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Subtractive chemical processes differentiated and explained

There are two primary types of subtractive chemical processes: 
(non-spontaneous) electrochemical processes and purely chemi-

cal processes. In reality, both processes are (on a very technical level) 
electrochemical processes as they involve the 
transfer of electrons, but for simplicity, we 
will refer to spontaneous (galvanic/voltaic) 
processes as purely chemical and non-sponta-
neous electrochemical/electrolytic processes 
as electrochemical in this article. Both types 
of processes have advantages and disadvan-
tages when used as subtractive, material 
removal operations. There are, of course, 
many electrochemical (ex. electroplating) 
and purely chemical processes (ex. passiv-
ation) that do not have a primary purpose of 
removing metal from a component, but these 
processes will not be covered in this column.

PURELY CHEMICAL PROCESSES
Purely chemical processes (or more specifi-
cally spontaneous galvanic electrochemical 
processes where ΔG0 < 0 and ΔG is the Gibbs 
free energy of the reaction) that subtrac-
tively remove metal from a component are 
commonly referred to as chemical milling 
or chemical etching. Less frequently, these 
processes may be referred to as chemical 
polishing. In fact, these terms refer to three 
different processes, although there can be 
strong similarities between them. 

Chemical milling (CM) is perhaps best 
described as the controlled dissolution of the 
surface material from a component. CM is, 
generally speaking, a bulk material process, 
and can be referred to as chemical machining. 

Chemical etching (CE) could be considered a derivative process 
from CM in that it also is a controlled chemical dissolution of surface 
material, but it is typically used in conjunction with a chemically 
inert maskant to create patterns and/or designs on the workpiece; 
material removal amounts are typically small, and significant por-

tions of the workpiece will not see any material removal. Neither 
CM nor CE is inherently focused on reducing a component’s surface 
roughness; both processes can have this effect, but this reduction/
alteration of surface roughness is a byproduct rather than a primary 
deliverable in most cases. 

Chemical polishing (CP), much like CE, could be considered a 
derivative process from CM, but where CM focuses on bulk surface 
material removal, CP focuses on the efficient alteration of surface 
texture. This efficient alteration of texture is typically embodied by 
seeking to minimize material removal while maximizing roughness/
texture reduction. 

All three processes use an “active” chemical solution capable of 
spontaneously dissolving metal from the surface of the part(s). These 
active chemical solutions are typically a mixture of strong acids or 

bases. Some of the novelty and differentiation of the three processes 
can come down to the differences in these chemical solutions. CM 
being focused on bulk material removal requires chemical solutions 
that are fairly easy to maintain in order to ensure cost efficiency. CE 
and CP, which typically require lower levels of material removal, can 

Numerous chemical processes exist for 
the removal of metal. These processes are 
commonly referred to incorrectly and/or 
conflated with one another. This column seeks 
to differentiate some of these processes while 
also providing some commentary on their 
strengths and weaknesses.

Figure 1: Example of internal surfaces with a high level of initial roughness/texture.
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focus more on process control.
Perhaps the most notable strength/advantage of purely chemical 

processes is their ability to remove material with a high degree of uni-
formity from geometrically complex components. Given that the only 
requirement for process efficacy (assuming a well-developed chemi-
cal formulation/process is being used) is the ability for the chemical 
solution to contact the surface of the part, chemical processes offer 
high levels of flexibility regarding part shape. Additionally, chemical 

processes will not induce any mechanical or residual stresses into 
the component(s), and they may be able to increase corrosion and/or 
fatigue resistance depending on the nature of the part and its prior 
forming steps.

Potential weaknesses/disadvantages of purely chemical processes 
are, most notably, the complications/requirements associated with 
the handling of generally harsh chemicals. In most cases, process-
ing fumes will be generated that must be extracted and/or scrubbed 
before they are exhausted into the environment. Liquid waste will 
be generated from the process that often will need to be neutralized 
prior to industrial disposal. Protective equipment must be worn by 
operators who work closely with or around the chemical solution, 

especially for formulations designed for more chemically inert mate-
rials such as superalloys and refractory alloys. Lastly, if the process 
and/or chemical formulation is not well developed or is improperly 
applied, there is a risk of chemical attack to the part(s).

As with all tools, purely chemical processes have their place in the 
overall manufacturing supply chain. Despite some of the above-ref-
erenced challenges that are inherent to these processes, their value 
can outweigh their weaknesses for the right applications or use cases 

(see Figures 1 and 2). While CM, CE, and CP 
may not be thought of as common processes 
in the gear manufacturing industry, nital etch 
inspection is (or at least could be) considered a 
form of CM or CP. While the purpose of nital 
etch inspection is not to remove bulk material 
or to controllably alter surface texture, it is a 
strong acid-based chemical dissolution pro-
cess and thus would meet the general criteria 
to fall under the definition of one or both of 
these processes.

NON-SPONTANEOUS 
ELECTROCHEMICAL PROCESSES
Similar to purely chemical processes, there 
are several types/variations of subtractive 
electrolytic/electrochemical processes which 
have strong high-level similarities as well 
as important differences. The two primary 
subtractive electrochemical processes are 
electrochemical machining (ECM) and elec-
tropolishing (EP). Both processes rely upon a 
forced electrochemical reaction to dissolve/
remove metal from a component. The reac-
tion occurs by submerging the workpiece 
(which will serve as the anode) and a cath-
ode in an electrolyte and applying a current 
or potential to induce metal dissolution 
from the workpiece. Both processes can use 
controlled or fluctuating (sometimes called 
pulsed) current/potential. 

Similar to CM, ECM is a “bulk material 
removal process.” However, ECM is, in many ways, more compa-
rable to CNC milling than it is to CM as ECM is primarily a forming 
process (which can also achieve surface finishing). Conversely, EP 
is more comparable to CP in that its primary purpose is to improve 
surface roughness/texture. However, EP would generally be more 
comparable to CM (as opposed to CP) due to its use of a largely generic 
cathode to drive processing cost efficiency. ECM requires a custom 
or purpose-built cathode which must be the reciprocal of the to-
be-generated part geometry. In this dynamic, ECM may be more 
closely compared to CE; however, CE is not generally used as a pri-
mary forming process. The reason for the differences between the 
two cathode types (generic vs. purpose-built) is due to the nature of 
electrochemical processes. 

Material removal rates in electrochemical processes are driven 
by current density which, in turn, is primarily driven by the dis-
tance between the anode and cathode as well as the “accessibility” 
or “biases” of the workpiece surface to current/potential differential 
(see Figure 3). Thus, EP will tend to have material removal variations 
from different surfaces of at least moderately complex geometries due 
to variations in current density. Because EP is most commonly used 

Figure 2: Example of internal surfaces after the application of an effective chemical polishing process.

Subtractive electrochemical and 
purely chemical processes have 
a fundamental difference in their 
material removal mechanism.
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for lower levels of material removal, these material removal varia-
tions may not be problematic for many applications. ECM, by using a 
custom cathode designed to be the reciprocal of the final part geom-
etry, is able to maintain a much more even current density during 
processing provided that the cathode is able to be moved during the 
process to maintain the cathode to anode distance.

A primary advantage of electrochemical processes is their ability 
to produce “good” surface finishes in reactive materials in a short 
period of time. Some of these reactive materials include highly 
chemically resistant metals such as cobalt and nickel superalloys. 
Compared to CM, EP or ECM would generally produce a better final 
surface finish; even CP will tend to fall short of EP/ECM relative to 
the final roughness value obtained for these alloys. Further, both 
CM and CP will generally use more hazardous chemicals than what 
is used in the EP/ECM electrolyte (although it should be noted that 
many electrolytes will still contain strong acids and other hazardous 
chemicals). Thus, for applicable materials, these electrochemical 
processes will produce smoother final surfaces. However, material 
reactivity varies by alloy and there are alloys where EP/ECM have 
limitations relative to material removal efficacy and/or the final 
surface quality (ex. titanium). 

The primary disadvantage of electrochemical processes is linked 
to their dependence on current density. As noted above, current den-
sity variations will drive dissimilar material removal and undesir-
able shape alteration without a custom cathode. Additionally, because 
of the nature of electrochemical processes, in that they only target 
surface asperity “peaks,” they have limited benefit in improving 
mechanical fatigue resistance. While the environmental, health, 
and safety considerations for electrochemical processes are reduced 
as compared to purely chemical processes, many electrolyte solu-
tions are still fairly hazardous. Research is actively being conducted 
to reduce the hazardous nature of these electrolytes and some “dry” 
EP processes have emerged that reduce operator risks. Specifically 
in reference to “dry” EP processes, the advantages of removing the 

acidic, liquid-based electrolyte are at least 
somewhat offset in reductions to process 
efficacy linked to processing time and mate-
rial removal capacity; additionally, the dry 
electrolyte must still be dealt with from a 
waste management perspective. Lastly, there 
is a risk of pitting if the process is improperly 
applied/controlled. 

As with pure chemical processes, electro-
chemical processes have their weaknesses, 
but they also have some strong use cases. 
ECM can be a strong alternative forming 
operation to CNC milling and casting for 
moderately complex geometries. EP can be 
a strong final polishing step for parts that 
have substantial volume and can accommo-
date either the setup costs of a semi-custom 
cathode or the material removal variances 
of a generic cathode. Neither process is over-

ly prevalent in the gear manufacturing industry, but both could 
certainly be used if the need arose.

In conclusion, subtractive electrochemical and purely chemical 
processes have a fundamental difference in their material remov-
al mechanism which creates differing strengths and weaknesses. 
Within both of these categories of processes, there is a subset of rela-
tively similar yet unique processes that exist. Understanding the dif-
ferences between these subset processes is important in the selection 
of the appropriate material removal/surface finishing solution for 
your application. 
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Figure 3: X-ray CT scan examples of shape alteration caused by EP (left) and blue light 3D scan showing surface 
material removal variances on a specimen processed by EP (right).
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