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Introduction

In many cases powder metallurgy (PM) offers the most cost effi-
cient way to make components on a larger scale, for instance in
automotive applications. Complex shapes can be compacted
near net shape and reduce the overall number of process steps
required for manufacturing. Other benefits of PM include the
elimination of scrap, where up to 98% of the raw material goes
into the final component, and the possibility to tailor material
compositions for specific applications.

A drawback of the PM technology is the inherent 5-15% of
porosity in the components, which decreases the strength of
the material compared to full density wrought steels. Techniques
such as powder forging or rolling densification can be used to
reduce or remove porosity in various components to improve
strength. It is also possible to use hot isostatic pressing (HIP) to
make fully dense parts from powder. A previous investigation,
see for instance MPR Volume 72, number 2, 2017, demonstrated
for instance that a HIP:ing a PM steel reduced the wear of a dog
clutch of a rally car compared to the standard steel mating part.

* Corresponding author.
E-mail address: Andersson, M. (michael.andersson@hoganas.com)

However, HIP:ing normally requires the powder to be included in
a canister during the process, which is normally a very expensive
process.

The idea, is therefore, to combine pressing and sintering of
conventional PM technology with a subsequent HIP:ing step to
remove the remaining porosity. If the part is made to a suffi-
ciently high density before the HIP step to have closed porosity
the canister is not necessary, thus combining the advantages of
conventional PM and HIP.

This paper summarizes the project HIPGEAR, which was run
as a part of the Swedish FFI program between 2014 and 2018,
and included a number of partners from industry and academia.
The purpose of the project was to develop the can-less HIP pro-
cess. The ultimate goal was to manufacture and test a demonstra-
tor gear looking at applications for trucks.

The process

The main requirement for reaching full density after HIP:ing is to
start with a component that has closed porosity to prevent the
penetration of the process media into the material. In practice
this means reaching at least around 7.4 g/cm® around the surface
of the material. Figure 1 shows the difference of a gear tooth
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lllustration of HIP:ing with a. still open porosity and b. closed porosity.

where the density was too low versus another example with suf-
ficient density to densify throughout.

Early on in this project, it was decided to use double pressing
to reach sufficient density for successful HIP:ing. A previous
study, see [1], demonstrated that it is possible to use a single com-
paction step to reach sutficient density. However, since that con-
cept included finer than standard powders in combination with
lower than normal lubricant content and high compaction pres-
sures, it was decided not to use that process for the demonstrator
in this project. With new powder mix concepts it is however
believed that a single compaction solution will be possible.

Another question that had to be addressed was surface poros-
ity. Even it the bulk density is sufficient to close the porosity
pores that are open to the surface cannot close during HIP:ing.
This is for instance seen in Figure 2, where some porosity still
exists down to a depth of around 200 uym even though full den-
sity was reached below.

Initially, different powder mix concepts were evaluated, and
also the option to use finer powders to facilitate the closing of
the porosity. However, in the end it was decided to use a stan-
dard powder grade, Astaloy™ Mo from Hoéganids Ab, which is a
pre alloyed iron powder with 1.5% Mo. The type of powder
mix used was IntralubeE®, with 0.3% C-F10 added.

Also, the final sintering step can be used to close the porosity.
But in order to enhance that effect a high sintering temperature
is typically necessary. In the end it was decided to sinter the
material at 1300 °C for 60-90 min. For HIP:ing a standard cycle

Open pores close to the surface.

was used with 1000 bars of pressure at 1150 °C for 120 min using
a QIH21 HIP from Quintus Technologies.

It was found that a big drawback with the prolonged exposure
to high temperatures, both at the final sintering step and during
HIP:ing was extensive grain growth. Figure 3 shows average grain
size after second compaction, final sintering and atter HIP com-
pared to a reference gear steel. From the picture, it is clear that
both sintering and HIP:ing grows the grains significantly. Later
on, it was also found that the larger grains decreased the fatigue
strength, see also below.

To reduce the grain size again it was decided to do a normal-
ization after HIP:ing. This was done by heating up the specimens
to 920 °C and with a hold times of either 2 or 30 min and then
quench in water. With this process step, it was then possible to
obtain a material with grain size comparable to the reference.
In this case it’s possible to do the normalization inside the HIP,
thus avoiding any additional process steps.

Simulations
One part of the project focused on simulations as a tool for pro-
cess development, where especially the compaction and HIP
steps were modeled. By using advanced finite element simula-
tions it’s possible to simulate the density distributions after the
different steps. Especially during HIP:ing there will be large
dimensional changes, and the presence of density gradients in
the component can then cause distortions. Here simulations
can be used to estimate the distortions and compensate for them
in the tool and process design. Further details can be found in [2].
Different material models were adapted and calibrated to
compaction curves in order to describe the powder compact at
different stages of the process. The first compaction, where the
green body was formed from powder, was modeled using the
CAP model. For the subsequent steps, the Gurson models were
used to describe the deformation of a porous solid body. For
the compaction simulations it’s also important to include for
instance the friction between powder and die to be able to cap-
ture for instance the neutral zone. Figure 4 shows an example
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of how a simulated relative density distribution looks after
compaction.

Another area where the simulations proved useful is to com-
pare how suitable different gear geometries are for the PM/HIP
process. By looking at different gear data and simulating the min-
imum relative density it’s possible to judge for instance the risk
of residual porosity after HIP:ing.

Demonstrator

A large part of the project focused on developing a demonstrator
gear in order to show that the process can be used to manufac-
ture an actual component. Different options for the demonstra-
tor were discussed early on in the project. Since the largest
press available for the demonstrator was 800-tons, and since
the process requires high compaction pressures it proved difficult
to find a suitable truck component that could be used due to the
typical size of these components. Ideally, it should also be possi-

UVARME
(Avg: 75%)

¥
Step: P1, Presaing into green compact
Increment 85: Step Time = 1.000
X Primary Var: UVARMG
Deformed Var: U Deformation Scale Pactor: +1.000000e+00

Simulated relative density after compaction.

UVARMS
(Avg: 75%)

ble to use the part for fatigue testing to benchmark the perfor-
mance of the HIP:ed component.

In the end, it was decided to use the C-PT type gears normally
used for FZG testing, see Figure 5. A big advantage of this gear is
that it can easily be used for fatigue testing, both tooth root
bending fatigue in a pulsator, and contact fatigue in an FZG test
rig. Also, even though the intended applications to a large extent
are helical gears, it was decided that it would be better to start
with a spur gear to learn more about how the shape and distor-
tions develop during the process.

It should be noted that for the demonstrator a special com-
paction tooling was acquired for double pressing of a component
with the right dimensions to accommodate for the HIP process.

The process to manufacture a gear was (parameters within
parenthesis):

1. first compaction (800 MPa)
2. pre sintering (800 °C, 30 min)

Step: Pl, Pressing into green compact

Increment 85: Step Time = 1.000

Primary Var: UVARME

peformed var: U  Deformation Ecale Factor: +1.000000a+00
“———
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The density development after each step is presented in Fig-
ure 6, where it can be concluded that the material has reached
full density after the HIP step.

mn=4.5 mm

=18 As was mentioned above there will be surface porosity remain-
= ing after the HIP process, which can have a detrimental impact

=20 on fatigue strength. On the gear flank these pores will be

d=72 mm removed during grinding, but normally the tooth root is not

da=82.46 mm ground. However, for this project, it was decided to include tooth

df=61.34 mm root grinding on to ensure best possible performance.

x=0.182 To keep track of the dimensional changes and distortions the

gears were measured after the different process steps. Especially
during the second sintering and HIP:ing the components will
shrink significantly and it’s important to have these changes in
control to ensure the final dimension of the component.

The C-PT gear geometry. During the initial stages of the project, dimensional changes
of small cylinders were used to measure the shrinkage and was

wn
)
m
o]
>
-
-
>
==
(=
=
m

3. second compaction (850 MPa) also used as a basis for the tool design. In the end it was found
4. final sintering (1300 °C, 90 min) that the HIP:ed gear was very close in size compared to the ideal
5. HIP (1150 °C, 1000 bar, 120 min) value with a MOB value of 85.09 mm compared to the theoreti-
6. carburize cal value of 85.12 mm. This shows that even though there is a
7. finish machining (gear grinding) significant shrinkage it can be controlled.

Figure 7 shows the bore roundness and the run-out after the
different steps. As can be seen in the figure there is an increase
in the distortions after HIP:ing. However, for the demonstrator,
all tolerances were within the limits of what could be corrected

; 3
Density [g/cm?] during the final gear grinding resulting in a gear of high quality.

8.00
7.80 Fatigue testing
760 The initial ambition of the project was to produce a material with

higher strength than reference wrought steels, and to test the
7.40 fatigue strength of the HIP:ed gears both FZG testing for contact
fatigue and pulsator testing for tooth root bending fatigue were

7.20 performed. The resulting SN-curves are shown in Figure 8, where
7.00 it can be seen that the fatigue strength is somewhat lower than
the reference material which is a typical case hardening steel,

6.80 17NiCrMoSé6. It should be noted that the fatigue testing was
S1 P2 S2 HIP done before it was realized that the process caused significant

grain growth, see also discussion above.

_ Some retests in the pulsator were also done on gear that were

Density development after each step. normalized and re-hardened to reduce the grain size. This

Bore roundness Run-out ()

P s P2 s2 L P St P2 82 HP

mBore roundness (1.5 mm balow uppar end plare) B Bore roundness (middle of face width) wFr Top (1.5 mm bolow upper end plane)  w Fr Middle (middle of facowicth) = Fr Down (1.5 mm above lowor end plane)
= Bore roundness (1.5 mm above lower end plane)

a. Bore roundness and b. run-out after different process steps.
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Results from fatigue testing, a. FZG testing and b. pulsator testing.

improved strength, but it was still a bit below the reference. How-
ever, the re-hardened gears showed less compressive residual
stresses. This is believed to be due to the fact that they were
ground before heat treatment and the beneficial effect of grind-
ing thus removed.

6. Summary and conclusions

It has been shown how traditional PM manufacturing can be
combined with a container less HIP:ing if the initial density is
sutficiently high, thus producing a more or less pore free mate-
rial. In the present study, it was decided to use double pressing
to get the density up, but there are ideas of how to streamline
the process by using new advanced powder mix technologies
and single compaction.

In was also demonstrated how this new process can be used to
make a full density powder metal gear. It was found that even
though distortions increase during HIP:ing the dimensions of
the component could be kept under control, to produce a gear
of high quality after grinding.

A couple of challenges were also identified. For instance HIP:
ing cannot close pores that are open to the surface, resulting in
some remaining porosity. For the demonstrator, this was solved
by gear grinding of both tooth flank and root to remove the sur-
face layer. Furthermore, fatigue strength was found to be some-

what lower than the reference material. Deeper investigation of
the HIP:ed material revealed a significant grain growth, and it
was concluded that this was a main contribution to the lower
strength. However, it was also demonstrated how a normaliza-
tion in the HIP could be used to reduce grain size to improve
properties without adding additional process steps.

Finally, the project also demonstrated how simulations can be
used to support process development, for instance, to calculate
distortions during HIP:ing or to investigate how suitable differ-
ent gear geometries are for the process.
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