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a b s t r a c t

Pack aluminization e a chemical vapor deposition process widely used to form protective coatings on Ni-
based superalloy components e was used to form shells of Ni2Al3, NiAl and/or g0-Ni3Al on the surface of
g-Ni wires with diameters of 127 mm. The growth kinetics of these Al-rich intermetallic shells are studied
as a function of aluminization time and pack activity at 1000 �C. Similar kinetics but additional phases
(Cr/Ni two-phase shell, Cr silicide particles and Al-rich particles distributed in Ni2Al3) are found in the
shells of pack-aluminized Nie20 wt.% Cr wires with similar diameters. Fully homogenous NieAl and Ni
eCreAl wires are achieved by interdiffusion at 1200 �C between the deposited Al-rich intermetallic
shells and the Ni-rich core of both types of wires. Upon subsequent aging at 900 �C, wires with g/g0

structure and high hardness indicative of precipitation strengthening are obtained.
� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Periodic cellular metals are of interest due to their low density,
high specific mechanical properties, and high surface area [1e6].
These properties make them candidate materials for various
structural and thermal applications. Themost studied examples are
honeycomb structures [2] and lattice-block structures [2e6], which
are often used as the core of sandwich panels. Recent advances in
weaving and braiding technologies make it possible to produce
periodic cellular metals from metallic wires with various archi-
tectural features [6e8], with and without bonding at the wire
contact points. These open-porosity wire structures could find
applications in the aerospace industry due to their low density and
high surface area, provided that they can be produced from high-
temperature alloys resistant to oxidation, creep deformation and
microstructure evolution (coarsening), in particular nickel-based
superalloys. Since weaving and braiding require that the wires
sustain high bending angles, it is very difficult to fabricate woven or
braided structures from commercial nickel-based superalloy wires
due to their limited ductility at room temperature. A solution to this
problem is to fabricate woven or braided structures from ductile
pure nickel wires and subsequently alloy these wires in the final
(D. Erdeniz), dunand@
structure to achieve nickel-based superalloy composition. Alloying
can occur in the gas-phase, using pack cementation, which can
deposit uniform metallic coatings up to several hundred micro-
meters in thickness on bulk Ni-based superalloys [9e13]. Many
studies have been conducted on the formation mechanisms of
nickel aluminide coatings by pack cementation of nickel with
aluminum [11e14]. One of the earlier studies by Goward and Boone
[11] reported inward and outward diffusion mechanisms involved
in the formation of nickel aluminide phases by high-activity or low-
activity cementation packs, and these observations have been
supported by other researchers [12e14]. For coating formation in
high-activity packs where Ni2Al3 is the main phase created, the
inward Al diffusion dominated the process. Conversely, for low-
activity packs where the main coating phase is NiAl (with a wide
stoichiometric range of 21e38 wt.% or 37e57 at.% Al content at
1000 �C), outward Ni diffusion is the dominant mechanism, except
for near-equiatomic NiAl, where Ni and Al diffuse at the same rates
[15].

Pack-cementation alloying was recently demonstrated for open-
cell Ni foams whose hollow struts, with near random spatial
orientation and connectivity, were coated with Al- and/or Cr-rich
phases [16e19]. Upon homogenization, these phases were dis-
solved into the nickel struts (w84 mmwall thickness) to create Nie
Cr [16] and NieCreAl foams [17], where the latter displayed the g/
g0 structure typical of Ni-based superalloys after precipitation-
aging or, for higher Al contents, the NiAl structure [18,19]. Pang
et al. [20] used the pack cementation technique to synthesize open-
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Fig. 1. Kinetics of aluminum mass gain (expressed as average wire aluminum content)
for Ni wires aluminized at 1000 �C with P20, P40, P50, and P100 packs. The colored
bands designate the phase boundaries at 1000 �C [24]. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. Kinetics of aluminum mass gain for Nie20Cr wires aluminized at 1000 �C with
P20, P40, P50, and P100 packs. The colored bands designate the phase boundaries at
1000 �C [25]. The Nie20Cr wires cannot fully transform into g0-Ni3Al due to the limited
solubility of Cr in this phase, hence the phase is shown as a dashed line. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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cell NieFeeCr foams. A similar approach was used by Johnson et al.
[21], who added Al to various Ni-alloy sheets, with a thickness of
200 mm to 1 mm, by pack cementation and subsequently homog-
enized and aged to create g0 precipitates. Burns et al. [22] followed a
similar path to aluminize electrodeposited LIGA nickel specimens
with a thickness of 100e200 mm. They also homogenized and aged
these structures for g0 strengthening.

In the present study, we investigate the kinetics of aluminiza-
tion from various aluminum pack cementation sources, and sub-
sequent homogenization, in ductile Ni and Nie20 wt.% Cr wires
which are suitable for woven or braided wire-based structures. The
wires are subsequently aged to create strengthening by the pre-
cipitation of g0 particles within a g matrix. Micro-Vickers hardness
tests are conducted to evaluate the change in mechanical proper-
ties after each processing step.

2. Experimental procedures

2.1. Alloying process

Wires used in this study were commercially pure nickel wires
(99.95% pure Ni, procured from MWS Wire Industries) with a
diameter of 127 mm and nichrome wires (Nie20Cre1Sie0.5Fe,
wt.%, labeled here Nie20Cr for the sake of brevity, procured from
Alfa Aesar) with a diameter of 143 mm.

Four pack mixtures were employed with various Al activities,
using the same filler (82 wt.% Al2O3 powder, 20e50 mm particle
size, procured from Alfa Aesar) and activator (3 wt.% NH4Cl powder,
100 mm particle size, procured from Alfa Aesar). The four Al sources
were pure Al, Raney-Ni precursor (Nie50 wt.% Al, 150 mm particle
size, procured from Alfa Aesar), Ni2Al3 (Nie40 wt.% Al, 150 mm
particle size, procured from Goodfellow) and Nie20 wt.% Al alloy
powders (100e300 mmparticle size, arc melted and crushed by ball
milling), which are hereafter labeled as P100, P50, P40, and P20,
respectively. The powder packs were mechanically mixed for
w30 min and 25 g of powder mixture was poured in an Al2O3
crucible. Five wire specimens, each with a length of 30e40 mm,
were embedded within the center of the pack. To avoid contact
with molten Al when P100 was used, the wires were covered with
an additional thin layer of Al2O3 powders.

Aluminization experiments were carried out in a tube furnace
under continuous Ar flow at 1000 �C. The filled crucible closed
with a tight-fitting Al2O3 lid was pushed into the hot zone of the
furnace preheated to 1000 �C and held there for 5e60 min. The
time count was started as soon as the crucible reached the hot
zone of the furnace, which caused a sudden drop of temperature
at the thermocouple of w45 �C. It took w6 min for the crucible to
reach 990 �C and an additional w4 min to reach the set tem-
perature of 1000 �C. At the end of the process, the crucible was
pulled back to the water-cooled end of the tube furnace; cooling
to 600 �C (a temperature where aluminization is negligible) took
several minutes due to the thermal mass of the crucible. Speci-
mens were retrieved from the pack and ultrasonically cleaned in
acetone to remove pack material from their surface. Select wires
were sealed in stainless steel tubes filled with Al2O3 powders,
which were encapsulated under vacuum in quartz tubes. These
encapsulated specimens were homogenized in a box furnace at
1200 �C for 48 h and aged at 900 �C for 8 h. Each heat treatment
was terminated by water quenching.

2.2. Characterization

All wires were mounted in epoxy and prepared for microscopy
by standard metallographic techniques. Polished cross-sections
were chemically etched for 30 s with a mixture of 33 vol.% nitric
acid, 33 vol.% acetic acid, 33 vol.% deionized water, and 1 vol.%
hydrofluoric acid to reveal the g/g0 microstructure. A Hitachi S4800
scanning electron microscope equipped with an energy dispersive
X-ray spectrometer (EDS) was used for imaging and chemical
analysis. The EDS signal was calibrated by using standard samples
of Ni2Al3 and Nie20 wt.% Cr.

The compositions of the wires were calculated bymeasuring the
average thicknesses of the nickel aluminide shells and the di-
ameters of the wires. For each time step, micrographs of three
different specimens were used and for each micrograph, ten shell
thickness and ten diameter measurements were taken with the
ImageJ digital image analysis software [23]. By utilizing the thick-
ness and diameter values, area fractions of each phase were
calculated and multiplied by the density and Al content of that
phase (assuming an average Nie41 wt.% Al or Nie60 at.% Al
composition for Ni2Al3, Nie33wt.% Al or Nie52 at.% Al composition
for NiAl, and Nie13 wt.% Al or Nie25 at.% Al composition for Ni3Al),



Fig. 3. Optical micrographs of cross-sections of Ni wires aluminized in P100 for (a) 300 s, (b) 450 s, (c) 600 s, (d) 900 s. The darker, outer shell is d-Ni2Al3 and the lighter, inner core is
g-Ni. In (d), a thin b-NiAl/g0-Ni3Al shell is visible. The phases d-Ni2Al3, b-NiAl, g0-Ni3Al and g-Ni phases are marked with their Greek letters. Damage (cracks and voids) is due to
metallographic preparation.
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given in Refs. [24 and 25]. For the ternary system with complex
coating microstructures, an overall composition of the coating was
obtained by EDS for P100 and P50 packs and utilized in the calcu-
lations. EDS was also used to measure the compositions of ho-
mogenized and aged specimens. Micro-Vickers hardness tests were
conducted on polished cross-sections with a Struers Duramin 5
hardness tester by applying a 136� pyramidal diamond indenter
under a load of 100 g for 10 s.
Fig. 4. Optical micrographs of cross-sections of Ni wires aluminized in P50 for (a) 300 s, (b) 4
same as in Fig. 3 and damage is due to metallographic preparation.
3. Results and discussion

3.1. Processing

Figs. 1 and 2 show aluminum mass gain, expressed as average
wire aluminum content, for Ni and Nie20Cr wires as a function of
aluminization time at 1000 �C in all four packs. For all packs, the
Al mass gain rate is slower for Nie20Cr wires than for Ni wires,
50 s, (c) 600 s, (d) 900 s. In (d), a thin b-NiAl/g0-Ni3Al shell is visible. The phases are the



Fig. 5. Optical micrographs of cross-sections of Ni wires aluminized in P40 for (a) 450 s, (b) 600 s, (c) 900 s, (d) 1800 s, (e) 3600 s. The phases are the same as in Fig. 3.
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e.g., there is a difference of 28% in P100 pack after 10 min. Jackson
and Rairden [26] observed a similar effect in a study where NieCr
bulk alloys with 20e35 wt.% Cr were subjected to pack cemen-
tation at 1160 �C with an Al source similar to P100. The authors
observed 11% lower diffusivity of Al atoms in Nie35Cr as
compared to Nie20Cr [26]. Figs. 1 and 2 also show that the alu-
minization kinetics are almost the same for P100 and P50 packs,
within error, for both Ni and Nie20Cr wires, despite the lower Al
activity in P50. The wires showed varying shell thicknesses over
their lengths when imaging multiple cross-sections. These vari-
ations are expressed in the relatively large error bars in Figs. 1
and 2 for wires aluminized in P100 or P50. Variations in shell
thicknesses will cause compositional differences along the wire
upon homogenization, which may however be reduced by lon-
gitudinal diffusion. Figs. 1 and 2 further reveal that the Al mass
gain is much slower for P20 and P40 than for P50 and P100, as
expected from the lower Al activity. For both P20 and P40 packs,
micrographs show that the shell thickness is nearly uniform
among three cross-sections in a given wire and between three
wires subjected to the same coating time. Thus, despite their
slower deposition rates, P20 and P40 packs are probably prefer-
able to the fast-depositing P100 and P50 packs since their uni-
form coatings avoid compositional (and thus microstructure and
strength) fluctuations in the homogenized and aged wires.

As shown in Figs. 1 and 2, the wires treated for 450 s in P50
(similar to P100) had average Al contents of 11wt.% for Ni wires and
7 wt.% for Nie20Cr wires, which falls within the g/g0 two-phase
region at the aging temperature of 900 �C (7.5e11 wt.% Al for Ni and
3e6 wt.% Al for Nie20Cr). Therefore, fine g0 precipitates, typical of
superalloy microstructure, are expected upon homogenization and
aging. Ni and Nie20Cr wires treated in P40 would require w30e
60 min to reach that composition range. Neither of these wires



Fig. 6. Optical micrographs of cross-sections of Ni wires aluminized in P20 for (a) 450 s, (b) 600 s, (c) 900 s, (d) 1800 s, (e) 3600 s. The phases are the same as in Fig. 3.

Fig. 7. Optical micrographs of cross-sections of Nie20Cr wires aluminized in P100 for (a) 300 s, (b) 450 s, (c) 600 s, (d) 900 s. The phases are labeled as d: Ni2Al3(Cr), b: NiAl(Cr), g:
Nie20Cr, A: Cr9.5Al16, S: chromium silicide.
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Fig. 8. Series of SEM images (with decreasing magnification) showing the shell on a cross-section of Nie20Cr wires aluminized in P100 at 1000 �C for (a) 300 s, (b) 450 s, (c) 600 s,
and (d) 900 s. The shell consists of a light gray matrix (d-Ni2Al3); darker gray micron-size Cr9.5Al16 particles; and light-colored, submicron, chromium silicide particles. The interlayer
between the shell and the core (C) is a mixture of fcc g-Ni(Cr,Al) and bcc-Cr(Ni,Al).
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achieved compositions close to the g/g0 range in the P20 pack after
the longest time studied, 1 h.

Wire lengths were measured before and after the pack cemen-
tation. For all cases, no length changes or distortions were
observed, which suggests that the formation of the Al-rich shells
did not cause significant transient or residual stresses in the wires
despite the large volume increases associated with the Al deposi-
tion and the creation of phases with densities lower than nickel.
This is likely because of rapid creep relaxation of these phases,
which are created at a temperature close to their melting points
(1134 �C for Ni2Al3, 1134e1643 �C for NiAl, and 1370 �C for Ni3Al.)
Fig. 9. Optical micrographs of cross-sections of Nie20Cr wires aluminized in P50 f
3.2. Microstructure

3.2.1. Aluminized Ni wires
Fig. 3(a)e(d) shows Ni wires aluminized in P100 at 1000 �C for

300, 450, 600, and 900 s, respectively. All wires exhibited a Ni2Al3
shell with a thickness between 2 and 51 mm depending on the
processing time, which showed cracks, most likely due to metal-
lographic preparation of the very brittle Ni2Al3 intermetallic phase.
Thewire core is nickel and contains some Al, whichwas detected by
EDS to a depth of 4 mm from the Ni2Al3 interface for the sample
aluminized for 450 s. The maximum solubility of Al in Ni at the
or (a) 300 s, (b) 450 s, (c) 600 s, (d) 900 s. The phases are labeled as in Fig. 7.



Fig. 10. Optical micrographs of cross-sections of Nie20Cr wires aluminized in P40 for (a) 450 s, (b) 600 s, (c) 900 s, (d) 1800 s, (e) 3600 s. The phases are labeled as in Fig. 7. A Cr
rejection layer is also marked at the b/g interface.
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processing temperature is 7.5 wt.% [24]. Two thin shells of NiAl and
Ni3Al (<1 mm wide) located between the Ni core and the outer
Ni2Al3 shell are visible in Fig. 3(d) for the longest aluminization
time, but not on the other optical micrographs (however, these
shells are visible on SEMmicrographs). The formation of thin layers
of NiAl and Ni3Al was expected from various studies, which report
that high-activity Al packs create thick Ni2Al3 shells with thin
(w1 mm) NiAl/Ni3Al intermediate shells [11e14,17e19].

Fig. 4(a)e(d) depicts Ni wires aluminized in P50 at 1000 �C for
300, 450, 600, and 900 s, respectively. All wires have a micro-
structure very similar to that of the wires aluminized in P100
(Fig. 3(a)e(d)). The Ni2Al3 shell grows from 4 to 56 mm as the
processing time increases. This was unexpected, since previous
studies [13,17] showed that the use of P50 as the Al source creates
NiAl coatings only. However, those studies were conducted with
bulk Ni-based superalloy specimens [13] or with Ni foams [17],
where the specimen surface area per unit volume was significantly
lower than the wire specimens. Therefore, for the present wires, it
is possible that the relatively high specific surface area favored the
formation of the Al-richer phase Ni2Al3 phase. Furthermore, as in
Fig. 3(d), the wire aluminized for the longest time also shows thin
(<1 mm) NiAl and Ni3Al intermediate shells (Fig. 4(d)). Formation of
the same nickel aluminide phase, Ni2Al3, with both P100 and P50
supports the very similar mass gain rates found in Figs. 1 and 2 and
discussed in the previous section. Since the surface composition
determines the diffusion driving force and thus the diffusion



Fig. 11. Optical micrographs of cross-sections of Nie20Cr wires aluminized in P20 for
(a) 1800 s, (b) 3600 s, showing the g0-Ni3Al and fcc g-Nie20Cr phases.

Fig. 12. SEM micrographs showing surface features of (a) as-received Ni wire, and Ni
wires aluminized for 600 s in (b) P100, (c) P40.
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kinetics, and since the Ni2Al3 phase has a narrow composition
range, it is expected that the aluminization rates are the same for
both packs [19]. Therefore, the much lower aluminization rates for
P40 and P20 indicate that an aluminide phase with lower Al con-
tent than Ni2Al3 is expected. This prediction is indeed fulfilled, as
described below.

Fig. 5(a)e(e) shows Ni wires aluminized in P40 at 1000 �C for
450, 600, 900,1800, and 3600 s. At the early stages (450e600 s), the
wires displayed a thin (w3e4 mm) NiAl shell. After 900 s, a thin
(w3.5 mm) outer shell of Ni2Al3 becomes visible along with a 2 mm
shell of NiAl and a 2 mm inner shell of Ni3Al. For 1800 and 3600 s, all
three shells grow larger. Overall Al gain in P40 was significantly
lower than in P100 and P50 packs due to the lower activity of Al, as
evidenced by the smaller shell thicknesses and the lower Al content
of the main phase (NiAl).

Fig. 6(a)e(d) shows Ni wires aluminized in P20 at 1000 �C for
450, 600, 900, 1800, and 3600 s. The wires show an outer shell of
Ni3Al growing with aluminization time, in contrast to the previ-
ous packs, where Al-richer phases were created (Ni2Al3 for P50
and P100 or NiAl for P40). To the best of our knowledge, this is
the first report of the formation of a Ni3Al coating via pack
cementation. The shell maintained its integrity during sample
preparation since Ni3Al is more ductile than Ni2Al3 at room
temperature. Such a Ni3Al shell, which is at equilibrium with the
Ni core (i.e. no intermediate phase exists between Ni and Ni3Al),
might be useful for other Ni-based objects, both micro and
macroscopic, as the Ni3Al phase is quite ductile at moderate and
elevated temperature and provides enhanced oxidation
resistance.
3.2.2. Aluminized Nie20Cr wires
In Fig. 7aed, Nie20Cr wires are shown after aluminization in

P100 at 1000 �C for 300, 450, 600, and 900 s, respectively. The shell
consists of a Ni2Al3 matrix (growing from 1 to 32 mm in thickness as
time increases) containing micron-size Al-rich particles, possibly
the Cr9.5Al16 phase, which is in equilibrium with Ni2Al3 and an Al-
rich liquid according to the ternary phase diagram [25]. As illus-
trated in Fig. 8aed, these darker-gray particles become visible after
450 s and growwith aluminization time; at any given time, they are
larger closer to the wire surface, where they formed first and were
thus able to coarsen longer. Closer to the Nie20Cr core, lighter-
colored submicron particles are visible, which are probably one of



Fig. 13. Optical micrographs of cross-sections of homogenized wires (a) Nie9Al (wt.%,
P50 e 450 s), (b) Nie19Cre6Al (wt.%, P50 e 450 s).

Fig. 14. SEM micrographs of etched cross-sections of homogenized and aged wires
showing a g-g0 microstructure in inset for (a) Nie12Al (wt.%, P50 e 450 s) (b) Nie
19Cre8Al (wt.%, P50 e 480 s).
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the chromium silicide phases. Due to their small size, the exact
composition of both types of particles could not be ascertained by
EDS, however increased peak intensity for Cr and Si elements were
observed. There is also a thin Nie49Cre11.5Al (wt.%) layer between
the Ni2Al3 shell and the Nie20Cr core. This thin layer composition
falls in the fcc-Ni(Cr,Al) and bcc-Cr(Ni,Al) two-phase field of the
NieAleCr phase diagram [25], but the expected Cr(Ni,Al) particles
(bcc-Cr with Ni and Al in solid solution) are not resolved in
Fig. 8(a)e(d).

Fig. 9(a)e(d) shows Nie20Cr wires aluminized in P50 at 1000 �C
for 300, 450, 600, and 900 s, respectively. No microstructural dif-
ferences are observed between the Nie20Cr wires treated in P100
and P50, as is also the case for Ni wires. Similar to the Ni wires
aluminized in P100 and P50, the Ni2Al3(Cr) shell in Fig. 9(a)e(d)
was cracked and pulled out during metallographic preparation due
to the very brittle nature of that phase at room temperature.

Nie20Cr wires aluminized in P40 at 1000 �C for 450, 600, 900,
1800, and 3600 s, respectively are shown in Fig. 10(a)e(e). At the
early stages, a thin NiAl(Cr) shell is observed. After 900 s, a
Ni2Al3(Cr) shell becomes visible at the outer surface. Finally, after
3600 s, the specimen exhibits a 8 mm thick Ni2Al3(Cr) shell, a 5 mm
shell of NiAl(Cr), and a 2 mm layer of rejected bcc-Cr(Ni,Al). Unlike
the P100 and P50 packs, the aluminide coating had less than 5 wt.%
Cr and the rejection layer was rich (>90 wt.%) in Cr.

Fig. 11(a) and (b) shows Nie20Cr wires aluminized in P20 at
1000 �C for 1800 s and 3600 s, respectively. No shells were visible
for the 300e900 s treatments, indicating that the shell, if it exists, is
below the 1 mm resolution of the optical microscope. After longer
aluminization times (1800 and 3600 s), a Cr-free g0-Ni3Al shell,
similar to the Ni-P20 specimens, was observed with a maximum
thickness of 4 mm.

Fig. 12(a)e(c) shows the surface of the as-received Ni wire and
Ni wires aluminized in P100 and P40 packs for 600 s. The surface
structure of the wires aluminized in P50 and P20 are not shown,
as they are nearly identical to those aluminized in P100 and P40,
respectively. The wires aluminized in P100 and P50 (Fig. 12(b))
show long troughs that may be the troughs present in the drawn
structure (Fig. 12(a)); these troughs are absent in the wires
aluminized in P40 and P20 (Fig. 12(c)), possibly because surface
diffusion was faster and filled the troughs. The surface structures
of the aluminized Nie20Cr wires in all packs were nearly iden-
tical with those of the aluminized Ni wires and are thus not
shown here.

3.2.3. Homogenization and aging of aluminized wires
Fig. 13(a) shows a fully homogenized Nie9Al (wt.%) wire, which

was aluminized in P50 pack for 450 s. Fig. 13(b) shows a fully ho-
mogenized Nie19Cre6Al (wt.%) wire, which was aluminized in P50
pack for 450 s. The NieCreAl wires exhibited rough surfaces,
probably due to the formation of Kirkendall pores and their
migration to the surface. No Kirkendall pores within the NieCreAl
wires were observed below 6wt.% Al, which is the maximum target
composition for the g/g0 structure [25]. If a smooth surface was
necessary in the Nie19Cre6Al (wt.%) wire shown in Fig. 13(b), it
could be obtained by etching.



Fig. 15. SEM micrographs of etched g-g0 microstructure found throughout the cross-
sections of (a) Ni wire aluminized (P50 e 360 s), homogenized and aged, with a
final composition of Nie10Al (wt.%) and (b) Nie20Cr wire aluminized (P50 e 420 s),
homogenized and aged, with a final composition of Nie19Cre4.5Al (wt.%). Cuboidal g0

precipitates are distributed in a g matrix phase.
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Fig. 14(a) and (b) shows g0 precipitates in wires with higher Al
contents than those in Fig. 13(a) and (b): Nie12Al (wt.%) in
Fig. 14(a) and Nie19Cre8Al (wt.%) in Fig. 14(b), both aged at
900 �C for 8 h after homogenization. The compositional differ-
ence between the samples shown in Figs. 13(a) and 14(a), despite
being treated under the same conditions, is due to the varying
shell thicknesses of the as-coated wires. The precipitates in the
NieAl wire are concentrated at the core of the wire, where the
overall composition is Nie10 wt.% Al, while the outer shell is
single-phase g0-Ni3Al (Nie13 wt.% Al). The existence of this mixed
microstructure is due to the high Al content. According to the
phase diagram [24], to obtain a g/g0 microstructure at 900 �C, the
overall Al content cannot exceed 11 wt.%. The precipitates in the
NieAl wire core (Fig. 14(a)) had a cuboidal morphology and a
volume fraction of w55%, as determined by image analysis. The
NieCreAl wire had a more complex microstructure (Fig. 14(b)).
Its shell consists of NiAl(Cr) while its core is g/g0 with precipi-
tated Cr(Ni,Al). The main second phase present in the wire core is
also in the form of g0 precipitates that had a cuboidal morphology
with a volume fraction of w22%.

Fig.15(a) and (b) showswireswithg/g0 microstructure extending
over their whole cross-sections. The Nie10Al (wt.%) wire shown in
Fig. 15(a) was obtained by aluminizing in P50 pack for 360 s. Upon
homogenization and aging, the wire displayed cuboidal g0 pre-
cipitates with an average size of 400 nm and a volume fraction of
w55%. The Nie19Cre4.5Al (wt.%) wire shown in Fig. 15(b) was
obtained by aluminizing in P50 pack for 420 s. The cuboidal g0 pre-
cipitates had an average size of 220 nm and a volume fraction of
w15%.

3.3. Hardness evolution

Hardness values of the wires were measured at various stages
within the process; an estimate (in MPa) of the ultimate tensile
strength (UTS) is given by tripling the Vickers hardness value, as
widely used for a variety of metals including pure nickel [27,28].

As-received Ni and Nie20Cr wires, which were annealed at
1200 C for 1 h, had hardness values of 117� 5 HV and 200� 11 HV,
respectively. The 1.7 fold difference corresponds to the solid solu-
tion strengthening of Cr, and to a lesser extend Si and Fe. Reported
hardness values are 90 HV for pure Ni and 160 HV for Nie16wt.% Cr,
both in bulk form and annealed condition [29].

The hardness of a homogenized Nie7Al (wt.%) wire, with a
composition within g/g0 phase field, was 171 � 12 HV. This w50%
increase is due to the solid solution strengthening of Al in the ho-
mogenized state, as SEM observations showed no g0 precipitation in
this sample upon water quenching. The hardness of a Nie10Al
(wt.%) wire after subsequent aging at 900 �C for 8 hwas 265� 5 HV.
This more than doubling in hardness illustrates the effectiveness of
precipitation strengthening.

Nie19Cre3Al alloy wires, with a composition within the g/g0

phase field, showed a hardness value of 206 � 17 HV after ho-
mogenization. This value is similar to the 200 � 11 HV of the
annealed Nie20Cr, as expected given the small amount of addi-
tional Al in solid solution. Another wire with a composition of Nie
19Cre5Al, after the aging treatment, reached a hardness of
320 � 12 HV (corresponding to a UTS of w960 � 36 MPa), illus-
trating the strong effect of precipitation strengthening.

All the aged wires exhibited uni-modal cuboidal microstruc-
tures. For optimum mechanical properties, duplex-size micro-
structures are preferred [30]. However, the aim of this study was to
demonstrate the feasibility of creating g0 strengthened Ni-based
wires by pack cementation, and further microstructure develop-
ment studies will be reported elsewhere.

4. Conclusions

Ni and Nie20Cr wires with 127e143 mm diameter were pack-
aluminized at 1000 �C for up to 1 h, resulting in Al addition of up
to 30 wt.%.

For Ni wires, four different packs were employedwith varying Al
activities: (a) two packs with higher Al activities (P100 and P50)
resulted in the formation of a main Ni2Al3 shell and very thin in-
terlayers of NiAl and Ni3Al; (b) a less active pack P40 formed all
three phases with significant thicknesses; (c) the lower activity
pack P20 formed a single Ni3Al shell.

For Nie20Cr wires, the same pack compositions were used for
the same durations: (a) two higher Al activity packs (P100 and P50)
resulted in the formation of a main Ni2Al3(Cr) outer shell that
contained a mixture of other phases including chromium alumi-
nide and silicide (from minor Si content in the original wires)
precipitates. There was also an interlayer of Nie49Cre11.5Al (wt.%,
expected to consist of fcc-Ni(Cr,Al) and bcc-Cr(Ni,Al)) between the
outer shell and the Nie20Cr core; (b) the less active P40 pack
formed both Ni2Al3(Cr) and NiAl(Cr) phases with significant
thicknesses after 450 s; (c) the low-activity P20 pack created a thin
Ni3Al layer after 0.5 and 1 h treatments. Wire surface images
showed that with a decrease in pack Al activity, the surface quality
increased.

Wires aluminized to 5e10 wt.% Al were fully homogenized at
1200 �C for 48 h and aged at 900 �C for 8 h. The aging treatment
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formed g0 precipitates distributed in the g matrix phase. The aged
Nie10Al and Nie19Cre5Al wires had hardness values of
265 � 5 HV (UTS w 795 � 15 MPa) and 320 � 12 HV
(UTS w 960 � 36 MPa), respectively, indicative of effective pre-
cipitation strengthening.
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