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PRODUCTION AND PHYSICAL METALLURGY
OF PURE METALS -- PART VIII

Self-Diffusion of Molybdenum and Diffusion of
Tungsten in Molybdenum '

/Following 1s a transiation of an artlcle by
Ye. V. Borisov, P. L. Gruzin, L. V. Pavlinov
and G. B. Fedorov in Metallurgiya 1 Metallov-

~ edenlye Chistykh Metallov (Production and
Physical Metallurgy of Pure Metals), No. 1,
Moscow, 1959, pages 213-218.7

Molybdenum is & refractory metal melting at 26200,

This property of molybdenum combined with its high strength
maintained during heating to high temperatures permits 1its
use In parts for electrovacuum instruments and electron
tubes. Molybdenum and its alloys are easlly oxidized in

air at temperatures above 600° and therefore need specilal
protection against oxidation.

High mechanical properties at elevated temperatures
depend on the strength of the Interatomlc bonds in the
crystal lattice,which is characterized by the activation
energy of self-diffusion /1/. The knowledge of diffusiom
characteristics permits the determinstion of atomic mobility
at different temperatures, an important factor due to which
molybdenum maintains its strength at elevated temperatures. :
It is known that diffuslon processes determine recrystalization,
sintering, weakening of metals and alloys, and many other
processes. v

The study of diffusion in molybdenum has certain
specific features related to the high melting point of
molybdenum. Considering that the majority of methods for
determination of the diffuslon coefficlent have a lower
limit of sensitlvity on the order of 10-13 cmg/sec, the

minimum temperature of diffusion annealing of molybdenum
must be above 15000. Therefore, a vacuum furnace wilth a
tungsten heater was used for diffusion annealing. Annealing
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was carried out under the contlnuous gction of three

vacuum and diffusion pumps g0 that Ehe alr pressure in

the furnace was on the order of 107" mm Hg. :
The investigation of diffusion was carried out in

the range of 1800 to 2175°. The duration of annealing was

" between a few hours and a few tens of hours. The tem-

L

perature was regulated by an autotpensformer. Molybdenum
prepared by arc melting under vacuum vas used for the
tests. The specimens were subjected to prior enneeling
at 1500° for 2C hcurs in an atmosphere of hydrogen. The
chemicsl anslysis showed the presencsiof‘0;7%'efftungsten
in molybdenum. Other admlixtures wvere slight.

Radl gctive isotopes ¢f molybdenum and tungsten
M099 and WiS5, were used for the tests. They have & half-
1ife of 67 hours end 73 days, respectively. Diffusion .
coefficlents vere determined by the method of measuring the
total rediocmctivity of the remeining specimen /2/. Radio-
active isotopes were deposited electrolytlcelly in e thin
layer on the specimens. Redloectivity was measured with
a padiometric counter instrument. U BT

The results of me&surements of the gelf~diffusion
coefficlent of molybdenum and the diffusion coefflicient
for tungsten in_mclybdenum‘vs‘témperature'are shown in

Pigs. 1 and 2,‘respectively. . These deta satisfy the . -

eQuations: | | "
. D=sexp (— I5000RT) cutreeeT

for self-diffusion in molybdenum; &nd

. D=5 {iﬂf"exp (-—-78 000'RT) cx jséé;‘"?t“: |

-ifdr tungéten diffusion-in Molybderua.

- Definite relationships between‘ihe diffusioﬁ: ‘

‘characteristics and the heat resistance of the alloys =
‘have been shown in a number of works /3/, /5/. The

upper temperature Iimits-of the usefulness of salloys
and certain other factors are determined by the rate
of diffusion of elements composing the alloy. - Solid
gsolutions with high heat resistance are those that: -
have low diffusion coefflclents. Among metals & o .
speclal place is occupied*by'molybdenum, which differs
from metals of the iron group in its uniquely low .
1evel of diffusion mobility (Fig.:3). - I
From the table: it appeers that the self-diffusion
coefficient of molybdenum is lower than the .self- . = i
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diffusion coefficients of nickel and cobalt factors of 10ll
at 700°C, by 103 at 1000°C and 103 at 1300°C.

In article /4/ it was shown that recrystallization
of many metals takes place at approximately the level of
diffusion mobility characterized by self-diffusion coeffl-
clents of th? order of 10-22 cm2 sec~l, Data on self-
diffusion of molybdenum confirm this premise. Indeed, at
the temperature of recrystalllzatlon, which 1s approximsately
880°, self-diffusion coefficlents of molybdenum are of the
above magnitude. .

Thus, data on self-diffusion of such refractory
metals as molybdenum confirm the exlstence of a threshold
level of diffusion mobility or recrystallization of pure
metals. :
It is shown that the alloying of metals not only
shifts the temperature of recrystallizatlon but also the
level of diffusion mcbility at wiilch recrystallization
becomes possible. The upper limlt of diffusion mobillity
in solid solutions can reach 10713 cm? sec-l /4/. The

threshold level of diffusion mobility for recrystalllzation
in solid solution also determines whether the alloys have
high strength at elevated temperatures. It very definitely
determines the fact that, in the area of working temperatures
of refractory alloys, self-diffusion coefficiefity of pure
metals end diffusion coefficients of alioying elements
composin§ the base of the slloy are about 10-13 to 10‘14

em? sec™L 4/, /5/. The limiting diffusion mobility for
recrystallization of solid solution (D = 10713 em?® sec~1)

is also the limiting diffusion mobility for intensive weak-
ening of alloys previously strengthened by plastic defor-
mation or by dispersion hardening. Consequently, using

data on self-diffusion of molybdenum and keeping in mind the
threshold levels for recrystallization and for weakening

of solid solutions, one can tenatively evaluate the upper
1imit of the temperature range of recrystallizatlon and
weakening of molybdenum solld solutlons. According to

our study, this temperature is of the order of 1600°9C. Thus,
this temperature determines the potential heat-resistance
level of alloys based on molybdenum. This temperature range
can be achieved by alloying with elements that do not sub-
stantially change the level of diffusion mobility and the
strength of interatomic bonds. According to literature
data, the temperature of molybdenum recrystallization 1is
substantially increased by alloying with titanium, 2zir-
conium and niobium /6/, although it does not reach its

limit figure. One can show that in this case Q and Do

of self-diffusion decrease, although by a relatlvely
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Pig., 3. Self-diffusion coefficients of nickel (1),
cobalt (2), irem (3) and molybderum (4)
vs temperature.,
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small quantity which hovever, determines the deviatlon of
the actual recrystallization temperature from the limit.

The megnitude of the activation energy of self-
diffusion observed in such refractory metals as molybdenum
satisfies the relation Q = 40 Tg, where Q s the activation
energy of self-diffusion and Tg is the melting point /7/.
Actually, according to the data of our study, Q/Ts = 39.6.
Data on molybdenum confirm the assumption regarding the
pelationship between activation energy and sublimation
heat. The sublimation energy for molybdenum S 1s 160,000
cal/g-atom /8/. The ratio Q/S 1s 0.72, l.e., the activa-
tion energy of Mo self-diffusion is approximately 2/3 of
its sublimation energy.

Recently it was hyptheslzed that in body-centered
metals, diffuslon can occur through rotation of a ring
composed of four atoms /9/. Based on such diffusion mechanics,
caleulations for molybdenum _self-diffusion /10/ result in
D = 16 exp (-120,000/k7) cm? sec™l, 4s shown here, theore-
tical parameters of molybdenum seif-diffusion agree with
experimental data. As could be expected, the actlvation
energy of heterodiffusion (tungsten in molybdenum) is lower
than the sctivation energy of molybdenum self-diffusion
(78,000 and 115,000 cal/g-atom, respectively).
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Diffusion in High-Temperature Alloys on a
- B Cobalt Base +

ollowing 1s a translation of an article by
Fi L. Gruzin and G. B. Fedorov in Metallurgiya
1 Metallovedenliye Chistykh Metallov (Production
and Physical Metallurgy of Pure Metals), No. 1,
Moscow, 1959, pages 219-223.7

Cobalt alloys are used in high-temperature and high-
pressure technology. It is interesting to study the diffusion
of different elements in cobalt alloys to ascertein the role
~of the diffusion process in weakening refractory alloys at
high temperatures. :

The deformeble cobalt-chromium-tungsten-molybdenum
alloy VK36 was used as the object of investigation. Carbides
constitute the strengthening phase of this alloy. The
development of carbides, due to a diffusion shift of basic
and second-phase stoms, results in a strengthening of the
alloy. Therefore, the present work concerns the diff-
usion of elements in the alloy base (cobalt) as well as in
the strengthening phase (chromium and tungsten). The in-
fluence of carbon and molybdenum on diffusion constants was
studied. For this purpose an alloy with s minimum content
of carbon (0.025%) as well as a similar alloy without
molybdenum were prepared. The chemical composition of the
alloys investigated is given in Table 1. ,

After being melted, the alloys were subjected to
preliminary pressing for the destruction of dendrite struc-
ture. This was followed by a homogenizing anneal 1ln hydro-
%en at 11009 for 50 hours. The billets were then forged

nto rectangular rods with cross sectlons of approximately -
40 X 15 mm from which samples 30 X 10 X 8 mm were prepared.

Prior to diffusion annealing, one side of each
speclmen was coatgg witg a thin layer of a radloactive v
element (Co00, Cr2l, Wl®3), (obalt and chromium were coated
electrolytically, tungsten by electric spark. Further,
the specimens were screwed together in pairs with thelir
"active sides in contact and were placed in evacuated quartz
tubes. Diffusion annealing was carriled out in tubular :
furnaces at temperatures ranging from 850 to 12500. Diffusion
coefficients were determined by measuring the integral radio-
AGERLLEEAL the Temeining BTl 5cHI8PORHIBATECT LT
were submitted to the AS USSR and MIFI (Moscow Instiltute
of Physical Engineers)
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atlon of successive layers /1/. v '

The study of cobalt self-diffusion in the alloys
investigated showed that the additlon of carbon somevwhat
decreases the activation energy and lncreases the self-
diffusion coeffliclents (Fig. 1 and Table 2). A similar
influence of carbon was disclosed during & study of iron
self-diffusion in steel, as was mehtioned in article /2/
and later confirmed /3/. , ; |

The results obtained show that the addition of moly-
bdenum increases the activation energy and decreases the
self-diffusion coefficlents of cobalt. This effect of
molybdenum was observed many times in connection with other
types of alloys.

Investigation of the diffusion of chromium, which
enters into the VK36 alloy in the amount of 20%, 1s also of
. considerable interest. Besides the fact that chromium ,
enters in the composition of the solid solution of the basic
alloy, it is a strong cerbide-forming element and therefore
it participates in the strengthening phase. It is evident
that this enhanced tendency toward carbide formation causes
the activation energy of chromium diffusion to be highest
in an alloy with maximum carbon content. Thus, the presence
of carbon in these alloys somewhat increases the activation
energy and decreases the chromium diffusion coefficlients
(Fig. 2 and Table 2). It is interesting to note that a
similar influence of carbon on chromium diffusion was
detected in article /4/, in which 1t was shown that an
increase in carbon content in the refractory alloy_ZhS-3
increases the energy of activation by about 0.1% /[sic/--
from 76 to 82 kcal/g-atom -- and decreases the diffusion
coefficients. 4

The different influence of carbon on c¢obalt and
chromium diffusion indicates the different character of the
interaction of these diffused elements with carbon atoms 1in
the solid solutlon.

The retarding of chromium diffusion is apparently
a substantial factor in improving refractory properties of
the VK36 alloy. 1In Fig. 2 the straight dotted line shows
the temperature aependence of the chromium diffusion co-
efficlent in the KhNSOT alloy /5/. The corresponding
straight line for the VK36 alloy runs nearly parallel to
the former but lower. The character of the distributlon
of these straight lines can be observed also for another
strong carbide-former, tungsten (Fig. 3) 1In this case the
diffusion coefficients of the VK36 alloys are lower than
corresponding coefflicients the KhNSOT alloy by nearly half
an order.

The addition of molybdenum to the base of the VK36

- 11 -
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alloy influences the diffusion of chromium in the same way as
it does the diffusion of cobalt. Table 3 compares the .
ratios of the pre-exponential factors and activation ener-
gles of VK36-C and VK36-S-Mo alloys for cobalt and chromium
diffusion. The practical coincidence of these figures
signifies that the addition of molybdenum to VK36-type
alloys changes the diffusion parameters of cobalt and ¢hrom-
ium in the same way. Thls also confirms in the ‘toticlusion
concerning the beneficial action of molybdenum on the-
diffusion in the refractory VK36 alloy. .

The results of the lnvestigation of diffusion in
alloys based on cobalt confirmed a conclusion drawn by us
earller regarding the correlation of diffusion characteristics
with heat resistance, as obtained for alloys of the KhNSOT
tyre. In particular, in the area of worklng temperatures,
the threshold level of diffusion mobilities for cobalt
alloys as well as for Kh80T-type alloys is characterized by
diffusion coefficients on the order of 10-12 5 10-13 =
cm?/sec. ' : ‘ ' ‘
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~ _Changes in Physical Properties During Decom osition s

" of the e-Phase in an Alloy of Zirconium with l%% NiotTum

éﬁollbwing 1s a translation of an article by = .=
u. F. Bychkov and A. N. Rozanov in Metallurgilya -

1 Metallovedeniye Chistykh Metallov (Production

and Physical Metallurgy of Pure Metals), No. 1,

Moscow, 1959, pages 22%-230.7

'~ Some works have. indicated confirmatlion of the possi-
bility of strengthening by aging [ginqg7,zircon1um alloys
' have a cubic #-solid solution structurc after hardening from
"the A-range. . b o . S . o

" Litton /1/ found that an alloy of zirconium with =~ ..
tantelum (17.5%), after hardening from 1000°C, in water and’
aging for 2 hours at 500°C, hes a high tensile strength =
equal 97.2 kg/mm?, which is higher by 20 kg/mm® than the
tensile strength of rolled alloys of similar composition.

We have observed an increase in hardness of zirconium alloys

with niobium after annealing at 300 and 500°C /2/. As a
result of 8 hours of annealing at 300°C, the hardness of -
hardened &lloys with 6-20% .niobium had increased on the -
average by 50 Brinell units. I N -

Depending on the duration of annealing at 480°C, .
the hardness of a zirconium alloy with 5.5% molybdenum .
increases during the first 15-30 minutes from 300 to -a max-
imum of 450 Vickers units whereas,during further aging it
gradually decreases, returning to its initial value after
100-200 hours /3/.

By comparing these results with studies of aging of
titanium alloys, and after radlographic investigation of
hardened and annealed elloys, the authors of article /3/
arrived at the conclusion that in the course of the dlssoc-
iation of an alloy with 5.5% molybdenum a transitional phase
is formed which is analogous to thes~phase of titanium alloys.

The changes in physical propertles during the aging
of zirconium alloys have not been studied and there are no
data in the literature concerning the properties of the
transitional phase. The study of the influence of the
transitional phase on the physical properties of the
alloys(with the aid of the thermophysical method) 1is re-
quired for plotting state dlagrams for finding the strongest
zirconium alloys. ‘

We have studied the changes of a2 number of physical
properties of alloys with cubic A-phase structure during
heating to 900°C and subsequent cooling. A Zr Alloy with

- 18 -




15% Nb was used in the study of aglng processes ln:connec-
tlon Wwith the dissociation of the metastable P-phase. This
alloy was selected for study because. it contailned the mlinimum
quantity of niobium (15%) at which the cubic -phase is form-
ed. In alloys with a lower content of niobium, the -phase
is partially dissociated even when hardening is done in
water, whereas in alloys with a higher content of niobium, .
dissoclation is much slower and its effect 1s less. After
hardening, the alloy has the greatest electrical reslsti-
vity (100 microhms/cm) and the smallest elasticlty modulus
(5,200 kg/mm?2) of all zirconium alloys with niobium /4/.

. When hardened from 6000C ané higher, the alloy has
a ﬁ-solid solution structure, whereas at temperatures below
5600 it undergoes eutechtcld dissoclation into an<{-phase
and a F#-solid solution containing 93% niobium. ’ '

Preparation of Specimens and Methods
or Measuring Physlical Prcperties

Alloys were prepared in an MIFI-9-3 arc furnace -
heving a copper sole and tungsten electrode, in an
atmosphere of chemically pure argon purified by melting a
zirconium getter rod. The arc was powered by a welding
generator with a 10 kv rating and was Iignited by touchlng
the electrode to a tungsten rod pressed into the furnace
sole. : : o , . o . o o
- Ingots welghing about 70 g were cast in a cavity
of the copper sole and formed in rods about.90 mm long. .

~ After hot forglng at 800-6000C, the alloys were
cleaned of scale, sealed in quartz ampoules and hardened
in water after 4 hours of aging at 1,1000C. Cylindrical
specimens 4 mm in diemeter and approximately 85 mm long were
prepared from the hardened billets.  The surfaces of the
specimens were polished. These specimens, when heated to
9000C, were used for measuring normal elasticlity modulus,
specific electrical resistivity and thermal expansion. _
Specimens 15 mm in diameter were taken from the same ingot
for the measurement of hardness after annealing at differ-
ent temperatures. e : '

The elasticity modulus of the alloy was determined

according to the specimen's resonant frequency when bent
in the vacuum installation as described in article /4/.
The specific electrical resistivity was measured with .
double Thomson bridge in a vacuum 1nstallation‘(10‘“ mm
Hg). Potentiometer leads were made of thick molybdenum
wire. A good contact of the leads with the specimen was
maintained by spring clamps during heating. _

Thermal expansion of the alloy was studied on a .
vacuum dilatometer. An indicator-gage with & dial with

- 19 -



0.001 mm divisions was used for measuring elongation. This -
permitted determination of the changes in specimen size. .-
during the transformetions. ~ ~ =~ - = ° L
'~ Hapdness during heating was:determined on an install-
ation by M. G. Lozinsky. The size of the imprints. produced
on the slides when the samples were under pressure from:a -
diamond pyramid with a load of 1 kg was determined: by mesans:
of a microscopé. The heating of the specimen during the -
measurement of its physical properties was carrled out at
a rate of 5°C per minute. - " S R
+ The annealing of specimens was effected in 30 minutes,
and hardened specimens were charged in a hot furnace.. The
density of the alloys was determined with the use'of a - =
pyknometer. After annealing, the hardness was determined -

with a Rockwell device and converted into Brinell units. -

Experimental Results and Discussion’

As noted before, the alloy hardened in wvater from
11009C has high specific e1ectroresi$t1vit§‘(100 microhms/
cm) and lov elasticity modulus (5200 kg/mm®), which indl- -~
cates great distortion of the crystal lattice of the alloy.

Upon hesting to 350°C, the elasticity modulus of -
the alloy declines somewhat, and at higher temperatures it
increases to 7200 kg/mm2, i.e., to a value far greater -
than the elasticity of same slloy the #-solid solution
state. The dependence of elasticity modulus (see Fig. 1)
on the heating temperature can be considered as a mono- -
tonically decreasing curve on which ls imposed a maximum ‘
peak of the elasticlty modulus at 520°C. The modulus show
a monotonic increase as the alloy 1s cooled, beginning at -
9000C ‘and reaching 5950 kg/mm? at room temperature. No
peaks were observed during cooling. The only explanation
of the abrupt increase in elasticity modulus upon heating, '/
to values exceeding the elasticity modulus of the alloys
in A£-solld sclution state or after slow cooling, is the .
formation of a new phase with

1 ‘ | ) ‘with a high elasticity modulus the
dissolution of the hardened/5¥solid solution.  Under' con-
tinuous heating, the new phase is formed in the range of

350-5200C, ‘the maximum quantity being present at 520°C. =
On heating above 520°C, the quantlty of the new phase de-" -
creases. The alloy annealed for 30 _minutes at. 350°C had
an elasticity mpdulusfdf'9000»kg/bm?;,i:e.;ﬂa'higherﬁone,than
after uninterrupted heating. ~ =~ -~ = - IR
“The data show that the elasticity modulus of this *
transition phasé is very high., ‘' . oo oo
According to the results of dilatometric studies,
the dissociation of the #-solld solution and the formation
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of the transition phase begln at 3000C and cease at 470°C,
which results in a decreased coefficlient of linear expan-
sion over this temperature range, l.e., the new phase has
a smaller specific volume than the,g-phase of same composi-
tion. Heatling above U709C results in the dessoclatlon of
w~-phase and the formation of «-phase, accompanied by an 0.52%
increase in volume.

- Judging from:the dilatometric curve, the specific
weight of the alloy after cooling is less than that in
the F-solid solution state, which corresponds to the re-
sults of specific weight measurements.

“The hardened alloy had a density of 6.938 g/cm3,

and after gnnealing at 520°C and cooling, the density was
6.895 g/cm”. |

Specific electrical resistivity of the hardened
alloy decreases from 100 to 96 microhms/cm during heating
to 300°. A negative temperature coefficient of resistivity
is unusual for metals and in this case is probably a conse-
quence of the decreasing distortion of the crystal lattice
in the F-solid solution.

The peak of the curve of specific resistivity, 109
microhms/cm at 500°, is the result of the high-resistivity
transition phase formed in the range of 350-5000C,

'In the range of 500-700°C, the quantity of the new
phase decreases. The 1increase of resistivity upon heating
above 700° is the consequence of the normal increase in
electrical resistivity of alloys with temperature. It must
be noted that upon cooling of the alloy, no anomalies in
the variation of electric resistivity with temperature are
observed; the decrease is monotonic down to 83 microhms/cm.
This is due to the fact that the transitionasl phase disappears
upon heating above a certaln temperature and, judging by
thermophysical curves, it does not reappear upon subsequent
cooling. It 1s possible that the transitional phase can be
formed also during cooling in the range of 600-300°C, i.e.,

in a range of minimum stabllity of the -s0lid solution.
' The Vickers hardness of cast alloys declines monoton-
ically during heating to 400°C from 450 to 275 units, while
in the range of 400-6009¢ g peak with a maximum of 325 units
is observed at 500° due to the formation of the transitionsl
phase. It was observed that imprints taken in the range
of transitional phase formation are uneven, which shows the
complexity of the structure and the brittleness of the
transitional phase. '

It is interesting that during the formation of the
transitional phase both the elasticity modulus and the
hardness increase, i.e., both the strength and the forces of
interatomic bonding in the alloy increase.
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Fig. 1

{Zon1inued from preceding pagé}
Tlasticity modulus (1), elongstion
€2§, specific electrical resistivity.
3), hardness ln Vickers unlts (dyy
(4) vs tempersture of zlrconium. _
glloy with 15% niobium hardened from

A-5011d solution at the rate of 500

per minute. 3rinell hardness (Bg)
of hardened alloy after annesling at -

different temperaturs for 30 minutes. o



The application of different methods to the study
of dissociation is interesting in that such propertles
as electrical resistivity and elasticity modulus depend
on the composition of the solid solution and on the state
of the dissoclation but depend only slightly on the dis-
charges, while the hardness depends very much on the
presence of dispersed discharges. All methods result in
data confirming the formation of the transition phase on
dissolution above 300°C,

To clarify the question of the relation between
the results of the study of &-solid solution digsociation
under continuous heating at a rate of about 300°C per
hour and the changes in propertles during the isothermal
dissociation of the S-phase, the hardness of the alloy was
measured after 30 minutes of isothermal anneasling at tempera-
tures of 200 to 550°C. It was found that maximum hardness,
equal to 400 Brinell units (corresponding to a tensile
strength of 100 kg/mm2) 1s observed after annealing at 420
to ¥709C, whereas after uninterrupted heating, the maximum
electrical resistivity, hardness, and elastlcity modulus are
observed at 500°C, i.e., at a slightly higher temperature.

Increased hardness of the alloy is observed even
after isothermal annealing at 220°C. :

A zirconium alloy with 20% niobium also showed in-
creases in elasticity modulus and in hardness gfrom 190
Vickers units to a maximum of 290 units at 500°C), in the
case of continuous heating of the alloy hardened from
/£ -solid solutlon.

The particular properties of the «-phase combined
with heat treatment permits the preparation of zirconium
-based alloys with high elasticity and strength. After
annealing at 480°C an alloy with 15% niobium, & hardness
~of 400 Brinell units was obtained, whereas after annealing
at 350°C, the elasticity modulus of the alloy was 9000

kg mm2’ i.e., the values of the properties were nearly

doubled.

Conclusion

The process of dlissociatlon of the stable ﬁLphase
under continuous heating at a rate of about 50C per minute
and with isothermal annealing was studled for a zirconlium
alloy with 15% niobium hardened from /f-solid solutlon.

During the heating, the dissociation of the f-phase
‘passes through a transition phase in the range of 350-500°C
which is accompanied by considerable increaes in elasticity
modulus,hardness and specific electrical resistivity, and
a decrease of the linesr expansion coefficlent.
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Effect of Alloying on Young's Modulus of Zirconium

~ [Following is a translation of an article by :

~ Yu. F, Bychkov, A. F. Klimpv,*A.;N.AROZanovAand
D. M: Skorov in Metallurgiya 1 Metallovedeniye - .
Chistykh Metallov (Production and Fhysical
Metallurgy of Pure Metals), No. 1, Moscow, 1959,
pages 231-243.7 - ,

It is important to know the elastic properties of
an alloy, both with regard to its use in specific structural
applications end under certaln working conditions, and for
the study of the interactions of metals in the process of
alloying. When preparing alloys for use at high temperatures,
zirconium alloys in particular, it 1is necessary to study the
dependence of the elastlc modulus on the temperature.

Only scant data concerning the elastlc properties of
zirconium alloys are given in the literature. It is known
that Young's modulus for zirconium free of hgfnium, as
measured by dynemic methods, is 10,270 kg/mm</1/. The
elastic modulus of Zircalloy~2 (an alloy of zirconlium with
1.5% tin and small addigions of iron, nickel and chromium)
1s_equal to 9,800 kg/mm® at room temperature and 6,465 kg/
mm? at 500°C /2/. The elastic modulus of an alloy with
2.5% tin is equal to 9,800 and 5,600 kg/mm® respectively, at
the above temperatures /3/. : :

We have studied the influence of different alloying
elements on Young's modulus for zirconium at temperatures
of 20 to 1,0000C. The following alloys were selected for
the study:

(1) Zirconium, with elements falrly soluble in
o-zirconium {oxygen, aluminum, tin, and titanium);

(2) Zirconium, alloyed with elements that produce
cublic A-structure at room temperature when hardened from
the #-range (niobium, molybdenum, tantalum); '

3) Zirconium, with elements forming intermetallic
phases (silicon, slightly soluble inc«-and p~zirconium, and
aluminum introduced into the slloy in quantities above its
solubility limit).

Preparation of Alloys

Jodide zirconium, 99.7% pure and containing 1.1%
hafnium, was used as the base for these alloys. Alloys with
oxygen were prepared by melting zirconium with zirconium
dioxide. To prepare alloys with titanium, TG-O titanium
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sponge was used. Other alloying elements were of chemically
pure grade. . o o : L
‘The melting was done in an MIFI -9-3 arc furnace .on
a copper water-cooled sole using a nonexpendable tungsten
electrode in an atmosphere of chemically pure argon, which
was purified by melting a zirconium getter. The arc was fed
from a welding generator rated at 10 kw, and the current 1n
the arc exceeded 400 amps. The arc was ignited by touching
a tungsten electrode pressed into the sole of the furnace,
so as to avoid contamination of the ingots by tungsten.
After repeated remelting, samples were cast into &
special cavity of the copper sole. The rods cast had a
length of 90 mm and diameter of about 12 mm. The welight
of the castings was 65 tc 70 g. '

' All alloys, except those with 10% tin, 5% aluminum
and 3% silicon by welight, were forged in air at 600-950°¢C-
to a size of 8-10 mn. The forging process was brief and
the alloys dld not beccme deeply oxidized. After forging,
the ingots were cleaned of scale and annealed in quartz.
ampoules. = A T . o
 Alloys with 0.2 and 0.5% oxygen, 5% tin, and 3%
aluminum by weight were annealed at 900°C; those with 2
and 10% tin aend 2% alusinum by weight at 850°C; and those
with 1, 2 and 3% silicon by weight at 8000C. The annealing
period was 72 hours, after which the ‘alloys were quenched '
in water. ' ‘ , ' :

-~ Alloys with molybdenum, nlobium and tantalum were
kept in the A-range at 12009C in quartz ampoules filled with
argon at a pressure up to 200 mm Hg for 6 hours, and then
were hardened in water. - o

" After further heat treatment, specimens 3-4% mm in -
diameter were prepered and 80-95 mm long, and the surfaces
were polished. - C : ‘ . S o

. The moduli of elasticity of these specimens were
measured, and the hardness, speciflc electric resistivity
and microstructure were studied. - o

| Methods of Study

‘The elastic moduli of the alloys were calculated .
according to the resonance frequency of freely suspended -
curved cylindrical rod speclmens. - D o

Each specimen was suspended on two thin molybdenum
wires, one of which was attached to the membrane of a
telephone and the other to a plezoelectric oscillation
adapter-receiver. The vibrator and the recelver were
secured inside a vacuum chamber suspended by vacuum rubber.
Electrical oscillations were imposed on the vibrator by a
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ZG-10 oscillator. uDetermination-of,the,resonahce_frequency,,
of the specimen was effected on an electronic Z0-% oscillo-

. r:;Melting-of'the_specimen.wa54carried<out$1n a furnace
with molybdenum-heaters and with a slot for suspension of -~
the specimen. T . T :

A few measurements of -each sample Were taken at

of measuring the elastic modulus is descriibed in more detall
in the articles /4/ and /5/. I

fEléétié Modulus éffx—SOiid Soiutionsf

heating and cooling rates of 7-8°C per mipute‘:aThe"methodé .

From the state diagram /6/ it is known that at 8009C
zirconium forms an cf-solld solution with tin (up to 5 wt-%)
aluminum (up to 1-2 wt-%) oxygen (up to 10-12 wt-%), whereas
at 5000C zirconium forms ana& -solid solution with titanlum ° |
(up to0.100 wt-%). Of these four elements, oxygen, alumlnum .
and tin increase the temperature of thed ->£ transformation, ..
whereas the temperature of the «-» £ transformation In alloys
with titanium shows a minimum with 33 wt-% titanium.  °

The'alloys of zirconium with titanium are of special.
interest for the study of elastic properties, inasmuch as
these elements form a continuous series of solid solutions |
in both thed -and f-ranges. In zirconium alloys with titan-
fum, ennealed at 500°C, the minimum elastic modulus observed
was 8,170 kg/mm2, with a content of about 33 wt-% (50 atom-%)
titanium-(Fig;vli; “The same composition shows a minimum . .
tempeérature of S5459C for 4 -»ftransformation, i.e.; the minimum
stability of &-solid solution during heating occurs at 5450C .
 /6/. For alloys with titanium quenched in water from the
B -range, the elastic modulus hes values only slightly diff--
erent from those shown in Fig. 1, such that in pure zirconium
the f -phase in zirconium slloys with titanium is scarcely
fixed even by rapid quenching in water.. = . T

Changes in the elastic modulus of: zirconium: alloyed.
with elements railsing the temperature of the;ﬁ%>ptransfor-
mation were studied in samples with oxygen (up to 0.5
wt-%) tin (up to 10 wt-%) and aluminum (up to 3 wt=%)
annealed in the «~range. The results of measurements are
shown in Teble 1, which also contains data concerning the -
hardness and electrical resistivity of the alloy. - Changes
in the elastic modulus with the composition of alloys with
tin, aluminum, and silicon are shown:in Fig. 2 in atom-%. -

Alloying with 2% tin resulted in-a decgease,of'the Co
elasticity modulus from 10,800 to 9,500 kg/mm<; additions -
of larger ‘quantitles  of tin (up to 10 wt-%) resulted in an -
additional, though small, decrease of the above figure 1o
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Table 1

e A < g s S =

Moduli of normal elasticity of zireonium
' alloye st room temperature
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Alloying 'v Wei- | Atom- |Anneal- | Elsstic| Specific |[Brinell
Element | ght, % ing modulus | electri- |[hardness .-
1 % | temp., cal resis-|converted -
% tivitgas . {from R
; ?::m 8, to Rc
Tin 2,0 }1,5 | 8s¢ 550 72 120
15,0 |3,88 | 900 | 920 | 121 -
tw,0 17,88 . 850 8730 144 187
Aluminue | 2,0 | 6,46 850 9190 § 141 217
| 3,0 |9,46 900 | 8370 158 212
L 1’50 j1s,08 | | 10%00 87 288
Oxygem | 0,2 11,13 | 900 | 9ms | 61 158
10,5 |2,78 960 |-9895 | 73 . 253
o +N - . 800" 9200 - -
(getter) . R ‘
Titanivm (15,0  [25 500 | 850 | 79 225
 j33,0 g6 | s00 | 8170 94 - 280
50,0 65,5 | 500 | 6530 97 280
60,0 74 | 500 9700 90 250
75,0 1|85 500 | 10330 78 225
100|100 500 | 12200 - -
Tantslum 25,0 l14,4 | 1200 | 8500 - -
| 125,00 14,4 750 9350 53 189
Molybdenum{10,0 9,55 | 1200 6780 102 -
Silfcon | 1,0} 3,44] 800 .}10070 52 136
2,0 | 6,65] 800 10010 . -
3,00 {9,745 800 {10600 67 193



8,700 kg/mm?, ..
" “The addition to zirconlum of W wt-% aluminum decreas-
ed the elastic modulus to 9,190, vwhereas theaddition of 3%
aluminum decreased it to 8,370 kg/mm?, oOxygen addition
(0.2 and'O;B]wtﬂ%% slso decreased the elastic modulus to
9,700-9,900 kg/mm=: For zirconium contaminated by nitrogen
and oxygen (the sample prepared from the gettes), the -
elasticity modulus was found to be 9,200 kg/mm-<.

Thus’it was established that the elastic modulus
of unalloyed iodide zlrconium at proom temperature is higher
than the elastic modulus of ~-solid solutions formed by
different elements on a zirconium base.

In the range of «- solld solutions, the elastlc
modulus decreases monotonically with increase of the
glloying elements. It is probable that this is due to &an
increased distortion of the iattice of the «(-solid solution
with addition of the alloying elements.

Investigation of -Solid Solution Alloys

G The elastic modulil of zirconium alloys of cuble

i -phase structure, i.e., alloys with niobium, tantalum and
molybdenum, were studled (Teble 1). In alloys containing
more thaen 15% niobium, the ﬁ-phase i{s fully fixed when the
alloy is hardened from the @-region. In alloys with a
jower content of niobium, the ﬁ-phase partially dlssocilates
upon hardening. In an alloy with 10% molybdenum, & con=
siderable quantity of ﬁ-phase‘was fixed after hardening.

Ziprconium alloys with nioblum, hardened from the
ﬁ-range,vhave lower values of elastic modulus than zircon-
ium; an alloy with 15% nioblum (Fig. 3) showed the minimum
value, 5,200 kg/mm®, This alloy having a minimum quantity
of niobium when hardened from the £ -range alloys as & cubic
solid solution. At a lower content of nioblum, the ﬁ-phase
partially dissoclates during hardening. The same composi-
tion shows maximum electrical resistivity. ,

The investigation proved that alloying that forms
ﬁ-solid solutions results in an elastic modulus that
decreases more rapidly with temperature than does that of a
solid solution based on -zirconium. .

Zirconium-based alloys with o(-solid solution structure
and a hexagonal, densely packed lattice showed no such low
elastic modull as were observed for alloys with body~-cen-
tered cubic structure. Zirconium alloys with up to 100 wt-%
titanium in theo(-phase wers found to have a minimum el-
astic modulus of 9,100 kg/mm< (Fig. 1), whereas among
alloys with niobium hardened from theﬁg-range and to
a body-centered cubic structure the minimum elastic modulus

- 32 -




was 5,200 kg/mm 2 (Fig. 3). This is a result of the metal-
stability of the supercooled.ﬁ-phase.

Digsociation of Hardened ﬁtphase

In certain alloys of zirconium the metastable ﬁ-phase
with a body-centered cubic lattice fixed by hardening has a
low elastic modulus. In zirconium alloys with 10 wt-% moly-
bdenum hardened from water at 1200°, the elastic modulus was
seen to decrease slightly, whereas in the range of 325-4500C,
it increased considerably (by 600 kz/mm?), up to values
higher than the elastic modulus at room temperature (Fig. 4).
These changes take place beceuse of the dissocliation of
the hardened ﬁ~phase. The dissoclation of the ﬂ—phase begins
at a noticeable rate upon heating above 3259, i.e., at
relatively low temperatures. When a previously cooled alloy
was heated no increase in elastlc modulus was observed,
owing to the fact that, during slow cooling, a partial
dissociation of the metastable B-phase takes place. The
increase of elastic modulus was also observed upon hesting
hardened Zr-25% Ta alloys. The fact that the elastic modulus
of hardened Zr-10% Mo alloy rises to higher values upon
heating in the range of 325-450°C or after slow cooling
together with the furnace (Fig. 4) can be explained by the
formation of a transitionai phase with a high elastic modulus
and & complex structure. This formation takes place during
the transition from the supercocled f-phase to a stable
structure. When cooled with the furnace, the transitionsl
metastable phase apparently dissoclates. An analogous
transitional w-phase in alloys based on titanium has been
‘studied in detail /7/.
‘ The elastic modulus of an alloy with 25% tantalum
annealed at 7509C is higher than the elastic modulus of the
same alloy hardened from 1200°C, owing to the dissociation of
the B-phase and its transformation into a mixture of stable
phases (Table 1). A similar situation was observed for
zirconlum alloys with niobium (Fig. 3).

Elastic Modulus of Alloys Containing
. Intermetallic Phases

The elastlc modulus of a pure intermetallic compound
is difficult to measure, owing to the brittleness of the
compound. Among the alloys with intermetallic phases in
thelr structure, we studied alloys with 5 wt-% aluminum and
with 1, 2 and 3 wt-% silicon. '

It is known from literature data /6/ that silicon is
only very slightly soluble in zirconium (less than 0.2% at
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a1l temperatures up to 1600°C). This is confirmed by the
slightness of the changes in the electrical resistivity of
zipconium when it 1s alloyed with 1 to 3% silicon (Table 1).
The compound nearest to zirconium, ZrpS;, contains 7.14 wt-%
silicon; it is an intermediate phase In the system with
Zr3Al containing 8.8% aluminum, the meximum solubllity of
gluminum in zirconium being 3.5% at 940°C.

Alloying zirconium with 1 wt-% (3.4 atom-%) silicon
resulted in a slight decrease of the elastic modulus to

10,000 kg/mm?, whereas introduction of 3 wt-% (9.7 atom-%)
silicon increased the elastic modulus at room temperature
to its value for unalloyed zirconium (Fig. 2). A further
increase in the content of the compound [Zr2817 in the alloy

would probably result in a further increase in the elastic
modulus. Alloying zirccnium with 1-3% of slightly soluble
silicon changes the elastic modulus of zirconium to a con-
siderably lesser extent than does alloylng it with elements
that form solid solutions based on zirconium.

From Fig. 2, one sees that alloying zirconium with a
considerable quantity of aluminum_(g wt-%, 15 atom-%) reises
the elastic modulus to 10,900 kg/mm<, which is much greater
than the elastic modulus for smaller additions of aluminum
end forms alloys with the «{-solid solutlon structure. This
1s due to the presence of a considerable quantity of inter-
metallic phese in the alloy containing 5% aluminum. Alloys
containing intermetallic phases have high elastic modulil,
exceeding by far the elastic modull of zirconium at high
temperatures (Fig. 5) probably because the elastic proper-
ties of intermetallic phases change less with temperature.

The elastic modulus in the solid-solution range
decreases with an increase of aluminum content, but when an
%ntermegallic structure is formed it increases ccnsiderably

Fig. 2). '

Influence of Temperature on the Elastic Modulus
. of Alloys

Determination of the elasticity modull of alloys
during heating yields data concerning elastic properties of
different structural components vs temperature, and also data
concerning processes taking place in the alloys.

The elastic modulil of zirconium alloys with elements
forming & -solid solutions are lower than those of zirconium,
not only at room temperature but at higher temperatures also.
At 5000C, the elastic moduli with 15 and 33 wt-% titenium are
lower by 1600 kg/mm° than those of zirconium at the same
temperature; moduli for the alloys with 0.2 wt-% oxygen and
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2 to 10 wt-% tin are lower by 800 and 1300 kg/mm® respective-
ly. If this content is increased to 10%, the elastic modulus
increases, but, at the same time, its rate of decrease with
the temperature becomes smaller (Table 2). The result is
that at about 800-900°C the elastic modull of alloys with
2-10%4 tin are comparable with the elastic moduli of zirconium,
but lower than the latter at B8000C.

The elastic modull for all allogs of zirconium with
titeanium at any temperature up to 1000%C.

The curves of the elastic modulus of zirconium alloyed
with titanium, vs composition, at temperatures below the
A =——> & transformation, show minima; however, the minima be-
come less prcnounced with increase of temperature to 500°¢C,
provided the alloy with minimum elastic modulus also has the
minimum modulus temperature coefficient (Fig. 1).

Zirconium alloys with 2 and 3 wt-% aluminum have
lower elactic moduli than zlrconium at room temperature,
whereas at 600°, their elastic modull are equal to 6,500
kg/mm?, i.e., they approach the elastic modulus of zirconium,
(Fig. 5). The elloy with 5% aluminum, containing about 57%
intermetallic Zrz2A1 (8.80 wt-% aluminum), has a high elastic
modulus at room %emperature, considerably higher than that
of zirconium at elevated temperatures (Fig. 5). The 3 wt-%
silicon alloy with considerable intermetallic phase in its
structure (about 40%) has a higher elastic modulus at ele-
vated temperatures than an alloy with 1% silicon or pure
zirconium (Fig. 6).

The greater the quantity of intermetallic phase in an
alloy, the higher the elasticity modulus and the lower the
temperature coefficlent of the modulus, owing to the fact
that the strength and other elastic propertles of inter-
metallic compounds depend less on the temperature than do
the same properties of pure metals and ductile alloys. For
£ -solid solutions, the difference between the elastic modull
of the alloys and of zirconium decreases with rising tempera-
ture and epproaches zero, whereas in zirconium alloys con-
taining intermetallic phases, the difference in elastic
modulus increases with Ilncreasing temperature.

In alloys with silicon, thermoelastic methods have
shown that the transformation into cubic ﬁ~phase occurs at
810-860°C (Fig. 6). _

In unslloyed zirconium and also in alloys with titanium
and tin, a decrease in elastic modulus by about 700-1000
kg/mm= was observed upon heating owing to a transformation of
the densely hexagonal packed {-lattice Into a body-eentered
cubic B-lattice of lower modulus. In an alloy with 10% tin,
the transformation was observed at higher temperatures than
in an alloy with 2% tin, which concurs with the zirconium-tin
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state diagram /6/. S o
, The temperature of the O(--a-ﬁ transformation, deter-
mined by thermoelastic methods for an alloy with 33%
titanium, exceed by 50°C the data shown in /6/ whereas for
other alloys of this system, the transformation temperatures
are near to those already known. - . T ,
It is interesting to note that the elasticity modu-

lus changes. with temperature at a lower rate in the ﬂ-phase

range than in thed -range; this was observed both for zir-
conium alloys with nioblum /5/ and for zirconium alloys with
titanium. o g Y o n

Conclusions

In thils work, changes in the elastic modulus of zir-
conlum were investigated; zirconium alloys with (1) elements
forming solid solutions based on{-zirconium (oxygen, tin,
aluminum, titanium) (2) elements which remein fully or
partially in the ﬁ-phase after hardening (niobium, molyb-
denum) and (3) elements forming intermetallic compounds with
zirconium (silicon, aluminum), were studied. Young's modu-
lus was measured for alloys of zirconium with niobium as
well as with titanlum, which form continuous series of solid
solutions. , :

All elements forming solid solutions decrease the
elastic modulus of zirconlum both at room and at elevated
temperatures; the elastic modulus decreases especially upon
alloying with elements which, upon hardening, filx the}s-phase.

Alloying with silicon, which forms intermetallic com-
pounds and 1s slightly soluble in zirconium, does not notice-
ably influence the elastic modulus when the additlions are
low; however, 1f the content in the intermetallic phase of
the alloy 1s adequately high, the elastic modulus increases,
especlally at elevated temperatures. Alloys with molybdenum
hardened from the @-range and heated to 325-4500C show dis-
soclation of the metastable P-phase. This results in a con-
siderable increase in the elastlc modulus, since during the
dissociation the transitional phase 1s formed which has a
high elastic modulus and & complex structure.

With increasing temperature, the elastic modull of
the ®{ -solid solutions approach the elastic modulus of zir-

-conium, while that of the alloys contalning intermetalllc

phases exceeds the modulus of zirconium. This increase be-
comes greater at higher temperatures.
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