8 390 355 N 278
9,9 601 wey . uso 392
15,9 689 624 - 556 A 567
:'Kb)',Mo-Ta allqzﬁgyétgﬁ ) | |
;"- f%-cohteﬂf, o
' v;ata;% j_ |
0.23 4iy 280 175 104
22 ey '3299 1:.'j? 186 127
g w43 333 . 216 173
7.9 s w7 2w 214
17,1 524  ,416:‘ s 308 -
T s ase | aw1 as1
3,2 531 1485 Y 389
59,3 513 470 418 400 -
8L.5 436 359 ' 309 280
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(c) "Mo-W alloy system

Temperature, K

263

W content, = - 77 188 300 411
at, % T Hardngss, VHN '
_i.; ' ) ,.- 401 281 169 110
3.4 uos 277 177 105
5.5 B - 423 292 1179 117
12,1 - . 429 304 186 123
18.8 . | s 325 201' 140
3.2 508 347 228 162
ss.3 . sso 41y 287 200
82,4 o o827 473 éusf 237
(d) - Mo-Re alléy syétem
"Revconfent,
' 'atf %w. | |
2,0 ':.:  B 375 - 258 150 113
5;3. S s . 226 158 14y
8,2 1 o ".‘h _  i .é%s.f 238 189 : 166
:ib.z o R 1356,'  - 2u9 202 179
20.3 . - o e 326 267 235
’-.32.6'._" . 438 393 332 293
=T T(e) We<Gs alloy system .
. Os-cbntent,'i..
. _'at.;%"
111 3u9 237 172 149
1.72 __Jé%_,_ﬂ_fﬁ_-_ 218 ,lﬁ;“mw R
T e 375 303 250 218
3.64 41y 307
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(e) Mo-Os alloy system (continued)
o T : R S o Temperature, K i
Os.content, , 77 188 - 300 L1l

at. % T e R ‘Hardness, VHN
5,23 452 370 318 297
9.85 | 600 524 uel 407

15,76 . 718 615 - 555 486

(£) Mo-Ir alléy.systém

Ir content,

at. %
0,63 _A 350 267 212 - 18u
1.12 | Chos . a3 267 232
1.71 | ws 376 ‘ 296 28
2,49 50 w2 389 3se
3;3; f"  ) 'A" 567 512 43 - 379
676 4  ‘  o 730 860 609 549
__10,45 805 ' 4: 731 711 e

(g) Mo*Pt'allqy'system'

Pt content,

9

at: %
0.20 - 32Ul 171 139

s _ﬁmﬂygqﬂEhjkfﬁ;:;::é:;;:tij:QQL:::T;3§3Q::::::QSw:?::f:QQV::t:::izrjz;
- L2 S urs w2 a1s 295
2.0 ' . ‘ 513 470 393 383
-2,5 o 4A;:"V- 592 SLY 176 435

4.8 e 7__Jg4);_;@{_;__®3.”H_g___
T *-‘_f;:éuwﬁﬁv‘_.#"_f_" 976 9 855 779

(h) Mo

391 267 171 105



24
- TABLE III
FREE ENERGIES OF FORMATiON-AF; AT A2000 K FOR SOLUTE-INTERSTITIAL

REACTIONS (Ref. 17)

: Eiement Interstitial

: c B 0 N

Compound and AFg, ki;ojoulegam—atom of %nterstitial

Hf . HfC -208.8 Hfo2 -376.6 | HEN - -184.5

Ta Ta,C  -187.9 | Ta,0p  -240.2 fééN -118.8
W W,C -116.3 , WOQ -120.9 -
Re | - }. ReO(g) 178.2 -
03. - 0s0,(g) -60.2 '_ -
Ir - | | Ir0(g)  2ul.4 -
Pt ' - | PtO(g) 172.0° | -

Mo . Mo,C  -63.6 MoO -121.3 -



GROUP | GROUP| GROUP | GROUP GROUP vIl
I\ v Vi Vil
42
FIFTH PERIOD Mo
95.94
72 73 I 75 76 I 8
SIXTH PERIOD Hf Ta W Re Os Ir Pt
178.49 1180.94 [183.85 | 186.2 {190.2 192.2 [ 195.09
NUMBER OF s 4 5 6 7 3 9 10
AND d ELECTRONS

Figure 1. - Partial periodic table showing solute elements alloyed with molybdenum
for this investigation.

4500

[~ REF. 6 F REF. 7
— —_——-/
2500f— \\-\\ ——— -
a N B~ j
500 |
Mo 50 Hf Mo 50 Ta
at.% Hf a.% Ta
4500 Rer. 7 [ REF. 6
)54
wi
o
o )
= 2500
o
I
z
[=
500

4500

2500

o —— :;‘::__:_:m

at.% Pt

Figure 2, - Equilibrium diagrams for binary molyb-
denum alioy systems under investigation,
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LATTICE PARAMETER, A

L
0 4 8 2 1 220 24 28 2 3%
at.% SOLUTE

Figure 7. - Lattice parameters of binary Mo alioys as a
function of solute content (refs, 9, 21, and 22),

160 o Pt
120+

' olr
801

Hf

40f- © Os Ta

0 o Re w )

i | ) 1 ) { ]

! S I S|
4 8 12 16 20 24 28

da
100 d_C

T

Figure 8. - Effect of atomic size factor on hardening and
softening rates in binary Mo alioys.
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Mo
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VHN {a) ALLOY HARDENING.

1000 1
800 Ir
600
400 Re
zooLMOJ L1 ] 1 IS I T | L)

G 4 8 1 1 20 24 28 RN 3% 40

at.% SOLUTE
{b) ALLOY SOFTENING AND ALLOY HARDENING.

Figure 9. - Comparison of hardness behavior of binary Mo
alloys at 77 K.

1000

800

600
VHN

T eIt IT . T LT T :_:—::400

200F

0 | } B 1 | |
-40  -30 -20 -10 0 10 20 30 40

cav, at.%

Figure 10. - Effect of solute content and change in electron
concentration on hardness of binary Mo alloys at 77 K.
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Figure 11. - Effect of square root of solute content and

change in electron concentration on hardness of binary
Mo alloys.
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Figure 11. - Concluded.
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~Figure 12. - Temperature dependency of ;.
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