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Abstract

The hardness and strength of many alloys are frequently different when observed at nano,
micro, and macroscopic scales. Hence, it is crucial to study the mechanical behaviour of
important alloys across wide length scales. In this work, we present one such scenario, where
two industrially important alloys, In-718 and ASTM F75, behave differently at micro and
macroscopic levels. For the aerospace and petroleum industries, both alloys are promising
candidates for similar applications. Both alloys were first 3D printed using selective laser
melting (SLM) and then heat-treated in vacuum. The average yield strength and percentage
elongation (along the build direction) of the In-718 alloy were 29% and 19% higher than those
observed for ASTM F75 alloy. The difference between the UTS and Vickers hardness (at a load
of 98 N) was almost negligible, i.e. < 5%. Contrary to Vickers hardness of 3.9 GPa and 3.8
GPa, the average nanohardness of In-718 and ASTM F75 alloys was 5.7 GPa and 7.6 GPa,
respectively, and this was substantially higher than their Vickers hardness. Furthermore, ASTM
F75 alloy also demonstrated much better wear resistance in ScanningWear tests performed
using nanoindenter. The explanation for these differences and the similarities between macro
and nanomechanical behaviour are presented in this work.
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1. Introduction

In-718 is a Ni-Fe-Cr-based superalloy renowned for its exceptional mechanical properties and
corrosion resistance at room and elevated temperatures up to 650 °C [1]. This alloy derives its
strength from the solid solution strengthening and precipitation hardening [1, 2]. Solid solution
strengthening of the matrix phase (generally designated as y phase) in In-718 alloy is attributed
to refractory elements such as Mo, Nb, W, and Re [2]. The main precipitation strengthening
phases in In-718 alloy are y* (Nis(Al,Ti)) and y"* (Ni3(Nb,V)) [1-3]. These precipitates are
induced in the In-718 alloy by aging treatment preceded by solution treatment process. Full
potential of alloying elements in In-718 alloy might not be attained if the elements precipitates
as other phases such & (NisNb) or Laves phases (Ni, Cr, Fe)2(Nb, Ti, Mo) [4]. This alloy finds
many structural applications in aerospace, automobile, and energy sectors [2].



Co-Cr-Mo based alloys (ASTM F75) are well-known for their excellent mechanical properties
including wear resistance, biocompatibility, and corrosion resistance [5-9]. The matrix of Co-
Cr-Mo alloy generally has two crystal structures: the y-phase which is FCC and stable at high
temperatures or the e-phase which is HCP and stable at low temperatures. Heat treatment at
high temperatures ~1050 °C and subsequent cooling to room temperature usually results in the
development of y-phase even at room temperature. This is because the y—¢ conversion is slow
[6]. Further, the matrix phase is reinforced with carbide phases such as M23Cs[10, 11] and MeC
[10]. This alloy is commonly used in biomedical applications, gas turbines, and high
temperature applications [7, 12].

The mechanical properties including hardness and wear resistance are crucial for both In-718
and ASTM F75 alloys to be used in the above-mentioned applications. Many alloy systems
tend to show a phenomenon named as indentation size effect (ISE) in nanoindentation [4, 13-
17]. ISE refers to the increase in hardness of the material with decreasing indents depth. As
per Nix and Gao [15], the increase in hardness at small depths is attributed to the increased
density of geometrically necessary dislocations (GNDs) required to accommaodate large plastic
strain gradients at small indentation depths. The increased density of dislocations leads to more
dislocation interactions and high hardness. The density of GNDs and strain gradient decrease
with increasing indentation depth thus leading to lower hardness at large depths, i.e., ISE. The
mechanical behaviour of an alloy can thus be very different at small scales because of the ISE.
So, to completely understand the mechanical behaviour of an alloy, it is crucial to test them at
multiple length scales.

Selective laser melting (SLM) has recently emerged as one of the promising methods to create
3D components from In-718 and ASTM F-75 alloys [2, 4, 6, 8, 18-20]. Selective laser melting
(SLM) is a variant of additive manufacturing (AM) or 3D printing and uses laser power to fuse
powder bed layers one by one to build 3D components [11, 21]. Complex geometries without
any substantial material loss can be built using AM at a low cost [21]. The method is even more
attractive for materials such as In-718 and ASTM F-75 (hard and wear resistant) alloys as very
little or no machining is required for components made via 3D printing and thus the need for
expensive machining tools is limited [21].

Although the mechanical properties of 3D printed In-718 and ASTM F-75 alloys have been
well reported individually [2, 6, 11, 22-25], direct comparisons of their mechanical properties
using similar testing techniques are rare. This comparison is important for materials selection
in applications where both alloys are the promising candidates such as impellers and sleeves in
petroleum industry and gas turbines in aerospace industry. Therefore, in this work, we directly
report and compare the mechanical properties of heat-treated 3D printed In-718 and ASTM
F75 alloys using similar testing techniques. The mechanical behaviour of both alloys is studied
over a range of scales using bulk and nanomechanical testing techniques such as tensile testing,
Vickers testing, and nanoindentation. The results are interpreted and explained thoroughly in
the next sections.

2. Experimental Work

The In-718 and ASTM F75 powders with size distribution of 15-45 pum were used in this study.
The laser based additive manufacturing system (Concept laser M2 series 4) was used to build
the samples using SLM technique in a vacuum chamber. The process parameters are listed in
Table 1.

Table 1: SLM parameters to build 3D In-718 and ASTM F75 specimen



Printed Laser Spot | Laser Scanning rate | Shielding Substrate and  its
Material size (um) Power (W) | (mm/s) atmosphere temperature (°C)
In-718 50 370 1000 N SS-316L (0 °C)

ASTM F75 | 50 210 1250 N SS-316L (80 °C)

The composition of In-718 alloy (in wt.%) and ASTM F75 alloy as measured using optical
emission spectrometer is given in Table 2.

Table 2: Composition of In-718 and ASTM F75 alloy

Alloy | Ni(%) | Cr(%) | Co (%) | Fe(%) | Mo (%) | Nb (%) [ Ti (%) | Al (%) | C (%)
In-718 | 53.01 | 18.20 |- 18.90 |3.11 5.01 0.90 0.61 -
ASTM | 0.40 2720 | Bal - 6.22 - - 0.21 0.13
F75

For microstructural analysis and indentation, cubic samples having dimensions 15 x 15 x 15
mm?3 were printed. For tensile testing, cylindrical coupons with a diameter of 14 mm and a
length of 110 mm were first built. These coupons were subsequently machined into dog-bone
shaped specimens. Two distinct geometries were produced with gauge lengths of 24 mm and
36 mm. However, the length to diameter ratio of four was maintained in both cases.

As-built In-718 specimens were first subjected to stress-relieving treatment. For this purpose,
the specimens were heated to a temperature of 950 °C. The specimens were kept at that
temperature for 2 hrs and then allowed to cool in the furnace. Stress relieved specimens were
then solution annealed at a temperature of 1035 °C for 1.5 hrs. The solution-treated specimens
were later aged at a temperature of 780 °C for 7 hrs. The heating rate in all heat treatment steps
was 10 °C/min. Until and unless otherwise mentioned, all treatments were performed in the
vacuum furnace. The specimen after solution-treatment and aging were cooled to room
temperature through forced gas cooling using Argon (Ar). As-built ASTM F75 specimen were
heated at a rate of 10°C/min to 1050 °C in the vacuum furnace. The specimens were kept at
that temperature for 2 hrs and the cooled to room temperature using forced Ar gas cooling.
Both 3D printing and heat treatment steps were performed at Immensa, UAE.

For microstructural analysis, both In-718 and ASTM F75 alloys were first mechanically ground
to 2000 SiC emery paper followed by polishing using diamond paste of 6 and 1 um. Polished
In-718 alloy was etched using etchant comprising of 10ml glycerol, 150mI HCI and 15ml
HNOs. ASTM F75 alloy, on the other hand, was electrolytically etched using a mixture of 10ml
HCI + 100ml Distil water. The time, temperature, and voltage were 10s, 25 °C, and 3V
respectively. Back scattered electron (BSE) imaging in scanning electron microscopy (SEM,
Zeiss) was carried out at an accelerating voltage of 15 kV.

All tensile tests were performed at room temperature as per ASTM E8. Vickers indentation was
performed at a load of 10 Kg (98 N) at room temperature. Nanoindentation was performed on
the polished surface of both alloys with a diamond Berkovich tip using Tl Premier
Nanoindenter (Bruker). Diamond area function (DAF) of the tip was calibrated on the standard
fused quartz sample at ambient temperature using Oliver-Pharr method [26, 27]. The load
controlled nanoindentation tests at 10mN load were performed using low load transducer. The
samples were indented at a constant loading rate of 1mN/s up to the maximum load of 10mN.
After a holding time of 2s, the samples were unloaded at the same rate. The nanoindentation
tests at higher loads were done using high load transducers. Loading and unloading rates for
high load (> 10mN) nanoindentation tests were 4mN/s and -4mN/s, respectively. Other than



that, same calibration procedure and test method was adopted for indents performed at higher
loads > 10mN. All tests were done at room temperature.

The ScanningWear tests were done at ambient temperature on the polished surface of both
alloys to determine their wear resistance using the same nanoindenter. Both alloys were raster
scanned with a diamond Berkovich tip at a force of 75uN to produce the wear pattern. A scan
consisted of 3 and 5 passes over the same area within the test. The in-situ imaging approach
was then used to calculate the amount of material (wear volume) removed during the wear test.

3. Results

3.1 Microstructure and bulk mechanical properties of heat-treated 3D
printed In-718 and ASTM F75 alloy

The microstructures of as built and heat-treated In-718 and ASTM F75 alloys are presented in
the Figure 1. The as-built microstructure of 3D printed alloys via SLM exhibits a typical fish-
scale morphology when viewed along the build direction in the microscope (see Figure 1 a and
d) [2, 28, 29]. Heat treatment successfully broke the fish-scale morphology present in the as-
built specimen of both alloys.

(d) I toBD

HT: Heat-treated
BD: Build direction

Figure 1. Microstructures of as built (a) and heat-treated SLM In-718 alloy (b. c); Microstructures of as-cast
(d) and heat-treated SLM ASTM F75 alloy (e, f). The polished surfaces visible in the micrographs are //to the
BD.

The microstructure of heat-treated In-718 alloy consists of y matrix enriched with "
precipitates (Figure 2 a and b). In addition, Laves phase precipitates are also present at the grain
boundaries (Figure 2 a and b). Similar type of Laves phase morphology was also observed by
Shi et al. [30] in their work. Some needle like precipitates, a morphology typically
demonstrated by & phase [31-33], are also present within the y matrix (Figure 2 b). High
hardness and strength of this alloy (see Figure 3, Figure 4 and Figure 5) further compliments
their presence.



The microstructure of heat-treated ASTM F75 alloy is dual phase, where solid solution
strengthened y matrix is reinforced with metal carbides (Figure 1 e and f). The white
precipitates in the microstructure depict M23Cs precipitates at the grain boundaries (Figure 2 ¢
and d). When these carbides precipitates, they deplete the surrounding region of the Cr, which
results in faster corrosion around the carbides and along the grain boundaries [34, 35]. Similar
deeply etched regions along the grain boundaries were also visible in the microstructure of the
similar alloys [36, 37]. We do not present here, the composition of different phases obtained
via energy dispersive spectroscopy (EDS) in SEM, primarily because of the small size of the
precipitates. The small size limits the accurate prediction of composition using EDS.
Specifically, the width of Laves phase precipitates in In-718 alloy is ~ 0.18 + 0.06 um, while
those of needle-like 6 phase have thickness below 100 nm and both length and thickness of
disc like y"" precipitates is only a few tens of nm (Figure 2) [30, 32]. The carbides in ASTM
F75 alloys have an approximate size of 0.8+0.36 pm.

Carbides

Figure 2. BSE images of heat-treated In-718 alloy (a, b) and ASTM F75 alloy (c, d). The areas enclosed by
blue rectangles in (a) and (c) are depicted in (b) and (d) respectively. Laves phase precipitates in In-718 alloy
are highlighted using orange arrows, needle-like & phase precipitates with green arrows and y” precipitates
with red arrows in (b). Metal carbides in F75 alloy are depicted using white arrows in (d).

The tensile properties of heat-treated In-718 and Co-Cr alloys are shown in the Figure 3.
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Figure 3: Tensile properties of In-718 and ASTM 75 (Co-Cr) alloys: (a) parallel to the build direction, (b)
perpendicular to the build direction. All tensile tests were performed at room temperature.

In-718 alloy demonstrates higher yield strength and % elongation than the ASTM F75 alloy
(see Figure 3). There is no substantial difference between the ultimate tensile strength (UTS)
of both alloys, especially when the samples are tested along the build direction. Overall, for
macroscopic specimen In-718 seems to have slightly superior mechanical properties compared
to ASTM F75 alloy. The Vickers hardness of In-718 alloy was slightly higher than that of
ASTM F75 alloy (see Figure 4).
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Figure 4: Vickers hardness of In-718 and Co-Cr alloy at room temperature.

3.2 Micro and nanomechanical properties of In-718 and ASTM F75 alloy

The hardness trend at small scale was different. In marked contrast to Vickers hardness
determined at a load of 98 N, ASTM F75 alloy has a substantially higher hardness than In-718
alloy at a load of 10 mN (see Figure 5).
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Figure 5: Hardness and reduced modulus of In-718 and ASTM F75 alloy determined using nanoindentation at
ambient temperature.

The scanning wear test revealed that the ASTM F75 alloy had better wear resistance than In-
718 alloy. In both 3 and 5 pass tests, the volume removed for In-718 alloy was much more than
for ASTM F75 alloy.
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Figure 6. (a): The volume removed in 3 and 5 pass ScanningWear tests for In-718 and ASTM F75 alloy; (b)
Scanning probe microscope (SPM) image of the surface after 5 pass ScanningWear test performed on ASTM
F75 alloy.

The difference between the hardness of In-718 and ASTM F75 alloy reduced at higher loads
(see Figure 7). The difference in hardness of In-718 and ASTM F75 alloy is almost negligible
at 200 mN or at contact depth ~1200-1240 nm. This reflect that a more intense size effect
exists in ASTM F75 alloy compared to the In-718 alloy.
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Figure 7: Variation of hardness as a function of contact depth of In-718 and ASTM F75 alloy. Constant load
nanoindentation tests were performed in the load range of 20 mN to 220 mN.

Indentation size effect (ISE) refers to the increase in hardness of the material with decreasing
indents depth. The ISE is caused by the density of geometrically necessary dislocations (GNDs)
produced beneath the indenter due to the strain gradient at low displacements [13, 15]. The
effect is more prominent at small displacements generally encountered in nanoindentation.
Nix-Gao relation can be used to quantify the indentation size effect (see Equation 1) [15]:

Equation 1

*

LA P
Hy, h

where H is the hardness of the material at a particular depth, H, is the hardness at large depths,
h is the contact depth, while h* represents the depth below which the size effect is more
pronounced [15].

2
The relationship existing between % and % is shown in Figure 8 for both alloys. H,, is first
0

calculated using a plot between H and % It is clear that H, values of In-718 and ASTM F75

alloys are quite similar. Nonetheless, it is clear that a stronger size effect exists for ASTM F75
alloy (see Figure 7 and Figure 8). Furthermore, the characteristic length (h*) beyond which the
size effect becomes more prominent for ASTM F75 alloy (431 nm) is ~1.4 times higher than
In-718 alloy (305 nm).
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Figure 8: Fitted curve as per Nix Gao relation for In-718 and ASTM F75 alloy

The H,, value calculated for In-718 alloy and ASTM F75 alloys are close to % ~1.13-1.15)

the hardness value determined via Vickers test at a load of 98 N (see Figure 4). This reflects
that the data generated via nanoindentation fits well with the Vickers test performed at 98 N.

4. Discussion

4.1  Microstructural evolution and bulk mechanical properties of In-
718 alloy and ASTM F75 alloy

Fish-scale morphology in as-built samples is easy to understand by imagining a laser beam
creating a molten pool of metallic powder. The metal powder melts and solidifies rapidly in the
centre of the laser spot due to the presence of highest laser intensity in that region. On either
side of the spot, the laser energy distribution is weaker, resulting in a greater degree of metal
powder melting in the centre and a shallower melting towards the edges [28]. As additional
layers are added, these uneven melt zones are stacked on top of each other forming a
characteristic fish-scale pattern. The fish-scale morphology is not observed in the heat-treated
samples of both alloys: In-718 and ASTM F75. This makes clear that heat treatment has
successfully broken down the fish-scale morphology.

The microstructure of heat treated In-718 alloy is presented in the Figure 1 (b and c). As
previously mentioned in section 1, In-718 alloy is a precipitation hardened alloy. The y" and y"”
precipitates are generally induced by the two-stage ageing process usually followed by solution
treatment at high temperatures [38, 39]. The solution treatment step is essential to dissolve the
detrimental Laves phase (Ni, Cr, Fe)2(Nb, Ti, Mo) in the microstructure of as printed alloys.
Dissolution of Laves phase is important since it will then release the Nb in the matrix which is
a prime element in the y" and y"’ strengthening phases. Temperatures more than 1000 °C are
preferred for efficient dissolution of Laves phase in the microstructure [40, 41]. Zhi et al. [40]



reported in their work, that Laves phase was almost completely dissolved during solution
treatment of In-718 alloy at 1020 °C for 1 hr. Even higher temperatures are recommended by
several other authors for complete dissolution of Laves phases in In-718 alloy [30, 38, 41, 42].
In this work, solution treatment temperature of 1035 °C for 1.5 hrs was used to dissolve the
Laves phase and homogenise the microstructure. Once the microstructure is homogenized and
the alloying elements exist in the solid solution then the aging process is used to induce y" and
y"" strengthening phases. Both phases are generally induced by a two-stage ageing process
consisting of holding solution treated specimen at a temperature of 720 °C for 8 hrs followed
by slow cooling to 620 °C for 8 hrs before air cooling to room temperature [38, 43]. High
temperature ageing tends to induce the precipitation of y"’ phase while the low temperature
ageing is responsible for the y' precipitation [43]. The two step ageing condition generally
results in very high yield (> 1100 MPa) and tensile strengths (> 1300 MPa) but lower
elongations (< 20%). Higher strengths are generally associated with lower ductility (see Table
3) [22, 39, 40, 44]. The applications of In-718 alloy in oil and gas sector do not need very high
strength level and hence solution-treatment in between 1010 to 1065 °C followed by single
step ageing between 650 to 815 °C is enough to achieve desired properties (high toughness,
sufficient strength and good corrosion resistance) [45]. This type of heat treatment results in
relatively lower strength but appreciable ductility (see Figure 3 and Table 3). Since the
components made by Immensa are targeted for oil and gas sector so the single step ageing
treatment was used. Thus, the microstructure of heat treated In-718 (Figure 2 a and b) consists
primarily of y matrix reinforced with nm sized y" particles. In addition to that Laves phase
precipitates, some amount of needle like 3-phase is also present within the y matrix (see Figure
2) [46]. Furthermore, the regions around needle-like intragranular 5-precipitates are free of nm
sized y" precipitates.

Table 3: Comparison of Mechanical properties of In-718 alloy developed using different synthesis routes

Ref. Synthesis route | Treatment Hardness, Yield UTs, Elongation,
of In-718 alloy H, (GPa) Strength, | MPa %
MPa
[22] Constant laser | ST*: 980 °C/1 h; 427 (~4.2) ~1104 ~1392 | =11
power DAZ?: 720 °C/8 h, 620
deposition °C/8 h
Gradient laser | ST*: 980 °C/1 h; 446 (~4.4) ~1196 ~1430 | =10
power DAZ?: 720 °C/8 h, 620
deposition °C/8 h
Constant laser | Homogenization: 443 (~4.3) ~1189 ~1322 | =13
power 1100 °C/1.5 h;
deposition ST*: 980 °C/1 h;
DAZ: 720 °C/8 h, 620
°C/8 h
Gradient laser | Homogenization: 446 (~4.4) ~1298 ~1443 | =12
power 1100 °C/1.5 h;
deposition ST': 980 °C/1 h;
DAZ?: 720 °C/8 h, 620
°C/8h
[39] Laser solid | ST*: 1100°C/1.5h 239 (~2.3) ~340 ~756 ~61
forming (1350
W)
Laser solid | Homogenization: 496 (~4.9) ~1129 ~1342 | =16
forming (1350 | 1100 °C/1.5 h;
W) ST 980 °C/1 h;




DAZ 720 °C/8 h, 620
°C/8 h

[40]

Selective laser
melting (LSM)

ST 960 °C/1 h;
DAZ: 720 °C/8 h, 620
°C/8 h

~431 (~4.2)

~1154

~1215

ST 980 °C/1 h;
DAZ: 720 °C/8 h, 620
°C/8h

~442 (~4.3)

~1231

~1290

ST 1000 °C/1 h;
DAZ?: 720 °C/8 h, 620
°C/8 h

~452 (~4.4)

~1351

~1396

ST 1020 °C/1 h;
DAZ 720 °C/8 h, 620
°C/8 h

~437 (~4.3)

~1330

~1374

[44]

Selective laser
melting (LSM)

Homogenization:
1100 °C/1.5 h;

ST': 980 °C/1 h;

DA?: 720 °C/8 h, 620
°C/8h

~461 (~4.5)

~1102

~1362

ST 980 °C/1 h;
DAZ: 720 °C/8 h, 620
°C/8 h

~482 (~4.7)

~1173

~1384

DAZ: 720 °C/8hr, 620
°C/8hr

~427 (~4.2)

~1047

~1251

[42]

Laser directed
energy
deposition

DA? 720 °C/10 h,
620 °C/10 h

~395 (=3.9)

~995

~1245

Single aging: 850
°Cl/dh

~344 (~3.4)

~645

~1043

ST 1100 °C/1 h;
DAZ 760 °C/10 h,
650 °C/10 h

~412 (~4.0)

~990

~1249

ST*: 1100 °C/1 h;
Single aging: 760
°C/10 h

~378 (=3.7)

ST 1100 °C/1 h;
Single aging: 760
°C/20 h

~363 (=3.6)

ST 1100 °C/1 h;
Single aging: 650
°C/10h

~413 (~4.0)

ST 1100 °C/1 h;
Single aging: 650
°C/20 h

~413 (~4.0)

~1005

~1247

[47]

Selective laser
melting (SLM)

ST': 1080 °C/1 h;
Single aging: 650
°C/20 h

~989

~1342

ST*: 1080 °C/1 h;
Single aging: 750
°C/l20 h

~1080

~1410

ST*: 1080 °C/1 h;
Single aging: 850
°C/20 h

~870

~1250

This
work

Selective laser
melting (SLM)

SR3: 950 °C/2 h

ST 1035 °C/1.5 h;
Single aging: 780
°Cl/7h

~410 (=4)

~975

~1215

ST! refers to solution treatment, while DA? and SR? depict double aging and stress relieving, respectively.




The microstructure of heat-treated ASTM F75 alloy is presented in Figure 1 (e and f) and Figure
2 (c and d). The alloy was heat treated at 1050 °C for 2 hrs before being quenched to room
temperature using forced Ar. The matrix of ASTM F75 alloy consists of y phase in such
situations [6]. The Co-Cr-Mo containing y-matrix exhibits better elongation, but lower hardness
and strength compared with the same alloys heat-treated at lower temperature (< 920°C, below
the y—¢ transformation temperature) and containing € phase or a combination of y and € phases
(Table 4) [6, 48]. The y—¢ conversion is very slow and requires an isothermal aging treatment
below the transformation temperature for completion [6, 49]. The metastable y phase, retained
by fast cooling, can be converted into € phase via strain induced martensitic transformation
(SIMT) [50]. SIMT is also the main deformation mechanism of this alloy and influences the
ductility and work hardening capabilities of this alloy [51]. Further, carbides (M23Cs[10, 11]
and MeC [10], where M is Cr, Mo, Co) are present as a reinforcement phase in the
microstructure (Figure 1 e and f, Figure 2 ¢ and d) [6, 37]. The carbides usually exist at the
grain boundaries and interdendritic regions in 3D printed alloys and may also be present in the
heat-treated alloys at the grain boundaries [34, 36, 37, 52]. To completely dissolve carbides a
solution treatment temperature of ~1200 °C for several hours is recommended [53, 54]. A
solution treatment temperature of 1050 °C and time of 2 hrs used in this study was not enough
to completely dissolve the carbides phase. So, these could be observed in the solution treated
microstructures presented in Figure 2 (c and d).

As mentioned, ASTM F75 alloy is primarily strengthened with solid solution strengthening
induced by Cr and Mo and carbide strengthening because of the presence of various types of
carbides [52, 55]. M23Cs type carbides are typically Cr rich while MsC type carbides are Mo
rich [37, 52]. Apart from that the alloying elements also tend to form an oxide layer on the
surface of the ASTM F75 alloy. An oxide layer of 1.8 nm comprising mainly of Cr.0Os was
immediately formed on the surface of Co-Cr-Mo alloy when it was exposed to air [56]. In this
work, the alloy consisted of a y-phase reinforced with metal carbides, so it demonstrated
appreciable ductility (due to the y-phase) as well as high yield and tensile strength (because of
metal carbides, see Figure 3 and Table 4). A large scatter was observed in the % elongation for
ASTM F75 alloy and this can very well be attributed to the presence of carbides along the grain
boundaries of y matrix. These carbides can act as a preferential source of cracks nucleation and
their slight inhomogeneous distribution across the y matrix can thus influence the ductility in
differently in various samples. Additionally, strain induced transformation of y—¢ results in
the formation of y/e interfaces. The strain may accumulate at these interfaces resulting in the
nucleation of cracks during plastic deformation [51]. Such heterogeneous materials generally
exhibits a relatively large scatter in their %elongation values and was also observed by Tham
et al. [42], Sing et al. [11] and Im et al. [6] in their work on similar alloys.

Table 4: Comparison of Mechanical properties of In-718 alloy developed using different synthesis routes
Ref. Synthesis Treatment Hardness, Yield UTS, MPa Elongation,
route of Co- H, (GPa) Strength, %
28Cr-6Mo MPa
alloy
(ASTM F75)
[6] Selective HT*: 750 °C | ~487 (~4.8) | ~1048 ~1102 ~4
laser melting | /2 h
[6] (SLM) HT: 1050 °C/ | ~487 (~4.8) | ~690 ~1014 ~26
2h
[11] Selective Preheating: ~298 (=2.9) | ~450 ~630 ~14
laser melting | 815 °C/4 h
(SLM) ST: 1220
°C/lh




ST: 1220 | ~302 (=3.0) | ~415 ~530 ~13
°Cl2h
ST: 1220 | ~333 (=3.3) | ~410 ~530 ~20
°Cl4h
[51] Laser ST: 1150 | ~343 (~3.4) | ~405 ~980 ~32
powder bed | °C/1 h
fusion HT: 750°C/2 | ~439 (~4.3) | ~945 ~1195 ~11
h
ST: 1150 | ~334 (~3.3) | ~663 ~1122 ~24
°C/lh
Aging:
750°C/2 h
[48] Selective HT: 1200 | ~486 (~4.8) | ~846 ~1001 ~12
laser melting | °C/2 h
(SLM) HT: 1200 | ~455 (=4.5) | ~620 ~873 ~18
°C/lh
This work Selective HT: 1050 °C | ~391 (=3.8) | ~755 ~1245 ~24
laser melting | /2 h
(SLM)

*HT: heat-treated

If the macro mechanical properties of the two alloys are compared along the BD, the In-718
alloy exhibited a ~29% higher yield strength (975 MPa) than the ASTM F75 alloy (755 MPa).
While the tensile strength of In-718 (1215 MPa) was ~2% lower compared to ASTM F75 alloy
(1245 MPa), it demonstrated a 19% higher elongation (25 % vs 21%) and a 3% more Vickers
hardness (3.9 GPa vs 3.8 GPa).

4.2  Micro and nanomechanical properties of In-718 and ASTM F75
alloy

Although hardness of In-718 alloy was 3% higher than ASTM F75 alloy at macroscopic level,
the results were very different at small scale. The nano-hardness of In-718 alloy (5.7 GPa) at a
load of 10mN was ~25 % lower than the average nano-hardness of ASTM F75 alloy (7.6 GPa,
see Figure 4, Figure 5, and Figure 9). Moreover, the observed nano-hardness (at 20mN) of In-
718 alloy (5.7 GPa) was ~46% higher than the Vickers hardness (3.9 GPa at ~98N). On the
other hand, the nano-hardness of ASTM F75 alloy (7.6 GPa) was ~100% higher than the
macroscopic hardness (3.8 GPa). This reflects that both In-718 and ASTM F75 alloy show an
ISE and by varying amounts. A substantial difference between nano and Vickers hardness was
also reported by Patel et al. [57] for ASTM F75 alloy. Furthermore, much higher scatter was
observed in nano-hardness for ASTM F75 alloy primarily because the size of reinforcement
phase (carbides) is bigger. Since carbides have very high hardness [57] so any indent placed
closer to the carbide phase or partially on the carbide phase is expected to have much higher
hardness values.

The ScanningWear tests using nanoindenter also revealed that the volume lost due to wear at
the same load was 3-5 times more for In-718 alloy than the ASTM F75 alloy. The whole
information is summarized in Figure 9.
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Figure 9: Comparison of Vickers and nano hardness of In-718 and ASTM F-75 alloy. The wear volume in 3
and 5 pass ScanningWear tests is superimposed on the bar charts for both alloys.

This demonstrates substantial wear resistance of ASTM F75 alloy compared to In-718 alloy.
Generally higher hardness is associated with better wear resistance and in this context the
results of nano-hardness and wear resistance compliments each other. The test was conducted
at a load of 75 uN and the depth to which indenter penetrated was limited to only a few tens of
nm. As described in the previous section, there is Cr20s layer almost always present on the
surface of ASTM F75 alloy. This layer has very high hardness [57] and is most probably
responsible for high wear resistance of ASTM F75 alloy at small scales. The volume loss due
to wear of In-718 in 3-pass and 5-pass tests was 0.26 and 0.37 pm?. The respective values of
volume loss for ASTM F75 alloy were 0.05 and 0.12 um?®. Thus, the percentage difference
between the volume loss due to wear of In-718 alloy and ASTM F75 alloy decreased by almost
2 times (=3 times) in a 5-pass wear test compared to (=5 times) in a 3-pass test. This indicates
that the influence of oxide layer on wear performance decreases as the indenter penetrates
deeper in the material.

4.3 Sizeeffectin In-718 and ASTM F75 alloy

The In-718 and ASTM F75 alloys have very high nano-hardness as compared to their hardness
at high loads (see section 4.2). The extent of increase is different for both alloys. To examine
this in more detail, more nanoindentation experiments were then performed over a range of
load using high load transducer. It is evident that the hardness of In-718 and ASTM F75 alloy
decreases with increasing load (see Figure 7). Furthermore, at higher loads, the difference
between the hardness of both alloys reduces and there is almost no difference in hardness values
beyond the load of 200mN or contact depths of ~1200nm. The ISE is thus much more intense
and h*is = 40% higher for ASTM F75 (h*~431nm)alloy compared to the In-718
(h*~ 305 nm).

4.4  Comparison of small scale and bulk deformation of both alloys

Plastic deformation in tensile test at bulk scale can be well described using Hollomon equation
(see Equation 2 [58]):



o=K.g" Equation 2

Here, o represents flow stress, K is the strength coefficient, € is true strain and n is the strain
hardening exponent. Higher value of n indicates more strain hardening due to increased
dislocation interactions. The values of K, n, and Syrs — So» (ultimate tensile strength-yield
strength) is summarized in the Figure 10.
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Figure 10: Comparison of strain hardening exponent (n), strength coefficient (K) and ultimate tensile strength
(Suts)- vield strength (Sys) values for both In-718 and ASTM F75 alloy

While the In-718 alloy has better yield strength, the ASTM F75 alloy has a higher strain
hardening exponent (n = 0.16 vs 0.11) and strength coefficient (K ~ 1928 vs 1708). Since K
represents the value of true stress when true strain is 1, so this means the higher value will
indicate a stronger material. The strain hardening occurs in the material because of dislocation
interactions. Higher dislocation density leads to more dislocation interactions and thus higher
strain hardening exponents.

As mentioned in section 1, the ISE is generally associated with steeper strain gradients
developed underneath an indenter especially at low depths. The strain gradients then produce
many GNDs. This increases the dislocation density, and their interaction leads to high hardness
at low depths. The h* refers to that depth below which the ISE would become prominent
because of GNDs. Strain hardening exponent, n, calculated in this work is from bulk tensile
test. It has been shown in many earlier studies that microstructures containing inhomogeneities
such as grain boundaries, phase boundaries, and cracks can often lead to strain gradients at
microstructural level [59-64]. The strain gradients can thus create GNDs which increases the
density of dislocations and their interactions and high strain or work hardening [64]. In ASTM
F75 alloy having y matrix, strain may induce ¢ transformation. High strain partitioning at the
yle interfaces during the plastic deformation, requires the generation of large number of GNDs
as well [51]. The materials generating higher density of GNDs will have more n value which
is generally determined from the tensile test and h* value calculated from nanoindentation tests
over a range of depths. The same is observed in this work, where ASTM F75 alloy has higher
h* and n values compared to In-718 alloy.



5. Conclusions

In this work, we studied the mechanical behaviour of In-718 and ASTM F75 alloys over arange
of length scales. Both alloys were first 3D printed using SLM technique and then were heat-
treated in vacuum.

e The heat-treated microstructure of the In-718 alloy consists of a y matrix reinforced
primarily with y” precipitates. The heat-treated microstructure of the ASTM F75 alloy
consists of a y matrix reinforced with interconnected carbides.

e The average yield strength, UTS, and % elongation, when determined along BD, of the
In-718 alloy were 975 MPa, 1215 MPa, and 25%, respectively, for the In-718 alloy. The
same values for the ASTM F75 alloy were 755 MPa, 1245 MPa, and 21%.

e The average Vickers’ hardness (at a load of ~98 N) for the In-718 and the ASTM F75
alloys were 3.9 and 3.8 GPa, respectively. These values indicates that the mechanical
properties of the In-718 alloy are comparable, in fact better, than the ASTM F75 alloy
at bulk scale.

e The average nano-hardness at a load of 10 mN were 5.7 GPa and 7.6 GPa for the In-
718 alloy and the ASTM F75 alloy, respectively.

e The volume removed during ScanningWear tests was 3 to 5 times more for the In-718
alloy indicating better wear resistance of the ASTM F75 alloy. These results indicate
that an ISE of variable magnitude is shown by both alloys. The characteristic lengths
(h*) determined for the In-718 and ASTM F75 alloys were 305 nm and 431 nm,
respectively.

e The h* values calculated from nanoindentation experiments and strain hardening
exponent (n) values calculated from bulk tensile tests, indicates that the role of GNDs
is more pronounced in the ASTM F75 alloy than the In-718 alloy.

The study thus highlights the importance of studying the mechanical behaviour over a wide
length scale: from nano to macro level.
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