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Abstract

Indirect Selective Laser Sintering/ Isostatic Pressing (SLS/IP), with Cold Isostatic Pressing (CIPing) and Hot
Isostatic Pressing (HIPing) IPs, is adopted for the manufacture of complicated automobile components. The preparation
of PA12-coated AISI316L powder and airproof plastic canning during CIPing are also investigated. The influence of
technology parameters on the performances of AISI316L specimens during SLS/IP is likewise analyzed. Results show
that PA12-coated AISI316L powders are successfully prepared through the dissolution and precipitation process, and
that it is better to fabricate airproof canning for complicated components with natural latex. After sintering AISI316L
specimens from 1300°C to 1340°C (CIPed at more than 300 MPa ahead), their relative densities increased, approach-
ing 92%. Subsequently, their relative densities are improved by HIPing, whose optimal pressure and temperature pa-
rameters are between 90 MPa and 20 MPa, and 1150°C and 1250°C, respectively. The optimal tensile performances
are close to those of annealed AISI316L compact materials.
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1. Introduction

Metal components manufactured by Powder/Metal-
lurgy (P/M) are generally used in the automobile in-
dustry; of these, austenite stainless steel has the ad-
vantages of good mechanical performance and resis-
tance to corrosion, among others [1]. For this reason,
the manufacture of automobile components made of
austenite stainless steel using advanced P/M tech-
nologies has become a significant endeavor.

Adopted moulds used when automobile compo-
nents were still manufactured by conventional P/M
technologies were expensive [2, 3]. This led to high
production costs. At the same time, using these
moulds made it impossible to produce several com-
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plicated components. Thus, adopting advanced manu-
facturing technologies for the development of auto-
mobile components and the evaluation of new auto-
mobile products has become an important considera-
tion. Lately, several advanced P/M technologies have
been presented, such as Selective Laser Melting [4-9],
which does not require moulds and facilitates the
manufacture of complicated components. However,
the balling phenomenon occurred when molten pow-
ders solidified; at the same time, residual stress in
metal components was found to be too large [7, 8].
Therefore, it was difficult to achieve high precision
and good performance. In addition, although indirect
SLS has been considered a suitable, high-precision
method in manufacturing complicated metal compo-
nents [9], their relative densities were often lower.
Thus, SLS components were often infiltrated by low-
melting metal for improving their relative densities
[10]. This process easily worsened the tensile per-
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formance of such components due to the formed
eutectic. As a solution to these problems, the SLS/Hot
Isostatic Pressing (HIPing) method has been adopted
[11, 12]. However, one other problem that required
consideration was the oxidation of titanium alloy
during the canning process. Enlightened by SLS/
HIPing, Cold Isostatic Pressing (CIPing) is thus in-
troduced into SLS/HIPing (which is abbreviated to
SLS/IP in this paper) for manufacturing complicated
automobile components.

2. Experimentations

2.1 Materials

Table 1 shows the properties and contents of SLS
raw materials for preparing PA12-coated AISI316L,
in which AISI316L and PA12 were uses as construc-
tion material and binder, respectively. Table 2 shows
the compositions of AISI316L [3]. Natural latex (NL),
S, antioxidant 264, accelerator PX, and active agent
ZnO were chosen for manufacturing airproof canning
used in the CIPing stage.

2.2 Experimental procedures

2.2.1 Preparation of PAI12-coated AISI316L pow-
ders

Some high-polymer coated metal powders were in-
vestigated in the past; of these, PMMA, PA11, and
epoxy-acrylate were often adopted [13]. However,
production cost was very high. Then PA12 was cho-
sen to coat metal powders by benzene solvent [14],
but this brought about pollution and gave rise to envi-
ronmental concerns. Finally, alcohol was used as the
solvent of PA12 for coating AISI316L powders
through a dissolution and precipitation process [15].
The proposed procedure was as follows:

(1) AISI316L and PA12 powders, mixed solvents,
and an antioxidant were added into a reactor. Subse-
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quently the reactor was vacuumed, and then N, gas
was used to protect the reactants from oxidation. The
mixed solvents included ethanol, glycol, methyl gly-
col, and distilled water. The ratio of AISI316L and
PA12 was 100:(1-3), and that of PA12, mixed sol-
vents, and antioxidant was 100: (500-800): (0.1-0.5)
according to their weights.

(2) The abovementioned solution was heated be-
tween 150 and 1607TC at the rate of 1-27C/min in
order to completely dissolve the PA12. Afterwards,
the solution was allowed to cool for 2-3h.

(3) The mixed solution was stirred synchronously
when it cooled at the rate of 2-4C/min. During this
time, PA12 continued to precipitate on the surface of
the AISI316L particles, after which suspended liquid
was formed. This suspended liquid was distilled out
in order to separate the PA12-coated AISI316L parti-
cles and the solvent. The particles were then dried,
milled, and sieved. Finally, PA12-coated AISI316L
powders were successfully prepared as shown in Fig.
la. Meanwhile, Fig. 1b shows the homogenous distri-
bution of PA12 on the surface of AISI316L powders.

2.2.2 SLS specimen preparation stage

First, green components used as testing specimens
(130 mm X 30 mm X 20 mm), were formed by indi-
rect SLS aside from some impellers. Technology
parameters in indirect SLS stage mainly included
preheating temperature (150C-165T), laser power
(15W-17W), scan velocity (1800 mm/s-2000 mm/s),
scan interval (0.1 mm-0.15 mm ), and layer thickness
(0.1 mm-0.15 mm).

Some impellers were manufactured by indirect SLS
with PA12-coated AISI316L powders, as shown in
Fig. 2. Their strength was so high that it was difficult
to destroy them in the process of SLS/IP.

Degreasing was then carried out in the H, furnace
so that the PA 12 binder could be removed completely
from the SLS green specimens.

Table 1. Properties and contents of SLS raw materials for preparing PA12-coated AISI316L.

Compositions Size/ um Shape Melting point Density Wt%
AISI316L =45 um Irregular 1375C 7.99g/cm’ 98.5-99.2%
PA12 =30 um Irregular 178C 1.02 g/em® 0.8-1.5%
Table 2. Compositions of AISI316L.
Compositions C Si Mn P S Ni Cr Mo N Fe
Wt% 0.018 0.71 1.46 0.03 0.025 10.18 16.81 2.1 0.085 The balance
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(b) Partial magnification of region A

Fig. 1. Micrographs of PA12-coated AISI316L powders.

Fig. 2. An SLS impeller of AISI316L.

2.2.3 Canning stage

Given that RTV-2 viscosity is large and the reaction
time of its cross bonding is slow, it is therefore diffi-
cult to spread on the surface of complicated compo-
nents during the manufacture of airproof canning. On
the contrary, viscosity of NL is lower, and the reaction
of its cross bonding is quick. As such, it can easily
spread on the surface of complicated components. In
addition, polymerized NL has good elasticity, as well

Fig. 3. Fabrication of airproof canning.

as soft and anti-tearing characteristics, so the working
pressure from liquid is not lowered during CIPing.
For these reasons, NL was chosen as a raw material.

First, the S element was chosen as a vulcanizing
agent when manufacturing airproof canning for com-
plicated components by NL. Second, antioxidant 264
and active agent ZnO were used to improve the com-
ponents’ performances, because NL easily suffered
from aging. In addition, toward a more rapid sulfura-
tion reaction of NL, accelerator PX was also adopted.
The rate of NL, S, antioxidant 264, accelerator PX,
and active agent ZnO was 100:(1-1.2):(0.65-1):1:
(0.5-1.5). The steps required to manufacture airproof
canning are described below.

(1) S was first added into NL, followed by the ac-
celerator PX, the active agent ZnO, and the antioxi-
dant 264, in this order. Subsequently, the mixed liquid
was heated between 60C and 70C for prevulcani-
zation of NL, which facilitated the rapid formation of
airproof canning throughout the rest of the process.

(2) The AISI316L specimens were dipped into a
solution consisting of CaCl, and distilled water,
which was used as an agglomerating agent. The
specimens were then immersed into the above-
mentioned prevulcanized NL. Subsequently, the Ca"
of CaCl, condensed the electric double layers and
reduced electrical potential difference resulting from
the negative charge adsorbing on the surface of NL
particles. Finally, airproof plastic canning of NL was
formed.

(3) The encapsulated specimens were placed into a
drying baker between 70°C and 100C. Through this
process, the polyreaction rate of NL became quicker
and NL polymerized much faster. After repetitions of
steps 1-3, airproof plastic canning was formed as
shown in Fig. 3.
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2.2.4 CIPing stage

The encapsulated SLS specimens were CIPed at
different pressures (300 MPa, 400 MPa, and 500
MPa) in order to improve their relative densities.

2.2.5 Sintering and HIPing stages

The AISI316L specimens were sintered at different
temperatures (1300C, 1320C, and 13407C) for 2
hours or so. The vacuum inside the sintering furnace
was 107 Pa or so. Afterwards, using the ABBQIH-6
equipment, the AISI316L specimens were respec-
tively HIPed at 11507C/90 MPa, 1150C/120 MPa,
1250C/90 MPa or 12507C/120 MPa for 1 hour in
order to improve their performances.

2.2.6 Measurements

In accordance with the Archimedes law, relative
densities of the AISI316L specimens before and after
HIPing, were respectively calculated according to Eq.
(1). Although there were five tensile tests using the
same conditions, the mean relative density can be
achieved using the following equation:

przml.po.pl/(mz_m.?)’ (1)

where p, refers to the relative densities of AISI316L
specimens manufactured by SLS/IP; p, and p,re-
fer to the densities of water at room temperature and
AISI316L compact material; m, refers to their
weights before the AISI316L specimens were infil-
trated into ceresin wax; and m, and m, refer to
their weights in air and in water after AISI316L
specimens were infiltrated into the ceresin wax.

Using the same variable conditions for calculating
the mean of tensile performances, 5 tensile samples
(ASTM EB) were prepared through the linear cutting
of HIPed specimens. Afterwards, their tensile per-
formances were tested on a Z010 universal testing
machine at the loading rate of 2 mm/min. Their mi-
crostructures were then observed using a Quanta 200
environmental scanning electron microscope.

3. Results and discussions

3.1 Relative densities of the AISI316L specimens in
the sintering stage of SLS/IP

Fig. 4 shows the relative densities of AISI316L
specimens CIPed at 300 MPa, 400 MPa, and 500 MPa
when sintered at 1300C, 1320C and 1340, respec-
tively, which gradually increased and approached
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Fig. 4. Relative densities of the AISI316L specimens CIPed at
different pressures during sintering.

about 92%. Fig. 5(a), Fig. 5(b) and Fig. 5(c) represene
t thCIPed, sintered, and HIPed AISI316L impellers,
respectively.

When CIPing pressure increased from 300 MPa to
500 MPa, on the one hand, an increasing number of
particles underwent plastic yield or strain-hardening,
which caused more defects in crystal grains with lar-
ger distortion of lattice. On the other hand, residual
stress among the AISI316L specimens became larger,
thereby causing an increase in chemical potential
difference as shown in Eq. (2) below.

Au=oV, @
In the above, Au, o, and V, refer to chemical
potential difference, residual stress and mole volume
of specimens, respectively [16].

In the stage of sintering, the abovementioned fac-
tors facilitate the rapid occurrence of atom diffusion
and the densification of metal specimens, thereby
causing a gradual increase in their relative densities.
However, it is possible that initial relative densities of
AISI316L specimens would increase less when these
are CIPed from 300 MPa to 500 MPa, during which
their pores can easily be filled by atom diffusion dur-
ing subsequent sintering. Thus, their relative densities
during sintering vary less according to Eq. (3) (as
shown in Fig. 4).

Y = 3)

As shown above, v, and v, represent pore volume
of specimens before and after sintering; where v is a
constant [16].
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(a) CIPed

(b) Sintered

(c) HIPed

Fig. 5. CIPed, sintered, and HIPed impellers of AISI316L.

When sintering temperature is at 1300C, liquid sin-
tering does not appear for AISI316L specimens. In
contrast, when sintering temperature increases be-
tween 1320C and 13407C, which is less than the
melting point of AISI316L, supersolidus sintering
begins to form. The coefficient of atom diffusion in-
creased along with an increase in sintering temperature
(Eq. (4)). This is considered advantageous to the den-

sification of the AISI316L specimens. Thus, their
relative densities increased remarkably during sinter-
ing between 1300C and 13207, but their relative
densities approached the same value between 1320C
and 1340C. Finally, it is concluded that the optimal
sintering temperature should be between 1320C and
1340C.

Fig. 5(a) shows the AISI316L specimens CIPed at
300 MPa, while Fig. 5(b) shows the corresponding
specimens sintered at 1320 C, during which they
have shrinked remarkably.

D =D, exp(-AG/RT) 4)

In the equation above, D refers to the self-
diffusion coefficient, D, is a constant, AG refers to
the activation energy of self-diffusion, and R and
T refer to gas constant and thermodynamics tem-
perature, respectively [16].

3.2 Relative densities of the AISI316L specimens in
the HIPing stage of SLS/IP

Fig. 6 shows micrographs of the AISI316L speci-
mens during HIPing at different temperatures and
pressures. As can be seen, the sizes and distributions
of pores and crystal grains are different. Table 3
shows the influence of HIPing temperatures and pres-
sures on the relative densities of AISI316L specimens
that have been previously CIPed at 300 MPa and
sintered at 1320C. In the table, I /2 and 1 /2 repre-
sent the mean of their relative densities under the
condition of different HIPing parameters, and the
range represents the influence of HIPing parameters
on their relative densities. As can be seen, when HIP-
ing temperatures and pressures increase from 1150C
to 1250C and from 90 MPa to 120 MPa, respec-
tively, their final relative densities exceeded 95% and
increased gradually. The range of relative densities
thus became 1.55% and 0.4% for each sample group.

When HIPing pressures increased and then exceed
those in closed pores, plastic yield began to take place
with creep deformation appearing in the AISI316L
specimens. The closed pores reduced or shrinked, as
can be concluded from Fig. 6(a) versus Fig. 6(b) (or
Fig. 6(c) versus Fig. 6(d)). Their relative densities
also increased. When HIPing temperatures increased,
yield strength of the AISI316L material became re-
markably reduced. Thus, more AISI316L particles
were produced from the plastic yield, and more pores
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Table 3. Influence of HIPing parameters on relative densities of the AISI316L specimens.

No. HIP temperatures HIP pressures Relative density
1 1150C 90MPa 95.3%
2 1150C 120MPa 95.6%
3 1250C 90MPa 96.7%
4 1250C 120MPa 97.2%

172 95.45% (1150C) 96.0% (90MPa)

172 96.95% (1250C) 96.4% (120MPa)

Range (| 11 /2- T /2|) 1.5% 0.4%

60 Hm

Big grams

(a) 1150C/90 MPa  (b) 1150°C/120 MPa (c) 1250C/90 MPa (d) 1250°C/120 MPa

Fig. 6. Micrographs of AISI316L specimens HIPed at different temperatures and pressures.

were healed. However, crystal grains were formed, as
can be concluded from Fig. 6a versus Fig. 6(c) (or Fig.
6(b) versus Fig. 6(d)).

Given the above, we can say that the relative densi-
ties of the AISI316L specimens are mainly influenced
by HIPing temperature instead of HIPing pressure.
The optimal temperatures and pressures during HIP-
ing were identified to be at between 11507C and
1250, and between 90 MPa and 120 MPa, respec-
tively.

Fig. 5(c) shows the impeller manufactured by
SLS/IP with the above optimal technology parameters,
whose relative densities are about 95%, satisfying
engineering application requirements.

3.3 Tensile performances of the AISI316L speci-
mens in the HIPing stage of SLS/IP

Table 4 shows the influence of HIPing tempera-
tures or pressures on the tensile performances of

AISI316L specimens manufactured by SLS/IP, which
are improved gradually with increasing HIPing pa-
rameters. As compared with tensile performances of
annealed AISI316L compact material, except for
tensile strength, their Young’s modulus, yield
strength, and elongation percentage are lower.

The relative densities of AISI316L specimens
manufactured by SLS/IP increased, and their pores
gradually became spheroidized when HIPing tem-
peratures or pressures increased. Although crystal
grains grew with the increase of their relative densi-
ties, their tensile performances became improved
through their relative densities instead of size of crys-
tal grains. As such, their tensile performances also
gradually improved with the increase of the above-
mentioned HIPing parameters.

During HIPing, a great number of carbides ap-
peared above the AISI316L specimens (as shown in
Fig. 7(a)), so their tensile strengths became larger
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Table 4. Influence of HIPing parameters on relative densities of the AISI316L specimens.

E/GPa Yield Tensile Elongation
strength/MPa strength/MPa Percentage/%
1150°C/90MPa 1242 256.7 619.6 42.1
SLS/IP Com- 1150°C/120MPa 125.5 258.5 62225 434
ponents of -
AISI316L 1250°C/90MPa 143.5 276 627.51 435
1250°C/120MPa 1425 277 649.49 45.7
Annealed AISI316L compact material 197 300 570 50

Big grams

(a) Micrographs of HIPed specimens at 1250°C/120 MPa

(b) Fracture patterns

Fig. 7. Micrographs and fracture patterns of the AISI316L specimens during HIPing at 1250°C/120 MPa.

than those of annealed AISI316L compact material.
However, their relative densities are still lower than
100%, and there are some residual pores still existing
in these (as shown in Fig. 7(b)). Thus, their Young’s
modulus, yield strengths, and elongation percentages
became lower than those of annealed AISI316L com-
pact material.

Consequently, dense automobile components of
AISI316L with high performances can be manufac-
tured by SLS/IP with the above optimized technology
parameters.

4. Conclusions

In this study, PA12-coated AISI316L powders are
successfully prepared by dissolution and precipitation
of PA12 into alcohol, which is considered suitable for
SLS raw material. Moreover, airproof canning of
complicated components is easily manufactured with
natural latex, S, antioxidant 264, accelerator PX and
ZnO, all of which satisfy the CIPing requirements.
Relative densities of the AISI316L specimens in-
creased when CIPed at a larger pressure or sintered at
a higher temperature. Moreover, optimal CIPing pres-
sure and sintering temperatures are found to be at 300
MPa, and between 1320C and 1340C, respectively.

In the HIPing stage of SLS/IP, their relative densities
are mainly influenced by HIPing temperatures instead
of HIPing pressures. Their tensile performances are
close to those of annealed AISI316L compact mate-
rial when they are CIPed at 300 MPa, followed by
sintering at 1320C and HIPing at 12507C/120 MPa,
which satisfies the requirements of engineering appli-
cations. Therefore, SLS/IP is a suitable solution for
the rapid development of complicated automobile
components.
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