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Abstract: A new technique of electroplating amorphous Fe-Ni-W alloy deposits was proposed. The structure and morphology of
Fe-Ni-W alloy deposit were detected by XRD and SEM. The friction and wear behavior of Fe-Ni-W alloy deposit were studied and
compared with that of chromium deposit. The corrosion properties against 5% sodium chloride, 5% sulfuric acid and 5% sodium
hydroxide were also discussed. The experimental results indicate that Fe-Ni-W alloy deposits have superior properties against wear
than hard chromium deposits under dry sliding condition. Under oil sliding condition, except their better wear resistance, the deposits
can protect their counterparts against wear. The deposits plated on brass and AISI 1045 steel show good behavior against corrosion of
5% sodium chloride, 5% sulfuric acid and 5% sodium hydroxide. The bath of electroplating amorphous Fe-Ni-W alloy deposits is

environmentally friendly and would find widely use in industry.
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1 Introduction

Chromium electrodeposition is a widely applied
technique in industries for the production of decorative
and functional coatings. That is because it possesses
attractive properties such as decorative appearance, high
hardness, and excellent wear and corrosion resistance.
However, it also possesses some shortcomings such as
low cathode current efficiency(CCE) (only 12%—15% in
industry production), low throwing and covering power
of plating bath, high current density (20 A/dm®), high
tank voltage and high energy consumption[l].
Furthermore, chromium plating solutions are corrosive,
toxic and carcinogenic because of the hexavalent
chromium and the sulfate acid[2]. The plating process
produces large amount of chrome contaminated toxic
waste and causes health problem such as skin and lung
irritation. It requires special disposal methods[3]. As a
result, the plating industries have been forced to consider
other materials which the bath is highly effective and
environmentally friendly.

Compared with chromium plating technique,
electroplating tungsten alloy technique has its own
advantages, such as high cathode current efficiency

(above 70%), good throwing and covering power, low
current density (3-8 A/dm®) and environmentally
friendly electrolyte. So the co-deposition of tungsten
with one or more of iron group metals provides a number
of electrodeposits that might be considered possible
replacement for chromium. A lot of paper reported the
electrodeposition of binary tungsten alloys (Co/Ni/Fe-W)
[4-16], but for the ternary tungsten alloys very few
reported[12,13,17,18]. In the present research, many
people discussed the effects of electroplating parameters
and bath composition on deposits, but nobody discussed
the wear and corrosion properties of ternary tungsten
alloys, especially the wear mechanisms under different
sliding conditions. In this paper, a new technique of
electroplating Fe-Ni-W alloy from aqueous solution was
proposed. The properties of deposits against wear and
corrosion were studied in detail. A comparative study of
hard chromium deposits under the same testing condition
was also made.

2 Experimental
2.1 Electroplating of Fe-Ni-W alloy deposits

The bath and the process parameters of electro-
plating Fe-Ni-W alloy deposits are shown in Table 1.
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Table 1 Bath and parameters for electroplating Fe-Ni-W alloy

deposits
Components Content/(g-1.”")| Parameter Value
Current
FeSO,-7H,O 10 density/ 7£0.5
(A-em?)
NiSO,-6H,O 22 Temperature/'C 75+2
Na;WO,-2H,0 40 pH value 7-8
Materials of .
H;BO; 10 aair;z es N Stainless steel
H,CitH,O 5 Area ratio of
Na;Cit-2H,0 55 anode and 1.5:1
YCKI-1 -~ cathode

YCKIJ-1 is the additions in the Fe-Ni-W electrolyte.

The amorphous Fe-Ni-W alloy deposits were plated on
the surface of AISI 1045 steels and copper alloys. The

deposits were obtained through the following procedures:

burnishing—polishing—degreasing—wash- ing with hot
water—washing with cold water—weak corrosion with
acid—washing—electroplating. The thickness of the
deposit was determined by micrometer.

2.2 Heat treatment

The heat treatment for the deposits was carried out
in air at temperature of 540 C in a muffle furnace. The
alloy deposit samples were put in the furnace, maintained
for 40 min, and then quenched in air to gain higher
hardness and better wear resistance.

2.3 Determination of composition and characteriza-

tion of Fe-Ni-W alloy deposit

After electroplating, the composition of Fe-Ni-W
alloy deposit was determined. The content of tungsten in
layers was determined with a Leng Guang 722 visual
spectrophotometer, the contents of iron and nickel in
layers were determined with WFX-1C atomic absorption
spectrophotometer. The morphologies of Fe-Ni-W alloy
deposits were observed using a KYKY-2800 scanning
electron microscope(SEM). The microstructure of the
layer after heat treatment was tested by a Japan Rigaku
D/max-rA X-ray diffractometer(XRD) employing Cu
target, K, radiation.

2.4 Hardness measurement

The hardness was measured with a HVS-1000
digital microhardness tester. The load was 1.96 N and the
loading time was 10 s. Six points on the surface of
Fe-Ni-W deposit were chosen randomly to determine the
hardness and the average value was taken.

2.5 Wear tests

The wear tests were carried out with a SST-ST disk
friction and wear testing machine (West Germany). The
tests under dry sliding and N150 lubrication environment

were run. The other experimental conditions were as
follows: the counterpart was AISI 52100 standard steel
ball with the diameter of d8 mm, the sample was
Fe-Ni-W alloy of about 40 um thickness plated on AISI
1045 steel with the size of d50 mmx8 mm. The sample
deposits and their counterparts were burnished by CC
2000 abrasive paper and degreased with absolute alcohol
before wear test. The sliding velocity was 0.21 m/s, the
environmental temperature was 15 C and humidity was
50%—65%. For dry friction, only 50 N loading was
chosen and for N150 oil friction, three different loadings
(50 N, 100 N, 150 N) were chosen. The chromium
deposits were detected under the same condition for
comparing. The morphologies of the deposits and their
counterparts after wear tests were obtained in-situ during
the testing experiment. The friction coefficient was
calculated through the recording data of moment and the
wear resistance property was calculated by linear wear
capacity, which was the total thickness loss of the sample
deposit and its counterpart.

2.6 Corrosion tests

Fe-Ni-W alloy deposits with the thickness of 15 pm
were plated on AISI 1045 steel and brass substrate. The
corrosion resistance of the deposits was studied by
neutral salt spray experiment (5% NaCl, (35+1)C,
pH=6.5-7.2, continuous spray), dipping in sulfuric acid
(5% H,S0O, at room temperature) and sodium hydroxide
(5% NaOH at room temperature).

3 Results and discussion

3.1 Morphology, composition and structure of

electroplating tungsten alloy

The morphology of deposit is shown in Fig.1. The
deposit is even and compact. Some micro cracks exist on
the surface of the deposit, which is caused by its high
internal stress. The components of alloy deposit shown in
Fig2 are in accordance with that determined by
spectrophotometer. The contents of iron, nickel, tungsten
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Fig.1 SEM image of Fe-Ni-W deposit
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in the deposit are 40%, 25%, 35% (mole fraction),
respectively. The X-ray diffraction shows that the
structure of the layer after heat treatment at the
temperature of 540 °C is still in amorphous phase state
(Fig.3). At this temperature, the alloy deposit cannot
change to crystal. The structure of as-deposited layer is
amorphous even the content of tungsten is low to 25%.
This 1s different from that of Fe-W, Co-W or Ni-W
deposit reported by in Refs.[14—16]. It is said that the
microstructure of deposit is dependent on the content of
tungsten in deposit. When the content of tungsten is
lower, the structure of deposits is crystalline. But when
tungsten content reaches about 70% in Fe-W[14], 35% in
Co-W[15], 42% in Ni-W alloy[16], the deposits change
to the amorphous state. So it can be concluded that for
ternary alloys, the tungsten content in the deposits to
form amorphous is less than that in binary alloys.
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Fig.2 EDX spectrum for Fe-Ni-W deposit
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Fig.3 XRD pattern of Fe-Ni-W deposit after heat treatment at
540 C

3.2 Properties of tungsten alloy deposits
3.2.1 Hardness

The Vickers hardness of as-deposited layer is about
HV600. After heat treatment at the temperature of 540 ‘C,
the Vickers hardness can reach HV1300. This is higher

than that of chromium deposit. The high hardness of the
Fe-Ni-W deposit may be attributed to its structure and
composition. After heat treatment at the temperature of
540 C the deposit forms new amorphous state without
any hydrogen in the deposit, which improves the
hardness of the deposit and makes the surface of the
layer even and compact. So it is of some wonderful
properties compared with crystal structure, especially
high hardness, good wear and corrosion resistance. The
content of tungsten in the deposit also affects its hardness.
The higher the content of tungsten is, the higher the
hardness.
3.2.2 Adhesion

The deposits have good adhesion to the carbon steel
and copper alloys. Either chiseled by file or annealed, the
deposits could not peel off the substrates.
3.2.3 Wear resistance

The experimental results under dry sliding condition
are shown in Fig.4. Under the 50 N loading condition,
the friction coefficient of chromium 1s about 0.24 at first,
it increases sharply after 300 s; but for the Fe-Ni-W
deposit, the friction coefficient is about 0.22 and
increases after 3 100 s. Obviously, under 50 N loading
and dry sliding condition, the wear resistance of
Fe-Ni-W deposit is better than that of chromium deposit.
The morphologies of deposits after wear test confirm this
result (see Fig.5). Only slight nicks and narrow blurry
wear belt are observed on the Fe-Ni-W deposit surface.
The surfaces of the deposits and its counterparts are not
absolutely even, there are many hard micro particles
appeared on the deposits and its counterparts. Under the
dry sliding condition, the particles can pile into the
deposit and produce nicks on the surface of the deposit.
The wear mode is particle wear. The Fe-Ni-W alloy
deposit is still amorphous after heat treatment at the
temperature of 540 °C, the new amorphous phase
improves the hardness and makes the surface of the
deposit more slippery than that of chromium deposit. So
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Fig.4 Friction coefficients of chromium and Fe-Ni-W deposit
under dry sliding conditions
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Fig.5 Wear morphologles of Cr(a) and Fe-Nl W(b) deposits

under dry sliding conditions

the number of the particles produced during sliding is
less than that of chromium deposit, Fe-Ni-W alloy
deposit 1s worn more lightly than chromium deposit
under dry sliding condition.

Under oil sliding condition, three different loadings
were used to detect the properties of deposits against
wear. The friction coefficients and wear capacities are
shown in Figs.6 and 7. The friction coefficients of
Fe-Ni-W samples are 0.11-0.14, and those of chromium
deposit are 0.12-0.14. So under NI150 lubrication
condition, the friction coefficients of Fe-Ni-W deposits
are equivalent to those of chromium deposits (see Fig.6).
The linear wear capacities of Fe-Ni-W deposits and their
counterparts are 1-4 pm, and those of chromium
deposits and their counterparts are 7-10 um. So the
linear wear capacities of Fe-Ni-W deposits are father
lower than those of the chromium (see Fig.7). The
Fe-Ni-W deposits show much better wear resistance than
chromium deposits under oil sliding condition.

The morphologies of the deposits and their
counterparts after test are shown in Figs.8 and 9. The
results shows that under three loadings, there is some
difference in wear property for Fe-Ni-W and chromium
deposits, but significant difference for their counterparts.
Chromium deposits and their counterparts wear out more
seriously than Fe-Ni-W deposits and their counterparts.
After wear resistance test under oil sliding condition, the
surfaces of chromium deposits show dense and deep
furrow nicks, and the nicks become clear with the
increase of load. But there are only slight marks on the
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Fig.6 Friction coefficients of two deposits under oil sliding
conditions
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Fig.7 Linear wear capacities of two deposits under oil sliding

conditions

surfaces of the Fe-Ni-W deposits. The surfaces of
chromium deposits are much rougher than those of
Fe-Ni-W deposits. The amorphous phase of Fe-Ni-W
alloy deposit after heat treatment makes the deposit
surface even, uniform and exquisite. In the course of
friction, the exquisite surface can protect the counterparts
of the Fe-Ni-W deposits. That is why there are only
slight wear marks on the surface of the Fe-Ni-W
counterparts. The wear mode of Fe-Ni-W deposit and its
counterpart under this condition is particle wear
Otherwise, the surface of chromium plating is quite
rough and there are many micro bulges on the surface.
When loading and sliding, the micro bulges adhere to the
counterparts and form adherence points. During sliding
process, the adherence points could cut the counterparts
and produce chippings peeled off from the counterparts.
So we could see peeling holes on the surfaces of the
chromium counterparts. The wear mode of the chromium
deposit and its counterpart under this condition is
adhesive wear. The number of the peeling holes is
increased with the increase of load and the counterparts
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Fig.8 Wear morphologies of two deposits under oil sliding conditions: (a) FeNiW, 50 N; (b) FeNiW, 100 N; (c¢) FeNiW, 150 N; (d) Cr,

50N (e) Cr, 100 N; (f) Cr, 150 N

Fig.9 Wear morphologies of their counterparts under oil sliding conditions: (a) FeNiW, 50 N; (b) FeNiW, 100 N; (¢) FeNiW, 150 N;

(d) Cr, 50 N; (e) Cr, 100 N: () Cr, 150 N

of chromium deposits wear heavily under three different
loads. Another reason for the fine wear resistance of
Fe-Ni-W alloy deposits under oil sliding condition may
be that lots of micro cracks on the surfaces of Fe-Ni-W
deposits (see Fig.1) can store the N150 lubricant, which
can protect the counterparts and decrease the wear
capacities of Fe-Ni-W deposits. Therefore, under this
condition, Fe-Ni-W deposits are not only wear resistant
but also protect their counterparts against wear.
3.2.4 Corrosion resistance

The corrosion behavior of Fe-Ni-W alloy deposits
is shown in Table 2. It can be seen that the kinds of
substrates and the thickness of the deposit can affect the
corrosion resistance against sodium chloride and sulfuric
acid, but have no effect on corrosion resistance against
sodium hydroxide. The corrosion resistance of Fe-Ni-W
layers deposited on brass substrates is good against
sodium hydroxide, sulfuric acid and sodium chloride.

Those deposited on the AISI 1045 steel substrates are
good against sodium hydroxide, but a little poor against
sodium chloride and sulfuric acid. The reason is that
much thinner deposits (about 15 pm) can not protect
substrates efficiently. The deposits with thickness above
25 pm can protect AISI 1045 steel substrates against
sodium chloride and sulfuric acid. Because of the new
amorphous structure, the deposit is uniform. There are
no dislocation, disfigurement and interface in the
amorphous phase. So the amorphous structure of
Fe-Ni-W deposits after heat treatment shows good
corrosion behavior against sodium hydroxide, sulfuric
acid and sodium chloride solution.

4 Conclusions

1) The hardness of amorphous Fe-Ni-W alloy
deposit can reach to HV1 300 after heat treatment at the
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Table 2 Corrosion resistance of Fe-Ni-W alloy deposits on different substrates
Experiment Substrate 24 h 48 h 72h
Neutral salt spray Brass No color change . No color change No color change
experiment(NSS) 45" steel Red rust agf:g;e\(i ;Sng corrosion B B
Corrosion against Brass No color change No color change No color change
sulfuric acid 45 steel Color Cﬁag?l%?t:i j\i;k::ﬁ(; easppeared Deposit peeled off substrate =
Corrosion against Brass No color change No color change No color change
sodium hydroxide 45" steel No color change No color change No color change

temperature of 540 “C. The deposits have good adhesion
to different substrates, such as AISI 1045 steels and
copper alloys.

2) Under dry sliding condition, the chromium

deposit is worn more heavily than Fe-Ni-W alloy deposit.

The amorphous phase of Fe-Ni-W deposit after heat
treatment improves the hardness and its wear resistance.
The wear mode of the both deposits is particle wear.
Under o1l sliding condition, the friction coefficients of
Fe-Ni-W deposits are similar to those of chromium
deposits. The linear wear capacities of Fe-Ni-W alloy
deposits are farther lower than those of chromium
deposits. The counterparts for chromium are worn more
seriously than those of Fe-Ni-W deposits. The exquisite
surface of Fe-Ni-W deposit can protect its counterpart
against wear. Therefore, Fe-Ni-W alloy deposits are not
only wear resistant, but also protect their counterparts
against wear. Under this condition, the wear mode of
Fe-Ni-W deposit is particle wear and that of chromium
deposit is adhesive wear.

3) The amorphous structure of Fe-Ni-W deposits
after heat treatment shows good behavior against
corrosion of 5% sodium chlonide, 5% sulfuric acid and
5% sodium hydroxide. The deposit plated on AISI 1045
steel with thickness above 25 pum can protect the
substrate against sodium chloride and sulfuric acid.

4) Fe-Ni-W deposit not only possesses better
properties than those of chromium deposit, but also is
environmentally friendly and low cost. It could be widely
used in industry for replacement of chromium deposits.
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