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The effect of carbon content on thermal properties of cast superinvar alloys subjected to two-stage annealing

is studied. It is shown that carbon improves the casting properties of the alloys but raises the temperature coef-

ficient of linear expansion (CTLE). Two-stage high-temperature annealing makes it possible to remove carbon

from the solid solution and to transfer it into graphite, which is accompanied by decrease in the CTLE.

Key words: superinvar, solid solution, homogenization, graphite, lattice parameter, dendritic seg-

regation, residual stresses.

INTRODUCTION

Invar and superinvar alloys belong to a group with spe-

cial thermal properties [1]. One of the main characteristics of

such alloys is the temperature coefficient of linear expansion

(CTLE). The alloys have a low and constant CTLE in a spe-

cific temperature range known as the invar interval. They are

applied primarily in instrument making for fabricating equip-

ment components that should have permanent sizes. By the

data available [2] the alloys in question are also used in the

oil and gas industry.

A typical structure responsible for invar properties of al-

loys is an iron-nickel ferromagnetic solid solution with an

fcc lattice. The invar interval is determined by point M
s

on

the side of low nickel concentrations and by the Curie point

on the side of elevated nickel concentrations. A classical in-

var alloy contains 36% Ni and iron as the remainder. It has

been suggested in the middle 1930s (primarily by Japanese

researchers [1]) that a part of nickel atoms in an invar should

be replaced by cobalt atoms. Such alloys are known as

superinvars. The relevant literature contains much informa-

tion on the thermal properties of deformable invar alloys [1].

Today it has become necessary to produce complex-shape

parts from invar and superinvar alloys, which are hard and

sometimes even impossible to form by pressure treatment.

These are articles for the rocket and space industry, optoelec-

tronics, tracker stations, etc. It is known [3] that alloys with a

structure of solid solution have low casting properties and

acquire flaws like pores and discontinuities during casting.

Processes for casting invar parts with carbon additives

are developed today in different countries (Japan, USA, Rus-

sia). The action of carbon on the properties of invar and

superinvar alloys is ambiguous. A low content of carbon pro-

motes growth in the strength properties of invar and

superinvar alloys and widens the invar interval [1]. In the

presence 0.5 wt.% and higher concentrations of carbon the

casting properties of invars are improved substantially mak-

ing it possible to obtain quality castings. However, consider-

able carbon concentrations in invars raise the CTLE, which

is not desirable. For this reason, cast articles from carbon in-

var and superinvar alloys should be annealed for removing

carbon from the solid solution and forming graphite. Graph-

ite also raises the CTLE of invar and superinvar alloys. How-

ever, the volume fraction of graphite is relatively low and its

effect is much lower than that of carbon present in the solid

solution. Thus, we may speak of “temporary alloying” of in-

var and superinvar alloys with carbon. Castings from carbon

invar alloys are commonly subjected to two-stage annealing

at 960°C for 4 h and at 680°C for 2 h. This mode of heat

treatment of castable carbon invars promotes segregation of

an enough volume of carbon from the solid solution and low-

ering of the CTLE. It should be noted that dendritic segrega-

tion is another factor affecting the CTLE of castable invar al-
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loys. Any deviation of the concentration of nickel toward

values higher or lower than 36% causes increase in the

CTLE of castable invars. Moreover, the presence of domains

with a lower content of nickel may stimulate a martensitic

transformation and a loss of the invar properties of the alloy.

The mode of two-stage annealing applied to castable in-

var and superinvar alloys differs from the classical heat treat-

ment (quenching or quenching followed by low-temperature

tempering) of deformable invars. In particular, the second

annealing promotes considerable relaxation of residual

stresses, both peak ones and background ones, which is a

necessary condition for stable operation of articles in the

whole of the invar range.

At the same time, there is an opinion that every group of

invar and superinvar alloys should be heat treated in an indi-

vidual mode [1], which is especially important for castable

invars because the crystallization process depends consider-

ably on the mass of the article, on the development of den-

dritic segregation, on the rate of crystallization and on other

factors.

The aim of the present work was to study the functional

properties of castable invar and superinvar alloys with differ-

ent contents of carbon after two-stage annealing.

METHODS OF STUDY

The alloys studied were melted from pure blend materi-

als, i.e., nickel of grade N1 and cobalt of grades K0 and K1.

Under laboratory conditions we melted carbon invar and

superinvar alloys with different carbon contents and, for

comparison, a carbon-free alloy Fe – 31.0% Ni – 10% Co

(see Table 1).

We studied the structure of the invar alloys after casting

and two-stage annealing at 960°C for 4 h and at 680°C for

2 h. In an unetched condition graphite segregations with var-

ious shapes and sizes distributed over the volume were ob-

served under a magnification of � 200. To determine the vol-

ume fraction of free graphite we used the method of

Glagolev [4]. The structure of the dendrites was studied with

the help of an Altami MET 1M microscope under a magnifi-

cation of � 200. We used a Jeol JSM 5900LV (Japan) scan-

ning electron microscope equipped with an Inca Energy 200

(Oxford, Great Britain) energy dispersive spectrometer for

microscopic x-ray spectrum analysis and for determining the

content of elements over cross section. We estimated the

maximum and minimum concentrations of the elements. The

variation of the lattice parameter during annealing of the cast

invar alloys was determined in cobalt K
�

radiation using a

DRON-2 diffractometer. The microhardness of the alloys

was measured with the help of a PMT-3 device under a load

of 0.5 N. To determine the CTLE we used specially designed

low-temperature and high-temperature dilatometers. We es-

tablished that the matrix of the alloys had a superinvar com-

position with 30% Ni + 10% Co. If necessary, we determined

the mean values of the CTLE in specific temperature ranges,

i.e., �
20-200

and �
20-400

.

RESULTS AND DISCUSSION

A typical structure of carbon and carbonless castable

superinvar alloys is a dendrite-cellular one. As an example,

we present such a structure in Fig. 1.

Cast superinvar alloys possess a dendritic structure,

where carbon refines considerably the structure of the den-

drites. Graphite segregations are observed primarily in den-

drite spacings, where the carbon content can be elevated due

to the development dendritic segregation with respect to car-

bon. We studied the morphology, the size, and the arrange-

ment of graphite on unetched laps. Graphite inclusions of

different sizes and shapes can be seen in Fig. 2, where the

larger inclusions represent the primary graphite segregated

directly due to crystallization, wheres the smaller inclusions
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TABLE 1. Chemical Compositions of Carbon-Containing Super-

invar Alloys

Alloy Ni Co C

Fe – 31.0% Ni – 10% Co (1 ) 31.0 9.96 –

Fe – 30.4% Ni – 9.8% Co – 0.35% C (2 ) 30.4 9.8 0.35

Fe – 30.3% Ni – 9.2% Co – 0.71% C (3 ) 30.3 9.2 0.71

Fe – 29.7% Ni – 10.0% Co – 1.08% C (4 ) 29.7 10.0 1.08

Fe – 29.4% Ni – 10.0% Co – 1.67% C (5 ) 29.4 10.0 1.67

a

b

Fig. 1. Structures of a carbonless superinvar (alloy 1 ) (a) and of a

carbon superinvar (alloy 5 ) (b ) after etching. � 200.



seem to have formed due to annealing. The graphite inclu-

sions formed in the annealing process can be located over the

whole of the volume of the lap (Fig. 2a and b ). In some cases

they have the form of rings (Fig. 1c) lying presumably over

boundaries of coarse grains of the solid solution formed after

partial weakening of the dendritic segregation.

It should be noted that graphite can also be segregated in

dendrite spacings. Graphite inclusions may have a globular

or a vermicular shape, and the volume fraction of free gra-

phite increases upon growth in the carbon content in the al-

loy. A high content of carbon in the alloy causes graphite

segregation in the form of a net over grain boundaries of the

solid solution.

The lattice parameter of the solid solution increases regu-

larly upon growth in the carbon content in the alloy, which

indicates preservation of some dissolved carbon, the propor-

tion of which can be lowered in the alloy by subsequent an-

nealing.

To provide a fuller segregation of carbon from the solid

solution of the alloys we subjected the latter to a high-tem-

perature annealing at 1000°C for 6 h and cooling with the

furnace. Such annealing did not remove the dendritic struc-

ture, but the boundaries of the dendrites became smeared and

the content of free graphite increased. A study of the graphite

segregations showed that they were larger after the crystalli-

zation than after the annealing.

To consider the variation of the concentrations of the

base nickel and cobalt components over the volume we re-

sorted to a microscopic x-ray spectrum analysis. We studied

the alloys in cast and annealed conditions. The distribution of

nickel and cobalt over the cross section of the ingots was

quite uniform without peak concentrations, but we detected

some growth in their contents on the boundaries of dendrite

cells (Fig. 3).
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a b

c

Fig. 2. Structures of carbon superinvars (� 200):

a, b ) alloy 2 in cast condition; c) alloy 5 after

two-stage annealing at 960°C for 4 h and at

680°C for 2 h.
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Fig. 3. Structure (a) and distribution of elements over cross sec-

tion (b ) in alloy 5.



Annealing levels the concentrations of nickel and cobalt;

their maximum content in the volume of a dendrite cell de-

creases by about a factor of 2. Note that the development of

dendritic segregation in cast invar alloys is low, which is ex-

plainable, in particular, by the small range of crystallization

and the high diffusivity of nickel and cobalt, which are not

carbide forming elements, in the iron-nickel solid solution. It

is known that growth of the crystallization range intensifies

dendritic segregation in the alloy. On the other hand, the rela-

tively low development of dendritic segregation prolongs the

time to its complete removal. Computations show that com-

plete removal of dendritic segregation and leveling of the

chemical composition over the volume takes several tens of

hours at a temperature of 1200°C. However, it should be

stressed that the segregation of graphite in castable carbon

superinvars occurs quite intensely, which makes it possible

to obtain the required mean values of the CTLE and to use

these annealing modes for specific commercial articles.

It should be noted that the data obtained allow us to de-

termine the temperature ranges corresponding to intense

enough segregation of carbon. Figure 4a presents the volume

fraction of graphite in alloys with different carbon contents.

These results are not strict and do not reflect complete

segregation of excess carbon from the solid solution. Fi-

gure 4b shows the variation of the lattice parameter of �-sold

solution as a function of carbon content in the alloy. It can be

seen that the lattice parameter increases upon growth in the

carbon content.

The microhardness of the annealed carbon superinvar al-

loys matches approximately the microhardness of iron-nickel

alloys studied in other works.

Figure 5 presents the results of measurements of the

CTLE of carbon superinvar alloys in cast and annealed

states.

It can be seen that the CTLE of all the cast superinvar al-

loys increases upon heating. The lowest value of the CTLE

has been obtained for the classical carbonless superinvar (al-

loy 1 ), i.e., �
20-400

= 3.92 � 10 – 6 K – 1. At the same time, the

carbon castable superinvar alloys exhibit quite low values of
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Fig. 4. Dependence of the volume fraction of graphite (a) and of the

lattice parameter of austenite (b ) on the content of carbon in invar

alloys: 1 ) in cast condition; 2 ) after two-stage annealing at 960°C

for 4 h and at 680°C for 2 h.
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Fig. 5. Dependence of the mean temperature coefficient of linear

expansion (CTLE) of superinvar alloys 1 (a), 3 (b ), 4 (c), and 5 (d )

on the heating temperature:�) in cast condition; �) after two-stage

annealing at 960°C for 4 h and at 680°C for 2 h.



CTLE (3.5 � 10 – 6 K – 1 < � < 6.5 � 10 – 6 K – 1 ) close to the

value of the CTLE of such materials as ceramics and soft

glass. All the alloys in the temperature range below 300°C

have � < 3.5 � 10 – 6 K – 1 except for alloy 2. An anomaly of

the invar alloys is decrease in the CTLE upon heating to

300°C and increase in the CTLE upon further heating to

400°C and higher temperatures. It can be seen from the data

of Fig. 5 that heating produces a considerable effect on the

CTLE. The difference between the values of the CTLE in

cast and annealed conditions decreases upon growth in the

heating temperature. At the same time, heating does not vir-

tually change the CTLE of the classical carbonless invar al-

loy. This means that the main reason behind the growth in the

CTLE of cast carbon superinvar alloys in cast condition is

the presence of carbon in the iron-nickel solid solution rather

than the dendritic segregation.

CONCLUSIONS

1. Introduction of carbon into castable invar and super-

invar alloys improves their casting properties. Simulta-

neously, carbon raises the values of the temperature coeffi-

cient of linear expansion (CTLE).

2. Carbon in invar and superinvar alloys can be present

in the solid solution, in carbides or in the form of graphite.

The carbon in the solid solution raises the CTLE the most

significantly. When the carbon content in a cast alloy is in-

creased, the lattice parameter of the �-solid solution grows

and so does the volume fraction of free carbon in the form of

graphite.

3. In the process of two-stage high-temperature anneal-

ing carbon in invar and superinvar alloys segregates from the

solid solution additionally in the form of graphite. The value

of the CTLE decreases considerably.

4. The volume fraction of free graphite after two-stage

high-temperature annealing is the higher the more carbon the

alloy contains. When carbon is segregated from the iron-

nickel solid solution, the lattice parameter of the �-solid solu-

tion decreases.

The study has been performed with financial support of

young scientists of the UrFU within implementation of the

Program of Development of the UrFU.
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