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The history of the automotive brake system is primarily a narration in materials development. This is because
the principles of the brake have always remained the same: friction between two surfaces is employed to
convert the kinetic energy of a vehicle into thermal energy (heat). Both the drum brake and the disk brake were
invented at the turn of the 19™ century. What has changed over time is the size, the velocity and the resulting
kinetic energy of the vehicles that need to be stopped. The increases in kinetic energy have driven the
development of materials that can handle higher and higher temperatures while still maintaining their physical
characteristics. This is not a minor achievement when you consider that the modern brake system on a race car
can reach temperatures in excess of 800°C (1550°F) which is well over the 650°C (1200°F) melting point of
aluminum. My goal with this article is three-fold. First, I would like to briefly document the development of the
modern automotive brake system. Second, I would like to discuss what limits the performance of a brake
system and common techniques employed to improve this performance. Finally, I would like to introduce a new
aftermarket brake product, the Fade Stop Brake Cooler (FSBC), and examine how it can improve even a

modern brake system.

With just a cursory study of history, it quickly becomes clear that every shade tree mechanic and amateur
inventor of the late nineteenth and early twentieth century was trying to develop either a complete automobile
or some component for an automobile. As is generally the case, many people developed brake systems that
were very similar to one another or were completely crazy. Here are several examples of what was occurring at

the time.

1. In 1889 Elmer Ambrose Sperry of Cleveland invented a disk brake for his electric car which employed
electrically actuated pistons to clamp down on the disk.

2. In 1902 F. W. Lanchester received a patent for a nonelectric disc brake system that employed copper
linings that clamped upon a metal disc.

3. 1901 to 1902 Wilhelm Maybach and Louis Renault both independently invent the internal drum brake.
Wedges rotated by levers push shoes into contact with a drum.

4. 1In 1907 Herbert Frood developed asbestos containing linings. The new material was quickly adopted by

everyone for both drum and disc brakes.



5. In 1918 Malcolm Lougheed (who later changed the spelling of his name to Lockheed) developed a
hydraulic brake system.
6. The Bragg-Kliesrath invented vacuum assisted brake booster made its debut on the 1928 Pierce-Arrow

and other expensive cars in the late 1920’s.

While all of these events are important, I would like to discuss three of them in a bit more detail. The first is the
development of the asbestos containing brake material invented by Frood in 1907. I state “containing” because
even at this time brake linings were a hodge-podge of materials and included things like: crysotile asbestos
fibers, brass particles, low-ash bituminous coal and plant fiber. Today, more than 2000 different compounds can
be found in commercial brake linings, but one of them is not asbestos [1]. This is too bad since the physical
characteristics of asbestos make it an exceptional filler for brake materials. For the curious, the particularly
appealing characteristics are: thermally stable to over 500°C (930°F), extremely low thermal conductivity,
regenerates friction surface during use, cheap and easy to process and the asbestos fibers are hard and abrasive
[1]. Because of these characteristics, asbestos would remain a primary component of brake linings until the

1980’s when health and safety concerns would see its removal from almost everything commercial.

The second key item was the invention of the hydraulic brake system in 1918 by Malcolm Lockheed. Until this
time, brakes were typically installed on only the rear wheels because trying to employ pulleys and wires to
evenly distribute the motion of a pedal or lever equally to four wheels was extremely untenable. On the other
hand, hydraulic systems are equally distributive. The 1921 the Model A Duesenberg was the first passenger car
to employ four wheel, hydraulically actuated, internal drum brakes as a standard feature. Even though the disk
brake had been invented, drum brakes were more effective. This is due to the fact that for a top pivoting system,
the rotating drum wedges the trailing brake shoe into the drum surface. This effectively results in a “power
assist” which improves the effectiveness of the brake. Disk brakes have no such mechanism and although
hydraulic leverage can be improved by increasing the caliper piston to master cylinder piston ratio, this has

economical and practical limitations [2].

Our final note of significant interest is the development of the vacuum brake booster sometime in the 1920s.
While I have found information that suggests that the vacuum brake booster was invented by Caleb S. Bragg
and Victor W. Kliesrath for the aeronautics industry around 1924, I have been informed by Brain Joseph of

Classic and Exotic Services (a supplier of Bragg-Kliesrath vacuum boosters), that many expensive cars from

around the turn of the 1930 decade had vacuum brake boosters [3]. For instance, the 1928 Pierce Arrow had a



Bragg-Kliesrath vacuum booster while the 1928 Minerva employed a DeWander vacuum booster. Duesenberg,
Stutze, Lincoln, Cadillac and Mercedes of the early 1930s also employed vacuum assisted drum brakes. Even
though the incorporation of a vacuum brake booster made it possible to employ disk brakes, four wheel drum
brakes remained the standard for decades primarily because they were cheaper to implement and they were

capable of stopping the automobile.

In the 1960’s the metal content of brake materials increased, the size and horsepower of the automobiles
increase and, suddenly, drum brakes were having difficulty meeting the increased demands: the disk brake
became a requirement. Several characteristics make a disk the better geometry for a brake than a drum. First,
and primarily, heat generated between the brake lining and the brake surface in a drum must travel through the
drum material to be radiated into the ambient air. Cast iron is a relatively poor thermal conductor and the
temperature gradient through the drum material will be high. One way to minimize the problem is to make the
drum from a material with a high thermal conductivity, like aluminum, and use a cast iron lining for the brake
surface. Datsun chose to employ this composite drum on the rear brakes of the 240Z. A second benefit with a
disk brake is that the braking surface interacts with the ambient air directly and the thermal conductivity of the
disk (i.e. rotor) is not as great an issue. Further, it is much easier to incorporate an internal vent to move air
through the rotor to help dissipate the heat. Such a disk is referred to as a vented rotor (Figure 1) and is now the

industry standard for front brakes.

There are two other, more subtle, issues that make the drum inferior to the disk. The first is due to thermal
expansion. As the drum heats up, it expands and increases the distance between the brake shoe and the brake
surface. This results in greater pedal travel as the drums heat up. On the other hand, as a disk expands it actually
decreases the distance between the pads and the brake surface which results in little or no change in the pedal
travel. The second issue has to do with rotational inertia. Given a drum and a disk of the same mass almost
twice as much work will be required to get the drum to rotate at the same speed as the disk [5]. How does this
impact the performance? Well, it will require more of your precious and limited torque to spin the brake drums
up to speed than it will to spin up rotors. Also, it will require more work to change the angular velocity of the
drum than the rotors. This means the car with drums will not respond as quickly to acceleration and de-
acceleration as the same car with equivalent rotors. So, if disk brakes are so superior to drum brakes, why then

do a significant number of automobiles still have drum brakes on the rear axle?



Before discussing the answer to this question, it is worth asking a second, leading question: what stops the
moving automobile? If your answer is “the brakes,” then please think about the time you locked up all the
wheels on that patch of ice. Did the car stop? As many of us have discovered first hand, it is possible to
completely stop the rotation of the wheels via the brakes and yet not arrest the motion of the car. It is actually
the interaction of the tires with the road that stops the automobile. If there is no friction (e.q. like on an ice
patch) or no force (e.q. tire leaves the surface of the road) then the automobile will not stop regardless of how
efficient the brakes are. Armed with this knowledge, let’s revisit the question of why automobiles are built with
drum brakes on the rear axle. When a forward moving automobile stops, it rotates about an axis that goes
through the center of gravity which is located somewhere between the front and rear axles. The front of the
automobile dips down while the back end rises up [6]. This is equivalent to the force on the front tires
increasing and the force on the back tires decreasing. Now, since the force that the tire can exert to decelerate
the car is equal to the frictional co-efficient of the tire times the downward force on the tire, as the force on the
tire decreases (like on the back tires), the amount of de-acceleration that can be achieved decreases. Therefore,
regardless of the efficiency of the rear brakes, they will contribute less to arresting the forward motion of the
automobile than the front brakes. And, since it’s cheaper to incorporate an emergency brake into a drum,

manufacturers have left it in place.

There is one final aspect to the interaction of the tire with the road that needs to be addressed in order to discuss
the benefits of an Anti-lock Braking System (ABS). FACT: the contact patch of the tire is not moving with
respect to the road surface. That’s right, the automobile may be moving at 60 mph with respect to the road, but
the contact patch of the tire is not. If the contact patch does move with respect to the road, then this is referred
to as sliding and typically occurs when a driver “locks-up” the brakes and stops the wheel from rotating. Now,
the key point with this is that the static coefficient of friction (non-sliding) is typically higher than the kinetic
coefficient of friction (sliding). Plugging either of these two coefficients into the formula described in the
previous paragraph illustrates that once the tire starts sliding, the amount of force that it can apply to
decelerating the automobile decreases compared to the non-sliding case. Therefore, the shortest stop will be
achieved by applying the brakes to a point where the tire is just about to slip, but does not. What ABS does is

monitor the rotation of the wheel and decrease the braking force as the wheel begins to lock-up [7].

Now that we can safely assume that it is possible to prevent the tire from slipping, what then limits the ability of
the brakes to stop the car? In a word: heat. As previously described, in a disk brake system a caliper holds a pair

of hydraulically actuated pistons which force a pair of brake pads into contact with the spinning rotor (Figure



2). The pads have a high coefficient of friction and when they are clamped onto the spinning rotor they convert
the kinetic energy of the vehicle into heat. Kwangjin Lee of Delphi Automotive Systems has performed
measurements of brake temperatures in the various disk brake components during a simulated mountain decent
in a typical mid-size automobile with semi-metallic brake pads [8]. Ninety brake applications over a thirty
minute interval resulted in brake rotor and brake pad temperatures that were nearly equal at 450°C (840°F),
caliper temperatures of 150°C (300°F) and brake fluid temperatures of almost 100°C (212°F). Now that we
have a picture of what the temperature profile is, we can discuss the two issues which lead to a significant

degradation of brake performance or even failure: pad vaporization and brake fluid vaporization (i.e. boiling).

The most common degradation in brake performance occurs when the rotor reaches a temperature that exceeds
the operating temperature of the pad. The pad contacts the rotor, vaporizes and produces a cushion of gas and/or
liquid that prevents further contact of the pad with the rotor. This leads to a condition referred to as “brake
fade.” The brake pedal still feels stiff, but application won’t slow the automobile. A common method to
decrease brake fade is to install higher temperature brake pads. While this may seem an obvious solution it is
not without drawbacks. For instance, the Hawk MT-4s are competition pads which have an operating range of
200 to 650°C (400 to 1200°F) [9]. While it would be very difficult to overheat these pads during typical driving,
they are relatively expensive, and they will not work effectively until they reach a temperature of 200°C
(400°F). A more suitable pad for a street car may be the Hawk Blacks which have a temperature range of 40-
480°C (100-900°F). Please keep in mind that while I have chosen Hawk pads for this example, it is not an
endorsement and there are a number of other manufacturers that offer high temperature brake pads including:

Wilwood, EBC, Performance Friction Brakes, US Brakes, Porterfield and many more.

While it may be difficult to believe, there are some applications in which even the MT-4s may start to vaporize.
Such an application may require another modification that is still fairly economical: cross-drilled rotors. Cross-
drilling a vented rotor (Figure 3) will help reduce the brake fade caused by the vaporizing pads by creating a
path by which the gases can escape the pad-rotor interface. The cross-drilling also increases the effective
surface area of the rotor which improves the heat transfer to the air and therefore helps the rotor cool more
quickly. Cross-drilling has two detrimental effects however. First, it decreases the area of the pad that is in
contact with the rotor. This decreases the heat transfer from the pad to the rotor, because, believe it or not, the
rotor is the primary heat sink for the pads. Secondly, it decreases the mass of the rotor and therefore the thermal
capacity. The thermal capacity (also known as heat capacity) is “the proportionality constant between the heat

added to the object and the change in temperature that results [11].” This means that for equivalent braking in



the absence of improved cooling, the cross-drilled rotor temperature will be higher than that of the non-cross
drilled rotor. However, I am sure that these failings are more than offset by the improved cooling. In any case, I
would like to stress that this discussion has been about cross-drilled vented rotors. It is pointless to cross drill a
non-vented rotor; where will the gases from the vaporized pad go? Instead of cross-drilling solid rotors it is

much more effective to slot them (Figure 4).

While the brake system that we have discussed will handle the hypothetical mountain decent, high temperature
pads and cross-drilled rotors are generally only a baseline requirement for competition. For the true automotive
enthusiast it is generally necessary to install a “Big Brake Kit.” This will increase the size of the rotors and the
pads and will help in two ways: first, the larger rotor will have a greater mass and therefore a greater heat
capacity and second, the larger rotor has an increased surface area for improved cooling. The reader may expect
a third reason: improved stopping power. But this is a common misconception, unless there is a significant
change to the master piston to caliper piston size ratio [2], or unless the size of the vacuum booster is increased,
then the larger pads will not exert more force than what was applied with the stock system. If you recall our
discussion about the ability of a tire to decelerate the automobile the same is true about the ability of the pad to
decelerate the rotor: force times frictional co-efficient. Area is not in that equation. So, while larger pads will
not increase your braking ability, they will improve your braking from the standpoint of lowering your pad
temperature and therefore reducing fade. One other point about “Big Brake Kits” is worth mentioning: while the
larger rotors improve the thermal performance of the brake system, they hurt the responsiveness of the wheel to

angular acceleration.

Another potential upgrade that will lower pad temperature and therefore decrease fade is to switch to carbon
ceramic rotors (that even sounds expensive, doesn’t it?). If you can afford it, switching to carbon ceramic rotors
is a win-win-win situation. Carbon ceramic rotors are lower mass than their iron counterparts which improves
the “flywheel” effect (first ‘win’). They also have a much higher thermal conductivity than that of iron. This
helps to distribute the heat throughout the rotor and increases the rate of cooling (second ‘win’). Finally, the
carbon ceramic material has a higher specific heat than that of iron (third ‘win’). Unlike the previously defined
heat capacity, the specific heat of an object is dependent upon the material [11]. For instance, the specific heat
of cast iron is approximately 450 J/(kg K) while that of a carbon ceramic can range from 600 to 1700 J/(kg K)
[13]. This means that if a carbon ceramic rotor with a specific heat of 900 J/(kg K) is installed on one side of an

automobile while a cast iron rotor of twice the mass is installed on the other side, they will both reach the same



temperature under the same braking conditions. Unfortunately, you will pay (and I mean in the thousands) for a

set of carbon ceramic rotors.

At this point we have built a brake system that can easily handle the standard mountain decent, but on our
heated sprint at the track, we ended up in dirt because of brake failure. What happened? Figure 5 illustrates the
effect of water content on the boiling point of DOT 3 brake fluid [14]. From Kwangjin Lee’s work [8] we know
that our brake fluid temperature was getting close to 100°C (212°F) with the stock brakes and, while the cross
drilled and vented rotors with the better pads improved our stopping power, the brakes got hotter from our more
aggressive driving and pushed the old brake fluid to the limit. The brake fluid temperature hit 130°C (265°F)
and the fluid started to boil. Boiling (or vaporization) occurs at a temperature where the vapor pressure becomes
great enough to establish bubbles of vapor in the liquid, and, while liquids are incompressible, gases are not.
The boiling point is also dependent upon pressure, so when you step on the brakes, the boiling point will
increase, the bubbles will collapse, and the brakes may start working again. This results in a “mushy” brake
pedal response. At some point, however, the pressure will not offset the boiling point and the brakes will fail
entirely. Historically, the only solution to this problem was to employ a high temperature synthetic hydraulic
fluid and change it frequently. For instance Wilwood has a high temp brake fluid with a dry boiling point of
315°C (600°F) and a wet boiling point of 215°C (420°F) [15]. There is now another solution available to
prevent brake fluid boil: the Fade Stop Brake Cooler [16].

As previously discussed, the rotor has an integral vent which, during rotation, moves ambient temperature air
through the rotor as a means to cool it down. The brake pads, however, have no such mechanism and cooling is
primarily achieved through contact with the rotor and contact with the caliper piston. Judging from the glowing
rotor and the brake pad fire in Figure 6, it is clear that cooling through contact with the rotor may not always be
effective. It is therefore not surprising that it is possible to get even high temperature brake fluid to boil. The
Fade Stop Brake Cooler (Figure 7) is an inexpensive aftermarket accessory that fits between the brake pad
backing plate and the caliper piston (Figure 8). The stainless steel of the novel metal composite prevents
deformation of the ductile copper that is providing a thermally conductive path from the interface to a heat sink
located externally to the caliper. Figure 9 is a picture of the prototype FSBC lying on a brake pad from a 1970
Datsun 240Z. While the gold plated copper ducts are currently bent away from the brake pad backing plate,
upon installation they will fit into the spaces between the stainless steel fingers. This can be more clearly seen in
Figure 10. The primary goal of this article is to detail the results of testing the prototype FSBC on my 1970
240Z.



In order to monitor the temperature of the brake pad backing plate and caliper piston interface with and without
the FSBC it was necessary to construct two custom thermocouple assemblies that would fit onto the end of the
caliper pistons. Figure 11 is a picture of two thermocouple assemblies with an Omega HH306 data-logger [18].
Figure 12 illustrates how the thermocouple assembly is installed between the FSBC and the caliper piston. On
the caliper without the FSBC, the thermocouple assembly is simply installed between the brake pad backing
plate and the caliper piston (not shown). For the first series of experiments I used the organic Raybestos pads
that were already on my car (they both had more than 0.30 inches of pad left). Figure 13 is a picture of the front
driver’s side brake caliper with the FSBC installed. Because of the wheel offset, installing the FSBC on the
inner side of the brake caliper did not result in issues with wheel clearance, but this will need to be addressed
for the outer side of the brake caliper and for different wheel sizes. Generally speaking, there is sufficient room
for a modestly sized FSBC inside the wheel. Also shown in the photograph is one of the two cold air ducts that
have been installed for this experiment: the one on the driver’s side is directed at the FSBC while the one on the

passenger’s side is directed at the brake caliper in roughly the same place.

After installation was completed, the car was taken for a test drive and it was not possible to tell that the FSBC
was installed on the driver’s side caliper: the brakes felt exactly the same. The caliper piston temperature for
both the caliper with the FSBC and the caliper without the FSBC were simultaneously recorded on the Omega
HH306 at two second intervals during a descent from 3500 to under 1000 feet along the Los Angeles Crest
Highway, State Route 2. Recording continued as I drove at highway speeds after the mountain descent. The data
is illustrated in Figure 14 with a best fit six term polynomial and clearly shows an average 70°C (160°F)
difference in maximum temperature between the two! That is more than 70%! WOW! In several cases the
instantaneous difference hits over 90°C (200°F). Finite element analysis (a.k.a. computer modeling) had
predicted that the FSBC would provide at most a 20% improvement and I was expecting something in the range
of 10 to 15%, but 70% is simply amazing. But, because I was very skeptical of such a large temperature
difference, and, because I smoked the Raybestos pads in this single test, I installed a set of Sumitomo SP51H
semi-metallic brake pads on both calipers, and repeated the experiment. Although the results are not displayed
in this article, they resulted in a lower maximum temperature and a temperature difference of only 40%.
Swapping the FSBC between the driver’s and passenger’s sides and repeating the experiment result in roughly
the same results. These lower temperature results probably indicate that I was destroying the organic Raybestos

pads in the earlier experiment.



Next, because I was concerned that the 0.032” thick stainless steel portion of the FSBC composite might simply
be acting as a thermal barrier between the brake pad backing plate and the caliper piston and that the copper
ducts were not having an effect, [ installed a 0.032” stainless steel shim between the brake pad backing plate
and the caliper piston on the caliper without the FSBC. The shim had fingers in it and looked very similar to the
stainless steel portion of the FSBC shown in Figure 9 and 10. The results from testing this configuration are
illustrated in Figure 15 and show a 20% difference in maximum temperature. Clearly, the FSBC is not simply
acting as a thermal barrier but is actively cooling the interface. There is other significant information to be
gleaned from the data shown in Figure 14 and 15. First, there is a much larger variation in caliper piston
temperature on the brake without the FSBC. These variations are greatest after the decent has occurred and the
maximum temperature has been reached. This is because the FSBC cools the pad in the absence of contact with
the rotor. Another interesting point was that the rates of cooling seem similar for the caliper with and the caliper
without the FSBC. This puzzled me at first, but then I realized that the two rates may not be directly compared
because they are dependent upon the difference temperature between the pad and ambient air. In other words, a
hotter object will cool faster because there is a greater temperature difference. If the two caliper pistons had
started at the same temperature, it would be possible to see that the caliper with the FSBC cools faster, but, as
they don’t start at the same maximum temperature, it is difficult to compare them. What may be comfortably be
stated is that after the same amount of time, the caliper piston with the FSBC will always be significantly lower

in temperature.

Before I had done all the research required to write this article I thought that the FSBC was simply an
interesting concept. Having since learned that a common limit on the performance of a modern high
performance brake system is the boiling point of the brake fluid, I now appreciate the potential importance of
this Patent Applied For innovation. At no point in this testing did the temperature of the caliper piston with the
FSBC exceed the wet boiling point temperature of the DOT 3 brake fluid (Figure 5). On the other hand, the
caliper piston without the FSBC did exceed it several times. Another potential benefit occurs regarding one of
the principle trade-offs in a high performance brake system between the impact of the rotor size on the thermal
capacity and the rotational inertia: too small a rotor and your brake fluid boils, to large a rotor and your
acceleration suffers. With the FSBC it is now possible to decrease the rotor size while still maintaining the
operational temperature of the brake fluid. The FSBC tested for this article was a prototype. It resulted in a
maximum caliper piston temperature difference of 70% (the initial tests with the organic pads, Figure 14) and a
minimum temperature difference of 20% (the test with the .032” stainless steel shim, Figure 15). A significant

amount of data was recorded with the Sumitomo pads (but without the 0.032” stainless steel shim) and typically



resulted in temperature differences of 20 to 40%. This data was not shown for reasons of brevity (i.e. [ am
already wwwaaaayyyyy over my page limit). If there exists significant interest, Four Products will continue
developing the FSBC with the intent to produce and sell it through common retailers. This development will
include designing it for different wheel sizes and caliper types as well as testing it with different types of pads.
Initially, the FSBC will have to be for track use only, but, dependent upon interest, Department Of
Transportation approval may be sought so that the FSBC may be used on public thoroughfares.
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Solid Rotor Vented Rotor

Figure 1 : A comparison of a solid rotor and a vented rotor [4].
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Figure 2 : A cut through of the dual piston brake caliper found on the 1970 Datsun 240Z. Brake fluid pumped

into the inlet forces the pistons to clamp the brake pads onto the rotor. The rotor pictured here is a solid one.
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Figure 3 : A picture of a cross-drilled vented rotor (top) and a cross-drilled solid rotor (bottom) [10].
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Figure 4 : A picture of a pair of slotted and vented rotors [12].
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Figure 5 : Boiling point of DOT 3 brake fluid as a function of water content [14].
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Figure 6 : In a Sport Compact Car article the authors captured this photograph of a brake pad fire after a

mountain decent. [17].
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Figure 7 : A solid rendering of the Fade Stop Brake Cooler.
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Figure 8§ : A solid rendering of a set of installed Fade Stop Brake Coolers.
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Figure 9 : A photograph of the prototype FSBC with a brake pad from a 1970 240Z.
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Figure 10 : Another photograph of the FSBC from a different angle showing how the fingers of the stainless

steel and copper line up.
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Figure 11 : The Omega HH306 data-logger shown with the two thermocouples mounted in stainless steel

donuts.
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Figure 12 : An illustration of how the stainless steel donut with the thermocouple (blue) is mounted between the
FSBC and the caliper piston on the driver’s side disk brake. A similar thermocouple is mounted on the

passengers side between the brake pad backing plate and the caliper piston.
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Figure 13 : A photograph of the FSBC mounted on the driver’s side brake caliper. A duct provides airflow to
the FSBC and the thermocouple connector from the thermocouple can be seen hanging in the background
between the duct and the FSBC. A similar duct is present on the passenger’s side, but there isn’t an FSBC, just a

thermocouple.
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Figure 14 : Data taken at two second intervals on a decent from 3500 feet to 1000 feet along the Los Angeles
Crest Highway, State Route 2 with the FSBC installed on one caliper and nothing on the other. Data collection

was continued as highway driving allowed a cool down.
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Figure 15 : Data taken at two second intervals on a decent from 3500 feet to 1000 feet along the Los Angeles
Crest Highway, State Route 2 with the FSBC installed on one caliper and a .032” 304 stainless steel thermal

barrier installed on the other. Data collection was continued as highway driving allowed a cool down.
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