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Surface Properties of Powder Injection Moulded Parts Related to Processing Conditions
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The surface quality of ceramic items produced via powder injection moulding (PIM) at processing conditions va-
rying in injection moulding temperature and debinding route is investigated. The analysis is performed on
aluminium oxide part design containing complicated rotational areas, where a smooth surface of an internal spiral
is a critical quality factor. Surface properties of the final sintered parts are examined with the help of a contactless
scanner. Then, the obtained surface roughness data are treated with suitable statistical analytical tools in order to
reveal the effect of the processing conditions during the PIM process on the final parts. Relating surface properties
of final sintered parts to processing parameters might provide a powerful tool to control particular steps of PIM

process.
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1 Introduction

Powder injection moulding (PIM) is a valuable alter-
native to traditional metal and ceramic forming methods
[1]. Surface properties of the sintered powder injection
moulding (PIM) parts have recently gained increasing at-
tention [2]. PIM process consists of four main steps: prep-
aration of ceramic (CIM) or metallic (MIM) feedstocks,
their manufacturing via injection moulding followed with
debinding and approaching to final sintering.

Although the surface roughness is generally smaller
for ceramics than metals due to their relatively smaller
powder sizes available, there is an increasing number of
applications (especially in u-PIM [3]), where the surface
forces become dominant at the surface-to-volume ratio
encountered in ceramic parts. Such forces (e.g. friction,
viscous drag and surface tension) are encountered in par-
ticular for applications involving fluid flow, surface reac-
tion, wear and lubrication at the interface [4-6].

Currently, surface roughness values in the range of Ra
=0.3-0.6 ym and Rz =2 - 5 yum are reached in pPIM,
depending on the material and powder particle size [7, 8].
The best surface qualities obtained were Rmax =2 - 3 ym
with ultrafine ceramic powders [9]. Lower values of sur-
face finish are likely to be achieved as the uPIM process
develops and new advanced feedstock systems are intro-
duced [10].

Surface properties of the sintered powder injection
moulding parts are dictated above all by sintering condi-
tions (atmosphere, temperature-time profile and heat flow
distribution). Sintering affects the surface roughness of
the final part since the roughness of sintered components
is the highest surface roughness observed throughout the
process chain [11]. However, the effect of debinding con-
ditions on resulting surface roughness has been
investigated as well. Liu et al. [5] showed that using
higher heating rates during debinding increased the
weight loss of rebound 316 L stainless steel microstruc-
tured parts. The debound parts of higher weight loss gave
better surface finish after sintering. Comparing the

increase of sintering time and temperature, the surface
finish improvement was more significant for increasing
temperature.

On the other hand, the surface roughness of the
mould was shown to have a negligible influence on the
surface quality of sintered components. If the surface
roughness Ra of the mould, the green parts and the sin-
tered parts were compared for different sintering condi-
tions, it has turned out that whilst the roughness of the
green part increased slightly compared to the mould
roughness, the surface roughness values of the sintered
part was orders of magnitude higher than the mould val-
ues [4].

The weak point of majority studies concerning the in-
vestigation of surface properties generally lies in the leak
of reliable quantification methods and their employment
[12-16]. Therefore, the intent of this paper is to present
the quantitative study of sintered ceramic parts at critical
conditions, where the statistical tools available will be
tested and compared. For this purpose, the possible effect
of injection moulding temperature and debinding method
were selected to demonstrate the sensitivity of the ap-
proaches employed. The non-destructive testing [17] has
been selected as a proper tool to achieve this task. The
additional aim of this article is to find suitable statistical
metrological methods describing the properties of sam-
ples produced by PIM technology under specified repeat-
ability conditions in accordance with ISO 4287 and ISO
4288.

2 Experimental

In this study, highly compressive super ground alu-
minium oxide (alumina) powder MARTOXID® MR70
(Albemarle Corporation, USA) with a specific surface
area (BET) 6-10 m?%g, bulk density ~0.90 g/cm?, green
density 2.20—2.40 g/cm? and fired density (1,600 °C, 2h)
3.80-3.92 g/cm® was used to produce the ceramic item
containing complicated rotational areas, where a smooth
surface of an internal spiral is a critical quality factor (see
Fig. 1).
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Fig. 1 Design of tested aluminium oxide PIM part

The powder was compounded with a commercial
multi-component binder Licomont EK 583-G (Clariant,
Switzerland) which is partially water-soluble with a den-
sity 1.05-1.15g/em® and the softening point at
105—115 °C. During mixing in a blade kneader at 160 °C
for 2h, a surfactant (1 wt.% oleic acid) was added. Subse-
quently, 60 vol.% feedstock in the form of pellets was
acquired from a single-screw extruder.

Two series of samples were selected differing in
(1040.5) °C in moulding (nozzle) temperatures: 150 °C
(Alul50) and 160 °C (Alul60), and debinding routes,
where T in the abbreviation means that the samples were
debound thermally, and ST stands for combined sol-
vent/thermal binder removal.

Prior to testing the samples were cleaned in a tech-
nical gas stream connected to impurities separator. In or-
der to obtain a quantitative analysis, a contactless 3D
Chromatic Length Aberration (CLA) scanner (Talysurf
300, Taylor and Hobson, UK) equipped with Talymap
ver.5.0.2 software has to be employed. Tested surfaces
were subjected to a height measurement over a rectangu-
lar area (1 x 1) mm with the scanning rate of 100 um/s
and spacing 5 pm. Filtration of the scanning data was
done with the help of Gaussian filter (0.25 mm) in
accordance with ISO 4288.

3 Results

Fig. 2 Example of surface reconstruction from con-
tactless measurement on a 160ST sample

Fig. 3 Interface Detection (FID) measurement mode ap-
plied to a 3D surface reconstruction
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Fig. 4 Box-Plot diagrams of Rp, Rv, and Ra for the
samples molded at 150 °C and 160 °C and debound
thermally (1507, 160T) and solvent/thermally (150ST,
160S8T) and scanned in longitudinal and transverse di-
rections

An example of 3D data map obtained from the con-
tactless surface scanning is depicted in Fig. 2. The data
supplied is of the form z = f (x, ), where z is the height of
the profile, x stands for the position over the scanning di-
rection, and y corresponds to the number of traces. Then,
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First Interface Detection (FID) was selected as a meas-
urement mode. The software takes into account the height
of the first interference (i.e. the upper border of the trans-
parent interference epresented by the first peak in the
spectrum), Fig. 3.

Surface mapping data was evaluated from the fracture
planes (meaning conversion into series of profiles), where
200 profiles in both x- and y-axes were obtained for each
sample. Surface parameters Rp, Rv, and Ra were treated
with Anderson-Darlin normality test (¢ = 0.95) in
accordance with ISO 4287. According to this test, the
normality of the data was denied on the confidential level
0f 0.95 %. This means that the examined surfaces contain
non-random inhomogeneities, which must be detected
with a suitable statistical tool serving as a base for the re-
lation of the surface properties to the processing condi-
tions.

Primary statistical evidence might be Box-Plot dia-
grams of Rp, Rv, and Ra showing the considerable scatter
of the measured data as shown on the example for surface
samples injected at 150 and 160 °C, and then debound
thermally or solvent/thermally, Fig. 4.

Thus, the next issue is an evaluation of differently pro-
cessed samples (change of temperature during moulding)
when the normality of the data is absent. Kruskal-Wallis
statistical approach has been selected as it enables simple
analysis  of a data to scatter. A zero-hypothesis expects
that the particular surface roughness parameters (Rp, Rv,
Ra) have the same median values in the sample groups.

In the following, the Zero-hypothesis for Ra parame-
ter of the samples moulded at two different temperatures
and debound thermally (150T and 160 T) in the
longitudinal direction (Fig. 5) is:

e Hy: MedianRal (Sample 150T numberl) =

MedianRal (Sample 150T number2) =
MedianRal (Sample 150T number3) =
MedianRal (Sample 160T numberl) =
MRal (Sample 160T number2) =
MedianRal(Sample 160T number3)

e H,NON

e p=0
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Fig. 5 Box plots of temperature dependent thermally
debound surfaces 150T and 160T with respect to the R,
parameter - longitudinal direction

Zero hypothesis Hy is denied on the confidential level
0.95 %, i.e. we suppose that the differences in the inves-
tigated surfaces are due to the changes in the processing
conditions (temperature).

The same conclusion has been made for the samples
moulded at two different temperatures and debound by a
combined solvent/thermal route (150ST and 160ST) in
the longitudinal direction (Fig. 6):

o HO:MRal(Sample 150ST numberl) =

MRal (Sample 150ST number2) =
MRal(Sample 150ST number3) =
MRal (Sample 160ST numberl) =
MRal(Sample 160ST number2) =
MRal (Sample 160ST number3)

e H,NON

e p=0
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Fig. 6 Box plots of temperature-dependent thermal/sol-
vent debound surfaces 150ST and 160ST with respect to
the R, parameter - longitudinal direction

Similarly for both process conditions in transit use
direction (Figure 7a, b):
e H,: MRat (Sample 150T numberl) =

MRat(Sample 150T number2) =
Mg, (Sample 150T number3) =
MRat(Sample 160T numberl) =
MRat(Sample 160T number2) =
Mg, (Sample 160T number3)

e H,,:NON
[ ] p = 0
and

. HO:MRat(Sample 150ST numberl) =
Mg,, (Sample 150ST number2) =
Mg,, (Sample 150ST number3) =
Mg,, (Sample 160ST numberl) =
Mg,, (Sample 160ST number2) =
Mg,, (Sample 160ST number3)

e Hy,=NON

e p=0
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Fig. 7 Box plots of temperature dependent thermally (a)
and thermal/solvent (b) debound surfaces with respect to
the Ra parameter - transverse direction

Kruskal —Wallis method confirmed on the
confidential level 0.95 % (i.e. 5 % error) that the medians
of selected samples to search the effect of moulding tem-
perature (150 °C or 160 °C), as well as the influence of
debinding route, do not vary at random. Instead, they are
dependent on the processing conditions. Thus, the surface
properties might be related to the processing conditions,
and based on this knowledge, the process can be
optimised. Further, if the samples were produced diffe-
rently, we may suppose that the changes in medians sig-
nify the change in a processing condition.

Taking into consideration the issues connected to the
amplitude parameters of the surface roughness (Rp, Rv,
Ra), it seems that the quantification of the surface rou-
ghness might improve if the cumulative probability of va-
lues in the selected range (1 mm) will be employed. It is
called a material profile or Abbott-Firestone curve. The
samples of the surfaces prepared at two different tempe-
ratures and debound thermally (150T, 160T), as well as
those treated with a combined thermal/solvent debinding
(150ST, 160ST), serve as examples for Abbott-Firestone
evaluation, Fig. 8.

As can be seen from Figs. 4 - 7, the scatter values,
which represent repeatability, show considerable unifor-
mity in the individual quartiles of the presented graphs.
Only the cases such as Fig. 7a, the box plot of parameter
Ra for 160T shows a mild, and thus statistically insignifi-
cant, positive skewness. Statistically insignificant ske-
wness can be observed also in the histograms in Figure 8.

2 @ & & 10 0 2 o 8 100
Bearing rato (%)

Fig. 8 Abbott-Firestone curves of cumulative probabili-
ties of tested surfaces differing in temperature and
debinding route

Based on these curves of the cumulative probabilities
of the parameters values in 1 mm length, it is much easier
to detect the character of the surface resulting from the
processing conditions during PIM, especially on demands
of its flatness or pointedness. This method is also less
time-consuming. The evaluation was provided on Rmr
parameters according to ISO 4287 at 20 and 60 %.

From Fig. 5 it seemed that the surfaces obtained at
lower moulding temperature (150 °C) are smoother in
both longitudinal direction (x-axis) as well as transverse
direction (y-axis). However, cumulative parameters (Ab-
bott-Firestone curves) may intercept more than Ra, Rp
and Rv amplitude parameters based on arithmetic. Ab-
bott-Firestone curves include the characteristics of the
profile shapes. This means that the method is suitable for
the evaluation of the individual samples among each
other, and simultaneously, the interception of the influ-
ence of the processing conditions. Figure 8 shows that the
curves of the surfaces moulded at 150 °C decline much
faster than those obtained at 160 °C. A steeper curve
means low accumulation, and thus a sharp profile, which
should be avoided whenever the smooth surface of the
part is desired. In this respect, the final conclusion is that
the higher (not lower) temperature of injection moulding
results in the more suitable surface structure of the sin-
tered item investigated.
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4 Conclusion

Contactless scanning of the surfaces of aluminium ox-
ide parts produced via powder injection moulding fol-
lowed with the thorough statistical analysis has been car-
ried out with the aim to investigate the influence of pro-
cessing parameters - moulding temperature and
debinding route — on the resulting sintered surface of
these items. First, surface parameters Rp, Rv, and Ra ob-
tained from the contactless scanning were treated with
Anderson-Darlin normality test showing that the sintered
ceramic surfaces contain not only accidental in homoge-
neities. Then, Kruskal-Wallis statistical approach has
been employed for the interception of the influence of the
processing conditions confirming that the particular sur-
face roughness parameters (Rp, Rv, Ra) have the different
median values in the sample groups.

Finally, Abbott-Firestone cumulative curves were
found to be suitable for the evaluation of the individual
samples among each other, and simultaneously, the inter-
ception of the influence of the processing conditions.
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