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ABSTRACT

This paper reports the results of research on increasing the fatigue strength of powder-forged connecting rod materials.
The fatigue strength of powder-forged materials was increased without adding special alloy elements or lowering
workability by adjusting the ratios of the conventional main mixed powders (iron, carbon, copper) and by controlling the
sintering temperature conditions. In addition to solid solution strengthening of the ferrite using copper, reducing porosity,
which is a material internal defect, is also an effective method of increasing fatigue strength. Reducing carbon content

greatly reduced the occurrence of defects in the forging stage.

The results of this research showed that the fatigue strength of high strength powder-forged materials can be increased
by 30% or more over that of conventional materials, resulting in powder-forged connecting rods to be applied to even

higher output and higher load engines than before.

1. Introduction

Weight reduction is an important means of increasing
automobile fuel economy and output, and this applies to
engine components as well. In particular, reducing the
weight of the main moving components, such as the
pistons, crankshaft, and connecting rod, has a large effect
on enhancing engine performance. In addition to steel
materials, titanium alloys and other materials are
sometimes applied to reduce the weight of connecting
rods®. However, the cost is high. So for passenger car
engines, the connecting rod weight is reduced by
increasing the steel material strength to enable a reduction
in size?,

In Europe and Japan, hot forging technology has
advanced, and is often used to increase the steel material
strength. In contrast, powder forging is the main method
used in North America, and has had the advantage of
being able to make use of the brittleness of the materials
to fracture-split the large end of the connecting rod to
streamline the shape and reduce weight. However,
progress in weight reduction has been made in the hot
forging method, with the development of steel materials
that not only have high strength, but also result in fracture
splitting in the same manner as that of powder-forged
materials®-®, The strength of powder-forged materials can
be enhanced by increasing the amounts of additive alloy
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elements® or adding new components. However, as the
hardness increases, the machinability decreases, and the
resulting drop in efficiency makes it impractical for mass
production.

For this reason, the strength of connecting rods
manufactured by hot forging is 30% or more than that of
powder-forged connecting rods. This means that the two
types cannot be designed with the same weight, which has
hindered a flexible production response according to the
production base.

Therefore, powder-forged materials that have the same
strength and productivity as hot-forged materials were
necessary to provide interchangeability in engines with the
same specifications.

2. Research Goals

The material strength should be increased to reduce the
connecting rod weight. This increase in strength is
primarily responsible for an increase of the fatigue
strength.

In addition, assuming a high-volume mass production
line flow like that for conventional powder-forged
connecting rods, lower machinability means increased
replacement frequencies for cutters and other tools. This
may cause costs to rise, and gives rise to concerns about
drops in productivity. Therefore, the goals were to provide
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the same machinability as the conventional method, and
to utilize the existing mass production lines without
modifications. It was assumed that the fracture splitting
method, which has become the main machining method
for connecting rods in recent years, would be used.

3. Material Component Design

3.1. Approach towards Material Component Design

The main components of conventional powder-forged
connecting rods are Fe-0.5%C-2.0%Cu, and MnS as the
free-cutting component.

Possible methods for increasing the strength of this
type of connecting rod are as follows.
(1) Increasing the base material strength by increasing the

C and Cu contents
(2) Increasing the hardenability by adding Cr, Si, and Mn
(3) Strengthening the base by adding V, Ti, and Nb to
precipitate carbides

However, the base material strengthening method (1)
causes the machinability to drop as the hardness rises. For
this reason, there are reports of adding special powders
that effectively increase machinability®, but this increases
the cost relative to the conventional powder mix. Elements
(Cr, Si, Mn) that are effective at increasing hardenability
(2) oxidize easily during the sintering process, and these
oxides form defects that lower the connecting rod strength,
so this method is not appropriate. In addition, elements
(V, Ti, Nb) that strengthen the base through carbide
precipitation (3) also oxidize easily when mixed

simultaneously in powder form, so reduction is necessary.
However, reduction of carbides is challenging when
mixing the powders, so these elements should be alloyed
and mixed as pre-alloy powders. In this case, work should
start from development of the pre-alloy powders, so costs
are expected to rise. Therefore, optimization of the powder
ratios and sintering conditions, without changing the main
components, was investigated with the target of increasing
strength without lowering machinability.

3.2. Adjusting the Ratios of the Main Material
Components

First, the relationship between hardness and fatigue
strength was investigated with respect to the ratios of C
and Cu, which are main components in conventional
powder-forged connecting rods. Figure 1 shows the
relationship between the material hardness and rotary
bending fatigue strength with respect to the C and Cu
contents. Both the fatigue strength and the hardness
increase with the C or Cu content, but the C content has
a greater effect on the increase in hardness than the Cu
content. Thus, reducing the C content and increasing the
Cu content is an effective means of increasing the fatigue
strength, while at the same time minimizing the increase
in hardness which influences the machinability. Figure 2
shows the structure of these materials. This figure shows
that reducing the C content reduces the hard pearlite,
which is a cause of increased hardness, and increases the
soft ferrite. However, this also lowers the strength, so the
ferrite is strengthened using the solid solution
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strengthening element Cu. Increasing the ratio of ferrite,
which easily forms a solid solution with Cu, also increases
the Cu saturation limit, resulting in larger amounts of Cu
to enter the solid solution. This effectively reduces the
hard pearlite that is a cause of increased hardness, and
strengthens the soft ferrite, achieving to increase the
fatigue strength without raising the hardness.

Next, the effects of C and Cu on machinability were
investigated. The machined test material consisted of
powder-forged materials manufactured under
approximately the same conditions as those of an actual
connecting rod, and the cutter was a carbide drill used to
machine connecting rod joint holes. Figure 3 shows the
drilling test conditions and results. When the C content
is kept constant and the Cu content is increased, the
hardness rises, causing the cutter wear to increase.
However, when the C content is reduced to reduce the
hard pearlite and the Cu content is increased, the hardness
increases slightly, but the cutter wear can be decreased.
This indicates that reducing the C content and increasing
the Cu content is an effective method.

In addition, the sintering density is generally an
important factor affecting the fatigue strength of sintered
materials, and when powder forging is performed, the
sintering density rises to near the true density throughout
the entire part. However, a large number of microscopic
pores are present near the surface layers. In the outermost
surface layers, this porosity can be crushed by shot
peening or other methods, but it remains in the inner
layers and becomes a starting point for fatigue fractures,
which lowers the fatigue strength. Figure 4 shows the
porosity in the pole portion of a conventional powder-
forged connecting rod. This type of porosity is generally
said to be generated when the material is cooled by
contact with the die during hot forging. In other words,
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when a powder compact formed by pressurizing and
hardening powder is sintered, the mixed powder Cu
(melting point 1083°C) melts and disperses in a solid
solution into the ferrite. At this time, if the gaps produced
from the melting copper, are completely crushed during
hot forging, then there would be no porosity. The center
portion of the materials and portions with large degrees
of deformation are almost completely filled. However, the
surface layers contact the forging die, causing the
temperature to drop and increasing the deformation
resistance, so the gaps in these portions are resisting crush
and could easily remain as porosity. Therefore, it is
expected that surface layer porosity can be reduced by
lowering the deformation resistance at low temperatures.
In addition, the material temperature during hot forging
is around 1000°C, so the generation of surface layer

Fig. 4 Porosity of “I-Beam” for connecting rod
(after shot-peening)
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Fig. 3 Margin and flank wear in function of drilling length
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porosity should be suppressed in the temperature range
somewhat lower than this temperature. Figure 5 shows
that reducing the C content lowers the deformation
resistance within the temperature range of 850 to 900°C®,
SO porosity existing in the surface layers is considered to
be less than that of the conventional materials.

The above results indicate that reducing the main
component C and increasing the main component Cu is
an effective method of increasing the connecting rod
strength without lowering the machinability.

3.3. Material Component Design of the Developed
Connecting Rod

As part of the material component investigations,
prototype connecting rods were manufactured and verified
to take into account the fracture splitting performance and
effects of surface porosity on fatigue strength. The powder
mixture consisted of atomized pure iron powder (300
ME), graphite, 2.0% Cu powder by weight, and 0.32%
MnS aloy powder. The mixture was adjusted so that the
component ratios, after forging, varied between 0.13 to
0.57% C and 1.6 to 4.6% Cu. Figure 6 shows the test
connecting rod prototype manufacturing process.

First, optimization of the C content was investigated.
Figure 7 shows the relationship between the C content
and the results of image analysis of the number, size and
shape of the pores over a section 0.5 mm wide and 0.5
mm deep from the surface of the |-Beam of the test
connecting rods. Reducing the C content, which was
approximately 0.5% with the conventional method,
reduced both the size and number of pores. In addition,
the pore shapes were confirmed to be spherical when the
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portion, so an actual connecting rod was fracture-split and
the surface properties were confirmed. Figure 9 shows an
electron microscope image of the fractured surface of an
actual connecting rod. Here, a VV-notch approximately 1.0
mm deep was machined into the large end, which was the
fracture starting point. The fracture-split portion exhibited
the same surface properties over ailmost the entire surface.
The fracture-split surface of connecting rods with a C
content of 0.25% or more exhibited cleavage fracture
surfaces, but dimples indicating ductile fracture surfaces
appeared on the split surface at a C content of 0.2% or
less. These dimples impede proper fit of the split surfaces
when the connecting rod is reassembled after fracture
splitting. These results indicate that reducing the C content
by too much has an adverse effect on fracture splitting,

Free Cu

Fig. 11 Microstructure for high Cu rods in heat
treatment process
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SO it is necessary to aim for C content of 0.25% or more
in cases where fracture splitting is necessary.

Next, optimization of the Cu content was investigated.
Figure 10 shows a concept drawing of Cu melting and
diffusing. When the Cu content is increased the Cu melts
inside the sintering oven (STEP 2) and then starts to
diffuse in the same manner as the conventional materials,
but the Cu diffusion is incomplete (STEP 3) even under
conditions where diffusion was completed in the
conventional materials. In this case, not only is it unable
to obtain the full strengthening effects, but free Cu
detracts from the strength. Therefore, it is necessary to
completely diffuse the increased Cu (STEP 4). Figure 11
shows the actual structures with unmelted Cu remaining
due to insufficient diffusion inside the sintering oven
(STEP 3), and with the Cu completely diffused (STEP 4).
The remaining unmelted Cu is confirmed to enter the gaps
between the iron powder particles and interfere with
adhesion between the iron powder particles. Therefore, a
method was investigated of promoting diffusion to shift
from STEP 3 to STEP 4 when increasing the Cu content.

When Cu diffusion is considered in terms of the one-
dimensional diffusion distance, the diffusion distance is
proportional to the diffusion coefficient and the time. In
addition, the temperature dependence of the diffusion
coefficient conforms to an Arrhenius equation as shown
below, so the diffusion is proportional to temperature and
time.
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Fig. 12 Relation between high temperature strength and Cu diffusion
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Diffusion distance: g oc 4/ Dt

Diffusion coefficient: D = Dgexp(— /%Q
Q: activation energy

R: gas constant

T: temperature

t: time

High temperature tensile strength tests were conducted
using test pieces manufactured with different sintering
temperature and time conditions in order to investigate the
Cu diffusion conditions. These tests were performed at
1066°C, which is the connecting rod temperature
immediately after removal from the sintering oven. Figure
12 arranges the first-order diffusion distances, calculated
from the above diffusion equation according to the
respective sintering conditions. In addition, the Cu density
distribution within the test piece is also mapped to show
the Cu solid solution diffusion status. These results show
that in areas with low strength after sintering, the Cu is
distributed in high density in the surface layers of the
original powder particles. In contrast, in areas where
sufficient strength is provided, the diffusion is uniform.
Strength at high temperatures cannot be provided unless
the Cu is sufficiently dispersed, so when increasing the
Cu content it is necessary to set sintering conditions that
diffuse the Cu uniformly throughout the particles.

In a pure Fe-Cu system, the Cu content in solid
solution inside the austenite is said to be approximately
7.5 to 9% at a temperature of 1094°C®, and in a Fe-C-
Cu system, the theoretical solid solution limit to the inside
of the austenite is reported as approximately 6%®. In

addition, even in a powder-forged connecting rod with a
dual-layer ferrite-pearlite structure, when the C content is
reduced it is considered that the Cu solid solution limit
tends to increase together with the ferrite ratio. Under the
conventional conditions shown in Fig. 12, the Cu can be
diffused evenly to the inside of the particles up to
approximately 3%. However, when the Cu content is
increased by 1.5 times to 4.5% under these conditions, Cu
diffusion should also be promoted by approximately 1.5
times the conventional amount. Therefore, Fig. 13 shows
the relationship between this sintering temperature and
time and the calculated Cu diffusion distance. In the initial
stages, there is much diffusion per unit time, and
increasing the temperature further increases the diffusion
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Table 1 Chemical composition for fatigue strength of
connecting rod

(mass%)
cd Cul MnSO
0.260 3.590 0.320
0.300 3.870 0.320
Development PFO 0.350 4.270 0.320
0.200 3.000 0.320
0.130 3.420 0.460
0.130 4.5200 0.460
0.390 1.640 0.300
Current PFO 0.490 1.980 0.320
0.540 2.140 0.300
0.460 3.040 0.340
High C/Cul] 0.510 2.930 0.330
0.570 3.260 0.300

PF: Powder — forged rods

effects. After a certain amount of time has passed, the
diffusion potential is reduced and the rate of diffusion also
decreases. These calculated results indicate that increasing
the sintering temperature and lengthening the sintering
time can be considered as methods of promoting diffusion.
However, the results also show that raising the
temperature by 50 to 60°C and approximately doubling
the time both provide roughly the same diffusion
promoting effects. If the mass production conditions have
room for raising the sintering temperature, this is
considered to be a more effective method of promoting
Cu diffusion than lengthening the sintering time.
Therefore, in consideration of mass production
performance, this study kept the sintering time constant
and increased the Cu content by raising the sintering
temperature. Taking into account the sintering oven
performance and capability, the upper limit for the
sintering temperature was set at approximately 1260°C.

The Cu content can be increased up to the solid
solution limit within the target C content range of 0.25
to 0.35%, but it is considered that in this case, along time
will be needed for complete diffusion unless the sintering
temperature is increased even further. Therefore, in
consideration of mass production performance, the Cu
content upper limit was set at 4.5%. Figure 14 shows the
results of confirming the effects of the sintering
temperature when using materials with a C content of
0.3% and Cu content of 4.5%. It was confirmed that there
is no remaining unmelted free Cu at temperatures of
1180°C or higher, indicating that the Cu is completely in
solid solution. These results confirmed that increasing the
sintering temperature to 1180°C or more results in
complete solid solution of approximately 4.5% Cu in a
connecting rod with a C content of 0.3%.

From the above, the approach toward the component
ratios of C and Cu, which are main connecting rod
components, and the sintering conditions is as follows.

The C content should be reduced to 0.35% or less to
minimize porosity and make the pores spherical, but it
should also be 0.25% or more to obtain cleavage fracture
surfaces during fracture splitting. Cu can be added up to
the solid solution limit, but should be 4.5% in
consideration of mass production performance. When
using the same sintering time as the conventional method,
the sintering temperature should be approximately 1180°C
or more to completely diffuse the Cu. However, the upper
limit is approximately 1260°C, in consideration of the
mass production oven capability.

The relationship between hardness and fatigue strength
was verified using actual connecting rods based on the
above component ranges.

4. Connecting Rod Fatigue Strength

Fatigue tests were performed using actual connecting
rods to evaluate the strength of the I-Beam of connecting
rods with different main material component ratios. Table
1 shows the ratios of the main components C and Cu of
the connecting rods used in the fatigue tests. In addition,
fatigue tests were also performed on powder-forged
connecting rods with a C content of 0.25% or less, which
is unsuitable for fracture splitting. The C and Cu
component ratios of these unsuitable connecting rods, a
conventional ordinary powder-forged connecting rod, and
a high hardness powder-forged connecting rod with both
the C and Cu content increased are also shown in the table
for comparison.

Figure 15 shows the fatigue test results for the
connecting rods with various component ratios. The
fatigue tests were performed in tension-compression mode
(R=-1), and the fatigue limit of each connecting rod was
obtained from the hardness around the fracture location
and the S-N curve. These results show that when the C

Development PF

Target of fatigue strength
(Hot forged rods)
CurrentV/y

@® Development PF connecting rod[]
O Current PF connecting rod]
@ Added C,Cu connecting rod

Fatigue strength O
for actual connecting rod (MPa)

15 20 25 30 35
Hardness (HRC)

Fig. 15 Comparison of fatigue strength (tension and
compression / R = -1) between developed
connecting rods and current PF connecting
rods
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and Cu contents are simply increased in the conventional
powder, the fatigue strength increases but at the same time
the hardness also increases. To provide the target strength
equal to that of a hot-forged connecting rod, the hardness
rises to HRC30 or more, which impairs machinability.
However, the newly developed powder-forged material
with reduced C content and increased Cu content was
confirmed to provide the target fatigue strength without
corresponding hardening.

5. Effects of Increasing the Fatigue Strength

The powder-forged connecting rod material obtained
by changing the material powder ratios and optimizing the
manufacturing conditions achieved a fatigue strength
guarantee value 30% or more than that of the conventional
material while maintaining the same machinability. This
achieved to reduce the weight by approximately 28 g per
connecting rod, which, including the crankshaft balance
adjustment, achieved a total weight reduction for the main
moving components of approximately 290 g in the new
ACCORD V6 engine.

In addition, this high fatigue strength powder-forged
connecting rod provides the same fatigue strength as high-
strength hot-forged non-tempered lightweight connecting
rods (fracture splitting type). This means that they can be
designed with the same weight, and results in flexible
production, suited to each production base, regardless of
the manufacturing method involved.

6. Conclusion

Technology was established to increase fatigue
strength without increasing the hardness of powder-forged
connecting rods produced locally in North America.

New powder-forged materials obtained using this
technology were used to reduce the connecting rod weight
without lowering the machinability. These results are
summarized below.

(1) Reducing the C content to reduce the pearlite, and
increasing the Cu content to strengthen the ferrite solid
solution is an effective means of increasing the fatigue
strength while suppressing an increase in hardness.

(2) Porosity occurring in the surface layers of the connecting
rod during forging can become astarting point for fatigue
fractures. Reducing the C content lowers the deformation
resistance, enabling to reduce this porosity and make the
pores spherical in shape, which effectively increases the
fatigue strength.

(3) The new powder-forged materials increase the fatigue
strength by 30% or more without lowering machinability,
compared to the conventional materials, and achieved to
reduce the connecting rod weight.

(4) Thenew material provides the same performance as hot-
forged non-tempered high-strength lightweight
connecting rods (fracture splitting type). This provides

interchangeability in high output, high load engines
produced in both Japan and North America, and expands
the local production range to which this new technology
can be applied.
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