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Evaluation of an electrochemical cell 3D-printed
with PLA/PTFE polymer filament
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3-dimensions (3D) printing technology is a type of additive manufacturing (AM) that is on the rise and works by manufacturing components
by the deposition of a thermoplastic layer upon layer. In this paper, we explore the use of AM to print a novel fused deposition modeling-based
3D printing electrochemical cell from a non-commercially available composite of PLA/PTFE polymer filament for corrosion applications
within materials science. To validate the 3D printed cell, a galvanic series and cyclic voltammetry to aluminum in Hank’s solution was
done, and a corrosion resistance study was conducted by using the electrochemical impedance spectroscopy (EIS) and anodic and cathoc
polarization (Tafel) techniques to a virgin and a boride ASTM F-73 alloy as working electrode. The results show the possibility of replacing
commercial electrochemical cells with 3D printed ones without any compromise on quality of the experiment. Also, this inexpensive and
simple instrument design is both, adaptable and sensitive for a wide range of laboratory electrochemical applications.
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1. Introduction tionalities [1-4]. The most common 3D printing method is
fused deposition melting (FDM). FDM requires low oper-

Corrosion is a natural process which mainly degrades metafdional expenditure and capital and involves safe materials,
due to electrochemical reactions because these materials 4R&King it an ideal rapid prototyping tool for electrochemical

trying to reach their lower energy potential state. Corrosiod@Poratories. Designing and using 3D-Printed prototypes al-
has many implications in terms of security concerns, preser]-OW students or researchers to manufacture, adaptable, cheap,

vation of materials, and economic issues, so its study anfliSPosable, and reliable electrochemical cells. Although ed-
mitigation are highly important. In this context, engineersuca_t'onal institutions have greater. access tp computer aided
must have a solid understanding of the chemical and physic&4€Sign (CAD) software and 3D printers which the low cost

bases of corrosion, as well as an understanding of the engfiabrlcatlon of electrochemical devices may become more ac-

neering issues about corrosion. Due to this, corrosion tOpt_:essmle to researchers and students, unfortunately we did

ics are included in many courses in the educational prograrflot find any references on the proper usage of 3D-printing
of most bachelor's degree curriculums and associated engELA filaments to fabricate electrochemical cells for serving
neering fields, and in many other programs. In this sensd© research the corrosion properties for materials science [5];

the three-electrode cell is the standard laboratory apparatﬁ@“s' this paper fills in that niche. In the current work, ad-

for the quantitative investigation of the corrosion propertiesditiveé manufacturing (AM), also known as 3D printing, was

of materials, however its high cost restricts the infrastructuré/S€d for manufacturing an electrochemical cell on a low cost
available for laboratory research or education activities. As g0 Printer. Additionally, the printed cell was validated us-
result, most bachelor-level graduates of materials and desigR9 &luminum (Al) as a common material and the result was

related programs have an inadequate background in corrG@mpared with experiment using a commercial cell. Due this
sion engineering practices and principles. For example, ifopic is most effectively explored in the laboratory to investi-

México where its public institutions live with budgetary re- 92€ complex phenomena within an applied and relevant con-
strictions, commercial electrochemical cells, usually made of€Xt also the cell was evaluated by using a biomedical ma-
glass, imply a high cost for laboratory equipment. Also, itsterial as AS,TM F-75 (CoCrMo) alloy. Although th? exper-

construction is a labor-intensive process that requires skille§'€Nts in this work can be used as part of the teaching practice
workshop techniques such as cutting, milling, and driIIing.for students, the study is Ilmlteq to presenting a device th.at.
Its design is tedious and costly in terms of labor, materialsC@n be used for laboratory learning and some research activi-

and time. Fortunately, 3D printing is a group of fabrication U€S:
methods to build objects with desired shapes, sizes, and func-
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the standard ASTM G82-98 (2014). Although the develop-
ment of the galvanic series, as well as many others, is often
a common laboratory practice for students, additionally this
comparison would demonstrate the validity of using the 3D-
printed cell for corrosion studies by showing that results are
equal. Finally, cyclic voltammetry is a technique where the
potential between two electrodes is varied while the current
is measured. Since measured current response is dependent
on the concentration of the redox species (the analyte) and
electrodes, it would be expected that the voltammetry curve
would be equal in any cell under the same conditions [8].

2.3. The 3D-printed cell validation for research activi-
ties

FIGURE 1. Homemade 3D filament extruder.
Boride, also named boronizing, is a thermochemical process

where boron is diffused into the alloy or metal surface. The

2. Materials and methods resulting surface contains metal borides, and these borides
) usually have a high wear resistance and extremely high hard-
2.1. The 3D-printed cell ness [9]. To evaluate the cell for research activities, a novel

. . : . study of corrosion on virgin and boride alloy samples was
The electrochemical cell_was de5|gn§d in SolidWorks §qft Fonducted. So, a boride biomedical ASTM F-75 (CoCrMo)
ware and then converted into a stereolithog-raphy (stl) digita

format suited to 3D printer. The cell was printed using anaIIOy was used as a working electrode with about 25 mm di-

Ender 3 Pro 3D Printer from Shenzhen Creality 3D Tech_ameterx 5 mm thickness. The samples were polished by

nology Co., Ltd. To print the electrochemical cell was used->"9 SIC sandpaper from 240 to 1200 grit, and then by di-

a thermoplastic polymer (PLA/PTEE) filament that was for_gmond paste until a mirror finish was achieved. The borid-

mulated with 97 we% polylactic acid (PLA) polymer and 3 ing process involved deposition of boron paste (consisted of

wt.% polytetrafluoroethylene (PTFE) [6]. PLA pellets and Zm;%)aiécggo\\//\vr;ers?é Zsscr)gfrrcfcg rbor;(;?ér?a?gtgt?o?eassub-
PTFE powder were mixed at 100 rpm during 1 h in methy- o y

lene chloride solvent using a magnetic stirrer. Then the solu§trate to form about 5 mm thickness layer. The coated al-

) ; . loy sample was then placed in a preheated muffle furnace at
tion was placed in a drying oven at 6C for 24 h and then 950°C during 4 h. The crystal phase structure of the sam-

the final material was cut in small pieces. To obtain the fila- . .
ment, the PLA/PTFE blends were extruded using homemad%les was analyzed by X-ray diffraction .(XR.D)' The corro-
single-screw extruder at 2F&, as shown in Fig. 1 Sion study was done by t.he glectrochgmlcal |mpedance: spec-
troscopy (EIS) and polarization technique (Tafel). Hank'’s so-
2.2. The 3D-printed cell validation for laboratory learn-  !ution was used as simulated body fluid to characterize the
ing metallic biomedical CoCrMo alloy. An open circuit potential
(OCP) was applied for 3600 s before each corrosion measure-
To validate the 3D-printed electrochemical cell, it was cov-ment. A sinusoidal alternating current (AC) signal of 10 mV,
ered the development of a galvanic series and also a singkeanning from 100000 Hz to 25 mHz, was applied for the
cyclic voltammetry test to aluminum, as model, immersed inmpedance test. The Tafel plots were obtained by performing
a Hank’s solution as electrolyte, and then compared against 150 mV scan vs. corrosion potential (Ecorr) at a scan rate
the results obtained from a commercial cell K0235 flat cell kitof 0.5 mV/s to find both Icorr (corrosion current) and Ecorr.
from AMETEK Scientific Instruments, Inc. under the sameAfter performing E and (logarithmic scale) log | measure-
conditions. When two different metals in electrical contactments, both anodically and cathodically polarized, a practical
are bared to same electrolyte, one of the metals can showmethod to determine the corrosion current (Icorr) is superim-
decreased corrosion while the other can undergo increasgapsed a straight line along the linear portion of the anodic
corrosion. This kind of accelerated corrosion is named a&nd cathodic curve and then the extrapolated linear portions
galvanic corrosion [7]. One method that is used to predicof the anodic and cathodic polarization should intersect at the
the effects of galvanic corrosion is to establish a galvanic sevalue corresponding to log Icorr and Ecorr. A minimum of
ries by arranging a list of the materials of interest to measurghree samples for each set of experimental parameters was
corrosion potentials in the environment and under conditiongxposed to the tests and compared with a sample that was not
of interest. Each series is specific to the environment focoated with boron (unboride sample). Also, the experiments
which it was arranged. In this case, the galvanic series of aluwere always repeated several times for each sample to test
minum was done by the open circuit potential (OCP) undethe reproducibility of results.
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Counter
gl electrode

FIGURE 2. a) CAD SolidWorks model assembly for the electrochemical cell. b) Complete electro-chemical design made via 3D printing
using PLA and PTFE polymer.

3. Results and discussions electrode at the lowest possible price. As the counter elec-
trode, Fig. 2, a platinum foil of 0.1 mm thickness and 94.9
Figure 2 shows a view of the 3D-printed electrochemical cellwt. purity, so reducing its price, was used. Another cheaper

The printed cell has a size of 180 mm length, 60 mmoption can be dental platinum foil. To promote a good seal
width and 60 mm height. The middle compartment or con-Petween the counter electrode and the cell, a backing plate
tainer has a volume of about 169 mL that holds the electrolytdSUch as copper, titanium, stainless steel, etc.) was joined
solution, providing an exposed electrode area of 2.cfig- tq the pIatlnu_m foil by silver solder paste; as it is shown in
ure 3 shows a cut view of the 3D-printed electrochemical cellFig- 3, the Ptis mounted such that the material of the backing
The provided cut view shows the internal features. plate is not exposed to solution but hold Pt steady; a commer-
cial Ag/AgCl (3M KCI) reference electrode (RE) was used
is the counter electrode (CE) [10]. It provides a means ofo measure the.ellectrode potentials. Figure 3 shows a rep-
applying an input potential to the working electrode. Theres_entatlon of virgin polytetrafluoroethylene (PTFE) gaskets
purpose of this electrode is to complete the circuit and a¥ hich were used between the electrode_s and th? compgrt-
low charge to flow. Consequently, it must be built from an mentto seal the c.eII. Due the electrochemical reactions inside
inert material to ensure no current limitations arise. In this> ", electroghemlcal cell, it cannot be comple'tely covergd,
sense, the use of platinum (Pt) is preferable as a counter elet® the top I|d_ha§ a vent hole o aIIO\.N. degassmg. The f'.rSt
rode due 10 the advantages it presens, however t is verPETC SRR B PECE AR R IS RO
expensive. 3D printing allows for adapting the design of anfor water electrolysis [11], cells for spectro-electrochemistry
[12], as well as the construction of electrochemical flow cells
[13, 14], printed conductive metallic objects serving as elec-
trodes [15], electrochemical sensors [16] and reference elec-
trodes [17]. Although, several similar designs are available
in published works as those mentioned, or for example thin-
giverse, many of them do not show any validation or consider
the material degradation [12—-17]. Others have sought to re-
duce the degradation of PLA by mixing it with other materi-

An important element for any type of electrochemical cell

Potentiostat

I
: Reference
electrode
L
-

L
=
|

als [18], doing a thermal or chemical treatment or just using
e hy other material [11, 19, 20]. In general, PLA is more resis-
tant to degradation than other biodegradable polymers. While

the primary condition to obtain substantial biodegradation of
PLA is a higher temperature than the glass transition tem-

o sy N perature of PLA [21], most of the electrochemical tests are
Clontions : limited to room temperature, as in this case, so temperature
does not limit the use of this material for the construction of
FIGURE 3. Cut view of the complete electrochemical design made an electrochemical cell. However, hydrolytic degradation is a
via 3D printing. critical first step in the biodegradation of PLA where its ma-
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jor hydrolytic degradation rate starts after 20 days [22], so  ~83F
its use in an aqueous solution should be taken account. A
factor that could limit the use of PLA is the type of solution

to be used, in this sense the solution pH must be considered -645 /..N

-640

Some works [23-25] show that although the material can be
used in solutions with a pH between 3 and 13, it degrades
very slowly in acidic solution (pH 3,0) while the degrada-
tion is faster at pH 8,0 or higher. The contact of PLA with
solution could change the solution pH affecting the electro-
chemical measurements, in this case the material was mixec
with PTFE and the compartment was covered by a mask tape
as shown in Fig. 3. The mask tape is fabricated from com- -670
mercial electroplater’s tape as JVCC VEPT-65 vinyl electro- T I PR TPV P T P
plating tape (there are another brands as 3M model 470 tape) _6750 500 1000 1500 2000 2500 3000 3500
This kind of tape incorporates a special adhesive to bond ag- Time [s]

gressively to material surface to discourage underflow of th(?:
tape edge by the electrolyte, which would cause degradation

to the material. The tape is formulated to withstand lengthy Figure 5 shows the open circuit curves of aluminum in

exposure to chemicals commonly found in electrochemicalye 3. printed and commercial cell, respectively. These re-
applications. When it is necessary, the tape is removed ang, ;s shown that each cell reproduces the galvanic series of

discarded. It is, important to point out that the flexibility of- aluminum reported in literature. It means that the 3D-printed
fered by 3D printing allows the production of complex elec- .. be used in corrosion studies.

trochemical cell designs which can be profiled and sized and Although cyclic voltammetry has been used for elec-

potentially realized in a single {;md facile process, decreasing e testing where well-defined voltammograms are pro-
the quantity of labor, raw material, and cost. Additionally, 3D duced when electrodes are working properly [17], in this

printing allows the use of other thermoplastic filaments. De'study voltammetry is used for cell testing. The 3D-printed

spite the cell, shown in Fig. 2, is an one experiment design, ito|| yas measured against a commercial cell under the same
can be adapted or redesigned for other electrode geometriesnditions to validate it. The voltammetry experimental con-
for example, a curved surfaces. ditions were designed in the light oft@&ez-Figueroat al.
Figure 4 shows the X-ray diffractogram of the aluminum|[8]. Figure 6 shows cyclic voltammograms of aluminum us-
(Al), used to develop the validation of cell. The positions ing a commercial and 3D-printed cell in Hank’s solution.
of the diffraction peaks associated with the crystal structure  Figure 6 shows well-defined voltammograms that were
of Al, obtained respectively of entry number 96-901-2003produced with the use of the same reference electrode and
from the Crystallography Open database (COD) [26], are als@olution. Although the figure shows a little shift in the 3D-

shown. Hence, according to the X-ray diffractograms, theprinted cell values, this could be due that distances between
material is aluminum.

-650 [

—— Commercial cell
[ —— 3d-printed cell
-655 }4

Potential [mV]

-
-660

IGURE 5. Open circuit of aluminum in hank’s solution.
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10 20 30 40 50 60 70 80 FIGURE 6. Representative cyclic voltammograms of aluminum us-
26 [degrees] ing a commercial and 3D-printed cell in Hank’s solution. Initial
potential = -0.8 V, vertex potential = 1.2 V, final potential =-0.8 V,
FIGURE 4. X-ray diffraction patterns of aluminum sample. scan rate = 250 mV/s.
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FIGURE 9. Complex impedance curves for unboride and boride
samples in Hank’s solution using the 3D-printed cell.

FIGURE 7. X-ray diffraction patterns of unboride and boride sam-
ple.

also shown. Hence, according to the X-ray diffractograms,
the boride layer is composed of CoB and CrB crystals.
— The phase percentages in the boride layer of the boride
xperimental . . . ¥
—— Computed sample were determined according to the Rietveld refinement
method [28] using the Maud software [29]. Figure 8 shows
the X-ray diffractogram of the boride sample as fitted by the
Maud software. With a weighted profile R-factor (RWP) of
about 3.8%, the phase percentages found for the boride layer
sample were about 72%8 and 27.2% for CrB and CoB, re-
spectively.

It is important to note that there is formation of borides
only on the surface layer. Although the Rietveld refinement
highlights the presence of MoB, it is not reported here be-
cause it is within the error of the technique. To evaluate the
effect of the boride layer in the corrosion resistance of ASTM
F-75 alloy sample using the 3D-printed cell, the polarization
curves (Tafel) and Nyquist diagrams (EIS) were used. Fig-
FIGURE 8. X-ray diffractogram of the boride sample. Also, XRD ure 9 shows the results obtained by EIS (Nyquist plot).
spectra as fitted by the Rietveld refinement program. Figure 9 shows that projection of the boride sample

impedance (x-axis) is significantly lower than that of the un-
the working electrode and the counter electrode of both cellboride sample. As a first approximation, these results sug-
are different. When there is a greater distance between worlgest that the boride process over the alloy provides a lower
ing and counter electrode, there will be a greater electrolytibiocompatibility than the virgin ASTM F-75 alloy.
resistance and therefore there will be a lower current [27]. Figure 10 shows the Tafel curves of the unboride and
However, the variation in measurements is not significanboride samples using the 3D-printed cell, while Table | shows
enough to distinguish a difference in performance of the 3Dthe values of corrosion potential (Ecorr) and corrosion cur-
printed cell when compared with the commercial cell, mean+ent (Icorr) obtained from the polarization curves.
ing that cell is appropriate for electrochemical measurements. Table | shows that the exchange current density at the in-
Once the validity of the cell is shown and because the laboterface for the sample subjected to boride annealing is lower
ratory practices for students are limited to room temperatureghan that of the unboride sample: this manifests as a decrease
non-corrosive and non-dangerous solutions, the cell can bia the corrosion current, Icorr. By comparison, these results
used in a relevant way in education. Regarding research aconfirm that the boride diffusion layer does not protect the
tivities, Fig. 7 shows the X-ray diffractogram of the unboride alloy from chemical reaction of ions like the virgin mate-
and boride samples, second experiment. The positions of thial, suggesting that boride ASTM F-75 alloy is not a good
diffraction peaks associated with the crystal structure of CoBandidate for biomedical applications as other authors have
and CrB, obtained respectively from 9008945 and 9008948tated [30—36]. Also, these results agreed with a previously
cards from the Crystallography Open database (COD), are

Intensity (a.u.)

N
o
B
o

26 ()
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FIGURE 10. Tafel curves in Hank’s solutions of unboride and
boride alloy using the 3D-printed cell.

TABLE |. Summary of results obtained from corrosion tests per-
formed in Hank’s solution.

Sample Ecorr (mV) IcorriA)
Unboride -318,3 0,07
Boride -254,5 2,42

published work conducted by using a commercial KO235 Flafjurab“ity’

Cell Kit from AMETEK Scientific Instruments, Inc. [37].

4. Conclusions

A. MARQUEZ-HERRERA, AND M. ZAPATA-TORRES AND S. MONTESINOS

corrosion mechanism and its effect on the materials’ perfor-
mance. Also, this work demonstrates how the 3D-printing
technology can be used to produce simple 3D-printed electro-
chemical cells for corrosion measurements in materials sci-
ence using PLA/PTFE filament. Aditionally, the hydrolytic
degradation is limited by coating the container using a com-
mercial electroplating tape. The electrochemical cell was
evaluated by conducting a corrosion study over unboride and
boride ASTM F-75 alloy where the boride sample in a cor-
rosive en-vironment employing Hank’s solution exhibits in-
ferior corrosion resistance compared to the unboride sample.
While increase popularity in the research literature, the com-
bination of 3D-printing and CAD also offers a hew method
for developing innovative designs for the electrochemical
laboratory. Although this cell is an one experiment design, it
can be adapted or redesigned for other geometries. This elec-
trochemical cell will be beneficial for students, researchers
and laboratories that require low-cost devices to reduce the
operating cost of electroanalytical experiments. Finally, it
can be concluded that this study provides further scope for
research into the possibilities of replacing commercial elec-
trochemical cells and devices with 3D-printed non-metallic
ones, due to the rising costs and dwindling resources to sus-
tain the same utility of product without any compromise on
reliability, and quality.
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