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In the present work, we study one of the major additive manufacturing process, i.e., the binder

jetting print (BJP) process at the molecular level through atomistic-scale level representations

of powders and binder solutions with chromium-oxide (Cr-oxide) nanoparticles and water-based

diethylene glycol solutions, respectively. Results show that both diethylene glycol and water con-

tribute to the bonding of Cr-oxide particles during the print and curing stages by forming a hy-

drogen bond network. Heating the system to the burn-out temperature results in the oxidation of

diethylene glycol and the decomposition of the hydrogen bond network. Subsequently, Cr-oxide

particles are partially sintered by forming Cr-O bonds. The final sintering facilitates further Cr-O

bond formation. Additionally, the influence of the chemical composition of the binder solution is in-

vestigated by performing ReaxFF molecular dynamics simulations on two sets of systems, which

control the number of water and diethylene glycol molecules, respectively. Our results demon-

strate that adding both diethylene glycol and water in the binder solution can raise the number of

“useful” hydrogen bonds, resulting in a higher breaking strength at the print and curing stages.

During the burn-out and sintering stages, the influence of water on the breaking strength is not

obvious. In contrast, an optimal quantity of binder species exists for the breaking strength after

sintering. A comparison of the ReaxFF molecular dynamics simulations using 2-ethoxyethanol,

diethylene glycol and 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol as the binder phase indicates

that an increasing number of hydroxyl groups leads to higher breaking strength at the print and

curing stages. Findings from this study can be extended to identify optimal binder chemistry,

curing and sintering conditions for different material systems.

Introduction

Additive manufacturing (AM) has demonstrated its advantages
over traditional manufacturing technologies. AM generates less
scrap, reduces the time for a final part delivery, and fabricate com-
plex shapes that are difficult to produce via conventional routes.1

Binder jetting print (BJP) is a notable powder bed based AM
processes category, which decouples the print and consolidation,
enabling us to fabricate products with uniform final microstruc-
tures.2 The general process flow of a BJP cycle is shown in Fig. 1.
During the print stage, the roller spreads powders from the sup-
ply bed to the build platform layer by layer. Meanwhile, the print
head selectively deposits the binder solution into the powder bed
across cross-sections that are intended to be consolidated. The
volume of the injected binder solution is controlled by the pa-
rameter binder saturation S, which is based on the estimation of
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binder packing density:

S =
Vbinder

Vair
, (1)

where Vbinder and Vair represent the volume of binder solution
and pores in the powder bed, respectively.1 It should be noted
that this study does not include the secondary operation of
infiltration that is employed in certain applications to improve
overall density and mechanical strength.3,4 Following the print
stage, the BJP sample is placed in an oven and heated to cure the
binder phase. Before burning the binder phase at a higher tem-
perature, loose powders are removed from the build platform.
After the burn-out stage, the printed sample is transferred into
an environment-controlled oven for final sintering.2 The main
weakness of BJP is that high density is often difficult to achieve.2

Nandwana et al.1 compared the microstructure of BJP samples
using 7 µm, 21 µm and 70 µm powders and found that smaller
size particles densify at a higher rate. Miyanaji et al5 developed
a physics-based model to estimate the optimal saturation for a
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Table 1 Chemical compositions of binder solutions

Set A Set B
80 water + 60 DEG 240 water + 20 DEG
160 water + 60 DEG 240 water + 60 DEG
240 water + 60 DEG 240 water +100 DEG

properties development with the physical and chemical evolution
at the molecular level. Hence, such a system only needs to be
large enough to describe the reactions between the powder sur-
face, DEG, and water. In order to prepare the powder material,
a Cr-oxide nanoparticle of roughly 500 atoms must be annealed
and subsequently equilibrated in an environment of H2O and O2
at 1273 K to create a saturated surface that is rich in oxygen,
reducing the surface energy of the Cr-oxide nanoparticle. Subse-
quently, we distribute 2 equilibrated Cr-oxide nanoparticles, 160
water, and 60 DEG molecules randomly in an 80 Å× 80 Å× 80 Å
periodic cell, as shown in Fig. S1. The periodic boundary condi-
tion keeps the system from losing any water or DEG molecules
during the print stage. Then, ReaxFF MD simulations at 300 K
are performed to simulate the print stage, using the canonical en-
semble (NVT), where the number of particles (N), temperature
(T) and volume (V) are constant.22 A Berendsen thermostat with
a temperature damping constant of 100 fs is employed. Prior to
the simulation of the curing stage, the size of the simulation cell
is expanded to 200 Å× 200 Å× 200 Å to simulate a non-periodic
environment, as shown in Fig. S2. NVT-MD simulation at 393 K
is carried out to simulate the curing process.23–25 At this tem-
perature, water molecules evaporate and all dissociated water
molecules are therefore removed after curing. Subsequently, we
carry out NVT-MD simulations of 900 K in the system to burn out
the binder phase.1 DEG molecules decompose at this temperature
and all gaseous species are removed after the burn-out stage. For
sintering, we perform NVT-MD simulations of 1900 K.26–28 At the
beginning of each stage, the system is directly heated to the de-
sired temperature. The influence of heating methods is beyond
the scope of this work.
In this present work, we primarily investigate breaking strength,
one of the most vital indicators of mechanical properties. The
breaking strength is reflected by the energy barrier to separate
the two Cr-oxide particles, which is calculated by adding an addi-
tional force to the ReaxFF potential. This force features an upside-
down bell curve and is shown as29

Erestraint = F1 −F1 exp
[

F2

(

Ri j −R12

)2
]

, (3)

where F1 and F2 are the force constants of the additional force.
Ri j is the distance between atoms i and j, while R12 is a value
updating every iteration. By increasing or decreasing R12, atoms
i and j are pulled apart or together correspondingly. We can also
control the strain rate by adjusting R12/iteration. In the present
work, the applied additional force is exerted equally on 50 atoms
pairs. The two atoms of each pair are selected from different
nanoparticles. This set-up ensures that the added external force
separates the two Cr-oxide particles instead of breaking off any
individual atom.
In order to study the effect of chemical compositions of binder

(a) 2-ethoxyethanol (b) DEG

(c) 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol

Fig. 2 Molecular structures of 2-ethoxyethanol (a), DEG (b) and 1-

(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol (c), respectively. The O, C, and

H atoms are represented in red, cyan, and silver, respectively.

solutions on the breaking strength, we prepare two sets of simu-
lations shown in Tab. 1. Set A is to study the influence of water,
while Set B is to investigate the role of DEG. Theoretically, the
model is able to simulate a system with more than two Cr-oxide
nanoparticles, but the configuration effect with over two particles
is hard to quantify. For example, the configuration in Fig. S3a
is akin to a chain, which is significantly weaker than the con-
figuration shown in Fig. S3b. With such a strong impact of the
configuration, it is hard to compare the effect of chemical compo-
sition. Therefore, only two nanoparticles are used to reduce the
influence of configuration. Additionally, 5 cases similar to Fig. S1
are prepared unbiasedly for each chemical composition, in order
to reduce the configuration bias. NVT-MD simulations at 300 K,
393 K, 900 K, and 1900 K are performed also unbiasedly for each
case. The average breaking strengths and the error bars based on
the equilibrium states of the 5 cases are compared for each tem-
perature.
In order to understand how the chemical structure of the binder
phase affects the breaking strength, especially the number of
the hydroxyl (OH) groups of the binder species, we compare
the breaking strengths using 2-ethoxyethanol, DEG, and 1-(2,2,2-
trihydroxyethoxy)ethane-2,2,2-triol as the binder species. The
chemical structures of the three species are illustrated in Fig. 2,
which contain 1, 2 and 6 hydroxyl groups, respectively. For each
binder species, we also prepare 5 cases and carry out NVT-MD
simulations for the print, curing, burn-out and sintering stages in
each case, respectively. Each case contains 160 water, 60 binder
species molecules, and 2 Cr-oxide powders.

Depth-first search algorithm

Depth-first search (DFS) is an algorithm that is used for finding a
solution path from a starting node to a goal node.30,31 As shown
in Fig. 3, this search algorithm starts by traversing Edge start-A,
exploring one of the successors of the starting node (Node A). At
the next step, it explores Node C by traversing Edge A-C. However,
Node C is not the goal node and it has no successors. Therefore,
the search returns to Node A and subsequently explores Node D,
which is the other successor of Node A. The search repeats in this
way until all nodes and edges in the graph are searched and out-
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Fig. 5 Energy barriers to separate the two Cr-oxide particles.

der this external force, the potential energy of a system ascends
gradually to its peak and the two Cr-oxide particles subsequently
break apart, as shown in Fig. S5. The peak energy or the energy
barrier reflects the breaking strength, which are summarized in
Fig. 5. The energy barrier for particle separation increases by 81
kcal/mol at the curing stage with respect to the print stage. The
highest energy barrier 943.43 kcal/mol is featured after sintering.
This trend agrees well with the experiment.1,2

Mechanism of the print and curing treatments.

While prior studies have experimentally observed that a green
part gains strength after curing, this is the first reported study
that shows a network bridging the two Cr-oxide nanoparticles
during the print and curing stages, which consists of water and
binder species. In the network, the distances of hydrogen (H)
and oxygen (O) atoms from different molecules generally range
from 1.5 Å to 2.5 Å. Considering the length of a covalent O-H
bond is roughly 0.96 Å, we estimate hydrogen bonds (H-bonds)
play a crucial role in holding the two Cr-oxide particles during the
print and curing stages. There are two challenges to prove this hy-
pothesis: first, a criterium is needed to judge if two water/DEG
molecules are bonded via a H-bond. Second, not all H-bonds par-
ticipate in associating the two Cr-oxide particles: some H-bonds
form dangling ends or loops, which do not contribute to strength-
ening the green part.32

Doruker et al.33 defined a H-bond based if the distance of O and
H atoms (lOH) is less than 2.3 Å. However, this definition is not
accurate since it ignores angular effects and this definition com-
pletely neglects H-bond lengths between 2.3 Å and 2.4 Å.34,35

In our present work, we set the following three conditions for a H-
bond34,35: first, 1.5 Å ≤ lOH < 2.4 Å (lOH refers to the distance
between the H atom and the O atom from another molecule).
Here, ±0.1 Å tolerance is described by a linear function ( f1) to
account for lOH around 2.3 Å, as shown in Fig. 6a. Second, the
valence angle 130◦ < 6 OHO ≤ 180◦ and another linear function
( f2) is employed for the description of the ±10◦ variation around
140◦, as shown in Fig. 6b. Third, the H atom of a H-bond must
form a covalent bond with an O atom, so that the H atom can
acquire a significant positive charge to form a dipole-dipole at-

(a) (b)

Fig. 6 H-bond definition based on lOH and 6 OHO.

Fig. 7 Schematic of water and DEG molecules associated via H-bonds.

The DFS algorithm identifies the “useful" molecules and H-bonds which

contribute to bonding the two Cr-oxide particles. The “useful” H-bonds

form several continuous paths between the two Cr-oxide nanoparticles.

The “useful” molecules are the molecules on those continuous paths.

The arrows represent H-bonds. The “useful" molecules and H-bonds are

illustrated with solid lines, whereas the “useless" ones are shown with

dash lines.

traction. In contrast, the H atoms connected to the carbon (C)
atoms are unable to form a H-bond, since the C atoms are not
sufficiently electronegative. A H-bond hi is summarized as:

hi =
f1 + f2

2
. (4)

In order to identify all “useful" H-bonds that participate in con-
necting the two particles and all “useless" H-bonds, the depth-first
search (DFS) algorithm is employed, as illustrated in Fig.7. By re-
moving “useless" molecules detected by the DFS algorithm, we
rebuild the bridging network with only “useful" DEG and water
molecules as well as the two Cr-oxide particles. The energy bar-
rier to separate the particles in this “useful" system is compared
with that of the original system in Fig. 8. In both the original
and “useful” systems, the potential energies increase initially and
then decrease. Under the exertion of the external force, the H-
bond network is stretched. As a result, the potential energy of
the system increases gradually. With the energy stored in the
H-bond network rises, an increasing number of H-bonds in the
network start to break. But the two nanoparticles are seized by
the H-bond network. This process continues until the H-bond net-
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Fig. 8 Comparison of relative potential energy evolution of the origi-

nal system and the system of “useful" molecules identified by the DFS

algorithm.

work reaches a critical point, where enough H-bonds are broken,
leading to a separation of the two nanoparticles. Afterwards, the
stretched bonds in the system relax, resulting in the decrease of
the potential energy. The energy barrier of the original system
is 137.38 kcal/mol and 218.39 kcal/mol for the print and curing
stages, respectively; while that of the “useful" system is 121.40
kcal/mol and 177.88 kcal/mol, respectively. As such, the energy
barrier featured by the “useful" system is only 11.63% (print) and
18.55% (curing) lower than that in the original system. This dif-
ference is probably due to the van der Waals forces and other ex-
tremely weak H-bonds. Despite such deviations, the relative po-
tential energies of the “useful" system still have a good agreement
with those of the original system. This phenomenon confirms the
hypothesis that the H-bond network plays a crucial role in bond-
ing the Cr-oxide powders. As the covalent bonds in the network,
e.g., O-H bonds and C-O bonds are significantly stronger than H-
bonds, the H-bonds break before the covalent bonds. Thus, the
breaking strengths at the print and curing stages are dominantly
determined by the H-bond network.
Based on this observation, it is necessary to investigate the H-
bond network associating the Cr-oxide particles to understand
how the curing treatment strengthens a green part. There are
three potential causes of this observation:

• The number of “useful" H-bonds is increased after curing.

• The number of strong “useful" H-bonds is elevated by the
curing treatment, whereas the number of weak “useful" H-
bonds is reduced.

• A “useful" molecule in the H-bond network share more H-
bonds with other molecules, making the separation more
difficult.

Regarding the first potential cause, we monitor the H-bond net-
work for 100 ps with 10 ps saving frequency after the system
reaches equilibrium, considering the flutuation of potential en-
ergy at the print and curing stages. The number of “useful” H-
bonds is calculated by summarizing all “useful” H-bonds (hi) de-
tected by the DFS algorithm. The ReaxFF MD simulation results

Fig. 9 Comparison of the “useful" H-bonds during the print and curing

stages. The x-axis is the H-bond distance lOH. The y-axis is the valence

angle 6 OHO.

reveal that the amount of “useful" H-bonds decreases sharply af-
ter curing. At the print stage, the number of “useful” H-bonds
ranges from 115.17 to 158.68. After curing, the number of “use-
ful” H-bonds ranges from 68.32 to 86.26. The loss of H-bonds
is caused by the evaporation of water, which also contributes to
linking the Cr-oxide particles during the print stage.
Fig. 9 compares the number of strong and weak “useful" H-bonds
in the network that associates the Cr-oxide particles at the print
and curing stages. The number of the strong H-bonds, whose
valence angle 6 OHO is above 150◦ and the H-bond length lOH

is between 1.5 Å and 2.2 Å, is 132 and 78, respectively for the
print and curing stages; whereas the corresponding number of
the weak H-bonds, whose 6 OHO is below 150◦ and lOH is above
2.2 Å, is 1.44 and 0.27. Even though the amount of weak “use-
ful" H-bonds is slightly reduced, the number of strong “useful"
H-bonds decreases significantly after curing. Thus, this explana-
tion is not plausible.
Regarding the final potential cause, the ratio of the number of
“useful" H-bonds to the number of “useful" molecules before cur-
ing is compared with that after curing in Tab. 2. The number
of “useful" H-bonds and the number of “useful” molecules at the
print stage are greater than those after curing. However, the ratio
of the number of “useful” H-bonds over the number of “useful”
molecules is raised after curing. The rise of the ratio indicates
that a molecule in the network shares generally more H-bonds
with its neighbors after curing.
On the other hand, Fig. 10 reveals that the water molecules pro-
vide approximately 43.3% “useful" H-bonds at the print stage,
while this contribution drops to 12.6% at the curing stage due to
water evaporation. On the contrary, the proportion of the “useful"
H-bonds from DEG and Cr-oxide increases from 24.9% to 44.9%

Table 2 The number of “useful" H-bonds and “useful" molecules and

their ratio in 100 ps after the system reaches equilibrium.

“Useful" H-bonds “Useful" molecules Ratio
Print 115.17 ∼ 158.68 47 ∼ 61 2.37 ∼ 2.56
Curing 68.32 ∼ 86.26 21 ∼ 28 2.95 ∼ 3.19
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Fig. 13 Number of newly formed Cr-O bonds bridging the two Cr-oxide

nanoparticles. At time 0, the temperature of the burn-out and sintering

stages is increased to 900 K and 1900 K, respectively.

atoms are all from the same nanoparticle, none of its Cr-O bonds
is the newly formed Cr-O bond between nanoparticles. If the con-
nected Cr atoms are from different nanoparticles, the number of
the new bridging Cr-O bonds is calculated by counting the bonds
between the O atom and the connected Cr atoms from the other
nanoparticle. As shown in Fig. 13, up to 3 Cr-O bonds linking
the two nanoparticles are produced within the initial 160 ps of
the burn-out stage, which implies that the Cr-oxide nanoparti-
cles are partially sintered. During sintering, the formation of new
bridging Cr-O bonds between the Cr-oxide particles accelerates
significantly after the initial 80 ps and maximally 16 bridging Cr-
O bonds form between the two Cr-oxide nanoparticles.

Influence of binder solution composition

Understanding the influence of binder solution composition on
mechanical properties is essential to improve BJP technology. Pre-
vious research in this area indicated that the strength of a green
part at the print and curing stages is improved by a higher sat-
uration ratio, while excess saturation weakens the sintered sam-
ple.12–15 But it should be noted that a higher saturation ratio can
be achieved by adding either water or binder species. Unfortu-
nately, no reported studies have done to help us understand the
roles of water and binder phase in a BJP process. For that, we
define two sets of simulations that control the amount of water
and DEG molecules independently, as shown in Tab. 1.
Fig. 14 compares the average energy barrier and error bar for
each binder solution composition after the print, curing, burn-out
and sintering treatments, respectively. At the print and curing
stages, an increasing number of both water and DEG molecules
lead to a higher average energy barrier. At the burn-out and sin-
tering stages, the influence of water on the mean energy barriers
is not obvious. In contrast, the mean energy barrier after sinter-
ing of 60 DEG in Set B is 228.49 kcal/mol higher than that of 100
DEG, and 442.57 kcal/mol higher than that of 20 DEG. Besides, it
is evident from Fig. 14a that a smaller error bar of energy barriers
at the print and curing stages can be achieved with fewer water
molecules. On the other hand, the largest error bar in Set B at

(a) (b)

Fig. 14 Mean energy barriers and error bars for each binder solution

composition.

the print (170.20 kcal/mol) and curing stages (92.17 kcal/mol)
is featured in 60 DEG, even though the mean energy barrier of
60 DEG is not the highest. Interestingly, the error bar of energy
barriers after curing drops by approximately 21.3%, 41.2%, and
45.8%, respectively for 80, 160 and 240 water molecules in Set
A, and by 28.4%, 45.8%, and 50.6%, respectively for 20, 60 and
100 DEG molecules in Set B; suggesting that the homogeneity of
the green part is improved during curing for each binder solution
composition. However, the error bars of energy barriers in both
Set A and Set B grow significantly during the burn-out stage and
reach the maxima after sintering. The augmentation of error bars
indicates that the product becomes extremely inhomogeneous es-
pecially after sintering.
In order to understand the underlying mechanism for the strength
variation in Set A, Fig. 15 compares the ratio of the number of
“useful" H-bonds over the number of “useful" molecules (a) as
well as the number of “useful" H-bonds (b). Interestingly, Fig. 15a
demonstrates no obvious correlations between the mean energy
barrier and the ratio of the number of “useful" H-bonds to the
number of “useful" molecules. However, Fig. 15b reveals a posi-
tive correlation between the average number of “useful" H-bonds
and the average energy barrier, since the number of “useful" H-
bonds increases, as the energy barrier ascends.
From Fig. 16a, no apparent correlations between the average en-
ergy barrier and the average ratio of the number of “useful" H-
bonds to the number of “useful" molecules can be identified in Set
B. From Fig. 16b, a similar positive correlation between the aver-
age number of “useful" H-bonds and the average energy barriers
also exists in Set B. The number of “useful" H-bonds increases
with the growth of the energy barrier.
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(a) (b)

Fig. 15 Comparison of the H-bond networks in Set A. The mean energy

barriers are depicted in cyan, whereas the ratio of the number of “useful"

H-bonds over the number of “useful" molecules as well as the “useful"

H-bonds amount is illustrated in pink.

The average “useful" H-bond contributions of water, DEG and Cr-
oxide nanoparticles are compared in Tab. 3. It is evident from
Tab. 3 that adding both water and DEG can promote the “use-
ful" H-bond formation of DEG and Cr-oxide nanoparticles at the
print and curing stages; since the “useful" H-bonds provided by
DEG and Cr-oxide increase at the print and curing stages with
the growth of the number of water or DEG molecules. Moreover,
the average number of “useful" H-bonds provided by water at the
print stage is also elevated by adding water or DEG molecules.
After curing, however, the difference of the “useful" H-bond con-
tributions of water among all three compositions is comparable
with those of DEG and Cr-oxide in Set A but is less significant
than those of DEG and Cr-oxide in Set B.
Based on this analysis, two features of the H-bond network affect
the breaking strength of green parts at the print and curing stages.
The first feature is the number of “useful" H-bonds. Increasing
saturation with more water/DEG molecules contributes to more
“useful" H-bonds that link powders during the print and curing
stages. The second feature is the ratio of the number of “useful"
H-bonds over the number of “useful" molecules. During curing,
the ratio of the number of “useful" H-bonds over the number of
“useful" molecules is elevated, which indicates that the molecules
are more firmly trapped in the H-bond network among powders.
Consequently, breaking the network becomes more difficult.
Fig. 17 compares the average number of the new bridging Cr-
O bonds between the two Cr-oxide nanoparticles after sinter-
ing for each composition. As shown in Fig. 17, the number
of the new bridging Cr-O bonds qualitatively reflect the break-

(a) (b)

Fig. 16 Comparison of the H-bond networks in Set B. The mean energy

barriers are depicted in red, whereas the ratio of the number of “useful"

H-bonds over the number of “useful" molecules and the “useful" H-bonds

amount are illustrated in grey.

ing strength after sintering, especially in Set B. The composition
of 60 DEG plus 240 water molecules, which exhibits the high-
est breaking strength in Set B, shows 32.8 newly formed Cr-O
bonds between the two nanoparticles on average, whereas the 20
DEG-240 water-combination, which features the weakest break-
ing strength, also demonstrates the fewest bridging Cr-O bonds
(25.6). It should be noted that Cr-O-O bonds are not stable at
high temperature,11,36 the bridging oxygen bonds (Cr-O-Cr) are
therefore more favorable during sintering. Actually, no Cr-O-O-
Cr bonds are observed between the two Cr-oxide nanoparticles
at 1900 K in our simulations. Thus, we focus on the number of
bridging Cr-O bonds.
The discrepancies of breaking strengths among different compo-
sitions in Set B after sintering might be caused by two factors.
On one hand, Cr-oxide nanoparticles in our ReaxFF MD simula-
tions are not spherically symmetric. As a result, the contact area
of the two Cr-oxide particles may vary significantly, where new
bridging Cr-O bonds are produced. Larger contact area generally
produces more Cr-O bonds between the two nanoparticles and
the energy barrier is hence higher. It is possible that the average
contact area of the Cr-oxide nanoparticles in 60 DEG is acciden-
tally larger than its counterparts. Alternatively, the breaking en-
ergy barrier difference is possibly due to the variation of surface
oxygen content. The removal of carbon and terminal hydroxyl
groups on the surface of the Cr-oxide powders continuously re-
duces the surface oxygen and creates oxygen vacancies, which
simultaneously creates active Cr atoms. However, surface oxy-
gen is necessary to form a bridging Cr-O bond. Therefore, over-

Table 3 Average “useful" H-bond contributions from water, DEG and Cr-oxide nanoparticles

SetA SetB
80 water 160 water 240 water 20 DEG 60 DEG 100 DEG

Print

water 11.50 33.07 127.15 62.13 127.15 194.00
DEG 19.79 27.31 54,72 9.61 54.72 120.71
Cr-oxide 20.52 30.97 78.71 40.23 78.17 114.25
sum 51.81 91.35 260.04 111.96 260.04 428.96

Curing

water 4.45 7.32 11.80 4.71 11.80 10.40
DEG 20.72 27.42 31.88 6.92 31.88 59.64
Cr-oxide 23.43 29.40 42.62 21.98 42.62 45.77
sum 48.60 64.19 86.31 33.61 86.31 115.82
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(a) (b)

Fig. 17 Comparison of the number of newly formed Cr-O bonds between

the two sintered Cr-oxide powders. The mean energy barriers of Set A

and Set B are shown in cyan and red, respectively, while the mean num-

ber of new Cr-O bonds are presented in pink and grey, respectively. It

should be noted that the number of new bridging Cr-O bonds provides

only a rough estimate of the breaking strength, because this number

does not account for the bond order variation among the bridging Cr-O

bonds.

consumption of the surface oxygen can also limit the formation
of Cr-O bonds bridging the two Cr-oxide powders. Under this
trade-off, there is an optimum quantity for the binder solution.
In fact, the average number of surface oxygens after sintering de-
clines by approximately 50, as the number of DEG increases from
20 to 100. Although the experimental observation that oversat-
uration results in lower rupture strength after sintering is repro-
duced in our ReaxFF MD simulations, more investigations must
be done to completely understand the influence mechanisms of
binder species on the mechanical properties of sintered parts.
This is because, in addition to the reduction reactions on pow-
der surfaces, binder species in experiments affect the formation of
carbides and Laves phase in sintered samples, which involve ele-
ments including Ni/Mo/Mn/Ti/Nb/Fe, etc.1,9,37–39 The carbides
and Laves phase can significantly alter the mechanical properties.
In the ReaxFF MD simulations presented in this work, however,
the powder surfaces are pure Cr-oxide and we set no bond inter-
actions between Cr and C atoms in the force field.11 Hence, there
are no carbides or Laves phase at 1900 K in our simulations. In
the future, more elements will be introduced into the force field,
so that we are able to capture the influences of carbides and Laves
phase on the mechanical properties of a BJP product.

Influence of hydroxyl groups

In the previous section, we discovered that H-bonds play a cru-
cial role in determining the strength of a green part at the print
and curing stages. A H-bond is constituted with a donor X-H
and an acceptor A.40–42 The element X must be sufficient elec-
tronegative to form a dipole moment with H. In the environ-
ment of water, DEG and Cr-oxide, only the hydroxyl group ful-
fills this requirement. Therefore, the number of hydroxyl groups
of the binder species is expected to affect the mechanical prop-
erties of a green part. Based on this observation, we investigate
2-ethoxyethanol with a single hydroxyl group, DEG with two hy-
droxyl groups, and 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol

Fig. 18 Mean energy barriers and error bars of 2-ethoxyethanol, DEG

and 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-triol.

with six hydroxyl groups.
Fig. 18 compares the energy barriers for particle separation and
the error bars using all three species as the binder phase. At the
print stage, 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol shows
the highest average energy barrier 200.79 kcal/mol, while 2-
ethoxyethanol features the lowest one 146.98 kcal/mol. After
curing, the highest mean energy barrier 250.83 kcal/mol is also
observed in 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol. This
value is approximately 38.98 kcal/mol and 74.00 kcal/mol higher
than that demonstrated in DEG and 2-ethoxyethanol, respec-
tively. The difference of the mean energy barriers among the three
species confirms that increasing the number of hydroxyl groups in
the binder phase enhances the breaking strength of a green part at
the print and curing stages. Additionally, the error bars of the en-
ergy barriers of 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-triol at
the print and curing stages are significantly larger than those of
DEG and 2-ethoxyethanol. This implies that the mechanical prop-
erties of the green part at the print and curing stages are more
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(a) (b)

Fig. 19 Comparison of the H-bond network of 2-ethoxyethanol, DEG and

1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-triol. The mean energy barriers

are depicted in light green, whereas the average ratio of the number of

“useful" H-bonds over the number of “useful" molecules as well as the

“useful" H-bonds amount is highlighted in black.

inhomogeneous using 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-
triol than using DEG or 2-ethoxyethanol. A molecule with more
hydroxyl groups forms more H-bonds with nearby molecules.
Therefore, the spreading of the binder species with numerous hy-
droxyl groups becomes increasingly difficult. In fact, the Ohne-
sorge number (Oh) of the binder solution, which is a parameter
demonstrating the ratio of fluid viscosity over inertial and surface
forces, is required to be smaller than 1.1,43 At the burn-out stage,
the mean energy barriers of all three binder species are nearly
identical. Meanwhile, the error bar in DEG and 2-ethoxyethanol
rises significantly to 268.41 kcal/mol and 217.90 kcal/mol,
respectively, whereas that of 1-(2,2,2-trihydroxyethoxy)ethane-
2,2,2-triol decreases from 188.76 kcal/mol to 83.82 kcal/mol.
The mean energy barriers and the error bars of all three binder
species achieve the maxima after sintering. Among them, the
highest mean energy barrier is featured in DEG, which is roughly
254.32 kcal/mol higher than that in 2-ethoxyethanol, and 284.77
kcal/mol higher than that in 1-(2,2,2tri-hydroxyethoxy)ethane-
2,2,2-triol. Similarly, the greatest error bar of the energy barri-
ers is featured also in DEG and is 194.77 kcal/mol and 346.08
kcal/mol larger than that in 2-ethoxyethanol and 1-(2,2,2-tri-
hydroxyethoxy)ethane-2,2,2-triol, respectively.
Fig. 19 compares the average ratio of the number of “useful"
H-bonds over the number of “useful" molecules (a) as well as
the average number of “useful" H-bonds (b). Apparently, the
average number of “useful" H-bonds and the average ratio of
the number of “useful" H-bonds over the number of “useful"
molecules are elevated, as the number of OH groups in the molec-

ular structure of binder species increases. Interestingly, the av-
erage number of “useful" H-bonds increases slightly after curing
for 2-ethoxyethanol and 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-
triol in spite of water evaporation. This increase is due to the fa-
cilitated spreading of the binder species during curing. As shown
in Fig. S6, some binder species and water molecules accumulate
on the top of the left particle at the print stage, which do not par-
ticipate in linking the two Cr-oxide nanoparticles. Curing at 393
K increases the kinetic energies of the binder species. As a result,
many binder molecules overcome the energy barrier of migration
and move into the space between the two Cr-oxide nanoparticles,
forming a “useful H-bond network between them. Besides, both
the ratio of the number of “useful" H-bonds over the number of
“useful" molecules and the number of “useful” H-bonds increase
non-linearly with the number of hydroxyl groups in the molecu-
lar structure of the binder species. This is probably because water
and Cr-oxide, the quantity of which is kept constant for each case,
also provide “useful" H-bonds.
Tab. 4 compares the average “useful" H-bonds contributions
of water, binder phase and Cr-oxide using all three binder
species. Obviously, the importance of the binder phase in
the network is improved with the growth of the number of
OH groups in the molecular structure of the binder species.
At the print stage, 2-ethoxyethanol provides 13.1%, DEG pro-
vides 29.9%, and 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-triol
provides 51.7% “useful" H-bonds on average. After curing, 2-
ethoxyethanol, DEG and 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-
triol provides 17.5%, 42.8%, and 59.2% “useful" H-bonds, respec-
tively. On the other hand, the “useful" H-bond formation of Cr-
oxide at the print and curing stages is also promoted by increasing
the number of OH groups in the molecular structure of the binder
species, since the average number of “useful" H-bonds provided
by Cr-oxide before and after curing is elevated significantly as the
number of OH groups in the binder species increases.
Fig. 20 demonstrates the average number of new Cr-O bonds
bridging the two nanoparticles after sintering. Apparently, an in-
creasing number of Cr-O bonds linking the two Cr-oxide nanopar-
ticles leads to higher breaking strength. The variation of the
breaking strengths between different binder species is possibly
due to the powder shapes. Another potential cause is the different
surface oxygen consumption through especially the carbon ox-
idation. Because a 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol
molecule has more oxygen in its molecule structure than the other
two species, its oxidation consumes less surface oxygen of the Cr-
oxide powders, whose amount is a trade-off for the bridging Cr-O
bonds formation. However, more research regarding the underly-

Table 4 Average “useful" H-bonds contributions from water, binder phase, and Cr-oxide nanoparticles

2-ethoxyethanol DEG 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-triol

Print

water 10.84 33.07 42.68
binder phase 3.18 27.31 102.01
Cr-oxide 10.19 30.97 55.03
sum 24.21 91.35 199.72

Curing

water 8.65 7.32 16.89
binder phase 4.88 27.47 123.19
Cr-oxide 14.41 29.40 68.02
sum 27.94 64.19 208.10
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Fig. 20 Comparison of the number of newly formed Cr-O bonds between

the two sintered Cr-oxide nanoparticles. The bar diagram demonstrates

the mean energy barriers. The mean number of new Cr-O bonds are

presented with the black line.

ing mechanism is required in the future.

Conclusions and Outlooks

In the present work, we propose a model for the BJP process
based on the ReaxFF reactive force field method. The model is
applied to investigate the evolution of AISI 316 L stainless steel
powders during a BJP cycle. We first prepare a BJP system using
2 Cr-oxide nanoparticles, 160 water, and 60 DEG molecules and
perform NVT-MD simulation at 300 K, 393 K, 900 K, and 1900
K to simulate the print, curing, burn-out and sintering stages, re-
spectively. Results indicate that the water and DEG molecules first
agglomerate and attach to the surface of the Cr-oxide nanoparti-
cles inhomogeneously at the print stage. They form a H-bond
network that bonds the two Cr-oxide nanoparticles. During cur-
ing, many water molecules evaporate, while the DEG molecules
remain in the H-bond network. This H-bond network starts to
break down as the temperature is elevated to 900 K. Most DEG
molecules decompose and are oxidized to gaseous species, how-
ever, a small number of carbon atoms are absorbed by the surface
oxygen of the Cr-oxide nanoparticles. Subsequently, the two Cr-
oxide powders start to merge by forming Cr-O bonds between
them at the burn-out stage. During sintering, the remaining car-
bon atoms are oxidized gradually by the surface oxygen. Further-
more, hydroxyl groups on the surface dissociate from Cr-oxide by
attracting nearby hydrogen atoms and forming water molecules
subsequently. On rare occasions, they directly escape from the
Cr-oxide particles as hydroxyl radicals. Both the carbon oxida-
tion and dehydrogenation continuously reduce the surface of the
Cr-oxide and create oxygen vacancies on the surface of powders.
During sintering, the formation of the Cr-O bonds accelerates sig-
nificantly, which bridge the two Cr-oxide nanoparticles. Conse-
quently, the breaking strength is extensively improved after sin-
tering. During a BJP cycle, the distance between the mass centers
of the two Cr-oxide nanoparticles declines gradually, suggesting
a shrinkage and densification of the BJP sample. In addition, the
energy barriers of particle separation at different stages are com-
pared, which reflect the breaking strengths during the BJP pro-
cess. According to our simulations, the energy barrier of the green

sample after curing is improved with respect to the print stage.
The highest strength is featured after sintering. This increasing
trend agrees well with the trend observed in experiments.1,2 At
the print and curing stages, the “useful” H-bond network plays a
crucial role in bonding the two Cr-oxide particles. All DEG/water
molecules and the H-bonds in this “useful” network contribute di-
rectly to bonding the two Cr-oxide nanoparticles. After curing,
the ratio of the number of “useful” H-bonds over the number of
“useful” molecules in the network rises, indicating that a “useful”
molecule in the network generally shares more H-bonds with its
nearby molecules. Hence, this molecule is more firmly trapped in
the network after curing. As a result, breaking the H-bond net-
work requires higher energy.
Additionally, we define two sets of simulations to investigate the
influence of water and DEG on breaking strengths independently.
We perform 5 NVT-MD simulations on each composition and com-
pare their mean energy barrier and error bar. Results demonstrate
that the energy barrier can be improved by adding either water
or DEG. This trend agrees with the experimental observation that
a higher level of binder saturation leads to a higher strength of
the green sample at the print and curing stages.12–14 A compari-
son of the “useful” H-bond network of each chemical composition
reveals a positive correlation between the number of “useful” H-
bonds and the energy barrier that reflects the breaking strength.
Therefore, both the ratio of the number of “useful” H-bonds over
the number of “useful” molecules and the number of “useful” H-
bonds can affect the breaking strength before and after curing.
On the other hand, the error bar of energy barriers is reduced
in each chemical composition after curing, suggesting that the
curing treatment improves the homogeneity of the green part.
Nevertheless, the error bars grow again at the burn-out stage and
reach the maxima after sintering, suggesting that a BJP product
becomes most inhomogeneous after sintering if no secondary op-
eration of infiltration is employed. Interestingly, the average en-
ergy barriers at the burn-out stage are similar in both sets. After
sintering, the mean energy barrier in 60 DEG is the highest. More
investigations are needed to understand the cause of such a dis-
crepancy.
Finally, since the H-bonds are crucial in determining the break-
ing strength at the print and curing stages, we investigate
2-ethoxyethanol, DEG, and 1-(2,2,2-tri-hydroxyethoxy)ethane-
2,2,2-triol as the binder species so that we can understand the im-
portance of hydroxyl groups. At both the print and curing stages,
the mean energy barrier grows as the number of OH groups in the
molecular structure of the binder species increases. Because an
increasing number of OH groups significantly promotes the “use-
ful” H-bonds formation of the binder phase and Cr-oxide. How-
ever, the error bar in 1-(2,2,2-tri-hydroxyethoxy)ethane-2,2,2-
triol is significantly higher than those of its counterparts at the
print and curing stages, implying that the green part is most in-
homogeneous using 1-(2,2,2-trihydroxyethoxy)ethane-2,2,2-triol
as the binder species.
Even though the binder species in our current simulations do not
participate directly in the bonding of powders, especially after
sintering, their oxidation and dehydrogenation reactions alter the
chemical characteristics of the surface of powders, which can fur-
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ther affect the formation of the bridging Cr-O bonds among pow-
ders. However, the extent of the influence of these two reactions
needs to be investigated in the future. Moreover, we will con-
tinue to improve our force field and incorporate elements e.g.,
Fe/Nb/Ti/Ni/Mn/Mo, etc. into our force field for simulating a
more complexing and realistic BJP process. An accurate force
field with numerous elements will provide us a deeper under-
standing of the BJP process involving carbides and Laves phase
etc.
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