
Nuclear Engineering and Design 297 (2016) 267–275

Contents lists available at ScienceDirect

Nuclear  Engineering  and  Design

jou rn al hom ep age: www.elsev ier .com/ locate /nucengdes

Use  of  color-change  indicators  to  quantify  passive  films  on  the
stainless  steel  valves  of  nuclear  power  plants

Cong  Qian  Chenga, Shu  Kai  Yanga,b,  Jie  Zhaoa,∗

a School of Materials Science, Engineering, Dalian University of Technology, Dalian 116085, China
b Suzhou Nuclear Power Research Institute, Suzhou 215004, China

h  i g  h  l  i g  h  t  s

• A  facile  method  to evaluate  passivation  quality  by  color  change  indicator.
• Two  indicators  were  compared  in  lab  and  applied  on  vales  in nuclear  power  plants.
• It  shows  that  the  higher  value  of  color  change  the  worse  quality  of  passivation.
• Traditional  ferroxyl  solution  is  unstable  and  might  impair  the  vale  surface.
• The  new  indicator  is  more  practicable  than  the  ferroxyl  test  for on-site  inspection.
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a  b  s  t  r  a  c  t

The  passive  film  on nuclear-grade  stainless  steels  was  evaluated  by  quantifying  its  color  changes.  Col-
oration  reactions  were  compared  by  using  ferroin  and blue  dot solutions  as  indicators  on  the  basis  of  the
measured  results  in a  laboratory.  The  reactions  were  then  applied  on stainless  steel  valves  in a  nuclear
power  plant.  The  degree  of  color  change  indicates  the  degree  of growth  of  a passive  film.  The  ferroin  solu-
tion  exhibits  higher  accuracy  and  more  stable  than  blue  dot  solution  in determining  passive  film  quality.
The  potentiodynamic  polarization  curves  show  that  blue  dot solution  might  cause  surface  damage  com-
pared  with  ferroin  solution.  The  inspection  result  on  stainless  steel  valves  supports  our  laboratory  result.
However,  stainless  steel  exhibited  a dramatic  decrease  in sensitivity  to blue  dot  because  of  the  intrinsic
instability  and high  acidity  of this  solution.  Ferroin  solution  is  superior  to blue  dot  solution  for  stainless
steel  facilities  in  a nuclear  power  plant.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Stainless steel is an essential material that is widely used in
nuclear islands, including nuclear reactors, safety valves, and cool-
ing and feedwater pump systems inside reactor containments. High
corrosion resistance to radioactive and aggressive corrosive envi-
ronments must be achieved in the manufacturing and construction
of these stainless steel nuclear facilities. The passive film on stain-
less steel has attracted considerable attention because of its barrier
property in corrosive environments. Generally, thorough cleaning
and chemical passivation are required to ensure a compact passive
film after fixing the valves. Nevertheless, the film is still suscepti-
ble to damage during construction. Certain undesirable chemical
passivation processes and cleanup methods diminish film quality
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in various ways. For example, surface rust or corrosion resistance
degradation occurs when passive films are damaged by scratching
or surface contamination (Fritz et al., 2000; Suleiman et al., 1994; El
Shawesh et al., 2001). These problems give rise to the necessity of
detecting passive film quality in attaining the desired surface per-
formance of nuclear power facilities (RCC-M, 2002; ASME, 2013).

Various inspection techniques have been studied to characterize
passive films on stainless steels, but most techniques are unsuit-
able for construction sites. For instance, quantitative approaches
via physical methods, such as Auger electron spectroscopy and
X-ray photoelectron spectroscopy, can reveal the chemical struc-
ture of passive films (Park et al., 2015; Padhy et al., 2010; Sun
et al., 2009). However, most physical methods require drastic
experimental conditions, such as ultra-high vacuum conditions
and expensive or unavailable equipment. Although electrochemi-
cal tests can entirely reflect the electrochemical property of passive
films on stainless steel (Kocijam et al., 2007; Meng et al., 2014;
Hakiki, 2011; Feng et al., 2010), most electrochemical methods
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exhibit difficulty in evaluating complex surfaces on facilities. As
recommended by ASTM A380 (ASTM, 2005), the blue dot test can
be used to determine the quality of passive film that has been
deteriorated by free iron contaminants. However, this method can-
not identify the passivation quality on a clean surface. Recently, a
modified blue dot method by the GB/T 25150 standard has been
proposed to determine the quality of passive film on clean stain-
less steel (GB/T, 2010). The principle behind this test is based on
the blue dot color-change reaction, which is caused by the reaction
of dissolved Fe2+ ions with potassium ferricyanide (K3[Fe(CN)6]),
under the attack of aggressive Cl− ions in an acidic environment:

Fe2+ + K3[Fe(CN)6] = KFe[Fe(CN)6] ↓ +2K+. (1)

This method indicates that the color-change indicator may  be
a potential approach for passive film inspection. Nevertheless, the
K3[Fe(CN)6] used in the test may  emit highly toxic cyanide fumes
when heated to decomposition or when coming into contact with
concentrated acid (GB/T, 2010). In our previous study, a color-
change inspection approach was proposed on the basis of ferroin
reaction (Cheng et al., 2013; Cheng et al., 2015):

phen+Fe2+ → [Fe(phen)3]2+(red colored ferroin). (2)

The measurement exhibits good capability in evaluating film
quality. The compactness of passive film can be quantitatively real-
ized on the basis of the degree of color change. A low color-change
degree indicates that a passive film has high compactness and good
pitting corrosion resistance (Cheng et al., 2013). From the view
point of the fabrication process and construction in nuclear power
plants, the usability and practicality of ferroin and blue dot indi-
cators on the nuclear facility is necessary. However, the difference
between blue dot and ferroin test usability during the inspection of
passive films on nuclear facilities has not been studied.

In this study, the role of ferroin and blue dot indicators dur-
ing the detection of passive film quality was investigated by
color-change measurement. The effect of these indicators on the
corrosion of stainless steel was analyzed by electrochemical polar-
ization. Finally, the application of ferroin and blue dot test on the
drain valves and isolation valves of nuclear islands was discussed
on the basis of the comparison of indicator properties.

2. Experiment

The experiment was conducted in a laboratory and in a nuclear
power plant construction site. The solution properties of the blue
dot and ferroin tests were initially analyzed in the laboratory. Type
316L austenitic stainless steel, martensite stainless steel FV520B,
and duplex stainless steel 2205 were used. The specimens were
mechanically abraded with #800 grade emery paper, rinsed with
deionized water, and quickly dried in cold air. Some specimens
were subjected to chemical passivation in 25% nitric acid (HNO3)
solution at 45 ◦C for 30 min.

The passive film on the specimens was evaluated on the basis
of the color-change reaction and subsequent color measurement.
In our test, the ferroin indicator was composed of 0.1 g/ml C12H8
N2·H2O, 0.212 g/ml HONH3Cl, 0.206 g/ml to 2.735 g/ml of
C6H5O7Na3·H2O, and 1.954 g/ml to 0.109 g/ml of C6H8O7·H2O.
The ferroin test was conducted by attaching a filter paper on the
surface of the samples for coloration reaction. The filter paper was
dipped in the ferroin solution before the attachment. After the
coloration reaction, the degree of redness was measured by using
the Konica Minolta CR-10 colorimeter. Additional details on this
method are described in a previous study (Cheng et al., 2013).

The blue dot test was  also conducted for comparison. The
blue dot solution was prepared by dissolving 5 g K3[Fe(CN)6], 1 ml
H2SO4, and 5 ml  HCl into 100 ml  distilled water (GB/T, 2010). The

results of the blue dot test were fine blue precipitations beneath
the test paper, and the blue dots did not diffuse into the test paper.
If the same test papers in the phenanthroline test were used, the
filter papers may  conceal the blue dots and lead to misinterpreta-
tions of the degree of blue dots. To identify the blue dots, a nearly
transparent lens wiping paper was  used. The passive film quality
was evaluated on the basis of the blue color intensity of the paper
owing to the blue dot test.

An electrochemical workstation (CS300, Corrtest Instrument,
China) was used to conduct the potentiodynamic polarization test
in air-saturated 3.5 wt.% NaCl solution, and the indicator solution
at room temperature. The exposed area of the samples in the NaCl
solution was a circle with a 10 mm diameter. The test cell consisted
of samples as working electrodes, a platinum foil as the counter
electrode, and a saturated calomel electrode (SCE) as the reference
electrode.

In the construction site of the nuclear power plant, the chemi-
cally passivated valves were first cleaned by Grade A demineralized
water (RCC-M, 2002). A white non-woven fabric paper was soaked
in ferroin solution and then attached on the valves for coloration
reaction. The quality of the passive film was evaluated on the basis
of the degree of redness of the wet  paper. For comparison, the blue
dot test was  also conducted. The measured valves were sponged
with blue dot solution, and a filter paper wiped the indicator to
observe the blue color-change degree after the coloration reaction.

3. Results and discussion

3.1. Sensitivity and stability of indicator solutions during
inspection of passive film

Fig. 1 shows the color characteristics of the optical photos after
the coloration reaction of the blue dot and ferroin solutions in the
316L samples subjected to air exposure and chemical passivation
in HNO3 solution. For the grinded samples, high redness intensity
is evident after examination by ferroin solution [Fig. 1(a)]; distin-
guishable blue dots also form on the surface with the test solution
[Fig. 1(c)]. For samples subjected to chemical passivation, the color
of the ferroin paper becomes white [Fig. 1(b)]. No blue dot was
observed after the blue dot solution test [Fig. 1(d)]. The experiment
result in Fig. 1 indicates that the color-change reaction can be used
to identify passivation quality.

During the color-change inspection, the degree of color change
largely depends on the type of stainless steel and the degree of pas-
sivation. Fig. 3 illustrates the color-change degree that corresponds
to the reaction time for the three types of samples after grind-
ing. For the ferroin solution test, the measured a* increases with

Fig. 1. Optical photograph of 316L stainless steel samples subject to different pas-
sivation state after coloration reaction by using Ferroin and blue dot solutions: (a)
Ferroin solution, grinding sample; (b) Ferroin solution, chemical passivated sam-
ple;  (c) blue dot solution, grinding sample; (d) blue dot solution, chemical passivated
sample. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of this article.)
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