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ASTUDY OF THE PHASE DIAGRAM FOR THE Mo-ZR-C SYSTEM IN AREGION
RI CH INMOLYBDENUI~

A.M. Zakharov and Ye.M. Savitskiy (Moscow)

Recent investigations of the high-temperature strength of
molybdenum alloyed with small additions of Ti, Zr and C have shown
[1, 2J that the tensile properties of these alloys are consider­
ably increased jf the alloys are sUbjected to strengthening heat
treatment (hardening and subsequent artificial tempering). The in­
crease in the high-temperature strength of Mo-Ti-C, Mo-Zr-C and
Mo-Ti-Zr-C alloys after hardening and tempering is achieved through
decomposition of the supersatured molybdenum a-solid solution and
separation from it of excess phase-strengtheners of the carbide
(mainly TiC and ZrC) [3, 4J and evidently nitride [5J and oxide [6J
type.

In this connection a study of the phase diagrams for molyb­
denum with group IVa metals and C and, in particular, of the triple
system Mo-Zr-C which can serve as a basis for a search for new
high-temperature heat hardenable molybdenum alloys.

There are several articles in the literature devoted to a study
of the diagram of state of the triple system Mo-Zr-C. In Reference
[7J isothermal sections of this system have been plotted at temper­
atures of 2100 0 C (in the Mo-ZrG~C region) and 1500 0 C (in the Mo­
ZrC-Zr region) and in Reference [8J - the isothermal section of the
whole system at a temperature of 1400 o c. The results of a study of
the reaction of the carbide ZrC wjth molybdenum have been published
in Reference [9J. It has been established that the Mo-ZrC section
in the triple system Mo-Zr-C is quasi-binary and has a diagram of
the eutectic type; the eutectic _u+ZrC(v) (where a and yare solid
solutions in a base of Mo and the carbide ZrC, respectively) con­
tains l about 34 wt. % of ZrC and melts at a temperature of 2250 o C.
It follows from the data of Reference [7-9J that the carbide ZrC
(y) possesses limited solubility in molybdenum in the solid state;
however, this solubility, like the joint solubility of Zr and C in
Mo, at other Zr/C ratios remains unstudied.

The results of a st udy 2 of the molybdenum angle of the triple
system Mo-Zr-C and, in particular, of the joint solubility of Zr
and C in Mo in the solid state are set forth in the present article.
The alloys studied contained 0-0.5% C and 0-6% Zr. The principal
methods of studying the triple system Mo-Zr-C were: a microscopic
analysis of cast alloys and alloys hardened after prolonged an­
nealing from temperatures of 1970 and 1250 o C, the "drop" method
for determining the temperature of the beginning of melting of the
1-2/12
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alloys, x-ray phase and structural analyses and the microhardness
method.

Method of work. The following were used as te charging mater­
ials for the preparation of tne alloys: monocrystalline molybdenum,
obtained by electron beam zone refining (0.0008% N, 0.0017% 0 and
0.0004% H), 99.94% pure Zr iodide, lamp black and the carbide ZrC
prepared from spectrally pure elements. Alloy samples weighing 50g
were prepared in an arc furnace with an unconsumable (tungsten)
electrode in a copper water-cooled sole in an atmosphere of puri­
fied helium (pressure 350 mm Hg column). To obtain uniform compo­
sition the ingots were turned over the recast not less than five
times. The composition of the alloys is presented in Table 1. Be­
sides Zr and C, the alloys contained as impurities an average of
0.011% 0, 0.008% Nand 0.0006% H.

The temperature of the alloys' solidus was determined by the
drop method using an OPIR-017 optical pyrometer calibrated accord­
ing to the melting points of Zr (1855°C), Hf (2220 0 C), Nv (24680C)
and Mo (2620 0 C). The accuracy of the determination was ±20oC.

Cast alloys and alloys hardened after annealing in a TVV-2
furnace in a vacuum of 5-10- 6 mm Hg column from temperatures of
1970 and l250 oC. The length of the annealing at 1970 0 C was 47h;
before hardening from a temperature of l250 0 C the alloys were first
annealed at 1970, 1750 and 1250 oC, respectively, for 47, 27, 27
and 150 h. The rate of cooling the alloys from a temperature of
1970 0 C was more than 700 deg/min, and from l250 0 C - more than 350
deg/min. A temperature of 19700 C is close to the supposed hardening
temperatures; while a temperature of 1250 0 C is close to the temper­
ing temperatures (-0.55 from Tpl ) of these alloys.

TABLE 1

The Composition of the Investigated Mo-Zr-C Alloys

1 2 {))J\l'Il>h.illlll.! K('~lIlnJWtlnm, I.~-':. ~{. 1 2 ()'Jl,t,:IHK:llln(~ KOMllltlH~lI.;r-f, ... I\f~l'. ~l

N,

'I
N.

,

I
3 ,,11ft. IIII1X"I'\' L> Jlt) 1I11,1,IIII:1y 3 JlO JlIIIXTt! 4 1111 :11,anll:ly

CI).n~llIa, ~ (lI.uan.n

Zr I C Zr I l. Zr I C Zr I C

t ':O.~!> ,O.:\H', "
II·

21 !i.OO ' fl. 7:;
;

0.0"\)- - -
2 O.:!;' 0.100 .. o. :.!7' O.tI 22 :i.OO O. toO "."H O.:W
:\ (). ~;) 0.2;)() O. tli 0 ..20 2;\ !i.OO O.~;'O

r: .)') 0.:\0,)._-

It 0.~5 O. .sOO O.~:\ .. '().''i!1 , . 24 ;),00 0.;,00 .21 0.50
5 0.;,0 - 0.7;' 0.027 ~!i 7.00 - " ~(l 0.OH1
(i 0.;)0 o.WO O..'it 0.t5 21i 0.50 0.0;'0 (). '4 0.10
7 O.flO o ' ." 0.5/, 0.22 27 0.75 0.100 O. 'd 0.'10.L.~

8 0.50 Ci.v'::J I o.n 0.511 28 0.80 0.12;' 1. •(lli 0.12
. \) 'LOa - 1.05 . 0.018 29 1.00 0.1!i0 t.:~;) " O.H)
10 1.00 0.100 1.07 0.11 :{O '1.25 0.175 1.m) 0.22'
11' 1.00- 0.250 1.37 - 0.30 3t 1.75 0.250 1.~fi 0.2:}
12· 1.00 0.500 1.29 0.4.9 :~2 2.25 O.:{OO 2.58 . 0.:~4

,>,.
1:~ 2.00 - 1.92 - :, 0.016 3:1 2.50 0.:n5 2.82 0.34
tt, 2;50 - 2.75 0~01!J 34 3.00 0.4.25 3.34 0.45
15' 0:1.00 - 2.82 0.OG5 35 4.25 0.600 5.65 ' 0.70
16 3.00 0.100 3.20 0.13 36 6.00 0.850 6.55 0.96
17 3.00 0.250 : ·3.25 0.24 37 - O·WO - . 0.10. ,

'18 .' 3:00· . '{).500 2.3(\' ;' '0.36 . ' 38 .' I;' ~ ",. L ' 0.250 .. J!• " 0.26 .-
'HI ,4.00 - 4.25 0.033 39 - 0.500 - ~,55,
20 4.50 - 5.33 0.056

1) Alloy No.; 2) content of components, wt. %; 3) from charge;
4) from analysis.
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Sections of the alloys were prepared on coarse and fine emery
paper and polished on cloth with a suspension of CrZ03 in water.
A mixture (1:1) of a 10% KOH solution and a 30% KzFe(CN)6 solution
was used as the mordant; the etching time varied from 5-7 to 10-12 s
depending on the composition of the alloys.

The degree of the alloys' approach to a state of equilibrium
during annealing was checked by periodically measuring the period
of the lattice and the microhardness of the molybdenum a-solid solu­
tion in individual allo~s. The lattice period was determined with
an accuracy of ±0.0003 A in an DRS-50I unit (copper emission); the
angles of reflections from the planes (321) and (400) were used for
the calculation. The microhardness was measured in a PMT-3 instru­
ment under a load of 20 g; to remove the superficial cold-worked
layer the sections were etched with the above-named mordant for 1.5
min. The loading time was 2-3 s, the exposure under stress 7-8 s;
the value of the microhardness was calculated f~om the data of
measurements of the diagonals of 15-20 impressions.

The measurements showed that the lattice period and the micro­
hardness of a molybdenum a-solid solution in the alloy Mo + 5.65%
Zr + 0.70% C during annealing at a temperature of 1970 0 C remain
practically constant (3.1488 ~ and 187 kg/mm Z) after 27 h. Similar­
ly, the lattice period and the microhardness of a molybdenum a­
solid solution in the same alloy remained unchanged (3.1471 ~ and
164 kg/mmZ) during 100 h of annealing at 1250 o C.

Powders of the alloys were prepared for x-ray phase analysis.
Mapping of the Debye powder patterns was carried out in a chamber
with a diameter of 57.3 mm in copper emission with a nickel filter,
using an asymmetrical arrangement of the film; the voltage in the
tube was 35 kV, the current was 10 rnA and exposure time 5 h.

Zr;8ec. %
A

Fig. 1. Isotherms of the solidus surface of a molybdenum a-solid
solution in the triple system Mo-Zr-C. A) wt. %.

Experimental data and discussion. The results of the determin­
ation of the temperatures of the start of melting of alloys of the

- 3 -
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triple system Mo-Zr-C in the form of isotherms of the solidus sur­
face of a molybdenum a-solid solution carried out for every 50° are
shown in Fig. 1. The high melting point of the eutectic a + M02C
in the binary system Mo-C, 2510 0 C draws attention, whereas accord­
ing to the literature data [lOJ, it is -2200 o C. The decreased value
of the melting point of the eutectic a + M02C can be explained by
the fact that in Reference [lOJ alloys prepared from contaminated
materials were investigated. The data in Reference [3J also indi­
cate a high melting point of the eutectic a + M02C in the binary
system Mo-C: after annealing of the alloy Mo + 0.04% C at a temper­
ature of 2370 o C, no signs of fusion were observed. It follows from
this that the melting point of the carbide M02C, equaling -2400°C
[lOJ also requires refinement.

The temperature of the eutectic horizontal in the section Mo­
ZrC was equal to 2260 o c, which practically coincides with the data
of Reference [9J (2250 0 C). It is evident that the melting point of
the triple eutectic a + Mo 2C + ZrC (y) in the triple system Mo-Zr­
C must be below 2260 o c.

The comparatively high solidus temperature of the alloys in­
vestigated, Mo with 1-5.7% Zr and 0.02-0.05% C (2250-2 5QoC) makes
it possible to assert that the maximum solubility of Zr in Mo in a
solid state (at the temperature of tpe peritectic horizontal, equal
to 1890 ± 20°C [11, 12J) exceeds 6%.

From the data of a determination of the temperatures of the
start of melting, of a microscopic analysis of alloys hardened
from temperatures of 1970 and 1250 0 C and of measurements of the
lattice period and microhardness of a molybdenum a-solid solution
in the hardened alloys, a polythermal section of Mo-ZrC was con­
structed (Fig. 2). The nature of the change in the solidus temper­
ature of the alloys, the lattice period and the microhardness of a
molybdenum a-solid solution confirms the conclusion of Reference
[9J that the section of Mo-ZrC in the triple system Mo-Zr-C is
quasi-binary. The carbide ZrC (y) possesses variable solubility
in molybdenum in a solid state which increases with a decrease in
the temperature. The maximum solubility of ZrC (y) in Mo (at 2260°
C) is about 3.5%.

The data from a microscopic study (Fig. 2a) and the bends in
the curves of the microhardness and lattice period of a molybdenum
a-solid solution (Fig. 2b, c) indicate that the solubility of the
carbide ZrC (y) in Mo at a temperature of 19700 C is about 1.1%,
and at 1250 0 C - about 0.65%.

Isothermal sections of the molybdenum angle of the triple sys­
tem Mo-Zr-C at temperatures of 1970 and 1250 0 C are shown in Fig. 3.
At a temperature of 1970 0 C (Fig. 3a) the carbides M02C and ZrC
(y) are in equilibrium with the molybdenum a-solid solution in the
alloys examined, while at 1250 0 C (Fig. 3b), the phase Mo 2Zr, in
addition to these carbides. Three-phase regions a + M02C + ZrC
(y) and a + ZrC (y) + M02Zr in the triple system Mo-Zr-C appear as
the result of the following conversions: crystallization of the
triple eutectic according to the scheme Liquid ~ a + M02C + ZrC(y)
at a temperature below 2260 0 c (in alloys of the triangle Mo-Mo 2C­
ZrC) and the four-phase peritectic conversion Liquid + a + Mo 2Zr +
+ ZrC(y)

- 4 -
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, T50
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110.

a.R-'3.148

3,144

')

3
3,140

Mo 6 ZrC,ler.•/.
C

Fig. 2. Poly thermal section of Mo-ZrC (a) and dependence of micro­
hardness (b) and lattice period (c) of molybdenum a-solid solution
on the composition of alloys hardened from temperatures of 1970 and
1250 o C. A) H~, g/mm2 ; B) liquid; C) wt. %.

at a temperature below 1890o C, which in alloys of the triangle Mo­
ZrC-Mo 2Zr ends with the disappearance of the liquid phase. Since in
the alloys which we studied these conversions do not take place,
the appearance of the three-phase regions a + M02C ± ZrC (y) and
a + ZrC (y) + Mo 2Zr in the isothermal sections at temperatures of
1970 and 1250 0 C (Fig. 3) is evide~tly connected with the separation
of the carbides Mo 2C, ZrC (y) and the phase Mo 2Zr from the molyb­
denum a-solid solution as a result of a decrease in the joint solu­
bility of C and Zr in molybdenum in a solid state at a decreased
temperature.

The solubility of C in Mo at a temperature of 19700 C was taken
as equal to -0.02% ([4.13J and at 1250 0 C - 0.01 [4, 13, 14J. The
alloy Mo + O.lO%C studied in the present work at temperatures of
1970 and 1250 0 C had a two-phase structure a + M02C.

It is seen from the isothermal sections constructed that addi­
tions of Zr to alloys of the binary system Mo-C at first somewhat
increase and then decrease the solubility of C in Mo in a solid
state. For example, at a temperature of 1970 o C, additions of Zr in
amounts up to -0.7% increase the solubility of C to -0.12%, while
at a large Zr content (3-6%) this solubility decreases to 0.03­
00.05%. Analogously, at a temperature of 1250 o C, additions of Zr

- 5 -



in amounts up to 0.4% increase the solubility of C to -0.10%, while
at a Zr content of 0.7%, this solubility decreases to 0.03-0.04%,
etc. In alloys of Mo with 2-6% Zr, the carbide p'hase ZrC (y) at a
temperature of 1970 0 C appears at a C content of more than 0.03­
0.05%, and at 1250 o C, at a C content of more than 0.03-0.04%.

Photographs of the microstructures of some investigated alloys
of the triple system Mo-Zr-C are shown in Fig. 4. The carbides
Mo 2C and ZrC (y), as well as the phase M02Zr are difficult to dis­
tinguish from each other on unetched slides. After etching, the
carbide Mo 2C inclusions take on a characteristic pinkish color,
inclusions of the y-solid solution in a ZrC base appear gray, while
the phase Mo 2Zr has a dark gray color. In the three-phase alloys
a + Mo 2C + ZrC (y), inclusions of the carbide Mo 2C, as a rule, are
very large, while the inclusions of ZrC (y) have a finely dispersed
form.

•

1.10 z ~" Dec. %
~---.

a

b

Fig. 3. Isothermal sections of triple system Mo-Zr-C at tempera­
tures of 1970 (a) and 1250 0 C (b). A) Wt, %.

- 6 -
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Fig. 4. Microstructures of some alloys of the triple system Mo­
Zr-C (mordant - mixture of 10% KOH solution and 30% K3 Fe(CN)6 solu­
tion in ratio of 1:1. a) Alloy 1 (see Table 1), hardening from
1250 o C, a (x900); b) alloy 8, the same, but a + Mo 2C + ZrC (y);
c) alloy 34, hardening from 1970 o C, a + ZrC (y), (x600); d) alloy
25, hardening from 1250 o C, a + ZrC (y) + Mo 2Zr (x90).

The results of a microscopic study of alloys of the triple
system Mo-Zr-C were completely confirmed by x-ray phase analysis,
Diagrams of the roentgenograms of individual alloys having differ­
ent phase compositions are shown in F~g. 5~ Alloys located on the
isothermic sections in the monophase region a are uniform a-
solid solutions in an Mo base and have a bcc lattice (Fig. 5a);
alloys located in the two-phase region a + ZrC (y), in addition
to crystals of a molybdenum a-solid solution contain deposits of
a y-solid solution in a base of the carbide ZrC with an fcc, lattice
(Fig. 5b); finally, alloys of the three-phase regions a + M02C +
+ ZrC (y and a + ZrC (y) + M02Zr contain in their structure in ad­
dition to crystals of a molybdenum a-solid solution and inclusions
of the carbide phase ZrC (y), deposits of the carbide M02C with a
hcp lattice and the phase Mo 2Zr with an fcc lattice, respectively
(Fig. 5c, d).

In spite of the comparatively small amounts of the carbide
phases in the alloys studied, lines not only of the molybdenum a­
solid solution base, but also a large part of the lines of M02C
and ZrC (y) appeared on the roentgenograms (Fig. 5b, c) and only
on roentgenograms plotted from alloys of the three-phase region
a + ZrC (y) + M02Zr; some weak lines of the phase M02Zr (Fig. 5d)
were absent.

- 7 -
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Fig. 5. Diagrams of roentgenograms of some alloys of the triple
system Mo-Zr-C. a) Alloy 1, hardening from 1970 or 1250 0 C; b) hard­
ening from 1970 0 C; c) alloy 12, hardening from 1250 0 C; d) alloy
23, hardening from 1250 0 C.

The results of a determination of the lattice periods of var­
ious phases in alloys of the triple system Mo-Zr-C are presented in
Table 2. The rear lines of the roentgenograms (321) and (400) cor­
responding to the angles 0 -66 and 78° were used to calculate the
period of the bcc lattice of the molybdenum a-solid solution;
the periods of the hcp lattice of the carbide MozC were calcu­
lated from the lines (210) and (302) (the angles 0 are equal to
-52 and 70°); the period of the fcc lattice of the carbide ZrC
(y) from the lines (440) and (442) (the angles 0 are equal to -70
and 81°) and the period of the fcc lattice of the phase MozZr
accordingly from lines (533) and (800) (the angles 0 are equal to
-52 and 55°).

The values obtained of the period of the bce lattice of
the molybdenum a-solid solution in the alloys studied (Table 2)
confirm the joint effect of additions of Zr and C on the value of
the lattice period of pure Mo: both C and Zr increase the lattice
period of Mo [15J. The periods of the hcp lattice of the carbide

"
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MozC are close to the literature data (a = 3.002, c = 4.724 A,
c/a = 1.574 [16J; a = 2.998 ± 0.002, c = 4.734 ± 0.003 ~, c/a =
1.58 [17J, if it is considered that in the triple system Mo-Zr-C
a small region of triple solid solutions is formed in a carbide
MozC base and additions of Zr somewhat increase the lattice period
of MozC [7J. The period of the fcc lattice of the a-solid
solution in a carbide ZrC base is also close to the lattice period
of ZrC of stoichiometric cgmposition (a = 4.678 ~ [18J, a = 4.683
kx [19, 20J and a = 4.695 A [21, 22J) while the closer values ob­
tained in the present work can be explained by the fact that addi­
tions of Mo and Zr to ZrC increase its lattice period [19J.

TABLE 2

Phase Composition and Lattice Periods of Individual
Phase in Investigated Alloys of the Triple System Mo­
Zr-C

1 I' . 2 3 J1"pllOi\bl f'CIIICTI<l1 a. A, II""
CtlJtam.. • I;\m"f °c Mo,e" ,'Mo,Zra y

I

;'\ . Hit ±<l.OO:\
.. '

1 1970,1250
'4.GG1 ±O.OO4 ' ,

1:! I 1:!:",o :~.1!i5 ±o.ooa 3.021±O.OO5
35 Hl70 3.lIi88±O.OO:~ - 4.GG8±O.004 I.:. ",

12:"JO :U471 ±O.OOO3
23 1250 3.149 ±O.003 4~GG7±O .004 7.59~:t:O.008

*See composition in Table 1.
**c = 4.785 ± 0.007, c/a = 1.584.

1) Alloys*; 2) t zak ' DC; 3) lattice periods a, A, phase.

With regard to the period of the fcc lattice of the phase
MozZr, the value obtain~d is in good agreement with the literature
data (a = 7.60 ± 0.05 ~ [23J, a = 7.583 ~ [7J and a = 7.590 ± 0.005
kX [24J).

Conclusions. 1. The molybdenum angle of the triple system Mo­
Zr-C at a content in the alloys 0: 0.0.5 wt. % C and 0-6 wt. % Zr
has been investigated by methods of microscopic, x-ray phase and
structural analyses and by a determination of the temperature of
the beginning of melting and the microhardness; isotherms of the
solidus surface, isothermal sections at temperatures of 1970 and
12500 C and a polythermic section of MoZrC have been plotted.

2. At a temperature of 19700 C the carbides MozC and ZrC (y)
are in equilibrium with the molybdenum a-solid solution, and at
l250 0 C - the phase MozZr, in addition to the named carbides.

3. The melting point of the eutectic a + MozC in the binary
system Mo-C has been established as equal to 2510 ± 20°C.

4. The maximum solubility of Zr in molybdenum in a solid state
(at a temperature of 18900 C) exceeds 6 wt. %.

5. It has been confirmed that the section of Mo-ZrC in the tri­
ple system Mo-Zr-C is of a quasi-binary nature and has a diagram of

- 9 -



the eutectic type; the eutectic a + ZrC (y) in this section melts
at a temperature of 2260 o c, which practically coincides with the
data of article [9J (2250 0 C).

6. The carbide ZrC (y) possesses variable solubility in molyb­
denum in a solid state, which decreases with a decrease in tempera­
ture; the maximum solubility of ZrC (y) in Mo (at a temperature of
2260 0 C) is about 3.5 wt. %, at 1970 0 C it is 1.1 and at 1250 0 C it is
0.65 wt. %.
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Footnotes

IHere and further - wt. %.

2L.V. Kustova participated in the experimental part of
the work.

Transliterated Symbols

nn = pI = plavleniye = melting

r.n.y. = g.p.u. = geksagonal'no plotno upakovanno =
hexagonal close-packed

O.~.K. = o.ts.k. = ob'yemnotsentrirovannaya kubiches­
kaya = body-centered cubic

r.~.K. = g.ts.k. = granetsentrirovannyy kubicheskiy =
face-centered cubic

3aK = zak = zakalka = hardening
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