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Abstract Sacrificial coatings, such as Zn and Cd, are

used to protect steel against corrosion. During the elec-

trodeposition of metals, hydrogen is evolved due to elec-

trolysis. The evolved hydrogen may diffuse outward and

become trapped in the substrate/coating interface or

migrate inward into the steel lattice causing delayed

embrittlement when the component is subjected to stress.

This study reports two principal variables for Zn, Zn–Ni,

and Cd coatings: (i) the quantity of hydrogen absorbed by

the coating and substrate by vacuum thermal desorption

and (ii) the permeability of the coating material to hydro-

gen by electrochemical permeation. The findings were

analyzed in correlation with the microstructural charac-

teristics of both the coating material and the coating/sub-

strate interface. With Zn–Ni, both coating process and

coating material combined to significantly reduce the risk

of internal hydrogen embrittlement by (i) introducing the

least amount of hydrogen during the electrodeposition

process and (ii) by the ease with which hydrogen can be

extracted by baking due to the presence of cracks in the

coating.

Keywords Electrodeposited Zn–Ni � Cd � Zn coatings �
Thermal desorption � H2 permeability

1 Introduction

Hydrogen embrittlement is an infrequent yet insidious

problem that can lead to sudden catastrophic failure of high

strength steel components. Hydrogen is practically insol-

uble in steel at room temperature. It can either remain

trapped in microstructural features such as defects and

inclusions or it can become mobile within the steel matrix.

Broadly speaking, hydrogen embrittlement is caused by

mobile (diffusible) hydrogen. Two primary ingredients

present in sufficient quantities will cause hydrogen embrit-

tlement failure of a high strength steel component. These

are (i) a critical level of diffusible hydrogen in the

microstructure and (ii) a threshold stress that is exceeded

by applied stress, residual stress, or a combination of both.

Threshold stress is a function of susceptibility of the steel,

which is primarily increased with increasing strength, but

can also be affected by microstructure. The source of

hydrogen can either be external such as with service cor-

rosion, classified under environmental hydrogen embrit-

tlement (EHE), or a result of processing such as steel

making, electrodeposition of coatings, or pickling, classi-

fied under internal hydrogen embrittlement (IHE) [1, 2].

Hydrogen embrittlement in steel is typically characterized

mechanically by various types of slow strain rate tests that

quantify the loss of strength and ductility resulting from the

migration of diffusible hydrogen to the point of maximum

stress concentration. Quantification of hydrogen, notably

hydrogen present in bulk metal, is an additional tool for

understanding the mechanisms affecting embrittlement of

coated high strength steel.

Zn-14 % Ni coatings applied over high strength steel are

of interest because they have been shown to have a low

propensity for IHE and are also more responsive to baking

for hydrogen removal [3]. Zn-14 % Ni coatings also
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provide excellent corrosion resistance, comparable to that

of pure electrodeposited Cd.

However, the microstructure of Zn–Ni coatings poses a

number of contradictory challenges. Coleman et al. [4]

investigated the hydrogen permeability of electrodeposited

Zn–Ni, Zn, and Ni membranes and found that the perme-

ability of Zn–Ni alloy was comparable to the permeability

of both Zn and Ni, which is roughly 80 % lower than that

of bare iron. In other words, Zn–Ni is relatively imper-

meable to hydrogen diffusion. However, other Zn–Ni

coatings typically exhibit defects, such as intergranular

cracks and through thickness pores, which are formed in

the coating by residual stresses in the coating/substrate

interface [5]. It has been postulated that these defects may

make Zn–Ni coatings susceptible to EHE as they provide

pathways for hydrogen diffusion inward from the surface

of the coating to the steel substrate [5]. On the other hand,

it can also be argued that such defects can facilitate

hydrogen diffusion outward from the substrate to the

environment.

Other studies performed with Zn-10 % Ni and Zn-1 %

Co attributed the lower propensity to IHE than with the

pure Zn to the formation of nickel- or cobalt-rich layers in

the initial stages of deposition. These layers exhibited even

lower hydrogen diffusivity in comparison to Zn, thus acting

as barriers to hydrogen absorption during electroplating

[6]. An attempt was made to measure the rate of hydrogen

absorbed during different plating processes (Zn, Zn–Ni,

and Zn–Co) by means of the electrochemical permeation

method. The investigators reported that the Zn–Ni plating

process exhibited the lowest hydrogen absorption [7].

Another consideration in the elimination of the risk of

IHE in high strength steels is the effect of a post-electro-

plating heat treatment (baking) for eliminating hydrogen.

Baking is a standard practice where electroplating of high

strength steel is performed. Most notably, the fastener and

the aerospace industry standards require electroplated parts

to be baked between 4 and 24 h, typically at temperatures

not exceeding 200 �C [8]. Hiller and Robinson reported the

full recovery of mechanical strength and ductility of elec-

trodeposited Zn, Zn–Ni, Zn–Co, and Cd plated high

strength steel specimens [6] after the baking cycle. More

specifically, they reported an 89 % recovery for Zn and

Zn–Co and 100 % recovery for cadmium and Zn–Ni

electroplated specimens after 24 h of baking at 200 �C.

This study did not quantify the amount of diffusible

hydrogen eliminated during the baking cycles. Addition-

ally, apart from mechanical strength, other aspects such as

microstructure, coating permeability, and process gener-

ated hydrogen were not addressed.

The current investigation reports two principle param-

eters: (i) the amount of hydrogen generated due to the

plating process of Zn, Zn–Ni, and Cd coatings and (ii) the

hydrogen permeability of the coated steel. These parame-

ters are then correlated with the microstructure of the

coating/substrate interface of the coated steel.

2 Experimental methodology

2.1 Substrate materials

Two different types of substrates were utilized in this

study: (i) shim stock, 100 lm thick, made of low carbon

SAE 1006 steel for coatings that were used for permeation

measurements and (ii) ASTM F519 Type 1e specimens

which were coated for vacuum thermal desorption experi-

ments [9]. The specimens were notched square bars made

of SAE 4340 steel, heat treated to 51–53 Rockwell C. The

dimensions of the notch bars are 55.9 mm length, 10 mm

width, and 10 mm height.

2.2 Coating processes

The sample substrates (notch bars and shim stock) were

coated by the electrodeposition of Zn, Zn–Ni, and Cd using

industrial electroplating processes. The basic parameters

for the coating processes are listed below. The thicknesses

of all the coatings were maintained in the range of

15–20 lm.

2.2.1 Zn–Ni

A commercially available Zn–Ni plating solution IZ C17?

provided by Dipsol Inc. was used. An alkaline plating solu-

tion with Zn and Ni metal concentrations in the ratio of

10–11:1 was used. The individual bath constituents were Zn

concentrate (9–11 g l-1), Ni concentrate (08–1.2 g l-1),

Na2CO3 (59 g l-1), and NaOH (135 g l-1). The plating bath

efficiency was close to 70 %. The substrates were subjected

to various pretreatments like aqueous degreasing, water

rinsing, abrasive grit blasting, and acid activation and were

plated in an industrial pilot plating tank. The pH of the

plating bath was maintained at 12–13.5 at 25 �C and a plating

current density of 28–30 mA cm-2 was applied to produce a

coating thickness of 15–20 lm in one hour.

2.2.2 Zn

The plating bath was acid chloride based with ZnCl2
(60 g l-1), KCl (250 g l-1), H3BO3 (25 g l-1), and HCl in

smaller concentrations to maintain the pH of the bath to

4.5–4.8. The cathode efficiency was 95 % and the tem-

perature of the plating was held at 25 �C. The electro-

plating was performed on a laboratory-scale plating setup.

A plating current density of 5 mA cm-2 was used to
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generate a coating thickness of 15 lm in 2 h. The sub-

strates were mechanically finished with 600 grit SiC

grinding paper and activated in HCl for 10–12 s before

plating.

2.2.2.1 Low hydrogen embrittling Cd plating (LHE Cd)

LHE Cd was plated in an industrial plating facility using

an alkaline cyanide-based plating solution with CdO

(20–30 g l-1), NaCN (90–135 g l-1), Na2CO3 (0–60 g l-1),

and NaOH (11–30 g l-1) and a plating bath efficiency of close

to 70 %. A plating current density of 118–120 mA cm-2 was

used to generate a coating thickness of 15 lm in 5 min.

Substrates were solvent degreased, grit blasted, and

acid pickled before plating. The plating temperature was

15–30 �C [10].

2.3 Characterization of coatings

The coatings were characterized based on surface and

interface morphology, thickness determination, and defect

distribution with a Philips Field Emission Gun scanning

electron microscope (FEG-XL30). The phase distribution,

crystal structure, and coatings were determined using a

Bruker Discover D8–2D VANTEC 2000 X-ray diffrac-

tometer (XRD) with Cu Ka source.

2.4 Vacuum thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) is a versatile

method to quantify hydrogen in bulk metals. The method is

based on the fact that hydrogen, either in a metal lattice or

trapped in various trap sites like dislocations, grain bound-

aries, diffuses upon heating [11]. Given enough time and

energy, hydrogen diffuses outward from the bulk material

(desorption) into the atmosphere and can be detected within

a closed vacuum system by an analytical instrument, namely

a pressure gauge, a gas chromatograph, or a mass spec-

trometer [12]. The thermal desorption method has been used

in previous investigations to determine the amount of

hydrogen desorbed from electroplated Zn- and Cr-based

coatings [12]. In this investigation, a mass spectrometer was

used to measure the quantity of hydrogen being desorbed

over time. The TDS schematic is shown in Fig. 1. The

specimen chamber is made from ultrahigh vacuum (UHV)

grade 304 stainless steel. The chamber is evacuated by

means of two turbo molecular pumps backed by two rotary

vane pumps. The specimen chamber was used to house the

notch bars (bare and coated). The chamber was sealed and

then pumped down to a vacuum of less than 5 9 10-6 torr.

After achieving the required vacuum, the mass spectrometer

was turned on to measure the hydrogen ion intensity. The

chamber was heated with a resistive heating tape, and

temperature was controlled by means of a temperature

controller connected to a thermocouple that was placed

directly on the specimen surface. This mechanism provided

direct control and monitoring of the specimen temperature.

After the background subtraction, the net hydrogen ion

intensity measured by the quadrupole mass spectrometer

represented hydrogen being desorbed from the specimen.

2.5 Electrochemical permeation studies on the coated

steel

The electrochemical permeation cell schematic is shown in

Fig. 2. Bare and coated shim steel sheets were cut to

40 mm 9 40 mm dimensions and finished to 600 grit finish.

The twin compartment permeation cell was made of Teflon,

with a specimen exposure area of 0.720 cm-2. The cell was

placed inside a Faraday cage to minimize external noise or

disturbance. A 6 V battery with variable rheostat was used

as the charging source. Palladium was sputtered on the steel

using a plasma sputtering apparatus. The specimen

arrangement was such that the Zn/Cd coating was used as

the charging side and the palladium sputtered steel surface

was used as the discharge side. The specimen acts as the

working electrode for both cells. Platinum wire was used as

a counter electrode in both cells. The electrolyte used in the

charging side was a mixture of 0.5 M H3BO3 and 0.5 M

Na2SO4; As2O3 (200 ppm) was added on the charging side

as atomic hydrogen recombination poison. A constant cur-

rent of 0.1 mA was applied to the charging side. The elec-

trolyte used in the discharge side was 0.1 M NaOH. The exit

side of the permeation cell was maintained at a constant

potential of -300 mV with respect to a standard calomel

electrode [13, 14]. After a sufficient time interval, the oxi-

dation current in the anodic side reached less than 50 nA,

Fig. 1 Vacuum thermal desorption experimental setup
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and the hydrogen charging in the cathodic cell was com-

menced. Hydrogen oxidation current was monitored on the

exit side (anodic side) of the permeation cell. This oxidation

current was monitored with respect to time and the output

was recorded for calculation of diffusion coefficient and the

permeation flux. A detailed description of the experimental

methodology is given in the literature [13, 14].

3 Results

3.1 Coating characterization

The X-ray diffraction patterns and surface morphologies of

the investigated coatings are shown in Figs. 3 and 4,

respectively. From Fig. 4, it can be observed that Zn–Ni was

composed of large platelets [15] (about 10 lm in size) with

intermittent porosity and microcracks. The X-ray diffraction

results showed that the Zn–Ni coating was composed of

uniform c–Zn–Ni (Ni2Zn11) which is the typical phase

observed in Zn-15 % Ni [16–18]. The Zn coating was

composed of hemispherical clusters which are typical of

most Zn coatings [15, 19]. The Cd coating was composed of

spherical hexagonal platelets (Fig. 4c). More precisely,

these platelets are hexagonal crystals clustered together to

form a spherical structure, a common characteristic of Cd

coatings [20, 21]. The XRD patterns of Zn and Cd reflected

pure metal without any detectable contaminants. The cross-

sectional morphologies of the coatings plated on the notch

bar are shown in Fig. 5. The Zn–Ni coating consisted of

through thickness microcracks which expanded during the

heat treatment as shown in Fig. 5. The reason behind the

cracks is the inherent lattice strain associated with the for-

mation of c–Zn–Ni (Ni2Zn11). These cracks expanded due to

the mismatch in the coefficient of thermal expansion

between the substrate and the coating material, accompanied

by an increase in the magnitude of residual stress distribution

across the coating thickness [22, 23]. The Zn coating had a

uniform interface, while the LHE Cd coating had intermit-

tent discontinuities designed to facilitate the removal of

co-evolved hydrogen [10].

3.2 Vacuum thermal desorption spectroscopy

The hydrogen discharge distribution of the bare and coated

notch bar specimens is shown in Fig. 6. The quadruple

mass spectrometer has two types of detectors, namely a

Faraday cup and a secondary electron multiplier. In our

present investigation, the Faraday cup detector was used.

The experimental output of the Faraday cup was hydrogen

ion intensity vs. time. The number of hydrogen ions dis-

charged was calculated using Faraday’s law:

N ¼ It

e

N = number of hydrogen ions, I = ion current in amperes,

t = time in seconds, and e = charge of an electron

Fig. 2 Electrochemical permeation cell schematic Fig. 3 XRD of the investigated coatings
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1.602 9 10-19 C. The ion count was subsequently

converted into parts per million by mass ratio calculations.

From Fig 6a, in the steel specimen, as baking temperature

was varied from 100 to 300 �C, the higher baking tempera-

ture resulted in a higher hydrogen discharge. Zn coatings

discharged the greatest amount of hydrogen (Fig. 6b) when

baked at 300 �C. However, the extreme vacuum also caused

the Zn to volatilize at 300 �C. A similar trend was observed

for Cd coatings (Fig. 6c) where at 200 �C, Cd was also

volatilized. These results indicate that the maximum baking

temperatures in this experimental setup were constrained to

200 �C for Zn and 100 �C for Cd for studying the amount of

hydrogen discharged from coated specimens.

The results of the TDS studies are summarized in Fig. 7.

At 200 �C baking temperature, hydrogen discharge was the

lowest for Zn–Ni (0.05 9 10-6 ppm) as compared to Zn

(4.41 9 10-6 ppm) and Cd (0.57 9 10-6 ppm). The hydro-

gen discharged by the coated specimens is attributed to the

amount of hydrogen absorbed during the plating process

and the permeability of the coating. More precisely, the

amount of hydrogen absorbed during the plating process is a

function of processing parameters, such as current density,

plating time, batch efficiency, etc., and the permeability of

the coating, which is a function of its microstructure and

general morphology. If the coating happens to be extremely

permeable to hydrogen, as is the case with phosphate

coatings [3], it does not act as a barrier to hydrogen diffu-

sion and given sufficient time, hydrogen will escape at room

temperature. Defects in the coatings also contribute to

hydrogen escape from the matrix. In the case of the Zn

coating, as shown in Fig. 5a, the cross section is uniform

without any defects, which led to the trapping of hydrogen

in the interface, which was then released during the baking

process. In the case of the Cd coating, as shown in Fig. 5b,

the more discontinuous interface led to the escape of

hydrogen from the interface within a short duration of the

plating, which was indicated by a lower amount of hydro-

gen present in the coating. Zn–Ni coatings had inherent

microcracks across the interface, Fig. 5c, which expanded

during the heat treatment, Fig. 5d, acting as hydrogen

escape pathways.

The results appear to indicate that the Zn–Ni process

introduced the least amount of hydrogen into the speci-

mens, as compared to Zn and Cd processes.

Fig. 4 SEM images of the coating surfaces
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3.3 Electrochemical hydrogen permeability of coated

steel

The permeability of the steel and coated steel specimens to

hydrogen was determined by the twin cell method. A rel-

atively permeable low carbon steel substrate was chosen

for the experiments. From the coating cross-sectional

morphologies on the notch bar (Fig 5), it was evident that

the Zn coating had a uniform defect-free cross section, the

Zn–Ni coatings had microcracks, and the Cd coating had

intermittent discontinuities. Since the substrate geometry

was changed, the microcracks’ distribution in the Zn–Ni

coatings also changed. The microcracks were randomly

distributed with some areas having a uniform cross section

as shown in Fig. 8a and a discontinuous cracked micro-

structure as shown in Fig. 8b. When the low carbon steel

shims were subjected to heat treatment at 200 �C, the crack

network increased to form a morphology shown in Fig 8c.

Similar observations were recorded for the Cd coatings

with some areas of the coated shim having a uniform

interface as shown in Fig. 9a and with intermittent dis-

continuities as shown in Fig. 9b. The permeation tests were

performed on both uniform and non-uniform coating

interfaces. The output of the experiments is permeation

current density versus time as shown in Fig. 10. Figure 10a

shows the current transient characteristics of the bare SAE

1006 steel and Fig. 10b shows the transient behaviors of

uniform defect-free Zn, Zn–Ni, and Cd coatings on steel

substrate. From the current transient graphs, the diffusion

coefficient, the subsurface hydrogen concentration, and the

steady state permeation flux were determined using the

following equations [24–26]:

Deff ¼
L2

2 � tlag

Deff ¼
L2

12:98 � tb

JSS ¼
Iss

A � F

C0 ¼
Jss

L � Deff

ð1Þ

Deff = effective diffusion coefficient (cm2 s-1); Jss = steady

state permeation flux (mol s-1 cm-2); C0 = subsurface

hydrogen ion concentration (mol cm-3); Iss = steady state

permeation current (A); Tb = breakthrough time (s); and

tlag = time lag—0.63 tss. tss = steady state time (s); L =

Membrane thickness; and A = exposed area (cm-2).

From Fig. 10a, it can be observed that SAE 1006 steel

was easily permeable to atomic hydrogen, which was

evident from a very short breakthrough time (10 s) and a

Fig. 5 Cross-sectional SEM images of the investigated coatings on the notch bar specimen
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very high permeation current density (8.52 lA cm-2).

Figure 10b shows the permeation characteristic of

Zn-, Zn–Ni-, and Cd-coated steel surfaces. From Fig. 10b,

it is evident that all the three coatings, Zn, Zn–Ni, and Cd,

acted as a barrier for hydrogen diffusion in steel. This is

evident by the fact that the permeation current density was

drastically reduced and the breakthrough time was

increased significantly, 720 s for Zn, 6,400 s for Zn–Ni,

and 365 s for Cd, as compared to the 10 s for steel sub-

strate alone. Using Eq. (1) mentioned above, the diffusion

coefficients were calculated for the coated steels, which are

listed in Table 1. The effective diffusion coefficients and

the steady state hydrogen permeation flux of Zn–Ni coat-

ings were one order of magnitude lower compared to the

Zn- and Cd-coated steel, which indicated that Zn–Ni

coatings offer much better barriers to hydrogen diffusion

than Zn and Cd coatings.

Figure 11a shows the H2 permeation transient of Zn–Ni-

coated steel with microcracks and Fig. 11b shows the

transient of Cd-coated steel with discontinuities. It can be

observed that the breakthrough time was a lot shorter,

140 s as opposed to 6,400 s in the case of Zn–Ni and 25 s

as opposed to 350 s in the case of Cd coatings. Steady state

permeation flux was higher in both the cases than the steel

with a uniform coating interface. The hydrogen permeation

Fig. 6 TDS ion intensity spectrum for a substrate steel, b Zn, c Zn–Ni, d LHE Cd from the mass spectrometer

Fig. 7 Summary of TDS data of the substrate and coatings at

different temperature
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constants for the defective coatings are compared with

defect-free uniform coatings as shown in Table 2. It can be

observed that the uniform Zn–Ni coating provided much

better permeation resistance as compared to the coating

interface with cracks and discontinuities. The microcracks

are a common feature in Zn–Ni coatings, and their distri-

bution could be due to different factors such as residual

stress and also specimen geometry. The residual stresses

present in the surface of the Zn–Ni coating are tensile in

nature. Since the thickness of the steel substrate was

100 lm, the resistance offered by the steel substrate against

bending and warping of the specimen was lower, which

again resulted in non-uniform distribution of microcracks

across the coating interface. Hydrogen permeation tests

were also performed on Zn–Ni-coated steels that were

subjected to post-plating heat treatment. From the result

shown in Fig. 12, it can be observed that the breakthrough

time was instantaneous and the permeation current showed

an increasing trend after an initial reduction. This reduction

in the permeation current following a sudden surge can be

explained by the uniform monolayer close to the interface

impeding further flow, which in turn resulted in an accu-

mulation of hydrogen within the crack networks distributed

randomly across the coating thickness. Once the break-

through happened again, the flux started increasing.

Because a steady state condition was not obtained and the

cracked coating did not provide a uniform diffusion tran-

sient, the diffusion coefficients could not be calculated.

Nevertheless, it can be observed that the permeation cur-

rent was close to that of the bare steel substrate. This

observation indicated that the crack network allowed the

hydrogen to diffuse out when subjected to post-plating heat

treatment.

The Cd coating with intermittent discontinuities also

exhibited a higher permeation transient current as shown in

Fig. 11b compared to the uniform coating. The disconti-

nuities can become preferred sites for hydrogen adsorption,

from where hydrogen accumulates and then permeates into

the steel. A uniform coating surface would have acted as a

barrier to further diffusion. This hypothesis is supported by

higher subsurface hydrogen concentrations in both coatings

that contained microcracks and discontinuities.

4 Discussion

From the thermal desorption studies, it was observed that a

uniform, defect-free, Zn coating had the highest amount of

hydrogen trapped in the interface. It was followed by the

Cd coating with discontinuities in the matrix, which

facilitated the escape of absorbed hydrogen.

The plating batch efficiency of Zn was 95 % since it was

an acid plating solution. The plating efficiency of Zn–Ni

and Cd was close to 70 % since both the processes were

alkaline plating processes. Conventional understanding is

that the more efficient the plating processes, the lower the

Fig. 8 Cross-sectional SEM images of Zn–Ni coatings on low carbon

steel shims a uniform defect-free cross section, b as-plated Zn–Ni

coatings with discontinuities and microcracks, c Zn–Ni cross section

after post-baking heat treatment with microcracks and discontinuities

Fig. 9 Cross-sectional SEM images of LHE Cd coatings on low

carbon steel shims a uniform cross section, b cross section with

discontinuities
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hydrogen embrittlement susceptibility. But, the thermal

desorption studies in this study showed that the amount of

hydrogen trapped in the Zn coating was much higher than

those of the Cd and Zn–Ni coating. In the case of Zn–Ni

coating, even though the bath efficiency is 70 % which

could have led to more hydrogen incorporation in the

coating, the amount of hydrogen desorbed was less owing

to the permeability of the coated layer. In the case of the

Cd coating, since the coating contained discontinuities,

these intentionally introduced discontinuities helped in

Fig. 10 H2 permeation current density distribution with respect to time for a SAE 1006 steel substrate, b Zn, Zn–Ni, and LHE Cd coating with

defect-free interface

Table 1 Diffusion coefficients and hydrogen permeability constants for steel, Zn, and Zn–Ni

Material Diffusion coefficient

D 9 10-8 (cm2 s-1)

Subsurface hydrogen

conc. C0 9 10-6 (Mol cm-3)

Permeation flux Jss 9 10-11

(mol s-1 cm-2)

Bare steel 38.600 2.285 8.821

Zn 1.009 4.380 0.395

Zn–Ni 0.391 2.711 0.087

Cd 4.543 1.041 0.378

Fig. 11 Permeation current densities of a uniform and discontinuous Zn–Ni-coated steel, b uniform and discontinuous LHE Cd-coated steel
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hydrogen escape which is reflected from the TDS obser-

vation. The current investigation supports the hydrogen

embrittlement studies evaluated by mechanical property

data by Brahimi and Yue [3, 27]. They observed that the

bath efficiency had negligible effect compared to the cur-

rent density and the plating time, since the limiting current

densities would not be achieved in industrial plating

processes.

The Zn–Ni coating process appears to have introduced

the least amount of adsorbed hydrogen during the plating

process. However, upon comparing the microstructures of

the three coatings, it can be seen from Fig. 5a that Zn has a

smooth uniform surface without any apparent defects or

porosity. On the other hand, the Zn–Ni interface shown in

Fig. 5c has microcracks which originate during plating

process. These microcracks tend to increase in size if the

coated part is baked, as shown in Fig. 5d. The presence of

microcracks in the coating facilitates hydrogen escape,

possibly reducing the hydrogen concentration in the spec-

imen. During the baking process, as a result of develop-

ment of a network of microcracks, the hydrogen diffusion

was increased to a larger scale, which was evident from the

permeation current observed in Fig. 12. However, the

permeability studies showed that in the absence of micro-

cracks, (Fig. 10b) the Zn–Ni coating acted as a superior

barrier against hydrogen diffusion. Conversely, in the

presence of discontinuities and microcracks (Fig. 11a),

hydrogen diffusion was much higher than for the uniform

defect-free coating. Therefore, it is likely that the process

introduced less hydrogen because the Zn–Ni coating acted

as a barrier to further H absorption during the initial stages

of deposition. Later, during baking, microcracks which

originated due to lattice strain and mismatch facilitated the

escape of any absorbed hydrogen. Combined, these phe-

nomena led to the low quantity of hydrogen measured

during the desorption test.

5 Conclusions

The Zn–Ni plating process was found to be less susceptible

to IHE as compared to the Zn and Cd plating processes.

The Zn–Ni plating process induced microcracks and

defects in the coating microstructure. These defects

expanded during the baking treatment and acted as

hydrogen escape pathways. From the permeability experi-

ments, it was observed that the defect-free Zn–Ni coating

had superior resistance to hydrogen diffusion. In the pres-

ence of microcracks, the permeability of hydrogen can be

improved to a large extent, which would facilitate the

escape of hydrogen during post-plating heat treatment.

Hence, from this investigation, it is concluded that during

the initial stages of plating, the defect-free Zn–Ni layer acts

as a barrier to hydrogen absorption. During the baking

process, the defects present in the coating acted as a

pathways for any absorbed hydrogen to diffuse out of the

coated steel, thereby further minimizing the risk of

embrittlement due to the plating process.
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