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Introduction 

Connecting rods that function in internal combustion engines are subjected to 

high cyclic loads comprised of dynamic tensile and compressive loads.  They must be 

capable of transmitting axial tension and compression loads, as well as sustain bending 

stresses caused by the thrust and pull on the piston and by the centrifugal force of the 

rotating crankshaft.  Figure 1 presents schematic illustrations of a connecting rod and its 

location and function in an engine.   

 

 

Figure  1: Schematic illustrations of a connecting rod[1]. 

The invention of the crank-connecting rod system has enabled the invention of 

numerous machines-- the most notable of which is the internal combustion engine.  This 

paper will discuss a brief history of the connecting rod and then discuss the various 

methods of modern manufacture including: sand cast, wrought forged, and powder 

metallurgy, with focus on wrought forged and powder metallurgy.  It gives a detailed 

analysis of the comparison of fatigue behavior of wrought forged and powder metallurgy.  

Finally, this paper will cover some of the more recent developments in the connecting rod 

industry including:  titanium, aluminum, magnesium, and polymeric connecting rods.   
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Development of the Connecting Rod 

In 1206, Al Jazari described a several machines which utilized a crank-connecting 

rod system.  One was a water raising machine in which an animal rotates a vertical axle 

connected to a gear.  A second gear rotates a crank, which is attached to a connecting rod 

that rotates a scoop submerged in the water.  This description is the earliest evidence of a 

crank being incorporated into a machine[2, 3].  Figure 2 shows this machine.  Another 

one of Al-Jazari’s machines utilized a double-acting reciprocating piston pump with a 

crankshaft connecting rod mechanism.   

 

Figure 2:    Al-Jazari’s fourth machine utilizing a connecting rod[2]. 

 

In Europe, the invention of the crank-connecting rod system was unknown before 

the early fifteenth century.  One historian says this lack of technology had considerably 

limited the applications of mechanization[4].  Conrad Keyser described in his book, 

Bellifortis (c. 1405), a hand mill operated by the crank and a connecting rod system.  The 

device had two dead centers and a flywheel to compensate for the lack of inertia.  

Francesco di Giorgio Martini (1439-1502) in his Treatise on Architecture compensated 

for the dead centers, where the flywheel had a governor with fly balls.  Figure 3a shows 
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this device.    His device was incorporated into a continuously rotating saw that was in 

existence until the end of the nineteenth century[5].  Figure 3b shows this saw; it has a 

wooden frame sliding between two poles, and is operated by a crank-and-connecting rod 

system powered by a hydraulic wheel, while another device moves the piece of wood 

forward. 

 

(a) 

 

(b) 

Figure 3:  Illustrations by Francesco di Giorgio Martini of:  (a)  a governor with 

flywheels and (b) a timber saw driven by a water wheel in which the crank and 

connecting rod system was applied for the first time in a continuously rotating 

machine[5]. 
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Leonardo da Vinci incorporated a crank and rod in his designs and Ramelli also used a 

crank and connecting rod in several of his pumps described in his book of 1588[6].   

 The connecting rod as we know it today, operating inside the cylinder of an 

internal combustion engine, was first used in 1860, when the French inventor, Etienne 

Lenoir, built a small, single-cylinder, internal-combustion engine.  Gas was injected first 

into one end of a horizontal cylinder, then into the other, and ignited.  The tiny, confined, 

alternate explosions drive the piston inside the cylinder back and forth.  A rod connected 

to the piston drove a crank which turned a fly wheel[7].  The first internal combustion 

engine containing connecting rods was incorporated into a vehicle in 1885 by Karl Benz.  

The one-cylinder, four-stroke engine burned benzene; at a maximum speed it turned its 

shaft 250 revolutions per minute, delivered three fourths of a horsepower, and moved the 

automobile and driver down the road at a mighty eight miles per hour[7].  In 2008, an 

estimated 62.5 million automobiles will be manufactured globally[8].  Assuming an 

average of 5 cylinders per engine, this is 312.7 million connecting rods manufactured for 

the automotive industry alone.  These connecting rods will be manufactured by a variety 

of manufacturing processes and a variety of materials. 

   

Sand Cast Connecting Rods 

Starting with the 1962 Buick V-6 engine, General Motor’s Central Foundry 

produced 50 million cast pearlitic malleable iron connecting rods for use in 11 different 

engines, ranging up to 428 cubic inches in displacement.  The design was modified 

slightly from the existing forging designs due to different requirements of the cross-

section.  Specifically, the I-beam cross section was increased and more generous radii 

was given to the end of the connecting rod that fits around the crankshaft.  These 

modifications can be seen in Figure 4.   

These connecting rods were cast in green sand molds, annealed at 1750
o
F for 18 

hours and air cooled.  After air cooling they were reheated a second time at 1600
o
F, 

quenched in oil to form a martensitic microstructure and then tempered for 3 to 4 hours at 

1150-1180
o
F.   The reported properties for this part were: a 100 ksi minimum tensile 

strength, 80 ksi yield strength, and 2% elongation. The cast connecting rod was reported 
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to be economically competitive with its forged counterpart with savings coming from the 

extended machine tool life associated with the excellent machining qualities of the 

pearlitic malleable iron from which it is cast[9].   

 

 

Figure 4:     Comparison of casting versus forging connecting rods in areas most 

influenced by casting requirements[10].   

 

In a 1993 study comparing cast malleable iron connecting rods and ductile iron 

connecting rods, ductile iron connecting rods outperformed the malleable iron connecting 

rods in push-pull fatigue tests.  These fatigue tests were performed to directly mimic the 

stresses a connecting rod undergoes in an engine.  The average life of a malleable iron 

connecting rod was 764,962 cycles at a 50% survival rate or 347,734 cycles at a 90% 

survival rate.  The ductile iron connecting rod experienced an average life of 1,605,902 

cycles at a 50% survival rate or 635,811 cycles at a 90% survival rate.  Presumably, one 

of the reasons for the improved life in the ductile iron rods is because the nodular form of 

the graphite in ductile iron is more spherical than in malleable iron.  In malleable iron, the 

nodules, which form after a ~24 hour heat treatment at 950
o
C, are mostly uneven, where 

the presence of sharp edges causes a considerable intensification of the stresses with a 

local plasticization effect.   Micrographs comparing a malleable iron connecting rod and a 

ductile iron connecting rod can be seen in Figure 5.   
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Figure 5:       Left- Metallurgical structure of malleable iron con-rod (x50).  Right- 

Metallurgical structure of ductile iron con rod (x50) [11].  

 

  Additionally, since the nodular form of the graphite is created upon solidification 

of the connecting rod in the ductile iron rod (as opposed to the malleable iron connecting 

rod which has to be heat treated for the graphite to obtain the nodular form) there is an 

elimination of a thermal treatment for the ductile iron rods.  Finally, with malleable iron 

connecting rods, there is a risk of causing cracks during handling of the untreated 

castings because of the extremely brittle structure in the cast condition.  This risk is 

eliminated with ductile iron rods.      

 Today, cast iron is seen as too heavy, labor intensive, and not economical for 

production in automotive engines.  Additionally, it does not have the mechanical property 

requirements for the modern automotive engine and is no longer being used as a major 

method of manufacture for connecting rods.  

 

Wrought Forged Connecting Rods 

Traditional Methods of Manufacture 

It is unclear when the first wrought forged connecting rod was produced but the 

wrought forged connecting rod has long been the “standard” for the automotive industry. 
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Plain carbon steel forgings were the initial material of choice.  Since a finished 

connecting rod cannot be formed in one blow, the forging dies for connecting rods have 

several impressions, each step moving progressively toward the final shape.  The metal 

billet, or starting material, is transferred from one impression to another between 

successive blows.  Figure 6 shows a set of forging dies and the main steps in forging a 

connecting rod. Often, the cap part and lower rod part are forged separately, or forged 

slightly oblong and sawed in two pieces.  

 

Figure 6:  Set of forging dies and successive steps for forging a connecting rod 

roughstock from a metal billet[12]. 

 

After the part has been forged it must be heat treated to reach the desired 

properties and then straightened after the heat treating operation.  To ensure proper 

weight and balance of the finished rod, the rod is forged with extra weight in the form of 

balancing pads on both ends of the rod.  These balancing pads are then machined during 
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the finishing operation to obtain a well balanced connecting rod.  The rod and cap are 

finish machined using several operations including broaching, milling, boring, honing, 

fringing and other finishing steps.  A substantial quantity of metal is removed to get the 

final dimensions and finish.  The quantity of metal removed during the machining 

process is typically around 25-30% of the drop forged roughstock cap and rod[12].  This 

estimate does not include the flash that is trimmed immediately after the forging 

operation.   

Recent Developments 

The early 1990s was a period of many new developments for the wrought forged 

connecting rod industry.  Nakamura et al. developed a high fatigue strength, free 

machining microalloyed steel specifically for connecting rods.  This steel, a 0.3 wt% 

carbon steel with additions of vanadium, sulfur, phosphorus and/or calcium, displayed a 

26% higher fatigue strength than the traditional connecting rods and displayed equal 

machine tool life as traditional connecting rods. Because the desired mechanical 

properties could be achieved in the as-cooled condition, this eliminated the need for any 

post forging heat-treatment.  In addition, the weight of the connecting rod could be 

reduced by 15% without any reduction in mechanical properties[13].   In 1992, Olaniren 

and Stickels obtained a patent for crackable wrought forged connecting rods[14].  In this 

process, two notches are made on the split line for the rod and cap 180
o 

opposite from 

each other and the rod and cap are fractured in a controlled method.  This process, along 

with improvements in the dimensional control of the forging process, enabled the 

machining of wrought forged connecting rods to be cost competitive with powder forged 

connecting rods.  In order for the wrought forged rods to be crackable the carbon content 

had to be increased to reduce the more ductile ferrite content.  The fatigue results of these 

crackable connecting rods were similar to other plain carbon wrought forged connecting 

rods[15].  C-70, a crackable steel developed in Europe in the early 2000s, has become 

widely adopted as the standard alloy for crackable wrought forged connecting rods in the 

United States.  It is a steel with a ~0.7 wt% C level and an essentially fully pearlitic 

microstructure to allow for cleavage fracture of the rod and cap at room temperature.   
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Powder Forged Connecting Rods 

In the 1970s, the connecting rod appeared as one of the powder forged 

technology’s target applications.  The powder forging process, as can be seen in Figure 7, 

is an extension of the conventional press and sinter powder metallurgy (P/M) process.  A 

porous preform is densified by hot forging with a single blow.  The forging is performed 

in heated, totally enclosed dies, and virtually no flash is generated.  There are two basic 

forms of powder forging: 

• Hot upsetting, in which the preform experiences a significant amount of 

lateral material flow 

• Hot re-pressing, in which material flow during densification is mainly in 

the direction of pressing.  This form of densification is sometimes referred 

to as hot re-striking, or hot-coining[16]. 

 
Figure 7:  Schematic of powder forging process[16] 

 

 The first production powder forged connecting rod was made in the mid 1970s 

for the Porsche 928 engine.  At the time, the advantages offered by a powder forged 

connecting rod were reduced machining operations and superior weight/tolerance control.  

(The practice with drop forged wrought connecting rods was to either weight correct 

every rod or to separate the rods into weight classifications).  In the 1970s, raw material 
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for the powder forged connecting rod was significantly more expensive than wrought 

drop-forged connecting rods and this initially restricted the expansion of the powder 

forged connecting rods to other engines.  In the mid 1980s, however, Toyota utilized 

powder forging process for their connecting rods and manufactured them in-house.  They 

attempted to lower the cost by using a Fe-Cu-C powder blend as feedstock.  Ford 

introduced the first powder forged connecting rods in their vehicles with the 1987 Escort, 

and General Motors and Chrysler added powder forging to some of their engines within a 

five-year period.  Some European automotive manufacturers, such as Bavarian Motor 

Works (BMW) and Jaguar, adopted powder forged connecting rods for their gasoline 

engines; however, the use of powdered metal connecting rods in Europe was limited.   

In 1995 Hyundai Motor Company began using powder forged connecting rods in 

their V6 2.5L engine.  Their motivation to switch from a traditional wrought forged 

connecting rod to a powder forged connecting rod was a desire for a lighter connecting 

rod for better noise, vibration, and harshness (NVH) characteristics and lower cost[17].  

A summary of the mechanical properties of the materials used in their study can be seen 

below. 

 

Table 1: Mechanical Properties of Connecting Rod Materials at Hyundai Motor 

Company[17]. 

 Tensile 

Strength 

(MPa) 

Yield 

Strength 

(MPa) 

Elongation 

(%) 

Density 

(g/cm
3
) 

Hardness 

(HB) 

Specification 608 min 490 17 min -- 179-212 Carbon steel 

(S48CM) 
Measurement 745 481 23 -- 214 

Specification 834 min 539 min 12 min --  247-285 

Wrought 

Hot 

Forged 

Conrod Microalloyed 

(S45CVMn) 
Measurement 941 569 19 -- 295 

Specification 696 min 441 min 10 min 7.65 

min 

200 min Powder 

Forged 

Conrod 

Powder 

metal 

(Wedhodit 

70) 
Measurement 794 530 14 7.71 245 

 

In fatigue performance, the powder forged connecting rod withstood a load 

amplitude of 32kN while the traditional wrought forged connecting rod withstood a load 

amplitude of 37kN.  This resulted from the fact that the compacted powder forged 
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connecting rods have smaller shank cross sectional areas than the hot forged connecting 

rods.  Because the powder forged connecting rods had a higher fatigue strength than the 

design guide requirements they could be applied toward the V6 engine.   

 Around 1990, Krebsöge (now part of GKN Sinter Metals) developed a technology 

for the room temperature fracture splitting of the caps from its powder forged rods[18].  

Hyundai utilized this technology for the powder forged rods in their V6 engine and it 

reduced the machining steps from 17 to 8.  Thus, the investment in the machining 

equipment and operating costs of the equipment could be reduced.  This splitting step 

reduced the production cost of the powder forged connecting rod by 10.5%[17].  A 

comparison of the machining processes for a traditional wrought forged connecting rod 

(H/F Conrod) and a powder forged connecting rod (P/F Conrod) can be seen in Figure 8. 

 

Figure 8:  Comparison of machining processes for a traditional wrought forged connecting rod 

(H/F Conrod) and a powder forged connecting rod (P/F Conrod)[17]. 

 



 14 

A Comparison of Static and Dynamic Mechanical Property Behavior between 

Forged Steel and Powder Forged Connecting Rods 

 

 The debate among the manufacturing process that produces connecting rods with 

better fatigue life is a hotly-contested, ongoing debate in the literature.  Fatigue 

comparisons among powder metallurgical connecting rods, traditional forged connecting 

rods, and splittable wrought forged connecting rods have been performed by: Repgen et 

al.[19], Dinu et al.[20], Olarin et al.[15], Park et al.[21], Imahashi et al.[22] and Illia et 

al.[23].  The most in-depth independent fatigue study on connecting rods; however, was 

performed in 2003 by Afzal et al. at the University of Toledo[24]. 

In this study, several tests were performed on both powder forged and wrought 

forged connecting rods.  The chemical composition of these two materials can be seen in 

Table 2.   

 

Table 2:  Chemical composition by percent weight (balance is Fe) for connecting rods 

used in study 

Element Wrought Forged Steel Powder Forged Steel 

C 0.33 0.4-0.64 

P 0.02 0.04 max 

Si 0.4 0.03max 

Ni 0.07 0.1 max 

Cu 0.21 1.8-2.2 max 

V 0.084  

Mn 0.99 0.3-0.6 

S 0.04 0.18 max 

Cr 0.47 0.09 max 

Mo 0.03 0.05 max 

 

Tensile test specimens were machined from the I-beam of the connecting rod according 

to Figure 9 and were performed according to ASTM E8 standards.  Table 3 summarizes 

the tensile test results from each component.  As can been seen, the yield strength of the 

wrought forged steel is 19% higher than that for powder forged steel, and the ultimate 

tensile strength of the wrought forged steel is 8% higher than that for the powder forged 

connecting rod. 
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Figure 9:  Location of two specimens obtained from each connecting rod and specimen 

geometry (all dimensions in mm)[1]. 

 

Table 3:  Mechanical properties of the wrought forged steel and powder forged steel. 

Property Wrought Forged Powder Forged 

E (GPa) 201 199 

YS (0.2% offset) (MPa) 700 588 

UTS (MPa) 938 866 

% elongation 24% 23% 

%RA 42% 23% 

Strength coeff, K (MPa) 1400 1379 

Strain hardening exponent 0.122 0.152 

True fracture strength (MPa) 1266 994 

True fracture ductility 54% 26% 

Hardness, HRC 28 20 

Hardness, Brinell 272 223 

 

The range of weight for the wrought forged connecting rods was 454 to 456 

grams, and the range for the powder forged rods was 577-571 grams.  The powder forged 

rods were on average 25% heavier than the wrought forged connecting rods. Axial 

fatigue tests of the forged steel and powder metal connecting rods were performed at 

room temperature.  The fatigue tests were conducted at three load levels for both wrought 

forged rods and powder forged rods resulting in fatigue lives between 4 x10
4 

cycles and 

>3 x 10
6 

cycles.  Wrought forged connecting rod fatigue strength, defined at 10
6 

cycles, is 

387 MPa, whereas for the powder metal connecting rod it is 282 MPa.  Therefore, the 

forged steel connecting rod exhibits 37% higher fatigue strength, as compared with the 
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powder metal connecting rod.  When failures did occur in the wrought forged connecting 

rods, the fractures initiated subsurface, indicating that the forged surface finish does not 

affect the fatigue behavior of forged steel connecting rods. 

 A follow-up study compared C-70 to the above data.  The fatigue strength of C-70 

was 20% less than that of the wrought microalloyed forged steel[25].  The cost savings 

associated with the splitting process and the ability of C-70 to meet manufacturer’s 

requirements prompts many North American OEMs to utilize C-70 for their connecting 

rods.  

 

Other Processes and Materials for Connecting Rods 

While the majority of connecting rods used for automotive production are steel 

connecting rods, other materials and technologies exist for high performance 

applications.  These materials and processes and discussed below.  

 

Aluminum 

 It has been reported[26] that some metallic matrix composites (MMC) consisting 

of an aluminum alloys and silicon carbide continuous fibers have been explored for 

racing car engines.  The reduction in weight (25% lighter than its steel counterpart) with 

an increase in stiffness (29%) and an increase in strength (20%) make this an attractive 

option for some engines.  The current cost to produce a MMC con-rod still makes this 

technology unfeasible for mass production. 

 

Magnesium  

Magnesium connecting rods (alloy AZ80) have been successfully forged by the 

closed die hot forging process.  It is reported that the tensile properties of the connecting 

rod could compete with its aluminum equivalent however functional tests had not been 

performed at the time of publication of the study[27].  An economic analysis of the 

benefits of lighter weight magnesium components compared to fuel consumption was 

shown.  
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Titanium 

 It has been reported that connecting rods have been forged out of titanium for 

racing engines.  The steel die is sprayed with a MoS2 coating to prevent oxidation of the 

titanium during the forging process.  While the cost of titanium is prohibitive for mass 

production, it has been reported that Honda has been able to achieve an additional 

700rpm engine speed with titanium connecting rods[12].  Many Formula 1 race cars 

utilize titanium connecting rods to achieve their 18,000 rpm engine speeds 

 

Polymeric Materials 

 A hybrid connecting rod, developed under advanced composited program of 

Daimler-Benz (Germany), consists of a carbon fiber reinforced plastic shank section with 

titanium ends.  These rods are reportedly 30% lighter than forged steel rods and have 

successfully withstood maximum loading tests as would be experienced by  2.3L engine 

at room temperature air and in oil at 120
o
C[12].   

  

Conclusions and Author’s Comments on the State of the Industry 

 The technology surrounding the methods of connecting rod production and 

materials used has rapidly advanced in the past 50 years.  These advancements have 

enabled the auto industry to develop engines with more power and reliability while 

decreasing the volume of space they occupy.  The industry must continue to challenge 

itself to advance connecting rod technology in order to propel the auto industry to 

manufacture more cost and fuel efficient vehicles. 

An informal survey of automotive OEMs and steel producers was conducted by 

the author on the state of technology in the connecting rod industry. For mass production, 

non-specialty vehicles, the two main methods and materials of manufacture are crackable 

forged powder connecting rods and crackable wrought forged connecting rods.  It was 

concluded that for larger engines with lower RPMs powder metallurgy was the dominant 

method of manufacture in North America.  However, in Europe and Asia, forged 

connecting rods seemed to be the preferred method of manufacture.  As engines progress 

toward smaller sizes with higher rpms there is a need for connecting rods with increased 
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fatigue resistance that can be manufactured economically.   Currently there are several 

studies underway[28], [29],[30], [31] to identify forgeable steel materials that can be 

made into crackable connecting rods with higher strengths than the existing industry 

standard, C-70. 
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