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Two on-site nondestructive methods, one involving an electromagnetic thickness tester and the other a
handheld x-ray fluorescence analysis system, were used to evaluate thicknesses of hot-dip galvanized coat-
ings on steel and compared with destructive analytical methods. They were sufficiently applicable for
measuring the remaining thickness or mass of the coatings when the density of the alloy layer or the zinc

depth profile was already known.

1. Introduction

Hot-dip zinc-coated steel is one of the main structural
materials for outdoor plants including telecommunication
equipment (steel poles, towers, strand wires, etc.) be-
cause of the sacrificial protection effect of zinc on steel
against atmospheric corrosion [1]. The International Or-
ganization for Standardization (ISO) provides the stand-
ards for hot-dip zinc-coated steel products (e.g. ISO 3575,
4998) and coatings (ISO 1461). The Japan Industrial
Standard (JIS) provides almost the equivalent or modi-
fied standards of sheets, coils, wires, wire strands (JIS G
3302, 3548, 3537) and coatings (JIS H 8641), where the
minimal thicknesses are specified and classified basically
by the mass of zinc deposit per unit area (called simply
“mass”, hereafter), except for classes HDZ A and B. For
example, the mass should be more than 550 g/m2 for the
class HDZ 55. Direct and indirect methods for evaluating
the mass are provided in JIS H 0401, where direct and
indirect mean in-process (by measuring weight gain after
galvanizing) and after-process (by testing galvanized
products).

The remaining galvanized coating thickness of the
equipment is the important for effective protection
against corrosion and guaranteeing adequate reliability.
To evaluate thickness, nondestructive and on-site indirect
test methods are suitable from the viewpoint of useful-
ness and convenience in inspection. We chose two non-
destructive methods among those concerning the thick-

Copyright (c) 2014 by The Surface Analysis Society of Japan

ness of metallic coatings provided in JIS H 8501 corre-
sponding to ISO 3497: the electromagnetic method and
x-ray fluorescence analysis (XRF) for galvanized coating
on steel. The electromagnetic method involving an elec-
tromagnetic thickness tester (EM tester) is also men-
tioned in JIS H 0401, where 7.2 g/cm’ is used as the den-
sity of galvanized coating to convert thickness to mass.
The EM tester is a popular testing tool due to its simplic-
ity and portability. The XRF, which is a rather analytical
method, is generally used for quality control of coating
thickness in plating or galvanizing processes and is often
embedded in a factory automation system. However,
several handheld XRF systems have recently been de-
veloped that are portable and usable either indoor or
outdoor if statutory and safety requirements are satisfied,
e.g., on-site discrimination of valuable metals for recy-
cling and on-site screening of hazardous substances for
soil pollution [2].

We prepared sample series with different zinc coating
thicknesses and used an EM tester and a handheld XRF
system. We discuss their applicability in evaluating
hot-dip galvanized coatings on steel by comparing them
with destructive methods: cross-sectional observation,
chemical dissolution method, and glow-discharge optical
emission spectroscopy (GD-OES).

2. Experimental

Two types of hot-dip zinc-coated SS400 steel sheet
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samples, HDZ A and HDZ 55, were prepared. The for-
mer is generally used for thinly coating small and/or thin
steel parts. The latter is for steel products used in corro-
sive environment such as coastal areas where metallic
equipment is subjected to heavy sea-salt damage. The
coating thickness of HDZ A should be at least 28-42 um
and that of HDZ 55 should be more than 76 pum accord-
ing to JIS H 8641. We prepared the HDZ 55 sample se-
ries by cutting a sheet into pieces, dipping some of the
pieces in dilute hydrochloric acid to etch their coatings,
and controlling the remaining thicknesses by adjusting
the etching time. We used a chemical dissolution method
according to JIS H 0401 to measure their mass. The
samples were dipped in hydrochloric acid with hexa-
methylenetetramine and their weight losses were meas-
ured. An optical microscope was used to observe
cross-sections of the original coatings after the
cross-sectional samples were mechanically and chemi-
cally polished (not processed by additional chemical
etching). A scanning electron microscope (SEM) - elec-
(EPMA) system (JEOL

JXA-8621) was used for semi-quantitative analysis of the

tron-probe microanalyzer
internal composition in the coatings. The accelerating
voltage was 15 kV. The GD-OES measurements were
conducted using the Horiba GD Profiler 2 operated in a
constant power mode (35 W). The argon gas pressure
was 600 Pa, and the diameter of the sputter crater was 4
mm. We used the SWT-8000 II system (Sanko Electronic
Laboratory) as a general EM tester. The distance between
the sensor head and the underlying ferromagnetic surface,
which should correspond to the thickness of the
non-magnetic coating on steel, is detected as the change
in inductance of the inner electromagnetic coil embedded
at the back of the sensor head. After calibration including
zero adjustment, the thickness of the non-magnetic coat-
ing was measured. The electromagnetic method is de-
scribed as a method for measuring the coating thickness
of electrolytic and chemical plating in JIS H 8501 corre-
sponding to ISO 2178 as well as cross-sectional optical
microscope observation. We used a handheld XRF sys-
tem, Horiba MESA 330 Portable, to measure x-ray fluo-
rescence intensities from the samples. The rhodium x-ray
tube was operated at 45 kV and 40 pA. This XRF meth-
od is also described in JIS H 8501. We chose the excita-
tion method using zinc x-ray intensities among the two
methods described in JIS H 8501.
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3. Results and discussion

As the results of cross-sectional optical microscope
observation, the mean thicknesses of the original coat-
ings were about 66 um for HDZ A and about 114 pum for
HDZ 55. Some layers having different contrasts were
observed in the HDZ A coating, while not clearly ob-
served in the HDZ 55 coating. Figure 1 show the
cross-sectional SEM images of the original coatings in-
cluding EPMA semi-quantification result tables. Figure 2
shows in-depth compositional profiles of the coatings of
(a) HDZ A and (b) HDZ 55 measured using GD-OES.
The EPMA results in Fig. 1 (a) show the existence of the
almost pure zinc layer around points 1 and 2 in the HDZ
A coating, which also corresponds with the zinc depth
profile of Fig. 2(a). This layer is thought to be the 7
phase. It is known that zinc-iron binary alloy systems can
take various phases with different compositional ratios
(n, & o, I, T, etc.) and the phase formation is affected
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Fig. 1 Cross-sectional SEM images of original (a) HDZ A
and (b) HDZ 55 coatings including EPMA
semi-quantification result tables (% in weight). Open circles
indicate points analyzed using EPMA. Approximate dis-
tances from interfaces are also shown in tables.
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Fig. 2 Depth profiles of zinc and iron measured using
GD-OES.

by galvanizing conditions and co-existing trace elements
[3]. In Fig. 1 (a), the region around point 3 where the
iron concentration is 6.35% is thought to be the ¢ phase
of the HDZ A coating. This phase, in which the iron
concentration widely ranged around 6%, might be thick-
ly formed in the HDZ 55 coating by assumption from the
zinc and iron depth profiles of Fig. 2 (b). In Fig. 2 (a),
the composition plateau at 50-60 pm near the interface
seemed to be the o) phase of the HDZ A coating. The
HDZ 55 coating might also have the J; phase layer but it
might be thinner. We may also determine the coating
thicknesses by using the cross points of the zinc and iron
profile at 50% by assuming a constant sputter rate, cer-
tain depth resolution, and unchanged sensitivity factors
during measurement: 78 um for HDZ A and 121 pm for
HDZ 55.

With the chemical dissolution method, the masses of
zinc of the original and etched samples were given and
the coating thicknesses were calculated on the assump-
tion that the coatings consisted of pure zinc with a den-
sity (p) of 7.14 g/em’®. Figure 3 shows the relationship
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between the thicknesses of the HDZ 55 samples meas-
ured using the EM tester and evaluated using the chemi-
cal dissolution method. The solid line is the line obtained
using the least-squares method. The slope () and inter-
cept () at the coordinate were 1.05 and 8.01 pm, re-
spectively. Assuming the simple model of HDZ 55
shown in Fig. 4, we can describe the relationship be-
tween the thicknesses obtained using the EM tester (d,,)

and chemical dissolution method (d,),

crprdr +cnpndn +Cfpf f = pdc (1)

and rewrite Eq. (1) as

dm = P dc_l_{l_f_pf]dr_#df Q)
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Fig. 3 Relationship between thicknesses measured using
EM and chemical dissolution methods.

Non-magnetic alloy

Fig. 4 Simple model of HDZ 55 coating having three
layers with different thicknesses.
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where d,, = d, + d,, the concentrations ¢ denote the mean
weight concentrations of zinc, and subscripts 7, n, and f
denote the roughness layer, non-magnetic alloy layer,
and ferromagnetic alloy layer, respectively (where
non-magnetic means “not ferromagnetic” and includes
paramagnetic and diamagnetic). The d,, value should be
thicker than d. basically by a factor of £, which is given
as p over ¢,p, in Eq. (2). Using f obtained in Fig. 3, ¢,
was then calculated to be 0.95, which was reasonable in
comparison with the expected mean zinc concentration in
the HDZ 55 coating in Fig. 2(b). The p, value was also
calculated to be 7.17 g/cm’, which corresponded well to
7.2 g/em® described in the reference of JIS H 0401. Thus,
d,, can be calculated from d, by using Eq. (2) under the
assumption of non-magnetic alloy density, and vice versa.
This shows the applicability of the EM tester for HDZ 55,
except for the small gap shown as «, which is expressed
as the sum of the second and third terms on the right side
of Eq. (2). The roughness layer may apparently include
half air and half zinc in volume (iron is ignored) and c,p,
can then be given as a half value of p, 3.57 g/cm’ The
ferromagnetic layer at the interface was supposed to in-
clude half zinc and half iron in weight (c;and o can then
be 0.5 and 7.49 g/cm’). Therefore, Eq. (2) is expressed as

d, =1.05d, +0.48d, —0.55d,. 3)

This equation indicates that d, acts as a factor in increas-
ing « in Fig. 3, resulting in over-estimation of the zinc
amount. To the contrary, the thickness of the ferromag-
netic layer dyresults in under-estimation. In this HDZ 55
series, d, was larger than d;since o was positive.

Figure 5 shows the x-ray fluorescence intensities of
zinc (ZnKa) and iron (FeKa) measured using MESA
330 versus the thicknesses obtained using the chemical
dissolution method. Assuming that an element is homo-
geneously included in a coating (concentration ¢) and not
in underlying layers and its characteristic fluorescent
x-ray is produced only by the excitation at the single
wavelength of the incident x-ray, the dependence of the
x-ray fluorescence intensity / on coating thickness d is

theoretically expressed as

Ioc%(l—exp(—Ad)) “4)
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where

A:Lﬂb")JrM (5)

sind  sing

Here, 14(A;) and 144 express the absorption coefficients
at the wavelengths 4; and A, of incident and fluorescent
x-rays, and 6 and ¢ are the incident and detecting angles
to the sample normal, respectively. For the Zn-Fe binary
alloy having in-depth compositional change, ¢ of zinc, s,
and A are expressed as the functions of depth z, and the

zinc x-ray fluorescence intensity is expressed as
d d
I J.O c(z) exp(—J. A(z)dz)dz. (6)

In Fig. 5, the measured ZnKa curve shows a small
thickness offset (in the abscissa) that might have
originated from the difference in the measured posi-
tion of the coating. The solid line is a calculated
curve from the zinc depth profile in Fig. 2 (b). If
zinc profile ¢(z) is known beforehand, the depend-
ence of ZnKa intensity on thickness can be recon-
structed, as in Fig. 5, that is, the mass of zinc can be
evaluated using the handheld XRF system within
the thickness range where the x-ray fluorescence
intensity is not saturated.

X-ray fluorescence intensity I'eps

0 20 40 60 80 100 120

Thickness d/pm

Fig. 5 Dependencies of x-ray fluorescence intensities on
coating thickness (circle: Zn, triangle: Fe). Solid line is
curve calculated from zinc depth profile measured using
GD-OES.

4. Conclusions

We used two on-site nondestructive methods involving
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an EM tester and a handheld XRF system, respectively,
to evaluate hot-dip galvanized coatings on steel and
compared them with destructive analytical methods.
Both methods were sufficiently applicable for measuring
the remaining thickness or mass of the coatings when the
density of the alloy layer or the in-depth compositional
profile was already known. Other than the evaluation of
galvanizing and/or plating metal thicknesses, the
handheld XRF system, which can also be used to analyze
corrosion products and environmental salt concentration
[4], has a high potential as an on-site diagnosis tool for
outdoor plants.
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