Manufacturing Net-Shaped,
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Management Summary

A net-shaped metal forming process has been developed for
manufacturing quality, durable, high-yield and cost-efficient gears
for high-volume production. In this article, the development of net-
shaped cold-formed gears (CFG) by using the divided flow method
will be presented, along with their suitable applications. The manufacturing
technique and equipment will be introduced, as well as the advantages and
limitations. Applicable materials and heat treatment practices will also be
discussed. Gear tooth inspection charts will be presented and compared to
conventional manufacturing methodologies.
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Figure 1—Cold forming by the divided flow method.
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Figure 2—Gear die stress distribution.
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Introduction

Cold forming/cold forging is a bulk
metal forming process where a metallic
workpiece is plastically deformed into
a tool by a press. The workpiece and
tooling are at room temperature—i.e.,
they are not pre-heated, as in the case
of hot forging.

The advantages of using a cold
forming process to manufacture parts
are: 1) there is less material waste since
material is being displaced and not
removed; 2) the parts can be made at
very high production rates; 3) the parts
are strong due to the work hardening of
the material; 4) the parts have tight tol-
erances; and 5) the parts have excellent
surface quality.

Cold forming by the divided flow
method is a process where a workpiece
is simultaneously pressed from an upper
punch and a lower punch, allowing the
material to flow radially outward into
the die cavity (Fig. 1). This process is
typically used for forming rotational
symmetric components.

A net-shaped or near-net-shaped
forming process is one where no or
minimal secondary and/or finishing
operations are necessary. A net-shaped
gear is a gear where the teeth do not
need to be machined or finished.

Development

To begin development of cold
forming gears, finite element analysis
(FEA) was used to determine how
much forming load is required, how the
material will flow, and how much the
tools will deflect (Fig. 2).

Since forming
movement of large amounts of material,
a plastic deformation (non-linear)
finite element software program is
required. Today there are over a dozen
commercially available FEA software
packages capable of simulating metal
forming processes, cold or hot.

metal involves
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An advantage of using FEA simu-
lation during the development phase
is to be able to determine the overall
effects of parameters on the results; e.g.,
the effects of the punch geometry on the
material flow, the effects of the material
alloying and processing on the forming
load, etc. (Fig. 3). As a developmental
tool, FEA simulation allows the user to
test several “what if” scenarios without
having to manufacture expensive “hard”
tools. FEA simulation can also be used
to help determine what type and size of
manufacturing equipment is required to
cold form a family of gears.

The FEA simulation results were
used to conduct an initial feasibility

analysis to determine the process
limitations and manufacturing
equipment requirements, and to

estimate if the process yields a com-
petitive product.
Processes and Equipment

Net-shaped cold forming of gears
require any additional
manufacturing processes over the tradi-
tional gear manufacturing process.
Simply put, the gear cutting process is
replaced by a metal forming process.
Furthermore, conventional pre- and post-
processing operations are applicable.
Figure 4 illustrates a typical cold-formed
gear process flow.

Gear materials. The cold formability
of steel is dependent primarily on the
amount of carbon in the steel. The
lower the amount of carbon content—
e.g., 8620 vs. 8640—the smaller the
forming load and the less the tools will
be stressed. The alloy content and the
raw material processing also play a role
in how the material will flow—e.g.,
1040 vs. 4140. For most gear configura-
tions, the common gear materials
ranging from low carbon steels (1020)
to medium carbon-alloyed steels (4340)
can be formed. If the carbon content is
above 40 points, it is better to consider
hot forging, which will improve the
metal flow and reduce the forming
loads.

Gear blank manufacturing. As
with many manufacturing processes, it
is important to start with an inexpensive
blank, whether it is a blank turned

does not

Figure 3—CFG strain distribution.

Figure 4—CFG process flow chart.

from bar stock or a blank cold-formed
from coiled wire. The optimal blank
manufacturing process depends on the
size and shape of the blank required.

If a gear blank is under 50 mm,
then the blanks could be cold-formed
using coiled wire on a cold header at
speeds ranging from 60 to 180 parts-
per-minute. If a gear blank is larger than
50 mm, then it could be turned from bar
stock or in some cases hot-formed.

In order to cold-form gears, it is
generally better to anneal the gear blanks
to remove the residual stresses and any
“work hardening” effects from prior
processing of the material. Annealing
softens the gear blanks and makes them
more formable, which reduces the forming
load required to deform the material.

www.geartechnology.com

Since the gear blanks will be cold-
formed in a tool cavity, lubricants and
coatings must be used in order to avoid
galling. Forming oils and/or zinc phos-
phate coatings are typically used to
coat the blanks. PVD (physical vapor
deposition) coatings such as TiCN
(titanium carbo-nitride) are used to coat
the tools.

Formingpress.Inorderto plastically
deform the workpiece into the die cavity,
aforming pressis required. For the divid-
ed flow method, the press can be either a
mechanical or hydraulic forming press,
depending on the complexity of the
part and accuracy required. The main
advantage of a single-action mechanical
press is the high productivity rates.
However, a hydraulic press can have
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Figure 6—Gear-forming tools.
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more than one action and deliver desired
forming loads and speeds at specific
points throughout the stroke of each
action with precision.

For the development and production
of cold-formed gears, a 1,200 ton,
triple-action CNC hydraulic press is
used (Fig. 5).

Gear Tooling

Since cold forming processes occur
at room temperature, the forming loads
required to plastically deform steels are
very high. Hence, the stresses in the
tooling are also very high, which can lead
to premature tool failure. Advancements
in tool steels and the development of
more formable steels has enabled cold
forming processes to be applied to more
complex, precise components that were
not possible earlier.

Cold form gear tooling consists
of a die set, gear die, punches and die
clamping rings (Fig. 6). Since these
tools touch the workpiece, they are
unique for each gear. These tools
have a limited tool life due to the high
stresses (fatigue) and frictional contact
(wear), and as such are considered to be
“perishable” tooling.

The die set that holds the perishable
tools is considered to be durable tooling.
The durable tools are not unique for
each gear and have a much longer tool
life because they typically are not as
highly stressed and do not experience as
much wear.

Standard tool steels such as shock-
resistant (S); molybdenum (M) and
tungsten (T) high-speed; water (W), oil
(O) and air (A) hardening; and high-
carbon/high-chromium (D) tool steels
can be used for cold forming gears.

Due to the high forming loads during
cold forming, the gear tooling elastically
deflects. When the tool deflection is
consistent from part to part, it is possible
to compensate for the elastic deflection
during the manufacturing of the
perishable tools. Generally, a gear die
should be manufactured a few quality
levels better than the final product.

Machining operations. After the
gear teeth are cold-formed, the gears are
said to be in the “green” state because
they have not yet been hardened. In this
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state, features on the gear that could
not be cold-formed—such as chamfers,
grooves, clutch face features, etc.—
can be machined using standard CNC
equipment.

Heat treatment. The heat treatment
of cold-formed gears, as with conven-
tional gear manufacturing processes,
depends on the base material. Cold-
formed gears of lower carbon content
can be case hardened, while medium
carbon content gears can be through

hardened. The use of heat treat baskets ~ Figure 7—Gear heat freat baskets.

aids in the handling of the gears and
the uniformity of the hardening results
(Fig. 7). Cold-formed gears can also be

induction hardened inline.
Finishing operations. After hard- "N\
ening of the gears, the center hole can be
honed, the faces or any bearing surfaces ' |
can be ground and, for high quality
gears, the gear teeth can be ground, all

A5%, Weight Reduction

using standard production equipment.
Gear Quality

Figure 8—Material savings.

The gear quality, like in all con-
ventional gear manufacturing methods,
is dependent on the manufacturing
process tolerances and consistencies.
Since a gear blank is formed in a closed
die, the volume (weight) of the gear
blank is important. If there is not enough
material, there will be underfill in areas
of the gear. If there is too much material,
the die cavity will be overfilled, causing
excessive tool stresses and eventually
breaking the die.

The forming press is more than just
a big hammer to smash the gear blank.
In fact, the more accurately the press
can be controlled, the more accurate the
gears will be. The more consistently the
press can apply the forming load, the
more consistent the gears will be from
part to part.

The gear die has the largest influence
on the gear quality. As stated earlier,
the gear die tooling will be made a few
quality classes better than the desired
gear quality. In addition, the elastic
deformation of the tooling must be
compensated for and incorporated into
the tool design. The selection of tool
materials, coatings, and manufacturing
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methodologies is very important in  Figure 9—Comparison of tooth-to-tooth variation for a cold-formed gear and a hobbed gear.
making a high-quality gear die.
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Figure 10—Strain hardening.
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Figure 11—Gear configurations.

56 GEAR

Machining, finishing and heat
treatment affect a cold-formed gear’s
quality as much as and in the same ways
as they do for a cut gear.

Depending on the gear configuration,
a net-shaped, cold-formed gear will
typically yield an AGMA Q8-Q9
finished quality gear.

Advantages of Cold-Formed Gears

The advantages of manufacturing
gears by cold forming are: 1) high
production rates; 2) effective material
usage; 3) small  tooth-to-tooth
variation; and 4) high strength and high
durability.

High production rate. Since all of
the teeth are formed simultaneously, the
time it takes to fill the die cavity is only
a few seconds. Cycle time varies based
on the size and configuration of the
gear, but most gears can be cold formed
at rates of 2—10 parts per minute.

Effective usage. An
advantage to the closed die forging
process is that material is not being

material
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removed, but displaced. This typically
results in a 5-10% material savings just
from forming the gear teeth as opposed
to cutting them.

An additional savings
of 10-30% is possible by designing
a thinner web (Fig. 8). The forming
punches can be designed so that a
thinner symmetrical web can be formed
without “putting chips on the ground.”
Hence, a lighter blank can be used with
shaped forming punches.

Small tooth-to-tooth variation. As
can be seen in Figure 9, a cold-formed
gear has less tooth-to-tooth variation
than hobbing, since all of the gear teeth
are formed simultaneously in a precise
gear die. This could result in a smoother,
quieter and longer-running gear.

High strength and high durability.
Cold forming steel induces local work
hardening into the material which will
yield a stronger product. As can be seen
in Figure 10, most of the work harden-
ing occurs in the root. Durability tests
have shown that cold-formed gears can
also withstand higher impact loads than
powder metal gears.

Applications and Limitations

To be competitive with conventional
gear manufacturing processes, a cold-
formed gear must be manufactured
so that it can economically replace
an existing gear. Some potential
applications of cold-formed gears
are in the automotive, recreational ve-
hicle, power hand tool, lawn & garden,
appliance, and gear motor industries.

As with any process or product, there
are physical and economical limitations
to its applications. Loose, flat spur and
helical gears are good candidates for
net-shaped cold-forming by the divided
flow method (Fig. 11). Some gears with
hubs or webs can be designed for cold
forming. Gears with large, asymmetrical
protrusions or pockets cannot be net-
shape cold formed. These types of
features are best done by machining.

The size limitation of cold-formed
gears is dependent primarily on the
manufacturing equipment. The larger
the gear and the less the material is
form-able, the larger the forming press
required. The smaller the gear, the

material
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higher the tool stresses.

Medium- to fine-pitch gears are good
candidates for cold forming, but large-
pitch gears should not be excluded,
depending on the configuration. The
larger the pitch diameter to face width
ratio (PD:FW), the easier it is to form
the gear. The closer the PD:FW ratio is
to one, the more difficult it is to form
the gear teeth uniformly. The higher the
helix angle, the more the tooling will be
stressed and deflect. The higher the gear
tolerances, the lower the tool life.

Even after compensating for the
elastic tool deflection, it is not possible
to consistently cold form gears above
AGMA Q9 class. It is, however, possible
to grind a cold form gear to improve its
quality class while capturing the other
advantages of a cold-formed gear stated
in the previous section. In other words, a
near-net-shaped, cold-formed gear could
be ground to yield an AGMA Q10 or
higher quality gear.

Lastly, due to the large capital
investment for the forming press and
the high-quality gear die required, it is
normally not economical to cold form
gears for low annual volume productions.
In addition, since the gear die cannot be
easily modified, the process is best for
long-term programs where the gear tooth
geometry does not change often.

Closing Remarks

The process of net-shaped cold-
forming gears by the divided flow method
was introduced. The manufacturing
processes and equipment, the advantages
and limitations, were discussed.

High-volume, loose, flat spur and
helical gears with large pitch-diameter-
to-face-width ratio in the AGMA QS to
Q9 quality classes are good candidates
for this technology. {*
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