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Abstract
Piston-based material extrusion (PEX) is an additive manufacturing technology that enables the processing of metal injection
moulding (MIM) feedstock to form green parts. The extrusion process does not require moulds and hence is a competitive
alternative for the shaping of MIM process routes, offering short lead times and cost-efficiency for lower lot sizes, while
integrating into the remaining process chain and equipment. This paper focuses on the microstructure and properties of
Ti-6Al-4V fabricated by PEX and followed by a subsequent hot isostatic pressing (HIP) step for parts requiring superior
density and mechanical properties. The HIP process is performed using standard as well as high-purity conditions
(Quintus Purus®). After sintering, a globular, mostly α microstructure is observed. A subsequent HIP followed by rapid
quenching transforms the microstructure to a bi-modal state. A similar effect on microstructure is observed for the
Quintus Purus® HIP; however, the formation of α-case on the part surface is avoided. While the mean density of the sin-
tered parts is 97.2%, HIP leads to an increase to 98.9–99.3% with the remnant porosity mainly stemming from open, con-
nected pores. Although the sintered specimens already fulfil the industrial requirements, the Quintus Purus® HIP leads to a
slight increase in yield and ultimate tensile strength at minimal reduction of elongation. The standard HIP shows the same
but slightly more pronounced trend. The results show that by a careful design of the specific HIP conditions, the micro-
structure and properties can be tailored for a specific application.
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Introduction
Metal injection moulding (MIM) is a well-known production
technology where metal powders and polymer binders are
combined to a feedstock which is moulded to a green part,
debound and sintered.1 Due to the injection process, a mould
is required, which is economically feasible at high quantities
only.2 Correspondingly, the development of additive manu-
facturing (AM) technologies using the same feedstock as
the MIM process is of high interest to enable the manufactur-
ing of functional prototypes, custom-made or complex struc-
tures within the same production line. Three different
approaches to processing MIM feedstock via AM have
been developed3,4: fused filament fabrication (FFF), fused
granular fabrication (FGF), and piston-based material extru-
sion (PEX). Adapted from the polymer-based material extru-
sion AM process, also commonly known as fused deposition
modelling, the FFF technology utilises a metal filament.
Compared to the MIM feedstock, changes to the binder sys-
tem are often necessary to, for example, account for the
required flexibility of the filament to allow for spooling by
adding elastomers5 or amorphous polyolefins.6 These
changes may have a great impact on the subsequent steps

of debinding and sintering. Hence, AM technologies capable
of directly processing the MIM feedstock are preferable.4

FGF is characterised as a screw-based extrusion process
where the granular feedstock is extruded by a screw mounted
on one of the AM system’s axes. FGF is capable of using the
MIM feedstock7,8 and offers continuous and fast material
feed rates.9 However, FGF struggles with process stability.10

Furthermore, the complex screw setup increases the machine
costs,11 reducing the cost advantage of AM over MIM. To
address the main disadvantages of FFF and FGF, PEX setups
have been developed. Here, a piston enables the extrusion of
the MIM feedstock rather than a screw.12 The use of a piston
simplifies the printing unit significantly, thus decreasing the
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machine cost. Different from FGF, PEX is not able to con-
tinuously extrude material since the process stops as soon
as the filling quantity of the piston is discharged.9

To enable the seamless integration of PEX in MIM pro-
duction, the properties of the respective green parts must
be similar. Therefore, the PEX process design must be cho-
sen carefully to avoid under-extrusion.4 The resulting rhom-
boid voids between adjacent extrusion paths reduce the
density of the green part and remain in the sintered part, lead-
ing to decreased mechanical properties. Apart from the
increased porosity, delamination of consecutive layers can
take place, which is a well-known and characteristic defect
for AM parts in general.

Given an appropriate process design, the properties of the
sintered PEX part are comparable to MIM parts, including
the typical defects such as cracks initiated from closed pores
or sinter porosity. Density of the sintered part is in accord-
ance with ASTM F2885-11 (>96%) with usually >98%.
Tensile properties are also met. However, the layer-wise
nature of AM leads to anisotropic behaviour regarding
shrinkage and tensile properties.4,13

For sintered parts requiring superior density and tensile
properties, hot isostatic pressing (HIP) is a suitable post-
processing approach14 with increasing application in the
metal AM field.15,16 In HIP, a defined combination of tem-
perature and pressure is applied for a set period of time.
The temperature is set to allow for plastic flow.
Correspondingly, the applied pressure results in a substantial
shrinkage of any closed pore to a size not detectable by typ-
ical analysis technologies such as scanning electron micros-
copy.15 Open porosity may only be reduced by encapsulation
or coating.17 However, metal parts with a density > 90–95%
are known to feature mainly closed pores and thus can be
completely compacted,18 which indicates the feasibility of
HIP application to PEX parts to improve mechanical
properties.

In this study, the influence of HIP application to
Ti-6Al-4V sintered PEX parts is investigated. A standard
HIP treatment, as well as high-purity conditions (Quintus
Purus®) with regard to the furnace atmosphere, are compared
to the as-sintered state of the material. Changes to the micro-
structure as well as the mechanical properties are evaluated
and discussed.

Methods and materials
To investigate the influence of HIP treatments on PEX parts,
the following experimental setup is used.

Specimen manufacture
Cubes with the dimension of 10× 10× 10 mm3 are chosen as
specimen geometry to avoid any influence of geometric fea-
tures. The titanium alloy Ti-6Al-4V (6.14% Al and 4.06%
Vanadium) with a particle size distribution of D90= 23 µm
is used as it is a common material in MIM. The PEX system,
similar to the one given by Waalkes et al.,4 is employed for
the manufacturing. The process parameters are given in
Table 1. To be able to identify limits of the HIP treatment,
the print speed is chosen as double the maximum feasible
print speed determined by Waalkes et al.4 to provoke defects

within the green part. A total of 12 specimens is manufac-
tured, 4 specimens each for the as-sintered, standard HIP
and Quintus Purus® HIP conditions.

Debinding and sintering of the green parts is performed by
the service provider Element22 GmbH (Kiel, Germany). As
this is an industrially used process chain, only some of the
process parameters have been published.19 At the beginning,
solvent debinding takes place using hexane at 40 °C for 18 h.
The components are then placed in an integrated debinding
and sintering furnace, in which the remaining binder compo-
nents are thermally removed. The final sintering step takes
place in a high vacuum (≤10−3 mbar) at a temperature below
or around the β-transus temperature (max. 1100 °C) for less
than 5 h to avoid coarsening of the microstructure and pre-
serve the superior mechanical properties of the fine-grained
microstructure.

HIP treatment
The HIP treatments follow the same scheme of temperature
and pressure application, actual treatment and cooling phase.
In the standard HIP treatment, temperature and pressure are
linearly increased to 100 MPa and 920 °C over the period
of 1 h and held at that level for 2 h. Finally, the pressure is
released over a period of 20 min, and cooling takes place
simultaneously. The Quintus Purus® HIP treatment is
initiated with a preheating sequence of 1 h. Afterwards, the
temperature and pressure are linearly increased to 920 °C
and 100 MPa, respectively. The pressure release and cooling
only take 10 min compared to the standard HIP procedure.

Specimen preparation and evaluation
All cubes are prepared for the measurements according to
DIN EN ISO 4499-1. The relative density of the specimens
is evaluated optically using a digital microscope
(VHX-5000, KEYENCE DEUTSCHLAND GmbH,
Neu-Isenberg, Germany). For microstructure evaluation,
the prepared surface is etched and also subjected to the digital
microscope. To determine the local mechanical properties of
the specimens, the i3D® technology of Imprintec GmbH
(Bochum, Germany) is applied. Here, the material pile-up
of local indentations on the specimen’s surface is optically
measured and analysed with regard to various mechanical
properties such as yield strength, ultimate tensile strength
and elongation at failure. As the measurement directly on
the as-sintered/as-HIP surface proved unreliable because of
the surface roughness, the specimens are embedded in resin
and ground using an 80-grit grinding disk. Figure 1 shows
the prepared specimens (left) as well as the positioning of

Table 1. Printing parameters for PEX manufacturing of the
specimen.

Parameter Value

Print speed 16 mm/s
Nozzle temperature 140 °C
Bed temperature 60 °C
Layer height 0.2 mm
Track width 0.45 mm
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the indentation points on a specimen’s surface. With 9 inden-
tation points per cube, a total of 108 data points have been
created and analysed. Eleven data points were identified as
outliers and therefore excluded from further evaluation.

Results and discussion

Density
The as-printed specimens reach density values between
96.4% and 97.7% after sintering, with a mean density of
97.2%, cf. Figure 2. The appearance of the sintered speci-
mens is mostly metallic, showing no coloration.

After the standard HIP treatment, the specimens show a
mostly oxidic surface. Microscopic investigations confirm
the presence of surface oxidation and resulting α-case (cf.
Figure 2(c)). The density is increased to a mean value of
99.3%, with remaining porosity originating from delami-
nated sections and thus open porosity.

Using the Quintus Purus® HIP process, specimens remain
in a mostly metallic appearance and do not show pronounced
signs of oxidation on the surface. No α-casing is observed on

the samples. The mean density of the specimens subjected to
Quintus Purus® HIP is found to be 98.9%. Again, the remain-
ing porosity appears to be originating from delaminated sec-
tions. Differences in density between standard and Quintus
Purus® HIP procedure are therefore mainly attributed to fluc-
tuations in quality of the ingoing, sintered PEX specimens
rather than other possible influences, for example, oxygen
uptake.

Microstructure
The sintered specimens show a fine-grained and globular,
mostly α microstructure, similar to the one reported by
Waalkes et al.4 using the identical sintering procedure
(Figure 3(a) and (e)). After the sub-β-transus standard HIP,
the resulting microstructure is bi-modal (Figure 3(b)) with
fine acicular grains and retained α-grains from the ingoing
sintered microstructure (cf. detail in Figure 3(e)). A compar-
able microstructure results from the Quintus Purus® HIP
treatment (Figure 3(c)). In the detail shown in Figure 3(f),
the retained α-grains appear to be slightly larger. As the
only difference in the two HIP cycles is the purer

Figure 1. Cubic specimen (a) and corresponding indentation points (b).

Figure 2. Cubic specimens in as-built, sintered and HIPed state (a), resulting density values (b), and observed α-case on surface of
standard-HIPed samples (c).
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atmosphere, this could be attributed to a lower presence of
oxygen in the vessel.

Local mechanical properties
Using the indentation method as discussed in section
‘Methods and materials’, all samples are tested for their local
properties. Representative measurements for each condition
are given in Figure 4. Please note the different scales when
comparing between specimens.

The mechanical properties are evaluated with regard to the
yield strength (YS), ultimate tensile strength (UTS), and
elongation at break (A) depending on the condition, that is,
as sintered, standard HIP and Quintus Purus® HIP (cf.
Figure 5). No local pattern is observed within the position
of the individual indentation points, which is plausible con-
sidering the simple and rather small cube geometry. Thus,
mean values are calculated for each individual specimen
over all valid indentation points. Further, the mean values
for a condition are then generated by the mean values of

the specimens. In Figure 5, the overall mean values per con-
dition and the mean values obtained on the specimen show-
ing the lowest performance are displayed in addition to the
lowest individual measurement point (i.e. originating from
a single indentation).

Both HIP procedures show a strengthening effect while
slightly reducing the elongation. This effect is more pro-
nounced in the standard HIP samples compared to the
Quintus Purus® HIP samples. Possible explanations include
either a higher oxygen uptake during the standard HIP pro-
cedure or differences originating from slight temperature
and cooling rate variations.

The mechanical properties of all specimens meet the
requirements of both standards, ASTM F2885 and ISO
22068.

Conclusion
The HIP of specimens originating from PEX successfully
increased the density. Due to the PEX processing parameters

Figure 3. Overview (a–c) and detail (d–f) of microstructure of sintered (a, d), standard HIP (b, e), and Quintus Purus® HIP (c, f)
specimens.

Figure 4. Local values obtained for UTS on sintered (left), standard HIP (centre), and Quintus Purus® HIP (right) specimens.
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used in this study, as-sintered cubes showed considerable
variation in densities among specimens, with some con-
nected porosity. The slight density differences observed
between standard- and Quintus Purus® HIP are therefore
not necessarily related to the HIP conditions, as HIP is
known to be effective on closed porosity only. Both HIP var-
iants transform the microstructure from mostly α to bimodal,
with Quintus Purus® HIP appearing to retain slightly more of
the ingoing α-grains from the as-sintered state. The Quintus
Purus® HIP condition successfully avoids the formation of
α-case.

Using the indentation method, it was possible to locally
identify the mechanical properties of the PEX specimens.
No significant variation of the local properties over the cubic
samples was found. Mechanical properties of the as-sintered
specimens already fulfil ASTM F2885 and ISO 22068
requirements; however, HIP shows the potential to tailor
strength and elongation to the exact needs of an application,
safely within the above-mentioned standards. Standard HIP
leads to the greatest improvement in mean strength values
(YS: +53 MPa, UTS: +146 MPa), while reducing elongation
(A: −3.41%-pts). Quintus Purus® HIP leads to more moder-
ate strength and elongation changes (YS: +24 MPa, UTS:
+60 MPa, A: −0.96%-pts). In addition, HIP adds an extra
safety margin to density requirements, as long as closed por-
osity is concerned.

Further investigations are needed to identify the exact
causes for the slight variation of the mechanical properties
obtained when comparing the standard and Quintus Purus®

HIP procedure. Also, as fatigue properties are known to be
improved by HIP treatments, possible differences in the
effect of standard and Quintus Purus® HIP on the fatigue
properties are subject to further research.
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