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› Running
smoothly with
moly

Friction is the resistance encountered when one surface or object moves against
another. Often overlooked, friction is a significant cause of wasted energy. Reducing
friction in large-scale processes such as power generation, manufacturing,
and transportation could dramatically lower energy usage, costs, and emissions.
Molybdenum-based lubricants and molybdenum-alloyed steels are poised to 
usher in this change.

Friction directly influences the efficiency of machines and
mechanical systems, leading to an irreversible energy loss by
generating waste heat. Across the globe, countless moving
parts such as gears and bearings in a myriad of cars and
factories burn up a staggering amount of energy. Detailed 
analysis indicates that the energy lost due to friction is
equivalent to 20 to 33% of total global energy usage.

Technologies that could achieve a dramatic reduction in 
friction are already available, and many involve molybdenum.
These include improvements in mechanical and metallurgical
design, surface conditioning, and modification of lubricant
formulations. The two leading strategies for reducing friction
are better lubrication and improved component properties.
Molybdenum plays a significant role in both solutions. 

In its naturally occurring form, molybdenum disulfide or 
MoS2, is a solid lubricant commonly used to reduce friction
and improve lubrication in various mechanical systems, 
either as dry films or suspended in oils. Organo-molybdenum 
compounds offer another innovative solution for reducing 
friction, operating through a different mechanism than MoS2.
When added to traditional engine oils, they can significantly
reduce the coefficient of friction. 
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Of all energy-related CO2 emissions, between 6 and 24% could be saved
by minimizing friction. Another 5 to 8% could be saved indirectly, by 
improved durability due to reduced wear. In total between 11 and 32% 
of global CO2 emissions could realistically be avoided.

An estimated 20% to 33% of total global energy usage is wasted 
due to friction, corresponding to 6.7 to 11.1 billion metric tons of CO2
emissions. The top pie chart indicates that this is as much as all 
emissions caused by industry or by transport.

According to the International Energy Agency (IEA), global, direct 
energy-related emissions were 33.6 billion metric tons of CO2 in 2019,
here broken down by major sectors.

The second approach, improving component properties, 
involves molybdenum alloying in steel components, such as
gears for instance. Molybdenum additions significantly 
increase the hardness and strength of steels. Both properties
are known to enhance wear resistance but can also improve
lubricity and reduce friction.

Friction: a headache for the 
environment and economics

The US Energy Information Administration (EIA) estimates
total energy consumption to rise by up to 50% by 2050, 
depending on the growth of the global economy. Against 
this backdrop it is imperative to significantly reduce friction
losses now. 

In this context, the possible reduction of friction by an 
estimated 30 to 40% in a wide range of applications would
be extremely helpful. Different studies estimate the absolute
energy savings potential from minimizing friction to be 
between 6 and 24% of total consumption. Less friction also
indirectly lowers energy burdens by reducing component
wear, which means less maintenance and fewer replacement
parts. This could reduce global CO2 emissions by another 
5 to 8 percentage points. Increased use of molybdenum-
based lubricants and molybdenum-alloyed steels in drive and
gear components could contribute substantially to friction
and wear reduction. 

In 2019, direct energy-related emissions amounted to 33.6
billion metric tons of CO2. Systematically reducing friction
could yield medium- and long-term savings of anywhere 
from 2 to 8 billion metric tons of CO2 per year. Improved
component durability could offer an additional savings of 
1.7 to 2.6 billion metric tons of CO2eq. Altogether, this means
a savings potential between 3.7 and 10.7 billion metric tons 
of CO2, or 11 to 32% of 2019 energy-related CO2 emissions.
For context, in 2020, all passenger cars worldwide produced
approximately 3 billion metric tons of carbon dioxide.

The combined reduction potential ranging from 3.7 to 10.7
billion metric tons of CO2 would significantly contribute to
achieving global emissions targets. Using less energy and
spending less on asset maintenance and renewal also create
major cost savings. Carbon pricing under the EU Emissions
Trading System (ETS) provides a framework for evaluating the
cost benefits of CO2 reduction strategies. However, a recent
German study found that the potential monetary savings
from friction reduction in energy or fuel consumption may be
10 to 20 times higher than the value of carbon allowances.
Additionally, the incorporation of Scope 3 emissions disclosure
by regulatory bodies like the US Securities and Exchange
Commission (SEC) underscores the growing importance of
friction reduction technologies in mitigating carbon emissions,
especially as such disclosures become mandatory.
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Gearing up with moly
Powertrains, ubiquitous in machines, cars, trucks, and 
wind turbines exemplify where friction reduction could have 
a significant impact. Many of their components involve 
slip-rolling contacts that require lubrication to operate
smoothly. Notably, gears are also integral to the powertrains
of electric vehicles (EVs), where any decrease in frictional 
energy losses can extend an EV’s range. Alternatively, 
this efficiency gain allows for smaller, lighter batteries, 
reducing the demand for costly raw materials, lowering the
vehicle’s weight and, enhancing the vehicle’s overall 
sustainability. The main strategies to reduce slip-rolling 
friction in gears have already been mentioned – improved
component properties and improved lubrication.

Steels that cause less friction
Surface hardness is crucial in reducing friction and wear.
With increasing hardness, both tend to decrease. One 
strategy to improve components is therefore to increase 
their surface hardness, either through a very hard steel 
surface or through a super hard thin film coating. As 
molybdenum increases the hardness in steel, an IMOA 
project demonstrated that a modified gear steel alloyed 

with 0.5% molybdenum, outperformed best-established 
gear steels in a standardized performance benchmark test
by around 30 to 40%.

Thin film coatings, such as Diamond-like Carbon (DLC) or
tetrahedral amorphous carbon (ta-C), are well established 
in mechanical applications for lowering friction to remarkably
low levels. However, the underlying steel must be sufficiently
hard to ensure that the coating does not delaminate or 
spall off during service. This hardness, again, is directly 
promoted by molybdenum alloying.

Even without thin film coatings, molybdenum-alloyed 
steels exhibit reduced friction. Slip-rolling friction tests using
engine oil were conducted to benchmark commercially 
available steel grades over 10 million cycles. The results 
indicate that molybdenum-alloyed steels have very 
low friction coefficients between 0.04 and 0.06. These 
coefficients are approximately half of those of a well-
established ball-bearing steel and a carburized gear steel. 
It seems that molybdenum alloying intrinsically improves 
lubricity, providing low-friction properties. Therefore, 
if market-dominant steels were replaced by molybdenum-
alloyed steels, frictional energy losses could be reduced 
by around 50%. Thin films could also be omitted, avoiding 
the additional step of coating deposition and the risks 
associated with coating delamination, fatigue, and spalling
off during operation.

Development of coefficient of friction over 10 million slip rolling cycles between uncoated alloys of the same grade. The coefficient
of friction for the molybdenum-alloyed steels is about half of that of a common ball bearing and a common carburized gear steel.
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At P0max = 2.25 GPa and T = 120°C in SAE 0W-30 engine oil (HTHS= 3.0 mPa·s, ACEA A3/B5)

Ball bearing steel 100Cr6H (62 HRC)

Carburized gear steel 20MnCr5 (14% RA) (61 HRC)

Mo-alloyed steel 36NiCrMoV1-5-7 (54 HRC)

Mo-alloyed steel 45SiCrMo6 (51.1 HRC)

M. Scholz, M. Woydt and H. Mohrbacher, The potential of 36NiCrMoV1-5-7 steel in appli ca tions demanding high slip-rolling resistance and high
load carrying capacity Proc. 2nd Int. Symp. on Nb and Mo Alloying in High Performance Steels, 24 - 26 April 2013, Jeju Island, South Korea,
TMS, ISBN 978-0-692-34620-4 (2015)
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Molybdenum disulfide with its layered atom structure. Under
a sideways force the S-S layers slide before the S-Mo layers
break or slide. Friction is significantly reduced.

›

Molybdenum makes many lubes 
The chemical compound molybdenum-disulfide (MoS2) 
has lubricating properties due to its structure, where a 
layer of molybdenum atoms is sandwiched between layers 
of sulfide ions. Weak Van Der Waals forces between the 
sulfide layers allow these layers to slide over each other 
with relative ease when shear stress is applied, resulting 
in a low coefficient of friction. MoS2 is an excellent high-
temperature lubricant, remaining stable in air up to 350°C
and in vacuum or inert atmospheres up to 1200°C. It is
widely used in greases, dispersions, friction materials, 
and bonded coatings. As an additive, MoS2 enhances the 
performance of oils. Motorsports enthusiasts might 
recognize renowned trademarks such as “LiquiMoly” or
“Molygraphite”.

Both MoS2 and organo-molybdenum compounds can be
added to engine oil to improve lubrication.

›

MoS2 is a black powder which acts as a solid lubricant to 
reduce friction.

›

The addition of organic or metal-organic friction modifiers 
to standard lubricants is another significant means 
of improving lubrication. Some organo-molybdenum 
compounds significantly reduce the friction coefficient to 
as low as 0.04, surpassing what other metal-organic or 
fully organic compounds can achieve. Unlike MoS2, which
acts as a solid lubricant, organo-molybdenum compounds 
interact chemically with the surfaces and lubricants, 
enhancing the overall lubricity and providing protection
against wear. Compounds with tongue-twisting names like
molybdenum dialkyldithiocarbamate (e.g. molybdenum 
di-n-butyldithiocarbamate (C36H72MoN4S8) or molybdenum
di(2-ethylhexyl) phosphorodithioate (C64H136MoO8P4S8)),
produce this effect when added to a standard SAE 0W-30
engine oil. After a short run-in period, the additive forms
a film that reduces friction to a low and stable value of
around 0.04. However, this tribo-film has a limited lifetime,
necessitating regular oil changes or top-ups to maintain 
the friction-reducing effect. Interestingly, the treat rates in 
lubricants are typically 0.3 to 0.7 % of total weight, similar 
to alloying molybdenum into steels.

While complete elimination of friction is impossible, 
molybdenum-based approaches can significantly reduce 
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the coefficient of friction to as low as 0.04, nearly halving 
current levels. With up to a third of global energy wasted 
due to friction, widespread adoption of higher molybdenum
alloying in steels and enhanced lubrication practices has 
the potential to accelerate our journey towards the global 
climate pledge goal of net-zero greenhouse gas emissions
by 2050.  (Mathias Woydt, Hardy Mohrbacher)
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