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*Highlights (for review)

e 17-4 PH MIM feedstocks tailored to three different powder volume fractions
e powder shape quantified using dynamic image analyzer

e injection molding parameters optimized for complex-shaped item

e variation in coarse size fraction influences flow stability of feedstocks

e variation in coarse size fraction considerably affects dimensional tolerances



*Abstract

ABSTRACT

This work reports on an essential effect of rather slight size differences in water atomized 17-
4PH stainless steel powder on resulting microstructure and dimensional tolerances of metal
injection molding (MIM) parts. The powders of round to irregular shapes prepared in three
different powder volume fractions were admixed into the paraffin wax/HDPE (50/50) binder
in a double sigma mixer. After determination of critical solid loading, the rheological,
molding, and sintering performance of 66 vol. % solid loading feedstocks was tested on a
complex-shaped MIM component. The slight differences in size fractions are reflected also in
the powder shape, which was quantified through sphericity factor and aspect ratio by dynamic
image analysis. The results indicate an increase in viscosity, flow instability and injection
pressure, lower sintered density with enhanced dimensional deformations for feedstocks
having higher amount of coarser (10-20) um fraction accompanied with higher shape
irregularity determined from sphericity factor and aspect ratio.
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Reviewer #1: This paper investigates the effect of powder size differences and the corresponding
shape differences on key parameter for MIM. The paper is well written, and the design of the
experiment and the results and discussion are clear. | would recommend it for publication with
several minor changes being made.

1. There are no captions for all the figures and tables. — included in the revised version

2. The SEM micrographs of powders (Fig. 2, examples for WA 24 and WA _44) indicate round to
irregular shaped particles. Do the authors mean round for WA_24 and irregular for WA_44? Or for
each of them, there are both round and irregular ones? | understand the latter is true but it is
important to clarify this so that readers can better understand the following discussion. — yes, the
latter is correct, we tried to express it clearly in the revised manuscript in order not to confuse the
readers

3. Section 3.2: The authors identify several trends of CSL, Sw and n among WA 24, WA 34 and

WA 44, and discuss the relationship of these trends. How do the authors determine if these trends
are CLEAR? | mean, for example, the difference between Sw for WA_34 and Sw for WA_44 is less
than 2%, and the CSL for those three compounds are 71, 70 and 69%. How do the authors determine
if these differences are significant or insignificant? — yes, you are right, the differences are rather
small, and we had to be really careful to intercept them. Slight differences are attributed to the slight
differences in the PSD (and as a consequence also shape) of the tested feedstocks. However, this is
exactly the point — only little difference in the powder characteristic resulting in the slight variation of
important parameters as CSL has the essential effect on the resulting MIM parts performance; in fact,
the small powder characteristics variation decides if the part meets the tolerances or not. Thank you
for matching this point — we stress it in the revised abstract as well.

4. Section 3.3: This is attributed to the flow performance and structure stability associated with the
higher coarser particle fraction (WA_44). It would be better to clearly describe what the flow
performance and structure stability of WA_44 are, in order to make the argument more convincible.
—according to our long term research in MIM we feel more and more stronger that the stability of the
viscosity, i.e. its repeatability and independence on time, is more important variable than its variation
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relays on the dependence of viscosity on shear rate, and reports flow index to be the key parameter
for successful injection molding. We modified the text as highlighted.

5. Fig. 7: (1) Keep all the format for the two figures same. — done in the revised version

(2) which can be also attributed to the coarser particle fractions with the lower sphericity: I'm
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clearly. —in general, both: in our previous paper we found out that for coarse (11 and 20 um)
particles, the processability is better in the case of spherical (gas atomized powders), whereas in the



case of fine powders (3 and 8 um), water atomized feedstocks show a better performance. The latter
is rather opposite to generally accepted statements concerning the effect of particle shape on flow
behavior of filled polymer melts. | am afraid it is too early to say, which one is dominant, as we have
still not enough reliable data to make generally applicable rule, and the data which can be found in
the literature does not help much in this respect as well.

6. A general concern is that while the title of this paper mentions the particle size fraction only, both
size and shape affect the quality of MIM components. I'm glad that the authors already clearly say
this point in the abstract and conclusion. It would be good to emphasize this point when discussing
the dependence of viscosity, flow instability and other parameters on these two factors. — to
distinguish the effect of shape and size is a tricky task, we addressed that in the previous paper
published (Powder Technol. 312, 2017), where we had a unique possibility to work with a set of 4
powders produced by GA and 4 powders produced by WA, with PSD always kept similar for one GA
and WA “couple”. The main result of this study is that in order to satisfactorily distinguish between
the effects of shape and size not only more data, but another type of modelling must be employed. At
the moment we are working on the project producing so called master curves to help to find an
answer.
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ABSTRACT

This work reports on an essential effect of rather slight size differences in water atomized 17-
4PH stainless steel powder on resulting microstructure and dimensional tolerances of metal
injection molding (MIM) parts. The powders of round to irregular shapes prepared in three
different powder volume fractions were admixed into the paraffin wax/HDPE (50/50) binder in a
double sigma mixer. After determination of critical solid loading, the rheological, molding, and
sintering performance of 66 vol. % solid loading feedstocks was tested on a complex-shaped
MIM component. The slight differences in size fractions are reflected also in the powder shape,
which was quantified through sphericity factor and aspect ratio by dynamic image analysis. The
results indicate an increase in viscosity, flow instability and injection pressure, lower sintered
density with enhanced dimensional deformations for feedstocks having higher amount of coarser
(10-20) um fraction accompanied with higher shape irregularity determined from sphericity

factor and aspect ratio.
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Introduction

Metal Injection Molding (MIM) technology inherits the advantages of plastic injection molding
and powder metallurgy for manufacturing small-to-medium size precise metal components from
different alloying composition such as steels (Fe2Ni, Fe7Ni, FeCr), stainless steels (SS 17-4PH,
SS 420, SS 316L), high temperature alloys (HK30, Inconel 713) and high wear resistance alloys
(cemented carbides). In general, any alloy available in a powder size ranging between 0.5 and 20
pm should be processable with MIM.

Technology involves consequent processing steps starting from identifying suitable powder
and binder system for successful mixing and injection molding. Molded (green) components then
undergo debinding, where a binder is removed through solvent, thermal or catalytic approach.
After a complete binder removal, metal particles are sintered to form a dense structure of a metal
body with density and mechanical properties similar to a wrought metal.

Selection of suitable powder type plays a key role in MIM, governing molding and sintering
conditions. Gas atomized powders can be packed to high densities with suitable viscosity during
injection molding, whereas their spherical shape limits the component strength during debinding
and sintering [1-2]. However, lower oxygen in the gas atomized powders with enhanced powder
packing results in a higher densification during sintering. In contrast, rounded or irregularly
shaped water atomized powders exhibit higher resistance to flow and lower packing density due
to the presence of oxides inducing porosity, and thus lower sintered density [3-6]. A comparison
study of the 14 pum gas and water atomized powders after sintering in a hydrogen atmosphere at
1300 °C resulted in the sintered density of 98.9 % with the tensile strength of 1280 MPa for the
spherically shaped powder, and 97.2 % with the tensile strength of 1080 MPa for the irregularly

shaped one [7]. However, the difference in the obtained strength may be to some extent



eliminated by sintering of water atomized powder at higher temperatures. Often, the cost
effective mixtures of gas and water atomized powders are used to improve the interparticle
friction to resist the slumping during debinding [7,8].

Claudel et al. [9] investigated the effect of particle size distribution (PSD) of Inconel 718
feedstock on the rheological properties. The results indicate that lower the average particle size is,
higher the critical solid loading can be achieved. The similar study on 316L feedstock by
Sotomayor et al. [10] reports the increase in feedstock viscosity for finer size fractions in the
powder. Further, shear sensitivity was found to decrease with particle size, whereas activation
energy remained unchanged. Seerane et al. [11] studied the influence of PSD on the SS 17-4PH
sintered parts and found out that the coarser PSD (12-50 pm) yielded minimum shrinkage and
inferior sintered density, whereas fine PSD (2-8 um) resulted in higher shrinkage, lower sintered
densities due to agglomerations, but superior mechanical properties. A study provided on four
gas atomized Inconel 718 powders ranging from fine (<22 pm) to coarser fractions (65-212 pm)
by Contreras et al. [12] stresses the advantages of broad PSD in terms of better packing and
lower viscosity.

Regardless of a considerable research attention to demonstrate the influence of the powder
characteristics as particle size distribution (PSD), mean size and shape, majority of them lack the
possibility to distinguish between the effect of the shape and the size. In our recent work [13],
this issue was considered and investigated for the set of gas (spherical) and water (irregular)
atomized powders having the same mean sizes. It was found out that for coarse particles the
processability in terms of rheological behavior is better in case of gas atomized powders in
accordance with previous findings, but in case of fine powders, water atomized powders showed

higher performance.



Also, the research has been so far focused mainly on advantages/disadvantages of finer and
coarser particle size on a flow performance of feedstocks, and there are only rare papers [e.g.
4,5] devoted to optimize overall MIM process to obtain desirable mechanical performance and
dimensional tolerances. Thus, in this work the emphasis is given to tailor particle size fractions
to produce a defect free complex-shaped MIM parts from water atomized 17-4PH stainless steel

powder.

2 EXPERIMENTAL
2.1 Materials and their characterization
Stainless Steel (SS) 17-4PH is a ferrous alloy containing (12 — 17) wt.% chromium, (4 — 8) wt.%
nickel, and (0 — 4) wt.% copper with possible maximum additions of molybdenum (0.5 wt. %),
silicon (1 wt. %), manganese (1 wt.%), and niobium (0.4 wt.%) and carbon (0.07 wt.%). Three
different tailor-made particle size fractions were chosen for the feedstocks™ preparation. Table 1
summarizes their key properties such as particle size distribution (PSD), pycnometer density
(Poyen), tap density (pwp), and particle size distribution width (Sy). Malvern Master Sizer 3000,
Hydro EV was used to measure Djg, Dsg, Dgg depicting the particle size of the powder at 10, 50
and 90 %, respectively, on a cumulative particle size distribution curve. The powder
abbreviations (WA 24, WA 34 and WA _44) reflect the percentage of particles with the size
between 10 um to 20 pum obtained from water atomization.

Gas pycnometer (Accupyc 1330, Micromeritics) was used for determination of pyyen Of
powders. The true volume of the solid was calculated from the drop in the pressure when the
defined amount of gas (helium) was allowed to expand into the chamber containing the sample.

Thus, the volume obtained with the pycnometer excludes the volume of pores. Tap density of



powders was determined according to MPIF 46. The defined mass of the powder was
mechanically tapped until packed to the minimum volume, and the difference between before-
and after-tapping was recorded [1].

Morphology of the powders was examined with a scanning electron microscope (NanoSEM
450, FEI) and a dynamic imaging analysis (Camsizer X2, Retsch Technology). The dynamic
imaging analysis allows to measure quantitative particle shape parameters (ratio of round to
irregular particles, satellites, agglomerates). The analyzer was equipped with two digital cameras
with > 4 mega pixel resolution.

Wax-polymer binder system composed of 50/50 mixture of paraffin wax (PW, Polyaid G101,
Gujarath Waxes, density 0.91 g.cm™) and high density polyethylene (HDPE, H2105, Huntsman,
density 0.96 g.cm™) was utilized through this study (and our previous research of the effect of
particle shape [13]), because there are no pronounced interactions complicating the study of the
particular effect of powder size/shape as in the case of binders containing polar components as

PEG and semicrystalline waxes [14,15].

2.2 Feedstock preparation

Haake PolyLab torque driven laboratory mixer was used to prepare the feedstocks. The mixer
has the maximum capacity (chamber volume) of 69 cm® with in-built thermocouples to monitor a
melt temperature during mixing. Roller rotors were used to mix the powder into the binder with
80 % of the chamber volume at 180 °C. Mixer speed was set to 40 rpm and the feedstock
response was recorded via the torque development with time. The binder ingredients were

premixed for 10 minutes, followed by the addition of the powder into the mixing chamber.



2.3 Rheological properties
In order to study the effect of the particle size fractions on the rheological properties such as

viscosity (77) and power-law index (n) a single bore capillary rheometer (SR20, Instron) with L/D
ratio of 10/1 was used. Shear rates ranging from 500 to 10,000 s™ were applied at 160, 170 and
180 °C. Time dependent viscosity measurement at a constant shear rate of 1000 s and

temperature of 180 °C was performed to interpret flow instabilities occurring in the feedstocks.

2.4 Injection molding
The MIM component tested has a mass of 25 g with length of 43.7 mm and complex design

features such as multiple holes, slots and perpendicular features varying in cross-sections (Fig. 1).
The components were molded in a CNC controlled Wittmann Battenfeld injection molding
machine. The reciprocating screw with a diameter of 30 mm was used with a clamping force of
45 tons. Injection molding parameters such as barrel and nozzle temperatures, holding pressure,
injection speed and switch over point were optimized for each feedstock prior molding green
components on a large scale. Defects (if any) generated during injection molding were screened

and related to the particle size fractions tested.

2.5 Debinding, sintering and heat treatment conditions

The binder was removed from the green parts through a combination of solvent and thermal
debinding. The solvent debinding was performed by immersion of the green components in
trichloroethylene at 50 °C for 300 min. The weight loss of the extracted binder component
(paraffin wax) was controlled to reach the minimum of 90 % before moving forward to thermal
debinding and sintering. The thermal debinding and sintering were performed inside a vacuum

furnace by heating the components up to 600 °C followed by ramping up to 1350 °C in a partial



pressure under argon atmosphere. The sintered components continued for a solutionisation
(1038 °C for 30 min) followed by heat treatment to H900 conditions (480 °C, 60 minutes).
Metallurgical properties were investigated on the final, heat-treated samples. Microstructure of
the heat-treated components was evaluated in a microscope (Nikon, Model Eclipse MA200) and

density was determined using Archimedes principle.

3 Results and discussion

3.1 Evaluation of powder characteristics

The mean particle size (Dsg) of the chosen water atomized powders is in the range of (8-9) um
(Table 1). Table 2 shows the tailored particle size distribution from fine (lower than 5 pm)
fraction to coarse one (up to 35 pum). It is observed that the WA _24, WA 34 and WA 44
powders have the (10-20 um) particle size fraction (highlighted in bold in Table 2)
corresponding to 24, 34 and 44 %, respectively, while the coarsest volume fraction (20 - 35 pum)
is kept similar. The SEM micrographs of powders (Fig. 2, examples for WA_24 and WA_44)
indicate round to irregular shape of the tested powders resulting from the water atomization
fabrication route.

As can be seen from Fig.2, the differences in size fractions are reflected also in the powder
shape. Therefore, in order to describe the powder shape in a quantitative way, the most sensitive
shape parameters — sphericity factor and aspect ratio — of the powders were measured with
dynamic image analysis. The aspect ratio, defined as the ratio of the width to the length of the
particle, attains a value between 0 (irregular) and 1 (spherical). Similarly ranging is the sphericity
factor Sp, which describes the roundness of the particles:

Sp = 4nA /P? 1)



where A is the particle area and P is its perimeter.

The WA _24 powder contains almost 58 % of spherical particles with sphericity index of 0.91,
whereas WA _34 and WA _44 contain 52 and 41 % of spherical particles with sphericities of 0.89
and 0.87, respectively. Concerning aspect ratio, WA _24 powder reaches the value of 0.82,
whereas WA_34 and WA_44 have aspect ratia of 0.8 and 0.76, respectively. Thus, the finer
powder (WA_24) contains more particles having closer-to-spherical shape than the other two

(WA_34 and WA_44).

3.2 Mixing and flow performance

The critical solid loading (CSL) of feedstocks was determined with the help of torque
measurement as recommended e.g. in [16] and described in detail in our previous work [13]. CSL
determined from torque measurement reveals the values 71, 70 and 69 vol.% for WA 24,
WA _34 and WA _44 feedstocks, respectively. The CSL values agree with findings of Claudel et
al. [9] as well as with the particle size distribution width S, calculated from the cumulative size
distributions of powders tested (Table 1). The lowest value of S, reflecting the broad particle
distribution is obtained for WA_24 feedstock, which in turn means the highest value of the
critical (maximum) loading.

Figure 3, representing the mixing torque vs. time of the feedstocks having 66 vol.% solid
loading, indicates homogeneous mixing of all three materials tested. Different values of the
obtained stable torque are attributed to the differences in CSL. The higher shape irregularity in
the WA _44 feedstock seems to enhance interparticle friction among the particles [1] exhibiting
slightly higher fluctuations in the torque development with time.

Stability of a viscosity in time dictates an ability of a feedstock to sustain high shearing
during molding. Any increase or fluctuation in the viscosity with time might indicate material

8



restructuralization induced by a flow. The stable and repeatable viscosity trends of WA_24 and
WA _34 feedstocks considerably differ for the feedstock containing WA _44 powder (Fig. 4)
indicating inhomogeneous distribution of the powder in the binder [17-19]. Higher shape
irregularity in the WA _44 restricts the flow of the binder into the particle interstices, and thus
induces the non-uniform distribution of the binder in the feedstock. Hence, the feedstock
containing WA_44 failed to provide repeatable stability test results, which consequently might
be a source of a failure of tolerances in the final products.

Figure 5 shows viscosity as a function of shear rate of the WA 24, WA 34 and WA 44
feedstocks at a temperature of 180 °C. All feedstocks exhibit pseudoplastic behavior with
viscosity decreasing with shear rate. Power law index n reveals the deviation from Newtonian
flow behavior; lower the n value, stronger the shear rate dependency of viscosity is. The n values
obtained for the tested feedstocks are: 0.40, 0.44 and 0.46 for WA_24, WA 34 and WA 44,
respectively, reflecting molecular chain ordering of the binder and the particle orientation in the
flow direction [2, 10, 20]. In this respect, particles in the WA_24 feedstock tend to orientate
more easily with the flow than WA _34 and WA _44 feedstocks.

It should be noted that overall low viscosity values obtained for the tested feedstocks can be
influenced by their slip at a capillary wall during measurement and/or the yield stress, which is

typical phenomenon for particle compounds [21].

3.3 Injection molding

Molding parameters largely depend on powder characteristics, binder formulation, and feedstock
homogeneity. Crucial molding parameters in injection molding include melt and mold
temperatures, injection speed, holding pressure and time, switch over time and cooling time [22].
The optimized molding parameters adopted during injection molding of the complex-shaped

9



MIM component (see Fig.1) are presented in Table 3. The temperature of the feedstocks in the
barrel was maintained between 170-180 °C to fill the cavity of the mold. The feedstock
containing WA _24 powder filled the cavity easily at the nozzle temperature of 180 °C, whereas
WA _44 compound was found to have the short fill in the molded component at the same
temperature due to the fact that the WA _44 feedstock exhibits more resistance towards flow,
which is detrimental for the successful injection molding of the complex geometry [1,20]. Hence,
the nozzle temperature was gradually increased from 180 °C to 195 °C to completely fill the
components with WA_44 compound. Apart from the nozzle temperature, other parameters as the
barrel temperature, holding pressure and time, injection speed and switch over point (SOP) were
kept constant for all feedstocks. The initial metering stroke was maintained to 42 cm® and the
injection screw was moved till the SOP up to 32 cm® to fill approximately 10 cm?® of the molten
material into the cavity of the mold. Filling percentages of the MIM component were 60, 52 and
49 % for WA_24, WA_34 and WA_44, respectively, in the filling phase, whereas the rest of the
component was successfully filled completely in the packing phase. The changeover injection
pressure generated during molding was found to be significantly higher (897 bar) for WA _44
feedstock compared to 623 and 758 bar generated for WA 24 and WA _34, respectively. This is
attributed to the flow performance of the feedstock containing the higher coarser particle fraction
(WA_44), which is neither repeatable nor stable in time, reflecting a structure variation upon
shearing. It seems that the stability of the viscosity, i.e. its time dependence, is more important
variable than its variation with shear rate. Also, the green components produced using the

feedstock containing WA _44 had rather rough surface compared to other two feedstocks.

3.4 Sintering and heat treatment

10



Molded components were debound by solvent and thermal route followed by sintering and heat
treatment at H900 conditions to manufacture sintered components. All parts resulting from the
WA 24, WA _34 and WA _44 feedstocks had no surface defects after sintering and HT in a
vacuum furnace. The metallurgical properties of the final heat-treated metal components are
depicted in Table 4. Any significant differences in densities and carbon contents were observed
for as-sintered conditions and H900 treatment conditions. The lowest density of WA_44 samples
might indicate feedstock inhomogeneity (revealed from the flow stability test). The hardness of
the sintered parts in the range of 28-32 HRC shows insignificant differences among the powder
particle fraction chosen. The same applies for the values of the hardness obtained after H900
treatment (37-41 HRC) indicating only very slightly noticeable effect of the variation in the
powder particle fractions. The final microstructures presented in Fig. 6 show a fine martensitic

structure of the produced 17-4PH material.

3.5 Dimensional stability

Complex-shaped MIM component had the critical slot dimensions as depicted in Figure 1. The
effect of the powder particle fraction (WA_24, WA 34 and WA 44) on the extent of
deformation was studied by considering two critical dimensions on the component, which govern
the extent of the overall deformation. They involve the slot width of (24+0.12) mm at the front
and (20£0.10) mm at the back. In general, an achievable tolerance in MIM is about 1 % of any
basic dimension [1]. All the components were staged with the constant staging method. The
variation in the dimensions would arise from the variation in the cross section, in-molded
stresses, sintering stresses or volumetric shrinkage. As can be seen from Figure 7, WA 24
feedstock reveals dimensions within MIM tolerances, while components produced from WA_34
and WA _44 have standard deviations in dimensional variation up to 0.14 mm and 0.16 mm for

11



the dimension (24+£0.12) mm, respectively, which can be also attributed to the coarser particle

fractions with the lower sphericity.

CONCLUSION

The results obtained within this study indicate that it is desirable to control and tailor the powder
characteristics in terms of particular size fractions and as well as its shape in order to produce
quality MIM components. The critical parameters include the particle size distribution and
sphericity/aspect ratio of powder, stability of viscosity, injection molding parameters, and
sintering deformation. The increase in the population of coarser particle fraction accompanied
with relatively more irregular shape significantly influenced the quality of the green components

and deformation tolerances in the mass production of the complex-shaped MIM component.
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Table 1

powder | iy |y | ao) | ey | oy |
WA 24 3.10 7.64 | 18.90 7.92 4.15 3.26
WA 34 4.18 8.89 18.40 7.90 4.07 3.92
WA 44 434 9.13 19.50 7.90 4.05 3.97




Table 2

Particle fraction (%)

Powder
<5um >5um< 10 pm >10 um < 20 um >20 pm < 35 pum
WA _24 29.93 39.58 23.64 6.85
WA _34 17.45 43.25 33.76 5.54
WA _44 15.19 34.26 43.60 6.95




Table 3

Molding parameter WA_24 WA_34 WA _44
Nozzle temperature (°C) 180 185 195
Zone temperatures (°C) 180,175,170
Injection speed (cm?/s) 50
Holding pressure (bar) 800
Holding time (s) 2.5
Switch over point (cm®) 32
Fill/Cooling time (s) 0.3/15
Filling phase amount (%) 60 52 49
Mold temperature (°C) 40
Change over pressure (bar) 623 758 897




Table 4

Powder Densi_gy Carbon content Hardness
(gcm™) (wt.%) (HRC)
WA _24 7.64 -7.68 0.011 -0.013 38.8 - 40.6
WA_34 7.60 - 7.65 0.019 - 0.023 38.9-39.7
WA_44 7.58 -7.61 0.021 - 0.028 36.8 - 39.2
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