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Abstract: Invar alloys, which have an ultra-low coefficient
of thermal expansion (CTE), are widely used in precision
instrumentations. However, their relatively low strength
poor machinability limits their application in wider fields.
Introducing diffused carbide particles into the Fe-Ni-Co
Invar alloy, which has a negative CTE, can strengthen the
alloy and regulate its CTE value. The high-strength Fe-Ni-
Co Invar alloy was designed and fabricated via selective
laser melting (SLM). Mechanical properties and CTE for
designed alloy were measured using electronic universal
tensile testing machine and thermal expansion analyzer,
respectively. Results showed that the designed alloy
demonstrates a low CTE and significantly improved
strength compared with the traditional Invar alloys.
Strengthening mechanism is being investigated utilizing
SEM and TEM.
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1 Introduction
Inva36 is widely used in precision components such as
space telescopes, reference scales and arms of precision
balances for its low CTE under Curie temperature[1].
However, its low yield strength (300MPa) limits its
application in wider fields[2]. The excellent plasticity of
Invar36 also make it difficult and inefficient to form
complex parts by conventional manufacturing methods.
Selective laser melting (SLM) can realize the near-net
forming of metal parts, which provides a new favorable
way for the efficient forming of Invar36 parts. The process
parameters, mechanical properties and CTE of Invar36
fabricated via SLM have been deeply studied. It was
reported that the as-built Invar36 samples show a high
relative density when the laser energy density is between
90-110J/mm3[3, 4]. SLM-Invar36 shows a higher yield
strength (YS, 300-400MPa) than conventionally
manufactured specimens [4, 5]. While the CTE of SLM-
Invar36 is lower than that of conventionally manufactured
counterpart[6].

Conventionally, carbides were introduced into Invar36
to enhance its YS and ultimate tensile strength (UTS)[7, 8].
But the addition of these elements causes an increase of the
CTE. It is reported that replacing Ni with Co in Invar36 can
make its CTE lower, showing obvious negative expansion
[9]. For high-precision parts, neither expansion nor negative

expansion is expected. Therefore, the simultaneous
introduction of Co and strengthening elements into Invar36
is expected to improve the strength while maintaining its
low CTE.

In this work, Fe-Ni-Co-V Invar alloy was designed,
with V and C elements added and with 4 wt.% Co instead
of Ni element in Invar36. The dense samples were obtained
by SLM. The thermal expansion and mechanical properties
of the as-built Fe-Ni-Co-V Invar were studied. The effects
of heat treatment on the properties of the designed alloy
were also investigated.

2 Experimental procedure
Nitrogen atomized Fe-Ni-Co-V Invar powder were used in
this study. Table 1 presents the composition of the alloy
powder. The specimens were fabricated using a BLT-S320.
In this study a laser power of 300W, a scanning speed of
700mm/s, a hatch spacing of 0.15mm and a powder layer
thickness of 30μm were used to fabricate specimens. In
order to obtain nano-carbides, some specimens were aged at
650℃ for 3h.

Table 1 Composition of Fe-Ni-Co-V Invar powders (wt.%).
Elements Ni Co V C Fe
Fe-Ni-Co-V

Invar 32.10 3.47 1.80 0.08 Bal.

3 Result and discussion
Microstructure
Fig.1(a) and (b) display the metallography of as-built and
aging treatment (AT) Fe-Ni-Co-V Invar, respectively. It can
be observed that the angle between scanning tracks in
different layers was about 67°, consistent with the scanning
strategy (Fig. 1(a)). After aging treatment, the grains
arranged along the scanning tracks in the specimens (Fig.
1(b)). There is no obvious change in grains size after aging
treatment (30μm on average). It is obvious in Fig. 1(c) that
the as-built sample is full of cellular structures with a high
density of dislocations accumulated along the cell
boundaries. Diffused carbide particles can be observed in
the specimen after aging treatment, with dislocation cells
existing (Fig. 1(d)).

Fig. 2 shows tensile stress-strain curves of as-built and
AT Fe-Ni-Co-V Invar specimens. Obviously, AT can
improve the strength of the alloy: as-built specimen
possessed the YS of 495 MPa, while AT specimens
demonstrated a higher value of 594MPa.
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Fig. 1 OM micrographs of (a) As-built Fe-Ni-Co-V Invar; (b) AT Fe-
Ni-Co-V Invar and TEM micrographs of (c) As-built Fe-Ni-Co-V Invar;

(d) AT Fe-Ni-Co-V Invar.

Fig. 2 Tensile engineering stress-strain curves of As-built and AT
Fe-Ni-Co-V Invar specimens.

Tensile behavior
The YS of as-built Fe-Ni-Co-V Invar is significantly higher
than that of Invar36 fabricated via SLM, which may be due
to the solid solution strengthening caused by the addition of
V and C. After AT, the strength is further enhanced because
of the precipitation of carbide.

Thermal expansion properties
Fig. 3(a) displays the change in length of as-built and AT
specimens as a function of temperature. AT has no obvious
effect on the CTE of Fe-Ni-Co-V Invar fabricated via SLM.
This may due to the release of residual stress and
precipitation of carbide. Fig. 3(b) shows the absolute values
of CTE (|CTE|) of different alloys at different temperature
ranges. In the low temperature range (30-100℃), Fe-Ni-Co-
V Invar shows a low |CTE|, which is similar to Invar36.
While Invar36 has a lower |CTE| at the high temperature
range (30-200℃).

Fig. 3 (a) Thermal expansion curves of As-built and AT Fe-Ni-Co-V
Invar; (b) absolute value in different temperature ranges of Invar36,

As-built and AT Fe-Ni-Co-V Invar.

4 Conclusion
The as-built Fe-Ni-Co-V Invar has significantly higher
strength than Invar36, and aging treatment can further
enhance its strength without affecting its thermal expansion
properties. Fe-Ni-Co-V Invar demonstrates a low absolute
value of CTE at low temperature.
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