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Corrosive Method for Co-W Films Based on
Double Primary Batteries Principle
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Abstract—Cobalt-tungsten (Co-W) film is widely used as the
protective layer on steel substrates because of its excellent
properties. To further improve a certain aspect of such film, it
was necessary to study the relationship between its structure
and performance. Co-W film was prepared by electrodeposition

and the film tungsten content changed by varying the duty cycle.

Based on the single primary battery principle, it was difficult to
show the film’s microstructure, due to galvanic protection by
the PCrNi;MoVA steel substrate during the corrosion process.
Thus, a new corrosive method for the Co-W film was proposed
based on double primary batteries principle. Based on this
method, corrosion effects with different tungsten contents and
two corrosive methods were studied. The results showed that
the corrosive method based on the double primary batteries
principle successfully displayed the Co-W film structure and
the effects of the wiping corrosive method better than the direct
corrosive method.

Index Terms—Co-W film, Single primary battery, Double
primary batteries, Tungsten content, Direct corrosive method,
Wiping corrosive method

I. INTRODUCTION

Material performance is closely related to its
microstructure. Therefore, it is a meaningful goal to
find a suitable method for displaying and observing the
material’s microstructure.

Due to the excellent properties of wear resistance,
corrosion resistance, and high temperature oxidation
resistance, cobalt-tungsten (Co-W) film is widely used as a
protective layer on steel substrates in the industrial, military,
and aerospace fields [1-5]. To further improve the
performance of a certain aspect of Co-W films, it was
necessary to study the relationship between its structure and
performance, to control the structure to improve its
performance.

In this study, Co-W film was used in the inner tube of a gun
barrel to improve ablation resistance and PCrNisMoVA steel
used as the electrodeposit substrate. However, the corrosion
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resistance of PCrNi;MoVA steel substrate was weaker than
that of Co-W film. When aqua regia is used to corrode
cross-sections of Co-W film on the substrate, the steel
substrate will protect the Co-W film for the single primary
battery principle, resulting in the substrate being constantly
eroded and the film cross-sectional morphology not
displayed [6-9].

To solve the problems mentioned above, the outer surface
of Co-W film was combined with a 2-mm thick copper plate
that was more resistant to corrosion. When the film
cross-sectional structure of the layers were corroded with
aqua regia, the PCrNi3MoVA steel substrate, Co-W film, and
Cu plate would constitute double primary batteries. Although
the steel substrate is still corroded, the Co-W film was also
corroded, such that the film structure was successfully
displayed. To make te corrosion effects more obvious, this
study also compared the corrosion effects of the direct
corrosive and the wiping corrosive methods.

I. Co-W FILM PREPARED BY ELECTRODEPOSITION

A. Performance of Co-W alloy

The melting point of W is as high as 3410°C, which can
improve the creep and wear resistance of as alloy at high
temperature. When such an alloy is heated to 1000-1100°C, it
still has high hardness and wear resistance. Co has excellent
properties, such as high temperature, oxidation, thermal
corrosion, and thermal fatigue resistances [10]. When the
temperature is increased to 630°C, it still possesses a stable
structure. Thus, an alloy formed by Co and W has excellent
properties, such as oxidation, high temperature, and thermal
fatigue resistances [11]. In addition, the Co-W alloy
deposition process also has green, environment-friendly and
energy-saving manufacturing characteristics.

B. Substrate Pretreatment

PCrNizsMoVA steel with 40 x 13 x 4 mm in size was the
substrate. Its components (mass%) were: C 0.30— 0.40%, Si
0.10-0.35%, Mn0.25 - 0.50%, Mo 0.20 - 0.80%, Cr0.50

-1.20%, Ni2.00 - 3.30%, V 0.10 - 0.25%, p<0.15%,
S<0.15%.

The substrate surface was first ground successively with
4004#, 800#, 1200#, 2000# sandpaper and washed with
distilled water. Then, the sample was placed in a caustic
washing solution composed of 70 g/L NaOH, 30 g/L Na2COs,
60 g/L NasPO4 412H:20, and 12 g/L Naz2SiOsat 80°C to
remove oil until the surface of the sample immersed in the
solution was not hung. Finally, the substrate surface was
activated by immersion in 10% sulfuric acid (by vol) for 2
min, washed in distilled water, and dried for later use.
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C. Co-W Film Prepared by Electrodeposition
The electrodeposition test device is shown in Figure 1.
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Fig. 1. Schematic of electrodeposition test device.

The anode was a 40 x 30 x 4 mm insoluble stainless steel
plate and the cathode the PCrNizMoVA steel substrate. The
anode and cathode were connected to a SMD-30 type
digitally-controlled double-pulse power supply. The bath
formulation and basic process conditions were: 56.2 g/L
CoS0, 7H,0, 66 g/L Na,WO,, 64.5 g/L Na,C¢Hs0O-, 40 g/L
H3BOs, 7.68 g/L CgHgO5, at pH 6.7 0.1, 58<C, an average
current density at 0.5 A/dm?, and electrodeposition time of 50
minutes.

The pulse waveform generated by the pulse power supply
is shown in Figure 2, wheret_, 7, T, 1, ,and 1 were the
on-time, off-time, pulse period, limiting current density, and
average current density, respectively. The duty cycle was
expressed by 4 =71 /T .
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Fig. 2. Pulse waveform for producing Co-W film.

The W content in the film was changed by varying the duty
cycle. Four types of Co-W films with different W contents
were prepared under different duty cycles (Table I). The first
type of Co-W film on a PCrNi3MoVA steel surface is shown

in Figure 3.

TABLE I. CO-W FILMS WITH DIFFERENT TUNGSTEN CONTENT PREPARED
UNDER DIFFERENT DUTY CYCLES

No. Duty cycle (%) W Content (at%)
1 100 7
2 60 11
3 30 13
4 10 17

Fig. 3. Co-W film, the surface of PCrNi3MoVA steel surface.

It can be seen that the film surface was uniform, flat and
dense, without cracks, holes, burns, and burrs.

Il. CROSS-SECTIONAL MORPHOLOGY OF CO-W FILM AFTER
CORROSION BY DIRECT CORROSIVE METHOD BASED ON THE
SINGLE PRIMARY BATTERY PRINCIPLE

As Co-W film performance is closely related to its
microstructure, it was a very meaningful to identify a suitable
method for clearly displaying the microstructure.

A. Corrosive Methods of Co-W Film Cross-Sections

There are two common corrosive methods, including the
direct corrosive and wiping methods.

The direct corrosive method involved immersing the
section of a sample directly into a concave glass slide
containing 5 ml of aqua regia and allowing 10 s of corrosive
time. The wiping method was to use a cotton ball with aqua
regia to wipe the corrosion for 5 times and each time was 2s.

B. Electrode Potential Calculation of Fe and Co-W

When aqua regia was used to corrode a CO-W cross-section,
the PCrNisMoVA steel substrate usually generated Fe®* due
to the strong oxidation of aqua regia, shown in equation 1.
However, the generated Fe** continued to react with Fe to
form Fe*, and Fe in the matrix reacted with hydrochloric
acid to form Fe?*. Therefore, the PCrNi3MoVA steel
substrate eventually reacted as in equation 2 [12].
4HNO, (aq)+ Fe(s)=Fe(NO,),(ag)+2H,0(1)+ NO(g)
1)
4HNO, (aq)+3Fe(s)+ Fe(NO,),(aq)+2HCI(aq)
=2H,0(1)+NO(g)+3Fe(NO,),(aq)+ FeCl,(ag)+H,(g)
(2)
According to the Nernst equation, the electrode potential
calculated corresponding to the electrode reaction
Fe+2e = Fe’” Was

p(FelFe’)=p"(Fe/Fe™ )+ (RT /nF)Jn(l/C(Fez*))

:(p"(Fe/Fez‘)+(o.0592/n)-|n(1/c (Fez'))
=-0.440-0.0296-In A
where, the 7 is 298.15K, R the gas constant, F the Faraday
constant, n the number of electrons transferred in the
electrode reaction, and ¢’ the standard electrode potential.

Assuming that the concentration of Fe*" was c (Fe®' )= A

M.

If the Co-W film cross-section reacted with the aqua regia,
the main component in the film was Co, such that the reaction
was as shown in equation 3.

4HNO, (aq)+1.5Co(s)=1.5Co(NO,),(aq)+2H,0(1)+ NO(g)

©)
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2+

Assuming that the concentration of co®" after corrosion
was the same as Fe?", the electrode potential corresponding to
the electrode reaction co + 2e” = co® Was calculated by the
Nernst equation.

¢(ColCo™)=p"(ColCo™ )+ (RT /nF)»In(l/C (cO“))
=-0.220-0.0296-In A
Therefore, o (Fe/Fe?’ ) <gp(Co/Co’').

C. Single Primary Battery Principle

When the cross-sectional structure of the Co-W film was
corroded with aqua regia, the PCrNisMoVA steel substrate
and Co-W film constituted a single primary battery (Fig. 4).

Because of ¢ (Fe/Fe® ) <gp(Co/Co’"), the substrate of
the film would protect the film from the galvanic cell, causing
the substrate to be continuously corroded, and the Co-W film
structure did not display the apparent microstructure.

e

Substrate Co-W film

2~5um Co-W film

corrosion

n(HC1):n(HNO3)=3:1
Fig. 4. Schematic of single primary battery.

D. Cross-Sectional Morphology of Co-W Film after
Corrosion

The ultra-55 scanning electron microscopy with energy

spectrometer was used to observe the cross-sectional
morphology and elemental composition of the Co-W film

(Fig. 5).

Co-W Film

Fig. 5. Cross-section morphology based on
single primary battery principle
From Fig. 5, No obvious microstructural morphology was
observed in cross-sections of Co-W film and only some wear
scars were after the polishing process.

I1l1. CROSS-SECTIONAL MORPHOLOGY OF CO-W FILM AFTER
CORROSION BY THE DIRECT CORROSIVE METHOD BASED ON
THE DOUBLE PRIMARY BATTERIES PRINCIPLE

A. Electrode Potential Calculation of Cu

If the copper plate reacted with aqua regia, assuming the
concentration of Cu?* after corrosion was the same as Fe®,
the electrode potential corresponding to the electrode
reaction cu+z2¢ -=cu®> Was calculated by the Nernst
equation.

p(CuiCu®)=p"(Cu/Cu’ )+ (RT /nF)<In(1/C (cU“))
=0.337-0.0296-In A
4HNO,(aq)+1.5Cu(s)=1.5Cu(NO,),(aq)+2H,0(I)+ NO(g)

4)

Contrasting Fe and Co, the calculation results of the
electrode potential was obtained, ¢ (Fe/Fe’") <

p(Co/Co’)<gp(CuicCu’).

Because the electrode potential of the three materials
calculated by the Nernst equation were approximate, the open
circuit potential of the three materials in aqua regia were
tested and used to verify the corrosion resistance (Fig. 6).
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Fig. 6. Open circuit potential of Cu, Co-W, and PCrNi3MoVA steel
in aqua regia.

The open circuit potential of the three materials in aqua
regia was PCrNizsMoV < Co-W <cu , which indicated that
the corrosion resistance of the three materials was
PCrNi3MoV < Co-W <cy (Fig. 6). The test results were
consistent with the calculation results using the Nernst
equation.

B. Double Primary Batteries Principle

When the cross-sectional structure of the Co-W film with a
2 mm thick copper plate was corroded with aqua regia, the
PCrNizsMoVA steel substrate, Co-W film, and Cu plate
constituted double primary batteries (Fig. 7).

y
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n(HCI):n(HNO3)=3:1

Fig. 7. Schematic of double primary batteries.

In the primary battery composed of the substrate and Co-W
film, the substrate was used as the anode and Co-W film the
cathode. In the primary battery composed of the copper plate
and Co-W film, the film was used as the anode and the copper
plate the cathode. Therefore, in the corrosion process, Co-W
film was inevitably corroded, such that the film
cross-sectional structure was revealed.

C. Cross-Sectional Morphology of Co-W Film after
Corrosion by the Direct Corrosive Method

The actual corrosion effects on the Co-W film
cross-sectional structure with W content of 7 at% based on
the double primary batteries principle were shown in Figure 8
and the cross-sectional structure of the Co-W film was clearly
shown. The grain structure was columnar and the film
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structure near the substrate fine toothed, which indicated that
the method was simple and effective.
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Fig. 8. Cross-sectional morphology based on the double
primary batteries principle, 7 at% W.

D. Corrosive Effects with Different Tungsten Contents

The microstructure of the Co-W films with the three higher
W contents (11, 13, and 17 at%) are shown from Figures
9-11, respectively.

Fig. 9. Cross-sectional morphology based on the double
primary batteries principle, 11at% W.

Fig. 10. Cross-sectional morphology based on the double
primary batteries principle, 13at% W.

Fig. 11. Cross-sectional morphology based on double
primary batteries principle, 17at% W.

Compared with 7 at% W (Fig. 6), the microstructures of
higher W films were clearly visible (Figs. 9-11), indicating
that this method was not only applicable to low W content but
also to higher contents.

IV. CROSS-SECTIONAL MORPHOLOGY AFTER CORROSION
BY THE WIPING CORROSIVE METHOD BASED ON THE DOUBLE
PRIMARY BATTERIES PRINCIPLE

It was observed in Figures 5 and 9-11 that there were
differences in height between the film and substrate. This
affected the observations of film structure. The
cross-sectional morphology after corrosion by the wiping
corrosive method is shown in Figure 12.
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Fig. 12. Cross-sectional morphology after corrosion by the wipe corrosive
method.

From Fig. 12, The cross-sectional microstructure of Co-W
film obtained by the wiping corrosive method was clear and
discernible and there were basically no height differences
between the film and the substrate.

V. CONCLUSIONS

(1) Co-W films were prepared by electrodeposition and the
W content in the film changed by varying the duty cycle.

(2) The electrode potentials of three materials were
calculated using the Nernst equation, ¢(Fe/Fe’) <

p(Co/Co®) < g(Ccu/cu?) , were consistent with test
results.

(3) The corrosive method based on the single primary
battery principle was difficult for displaying Co-W film
microstructure due to galvanic protection effects of the
substrate during the corrosion process.

(4) The corrosive method based on the double primary
batteries principle was not only suitable for cross-sectional
corrosion of Co-W film with low W content but also with
high W content.

(5) The cross-sectional microstructures of Co-W films
obtained by the wiping corrosive method were not only clear
and identifiable but also showed no great differences between
the corroded film and substrate. Thus, corrosion effects were
better than that from the direct corrosive method.
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