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Inconel718 (IN718) superalloy is one of the most widely employed high-temperature materials.
How to improve its working temperature limit is a challenging but rewarding task. In this study,
we have proved that by simply mechanical blending pre-alloyed IN718 powder with elemental
Al powder, one can successfully add extra Al to the IN718 alloy. The Al-added IN718 alloys
developed by this study show homogenous distribution of Al in the as-printed microstructure
produced by selective laser melting (SLM), and only a slight loss of the Al amount is detected
due to SLM in situ alloying. Excellent relative density of > 99.5 pct has been achieved, and after
the standard heat treatment, the IN718 + 0.5Al alloy shows good mechanical properties,
achieving a fracture strength of ~ 1400 MPa and elongation of ~ 12 pct. Introducing an extra
amount of Al into the IN718 alloy has also improved thermal stability, in which testing is
conducted at 680 °C and held for 100 hours. Meanwhile, it is noted that by a new heat treatment
approach, the Al-doped IN718 alloy achieves the best fracture strength at ~ 1600 MPa and

elongation at ~ 10 pct. The implications of the study have been addressed.
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I. INTRODUCTION

INCONEL 718 superalloy (IN718) is widely used in
the fields of aviation, mechanical engineering, power
generation, efc. because of its low cost and excellent
mechanical properties at elevated temperatures, partic-
ularly its good creep resistance, good fatigue life, and
high strength.""?) These are achieved by combined
effects from (1) solid solution strengthening by the
face-centered-cubic (FCC) y phase (¢ = 3.60 A) that is
normally enriched with Ni and Co; (2) precipitation
strengthening by the (FCC) y” phase (¢ = 3.61 A and
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enriched with Al, Nb, and/or Ti), and/or the body-cen-
tered tetragonal (BCT) y” phase (¢ = 3.63 A and ¢ =
7.05 A), which is close to Ni;Nb in chemistry; and (3)
grain boundary pinning by carbides.®* Topologically
closed packed (TCP) hexagonal Laves phase and/or the
orthorhombic 6 phase (a = 5.11 A, b = 425A and ¢ =
4.54 A), which is enriched with Nb, Cr, Mo, and/or W,
might be also present in the microstructure, whose
effects, however, are detrimental to the ductility, espe-
cially under high temperature conditions."!

The working temperature limit of the IN718 alloy is
~ 650 °C. Above the temperature, the metastable "
phase will be converted to the 0 phase (orthorhombic
structure), causing a rapid decline in strength and creep
property.!® Thus, it will be important to develop
IN718-based material whose limits are beyond 650 °C
for harsher conditions.”! Many studies have been
conducted for this purpose, and a popular way to
solve the problem is to increase the content of
strengthening phase 7 by changing the ratio of
(Ti+ Al)/Nb, especially Al, as it is known that a
fraction of the J’ phase will increase at higher Al
concentrations.®*”) The increased content of the )’
phase improves the alloy’s thermal stability by reduc-
ing the content of the y” phase, and it maintains good
mechanical properties of the alloy due to low mismatch
with the matrix phase.['%!!!
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On the other hand, Ni-based superalloys, including
IN718, are typical work-hardening materials. This
makes their machining difficult. The rapid development
of novel advanced manufacturing techniques, particu-
larly selective laser melting (SLM) additive manufactur-
ing (AM), offers a promising solution to the
difficult-to-machine problem for the Ni-based superal-
loys.l'>13] Intensive studies have been conducted on
SLM of IN718.'*131 One may note, however, that
currently there are three limits regarding the SLMed
IN718:

(a) It is difficult to change the chemical composition
into desirable values. This is mainly because a
series of production steps is involved for produc-
ing quality pre-alloyed, spherical powders for
SLM.I'"®" This is illustrated well in Figure 1.

(b) Only a few studies using blended powders were
conducted, but the as-fabricated samples had low
density!"* 2% or the blended powders did not show
sufficient metallurgical bonding.*!-*?

(c) There is a rapid cooling rate in the process of
SLM that causes a difference in phase constitu-
tion: The Laves phase is easier to form, compared
with the traditional process,””* > and this phe-
nomenon requires good study in terms of heat
treatment, etc 1267281

The purposes of our current study are therefore
threefold:

IN718 ingot

+ Al ingot

v

(1) To enhance the high-temperature mechanical
performance of the widely employed IN718 alloy
by incorporating an extra amount of Al.

(2) To demonstrate the possibility of varying the
concentration of IN718 through blended powder,
which is a mixture of the pre-alloyed IN718
powder with mechanically mixed Al elemental
powder.””!  Compared with the conventional
route, this approach will be much more conve-
nient and easier to follow (Figure 1).

(3) To propose a new heat treatment approach for
the as-printed, Al-added IN718.

Through the current detailed study, we will show that:

(a) By mechanical mixing with different amounts of
Al, one can conveniently modify the chemical
composition of the IN718 alloy and that chemical
homogeneity of the mixed powders has been
proved to be excellent.

(b) The (IN718 and Al) blended powders have been
processed by SLM. The corresponding densifica-
tion, microstructure, and mechanical properties
are detailed and compared.

(c) Different heat treatments of the as-printed sam-
ples have been systematically studied, and the best
parameters have been provided.

(d) High-temperature thermal stability of the speci-
mens using blended (IN718 and Al) powders has
been addressed.
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Fig. 1—Comparison between the conventional gas atomization approach and the current approach for changing the chemical composition of the

IN718 alloy.
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II. EXPERIMENTAL

The size distribution of the powders to be used was
tested by a laser particle size analyzer (Melvin MS3000).
Spherical, pre-alloyed IN718 powder (~ 35 um in
average) was blended with Al powder (99.9 wt pct
purity) using a TURBULA T2F shaker-mixer for 2
hours. The mixture ratios (wt.pct) between IN718 and
Al were 100:0.5, 100:1, and 100:2, respectively; the
chemical compositions of the IN718 powders are listed
in Table I. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES, Horiba Jobinyvon JY2000-2)
was used for measuring the concentration of Al in the
as-printed state. The powders will be denoted as IN718,
IN718 +0.5A1, IN718 + 1Al and IN718 + 2Al hereafter.

Regarding the Al powder to be blended with the
IN718 pre-alloyed powder, the average sizes of them of
~1,~10, and ~ 30 um were tested and compared. While
the ~ 1-um Al elemental powder led to poor flowability
and the ~ 30-um Al elemental powder tended to incur
inhomogeneous mixing (details omitted here), the
~ 10-um one was chosen as the Al elemental powder.
Table II further shows that, although incorporating the
~ 10-um Al elemental powder may have decreased the
flowability of the original IN718 pre-alloyed power,
particularly in the case of the IN718 +2Al, in practice,
they were printable, spread well on the building plat-
form, and showed good as-printed density as shown
later on in Figure 4.

Samples were additively manufactured using an SLM
Solution 125 HL 3D printer. Pure argon was used as
protective atmosphere during the SLM process. The
densities of the as-printed samples were measured by the
Archimedes method. To determine the relative density
accurately, casting samples were made by arc melting as
the reference material for the fully dense state.

The general purpose of the heat treatment is to obtain
correct phase constitution for the IN718 and
(IN718 + Al) samples. During the heat treatment, it is
hoped that the Laves phase will get dissolved, y” phase
can be increased, and formation of the é phase can be
inhibited. Similar heat treatments for the IN718 have
been done by other researchers as well, where the focus
was put on inhibiting the formation of the  phase and/
or improving hardness.** 3% Based on the existing
approach AMS5662, we have further designed a new

heat treatment approach, hoping to resolve Nb that
accumulates at grain boundaries. Heat treatment for the
as-printed specimens was conducted in two ways:

(a) By following the AMS 5662 standard: Solution
treatment at 980 °C for 1 hour and then air cooled
to room temperature. The subsequent aging was
hold at 720 °C for 10 hours, furnace cooled to 620
°C in 2 hours, held at 620 °C for 8 hours, and then
air cooled to room temperature (Figure 2).

(b) By following a new heat treatment approach:
Solution treatment at 1065 °C for 1 hour and then

(a) 1200

1000
800
600

400

Temperature(C)

—— AMS 5662

200 —— New heat treatment

Time(h)

Fig. 2—(a) Heat treatments conducted in this study following the
AMS 5662 standard and a new heat treatment approach adopted by
this paper. (b) Geometry of the tensile test sample (in mm).

Table I. Composition of the Unmodified IN718 Powder (Weight Percent)

Ni Nb Cr Fe

Cu Co Al Ti

50-55 4.75-5.5 1721 balance

<03 <1 0.2-0.8 0.65-1.15

Table II. Flowability Analyses of the IN718 and IN718 + 2A Powders

Apparent Density Compression Angle of Repose  Angle of Crash  Angle of Plate Mobility
Powder (g/em?) Degree (Pct) (Deg) (Deg) (Deg) Evaluation
IN718 4.27 16.76 33.66 22.66 44.50 81.5
IN718 +2Al 4.12 23.84 41.00 29.33 61.33 70.0
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Fig. 3—Powder size distribution of (¢) IN718 and (b) Al. SEM images of (¢) IN718 and (d) Al, (¢) IN718 with blended Al, (f) EDX result

highlighting the distribution of Al (in green color), (g) EDX mapping to show distribution of Al, and (#) XRD patterns for the Al elemental
powder and the blended IN718 + 1Al powder (Color figure online).
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air cooled to room temperature. The subsequent
aging treatment was furnace heated to 1065 °C in
10 hours from 760 °C, furnace cooled to 650 °C in
2 hours, held at 650 °C for 8 hours, and then air
cooled to room temperature (Figure 2).

For high-temperature thermal stability study, the
samples were hold at 680 °C for 100 hours and then
air cooled to room temperature; microstructures before
and after the high temperature holding test were
compared to evaluate the thermal stability.

For microstructural analysis, both the as-printed and
the heat-treated samples were polished according to
standard procedure and then etched with aqua regia.
The as-printed samples were observed in a Zeiss Axio
Observer 3 optical microscopy (OM). Scanning electron
microscope (SEM) imaging and energy-dispersive X-ray
spectrometer (EDS) were carried out on a Zeiss merlin
gemini2 field-emission SEM. Samples for transmission
electron microscopy (TEM) investigation were prepared
by an FEI Helios Nanolab 600i focused ion beam (FIB)
workstation. During FIB operation, the TEM samples
(~ 8 um long, 6 um wide, and 80 nm thick) were coated
with amorphous carbon to protect its structure from an
ion beam, then milled using a focused Ga-ion beam, and
finally cleaned using a Model 1040 NanoMill. TEM
characterization was conducted in a Tecnai F30 and
operated at 300 kV. Phase identification was performed
using X-ray diffraction (XRD) with a Cu radiation,
where the 20 angles were between 35 and 95 deg; a step
size of 0.02 deg and a scan rate of 2 deg/min were used
for the XRD analysis.

For mechanical property testing, plate-type tensile
test specimens were machined to a gage length of 22
mm, 4 mm wide, 2 mm thick, and a total length of 73
mm. The test samples were taken from their XOY
planes, perpendicular to the build platform (i.e., Z
direction), as shown in Figure 2(b). Tensile tests were
performed using Instron 3382 according to the ASTM
ES8. For each state, at least three samples were tested.

III. RESULTS

A. Preliminary Analysis of the Mechanically Blended
Powders

Figure 3 shows the analysis results of the mechani-
cally blended (IN718 and Al) powders. Figures 3(a) and
(b) are the size distributions of the pre-alloyed IN718
powder and the elemental Al powder, respectively,
which suggests that the size of the IN718 powder is 15
to 63 um and the Al powder is 8 to 12 um. Their
morphologies are presented in Figures 3(c) and (d)
recorded by SEM secondary electron imaging.
Figure 3(e) shows the morphology of the blended
powder, where the large-sized powders are the IN718
pre-alloyed powders and the smaller ones are the Al
powders. The SEM and elemental EDS mapping results
are shown in Figures 3(f) and (g), respectively, high-
lighting the distribution of Al and suggesting that
generally speaking, a homogenous distribution of Al
has been realized using the simple mechanical mixing
approach. Figure 3(h) further shows the XRD results
for the IN718 and the blended powders, detecting
diffraction peaks from both the pre-alloyed IN718
powder and the blended Al powder.

B. SLM Processing of the Mechanically Blended (IN718
and Al) Powders

The original IN718, together with the Al-added
IN718 +0.5Al, IN718 + 1Al and IN718 + 2Al, have been
fabricated by SLM. Table III lists the processing
parameters. The densities of the as-printed samples are
shown in Table IV whose relative densities are all over
99.5 pct. There are almost no defects in the as-printed
samples as shown in Figure 4 using optical microscopy.
Figure 5 further provides a micro CT image showing
almost pore-free internal structure. It is noted from the
results that, regardless of how much Al is incorporated,
the maximum density of the four alloys has been
obtained at the parameters of 200-W laser power and

Table ITI. Printing Parameter and Density of the Alloys Studied (g/cm®)

Scanning Speed

Materials Laser Powder 600 (mm/s) 700 (mm/s) 800 (mm/s) 900 (mmy/s) 1000 (mmy/s)
IN718 180 (W) 8.11 8.12 8.15 8.14 8.12
200 (W) 8.10 8.13 8.17 8.19 8.15
220 (W) 8.07 8.09 8.12 8.14 8.15
IN718+0.5A1 180 (W) 8.08 8.10 8.11 8.11 8.09
200 (W) 8.05 8.09 8.10 8.13 8.11
220 (W) 8.02 8.06 8.08 8.10 8.12
IN718 + 1Al 180 (W) 8.00 8.03 8.07 8.07 8.05
200 (W) 7.98 8.02 8.04 8.07 8.05
220 (W) 7.95 7.99 8.02 8.05 8.07
IN718 +2Al 180 (W) 7.92 7.93 7.94 7.94 7.92
200 (W) 7.90 7.93 7.93 7.97 7.95
220 (W) 7.86 7.91 7.92 7.92 7.95

The bold values reflect the best process parameters.
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Table IV. Density and Relative Density of As-printed and Reference Samples

As-printed (g/cm?) Reference (g/cm?) Relative (Pct)
IN718 8.19 8.23 99.5
IN718 + 0.5Al 8.13 8.16 99.6
IN718 + 1Al 8.07 8.09 99.8
IN718 + 2Al 7.97 7.98 99.9

5 .

) @

Fig. 4—Optical metallography of the as-printed specimens: (a) IN718; () IN718 +0.5Al; (¢) IN718+ 1AL (d) IN718 +2Al.
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Fig. 5—Micro CT image of the as-printed IN718 using 200-W laser
power and 900-mm/s scanning speed. Fig. 6—XRD spectra for the as-printed samples.
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900-mm/s scanning speed. The addition of Al has no
obvious effect on the optimized SLM parameters from
the density perspective.

C. Effect of the Mechanically Blended Al
on the As-Printed Microstructure and Mechanical
Property

XRD patterns of the as-printed (IN718+ Al) alloys
are shown in Figure 6. It is noted that, compared with
the unmodified IN718, the overall microstructures show
no notable changes in the Al-added alloys. The main
phase has been determined as y.

(b) gram boundary:

/ Laves

M M ; 20um

gram boundary

The corresponding SEM images are shown in
Figure 7. The microstructural characteristics are sum-
marized as follows:

e Effect of the added Al on the y phase The grain sizes
of the as-printed alloys are in the level of ~ 15 um;
grain boundary areas show enrichment of Nb (see
insets in Figures 7(a) through (c) for the IN718,
IN718 4+ 0.5Al, and IN718 + 2Al, respectively). Sub-
grain structures of < 1 um in size are observable,
which is also enriched in Nb elements (see the insets
in Figures 7(d) through (f)). Increment of Al has not
shown notable impact on the as-printed

Fig. 7—SEM images and linear EDS analysis for the Nb elemental distribution: (¢) IN718, (b) IN718+0.5Al, (¢) IN718+ 2Al; and the subgrain

of (d) IN718, (e) IN718+0.5Al, and (f) IN718 + 2AL
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microstructure. The Nb-enriched phases are sus-
pected to be the Laves phases.

o Effect of the doped Al on other microstructural
features As also suggested by the XRD results in
Figure 6, other phases such as carbides are not
evidently detectable in the as-printed microstructure.

Figure 8 shows the room-temperature mechanical
properties of the four as-printed alloys, which suggests
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Fig. 8—Engineering stress—strain curves of the as-printed alloys.
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Fig. 9—Engineering stress-strain curves of the alloys after heat
treatment following the AMS 5662 approach.

that increasing the Al concentration generally leads to
better fracture strength but lowered ductility. But
overall speaking, the as-printed (IN718 and Al) alloys
show an excellent combination of strength and ductility,
with fracture strength higher than 1000 MPa (e.g.,
IN718+ 0.5A1) and elongation better than 20 pct (e.g.,
IN718 +0.5Al), respectively.

D. Heat Treatment Results of the Mechanically Blended
(IN718 and Al) Following the AMS 5662 Standard:
Microstructures and Mechanical Properties

The four alloys were heat treated by following the
AMS 5662 approach, and the corresponding mechanical
and microstructural results are summarized as follows:

® Regarding the mechanical property The alloys IN718
and IN718 +0.5Al1 have similar mechanical proper-
ties (Figure 9 and Table V); it is noted that
IN718+0.5A1 has a higher elongation after heat
treatment than that of the as-printed state. Further
increment in Al enhances tensile strength but reduces
elongation. Elongation decreases rapidly for the
IN718 +2Al alloy.

e Regarding the microstructure:

(a) XRD patterns shown in Figure 10 suggest
that there is not much difference when com-

paring  between the as-printed and
(220)
111) (200)
- IN718+2Al (311)
=. | followed the new heat treatment A
& IN718+1Al
§ followed the new heat treatm h‘ A
» IN718+0.5A
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L I
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IN718
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Fig. 10—XRD spectra for the samples following the two different

heat treatment approaches.

Table V. Tensile Strength and Elongation of the As-printed and Heat-Treated Samples

Type IN718 IN718+0.5Al IN718 + 1Al IN718 +2Al
As-fabricated Samples

UTS (MPa) 1072 £ 3 1113 £5 1141 + 4 1154 +£ 7

Elongation (Pct) 254 £0.5 245+ 0.3 220+ 0.4 182 + 1.1
Samples After Heat Treatment Following AMS 5662

UTS (MPa) 1496 + 5 1523 £ 10 1542 + 4 1533 £ 3

Elongation (Pct) 9.5+ 0.6 104 +1.2 6.6 +0.8 27+ 1.5
Samples After the New Heat Treatment

UTS (MPa) 1439 £ 3 1488 + 9 1607 £ 12 1508 £ 20

Elongation (Pct) 143+13 142 + 0.9 99+ 13 4.6 £22

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 11—Effects of Al contents on the microstructures of the heat-treated alloys following the AMS 5662 approach: (a) IN718; (b)
IN718 +0.5A1; (¢) IN718+ 1AL (d) IN718 +2Al. (I) and (II) are the higher magnification images for the positions I and II.
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heat-treated IN718 and (IN718 + Al) samples
that follow the AMSS5664 heat treatment,
which suggests that the microstructure is
dominated by y/y” phases.

(b) Figures 11(a) and 12 are SEM and TEM
results for the heat-treated IN718, where the
fine needle-shaped particles ~ 200 nm long
make up the 6 phase. The figures show that,
after the heat treatment, the Laves phase is
still retained, which may have caused the
sharp drop in the plasticity (~ 10 pct) com-
pared with the as-printed state (~ 25 pct).

(¢) Comparing among Figures 11(a) through (d),
it is noted that IN718+0.5Al still shows a
retained Laves phase but no overwhelming ¢
phase, enabling the IN718 +0.5Al to have a
better elongation. With the increasing content
of Al, the shape of the Laves phase changes
from oval to quadratic and the size of the
residual phase becomes much larger, both
leading to decreased elongation.

E. Heat Resistance|/ Thermal Stability
of the Mechanically Blended (IN718 and Al) Alloys

The thermal stability and heat resistance of the
heat-treated (IN718 and Al) alloys have been further
studied. The microstructure is shown in Figure 13.
Compared with the results shown in Figure 11, it is
noted that, after the thermal stability test, the needle-
shaped J phase has grown in both grain size and volume
fraction in the unmodified IN718 alloy (Figure 13(a)),
which suggests a less ideal thermal stability. In contrast,
the IN718+0.5A1 changes only slightly in its
microstructure, except for a small amount of 6 phase
getting formed as shown in Figure 13(b). This proves
that the increased Al concentration has hindered the
growth and precipitation of the ¢ phase and that the
thermal stability is improved as a consequence. Further

increasing Al content, however, leads to more 6 phases
generated in the microstructure and the 6 phases even
interconnect with each other particularly in the
IN718 +2Al alloy (see Figures 13(c) and (d) for the
corresponding details).

F. New Heat Treatment for the Mechanically Blended
(IN718 and Al): Microstructures and Mechanical
Properties

® Regarding the mechanical property As shown by
Figure 14 and Table V, the mechanical property has
a similar trend as the ones following the AMS 5662
standard. In general, the tensile strength increases
and elongation decreases with increasing Al concen-
tration. The elongations achieved by the IN718 and
IN718+0.5Al are close to 15 pct, which is higher
than the 12 pct that is specified by the corresponding
ASTM standard. The IN718+ 1Al alloy also pre-
sents a high strength ~1600 MPa and a good
elongation of ~ 10 pct.

e Regarding the microstructure:

Microstructure of the unmodified IN718 After the
new heat treatment, grain boundaries become
unclear in the IN718 when comparing the results
in Figures 7(a) and 15(a). Meanwhile, the sub-
grain boundary almost disappears, which suggests
that the Laves phase gets melted. The increase of
elongation also proves this. A square 7’ phase and
a lenticular-like 7" phase have replaced the Laves
phase and fine needle-shaped ¢ phase. The y”
phase may have coherence with the y matrix,
improving the plasticity, which is in contrast to
the incoherent ¢ phase.

Microstructure of the Al-added alloys The samples
following the new heat treatment show no obvious
difference with those after the AMS5664 heat

Fig. 12—(a) TEM bright field image and (b) diffraction patterns for base and precipitation of IN718 after heat treatment following the AMS

5662 approach.
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Fig. 13—Effects of Al contents on microstructures after the thermal stability test: (a) IN718; () IN718 +0.5Al; (¢) IN718 + 1AL (d) IN718+2Al.
(I) and (1) are the higher magnification images for the positions I and II.
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Fig. 14—Engineering stress—strain curves of the alloys after the new
heat treatment.

treatment (Figure 10). More details regarding the
microstructures are revealed by the following
SEM and TEM analyses. In the IN718+0.5Al
alloy, the shape of the y” phase changes from
square to circle and the y” phase almost disap-
pears, and there is a tiny amount of é phases and
carbides in the grain boundary (Figure 15(b),
Figures 16(a) and (b), and Table VI). The pres-
ence of the y” phase and the reduction of the y”
phase as well as the Laves phase in this case
should have contributed to the good plasticity as
well as to the alloy’s improved thermal stability.
In contrast, larger needle 6 phases of several
micrometers long are observed in the IN718 + 1Al
alloy as shown in Figure 15(c), which may be the
reason for the decreased plasticity. Regarding the
IN718 + 2Al alloy, large particles stay on the grain
boundary area, which should decrease ductility
(Figure 15(d)). Considering the results presented
above, it is our understanding that the
IN718 +0.5Al represents the best state in terms
of thermal stability, and the thermal stability
starts to decrease in the case of IN718 + 1Al

IV. GENERAL DISCUSSIONS

We have demonstrated that the added Al has evi-
dently improved the mechanical property as well as the
thermal stability of the IN718 alloy. We will now briefly
discuss the mechanically blended Al approach in the
following two aspects:

(a) Distribution homogeneity of the added Al
(b) Effectiveness of the added Al on changing the
phase constitution of the IN718 alloy.

METALLURGICAL AND MATERIALS TRANSACTIONS A

A. Distribution of the Doped Al in the As-Printed
(IN718+ Al) Alloys

Figure 17 is the EDS mapping results, showing
distribution of the Al in the as-printed IN718,
IN718+0.5A1, IN718+1Al, and IN718+2Al. It is
noted that there is no obvious segregation or strong
phase contrast in the IN718+0.5A1 and IN718 + 1Al
samples. A slight difference in contrast, however, can be
observable in the IN718 + 2Al, which should correspond
to the existing melt track or grain boundary. These
figures suggest that generally speaking the added Al
distributes rather homogeneously in the as-printed
microstructure.

The phenomenon can be understood in this way: Pure
Al has high laser reflectivity (~ 90 pct for 1064-nm
wavelength laser) and poor laser energy absorptivity
(~ 10 pct for 1064-nm wavelength laser).** In the
current study, their particle sizes (~ 10 ym) are much
smaller than IN718 (~ 35 um). These mean that the
added Al will most likely get melted by thermal
conduction, which is caused by the first melted, big-
ger-sized, pre-alloyed IN718 particles. In the meantime,
although the diffusion distance of the Al has been
calculated to be small (~ 2 um; details omitted here),
when the molten pool life time is in the 0.1-ms scale,**
there are other mechanisms, including strong melt
stirring, which can and have helped the added Al
element to distribute fairly homogenously in the
microstructure.l**? These further imply that, as long
as a homogenous distribution of the Al powder can be
realized during the mechanical blending procedure, the
homogenous distribution of the Al can be ensured in the
as-printed (IN718 + Al) alloys.

B. Effectiveness of the Added Al on Changing
the Microstructure of IN718

To examine the effectiveness of the added Al on the
changing phase constitution of the IN718 alloy, we
further discuss the following two aspects:

(@) Loss of the Al during SLM processing The Al
content in the IN718+0.5A1, IN718 + 1Al, and
IN718 +2Al are 0.42, 0.87, and 1.71 pct, respec-
tively, by the ICP measurement (Table VII). The
corresponding real increments of Al are 0.42,
0.87, and 1.71 pct, respectively, which are close to
the originally designed. As discussed previously,
the added Al powders are likely melted by the
conductive heat rather than directly from the
incident laser, which may have helped to avoid
large evaporation of the Al element.

(b) Changes of phases with the blended Al 1t is noted
that the present study is close to other reports in
terms of Al’s effect on formation of the y” phase.!”!
The comparison before and after incorporating Al
into IN718 suggests that the currently developed
mechanically mixing approach effectively enlarges
the fraction of the 7" phase as expected.
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Fig. 15—Effects of Al contents on microstructure after the new heat treatment: (@) IN718; (b) IN718 +0.5AL; (¢) IN718+ 1Al; (d) IN718+2Al.
(I) and (I1) are the higher magnification images for the positions I and II.
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Fig. 16—(a) TEM bright field image and (b) diffraction patterns for the base material y phase and the ) precipitation in the IN718 after the new
heat treatment.

Table VI. Al Content (Weight Percent) of the Four Alloys Measured by EDS and ICP

EDS (Pct)** ICP (Pct)** Al Gain Due to Powder Blending (Pct)*
IN718 0.60 0.65 —
IN718 + 0.5Al 1.03 1.07 0.42 (84.0)
IN718 + 1Al 1.42 1.52 0.87 (87.0)
IN718 + 2Al 2.32 2.36 1.71 (85.5)

*Weight gain of Al was determined by calculating the difference between the values of the added and the unmodified IN718.
**Error limit is estimated to be around + 5 pct.

Fig. 17—EDS mapping for Al in the as-printed samples: (@) IN718; (b) IN718+0.5Al; (¢) IN718 + 1Al; (d) IN718 +2Al (Color figure online).
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Table VII. Compositions of Point 1 and Point 2 in Fig. 16

Region C Ti Nb Ni Cr Fe
1 1.18 1.47 50.72  26.52 6.82 6.95
2 0.01 0.72 4.58 54.75 19.47 19.32

V. CONCLUSION

The present study shows that it is feasible to incorpo-
rate Al into the IN718 superalloy by a simple but effective
way of mechanical blending using IN718 pre-alloyed
powder and Al elemental powder. Better thermal stability
due to the presence of added Al has been confirmed.
Detailed findings can be summarized as follows:

e The elemental Al has been mechanically blended
with the pre-alloyed IN718 powder; it shows rather
homogenous distribution of the microstructure of
the as-printed, Al-added IN718 alloys.

e The added Al is capable of enlarging the volume
fraction of the y” phase, and only a small amount of
elemental loss (less than 20 pct) has been detected for
the added Al due to the SLM processing.

e The added Al has no obvious effects on the
as-printed density of the IN718. All the investigated
samples, including the IN718, IN718+0.5Al,
IN718 + 1Al, and IN718 + 2Al, have shown excellent
relative density of > 99.5 pct.

e The Al-added IN718 alloys have been heat-treated
following the standard AMS 5662 approach. The
added Al generally increases fracture strength but
lowers elongation. The IN718+0.5 alloy shows the
best overall mechanical property, achieving a fracture
strength of ~ 1400 MPa and elongation of ~ 12 pct.
Thermal stability testing conduced at 680 °C for 100
hours shows that the IN718 +0.5 alloy has improved
stability compared to the unmodified IN718 alloy.

e A new heat treatment approach (Figure 2) has been
studied for the Al-added IN718 alloys. After the heat
treatment, the IN718+0.5 alloy shows a fracture
strength of ~ 1400 MPa and elongation of ~ 15 pct.
Meanwhile the IN718 + 1Al alloy shows a fracture
strength of ~ 1600 MPa and elongation of ~ 10 pct.
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