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Abstract

Invar alloys possess the peculiarity of dimensional invariance, which is of importance for high precision applications, such
as measurement instruments. As ductile face-centered cubic (fcc) material, it is adequately weldable and is nowadays readily
available as powder feed stock for additive manufacturing processes. Single-phase fcc alloys are known to often be highly
textured, when fabricated via laser powder-bed fusion. Within this study, the thermal expansion behavior was analyzed via
true differential dilatometry and the directional Young’s moduli were determined via impulse excitation technique in the
temperature range up to 850 °C. The coefficient of thermal expansion was found to be nearly independent of the analyzed
orientations. However, Young’s moduli differed by 20 GPa, with the highest stiffness obtained for specimens orientated

parallel to the x-axis of the machines’ coordinate system.

Keywords Additive manufacturing - Selective laser melting - Dilatometry - Inflection temperature - Elastic stiffness -

Invar 36

1 Introduction

Powder bed fusion has become one of the most relevant addi-
tive manufacturing categories for metal processing. A subcat-
egory, called laser powder-bed fusion (L-PBF), solely utilizes
laser beams as primary energy source for local consolidation
of the loose powder and includes important processes, such as
selective laser melting, direct metal laser sintering and selec-
tive laser sintering [1, 2]. These processes essentially differ in
the active binding mechanism and hereafter, only full melting
of the feedstock in a single step process is considered.

Invar, an alloy consisting of iron and nickel, is well known
for its very low thermal expansion [3]. This unique prop-
erty led to its name, which stems from ‘invariant’. The very
small thermal expansion of Invar is the result of interaction
of a negative magnetostriction opposing thermal expansion
[4]. However, this effect is limited to a certain temperature
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range. Above 100 °C, the magnetovolume force gradually
weakens and at the Curie point (279 °C) the ferromagnetic
Invar becomes paramagnetic and exhibits a regular thermal
expansion behavior above this temperature [5]. Moreover, the
compensation of length change depends on the alloy com-
position, being most effective for an alloy with 36 wt.-% Ni.

Successful fabrication of Invar via L-PBF was reported
in numerous studies, most notably Qiu et al. [6] published
an extensive study on the influence of irradiation parameters
on relative density, surface morphology and tensile proper-
ties. Almost defect-free samples were produced and Invar
was found to exhibit good processability for a wide range
of scan speeds. In the presence of pores mechanical proper-
ties deteriorate, especially true for ductility along the built
direction (z-axis). The very high impact on deformability in
built direction due to voids is symptomatic for layer-wise
processing technologies [1, 7]. With appropriate fabrica-
tion parameters, however, laser powder-bed-fused Invar can
exhibit a superior ductility in built direction, which indeed
is uncommon, but has been reported previously for ductile
dental cobalt-based alloys [6, 8]. The explanation for the
change in behavior in the absence of stress concentrations
at imperfections resides in the microstructure, specifically in
the orientation of the crystallographic directions relative to
the external load [9, 10]. Crystallographic orientation also
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Table 1 Parameter set utilized for fabrication of Invar 36 on a SLM 280HL machine

Hatch distance
[mm]

Scan speed [mm/s] Laser power [W]

[mm]

Scan vector length ~ Rotation angle

Limitation window Layer thickness
increment [°] [°] [um]

780 200 0.12 5

Miscellaneous settings:

67 114 30

Stripe pattern with bidirectional scanning, nitrogen atmosphere,

preheating temperature of 200 °C (substrate plate heating)

Table 2 Sample orientations, stated as reorientation to the built direc-
tion (z-axis)

Orientation Reorientation relative to Comment

z-axis [°]

A B c
Horizontal x 0 90 0 Parallel to x-axis
Horizontal y 90 0 0 Parallel to y-axis
45° 45 0 0 45° to substrate plate
Vertical 0 0 0 Parallel to z-axis

impacts Young’s modulus and crystal anisotropy, with the
Zener anisotropy for Invar reported to be about 3.5 [11, 12].

Within this study, the thermal expansion and tempera-
ture dependency in Young’s modulus of Invar processed by
L-PBF were investigated. Thermal expansion was deter-
mined up to 600 °C and the Young’s modulus up to 850 °C.
To account for the anisotropic material behavior samples in
various orientations were considered, i.e. horizontally and
vertically aligned samples, as well as samples built with 45°
inclination to the substrate plate.

2 Samples and experimental methods
2.1 Sample fabrication

Samples were fabricated from gas atomised Invar 36 powder
(1.3912, supplied by SLM Solutions AG) on an SLM 280HL
machine (SLM Solutions AG, Liibeck, Germany), equipped
with a 400 W Yb-fibre-laser. The fabrication parameters are
listed in Table 1. Sample orientations are stated by their
longitudinal axis orientation relative to the built direction
(z-axis) through the rotation angles (A, B, C), according to
the ISO/ASTM 52,921:2019 [13] standard. Samples were
fabricated in four distinct orientations, two horizontal direc-
tions, one vertical direction and one 45° inclination to the
substrate plate (Table 2). Three sample geometries were
fabricated, all samples were built with an oversize and were
then machined to their final geometry (Table 3). Samples of
type I in the 45° inclination are exemplified in Fig. 1.
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2.2 Dilatometry

A true differential dilatometer (Bahr DIL 802, TA Instru-
ments, USA) equipped with a resistance furnace (up to
1350 °C) was utilized for thermal expansion characteri-
zation. The reference specimen used was a hollow quartz
sample with an outer diameter of 4 mm, an inner diameter
of 1.5 mm and 50 mm in length. It had a thermal expan-
sion coefficient of 0.5x 107 ® /K in the temperature range
of — 193 °C to 727 °C. The samples’ temperature was meas-
ured with a type K thermocouple positioned on their surface
(Fig. 2). The samples (type 1) were heated up to 360 °C at
a rate of 5 K/min, held at 360 °C for 30 min, followed by
furnace cooling. Subsequently, the samples were heated up
to 600 °C (rate of 5 K/min), held at this temperature for
30 min, and then were furnace cooled (Fig. 3a). The holding
time of 30 min was applied to ensure a stable condition, i.e.
constant temperature after an initial temperature overshoot
and no detectable fluctuations in the elongation signal. All
annealings were performed under vacuum (~50 Pa). Fig-
ure 3b depicts a schematic thermal expansion curve between
ambient temperature and 600 °C. The inflection temperature
(Tinfiection) Was estimated from the point of intersection of
the regression lines'. The average thermal expansion coef-
ficient above the Curie temperature was obtained via the
two holding points, namely at 360 °C and 600 °C, and the
corresponding thermal expansion AL.

2.3 Impulse excitation technique

The impulse excitation technique (IET) is a reliable method
for the precise measurement of elastic moduli. A freely
supported sample is excited to vibration by an impulse,
allowing to determine its eigenfrequencies from its emitted
sound. Eigenfrequencies depend on the sample geometry,
the density and the elastic properties of the material. The
determination of the elastic moduli is standardized by the
ASTM E1876-15 [14] exclusively in case of isotropic elas-
ticity. However, IET can also be applied in case of aniso-
tropic elasticity for the determination of direction-dependent

! Regression curves were calculated with the least square method,
not to be confused with tangents.
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Table 3 Sample types, sample dimensions in machined condition and conducted experiment for each sample type

Sample type Diameter [mm] Length [mm] Number of samples per configuration Conducted experiment

1 7 50 5 Thermal expansion,
Young’s modulus

11 10 70 1 Young’s modulus (ambi-
ent temperature)

Sample type Width [mm] Thickness [mm] Length [mm] Number of samples per inclination Conducted experiment

111 14 2 65 1 Young’s modulus

(elevated temperature)

Fig. 1 Fabricated cylindrical samples (type I) with 45° inclination to
the substrate plate

elastic moduli, given the sample geometry is suitable, which
is particularly relevant for strongly textured materials [15].

In this contribution bar-shaped samples with a high length
to thickness ratio were analyzed (Table 3). This allows to
estimate Young’s modulus E; in the longitudinal direction
of the sample from the fundamental flexural eigenfrequency
by replacing the isotropic Young’s modulus in the relations
from the ASTM E1876-15 [14] standard by E;. For cylin-
drical samples (type I and II), the Young’s modulus is cal-
culated by:

3,2
E = 1.6067F mf; TI’ )
4
where f; denotes the fundamental flexural eigenfrequency,
m is the mass of the sample, d denotes the diameter and / the
length of the sample. In case of a rectangular cross-section
(type III) the following equation is applied:

0.9465T, mfle3
Ej=——7F——, @)
! b3
where ¢ denotes the thickness and b the width of the sample.
Equations (1) and (2) are based on Euler—Bernoulli’s beam

theory. The correction factor T accounts for the influence
of transverse shear deformation in the fundamental flexural
eigenmode and is close to one for slender bars.

The RFDA HT1050 setup (IMCA, Genk, Belgium)
equipped with a resistance furnace (maximum temperature
1050 °C) was utilized for IET measurements (Fig. 4). All
three sample types (Table 3) were measured at ambient
temperature, samples of type I were measured before and
after the annealing treatment in the dilatometer and sam-
ples of type III were measured at elevated temperatures up
to 850 °C (heated up from ambient temperature to 850 °C
at a rate of 4 K/min, followed by furnace cooling). IET is
particularly advantageous for measurements at elevated tem-
peratures, as the entire experiment can be performed in a
furnace. Samples with a rectangular cross-section are pre-
ferred for measurements at elevated temperatures, as these
are shifted less on the supports by the impulse as compared
to cylindrical samples.

The accuracy of the result strongly depends on the accu-
racy of the sample dimensions, which have been measured
with a micrometer screw at several positions for each sam-
ple. Averaged values were used for the calculation of E|,
whereby the observed dimensional variations allowed to
estimate the impact of dimensional deviations by linear error
propagation (Table 4). The dimensional variations of the
samples were similar, about 0.01 mm deviation in thickness,
width, diameter and length. A further impact on the accuracy
of the calculated Young’s modulus stemmed from the forma-
tion of an oxide layer at elevated temperatures, which led to
moderate changes of the sample geometry.

3 Results and discussion

3.1 Thermal expansion behavior

Samples consistently showed a small negative expansion
in the temperature range of up to 100 °C to 150 °C, fol-

lowed by a slow onset of positive elongation. An initially
negative thermal expansion has been documented for laser
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(b)

Fig.2 a Dilatometer DIL 802 equipped with resistance furnace and b detailed sample placement with quartz reference sample and type K ther-

mocouple

powder-bed-fused Invar before by Harrison et al. [5], how-
ever, it is an atypical behaviour for Invar. No negative expan-
sion has been reported by Asgari et al. [16], who also inves-
tigated Invar samples fabricated via L-PBF.

The inflection temperature (7, gecrion) Was estimated to
range from 257 °C to 264 °C (Table 5). Considering the
standard deviation of the data, T} q..,, Was similar for all
investigated orientations and hence, no noteworthy direc-
tional dependency was evident. The inflection temperature in
this study was about 35 °C higher compared than that stated
in the study by Yakout et al. [17] (225 °C), who utilized
an induction coil for heating in an atmosphere of helium
atmosphere, but investigated considerably shorter samples
with just 10 mm in length. However, the thermal expan-
sion coefficient reported by Yakout et al. [17] and this Invar
study are nearly the same. Furthermore, the coefficient of
thermal expansion, a, seemed to be the same irrespective of
the specimen orientation.

(@)
Temperature [°C] —— schedule
30 min
600 - actual schedule
360
Tambient

1 2 3 4 5 6 7 8 9 10 g

microphone tube

Fig.4 IET setup inside furnace, showing a sample of type III placed
on the wire supports

In contrast to other investigations, which often report
the thermal expansion behaviour during cool-down, this

(b)

Thermal expansion

AL
................ T w
i : :
Tamblent Tlnﬂectlon Temperature [°C]

Fig.3 a Annealing cycle during dilatometer testing; b evaluation schematic
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Table 4 Expected deviations for E, due to dimensional deviations,
based on the linear error propagation at £, = 150GPa

Type I Type I Type 11T

IAE|| in [GPa] 0.95 0.66 2.42

study considers the first heat-up phase [11]. The approach
to consider the heat-up phase has the apparent detriment
of waviness in the data, caused by the pulsed regulation of
the furnace. However, for equipment fabricated via L-PBF
and put in operation, the heat-up run is believed to be more
relevant in practice.

3.2 Young's modulus

Young’s moduli for sample types I and II were the same
when testing the same orientation. The respective values
for sample type III were slightly lower than the aforemen-
tioned ones. The highest Young’s modulus of approximately
150 GPa was observed for horizontal samples aligned par-
allel to the x-axis?. For all other investigated orientations,
Young’s modulus was about 130 GPa with low scatter of
the individual results (Table 6). It should be noted that the
disparity of horizontally aligned samples—150 GPa in
x-direction and 130 GPa in y-direction—is omitted in the
material data sheet [18].

Deviations of Young’s moduli before and after annealing
treatments were low. Samples of type I exhibited on average
a difference of about 0.5 GPa between the Young’s moduli
in their as-built state compared to the one after annealing
at 600 °C, with similar scatter in the obtained results. Tak-
ing the uncertainty into account, resulting from dimensional
deviations, the results for samples of type I remained unaf-
fected by annealing.

Samples of type III were more sensitive to annealing.
On average, Young’s modulus increased by approximately
5 GPa after annealing at 850 °C. The consistent gain in
Young’s modulus for samples of type III is assumed to
largely stem from the oxide layer formed during annealing.
Rectangular shaped samples also are more prone to discrep-
ancies caused by changes in thickness than their cylindrical
counterparts, due to the disproportionate mass distribution
over their cross-section. This sensitivity was also evident
in the estimated deviations for the individual sample types
(Table 4), which was largest for samples of type II1, although
the dimensional deviations of all sample types were similar
(~0.01 mm). In conclusion, very low changes in Young’s
modulus due to annealing have been found, which is in line

2 The x-axis corresponds to the recoater transition axis in the
employed SLM 280HL machine.

with the results of Qiu et al. [6], according to which no sig-
nificant changes in microstructure and tensile strength are to
be expected after annealing Invar 36 samples at temperatures
up to 830 °C.

Up to a temperature of approximately 240 °C, Young’s
modulus steadily increased, after which it showed a maxi-
mum between 260 °C and 270 °C, which was followed by
a monotonic decrease thereafter (Fig. 5). The respective
maxima and minima (at 850 °C) of Young’s modulus deter-
mined for differently aligned samples of type III are listed
in Table 7. The monotonic decrease in Young’s modulus
above 260 °C to 270 °C with increasing temperatures is to
be expected, since an increased interatomic distance reduces
the stiffness of the crystal lattice [19].

Comparing the curves of both thermal expansion and
Young’s modulus as function of temperature (Fig. 6), the
tendencies aligned. In the temperature range, ambient tem-
perature to approximately 150 °C, the magnetovolume
force counteracted thermal expansion. Since, however, the
endeavor for thermal expansion is still present and, in turn
resembles a force, the materials’ stiffness needs to increase
to form an equilibrium without a macroscopic measurable
expansion. In this regard, the increasing magnetovolume
force appears to gradually increase the Young’s modulus.
Considering that the thermal expansion was found to be
independent from the sample orientation, it appeared via-
ble that the stiffening was also found independent from the
orientation. Young’s modulus increased by approximately
20 GPa in the temperature range from 25 °C to its respective
maximum, irrespective of the sample orientation.

While the thermal expansion gradually increased, the
Young’s moduli stagnated, whereby as a result 77, g.cion a0
the temperatures at which the maxima in Young’s modulus
occurred, coincided. Above 300 °C, Invar 36 exhibited the
common behavior of most metals, with an approximately
linear increase in thermal expansion, while Young’s modu-
lus steadily decreased.

On close inspection, all three Young’s modulus progres-
sion curves showed a slightly higher gradient in the increase
in Young’s modulus between 220 °C and 230 °C. However,
no coinciding effect was evident in the thermal expansion
data and no final conclusion could be drawn.

4 Conclusion

Thermal expansion and Young’s moduli of laser powder-bed-
fused Invar 36 were analyzed via dilatometry and impulse
excitation (IET) method in the temperature range up to
850 °C. While Invar 36 fabricated with L-PBF is known to
show macroscopic anisotropy in its mechanical properties,
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Table 5 Results of thermal
expansion analysis on type I
samples, stated as average
value. STDEV denotes the
standard deviation

Table 6 Young’s moduli at ambient temperature (~25 °C) before and

after heat treatment

Orientation

Approximate begin of ther-
mal expansion [°C]*

Inflection temperature
TInﬂeclion [OC]

Thermal expansion coef-
ficient a [1076 /K]*%

Average STDEV Average STDEV Average STDEV
Horizontal x 190 7.9 261 7.9 16.4 0.21
Horizontal y 178 11.5 257 9.2 16.5 0.18
45° 186 8.2 264 7.1 16.7 0.07
Vertical 185 8.7 257 4.7 16.4 0.39

“Temperature of onset of noticeable thermal expansion
““In the temperature range 360 °C to 600 °C

Table 7 Selected values for Young’s modulus determined by IET in
the temperature range from 25 °C to 850 °C for samples of type IIL
25 °C: ambient temperature; 260 °C to 270 °C: temperature of maxi-

Sample type Orientation ~ Young’s modulus  Young’s modulus E mum in Young’s modulus; 850 °C: maximum temperature reached in
E [GPa] [GPa] after anneal- the experiments
ing treatment*
Orientation Young’s modulus E [GPa] Tempera-
Average STDEV Average STDEV ture [°C]
1 Horizontal x 150.18  0.53 149.54 0.48 Horizontal x 148.65 25
1I 15035 — _ _ 167.71 260
I 148.65 - 154.17%%  — 137.60 850
I Horizontal y 130.66 058 13124  0.61 Horizontal y 12628 25
I 129.51 _ _ _ 145.09 270
’ 119.32 850
111 126.28 - 131.72%%  — .
. Vertical 130.92 25
1 45 131.21  1.62 131.25 1.63 148.80 265
1 Vertical 13245 1.28 133.01 1.51 122.08 850
11 133.21 - - -
I 130.92 - 135.15%*  —
*600 °C for type I and 850 °C for type III
**0Oxide layer formed on samples’ surface
Thermal expansion AL [um] Young's modulus E [GPa]
Young’s modulus £ [GPa] ) Temperature range ’ 180
180 —— horizontal x E AL 255 °Cto 270 °C "
—— horizontal y —— ==~ horizontal x ’
170 —— vertical 60 —— = —- horizontal y ,/
— = -—- vertical \,’7/7\
160 ,'[
/’ 160
150 40 ;' K
!
140 < !
—
130 ," e 140
20 s/
[y
120 .
// /Il
110 ol L v
o EZz===p Pt 120
100 50 100 150 200 250 300 350 400
50 150 250 350 450 550 650 750 850 Temperature T [°C]

Fig.5 Temperature dependency of Young’s modulus, determined

from IET results for sample type I1I
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Temperature T [°C]

Fig.6 Comparison of thermal expansion (samples of type I) and
Young’s modulus (samples of type II); T}, pecion @a0d the maxima of E
are located between 255 °C and 270 °C for all specimen orientations



Progress in Additive Manufacturing (2022) 7:463-470

469

(a) ) ‘ 2

200 pm

(b)

®

200 pm

Fig.7 Etched micro sections of a horizontal x sample of type I a cross-sectional cut and b longitudinal cut parallel to the layering

which was confirmed by its direction-dependent Young’s
modulus, the temperature dependencies of both thermal
expansion and Young’s modulus appear to be independent
from the orientation. The Young’s modulus ranged from 130
GPa to 150 GPa, with the maximum being present along the
horizontal x-direction. However, comparing the recorded
maxima of Young’s modulus just below the Curie temperature
(279 °C) with the respective value at ambient temperature,
the gain in Young’s modulus was approximately 20 GPa for
all orientations tested. Thus, the increase in Young’s modu-
lus was found to be independent from the orientation, which
similarly was the case for the thermal expansion behavior.
In this instance, the coefficient of thermal expansion and the
temperature of inflection can be treated as direction independ-
ent statistical values, with a thermal expansion above 300 °C
of 16.5x 10—°/K, and a temperature of inflection of 260 °C.

For lower temperatures of up to 150 °C, a slight negative
thermal elongation has been recorded, which at this point
cannot be explained and available data from already pub-
lished data on this fluctuates. Further studies will be required
to clarify the origin of this atypical behavior.

Appendix

The section “Appendix” contains further details to supple-
ment the given information and evaluation in the main sec-
tion and to allow for repetition and thorough comparisons.
Metallographic investigations were conducted on a hori-
zontal x sample of type I. The microstructure showed elon-
gated grains in the cross-sectional cut (Fig. 7). The elon-
gation corresponds with the built direction and the grains
grew through multiple layers. The microstructure was almost
defect-free, with only a few pores < 10 um being present.
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