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of 3D Printing and Cold Isostatic Pressing
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In this study, complex-shaped Ti alloys with near-full density, using three-way pipe as an example, were
achieved by the combination of 3D printing and cold isostatic pressing (CIP). A new CIP capsule consisting
of porous internal support core and the external shell was prepared by 3D printing, which made it feasible
to achieve internal and external co-pressing on Ti-6Al1-4V powder during CIP. Therefore, complex-shaped
green body was obtained with good surface quality, without obvious defects or cracks. After sintering at
1230 °C, the sintered sample had equivalent mechanical properties (hardness =382 HYV, elonga-
tion = 15.5%, tensile strength = 929 MPa and yield strength = 862 MPa) compared to the ASTMB381
standard. This study presents a novel method for fabricating complex-shaped Ti alloys with comprehensive

mechanical properties.

Keywords 3D printing, cold isostatic pressing, complex-shaped,
three-way pipe, Ti alloys

1. Introduction

As one of the advanced metals, titanium and titanium alloys
are widely applied in the ocean, oil, gas and chemical industry
(deep sea and subsea equipment) because of their high specific
strength, excellent corrosion resistance and superior biocom-
patibility (Ref 1, 2). Generally, complex-shaped Ti alloy parts,
such as valves, are one of the widely used products (Ref 3).
However, the manufacturing of high-performance complex-
shaped Ti alloy parts still remains challenging in actual
applications due to rising raw materials costs (Ref 4) and
excessive fabrication and machining costs (Ref 5, 6). The
traditional methods to prepare Ti alloys are casting and forging
machining. As a drawback, cast Ti alloys commonly give rise
to a deficiency in terms of coarse microstructure and compo-
sition segregation, leading to relatively low mechanical perfor-
mance (Ref 7-9). The range of forged machined Ti alloys
applications has also been restricted due to low utilization
efficiency and high processing consumption.

Over recent decades, hot isostatic pressing (HIP) technology
has long been employed to obtain powder metallurgy (PM) Ti
alloys with high performance as well as full densification (Ref
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10-12). However, there are challenges to prepare complex-
shaped steel capsules, which have to be removed after the HIP
process by pickling or machining (Ref 13, 14). Furthermore,
spherical Ti powders with high cost are commonly used for the
HIP process (Ref 15-17). Research on how to prepare complex-
shaped Ti alloys with high performance and low cost has been
attracted much attention.

Cold isostatic pressing (CIP) is one of the excellent forming
techniques to produce homogeneous products with high density
(Ref 18, 19). As reported in Ref 20, 21, the production of Ti
alloys by CIP powder consolidation followed by sintering is an
emerging field with substantially reduced cost. However, the
application is also limited by the shape and size of molds for
preparing complex-shaped Ti alloys parts (Ref 22, 23). 3D
printing is an additive manufacturing (AM) technique for
fabricating a wide range of structures and complex geometries
from three-dimensional (3D) model data (Ref 24, 25). It
possesses the main benefits involving freedom of design, mass
customization, waste minimization and the ability to manufac-
ture complex structures (Ref 26-28). Therefore, we employed a
novel technology to obtain complex-shaped Ti alloys with the
combination of CIP and 3D printing. To achieve complex-
shaped Ti alloy parts with near-full density, the CIP capsule
needs to be reasonably designed, avoiding compacts failure. In
such case, the 3D printing technology can provide the
independent design possibility to unfreeze the structure and
properties limitations of the complicated CIP capsule (Ref 29).

In this paper, we presented a novel method combining
traditional CIP, inexpensive plastic 3D printing and unique
design of compression mold to obtain complex-shaped Ti
alloys parts. Taking a Ti alloy three-way pipe as an example,
we demonstrated the process parameters of 3D printed CIP
capsule with minimal distortion and maximum size accuracy.
Then, complex-shaped samples with high performance were
completely fabricated by CIP without any binder or other
cumbersome process. To date, no related reports have been
presented. This study unlocks the full design potential of the
complex-shaped CIP capsule and the novelty of this approach
can potentially be expanded into low-cost titanium industry
with complex shapes.
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2. Experimental Procedure

2.1 Preparation

The raw material was HDH Ti-6Al-4V (TC4) powder
(99.5% purity, 0.18 wt.% O). The powder morphology and
particle size distribution of the Ti-6Al-4V powder are analyzed
in Fig. 1. The mean particle size was about 10 pum. As shown
in Fig. 2, the procedure of complex-shaped Ti alloy three-way
pipe included the following main operations. To obtain a
complex-shaped three-way pipe, polymeric mold capsule was
printed by the MakerBot Replicator Z18 printers with thermo-
plastic polyurethanes (TPU) filaments. The optimal 3D printing
parameters were as follows: fill ratio = 25%, shell thick-
ness = 0.2 mm, sprayer temperature =215 °C and printing
speed = 50 mm/s. Besides, porous support inner core with
threaded-in “T” shape was printed by PLA, which equipped
50% fill ratio as an upholder.

Afterward, the porous support inner core was coated by a
thin layer of silicone. To obtain the silicon layer, silicone and
cross-linking agent were mixed in a weight ratio of 100:3, and
then it was uniformly coated on the surface of inner core.
Subsequently, it was cured at ambient temperature for 24 h.
The layer thickness was about 1 mm. Then, the Ti-6Al-
4V powder was filled into the cavity between the coated inner
core and external capsule by vibration platform under argon
atmosphere. After that, the sealing and vacuuming process was
performed. The sealed samples were pressed by CIP (LDJ200/
1000-300YS). After pressing, the external capsule and the
support inner core were dismantled. Finally, the green samples
were sintered at 1230 °C for 2 h under a vacuum of 10~ Pa.
For comparison, common CIP samples were also prepared, in
which the traditional capsule was made from commercial silica
with stainless steel as the inner core.

2.2 Characterization

The sintered samples were machined and mechanically
polished. Three samples for each processing condition were
tested to confirm reproducibility. The sintered density was
measured using the Archimedes method. The loading density
was measured by the vibrometer according to the standard GB/
T5162. Room temperature tensile tests were conducted using
testing machine at a

the AGI-250KN strain rate of

1 x 1072 s™'. The size of the test sample was in accordance
with the M10 parameters without screw thread according to the
ASTM E8-08 standard. The hardness of as-sintered samples
was determined by vickers indenter (Krautkramer MICI10,
German KK) with a load of 1 kgf for 5 s. The hardness value of
the dissected three-way pipe was measured on an average of 10
points. The oxygen content of raw materials and as-sintered
alloy was measured by the infrared absorption method
(TCH600). The surface morphology was observed using
confocal laser scanning microscope (CLSM, OLYMPUS LEXT
OLS4100). The microstructure, surface morphology of the
powder, and fracture were analyzed using scanning electron
microscopy (SEM, Philips LEO-1450).

3. Results and Discussion

Generally, the traditional capsule was made from commer-
cial silica with stainless steel as an inner core. After CIP, the
green sample was fragmentary with cracks and defects, as
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Fig. 2 The procedure of Ti alloy three-way pipe fabricated by 3D
printing/CIP
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Fig. 1 (a) SEM image and (b) particle size distribution of the Ti-6Al-4V powders
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shown in Fig. 3(a). The green sample fabricated by traditional
CIP method had poor surface quality. In addition, the powder
wasn’t completely compacted, indicating poor formability of
traditional CIP method. Therefore, the printed TPU mold
capsule of three-way pipe was employed instead of traditional
capsule. As shown in Fig. 3(b), the porous support inner core
was coated with a thin silicone layer. The internal core and
external shell were orderly assembled to form a CIP capsule.
After CIP, three-way pipe green sample was obtained. The
surface quality of the green sample was relatively good, without
any defects. With the combination of internal and external co-
pressing, Ti-6Al-4V powder in capsule obtained uniform
pressure to maintain the designed shape. During sintering, the
green sample uniformly shrank, resulting in the achievement of
complex-shaped Ti alloys with good surface quality. The above
results indicate that internal and external co-pressing of CIP
with the combination of design freedom in capsule by 3D
printing is a one promising method to obtain complex-shaped
parts, as shown in Fig. 3(b).

The action mechanism of the two methods for obtaining
three-way pipe is presented in Fig. 4. When the hollow-shaped
tube parts were fabricated by the traditional CIP method, the
inner hole was directly formed by the rigid inner core mold, as
shown in Fig. 4(b). In such case, density gradients occurred
during compaction, although the outer pressure was hydrostatic
(Ref 30). The friction between the powders and the inner core
was found to cause an uneven force acting on the powders,
resulting in inhomogeneous density distribution of powder
compact (Ref 31). Therefore, when the powder was compressed
or displaced along the surface of the rigid core, the relative
displacement was inconsistent at different positions. Further-
more, the inhomogeneous density distribution led to the
production of cracks and fractures in the pressing and
demolding processes, as shown in Fig. 3(a).

Conversely, when the rigid core was replaced by the
perforated pipe, it allowed hydraulic oil to indirectly act on the
inside Ti-6A1-4V powder, as shown in Fig. 4(b). In such case,
the designed capsule enabled the hydraulic oil to work on the
powder from the inside to outside simultaneously. Therefore,
under the action of internal and external co-pressing, the
powders were uniformly compacted with the inner and outer
diameters reduced, avoiding the production of cracks and

cracks

(a) Traditional mold

Silicone layer  Silicone insulation

1
(b) 3D printed mold

l) cm Qm lﬁm

CIP green body

damage. Compared with the traditional CIP sample, without the
restriction of the rigid core, uniform shrinkage without defects
for the co-pressing CIP sample was obtained. Besides, there
was no relative displacement between the powders and the
inner surface of the die wall, resulting in no die wall friction.
The TPU capsules fabricated by 3D printing can achieve good
support for powder filling and easy removal for demolding.
Beyond that, the porous capsule mold prepared by 3D printing
also had high design freedom.

Due to relatively poor fluidity of fine Ti-6Al1-4V powder
(10 pm), a mechanical vibration was adopted for powder
filling. It is common that the vibration is beneficial to promote
the particles movement and rearrangement to increase the
loading density. Loading density was one key parameter to
obtain a whole green compact with good surface quality.
Therefore, the vibrational time and frequency effect on loading
density were investigated, as shown in Fig. 5. The loading
density sharply increased when the vibrational time was less
than 150 s, and then leveled off with a loading density of
1.54 g/em® at 35 Hz. Meanwhile, the loading density firstly
increased and then decreased with the increase of vibrational
frequency. With the vibration carrying out, the internal friction
between the particles as well as the friction between the particle
and the die wall decreased after the powder particles transferred
from a stationary state to a motion state (Ref 32). Consequently,
more voids were filled, thereby increasing the packing density
of Ti-6Al1-4V powder. However, upon further increasing the
vibrational frequency, the boiling and stratification phe-
nomenon of the powder particles would appear, resulting in
the loading density decreasing (Ref 33). Therefore, 150 s and
35 Hz were selected as the vibrational time and frequency to
maximize the loading density. The higher powder loading
density not only increased the relative density of green compact
and sintered sample, but also affected the integrity of the whole
part.

Furthermore, the effect of pressing pressure on the relative
density was also investigated, as shown in Fig. 6. With the
applied pressure increasing, the relative density gradually
increased, and then basically remained unchanged after reach-
ing 150 MPa. The optimal pressure was about 150 MPa.
Respectively, the relative density of green compact was about
63.5% with a dimension size of ¢52 x 66 mm®. The shrinkage

failure
L em
CIP green body

Sintered Ti alloy

Fig. 3 Ti alloys three-way pipe fabricated by (a) traditional CIP method, and (b) 3D printing/CIP method
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Fig. 4 The action mechanism of (a) traditional CIP method, and (b) internal and external co-pressing for CIP

1.6
S 14k .

L0

7

=

5

o

D12}

8]

[+

Q

—

10k Fixed frequency: 35Hz
L L Il Il 'l

(a) 0 50 100 150 200

Vibretional time (s)

1.6
% /\i
£ \{
% 14} \i
>
o]
=
Q
o
o
.5
'Om 12
Q
3 /
Fixed vibration time: 150s
10 il A 1 A il
20 30 40 50
(b)

Vibrational frequency (Hz)

Fig. 5 The relationship curves of vibrational (a) time, and (b) frequency with loading density
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coefficient of green compact was about 24%. After sintering at
1230 °C for 2 h, a sintered density of about 4.49 g/cm® was
obtained, which was nearly full dense compared to the
theoretical density of 4.51 g/cm>. The size of the as-sintered
sample was about @43 x 54.5 mm’. Accordingly, the shrink-
age coefficient was about 17%.

The surface morphology of the obtained samples is pre-
sented in Fig. 7. Overall, the surface quality of the green
compact and as-sintered sample was good with similar color
reflections. As shown in Fig. 7(a), the surface roughness of the
green compact was about 17.8 pm. The width between two
adjacent lines was about 154 pm, which was much smaller than
the designed layer height of 200 um of the printed capsule. To
improve the surface precision, a subsequent polishing process
was carried out. After polishing by 5000# sandpaper, the
surface roughness of the green body decreased to 14.1 um.
After sintering, the surface roughness of the as-sintered sample
further decreased to 13.6 um, as shown in Fig. 7(c). For
comparison, the surface roughness of different parts produced
by different AM processes is also listed in Table 1. On the

Journal of Materials Engineering and Performance



Fig. 7 CLSM images of (a) green compact, (b) green compact polished by 5000# sandpaper, and (c) as-sintered sample

Table 1 The surface roughness of different parts
produced by different methods

Process Material Ra, pm
3D printing/CIP Ti6Al4V 13.6
FDM (Ref 34) ABS 24.7
SLM (Ref 35) Ti6Al4V 20-30
MIM (Ref 36) 17-4PH 17
EBSM (Ref 37) 316L 7.9

whole, the roughness of the as-sintered sample prepared by 3D
printing/CIP was relatively low.

To estimate the degree of homogeneity, the distribution of
hardness was carried out, as shown in Fig. 8. The Vickers
microhardness values were obtained from both sides of the Ti
alloy three-way pipe. It can be seen that the degree of
homogeneity of the sample was high. The hardness values of
both sides were similar, ranging from 380 to 385 HV. The
average value of hardness on both sides was 382 HV. It was
reported that the density distribution law could be obtained
indirectly from the hardness distribution (Ref 38). Therefore,
this result further proved that there was no inhomogeneous
density distribution in the green compact prepared by the co-
pressing method.

Journal of Materials Engineering and Performance

390
B inner side
I outer side
385
s
<
«» 380
8
=
=]
=
s
375
370

0 10 20 30 40 50 60
Distance from upper surface (mm)

Fig. 8 Hardness distribution of the obtained Ti alloy three-way pipe

Figure 9 shows typical tensile test curves obtained from the
samples sintered at 1230 °C. Furthermore, a comparison of the
mechanical properties of Ti-6Al-4V alloys prepared by different
methods was carried out, as summarized in Table 2. The as-
sintered samples fabricated by 3D printing/CIP had compre-
hensive mechanical properties (elongation = 15.5%, tensile
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strength = 929 MPa and yield strength = 862 MPa). The rel-
ative density of as-sintered sample was above 99.5%. Besides,
the oxygen content was down to 2200 ppm due to the strict
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Fig. 9 The tensile engineering stress—strain curve of Ti alloys
fabricated by 3D printing/CIP method

oxygen control during the preparation process. Overall, the
tensile properties met the criterion required for most wrought
titanium alloys in mill-annealed condition, according to the
ASTMB381 standard. Besides, as shown in Table 2, the
mechanical performance was comparable with the samples
prepared by direct CIP followed by sintering. A similar
mechanical performance was also observed in the HIP samples
using spherical powder as raw material. However, although the
tensile strength was encouraging in the HIP samples using
HDH powder as raw material, the elongation was as low as 2%,
which might be attributed to the inhomogenous microstructure
and the high oxygen content (Ref 12).

Figure 10 presents the microstructure of Ti-6Al-4V alloy
sintered at 1230 °C. Homogeneous microstructure was ob-
tained in the as-sintered sample. No cracks or pores were
observed. A typical short unordered structure appeared, which
contained lath-like o-phase and lamellar B-phase structures,
with the length of a-phase being in the range of 10-40 pm. The
lath-like o-grains in different orientations were observed.
Although the sintering temperature was 1230 °C, which was
much higher than the B-transus temperature, no large-scale
Widmanstitten structure was observed in the matrix. The
microstructure was consistent with the results reported in Ref
40. The fracture analysis of the sintered sample was also carried

Table 2 A comparison of the mechanical properties of Ti-6Al-4V alloys prepared by different methods

Preparation method Relative density, %

Tensile strength, MPa

Yield strength, MPa Elongation, %

3D printing/CIP/sintering 99.6 £ 0.6
Wrought ASTMB381 100
HDH powder HIP (Ref 12) 100
Spherical powder HIP (Ref 39) 100
CIP/sintering (Ref 40) 99.5

929 £ 22 862 £ 37 155 £1
895 825 10

1106 1044 2

932 851 16.2

935 865 15.8

Fig. 10 SEM images of as-sintered Ti alloy under different magnifications
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Fig. 11 Fracture morphologies of as-sintered Ti alloy under different magnifications

(@

(b)

Fig. 12 Potential molds prepared by the proposed method, including (a) elbow pipe and (b) hollow tube with complex internal structure

out, as shown in Fig. 11. The fracture surface appearance
presented as ductile fracture. The overall fracture mode was a
typical transgranular ductile dimpled rupture with lots of
dimples as well as microvoids. No evidence of inadequate
bonding across prior powder particles boundaries was ob-
served. Although the PM Ti-6Al-4V alloy was densified above
the transus temperature, no large grains were formed, resulting
in the obtainment of comparable ductility. Overall, the fracture
appearance was consistent with the homogeneous microstruc-
ture.

Combined 3D printing with CIP, the proposed method
would offer high designability to prepare complex-shaped parts
with high mechanical properties. Figure 12 shows some
potential molds such as elbow pipe, spiral pipe and hollow

Journal of Materials Engineering and Performance

tube with complex internal structure, which can be prepared by
this method to achieve good surface quality and high perfor-
mance. Without inhomogeneous density distribution, green
compact with homogeneous structure can be obtained. Besides,
the CIP capsule can be designed to be easily removed
(adjusting the soft deformation degree) without destroying the
overall structure of green compact.

The above results indicated that 3D printing/CIP was one
promising method to obtain complex-shaped Ti alloys with
superior mechanical performance. With the employment of 3D
printed CIP capsule associated with internal and external co-
pressing, it was feasible to achieve highly flexible mold design
and complex-shaped parts with high surface quality, which
cannot be directly obtained by pressing forming. Compared
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with traditional CIP method, the complex-shaped green sample
was obtained with good surface quality by the proposed 3D
printing/CIP method. Furthermore, the as-sintered sample had
equivalent outstanding mechanical properties compared to the
ASTMB381 standard, without using spherical powders as raw
material. This approach can potentially be expanded into low-
cost titanium industry with complex-shaped production.

4. Conclusions

Ti alloy three-way pipe was prepared by the combination of
3D printing and CIP. The CIP capsule of the three-way pipe
was obtained by 3D printing, which made it feasible to achieve
internal and external co-pressing for CIP. Compared to
traditional CIP sample, without the restriction of the steel core,
the green sample fabricated by 3D printing/CIP possessed good
surface quality without cracks or damage. After being vibrated
at 35 Hz for 150 s, the ideal loading density reached 1.54 g/
cm?®. Correspondingly, the relative green density was 63% and
the shrinkage coefficient was 24% under the pressure of
150 MPa. In addition, the relative density of the sintered
sample was above 99.5%. A typical two-phase microstructure
consisting of coarse a-grains and randomly distributed lath-like
B-phase structure was observed in the sintered Ti-6Al-4V alloy.
Meanwhile, comprehensive mechanical properties (hard-
ness = 382 HYV, elongation = 15.5%, tensile strength = 929
MPa and yield strength = 862 MPa) were obtained in the
complex-shaped Ti alloy. Therefore, one promising method has
been proposed to obtain complex-shaped Ti alloys with high
mechanical properties.
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