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a  b  s  t  r  a  c  t

Net-shape  98% dense  objects  have  been  fabricated  from  a rapidly  solidified  ferrous  powder  using  binder
jet 3D  printing  and  molten  bronze  infiltration.  X-ray  diffraction,  scanning  electron  microscopy,  and  dif-
ferential  thermal  analysis  were  used  to  characterize  the  structural  evolution  of the  powder  feedstock
during  an  infiltration  heating  cycle.  Microindentation  and  bend  tests  were  performed  on  the  infiltrated
material  to evaluate  its mechanical  properties.  It was  found  that  infiltration  improved  the  strength  of  the
eywords:
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icrostructure design
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sintered  preforms  by  eliminating  the  stress  concentration  points  at interparticle  necks.
Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
nfiltration

. Introduction

Rapidly solidified powders with non-equilibrium microstruc-
ures often possess high hardness values and other useful

echanical properties [1]. However, densifying these powders
nto complex shapes without affecting their structure and unique
roperties is difficult using traditional processing routes. Pressure-

ess sintering can densify rapidly solidified powders into complex
hapes, but achieving full density requires long exposures to
levated temperatures that can cause coarsening and attendant
roperty degradation [2]. Pressure assisted compaction techniques
an preserve the microstructure and properties of the feedstock
uring densification [3–5], but they often yield parts with simple
hapes that must be machined prior to use. This introduces new

hallenges owing to the high hardness of the compacts.

One processing route that can potentially overcome these issues
s binder-jet 3D printing followed by melt infiltration. Binder-jet

� Copyright Notice: The United States Government retains and the publisher, by
ccepting the article for publication, acknowledges that the United States Govern-
ent retains a non-exclusive, paid-up, irrevocable, world wide license to publish or

eproduce the published form of this manuscript, or allow others to do so, for United
tates Government purposes. The Department of Energy will provide public access
o  these results of federally sponsored research in accordance with the DOE Public
ccess Plan (http://energy.gov/downloads/doe-public-access-plan).
∗ Corresponding author at: Department of Materials Science and NanoEngineer-

ng, Rice University, Houston, TX 77005, United States.
E-mail address: zachary.cordero@rice.edu (Z.C. Cordero).

ttp://dx.doi.org/10.1016/j.addma.2017.03.011
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3D printing is a solid freeform fabrication technique that uses an
organic binder to join powder feedstock, layer-by-layer, into a com-
plex shape [6]. Melt infiltration is a densification process in which
a molten alloy wicks into a porous preform as a result of capillary
forces [7]. When these processes are paired together, they offer two
key advantages for the densification of rapidly-solidified powders.
First, melt infiltration can densify preforms with centimeter-scale
dimensions in a matter of seconds [8]. This means that in most
cases of practical interest, melt infiltration requires only a brief
thermal excursion that will not harm the microstructure and prop-
erties of the feedstock. Second, these processes yield net-shape
objects, minimizing the need for subsequent machining and post-
processing [9,10].

This paper presents the results of an investigation in which
binder jet 3D printing and melt infiltration were used to form
and densify a rapidly-solidified ferrous powder. The structural
evolution of the powder during an infiltration heating cycle was
evaluated using X-ray diffraction, electron microscopy, and ther-
mal  analysis. The mechanical properties of the infiltrated material
were evaluated using hardness and bend tests. The infiltrated mate-
rial had a Vickers hardness of 11 GPa, making it well-suited for
applications requiring hard net-shape parts.
2. Experimental methods

A 100 kg batch of rapidly solidified powder was  prepared using
nitrogen gas atomization. The composition of the powder is given in

D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Composition listed in wt%  of the gas-atomized powder.

Fe Cr Mo V B C Si O

49 18.6 15.8 8.9 3.4 3.3 1.08 0.02

Fig. 1. Heating schedule used with the sintering and the infiltration processes. The
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micrograph of two  cross-sectioned particles in Fig. 3 shows how the
internal structure of the particles depended on their size: the larger
sothermal stage at 600 ◦C is to remove the binder.

able 1. This alloy was designed so that when it is heated, thermally-
table carbides and borides precipitate and prevent grain growth
11]. The as-received powder was sieved to remove particles with
iameters larger than 45 �m since large particles can interfere with
rinting.

The structure of the powder was characterized using X-ray
iffraction (XRD) and scanning electron microscopy (SEM). The XRD
atterns were collected on a PANALYTICAL X’Pert PRO diffractome-
er using Mo  K� radiation. SEM samples were prepared by first

ounting the particles in epoxy and then cross-sectioning them
sing standard metallographic grinding and polishing techniques.
he samples were imaged in a Hitachi S3400 scanning electron
icroscope (SEM) operated at 20 kV and equipped with an energy-

ispersive spectroscopy (EDS) detector. The structural evolution
f the powder was evaluated using differential thermal analysis
DTA). 120 mg  samples were heated to 1300 ◦C at 10 ◦C/min in a TA
nstruments Q600 under flowing Ar.

An ExOne Lab 3D printer was used to print green parts from
he gas-atomized powder. All of the prints were performed using

 100 �m layer thickness and a diethylene glycol binder. After
he prints were completed, the binder was cured by heating the
ntire powder bed to 200 ◦C for 2 h. The green parts were then
e-powdered.

The densification behavior of the 3D printed material was inves-
igated using 6 mm  diameter, 8 mm high cylinders printed with
heir axes of rotation parallel to the build direction. These green
odies were subsequently processed in one of two  ways: either
hey were sintered, or they were infiltrated with tin bronze (Cu-
0Sn, wt%). The sintered specimens and the infiltrated specimens
ere both subjected to the same heating schedule, shown in Fig. 1.

his schedule was based on one that had been previously devel-
ped for 420 stainless steel powders. It is noted that the 90 minute
oak time at the peak temperature in this heating cycle is signifi-
antly longer than the time required to infiltrate the preforms. The
amples were infiltrated by placing them in direct contact with a
eservoir of molten bronze. The sintering and infiltration processes
ere conducted under flowing Ar + 4% H2. Following sintering and
nfiltration, the dimensions of each cylinder were measured at
oom temperature using a micrometer.
Fig. 2. XRD patterns collected from as-received and annealed powders.

Sintered and infiltrated flat specimens were also prepared for
three-point bend tests. The sintered specimens were 6 cm long with
cross-sectional dimensions of 4 × 10 mm.  The infiltrated specimens
had the same initial dimensions as the sintered specimens, but
they were ground with SiC papers following infiltration in order to
remove the infiltration gating. The final cross-sectional dimensions
of the infiltrated specimens were 3.8 × 8.6 mm.  The bend tests were
performed on a servohydraulic universal test machine. The dis-
placement rate was 0.5 mm/min, the displacement was  measured
from the crosshead, and the span length was  40 mm in accordance
with ASTM C1161. Two bends tests were performed on each mate-
rial.

These sintered and infiltrated specimens were cross-sectioned
and imaged in the same manner as the loose powder particles. In
addition, the Vickers microhardness of these cross-sectioned speci-
mens was measured using a LECO microhardness tester with a hold
time of 15 s. Low loads (10–50 gf) were used to measure the micro-
hardness values of the individual constituents, while higher loads
(5 kgf) were used to measure the effective macrohardness of the
composite. A slug of the bronze infiltrant was also cross-sectioned
and characterized using microhardness testing.

3. Results and discussion

3.1. Powder structure and properties

Fig. 2 shows an XRD pattern collected from the rapidly-solidified
powder particles. The broad low-intensity halo between 15 and
25 ◦2� reveals the presence of an amorphous phase. The Bragg peaks
overlaid on this halo are assigned to �-Fe, VC, an M23C6 carbide, and
an M3B2 boride that contains a high concentration of molybdenum.

After sieving, the powder had a mean particle size of 10 �m
according to quantitative stereological measurements. The SEM
particle on the left contains clearly distinguishable regions that cor-
respond to multiple distinct phases, whereas the smaller particle is
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Fig. 3. Electron micrograph of cross-sectioned particles.
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ig. 4. DTA thermogram collected using a heating rate of 10 ◦C/min. The exothermic
eaks at 690 and 800 ◦C are associated with devitrification and decomposition of the
C  phase, respectively. The endothermic peak at 1150 ◦C is due to melting.

eatureless. Based on the homogeneous structure of these smaller
articles, the more rapid cooling rate of finer particles [1], and the
road halo in the XRD pattern, it is inferred that these smaller parti-
les were amorphous. Inspection of many cross-sectioned particles
evealed that only particles with diameters less than ∼5 �m were
ully amorphous.

Fig. 4 shows a representative thermogram from one of the DTA
xperiments used to study the structural evolution of this alloy.
he curve features two irreversible exothermic reactions with peak
emperatures at 690 and 800 ◦C, as well as an endotherm between
100 and 1180 ◦C associated with melting. To identify the solid-
tate reactions associated with each of the exotherms, XRD patterns
ere collected from powders that had been briefly heated to 700

nd 1050 ◦C. These patterns are presented in Fig. 3, and they show
hat the exotherm at 690 ◦C is the result of a devitrification reaction,
hile the exotherm at 800 ◦C is due to the decomposition of the VC
hase.
Fig. 5 is a high-magnification backscatter electron micrograph
f a particle that had been heated to 1050 ◦C for 90 min, the same
emperature and time used in the sintering and infiltration pro-
esses. Quantitative EDS showed that the bright regions in Fig. 5
Fig. 5. High-magnification backscatter electron micrograph of a cross-sectioned
powder particle that had been held at 1050 ◦C for 90 min.

were the M3B2 boride phase, and that the surrounding matrix was
�-Fe. Stereological measurements showed that the volume fraction
of the boride phase was 0.2 and that this phase had a mean cir-
cular equivalent diameter of 0.5 �m. Using these values with the
Zener relation [12], the grain size of the ferrite matrix was esti-
mated to be 3 �m.  In light of these results, it seems that this alloy
can retain a fine structure even during prolonged exposures to high
homologous temperatures. Additionally, all of the annealed parti-
cles had a similar structure, so the structural variations seen in the
as-received powder must have been eliminated on heating.

3.2. Sintering and infiltration behaviors

The sintered cylinders exhibited a radial shrinkage of 1.1% and
an axial shrinkage of 1.4%. This anisotropic shrinkage is likely due
to the powder spreading operation, which can orient the particles,
leading to anisotropic densification. These results show that this
alloy densifies near the liquidus temperature of the bronze infil-
trant, which is important since this can help the preform resist
slumping during infiltration.

The axial shrinkage of the infiltrated cylinders was 0.7%, half
that of the sintered cylinders. Additionally, the infiltrated cylin-
ders swelled 0.4% in the radial direction due to gravitational effects
similar to those reported in Ref [13,14]. Quantitative stereological
measurements showed that the porosities of the sintered cylinders
and the infiltrated cylinders were 33% and 2%, respectively, and that
the volume fraction of bronze in the infiltrated cylinders was 0.35.

Fig. 6 is a backscatter electron micrograph of one of the infil-
trated cylinders. The bronze infiltrant appears light and the sintered
skeleton dark, and there are spherical microvoids randomly dis-
tributed throughout both constituents. This micrograph reveals
two important features of the infiltrated material. First, there is a
several �m-thick denuded zone at the interface between the infil-
trant and the sintered skeleton where the �-Fe matrix appears
to have dissolved. Second, some regions of the sintered skeleton
are free of the boride phase. According to EDS measurements, the
composition of these boride-free regions was Fe-6Si-5Cr-5Cu, at%,
which is distinct from the nominal composition of the powder

feedstock. These two  features were only found in the infiltrated
specimens, suggesting these boride-free deposits formed because
�-Fe dissolved into the molten bronze and then reprecipitated in a
second location. This dissolution-precipitation behavior is similar



90 Z.C. Cordero et al. / Additive Manufacturing 15 (2017) 87–92

t
i
p

3

w
o
i
s
u
i
h
a
v
i

(�SS
inf ) is given by
Fig. 6. Backscatter electron micrograph of the infiltrated material.

o that observed in systems that densify by liquid phase sinter-
ng [15,16], and is likely driven by the surface energy of the solid
article/molten bronze interface.

.3. Mechanical properties

The Vickers microhardness of the sintered skeleton was 17 GPa,
hich, according to the Hall–Petch data in Ref [17], is almost an

rder of magnitude greater than the expected hardness of pure
ron with a grain size of 3 �m.  The high hardness of the sintered
keleton relative to that of pure Fe is most likely due to the high vol-
me  fraction of the hard boride phase. The macrohardness of the

nfiltrated material was 11 GPa, or roughly 3 GPa higher than the
ardness of as-quenched high strength tool steels (e.g., types M,  T,

nd O) [18]. Further, the macrohardness approximately equals the
olume average hardness of the sintered skeleton and the bronze
nfiltrant, which had a Vickers hardness of 1 GPa.

Fig. 8. Electron micrographs of a) a sintered bend-test specimen’s fracture
Fig. 7. Load–displacement curves from bend tests on sintered and infiltrated spec-
imens.

Fig. 7 presents load-displacement curves from bend tests on
the sintered specimens and the infiltrated specimens. The load-
displacement curves from both the sintered and the infiltrated
specimens exhibit classic brittle behavior. However, compari-
son of these load-displacement curves shows that the infiltrated
specimens were much stiffer and stronger than the sintered speci-
mens: the infiltrated specimens had an average transverse rupture
strength (�TRS) of 570 MPa, over four times higher than that of the
sintered specimens (130 MPa). Still, the infiltrated specimens were
weaker than was expected based on their macrohardness values.

The yield strength of the sintered skeleton in both the sintered
material and the infiltrated material can be estimated from the
bend test results if it is assumed (1) that the bend test specimens
fail as soon as the sintered skeleton starts to yield, and (2) that
the yield stress of the infiltrated material can be described with an
iso-strain model. Under these approximations, the strength of the
sintered skeleton in the sintered material (�SS

sint
) is given by

�SS
sint = �TRS

(1 − P)
, (1)

and the strength of the sintered skeleton in the infiltrated material
�SS
inf = �TRS − fBr�Br

(1 − fBr)
(2)

 surface and b) an infiltrated bend test specimen’s fracture surface.
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Fig. 9. Electron micrographs of an infiltrated specimen’s fracture surface that show
Z.C. Cordero et al. / Additive

ere, P is the porosity, fBr is the volume fraction of the bronze,
nd �Br is the yield stress of the bronze, which can be estimated
rom the hardness of the bronze (HBr) using the Tabor relation (i.e.,
Br ∼ HBr/3). Using the experimentally determined microstruc-

ural parameters and �TRS values with Eqs. (1) and (2) gives �SS
sint

 190 MPa  and �SS
inf = 700 MPa. Thus, infiltration appears to increase

he strength of the sintered skeleton by a factor of 3.6.
In order to clarify how infiltration resulted in an almost four-fold

ncrease in the strength of the sintered skeleton, the fracture sur-
aces of both the sintered and the infiltrated bend test specimens
ere imaged. The fractograph of a sintered bend test specimen

n Fig. 8a shows that this sample failed by brittle fracture at the
nterparticle necks. In contrast, the fractograph of the infiltrated
pecimen in Fig. 8b shows that this sample failed primarily by trans-
article crack propagation. These disparate failure modes suggest
hat infiltration increased the strength of the sintered skeleton
y eliminating the stress concentration points at the interparticle
ecks.

Further evidence that this strengthening increment results from
liminating the stress concentration points at the interparticle
ecks can be obtained by calculating the stress concentration factor
S) at the necks using

 ≈ 1 +
√

x

�
(3)

here x is the average neck radius, and � is the average radius
f curvature of the neck [19]. Quantitative stereological measure-
ents on the sintered specimens gave x = 4 �m and � = 1 �m,  so

hat S ≈ 3. Accordingly, Eq (3) predicts that eliminating the stress
oncentration at the necks should increase the strength of the sin-
ered skeleton by a factor of three, which approximately matches
he strengthening increment calculated above.

Closer inspection of the fracture surfaces of the infiltrated spec-
mens revealed two more interesting features. First, the fracture
urface contained large cleavage facets, an example of which is
hown in Fig. 9a. Using EDS, these regions were identified as the
eprecipitated iron deposits. The brittle behavior of these deposits
eans they should be avoided, and one way to eliminate them is

o use a shorter infiltration time. Second, microcracks like the one
hown in Fig. 9b intersected the fracture surface in many places.
hese microcracks had an average length of 15 �m,  which is similar
o the particle length scale. Because these cracks mostly appeared
t the interface between the infiltrant and the sintered skele-
on, it seems that the infiltrant played a dual role, simultaneously
trengthening the alloy while also introducing crack nucleation
ites.

. Conclusions

A rapidly-solidified powder was processed using binder-jet 3D
rinting and molten bronze infiltration. The following conclusions
ere drawn from a systematic analysis of the microstructure and
echanical properties of the infiltrated material:

During sintering, the powder feedstock undergoes a series of solid
state reactions. The structure that it ultimately develops features
a dispersion of sub-micron boride precipitates in an �-Fe matrix.
During infiltration, some of the �-Fe matrix dissolves into the
molten bronze and then re-precipitates at a second location.
Inspection of the fracture surface of the infiltrated material
showed that this reprecipitated �-Fe was brittle and cleaved, and

should therefore be avoided by using shorter infiltration cycles.
The infiltrated material had a macrohardness of 11 GPa. The trans-
verse rupture strength was 570 MPa  which was over four times
higher than that of the sintered material. Examination of the
a)  cleavage facets and b) microcracking.

fracture surfaces of the sintered material and of the infiltrated
material showed that infiltration mainly affected the transverse
rupture strength by eliminating the stress concentration points
at interparticle necks.

• Applications for the infiltrated material are likely to be in settings
where net-shape parts with high hardness values are required.
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