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Abstract: The low coefficient of thermal expansion of Invar 36 represents a significant consideration in light of
its potential effects, particularly in industrial applications where thermal stability is of paramount importance.
In light of this, a three-step heat treatment was employed, to reduce the thermal expansion coefficient, and
enhance the thermal dimensional stability. The ingots produced by vacuum induction melting were subjected
to a warm rolling process at 900 °C, followed by a three-step heat treatment consisting of water quenching at
850 °C, tempering at 350 °C with a holding time of 1 hour, and aging at 100 °C for 24 hours. This process enabled
the coefficient of thermal expansion to remain almost unchanged, exhibiting values between 0.5 and 0.6 x10-
6/°C up to 150 °C. Following the heat treatment, the total elongation increased up to 40% as a natural
consequence of the reduction of residual stresses, while a slight decrease in tensile strength was observed. The
implementation of a three-step heat treatment process has facilitated an enhancement of the soft magnetic
property, which has exhibited a decline in coercivity and an increase in saturation magnetization. As a
consequence, three-step heat-treated invar 36 alloys are emerging as a potential candidate for utilization in the
aerospace and precision electronics industries, given their satisfactory physical and mechanical characteristics.

Keywords: invar 36; three-step heat treatment; low CTE; dimensional stability of thermally;
magnetic properties

1. Introduction

Invar 36 is an Fe36Ni alloy that exhibits anomalous thermal expansion behavior. The term
'thermal expansion' is defined as the change in volume and shape of a material as a function of
temperature. However, this phenomenon is slightly different in Invar 36. In general, the coefficient
of thermal expansion (CTE) of metals and alloys is approximately 12 to 26 x10-6/°C [1,2]. However,
Guillaume's 1897 report of an Fe-Ni alloy known as invar 36 with an unusually low CTE value came
as a surprise to the scientific community [3]. Guillaume was awarded the Nobel Prize in Physics in
1920 in recognition of this discovery [4]. The thermal expansion of Invar 36 below its Curie
temperature (230-280°C) is referred to as the Invar effect. The 'invar effect' is generally defined as
spontaneous volume magnetostriction where lattice distortion counteracts normal thermal expansion
[5]. The phenomenon that enables invar 36 to exhibit low CTE under the Curie temperature is the
magnetic volume contraction and the magnetic moment difference of two-state austenite [6,7]. It has
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long been established that the anomalous thermal expansion observed in invar alloys is linked to
their magnetic properties, but a complete understanding is still lacking.

Invar 36 alloys exhibit a very low CTE value between -100 and 100 °C, which renders them
indispensable for a multitude of critical applications [8-10]. Invar 36 is the material of choice for
components where precise dimensional stability of thermally is required. These include high-
precision optics, liquefied natural gas (LNG) transport tanks, laser components, accelerometers,
microelectromechanical systems (MEMs) and various measuring instruments, particularly in the
aerospace, electronics and telescope industries. The discovery of this material has also facilitated the
resolution of potential issues arising from abrupt temperature fluctuations experienced by spacecraft
[11,12]. Furthermore, dimensional stability of thermally could be achieved by using molds made of
invar 36 for composite material production in the aerospace industry [13].

As might be anticipated, the noteworthy thermal expansion characteristics of invar 36 are
markedly influenced by the production techniques and post-production procedures employed [14-
16]. Moreover, a variety of mechanical and thermomechanical treatments can be applied subsequent
to the production of invar 36. It is important to note that these methods possess distinct advantages
and disadvantages with regard to the physical and mechanical properties of the resulting invar
alloys. While numerous researchers have concentrated their efforts on enhancing the mechanical
properties of invar 36, the thermal expansion property is frequently compromised [17-19]. The
addition of alloying elements to invar 36 results in damage to the lattice structure and disruption to
the magnetic volume contraction mechanism. Consequently, the incorporation of additional alloying
elements disrupts the magnetic interactions between Fe and Ni, influencing the magnetic volume
contraction mechanism and consequently leading to an increase in the CTE. The tensile strength of
invar 36 can be enhanced by up to 827 MPa through the incorporation of 4.41 wt.% Mo and 0.26 wt.%
C, as demonstrated by Liu et al. through precipitation hardening [17]. Nevertheless, this resulted in
a detrimental impact on the thermal expansion feature, which exhibited a notable increase from 1.54
x10¢/°C to 3.37 x106/°C [17]. Despite the enhancement of mechanical properties through the
incorporation of alloying elements, the industry generally expects less expansion from invar 36.
Consequently, the thermal expansion property of invar 36 assumes a pivotal role, superseding its
mechanical properties. Moreover, there is no alternative material that can match invar 36 in terms of
CTE and cost-to-performance ratio.

In light of the aforementioned circumstances, researchers have attempted to enhance the
mechanical properties of invar 36 by subjecting it to severe plastic deformation (SPD), without the
incorporation of alloying elements [11,14,20]. During SPD, grain refinement occurs on a nano-scale
concurrently with dislocation hardening, which results in a considerable enhancement of strength
[14]. The strengthening phenomenon, referred to as strain hardening, is the result of dislocation
movements and dislocation formation within the crystalline structure of the material. It is widely
acknowledged that grain boundaries represent regions where the motion of dislocations is restricted.
Moreover, it is observed that dislocations interact with each other at grain boundaries, leading to
their aggregation in these regions. As a consequence of SPD, the material's strength was enhanced
due to a reduction in grain size to the nanoscale level by the formation of new grains throughout the
recrystallisation process. Vinogradov et al. successfully produced ultrafine grains (160-200 nm after
12 pressing) via equal-channel angular pressing (ECAP) [14]. A reduction in grain size from 100 m
to 0.18 m was observed to result in an increase in tensile strength from 490 MPa to 912 MPa [14].
Vinogradov et al. did not examine the CTE property, but Bitkulav et al. addressed this gap in the
existing literature. Bitkulav et al. determined the CTE value of invar 36 with a grain size of
approximately 0.1 m as 0.7 x10-¢/°C, where severe plastic deformation was applied [20].

It is well established that materials that have undergone significant plastic deformation tend to
exhibit elevated dislocation densities and residual internal stresses. These characteristics are believed
to impede thermal expansion to a certain degree [8,20]. The vibration harmony of the lattices during
thermal expansion is not uniform due to the presence of excessive residual stresses and dislocations,
which also contribute to a reduction in the CTE. Bitkulov et al. applied an annealing treatment at
temperatures approximating 350 °C to remove the residual stresses, resulting in a sudden increase in
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the CTE up to 2.4 x10-¢/°C [20]. A sudden increase in the amount of thermal expansion was observed,
which was attributed to the release of residual stresses and/or rearranged dislocations under the
influence of temperature [20]. Such abrupt fluctuations give rise to a thermally unstable and
unreliable state of affairs, particularly in applications of great consequence within the aerospace
industry.

A detailed evaluation of these issues, coupled with an understanding of the demands placed
upon the industry, reveals a clear requirement for an invar 36 that exhibits both thermally stable and
a low CTE. It is recognized that the application of a three-step heat treatment process to invar alloys
enhances thermal stability. However, the impact of this heat treatment process on mechanical and
physical properties has been subjected to comprehensive investigation for the first time. In this
context, the CTE, microstructure, crystallographic structure, magnetic properties and also mechanical
properties such as hardness and tensile strength of the three-stage heat treatment were subjected to
a comprehensive discussion, and compared with the existing literature.

2. Materials and Methods

The samples were prepared using a VAC-LONG VISM-5 vacuum induction melting (VIM)
system with a 5 kg capacity, operating under a vacuum of 102 mbar and a partial argon gas pressure
of 100 mbar. The alloy was formed using high-purity (99.99%) Ni, AISI 1008 steel. To circumvent
casting cavity defects and their subsequent manifestation as rolling cracks, the castings were
produced in graphite molds that were heated to 800 °C. The chemical compositions of the as-cast
ingots (as detailed in Table 1) were determined using a Bruker S2 PUMA X-ray fluorescence (XRF)
spectrometer.

Table 1. Chemical composition and codes of the samples (all values in wt.%).

Chemical Composition

Alloying elements Fe Ni Mn Si Cr Cu Co C

Amounts 63.28 36.22 0.17 0.11 0.07 0.05 0.06 0.04
Sample Codes

AC As-cast in VIM

ACWR Warm rolled at 900 °C

ACQT Quenched from 850 °C and tempered at 350 °C for 1 hour

ACA Aged at 100 °C for 24 hours

Ingot samples with casting dimensions of 40 x 20 mm were warm rolled at 900 °C to a thickness
of 10 mm, which corresponds to a rolling ratio of 2:1. As illustrated in Figure 1, the three-step heat
treatment was conducted subsequent to the warm-rolling process. The initial stage of the three-step
heat treatment process entails subjecting the samples to a temperature of 850 °C for a period of one
hour, after which samples were rapidly cooled in water. The second stage of the process, referred to
as tempering, involved subjecting the samples to a heating cycle, reaching a temperature of 350 °C
for a period of one hour, and then allowing them to cool in a controlled air environment. The final
stage of the process was the ageing phase, which involved subjecting the samples to a temperature
of 100 °C for a period of 24 hours, followed by furnace cooling. In the course of this study, four
samples were prepared and coded as AC, ACWR, ACQT, and ACA, as listed in Table 1.
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Figure 1. The production processes of samples; (a) casting process by VIM, (b) warm rolling adopted
from [21] and (c) heat treatment diagram.

2.2. Characterization

Samples for microstructural observation were taken from cross-sections of the ingots.
Subsequent to grinding and polishing, the samples were etched with a Marble solution (comprising
50 ml HCl, 10 g CuSOs and 50 ml water) for 25 second. The grain size of the samples was analyzed
using a ZEISS Axioskop 2 MAT optical microscope. Scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) was employed to analyze the samples. This was
conducted on a Tescan MIRA 3 high-resolution field emission scanning electron microscope (HR-FE-
SEM) equipped with an EDX detector. This enabled an analysis of the elemental composition of the
samples. The crystal structural properties of the as-prepared ingots were examined using a Rigaku
MiniFlex 600 X-ray diffractometer (XRD) with Cu-Ka radiation at a scan rate of 2.5°/min.
Microhardness measurements were conducted using a Metkon Duroline micro tester on
microstructure samples from a minimum of five points in accordance with the Vickers HV5 method,
with a load of 5 kgf (49.1 N). Tensile tests were conducted at room temperature utilizing a
Zwick/Roell Z100 universal testing machine, in accordance with the ASTM E8 standard. The thermal
expansion properties of machined samples (diameter of 5 mm and a length of 20 mm) were evaluated
using a Linseis L75 Platinum Series Dilatometer. The temperature range was set to 20-300 °C, with a
heating rate of 3 °C/min, in accordance with the ASTM E228-17 standard. The CTE of the samples
was calculated in accordance with the following CTE calculation principle (Equation 1), which is
based on the push-rod horizontal dilatometer method.

AL = aLy,AT (1)

Where AL is the change in length, a is the coefficient of thermal expansion, L, is the original
length and AT is the change in temperature. The magnetic properties were analyzed using Quantum
Design DynaCool-9 vibrating sample magnetometry (VSM) at room temperature.

3. Results and Discussion

Figure 2 illustrates the X-Ray diffraction (XRD) results of the samples. As expected, all samples
exhibit classical austenite (y-Fe) XRD peaks, with the strongest diffraction peaks being primarily
v(111), y(200), v(220), y(311) and y(222). It has been demonstrated in the existing literature that the
thermal expansion feature is significantly impaired if the austenitic structure undergoes a deviation
from its original state [17]. The austenite peaks were found to be strongest along the (111) plane,
which is also the most thermodynamically stable plane in metals with a face-centered cubic (FCC)
lattice structure [22]. This is due to the lower surface energy compared to other planes [23,24].
Conversely, no peaks apart from those of austenite were observed in the XRD pattern. The elevated
Ni content (36%) in invar 36 serves to stabilize the austenite phase of this unique alloy up to room
temperature [25-27]. It is common knowledge that alloying elements such as nickel (Ni) and
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manganese (Mn) added to iron (Fe) are highly effective in stabilizing austenite. In particular, in
materials with the FCC structure, a concentration of Ni exceeding 7% is sufficient to stabilize the
austenite phase even at relatively low temperatures [26,28].

(111) ——AC

Normalized Intensity

2 Theta (deg)

Figure 2. Normalized XRD patterns of the invar samples in various states.

The normalized XRD pattern is employed to compare relative peak intensities. The relative
intensity variations of the samples outlined in Table 2 were determined by calculating the intensity
ratio of the maximum peak (111). It can be observed that the relative intensities of thermodynamically
stable planes, such as (111), were higher in all samples. In general, FCC metals are crystallized during
solidification in the preferred directions, which is the further intensity of the atoms, in order to
minimize surface energy [22]. It can therefore be concluded that the (111) crystal plane, which exhibits
the lowest surface energy, is thermodynamically dominant in all cases.

It can be observed that the diverse crystal planes are oriented in a manner that is influenced by
a recrystallisation and twin effect resulting from hot deformation, as well as a three-step heat
treatment effect [29]. A comparison of AC and ACWR samples revealed a notable increase in the
intensity of peak (200), accompanied by a reduction in the intensity of peak (220) and a lack of
significant change in the intensity of other peaks. These observations can be attributed to the recovery
and dynamic recrystallisation of the metal microstructure, which occur as a result of temperature and
force during warm forming, leading to enhanced diffusion kinetics [30,31]. In contrast to the process
of static recrystallisation, dynamic recrystallisation involves the nucleation and growth of new grains
occurring during the deformation stage, rather than subsequent to deformation as part of a separate
heat treatment [32]. Dynamic recrystallisation (DRX) represents a phenomenon that occurs during
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the process of straining and is typically observed in materials with low or medium stacking fault
energy, including copper, gamma iron, and austenitic steels [33,34].

It is important to note that no complete recovery and recrystallisation occurred following warm
rolling. This is because, although the rolling process is carried out at a relatively high temperature,
additional heat treatment is necessary for complete recrystallisation and stress relief for minimum
CTE in accordance with ASTM standards [35]. As illustrated in Table 2, the intensity of (200), (220)
and (311) exhibited a notable enhancement following the water quenching from 850 °C and
tempering at 350 °C, which represents the initial two stages of the three-step heat treatment. It can be
concluded that the observed changes in XRD peak intensities are also related to the preferential
rotation of the grains during the rolling process and three-step heat treatment. This can be attributed
to the effects of diffusion and force. It is well established that the energy stored in the deformed
regions of various grains is the primary driving force behind recrystallisation during annealing [36].
The formation of new crystals during annealing is accompanied by a preferential orientation, which
results in an increase in the density of specific planes.

Table 2. The variation in relative intensity of the five strongest XRD peaks.

Strongest Peak (111) (200) (220) (311) (222)
AC 100 20.38 24.37 15.10 7.24
ACWR 100 35.52 15.90 17.62 6.39
ACQT 100 42.05 40.56 27.44 8.37
ACA 100 35.18 37.82 20.79 5.27

Figure 3 illustrates the optical microscope images of the samples cast in graphite molds and
subsequently subjected to secondary processes, including warm rolling and three-step heat
treatment. Figure 3(a) displays microcellular structures that closely resemble sub-grain structures
after casting. The formation of microcellular structures can be facilitated by the influence of relatively
rapid solidification. Such structures are regarded as indicative of micro-segregation of nickel in high
nickel alloys, as documented in literature sources [37,38]. Figure 6(a) presents the findings of the EDS
spectral analysis of the inner and outer regions of these microcellular structures. The data indicates a
notable discrepancy in the nickel ratio between the two regions, with the inner regions exhibiting a
relatively low nickel ratio and the outer regions displaying a higher nickel ratio. However, the Ni
range of invar 36, as defined by the ASTM standard, is between 35% and 37%, and therefore it is
deemed that this will not have a significant impact on the properties of invar 36.

Figure 3(b) illustrates the microstructure of the warm-rolled specimen at 900 °C. The effect of
warm-rolling causes the grains to orientate themselves in the direction of rolling, akin to dough, and
facilitates the spread of microcellular structures. It can be generally stated that due to the high-
temperature rolling of invar 36 (between 1100 and 1200 °C), the grains formed subsequently exhibit
an absence of microcellular structures [39,40]. The microstructure of invar alloys rolled at these
temperatures (1100-1200 °C) displays the presence of more prominent grains and twins. This is due
to the sufficient temperature for recrystallisation occurring after the deformation process at high
temperature, which allows for easy crystallization until cooling occurs. Accordingly, following warm
rolling at 900 °C, no discernible grain or twin is observed in Figure 3(b). However, it should be noted
that the dislocation densities and residual stresses in the warm rolling process are considerably
higher than in the hot rolling process. The orientated microstructure and the increased dislocation
density that result from warm rolling can provide additional nucleation sites along grain boundaries,
thereby enhancing the driving force for recrystallisation during annealing [36,41].
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In order to facilitate recrystallisation and achieve a more uniform microstructure, a water-
quenching process was conducted at 850 °C for one hour and a tempering process was performed at
350 °C for one hour to eliminate residual stresses. The resulting microstructure is illustrated in Figure
3(c). Relatively equiaxed grains and annealing twins were formed. Some of the grains observed in
ACQT specimens are approximately 100 um in size, while the majority of grains are approximately
50 um. It can be stated that the microcellular structures, which were spread out following warm
rolling, were reappeared in a specific sequence after the tempering process, resulting in a relatively
hexagonal structure. However, this is not as clearly discernible when compared to the AC sample.
As a consequence of the enhanced diffusion facilitated by the heat treatment, the segregation of Ni
was found to have decreased. Conversely, it can be asserted that the grains became slightly coarser
as a consequence of stabilization ageing at 100 °C for 24 hours. Despite the relatively low temperature
for grain coarsening, the extended period may have provided an environment conducive to diffusion.
Consequently, it is evident that the microcellular structures observed in the microstructure after
casting diminished following the tempering and ageing processes.

Figure 3. The optical microstructures images of the a) as-cast (AC), b) warm rolled at 900 °C (ACWT),
¢) quenched from 850 °C and tempered at 350 °C for 1-hour (ACQT) and d) aged at 100 °C for 24 hours
(ACA).

It is widely acknowledged that the mechanical and physical properties of materials are
correlated with their bonding energy, lattice structure, microstructure and morphology [38,42,43].
The segregation of nickel can occur in high-nickel alloys, depending on the cooling conditions and
the cooling rate. Given that the enthalpy of solidification is negative, it follows that heat will be
released along the solid-liquid interface, with the consequence that the temperature of the liquid will
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be locally increased [38]. In addition, it is known that the concentrations of the liquid and solid phases
comply with the solidus and liquidus lines on the phase diagram during the process of solidification.
It should be noted that both solidus and liquidus line are subject to change with temperature. Upon
solidification of invar 36, the primary austenite phase is initially formed from the liquid phase (liquid
+ primary austenite), followed by the development of the final austenite phase [44]. It is important to
note, however, that due to the differing solubility of Ni in the austenite phase and the liquid phase,
the composition of the primary austenite and the liquid phase will be different when the primary
austenite is formed in the liquid. In such a case, the liquid phase will be richer in Ni than the primary

austenite.
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Figure 4. The Fe-Ni phase diagram adopted from [38].

As evidenced by the EDS analyses presented in Figure 5(a), the microcellular regions where Ni
segregation occurs are Ni-poor regions, a finding that aligns with the observations reported by Chen
et al. [37]. Figure 5 illustrates the diverse morphological states of microcellular structures that
resemble "cobblestone" and are embedded in austenite grains. Following casting (Figure 5(a)), the
microcellular structures, with an average size of 5 pm, were observed to disperse after warm rolling
(Figure 5(b)). After undergoing a three-stage heat treatment (Figure 5(c and d)), the microcellular
structures exhibited a coaxial structure and a size of approximately 20 pm. In the study conducted by
Chen et al., the dimensions of these subcellular structures were approximately 50 um [37].
Conversely, following the tempering and ageing processes, the formation of inclusion-like
microparticles became a prominent feature. The results of the EDS analyses of these particles are
presented in Figure 6(b).
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Figure 5. The SEM images of the a) as-cast (AC), b) warm rolled at 900 °C (ACWT), c) quenched from
850 °C and tempered at 350 °C for 1-hour (ACQT) and d) aged at 100 °C for 24 hours (ACA).

The microparticles observed in the microstructure, measuring 1-2 m in size, were identified as
SiO2 through EDS spot and mapping analyses. Additionally, Al was detected in an EDS point
analysis. This suggests that these particles may have been contaminated into the liquid metal from
an alumina-silicate based melting crucible. During the induction melting process, the liquid metal,
which is continuously mixed under the influence of induction currents, may naturally erode the
alumina-silicate-based crucible to a certain extent. Conversely, the EDS point analysis (Figure 6(a))
revealed that the spectral analyses of the Ni element in the inner and outer regions of the cellular
structures indicated Ni segregation resulting from relatively rapid cooling. Consequently, the Ni ratio
of 34.92% in the inner region (Spectral 1) is 37.25% in the outer regions (Spectral 2). The mean Ni
content is approximately 36%. Given that the cooling rate of graphite molds employed in ingot
casting is approximately 100 times higher than that of conventional sand molds (SiO), it is to be
expected that Ni segregation may occur [45,46].
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Figure 6. EDS point and mapping analysis.

Figure 7 displays the impact of the three-step heat treatment process on the CTE. In this context,
it is evident that the CTE exhibits a notable decline following warm rolling after casting, particularly
within the temperature range of 20-150 °C. While the CTE value of the AC sample was 2.100 x10-¢/°C
within the aforementioned temperature range, it decreased to 1.378 x10-6/°C in the ACWR sample
with warm rolling. This situation can be addressed through two distinct approaches. The residual
stresses and severe dislocation densities that emerge following warm rolling served to impede lattice
vibration and atomic mobility. Consequently, the higher dislocation densities and residual stresses
that are generated by warm rolling contribute to a reduction in the CTE by limiting lattice vibrations
[38,47]. This may be the reason for the reduction in CTE associated with the warm rolling process. In
accordance with the invar theory, the low CTE characteristic of invar 36 is predominantly a
consequence of magneto-volume contraction. However, lattice vibrations are inherently present and
contribute to its thermal expansion [38,47]. The effects of residual stresses and excessive dislocation
densities associated with warm rolling can be observed in both magnetic volume contraction and
thermally induced lattice expansion. Additionally, these effects can alter the interatomic distance and
disrupt the balance within the magnetic lattice structure, subsequently influencing exchange
interspine interactions [48].

It is acknowledged that there was a distinction between the as-cast (AC) interatomic distance
and the warm-rolled (ACWR) interatomic distance. In light of the fact that any micro-porosity that
may have formed during the casting process was sealed after warm rolling, it is possible that the
equilibrium within the magnetic lattice structure and, consequently, the exchange interspine
interactions underwent a change [49]. This conclusion is supported by the variation of the intensities
of the XRD diffraction peaks resulting from the preferential plane orientation caused by warm rolling,
as illustrated in Table 2. These discrepancies in the crystal planes impact the lattice vibration and
atomic mobility, which in turn influence the CTE since the elasticity of each crystalline structure is
unique [50]. It is well established that thermally induced expansion is dependent upon the thermal
stress and elastic stretching of the crystal lattice [50]. Furthermore, the thermal expansion is typically
low in directions where the elastic modulus is high. In general, preferential orientations tend to occur
in specific crystal-dependent planes, where sliding is more readily facilitated [51]. It can be inferred
that as a consequence of this, isotropic CTE behavior may have emerged across a range of warm
rolling directions.
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Figure 7. CTE results of the as-cast (AC), warm rolled at 900 °C (ACWT), quenched from 850 °C and
tempered at 350 °C for 1-hour (ACQT) and aged at 100 °C for 24 hours (ACA) samples.

It is important to note, however, that residual stresses and excessive dislocation densities
distorted the specific magnetic lattice structure of the invar 36, thereby compromising its dimensional
stability. It is possible that the rolling process led to a slight variation of the interatomic distance,
which could potentially disrupt the equilibrium within the magnetic lattice structure and contribute
to the exchange of interspine interactions (Fe-Fe, Fe-Ni and Ni-Ni) [48]. The magneto-lattice effect is
a phenomenon arising from the interactions between the magnetic moments of Fe and Ni atoms
within the lattice. Although there has been a slight reduction in the CTE compared to the as-cast form,
an invar 36 free from internal stresses is more reliable and thermally stable. Indeed, the CTE value
observed in Figure 7 after three-step heat treatment, which is both low and thermally stable up to
~150 °C, represents the optimal result that can be expected from invar 36. A review of the data
presented in Table 3 reveals that the ACA example exhibits the most favorable CTE values. Its
thermal dimensional stability remains remarkably consistent, exhibiting minimal fluctuations
between a CTE value of 0.5 and 0.6 x10-6/°C up to 150 °C. This can be attributed to the residual stresses
released in the material after the three-step heat treatment and the excessive dislocation densities
removed. This is due to the fact that the lattice vibrations of invar 36, which vibrate and expand with
temperature, are counteracted by magneto volume contraction associated with the two-state
austenite model [6,7,38]. It can be reasonably deduced that the magnetic volume contraction
mechanism operates more effectively in an austenite crystal that is devoid of residual stresses and
dislocations. Consequently, the ACA sample, lowest in residual stresses and dislocation densities,
showed the minimum CTE, and was the most stable, thereby establishing itself as a candidate
material that is reliable and fit for purpose within the industry.
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Table 3. A comparison of the CTE values obtained in this study with those reported in the literature.
20-50 20-100 20-150 20-200 20-250

Condition Reference

°C °C °C °C °C
Water quenching after holding at
850°C for 1h, followed by This

0.511 0.549 0.581 1.095 1.648

tempering at 350 °C for 1h and study
finally kept at 100 °C for 24 hours.
Water quenching after holding at
840°C for 1h, followed by - 1.400 - 2.430 - [52]
tempering at 315 °C for 1 h.
Water quenching after holding at
840°C for 1h, followed by - 1.400 - 2.420 - [53]
tempering at 315 °C for 1 h.
Water quenching after holding at
840°C for 1h, followed by - 0.915 - 2.750 - [54]
tempering at 315 °C for 1 h.
Water quenching after holding at
843°C for 1h, followed by

- 0.800 1.500 2.300 4.000 [35]

tempering at 315°C for 1h and
finally kept at 93 °C for 24 hours.

Figure 8(a and b) illustrates the tensile strength and hardness results. The lowest tensile strength
was recorded at 555 MPa in the sample following casting. Following warm rolling at 900 °C, an
increase of approximately 40 MPa in tensile strength was observed. The maximum tensile strength
of 592 MPa was attained in the warm rolled specimen. It is widely acknowledged that defects, such
as micro-shrinkage or gas cavities, can frequently manifest themselves following the casting process
[55]. The aforementioned casting defects have the potential to act as stress accumulating centers
during tensile testing [55]. It can be seen in Figure 8 that the occurrence of a sudden failure with a
minimal amount of elongation could potentially occur unexpectedly. The mechanical deformation
applied by warm rolling was found to increase the tensile strength of the material. This increase can
be attributed to the inhibition of dislocation motions by grain boundaries and/or discontinuities, such
as twins and inclusions. Additionally, as illustrated in Figure 8, the strain hardening mechanism
contributed to the enhancement of the mechanical properties.

Conversely, the total elongation value following casting was relatively low at 21%. As previously
stated, the micro voids that are likely to be present following casting have had a detrimental impact
on the total elongation, resulting in a total elongation of all samples following warm rolling that
exceeds the 30% band. In particular, at the conclusion of the three-step heat treatment, the ACA
sample exhibited a notable enhancement in total elongation, reaching 40% due to the combined
influence of reduced dislocation densities and residual stresses, in addition to recrystallisation within
the microstructure. Although there was no significant change in tensile strength following the
tempering and ageing processes, a minor decrease was identified. The microhardness assessments
revealed that the warm rolled specimen exhibited the highest value, reaching 191 HV. A reduction in
hardness was noted as a consequence of the release of residual stresses through the tempering and
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ageing processes, in addition to a decline in dislocation densities. This resulted in a microhardness
value of 171 HV after the ageing period. However, it is important to highlight that this value remains
within the ASTM standards, making it a favorable candidate for CTE.

)] —
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2
E 400
n
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Figure 8. (a) Stress — Strain curves of the samples and (b) The UTS, total elongation, hardness (HV5)
and average grain size results of the samples under different conditions.

Figure 9 illustrates the magnetic field versus magnetization hysteresis loop (M-H loop), which
demonstrates the magnetic properties of the samples, as well as the second quadrant and magnetic
saturation region, indicating coercivity. In general, all samples exhibited soft magnetic properties, as
anticipated when the characteristics of the M-H loop curves are analyzed. The results demonstrated
that all of the samples exhibited magnetic properties consistent with those reported in the literature
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[56-58]. Although there was no significant change in saturation magnetization (Ms) values, warm
rolling and three-step heat treatment processes contributed to the improvement of Ms from 126
emu/g to 130 emu/g. Ms value has an important place in invar alloys as it shows the magnetization
ability of materials. The Ms value of 130 emu/g obtained in the ACWR sample was much higher
compared to other similar materials reported in the literature (100, 90 and 73 emu/g) [57-59].

Saturation magnetization is a significant parameter for soft magnetic applications, as high values
permit the miniaturization of industrial components. Consequently, in applications such as
accelerometers utilized in the aerospace industry, it is advantageous for the material to exhibit rapid
magnetization and demagnetization when required. The ability to demagnetize quickly is also related
to the coercivity, which showed a slight decrease with three-step heat treatment without a significant
change. The coercivity values of the samples were found to vary between 20 Oe and 25 Oe, in
accordance with the literature [60,61]. It is widely known that low coercivity values indicate that the
material can be readily demagnetized. Consequently, the sensitivity of accelerometers utilized in
aerospace technologies is enhanced due to diminished energy losses and improved efficiency. The
rise in magnetic saturation and decline in coercivity can be attributed to the magneto-crystalline
anisotropy effect with decreasing grain size [57].
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Figure 9. The magnetization versus magnetic field hysteresis loop was measured at room temperature
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for the different condition invar 36 samples.

4. Conclusions
The effects of three-step heat treatment and warm-rolling on the microstructure, mechanical,

and physical properties of invar 36 were investigated in depth.

e  All samples exhibited classical austenite (y-Fe) XRD peaks, with the strongest diffraction peaks
being primarily y(111), v(200), y(220), y(311) and y(222). The relative intensities of
thermodynamically stable planes, such as (111), were observed to be higher in all samples. It is

noteworthy that the intensity of peak (200) increased significantly, while the intensity of peak
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(220) decreased and the intensity of the other peaks remained relatively unchanged during the
warm rolling process.

e  The casting process resulted in the formation of microcellular structures that exhibited a
resemblance to sub-grain structures. The formation of microcellular structures can be
facilitated by the influence of relatively rapid solidification. The microcellular regions in which
Ni segregation occurs are distinguished by the presence of Ni-poor regions and encompass the
diverse morphological states of microcellular structures that resemble "cobblestones"
embedded in austenite grains.

e  The most favorable result that could be expected from Invar 36, which displays both minimal
thermal expansion and thermally stable properties up to ~150 °C, was observed in the sample
that underwent a three-step heat treatment. The material displays remarkable consistency in its
dimensional stability of thermally, exhibiting minimal fluctuations in its coefficient of thermal
expansion (CTE) value between 0.5 and 0.6 x10-6/°C up to 150 °C.

e  Following the application of warm rolling at 900 °C, an increase of approximately 40 MPa in
tensile strength was observed. The warm-rolled specimen exhibited the highest tensile
strength, reaching 592 MPa. The total elongation value after casting was relatively low at 21%,
which is likely due to the presence of micro voids after casting, which have had a detrimental
impact on the total elongation. The conclusion of the warm rolling and three-step heat
treatment resulted in a notable enhancement in total elongation, reaching 40%, which can be
attributed to the combined influence of reduced dislocation densities and residual stresses, in
addition to recrystallisation within the structure.

e  All samples exhibited soft magnetic properties. The saturation magnetization (Ms) was
observed to increase from 126 emu/g to 130 emu/g as a consequence of the warm rolling and
three-step heat treatment processes. The coercivity values of the samples were found to vary
between 20 and 25 Oe.
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