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Strength and thermal shock resistance of
porous reaction-bonded silicon nitride by
direct nitriding of binder jet additively
manufactured silicon
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The direct nitridation of binder jet additivelymanufactured silicon to produce porous silicon nitridewas
explored. The Taguchi Design of Experiments method was used to systematically study the effect of
time, temperature, and nitrogen flow rate on the direct nitriding of binder jet additively manufactured
silicon to produce porous reaction-bonded silicon nitride (RBSN). Highly porous (61%) samples with
high conversion (99%) to silicon nitride were achieved using a thermal profile that utilized two
isothermal holds. Further, it was shown that these samples exhibited thermal shock resistance and a
low coefficient of thermal expansion. These results indicate that RBSN is readily achievable through
additive manufacturing.

Silicon nitride (Si3N4) has material properties desirable for a variety of
applications such as heat exchangers, integrated circuity, osteointegration
scaffolds, thermal and environmental barrier coatings, and radio
communication1. Silicon nitride is often difficult to process due to its high
sintering temperature (1750–1900 °C)2,3. However, these temperatures can
be lowered using various oxide-based sintering aid combinations4–12 where
these compounds form a ternary eutectic with the silicon dioxide (SiO2)
surface-oxide layer of silicon nitride. Studies have shown that high relative
density (>97%) can be achieved, even with pressureless methods. However,
sintering aids also have drawbacks. For example,magnesia13,14, alumina, and
yttria14 all decrease the oxidation resistance of Si3N4 through the formation
of glassy silicate phases in both dry and humid air, thus limiting application
above 1200 °C. This has led researchers to develop other processing stra-
tegies for monolithic silicon nitride. One such method is reaction bonding
(RB), where metallic silicon is heated in a nitrogen-rich environment to
create silicon nitride through nitrogen diffusion into the silicon. The nitri-
ded preform is then often sintered to full density, producing a material
referred to as sintered reaction-bonded silicon nitride (SRBSN). Compared
with sintered silicon nitride powders, SRBSN lowers processing

temperatures by 350–500 °C2,15, reducing energy costs, and the starting
materials are readily available and inexpensive. The nitriding of silicon
powder compacts has been studied by Zhu et al. 2 and Guo et al. 15, where
studies showed high extent of nitriding (>97%) at 1400 °C. However, both
studies utilized sintering aids to assistwith densification. Zhu et al.2 achieved
high relative density (>99%) by sintering at 1800 °C, while Guo et al. 15

achieved moderate relative density (<74%) during a single nitriding step.
Despite the low relative density, nitriding of silicon powder compacts is an
effective strategy for creating silicon nitride structures since it represents a
lower temperature processing strategy. However, it should be noted that
high density is not required for all applications.

Porous silicon nitride-based ceramics have been shown to have
interesting properties, specifically moderate strength and thermal shock
resistance to 800 °C16–18 and lowered dielectric constant19–21. These porous
materials have been made using traditional techniques such as gel or slip
casting1.While thesemethods have shown success for two-dimensional and
axisymmetric three-dimensional components, there is a need for parts with
three-dimensional complexity, such as internal features for lightweighting
or unique strength, heat exchange, and electromagnetic properties. Additive
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manufacturing (AM) is a promisingmethod bywhich ceramic components
can be made1,22. Of the AM technologies, binder jet AM (BJAM) is an
interesting technology due to its simplicity23. A disadvantage of thismethod
is that the printed preforms are highly porous. However, this porosity could
be readily utilized if a porous ceramic is the goal.

Synthesizing the findings of prior studies leads to the conclusion that
silicon nitride structures can readily be fabricated through BJAM and
nitriding. Therefore, the objective of this work is to demonstrate a novel
processing methodology by which reaction-bonded silicon nitride (RBSN)
is produced through direct nitridation of AM silicon without the use of
sintering aids or the need for further densification. The demonstrated
approach utilizes BJAM to print silicon preforms, which were subjected to
nitriding in a high purity nitrogen-based gas. It is known that small particles
are more readily converted to silicon nitride from silicon2,24,25. However,
BJAM requires particles in the 10–40microns range for printability23. Initial
flowability tests showed that 10 µm silicon powder did not flow well, so 20
and40 µmpowderswere chosen.ATaguchiDesign of Experiments (TDoE)
was used to determine the appropriate nitriding conditions using the
Taguchi L9 array, which was utilized to reduce the total number of
experiments while maximizing the amount of information obtained from
each experiment. High but incomplete conversion to Si3N4 has been pre-
viously reported2 at 1400 °C so the experimental design started with tem-
peratures close to this value. The TDoE investigated the effect of time,
temperature, nitrogen flow rate, the number of isothermal holds, and par-
ticle size on conversion to silicon nitride. As a means for understanding the
mechanical and thermomechanical behavior the flexural strength, thermal
shock strength, and coefficient of thermal expansion were measured.

Results
Nitriding
Tables 1–4 detail the experimental structure and EN of TDoE #1, TDoE#2,
TDoE#3, and TDoE#4, respectively. The levelmean, which is the average of
the response (e.g., EN) to the control factor (i.e., time, temperature,flow rate,
etc.) level and is detailed in Table 5 for each level and each TDoE. As an
example, for the low temperature condition the average EN is computed
regardless of the level for time andflow rate. Thiswas repeated eight times to
produce the nine unique data points shown in each section of Table 5. The
36 data points in Table 5were used to construct Fig. 1where there are 9 data
points per panel which correspond to the specific TDoE. In each panel of
Fig. 1, the x-axis shows the level for the time, temperature, and flow rate.
While the physical units for each of these are different, assigning the value of
1, 2, or 3 allowed them to be displayed on the same figure for ease of
comparison to determine the optimal processing parameters. In each panel,
the y-axis shows themean EN fromTable 5 The first design of experiments
(TDoE #1) with N2, showed that increased time and temperature lead to
increased EN and increased flow, which counterintuitively led to decreased
EN. When the processing gas was switched to N2-4%H2 (TDoE #2), the
same behavior, as compared to TDoE #1, was observed for time and

temperature and accompanied by a large increase in the EN.However, with
flow rate a large increase in the EN is seen from 100 to 250 sccm and then a
smaller increase from 250 to 400 sccm. A second isotherm was introduced
for the third design of experiments (TDoE #3). First, the samples were held
at 1390 °C for 8 hbefore increasing the temperature and thehold timeat that
high temperature. Samples processed at 1400 °C and 1410 °C, during TDoE
#2, exhibited signs of silicon melting. Indicating that the temperature
exceeded 1414 °C due to the response time of the microcontroller. Melting
was not observed in samples processed at 1390 °C and moderate nitriding
was observed, therefore, 1390 °Cwas selected as the temperature for the first
isothermal hold to be used in TDoE #3 and TDoE #4. The intent of intro-
ducing a second isothermal hold was to allow nitriding to begin at a lower
temperature and finish at a higher temperature, where diffusion kinetics
would be increased. It canbe seen again that increased time and temperature
increase the EN.However, it appears that there are diminishing returnswith
increased flow rate in TDoE #3. A large initial EN increase is observed
between 400 and 500 sccm and then a decrease from 500 to 600 sccm. The
same trends are observed in the final design of experiments (TDoE #4) with
20 µm silicon powder. Since the conditions for the highest conversion to
silicon nitride were achieved in TDoE #4, the optimal conditions from this
TDoE were used to fabricate samples for XRD and mechanical testing.
These conditions are: 8-hour isothermal hold at 1390 °C followed by a 12-
hour isothermal hold at 1450 all with N2+ 4% H2 flowing at 500 sccm.

Shown in Fig. 2 are the samples following the experiments outlined by
TDoE #4. In can be visually observed that high conversion to silicon nitride
is achieved by the white appearance of the specimen.

X-ray diffraction
The XRD pattern obtained from a sample processed at the optimal condi-
tions fromTDoE#4 is presented in Fig. 3. The sample shows the presence of
α- and β-Si3N4 phases along with a smaller presence of Si. The Rietveld
refinements revealed the phase fractions as follows: α-Si3N4: 52.4 wt.%,
β-Si3N4: 47.0 wt.% and Si: 0.7 wt.%.

Flexural strength, thermal shock, and specimen geometry
The results of flexural strength before and after thermal shock are shown in
Fig. 4. Relevant geometry and statistics are shown inTable 6.Geometry data
are provided for reference to the ASTM C1525 Type B bar, which has a
geometryof 45mmx3mmx4mm.Fig. 4 shows that theRBSNof this study
canwithstand a 600 °C thermal shock before strength is reduced below 30%
of the room temperature value. For each test, 15 sampleswere tested. Table 6
lists the average and standard deviation for the length, width, and thickness
of the specimen, density, extent of nitriding, and strength as well as the
Weibull scale factor and shapeparameter.Theunshocked specimenexhibits
a high shape parameter, indicating high reliability of the unshocked
strength.The shapeparameterdecreaseswith after the200 °C thermal shock
followed by an increase between the 400, 600, and 800 °C thermal shocks. It
should be stated clearly that the minimum number of samples were not

Table 1 | TDoE #1 Experimental Structure and Extent of
Nitriding

Experiment Time (h) Temp (°C) N2 flow
rate (sccm)

Extent
nitridation

1 4 1390 100 3.99%

2 4 1400 250 9.18%

3 4 1410 400 24.09%

4 8 1390 400 4.03%

5 8 1400 100 13.13%

6 8 1410 250 43.91%

7 12 1390 250 21.18%

8 12 1400 400 31.24%

9 12 1410 100 54.23%

Table 2 | TDoE #2 Experimental Structure and Extent of
Nitriding

Experiment Time (h) Temp (°C) N2-4H2 flow
rate (sccm)

Extent
nitridation

1 4 1390 100 31.03%

2 4 1400 250 55.84%

3 4 1410 400 64.79%

4 8 1390 400 52.59%

5 8 1400 100 57.19%

6 8 1410 250 74.93%

7 12 1390 250 55.67%

8 12 1400 400 73.25%

9 12 1410 100 62.07%
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tested to meet the requirements for a true Weibull analysis. The data pre-
sented here are for qualitative assessment only.

Coefficient of thermal expansion (CTE)
Shown in Fig. 5 are the results of the CTEmeasurements vs temperature at
100 °C increments starting at 100 °C ending at 1000 °C. These data show
that CTE increases with temperature, with the magnitude of the increase
decreasing as temperature increases. At 100 °C the CTE is measured to be
1.25 × 10−6/°C.

Discussion
An important considerationwhen interpreting these results is that the EN is
a mass-based measurement that is more sensitive to overestimation of the
starting mass than it is to the underestimation of the final mass. Over-
estimation of the starting mass can be as simple as measuring the mass of a
sample that has absorbed atmospheric moisture, which is typically the case
in humid environments. This overestimated starting mass is used to

compute the theoretical mass if full conversion to silicon nitride is achieved.
Since the mass of silicon is lower than the apparent sample mass, the esti-
mated EN will also be lower. It is worth discussing that the reactivity of the
metal is inherently linked to the temperature. As temperature increases,
reactionkinetics also increase. Further, the reaction to siliconnitride is based
on the availability of nitrogen to complete the reaction. In the experiments
using N2 as the reactive gas (TDoE #1), a naïve interpretation of the data
presented in Fig. 1would be that the ENdecreasedwith increasingflow rate.
It is worth mentioning that while the Taguchi method is designed to de-
convolute the effect of each factor on the response during experimentation,
this can be challenging based on the specific response. In the present case,
the EN is a mass-based calculation which indicates the mass change during
experimentation (i.e., the amount of nitrogen absorbed during heating).
Small changes in the mass can lead to large changes in the computed EN.
Melting of the silicon was observed in samples processed at 1400 and
1410 °C. As such, spherical nodules were present on the surface of the
samples during post-experimental observations. While recording the post-

Table 4 | TDoE #4 Experimental Structure and Extent of Nitriding

Experiment Time1 (h) Temperature1 (°C) Time2 (h) Temperature2 (°C) N2-4H2 flow rate (sccm) Extent nitridation

1 8 1390 4 1400 400 41.87%

2 8 1390 4 1410 500 73.07%

3 8 1390 4 1450 600 78.84%

4 8 1390 8 1400 600 57.89%

5 8 1390 8 1410 400 80.84%

6 8 1390 8 1450 500 84.69%

7 8 1390 12 1400 500 83.24%

8 8 1390 12 1410 600 84.32%

9 8 1390 12 1450 400 76.58%

Table 3 | TDoE #3 Experimental Structure and Extent of Nitriding

Experiment Time1 (h) Temperature1 (°C) Time2 (h) Temperature2 (°C) N2-4H2 flow rate (sccm) Extent nitridation

1 8 1390 4 1400 400 26.17%

2 8 1390 4 1410 500 76.95%

3 8 1390 4 1450 600 82.30%

4 8 1390 8 1400 600 46.48%

5 8 1390 8 1410 400 80.76%

6 8 1390 8 1450 500 86.21%

7 8 1390 12 1400 500 60.29%

8 8 1390 12 1410 600 86.14%

9 8 1390 12 1450 400 82.84%

Table 5 | Level means for TDoE #1 - TDoE#4

TDoE #1 EN Level Means TDoE #2 EN Level Means

Level Time Temperature Flow Rate Level Time Temperature Flow Rate

1 12.42% 9.73% 23.78% 1 50.56% 46.43% 50.10%

2 20.36% 17.85% 24.76% 2 61.57% 62.10% 62.15%

3 35.55% 40.75% 19.79% 3 63.67% 67.27% 63.54%

TDoE #3 EN Level Means TDoE #4 EN Level Means

Level Time Temperature Flow Rate Level Time Temperature Flow Rate

1 61.81% 44.31% 63.26% 1 64.59% 61.00% 66.43%

2 71.15% 81.28% 74.48% 2 74.47% 79.41% 80.33%

3 76.42% 83.78% 71.64% 3 81.38% 80.03% 73.68%
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experimental mass, it was difficult to account for all the spherical nodules
and thus, the recorded mass was lower. Since the flow rate was simulta-
neously changed when the temperature was changed for each experiment,
this indicated that higher flow rates of N2 lead to decreased EN. Further, it
must benoted that for thedatapresented inFig. 1, the averageEN for the400
sccm flow rate was low, in part, because silicon was melted during the
experiments at 1410 °C. Nevertheless, the conversion to silicon nitride was
low because of the presence of the native-oxide layer on the exterior of the
silicon particles that naturally occurs when the silicon particles are intro-
duced to air during printing. Therefore, the process gas was switched toN2-
4%H2.

In the second set of experiments (TDoE #2), it was observed that after
the processing gaswas switched toN2-4%H2, a glassy layerwas foundon the
inner diameter of the furnace tube on the outlet side of the furnace. This
glassy layer was presumed to be silicon monoxide (SiO). This is supported
by studies indicating that SiO2, in the presence of hydrogen, reacts to form
SiO andH2O gases26,27. Though the reaction between SiO andN2 to Si3N4 is
thermodynamically favorable, the presence of the glassy layer indicates that
the high flow rate carried SiO gas downstream quickly enough that reaction
did not occur. It is shown in Fig. 1 that the presence of hydrogen is highly
beneficial for silicon nitride conversion from silicon. This has previously
been reported in the literature2,24,25. Despite this benefit, the ENwas still low.
Post-experimental observations showed that samples processed at 1400°C
and 1410 °C exhibited melting of the silicon, in-spite of higher EN as
compared to samples processed at 1390 °C. Though the melting tempera-
turewas not exceeded by the temperatures selected for experimentation, the
melting temperature was exceeded due to the response time of the furnace
microcontroller.Here it was postulated that two isothermal holds could lead
to increased EN. The first isothermal hold was to start nitriding of the
silicon, and the second isothermal hold to increase reaction kinetics and
finish nitriding. Similarly, less melting was observed for samples processed
for 8 h when compared to samples processed for 12 h, again, in-spite of the
higher EN observed in the 12-hour samples. As mentioned, the reaction to
silicon nitride is based on the availability of nitrogen to complete the
reaction. This also applies to the availability of hydrogen to complete the
reduction reaction and thus enable nitriding. In TDoE #2 an EN increase is
observed with increasing flow rate, in-spite of the issues with melting and
final mass measurement described previously.

The third set of experiments (TDoE #3) consisted of an 8-hour
hold at 1390 °C and then heating to higher temperatures, holding for
different amounts of time, and increasing the flow rate based on the
findings of TDoE #2. The set of experiments showed that utilization of
a second isothermal hold was highly beneficial to increasing the EN
(Fig. 1). These results differ from previous studies where a single
isothermal hold was used2,24,25. It must be noted that these previous
studies used smaller silicon powders (1–10 micron) and the latter two
studies used various metal catalysts to improve nitriding. From the
currently presented findings, it seems that larger silicon particles
melt, before significant nitriding is experienced. Therefore, time at
the lower temperature is needed to create a nitride layer strong

Fig. 1 | Effect of gas composition, gas flow rate, time,
temperature, number of isothermal holds, and par-
ticle size on the Extent of Nitriding.

Fig. 2 | Samples fromTDoE#4. Experiment number increase from left to right from
the top to the bottom.
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enough to resist penetration of the molten silicon within the particle
once the melting temperature of silicon is exceeded. Further, an
observed decrease in EN with increased flow rate is observed. Likely,
due to increased availability of hydrogen for the reduction reaction
leading to melting, thus furthering the reaction since reaction pro-
ducts are being pulled away in the form of SiO gas.

As mentioned previously, smaller particles are more easily
nitrided2,24,25. Fig. 1 shows that temperature and flow rate affect nitriding of
the 20 µm particles (TDoE #4) at approximately equivalent rates as the
40 µmparticles (TDoE #3).However, the EN increased at amuch faster rate
with time that previously shown for the 40 µm particles. This final TDoE
showed that the best conditions for nitriding of this silicon are to first hold
the samples at 1380 °C for 8 h, then heat to 1450 °C and hold for 12 h, all
with 500 sccm of flowing N2+ 4%H2. These conditions were chosen
because they provided the highest EN. However, this is not immediately
clear from Fig. 1. There was a 1% EN difference between the level mean for

level 2 and level 3 temperature inTDoE#4 (Table 5). Though 1%maynot be
a significant increase between level 2 and level 3, itmust be kept inmind that
the optimal conditions are chosen to be the conditions that produce the
highest EN regardless of level. These conditions resulted in a sample that
showed a mass-based EN of 88%, which is a significant increase when
compared to both level 2 and level 3 temperature EN. Analyzing samples
processed at these conditions indicated that >99% conversion to silicon
nitride was achieved by Rietveld analysis of the XRD data in Fig. 3. This
discrepancy between the XRD and the EN measured clearly indicates
inaccuracies of the mass-based EN, as discussed previously. Regardless, EN
is useful for quickly measuring experimental success in the lab and is valid
enough for making experimental decisions. However, this may not be
applicable to all materials systems (i.e., other nitrides or carbides). Using the
optimal conditions of TDoE #4, samples were made for mechanical testing.

The mechanics of materials are heavily dictated by porosity28,
with some material properties (e.g., elastic modulus) showing a
quadratic decrease with increasing porosity. Shan et al.29 created
porous silicon nitride samples using carbothermal reduction and
nitridation of silica. These researchers used three different particle
sizes of SiO2 and report flexural strengths between 24–176 MPa with
porosity levels between 36 – 71%. In a recent review paper30, the
strengths of porous silicon nitride made from different manu-
facturing methods are tabulated. The strength is between
60–150 MPa (30–50% porosity) for extrusion molding, 10–30 MPa
(70–90% porosity) for direct foaming, 6–65 MPa (60–90% porosity)
for freeze drying, 100–250 MPa (40–60% porosity) for gelcasting,
<100 MPa (45–75% porosity) for carbothermal reduction and nitri-
dation, 50–300 MPa (40–60% porosity) for reaction sintering, and
100–400 MPa (35–60% porosity) for phase change sintering starting
with α-Si3N4 powders. This study reports a flexural strength of
19.40 MPa for samples with ~62% porosity. The currently presented
findings (Table 6) are within the range of literature data, albeit the low
end. Furthermore, the data presented here indicate that a significant
reduction in strength is not experienced even after a 600 °C thermal
shock. Similar behavior has been observed for 42% porous gel-cast
silicon nitride with sintering aids31, 47% porous silicon nitride fab-
ricated using self-propagating synthesis18, and 57% porous pres-
sureless sintered silicon nitride32. It is worth noting that these
previous studies all utilized small particle sizes, on the range of

Fig. 4 | Flexural strength versus shock temperature. The red circles indicate the
average data, the red lines indicate the standard deviation, and the black squares
represent all data measured.

Fig. 3 | XRD of starting powder and reaction-
bonded silicon nitride with the first five major
peaks of α-Si3N4 and β-Si3N4 labeled. Inset shows
AM silicon preform and a sample processed at the
optimal conditions per TDoE #4.
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0.37–1 µm diameter17,31,33. The material performance exhibited in
these studies can be, at least partially, attributed to the porosity level
and particle size. Smaller particles directly translate to smaller pores
and, therefore, more interfaces to inhibit crack propagation during
quenching. Previous studies have shown that control of the pore size
and orientation have a direct effect on thermal shock resistance34.
Though careful control of the pore size is not achievable in binder jet,
since the powder particles are randomly packed, the results presented
here are promising for AM of thermal shock resistant silicon nitride.

The presented CTE data (Fig. 5) show an increase from 1.25 × 10−6/°C
to 3.75 × 10−6/°C between 100 °C and 1000 °C. The CTE of fully dense
silicon nitride is reported to be between 3.1 – 3.58 × 10−6/°C35,36. Comparing
the presented results with those previously published indicates a negative
correlation between CTE and porosity. It is acknowledged that comparing
the CTE of a porous material and a dense material is not a one-to-one
comparison, but this comparison will have to suffice since it has been
challenging to find porous silicon nitride CTE data in the literature. How-
ever, the same negative correlation between CTE and porosity has been
shown in porous silicon carbide37, alumina38, and cordierite-mullite-
alumina composites39. Independent of a fair literature comparison, the
presented data indicate lowCTE, which provides insightful information for
future engineering applications, such as integration with metals for indus-
trial heat exchangers or low thermal expansionmaterials used as insulation.

Binder jet additively manufactured silicon was subjected to direct
nitridation with high conversion efficiency. Highly porous samples (62%)
exhibited thermal shock resistance to 600 °C thermal shock without
strength degradation. It is known that porosity control has direct implica-
tions for a material's performance. Synthesizing results from previous stu-
dies, it can be concluded that a random pore distribution from the stacking
of spherical or semi-spherical particles does not affect the thermal shock
resistance behavior of highly porous silicon nitride. It can be further con-
cluded that the methodology described in this study is suitable for creating

highly porous silicon nitride through a combination of AM of silicon fol-
lowed by direct nitridation. These findings have implications for the fab-
rication of complex-shaped, highly-porous silicon nitride heat exchangers,
osteointegration scaffolds, and radomes.

Methods
Silicon powders (99.9% purity, <0.001% Fe, Cu, Ni, Ca, and Mn, <0.002%
Mg and Al, <0.005% B, and <0.008% P) were purchased from US Research
Nanomaterials (product number US5008) in two particle sizes, 40 and
20 µm, and printed, separately, on an ExOne Innovent with ExOne Aqua-
Fuse Binder. Relevant printing parameters are provided in Table 7. Samples
used in TDoE #1 – TDoE #4 were printed in batches of 20 and were
nominally 25mm in diameter and 6mm thick. Specimens for flexural
strength, thermal shock, andCTEmeasurementwere all printed in the same
additive build. The as-printed densities and geometric variations for the
samples used in each experimental design, are provided in Table 8.

Before nitriding, all preforms were subject to a thermal debind cycle
with Ar-4%H2 flowing at 200 sccm in a 5-inch inner diameter and 36-inch
furnace tube. During the debind, preforms were heated to 450 °C at 4.1 °C/
min, held for 30min, and then heated to 630 °C at 4.1 °C/min and held for
2-hours to decompose the polymeric binder. The Taguchi method is a
flexible method for a systematic experimental investigation that maximizes
useful information from a fewer number of samples, as compared to Full-
Factorial or Fractional-Factorial design of experiments methods. As such,
per the Taguchi Method, one sample was run for each experiment. Within
the TDoE the control factors were time, temperature, and flow rate of a
nitrogen-based gas (N2 or N2-4%H2) were varied to determine their effect
on nitriding. As experimental progress was made, a second isothermal hold
was investigated to determine if elevated temperature enhanced diffusion
kinetics such that a significant increase in nitriding could be observed. Four
different TDoEwere performed and are shown inTables 1–4. Thefirst set of
experiments (TDoE #1) usedN2 as the nitrogen source while the second set
of experiments (TDoE #2) usedN2-4%H2. Based on findings fromTDoE #1
and #2 an isothermal hold at 1390 °C for 8 h was used, and then the tem-
perature was increased to complete nitriding in TDoE#3 and TDoE #4.
TDoE#3usedN2-4%H2, and theTDoE#4was a duplication of the third but
used samples printed with a 20 µm powder. The N2 and N2-4%H2 used in
this study were high purity (99.99%, AirGas). In each experimental set the
control factors were varied between a low, medium, and high level where

Table 6 | Geometry, nitriding, and mechanical testing statistics

N = 15 Length (mm) Width (mm) Thickness (mm) Density (%) EN (%) Strength (MPa) Scale Factor (MPa) Shape Parameter

FS 44.53 ± 0.07 4.13 ± 0.04 3.18 ± 0.08 38.12 ± 0.80 87.41 ± 2.30 19.40 ± 2.57 20.35 16.18

ΔT200 44.48 ± 0.08 4.11 ± 0.06 3.00 ± 0.07 39.45 ± 0.65 92.41 ± 0.87 22.05 ± 3.74 23.61 6.58

ΔT400 44.54 ± 0.07 4.10 ± 0.04 3.18 ± 0.05 38.05 ± 0.41 92.36 ± 1.35 19.87 ± 2.71 21.07 7.79

ΔT600 44.51 ± 0.04 4.14 ± 0.03 3.10 ± 0.05 39.00 ± 0.37 92.83 ± 1.53 23.14 ± 2.76 24.35 8.63

ΔT800 44.54 ± 0.04 4.13 ± 0.02 3.08 ± 0.04 37.47 ± 1.71 93.38 ± 2.20 8.89 ± 1.08 9.34 10.79

Fig. 5 | Coefficient of thermal expansion (CTE) vs temperature. The red dots
represent the average, and the black lines represent the standard deviation.

Table 7 | Printing parameters

Parameter Value

Layer thickness (µm) 100

Binder saturation ratio (%) 50

Recoat speed (mm/s) 50

Bed temperature (°C) 60

Roller speed (rpm) 400

Roller traverse speed (mm/s) 2

Ultrasonic intensity (%) 100

Binder set time (s) 5

Layer drying time (s) 15
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were assigned the values of 1, 2 and 3, respectively. This was done solely for
plotting purposes, which is explained in the Results section.

During thenitriding experiments all sampleswereheated in aCM1600
Series Rapid Temp Lab Furnace with three heated zones, each controlled
with aEurotherm3508microcontroller anda3-inch innerdiameter 48-inch
furnace tube. During experimentation, a 4.1 °C/min heating rate was used
from room temperature to 900 °C, 10 °C/min was used from 900 °C to the
final temperature, and the furnace was cooled at 4.1 °C/min. The slower
heating rate was used to prevent thermal shock of the furnace tube. The
conversion to Si3N4 was estimated by computing the Extent of Nitriding
(EN) using Eq. 140.

EN ¼ mobserved �minitial

mtheoretical �minitial
ð1Þ

Wheremobserved is themassof the sample afternitriding,minitial is themassof
the silicon sample before nitriding, and mtheoretical is the theoretical mass of
the sample if the stoichiometric reaction to silicon nitride occurs. The
mechanical performance of the silicon nitride was assessed using four-point
bending per ASTM C116141 and thermal shock per ASTM C152542, both
using Type B bars. Samples were shocked to produce a temperature
difference of 200, 400, 600, and 800 °C. 15 samples were tested for flexural
strength and thermal shock resistance in the as-printed condition after
nitriding. Dilatometry was performed using a dual-pushrod dilatometer
following ASTM E228 (Netzsch DIL 402HT Supreme-Expedis) to obtain
the CTE. The manufacturer stated uncertainty for CTE is ±5.3% of
measurement. The standard specimenswere 25.0 mm long and 2.0–4.0 mm
in diameter. Heating rates of 3 °C/min were used. The measurements were
performed in an Ar-purge gas with 20–80ml/min flow rate. A NIST
sapphire standard was used to calibrate the thermal expansion of the
pushrods and sample holder. The CTE was measured on five samples. A
continuous θ-2θ scan was performed on the Panalytical X’pert diffract-
ometer fromnominally 10 to 90° 2θusingCuKα radiation (λ = 1.540598 Å).
¼°fixed slits,½° anti-scatter slit, 0.04 soller slits coupledwith a 10mmmask
(beam length) were used. For the phase identification procedure, a search
match was conducted using the Jade software43 and the ICDD database44.
Rietveld refinement was performed using the GSAS II software45. XRD data
were collected from a polished cross-section of an as-produced sample. A
sample processed at the optimal nitriding conditions from TDoE #4 was
sliced through the thickness of the sample.

Data availability
All data are provided within the manuscript.
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