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Embrittlement is becoming a very important topic to research and 
study due to the many applications to understanding how it works and 
how to prevent it. The purpose of this research was to optimize a 
chemical environment to promote Hydrogen Embrittlement in steels.

The results of this research showed that there was a significant 
difference between all of the treatments compared to the baseline 
leading to the conclusion that the treatment with the lowest ultimate 
tensile strength, the sodium hydroxide and zinc treatment, was the 
most effective embrittling technique. The formic acid and zinc along 
with the hydrochloric acid and zinc also showed very impressive 
embrittling properties. The most unimpressive result came from the 
acetic acid and zinc which shows that although the reaction between 
the two may be aggressive, the amount of hydrogen that diffuses into 
the steel bar was minimal. The horn paste treatment was the only 
applicable paste tested, and showed a lot of variability.

These results have many real world applications which all effect 
people in many different ways. The results of this experiment will 
further the little knowledge of how hydrogen embrittlement works 
allowing researchers to understand how the diffusion of hydrogen and 
embrittlement are connected. 

The research was also furthered by transforming the hydrochloric 
acid into a thickened paste which would lead to easier application to 
vertical surfaces. This paste turned out successful and led to results 
that were very similar to the formic acid and zinc yet it had more 
variability, similar to the sodium hydroxide and horn paste.

Optimizing the effects of a corrosion reaction against metal 
surfaces would initially seem to have little commercial utility. 
However, optimized corrosion might represent an alternative enabling 
technology for applications requiring a temporary corporal presence. 
Examples of this include the dissolvable proppant fracking balls used 
within the oil drilling industry (Aviles et al., 2013), or medical devices 
designed to clear out from the body after therapeutic value has 
elapsed. Optimized corrosion could represent a safer and cost effective 
alternative in some of these applications for instilling a temporary 
quality to manufactured specialty parts.

Hydrogen embrittlement of high strength steels represents a 
sometimes dramatic example of a swift acting and severe form of 
corrosion (Khare et al., 2017). hydrogen embrittlement is the chemical 
process that occurs in metals when some sort of outside source of 
hydrogen comes in contact with metal atoms. When this contact takes 
place, the chance for failure dramatically increases. The purpose of 
this project is to optimize a chemical environment that will 
aggressively promote the hydrogen embrittlement failure of high 
strength steel.
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Twenty-five 4340 high strength steel bars (6″  x 0.5″ x 0.375″) 
procured from Castle Metals (Bedford heights OH) and heat-treated to 
Rockwell C 34 specifications were tested for strength. These twenty-
five bars were placed into five treatment groups, a baseline, 
hydrochloric acid and zinc, formic acid and zinc, sodium hydroxide 
and zinc, along with acetic acid and zinc.

Another set of seventy 4340 high strength steel bars (6″ x 0.5″ x 
0.1875″) treated to Rockwell C 50 specifications were also tested for 
strength. These forty bars were placed in eight treatment groups, a 
baseline, hydrochloric acid and zinc, formic acid and zinc, acetic acid 
and zinc, sodium hydroxide and zinc, sodium hydroxide horn paste 
and zinc, and two thickened hydrochloric acid and zinc mixtures.

Figure 1 (above): This shows one of the 
HCl treated bars with a strong reaction.

Figure 2 
(left): this 
figure 
shows the 
UTM 
running a 
test on the 
formic 
acid and 
zinc.

There was a statistically significant difference between groups as 
determined by one-way ANOVA (F(5,50) = 57.65, p = 0.000). A Tukey post 
hoc test revealed that the Ultimate tensile strength of the baseline treatment 
(1044.4 ± 49.2 psi) was statistically significantly higher than each other 
treatment. The ultimate tensile strengths of hydrochloric acid and zinc 
treatment (679.8 ± 24.7 psi), formic acid and zinc treatment (656.6 ± 37.6 
psi), sodium hydroxide and zinc treatment (506.6 ± 29.4 psi) all showed 
results with little variability with sodium hydroxide and zinc treatment 
producing the lowest mean ultimate tensile strength. Finally, the ultimate 
tensile strength of the sodium hydroxide and horn paste (790.0 ± 109.8 psi) 
showed a lot of variability with a high mean ultimate tensile strength. No 
statistically significant difference was shown between the hydrochloric acid 
and zinc treatment and the sodium hydroxide and zinc treatment (p = 
0.054). There was also no statistically significant difference between the 
hydrochloric acid and zinc treatment and the formic acid and zinc treatment 
(p = 0.282).

Each treated specimen went through identical preprocessing first using a 
triangular file to notch the specimen to a depth of 0.01″. Then two drops of 
the solution along with a gram of zinc was applied on the top face of the 
steel. Finally, a five-minute soak time allowed the hydrogen to diffuse 
through the metal. Then, the Rockwell hardness scale of each bar was 
checked using an HR-150A Rockwell Hardness Tester. Using a Series 910 
Universal Test Machine with a four-inch span and a 0.0025 inches per 
minute rate of displacement, a three-point bend test was run on each bar. 
The data was then exported into Excel and was then analyzed for ultimate 
tensile strength.
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Graph 1 (above): This graph shows the comparison between each of the mean ultimate 
tensile strengths of each chemical treatment. Showing that the sodium hydroxide and zinc 
has the most embrittling effect seconded by the formic Acid and zinc.

Figure 3 (below): The reaction between the 
formic acid and zinc showed slow but 
effective reaction rate leading to a high rate of 
hydrogen diffusion.
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Figure 4 
(left): the 
first 
prototype 
of the 
thickened 
HCl which 
was 
successful 
and 
showed
paste like 
properties. 


