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P revious “Cryotreatment” columns 
for Cold Facts have explored mate-
rial selection, cryo chamber design, 

and the science behind cryogenic treatment. 
But from a physics perspective: what are the 
thermal challenges of deep cryogenic treat-
ment and how does payload size influence 
process success?

Temperature Change

Cryogenic treatment is a controlled 
thermal process used to improve the wear 
resistance, dimensional stability, and service 
life of metals and engineered components. 
Unlike conventional heat treatment, cryo-
genic treatment subjects materials to tem-
peratures approaching -320° F using liquid 
nitrogen-promoting beneficial microstruc-
tural transformations. Although the objec-
tive appears to be simply cooling an item, 
removing heat from a large object in a con-
trolled manner is considerably more difficult 
than adding it. This challenge is governed by 
thermodynamics, heat transfer, thermal in-
ertia, and advanced process control.

Thermodynamics and  
Thermal Inertia

The first law of thermodynamics states 
that energy cannot be created or destroyed, 
only transferred or converted. During cryo-
genic treatment, thermal energy is removed 
from the workpiece until the target temper-
ature is reached. The second law of thermo-
dynamics explains why cooling is inherently 
more difficult than heating. Heat naturally 
flows from higher to lower temperatures, 
increasing entropy. Heating is relatively 
straightforward because energy is actively 
supplied through electrical resistance heat-
ers or combustion. However, cooling de-
pends on extracting heat and transporting 
it away — relying on temperature gradients, 
heat transfer, and the cooling medium’s 
(LN2) ability to absorb energy.

A key factor is thermal inertia—an ob-
ject’s resistance to temperature change 
which depends on mass, density, and spe-
cific heat capacity. Large steel components 
retain substantial internal energy after their 
surfaces have cooled, creating temperature 
gradients between the cooler exterior and 
warmer core. (Figure 1) If cooling occurs too 
quickly, the surface contracts while the in-
terior remains warmer, generating thermal 
stresses that can distort or crack the com-
ponent.

Newton’s law of cooling provides the 
mathematical framework for this behavior. 
The rate of heat transfer is proportional 
to the temperature difference between an 
object and its surroundings. When a warm 
component enters a cryogenic chamber, the 
large temperature difference allows rapid 
heat removal. As the component cools, this 
difference decreases and the cooling rate 
naturally slows. Therefore, maintaining a 

controlled, near-linear cooling profile re-
quires continuous adjustment rather than 
simply exposing the load to a fixed cold en-
vironment.

Chamber Design, Challenges, 
and Solutions

Modern cryogenic systems achieve 
this through precisely metered injections 
of liquid nitrogen into insulated chambers. 
Programmable logic controllers (PLCs) regu-
late nitrogen flow according to predeter-
mined time-temperature profiles. Multiple 
sensors monitor chamber and product 
temperatures, while proportional-integral-
derivative (PID) algorithms continuously 
adjust nitrogen flow to minimize deviations 
from the desired cooling curve.

The challenge increases significantly 
with large, dense industrial payloads. 
(Figure 2) Their high thermal inertia requires 
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Figure 1. Chamber vs material temp - 10,000 lb payload on the way -294 °F. Credit: J. Cahn
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the removal of substantial quantities of heat 
before the target temperature is reached. 
Meanwhile, the chamber is surrounded by 
a warmer environment, creating a continu-
ous inward heat flow. Although high per-
formance insulation greatly reduces this 
transfer, heat still enters through structural 
supports, door seals, pipe penetrations, and 
geometric discontinuities such as corners 
and joints. These localized heat leaks create 
non-uniform temperature distributions that 
must be corrected by the control system. 
(Figure 3)

The chamber itself also becomes part of 
the thermal system. As its internal surfaces 
cool, they absorb heat conducted through 
the insulation from the surrounding environ-
ment, effectively acting as a thermal wick. 
This heat load varies with ambient tempera-
ture, humidity, insulation condition, and 
chamber geometry. Consequently, liquid 
nitrogen must remove heat from both the 
payload and chamber structure.

These unavoidable thermal losses in-
terrupt the cooling process. Each injection 
of liquid nitrogen must first offset incom-
ing environmental heat before further 
reducing the payload temperature. The 
resulting cooling curve reflects the com-
bined effects of payload thermal inertia, 
chamber heat capacity, insulation per-
formance, and external heat infiltration. 
Without active feedback control, tem-
perature overshoot or undershoot would 
compromise process repeatability and the 
metallurgical transformations responsible 
for improved wear resistance.

Therefore, cryogenic treatment is far 
more than exposing components to ex-
treme cold. It is a sophisticated application 
of thermodynamics requiring precise control 
of energy transfer, thermal gradients, and 
cooling rates. By combining the first and 
second laws of thermodynamics, Newton’s 

law of cooling, advanced PLC-PID control, 
and carefully engineered chamber design, 
cryogenic processors achieve the thermal 
profiles needed to enhance wear resistance 
while avoiding thermal damage. The process 
demonstrates a fundamental engineering 
principle: removing heat with precision is 
often significantly more challenging than 
supplying it.

Success depends not simply on reach-
ing ultralow temperatures, but on managing 
the complex movement of thermal energy 
throughout the treatment cycle. By apply-
ing sound engineering principles and pre-
cise process control, cryogenic treatment 
transforms extreme cold into measurable 
improvements in material performance, reli-
ability, and longevity. 

Figure 2. Slow cooling a 14,000 crusher liner payload. Credit: J. Cahn

Figure 3. Infrared readings of thermal losses. Credit: J. Cahn
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