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Simplifying the manufacturing of metal matrix composites (MMCs) will allow for their wider use in appli-
cations that require lower density, higher strength, and high wear resistance when compared to tradi-
tional metals. An in-situ method of MMC formation is proposed, using a binder jet additive
manufacturing (BJ-AM) process with only Inconel 625 powder and a carbon-containing binder. Carbide
formation occurs at elevated temperatures during sintering by combining Cr, Mo and Nb alloying ele-
ments in Inconel 625 and carbon from the binder. The core-shell morphology and composition of the final
MMC is tuned by controlling the quantity of carbon in the system during the sintering step.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

In the past, the use of metal matrix composites (MMCs) was
limited due to manufacturing challenges. However, their high
specific strength, high specific stiffness, high wear resistance and
other beneficial properties make them useful in many applications
including cutting tools and high temperature components [1–3].
Liquid-state and vapor-state processing often results in inhomoge-
neous dispersions of the reinforcing phase within the metal matrix.
Recent solutions focus on the use of solid-state processing, in
which two types of powder particles – the matrix and reinforcing
phase – are mixed together and sintered or locally melted [2,4–
7]. In this work, the solid-state process is simplified even further;
MMCs with Inconel 625 matrix are generated in-situ during binder
jet additive manufacturing (BJ-AM), using the high carbon content
of the binder and alloying elements within the Inconel 625 powder
particles.
2. Material and methods

2.1. Binder jet additive manufacturing

Spherical Inconel 625 powder particleswith average particle size
of approximately 24 mmwere used in the BJ-AMprocess. BJ-AMwas
performed with a ZCorp Z 510/310 binder jet 3D printer by 3D SYS-
TEMS that was modified for small builds. A CAD model of a rectan-
gular shape (2.5 � 10 � 20 mm) was created and 70 mm layer
thickness was considered in the model for layer by layer printing.
The feed bed was loaded with Inconel 625, after which a piston
was programmed tomove the feed bed upwards by one-layer thick-
ness of 70 mm,where a roller spreads the powder onto the build bed.
A binder (zb60 by 3D Systems) was applied through a print head at
360 dpi with 7 drop sizes ranging from 6 to 42 pL. A saturation level
of 100% and 200% (for the core and shell respectively) was used and
the temperature of the part during and after printing was kept at
35 �C for three hours. Once the binder is dry, the green solid part
is carefully separated from loose powder and cut in half to facilitate
handling. Additional zb60 binder with 3 wt% PVA was added drop-
wise to the outside of the part to increase the strength and then
dried with a 100 W tungsten lamp.
2.2. Post-processing

Green binder jet printed parts were post-processed to increase
strength by sintering the powder particles together. For one set of
samples, the sintering process included a binder burn-off step dur-
ing which the binder decomposed, reacted with H2 gas in the fur-
nace and was partially removed. These samples experienced a 1 h
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Fig. 1. Dimensions of BJ-AM MMC part after sintering.
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hold at 527 �C during which a 5% H2 atmosphere mixture (argon
balance) was used. After the burn-off stage was completed, the
atmosphere was switched to high purity argon and the sintering
step was performed in this inert environment. The second set of
samples did not experience a burn-off step and were sintered
directly in high purity argon.

Both sets of samples were post-processed in a horizontal tube
furnace with a sintering temperature of 1200 �C. For both sets of
samples, the ramp rate when heating the furnace to the burn-off
temperature was 3 �C/min and the ramp rate to reach the sintering
temperature was 5 �C/min. A holding period of 5 h was used for
sintering the parts. At the conclusion of the holding period, the
parts were removed from the furnace and air cooled. An example
part is shown in Fig. 1.

2.3. Characterization methods

Analysis was performed with a JEOL JSM-6460 scanning elec-
tron microscope (SEM) and Oxford Instruments INCAx-sight EDX
attachment. GIXRD analysis was performed using a PANalytical
X’pert Pro MRD HR-XRD, and etching of Inconel 625 was done by
immersion in an inverted glyceregia etchant (HCl:HNO3:Glycerol
in a 5:1:1 ratio) for 1.5 min.

3. Results

The use of an inert environment during the burn-off stage of the
sintering process results in particles with a Cr3C2 shell, as shown in
Fig. 2a and identified in an XRD scan in Fig. 3. Performing the burn-
off stage in a reducing environment leaves only the core structure,
as seen in Fig. 2b. EDX scanning reveals that the outer shell is com-
posed of the Cr-rich phase, whereas the smaller core carbides are
Nb-rich and Mo-rich phases (Table 1). These are identified in the
XRD scan as NbC and Mo2C.

Carbides are well known for their corrosion resistance and high
hardness, which was made evident in the etched cross-sections.
Use of inverted glyceregia as an etchant is found to preferentially
attack the sensitized nickel matrix in Fig. 2c, which displays heavy
chromium, molybdenum and niobium depletion based on EDX
measurements (Table 1). Etched cross-sectional images of the
BJ-AM parts show that the blocky Cr3C2 and smaller NbC and
Mo2C phases do not only exist at the particle surface but also
within the particles.
4. Discussion

Typical carbide phases in solution treated and aged Inconel 625
include Mo6C and Cr23C6, with some Mo and Cr substitution possi-
ble in each phase [8]. Carbon content in traditionally manufactured
Inconel 625 is limited to 0.1% and chromium-carbon phase dia-
grams identify the preferred carbide as Cr23C6 at the sintering pro-
cess temperature of 1200 �C [9]. However, based on the phase
diagram, the presence of an external source that increases the
atomic percent of carbon beyond 40% in a chromium-carbon sys-
tem will result in the formation of Cr3C2 carbides and residual car-
bon. Both of these were detected phases in the XRD analysis. High
carbon content binder from the printing process decomposed and
remained within the porous structure of the BJ-AM made part,
combining with Cr, Nb and Mo alloying elements during sintering
and cooling. Since a reduction in carbon content eliminated the
presence of the Cr3C2 shell, it is expected that the formation of
NbC and Mo2C phases are kinetically favoured.

NiCr-Cr3C2 metal matrix composites have been previously
investigated in literature. Applied as a coating using high velocity
oxygen fuel spraying [10] or laser cladding techniques [11], studies
have shown improved wear resistance over uncoated Inconel
materials. Bulk NiCr-Cr3C2 components have been produced by sin-
tering of Ni, Cr, C and/or Cr3C2 powders (or some combination
thereof) [4,6,7], with the carbide phase resulting in an increased
hardness, and the ductile nickel phase resulting in a higher fracture
toughness than can be expected in a pure ceramic component [12].
However, the use of Inconel 625 as the nickel and chromium
source, and the binder as a carbon source, may result in different
properties. Loss of chromium from the nickel matrix to the Cr3C2

phase is expected to result in a higher corrosion rate of the sensi-
tized nickel matrix when compared to the original Inconel 625
[13], however the overall wear resistance is expected to be higher.
A partial burn-off step, as is performed for the sample shown in
Fig. 2b, forms NbC and Mo2C phases while preventing the growth
of the Cr3C2 shell. These samples are expected to demonstrate good
wear resistance while also maintaining Inconel 625’s oxidation
resistance at elevated temperatures, which is attributed to chro-
mium within the nickel matrix forming Cr2O3 scales that prevent
oxygen diffusion into the bulk of the material [14,15].
5. Conclusion

Metal matrix composites using Inconel 625 powder particles
and a carbon-containing binder were fabricated via binder jet addi-
tive manufacturing. Variations in sintering condition influenced
the morphology of the sintered powder particles:

� The use of an inert atmosphere throughout the sintering process
resulted in the formation of a core-shell structure. The shell was
composed of a Cr3C2 phase, and the core was composed of a
nickel matrix with NbC, Mo2C and Cr3C2 phases.

� The use of an argon atmosphere with 5% H2 during a 1-hour bin-
der burn-off step resulted in a core structure without the pres-
ence of the Cr3C2 shell. Significant quantities of NbC and Mo2C
phases were still present, suggesting that changes in the carbon
quantity remaining after burn-off can be used to modify the
morphology, composition and properties of the final metal
matrix composite.



Fig. 2. Microstructure of particles sintered with a) no burn-off step, b) 1 h burn-off step in 5% H2 and c-d) their respective cross sections after etching.
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Fig. 3. GIXRD analysis of a BJ-AM part sintered with no burn-off step.

Table 1
EDX composition (wt%) of various phases in as-sintered BJ-AM part with no binder burn-off step.

Phase Ni Cr Mo Nb Fe

Cr-rich 5.2 73.5 19.6 1.7
(Mo,Nb)-rich 9.4 23.0 56.3 9.9 1.4
Sensitized Ni Matrix 75.9 9.5 6.7 7.9
Inconel 625 �58.0 20.0–23.0 8.0–10.0 3.15–4.15 �5.0
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