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The goal of this paper was to study the effect of initial water atomized powder size and sintering
processing conditions on the grain growth and densification behavior of metallic components of
316L stainless steel. Of particular interest was to establish the relationship between grain growth
and densification. The results showed that prior to grain growth the pores are attached to the
austenite grain boundaries and/or to annealing twins, suggesting two mechanisms; 1) the pores at
the grain boundaries act as pinning force to prevent grain coarsening, and 2) the mobility of high
angle grain boundaries act as compressing force to reduce the pore size. After grain growth, the
pores are left behind the grain boundaries. At this condition, the sintering of the metallic
component becomes nearly impossible to achieve. The grain growth and sintering behavior were
systematically analyzed using advanced electron optic techniques. The results will be presented
and discussed.

Keywords: Additive manufacturing, Binder, Densification, Fractal dimension, Grain growth,
Sintering.

Introduction

Additive Manufacturing (AM) is a process that translates the 3D model data into real products
[1]. Unlike other rapid deposition systems, the binder jetting system will not have distortion by
residual stress under heat. Binder jetting comprises ink-jet printing technologies to bond the
particles layer by layer [2]. Therefore, it can work with almost any material that is available in
water atomized or gas atomized powder form. The limitations or shortcomings of this technology
have been discussed extensively in the literature.

As most binder jetting technologies focus on achieving full density parts, controlling the grain
size during sintering is also important. However, the control of grain growth and densification in
metallic components using the binder jetting processes has not been extensively explored. In this
study, the Powder-binder Jetting system called M-flex was used to fabricate metallic components
using stainless steel 316L water atomized powder. The important variables that have been
investigated included: initial particle size, sintering temperature and heating holding time. The
present research focused on the relationship between temperature ratio (Ts/Tm) and the
pore-grain boundary interaction mechanism during sintering.

Experimental Procedure

Water-atomized 316L stainless steel powders with different particle size were used in this study.
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Table. I shows the chemical composition of the 316L stainless steel. An ExOne M-Flex binder
jet-powder 3D printing system was applied for sample fabrication. During printing, powders
were spread layer by layer at a certain layer thickness, bonded with binder at 70% saturation to
the void volume between particles to form an object. Afterward, curing took place at 195 °C for
8 hours to remove the binder, hence the samples would be ready for sintering.

Sintering was performed under an argon/hydrogen mixture (96% Argon + 4% Hydrogen)
atmosphere to prevent samples from oxidation. The samples were sintered at different
temperatures from 1300 °C to 1380 °C, and held isothermally from 90 min to 1440 min, as
described in Table. II. Heating rate was 5°C/min below 1000 °C and 1 °C /min above 1000 °C,
cooling rate was 1 °C/min above 1000 °C and 3 °C/min below 1000 °C. Three intermediate
isothermal holds for 120 min at 350 °C and 60 min at 630 °C and 420 °C were applied for
equipment protection.

Table. I. Chemical composition of standard 316L stainless steel.

Chemical Composition (wt.%)

Elements Fe Cr Ni Mo Mn Si N P C S
Standard 316L Bal. 18 14 3 2 1 1 0.045 0.03 0.03

Table. II. Sintering temperature and time for standard 316L.

Standard 316L
Sintering temperature Ts (°C) Ts/Tm Sintering holding time (min)
1300 0.95 90, 360, 1440
1328 0.97 90, 360, 1440
1356 0.98 90, 360, 1440
1380 0.99 90,360

Sintered density was determined by the Archimedes method [3], as Eq. (1) shows,

_ AXpy
P=B_(C-A+D) (1

where pw is the density of water[4], A is the mass of the sintered part without glue in air, B is the
mass of part with glue in the water, C is the mass of part with glue in air and D is the mass of
support part in water.

To evaluate the grain growth, samples were characterized by optical microscope and the
micrographs using ImagelJ software analysis in accordance with liner intercept method (ASTM
E112) [5]. Fractal dimension was applied to describe the stereological shape changes of the
pores during sintering. Using this technique, a two-dimensional object can be divided into N(¢)
small squares and each of them is measured by the length &. Therefore, the fractal dimension D
can be calculated as:
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In this research, the fractal dimensions were determined with the help of Imagel] using box

counting method [6,7].

Results and Discussions

Densification Response

The densification (percentage of the theoretical density of stainless steel 316L) of the sintered
samples are listed in Table. III. It was observed that samples with finer water atomized particle
size attributed to a higher densification at 1300 °C and 1356 °C. Sintered density of samples with
particle size at 24 and 15 microns increased as sintering temperature increased before 1356 °C,
but decreased at 1380 °C, which means after 1356 °C increasing the temperature did not improve
densification.

Table. III. 316L stainless steel different particle size densification.

Densification Temperature (°C)
Particle size (um) | Green density 1300 1356 1380
41 40.45% 68.41% 82.00% 84.38%
24 33.65% 69.13% 82.13% 76.88%
15 33.70% 73.89% 92.35% 80.00%

Effect of Sintering Temperature

The microstructure evolution using the particle size of 15 um is given as an example in Figure 1.
From Figure 1. (a), a high volume fraction of large pores are attached to the grain boundaries and
triple-point grains edge. When the pores are attached to the grain boundaries, grain boundary
diffusion is the main transport mechanism. With increasing heat treatment temperature, there is a
small but progressive reduction on porosity due to some pores are still attached on annealing
twin boundaries and grain boundaries. Many annealing twins are present at 1328 °C, shown in
Figure 1. (b). However, in Figure 1. (c), most of the pores are small and isolated inside grains,
indicating pore-boundary separation. The energy of the system is lower when the pores are
located at the grain boundaries; when pore and the boundary are separated, the energy of the
system increases because of newly created interfacial area[8,9,10].

As the sintering temperature increases, see Figure 1. (d), the pores become larger and appear on
the grain boundary again. The number of the pores does not decrease, and the pore size increases.
When sintering at higher temperature, densification will be slower at the final stage due to the
isolated pores within the grains. When the pores are isolated within the grains, the main diffusion
mechanism changes from grain boundary diffusion to volume diffusion, which makes the motion
of the pores difficult, hence the densification is limited. In Figure 1. (d), most pores are isolated
inside the grains and some are re-attached to the grain boundary. This stage suggests that grain
boundary mobility is faster than pore migration.

During sintering, there are three possible interaction stages between pores and grain boundaries:
1) the pore attached on the grain boundary exerting a pinning force on the grain boundary and
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hence retards grain growth; 2) the pore is dragged by the moving grain boundary during grain
growth; and 3) the grain boundary mobility is faster than pore mobility and the pores are left
behind (the grain boundary breaks away from the pores). Figure 2. shows the schematic of the
relationship between grain growth, densification and pore migration during sintering process.
The first three stages are related to the process of pores/grain boundary interaction. The last and
fourth stage shows the swelling behavior of the pores and slower grain growth behavior.
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Figure 1. Optical micrographs of the 316L stainless steel (particle size 15 pm) sintered at
(a) 1300 °C, (b) 1328 °C, (c¢) 1356 °C and (d) 1380 °C for 90 min.
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Figure 2. Shows the schematic process of grain growth versus densification and pores migration.

1.8 100
1.7
1.6
15

14

13 ~=—Fractal Dimension

Fractal Dimension
Densification (%)

1.2 —=—Densification

11

1 0
1290 1300 1310 1320 1330 1340 1350 1360 1370 1380 1390

Sintering Temperature (°C)

Figure 3. Variations of density and pores fractal dimension versus sintering temperature.
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Figure 3 shows the changes in the fractal dimension of the pores during sintering. At the start of
sintering the pores have an irregular shape (fractal dimension > 1), when sintering progresses the
fractal dimension of the pores approaches to a spherical shape (fractal dimension ~ 1.0). The
fractal dimension seems to increase at 1380 °C because of the pore coarsening and reattaching to
the grain boundary which increase the average dimension of pores [13].

Effect of Sintering Holding Time
Table III and Figure 4 show the relationship of densification and holding time for samples with
15-micron particle size. As expected, densification increased as the holding time increased for a

given sintering temperature. The highest density appeared at 1356 °C with a holding time of 360
min, and did not improve at longer holding time. As shown in Figure 4, the densification at 1356
°C was higher than 1300 °C. However, the 1300 °C curve continued arising and the 1356 °C
curve remained stable as the holding time increased. At 1380 °C, the density decreased compared
to 1356 °C. Thus, there seem to be an optimum sintering temperature no higher than 1356 °C for
the system studied in this work. On the other hand, it seems that longer holding times at 1300 °C
may increase the densification (%). This will be studied in future work.
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Figure 4. Densification versus holding time at different sintering temperature (15um).

Figure 5. (a)-(f) show the microstructure of the 15um specimens sintered from 90 min to 24
hours at 1300 °C and 1356 °C. At 1300 °C, most of pores were located at grain boundaries in
faceted-shape when holding for 90 min. Increasing the holding time to 360 min, as shown in
Figure 5. (e), some pores broke away from the grain boundaries and some are attached to the
annealing twin boundaries. Increasing the holding time, as shown in Figure 5. (f), the grain size
increased and the amount of pores decreased which contributed to the increased densification. At
1356 °C, most of the pores were isolated in the grains with the holding time for 90 min, as shown
in Figure 5. (a). When increasing the holding time to 360 min, the densification slightly
increased, and did not improve after a holding time of 24 hours, see Figure 5(c), the figure shows
pores coarsening and the amount of pores did not decrease which caused the density decrease. In
addition, the grain growth was delayed due to the pores exerting a pinning force to the motion of
grain boundaries.

At higher sintering temperature, grain boundary mobility is faster than pore mobility and the
pores are left behind the grain boundaries. The specimens which contained isolated pores have
shown that pore coarsening occurs by Ostwald ripening and a coalescence mechanism as has
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been shown in previous studies[14,15,16]. In addition, isolated pores entrapped with gas will
prevent full densiﬁcation[14 17]

Hos 3_‘\ ik

Flgure 5. Optlcal mlcrographs of partlcle size 15 pm samples sintered at 1356 °C for (a) 90, (b)
360 and (c) 1440 min. Sintered at 1300 °C for (d) 90, (e) 360 and (f) 1440 min.

The grain growth kinetics was studied based on Kang’s model. For the systems containing
mobile pores and in which grain boundary migration controlled by pores, Kang assumed that the
volume of material transport from grain boundary to a pore is affected by the surface area of the
pore. For lattice diffusion, the densification rate is written as[18,19]:
d 441D, ysV,
ks
- ph @

where D; 1is the lattice diffusion coefficient, ys is specific surface energy, V,, is the molar

Integrating Eq. (3) G3 =

volume, G is grain size, p is relative density, ¢ is time, 7 is the absolute temperature and k3 is a
constant related to the material and grain growth mechanism.
In the case of grain boundary diffusion, the densification rate is expressed as:
dp 773Dy6,YsVim

- _ 5
dt RTG* ®)

. k,
Integrating Eq. (5) G* = Et (6)

where D, is the grain boundary diffusion coefficient, §, is the diffusion thickness of grain
boundary diffusion and k4 is a constant related to the material and grain growth mechanism.

In the case of surface diffusion, the densification rate is the same as the Coble’s model. Fittings
of the experimental results plotted according to the Eq. (5) and (6) are shown in Figure 6. The
grain growth mechanism was identified by comparing the correlation coefficient R%. A
correlation coefficient of 1 would be an ideal fit to the corresponding mechanism. It can be seen

253



that a good linear fit was observed for the lattice diffusion controlled grain growth when
sintering for 360 min and grain boundary diffusion controlled grain growth when sintering for 90
min.

Experiments on grain growth and densification kinetic of the microstructure shows that for 316L
stainless steel 15 pum sintering 90 min, the controlling mechanism was surface diffusion, the
pores inhibited the grain boundary migration in a similar fashion as solute drag. Grain boundary
diffusion controlled the grain growth kinetics. For sintering after 360 min, lattice diffusion is the
controlling mechanism and lattice diffusion controlled the kinetics of grain growth.

The experimental results of densification and grain growth, showed a good agreement with the
Kang’s model.
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Figure 6. 316L stainless steel 15 pm grain growth data of microstructure fitted according to: (a)
Kang’s model of lattice diffusion controlled densification and (b) Kang’s model of grain
boundary diffusion controlled densification.

Conclusions

This study investigated three variables (particle size, sintering temperature, and holding time)
during the sintering of 3D printed metallic components using water atomized 316L Stainless
powder. The conclusions from this study can be summarized as follows:

1. The samples fabricated by 15 um powders showed the best sintered densification. This effect
is strongly related to the larger surface energy due to the finer particles which is released
faster during sintering.

2. The highest densification achieved was 93.90% when sintering at 1356 °C for 360 min.
However, 1356 °C is too high according to the results.

3. The optimum sintering temperature seem to be strongly related to the grain coarsening
behavior. That is, the sintering temperature should be selected at or below the grain
coarsening temperature of the metallic system.

4. Grain boundary diffusion plays an important role during the sintering process. If the pore and
boundary are separated, the grain boundary mobility is too fast. The separation of
pore-boundary will prevent full densification.
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