
 

 

 

อิทธิพลของความหนาแน่นกระแสไฟฟ้าในการชบุสังกะสีด้วยไฟฟา้ต่อสภาพปรากฎของการเคลือบ
คอนเวอร์ชันไตรวาเลนทโ์ครเมตสีด า 

 

นางสาวนิรดา พินทพุีรโกวิท 

วิทยานิพนธ์นี้เป็นส่วนหนึ่งของการศึกษาตามหลกัสูตรปริญญาวิศวกรรมศาสตรมหาบัณฑิต 
สาขาวิชาวิศวกรรมโลหการและวัสด ุภาควิชาวิศวกรรมโลหการ 

คณะวิศวกรรมศาสตร์ จฬุาลงกรณ์มหาวิทยาลัย 
ปีการศึกษา 2557 

ลิขสิทธิ์ของจุฬาลงกรณม์หาวิทยาลัย 

 



 

 

 

 

THE INFLUENCE OF ELECTROPLATED ZINC COATING’S CURRENT 
DENSITY ON APPEARANCE OF BLACK TRIVALENT CHROMATE CONVERSION COATING 

  

 

Miss Nirada Pintuperakovit 

A Thesis Submitted in Partial Fulfillment of the Requirements 
for the Degree of Master of Engineering Program in Metallurgical and Materials 

Engineering 
Department of Metallurgical Engineering 

Faculty of Engineering 
Chulalongkorn University 

Academic Year 2014 
Copyright of Chulalongkorn University 

 



 

 

 

Thesis Title THE INFLUENCE OF ELECTROPLATED ZINC 
COATING’S CURRENT DENSITY ON APPEARANCE 
OF BLACK TRIVALENT CHROMATE CONVERSION 
COATING 

By Miss Nirada Pintuperakovit 
Field of Study Metallurgical and Materials Engineering 
Thesis Advisor Assistant Professor Yuttanant 

Boonyongmaneerat, Ph.D. 
Thesis Co-Advisor Associate Professor Patama Visuttipitukul, Ph.D. 
  

 Accepted by the Faculty of Engineering, Chulalongkorn University in Partial 
Fulfillment of the Requirements for the Master's Degree 

 

 Dean of the Faculty of Engineering 

(Professor Bundhit Eua-arporn, Ph.D.) 

THESIS COMMITTEE 

 Chairman 

(Associate Professor Prasonk Sricharoenchai, Ph.D.) 

 Thesis Advisor 

(Assistant Professor Yuttanant Boonyongmaneerat, Ph.D.) 

 Thesis Co-Advisor 

(Associate Professor Patama Visuttipitukul, Ph.D.) 

 Examiner 

(Mawin Supradist na ayudhaya, Ph.D.) 

 External Examiner 

(Sittha Sukkasi, Ph.D.) 

 

 



 iv 

 

 

 

THAI ABSTRACT 

นิรดา พินทุพีรโกวิท : อิทธิพลของความหนาแน่นกระแสไฟฟ้าในการชุบสังกะสีด้วยไฟฟ้าต่อสภาพปรากฎของการเคลือบ
คอนเวอร์ชันไตรวาเลนท์โครเมตสีด า (THE INFLUENCE OF ELECTROPLATED ZINC COATING’S CURRENT 
DENSITY ON APPEARANCE OF BLACK TRIVALENT CHROMATE CONVERSION COATING) อ.ที่ปรึกษา
วิทยานิพนธ์หลัก: ผศ. ดร. ยุทธนันท์ บุญยงมณีรัตน,์ อ.ที่ปรึกษาวิทยานิพนธ์ร่วม: รศ. ดร. ปฐมา วิสุทธิพิทักษ์กุล{, หน้า. 

เหล็กเป็นโลหะที่ใช้งานอย่างแพร่หลายในหลายภาคอุตสาหกรรม เช่น อุตสาหกรรมยานยนต์ อุตสาหกรรมเคมี 
อุตสาหกรรมโครงสร้าง เป็นต้น แต่ปัญหาหลักในการใช้งานของเหล็กที่เกิดขึ้นในอุตสาหกรรมคือปัญหาการกัดกร่อน ปัจจุบันจึงมีการ
พัฒนากระบวนการเพื่อลดปัญหาการกัดกร่อนอีกทั้งยังเพิ่มความสวยงามที่ผิว  เช่น สีและความเงาหลากหลายรูปแบบเพื่อตอบสนอง
ความต้องการของตลาดนอกเหนือจากสีโลหะทั่วไป เน่ืองจากเหล็กเคลือบสังกะสียังไม่สามารถป้องกันการกัดกร่อนและตอบโจทย์ด้าน
สีสันได้เพียงพอ ท าให้มีการเพิ่มกระบวนการการน าเหล็กเคลือบสังกะสีมาผ่านการเคลือบอีกชั้นหน่ึง  ที่เรียกว่าการเคลือบโครเมตคอน
เวอร์ชัน 

ในงานวิจัยน้ีจะท าการศึกษาถึงผลกระทบของตัวแปรในการเคลือบสังกะสีด้วยไฟฟ้าที่มีต่อลักษณะด้านสีของผิวเคลือบโคร
เมตสีด าที่ผลิตด้วยการชุบแบบใช้ไฟฟ้า หน่ึงในพารามิเตอร์หลักในการกระบวนการชุบสังกะสีด้วยไฟฟ้าคือความหนาแน่นของกระแสไฟ 
งานวิจัยน้ีจึงมุ่งเน้นศึกษาผลกระทบจากความหนาแน่นกระแสไฟฟ้าที่  0.5, 1.0, 2.0 และ 4.0 แอมแปร์ต่อตารางเดซิเมตร โดยมุ่งเน้น
ศึกษาสีจากการเคลือบโครเมตที่ให้ผิวเคลือบโทนสีด า เน่ืองจากสีด าเป็นสีที่ได้รับความนิยมมากที่สุดสีหน่ึงในตลาด การศึกษาได้
ด าเนินการโดยการบูรณาการศาสตร์ทางโลหะวิทยา (Metallurgy) ไฟฟ้าเคมี (Electrochemistry) และวิศวกรรมทางแสง (Optical 
engineering) เพื่อหาความสัมพันธ์ของความหนาแน่นกระแสไฟที่มีต่อโครงสร้างและสมบัติด้านสีของผิวเคลือบ องค์ความรู้ที่เกิดขึ้นจะ
มีความน่าสนใจในเชิงวิชาการเป็นอย่างยิ่งเน่ืองด้วยงานวิจัยเชิงลึกทางด้านน้ียังมีอยู่โดยจ ากัด  โดยงานน้ีมีการน าเครื่องมือในการ
ตรวจวัดคุณภาพน้ ายาเคลือบของสังกะสีอย่าง Hull Cell เข้ามาใช้ผลิตชิ้นงาน เพื่อให้ได้ชิ้นงานที่ง่ายต่อการเปรียบเทียบสมบัติทางแสง 
และควบคุมผลกระทบจากตัวแปรอ่ืนๆได้ดีในการผลิตในครั้งเดียว อีกทั้งเครื่องมือการตรวจวัดสมบัติทางแสงอย่าง CCD 
spectrometer ได้น ามาใช้ประกอบกับข้อมูลทางแสงจาก Colorimeter และ การตรวจวัดด้วยสายตา เพื่อให้เห็นความสัมพันธ์และ
ความชัดเจนของการวัดข้อมูลทางแสงของผิวเคลือบ 

จากการศึกษาพบกว่า ไม่ใช่เพียงการควบคุมพารามิเตอร์จากชั้นเคลือบโครเมตคอนเวอร์ชันเท่าน้ันที่มีผลต่อสีของผิว
เคลือบ แต่พารามิเตอร์ในการผลิตของชั้นสังกะสีเองก็อาจมีผลต่อสีสุดท้ายของชั้นโครเมตคอนเวอร์ชันสีด าด้วย ดังเช่นที่ในงานวิจัยน้ีได้
พบว่าความหนาแน่นกระแสไฟฟ้าจากชั้นสังกะสีมีผลให้สีด าของโครเมตคอนเวอร์ชันเปลี่ยน โดยบริเวณความหนาแน่นกระแสไฟฟ้าสูง
จะท าให้การเคลือบชั้นสังกะสีมีความหนาสูงกว่าบริเวณที่มีความหนาแน่นกระแสต่ า และสมบัติทางจุลภาคอ่ืนๆที่อาจเปลี่ยนเช่นกันจาก
ผลกระทบของความหนาแน่นกระแสไฟฟ้าที่ไม่เท่ากัน เพราะฉะน้ันการควบคุมขั้นตอนการผลิตสีด าของผิวเคลือบโครเมตเพียงอย่าง
เดียวน้ันไม่เพียงพอ จึงจ าเป็นต้องควบคุมข้ันตอนการผลิตของชั้นสังกะสีด้วย การตรวจสอบเบ้ืองต้นทางจุลภาคและทางเคมี เช่น กล้อง
จุลทรรศน์อิเล็คตรอนแบบส่องกราดก าลังขยายสูง, กล้องจุลทรรศน์แบบแสง, และเครื่อง เอ็กซ์เรย์ฟลูออเรสเซนซ์ ได้น ามาใช้เพื่อสร้าง
ความเข้าใจเบ้ืองต้นเกี่ยวกับกลไกที่เป็นไปได้ที่ควบคุมการปรากฎสีของชั้นเคลือบ จุดเริ่มต้นของความเข้าใจจากงานวิจัยน้ีจะเป็น
ประโยชน์ต่อภาคอุตสาหกรรมของประเทศเป็นอย่างสูงเน่ืองจากผิวเคลือบประเภทนี้มีปริมาณการผลิตและการใช้เป็นอันดับต้นๆ และมี
ความต้องการในการวิจัยพัฒนาจากอุตสาหกรรมอย่างต่อเน่ือง 
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ENGLISH ABSTRACT 

# # 5570549621 : MAJOR METALLURGICAL AND MATERIALS ENGINEERING 
KEYWORDS: ELECTROPLATING / ZINC / GALVANIZED STEEL / CHROMATE CONVERSION COAITNG / PASSIVATION / 
BLACK CHROMATE CONVERSION COATING 

NIRADA PINTUPERAKOVIT: THE INFLUENCE OF ELECTROPLATED ZINC COATING’S CURRENT DENSITY ON 
APPEARANCE OF BLACK TRIVALENT CHROMATE CONVERSION COATING. ADVISOR: ASST. PROF. 
YUTTANANT BOONYONGMANEERAT, Ph.D., CO-ADVISOR: ASSOC. PROF. PATAMA VISUTTIPITUKUL, Ph.D. {, 
pp. 

Steels are widely used in various field of industrial such as automotive, chemical and structural 
industries. Nevertheless the main obstacle of steel application in industries is the corrosion problems that 
diminish some desired properties. Recently there are developments of process to lessen the corrosion, 
additionally to improve aesthetic property for instance colors and glossiness to serve market needs except from 
ordinary colors. The zinc-coated steels cannot provide sufficient corrosion resistivity and aesthetic property. 
Thereby adding the second process of second coating on zinc-coated steel was introduced which is called 
Chromate conversion coating. 

In this work, for the first time, a systematic study is carried out to correlate the electroplating 
parameters, mainly the current density, on the formation of the trivalent chromate conversion coating, and hence 
the color appearance of the top-coats. This work focused on the study of current density at 0.5, 1.0, 2.0 and 4.0 
Ampere per square decimeter. Focusing on the black conversion coating, since the black coating is one of the 
most widely used color in the market. The study had been processed on the basis of metallurgy, 
electrochemistry and optical engineering to find the correlations that current densities have towards structural 
and optical property of the films. Also the first time Hull cell setup had been introduced to fabricate the samples 
in order to create more ease of distinguishing the color and have all controlled conditions in one setup in one 
bath. The color and optical properties are analyzed using a colorimeter and an optical CCD spectrometer. Also 
comparison to visual inspection had been implemented to see the relation and to obtain virtual optical data   

The results notably show that, current density affects the optical properties in the visual spectrums. 
Not only the processing parameters from conversion coating that can affect appearance of it, but the processing 
parameters such as current density from zinc process also have influence towards conversion coating. It had been 
discovered that the current densities from zinc plating layer have the influence towards shade of black color on 
CCC layer changing, the high current density area exhibits darker blackness comparing to low current density area. 
Therefore controlling only process of conversion coating might not be sufficient. Controlling the process from first 
layer of zinc is also important in appearance wise. The basic microstructural and chemical characterization 
techniques, namely FE-SEM, OM, and XRF, are used to shed some light on the possible underlying mechanism 
that controls the color appearance.  For further study, suggestions of investigation means had been advised to get 
more tangible and clearer microstructural data. The understanding developed in this study will impact the design 
and fabrication of the electroขgalvanizing products of desired color and esteemed functional performance. 
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Chapter 1    

Introduction 

1.1 General Introduction 

One of the outstanding ways to improve the properties of steels is to employ 
some surface finishing on top of the products. The common obstacles of steel using 
are red corrosion products which pervades and create loss of based metal. 
Protecting the steel with more sacrificial, in another word : inert, metals is a good 
alternative for improving resistivity to corrosion, for instance, coating with zinc, nickel, 
chromium or other combination of metal coating such as aluminum-zinc, zinc-nickel 
coating etc. [1-4] 

Electroplating zinc coating, in industrial generic term as electro-galvanized 
coating, is widely used by its prominent ease of use and fair protection. Method of 
this protection is the mechanism of Cathodic protection which Zinc sacrifices itself 
instead of steel due to its lower potentials. Even though electroplated zinc layer 
would protect the steel from rusting or corroded by environment[5], the zinc layer 
will be sacrificially corroded and lose overtime. Therefore, obtaining more protection 
means zinc coating should be thick enough to sacrifice for a period of time. In short, 
thickness of zinc layer affects dominantly on the ability to withstand the corrosion. 
However, coating the thick zinc on the surface is sometimes inapplicable and 
tedious. Thereby another so-called Chromate conversion coating (CCCs) had been 
utilized as the second layer of protection. Except from the prolonged lifetime 
benefit, CCCs had been developed to serve consumer with better functional 
properties and distinctively provide variety of coloring shades for products shown in 
Figure 1.1.  
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Figure 1.1 Schematic coating of electroplated zinc layer with CCC as top-coating on 
steel products 

Not only lengthen their service lifetime, but CCCs can also improve the 
appearance of samples through color and glossiness. Depending on the chemistry 
and processing parameters of CCCs, application of CCCs could result in either a 
yellow, blue, iridescent, green or black tone color on the surfaces.  The black color, 
in particular, recently receives several industries’ interests, especially the automotive 
and the aviation[6]. Therefore it is chosen as the target study color in this project. 
Initially, the hexavalent chromium (Cr6+) had been widely employed in coating 
solution because of their self-healing property with great protection and desired 
colors. Unfortunately, it had been lately found that the hexavalent chromium is 
carcinogenic; agent that can cause cancer. From the stringent requirements on 
environmental issues, the industries are replacing the conventional hexavalent 
chromate with the more environmentally friendly trivalent chromate (Cr3+) for the 
production of coatings.  Also, there are several types of zinc bath solution to create 
different identical properties of zinc layers, for example, Cyanide baths, non-cyanide 
alkaline baths and acid (Chloride) baths. Each type of baths exhibits uniqueness and 
advantages with drawbacks. To lessen the toxicity issue, Non-cyanide alkaline bath is 
the selected type of electroplating zinc used in this work.  

The mechanisms of conversion film formation and growth had not been 
completely explained, nevertheless many valuable studies proposed some viral 
chemical reactions describing the oxidation reactions of zinc and the formation of 
cross-linked backbone developed by chromate ions in addition with anions such as 
sulfate ions [7] While there presents a fair amount of studies on the corrosion 
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properties of the CCCs [8-11], an investigation on their appearance and optical 
property and how processing parameters control these features are rather limited 
[10-14] 

There are some interesting works investigating on how processing parameters 
from CCCs itself affect of final color of the films (pH, temperature, additives etc.) to 
predict the optical model of the conversion layer, and also show that the higher pH 
of chromate bath leads to a formation of thinner films, which in turn affect the 
optical process assessed by spectroscopic Ellipsometry [15]. Also the former work 
showed that the chemical contained in zinc bath had the effect toward the colors 
[11]. Yet, the understanding about the relation between zinc layer and final color of 
the CCC layers is still limited. This leads this work to the drive to understand the 
relation between the underlying processing parameters of electroplating zinc process 
to the final black color of the CCC products. One of the outstanding parameter is 
current densities which is the starting point of the overall process. 
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It is indeed important to design the process of last layer which logically 
dominate in determining the color. Still, Zinc layer itself could act as underlying basic 
cause of color as well. Process to produce the zinc layer is varied by many 
parameters such as current densities, steps of post treatments before undergoing the 
CCC processes, Ratio of chemical compositions in electroplating bath etc. 
Particularly, current density used in each batch of production is initially starting point 
of processing parameter controlling. It is also known that different current densities 
used in electroplated zinc leads to different microstructures such as thickness, 

roughness or structures. This work helps identify the effect of current density changes 
that might determine blackness or shade of black color in CCC layers. Further guiding 
of the understanding of post-treatment processing parameter such as hydrogen 
elimination baking after electroplating had been introduced to shed some light of 
the effect of heat treating as well. 

Additionally, to control the conditions of processing parameters, this works 
shows the first time of applying the fabrication of zinc-plating samples through Hull-
cell setup. The identity of this setup is to provide different current densities of 
plating within one sample in one controlled condition. Therefore, in one setup it is 
certify that other processing parameters had been controlled and vary only current 

Figure 1.2 Four selected current densities created by Hull-cell electro-plating 
zinc bath 
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densities. The cathode side of Hull-cell plating is placed with plated sample aligned 
unparallelly with anode in the zinc bath. Current density distributions were 
generated by asymmetric insertion between unparalleled electrodes [16]. Four 
different current densities had been selected to study and investigate the correlation 
of the current density from zinc process that affect the final coating’s color of CCCs 
(Figure 1.2) 

Most of the studies mainly emphasized on corrosion properties of the 
products. Still, the blackness of the film plays the important role for industrial quality 
assuring of appearance. Acquiring the accurate data of blackness is thereby critical to 
industries. The characterization of the blackness in industrial wise had been done 
through visual inspection by inspectors. Hence, this work will introduce the method 
and results of obtaining optical data and study the relation between visual color and 
optical spectrum color. 

The fabricated film colors had been investigated by detecting the reflected 
light from the surface. The reflected light from the film results from the film 
absorption and surface roughness. Based on the former studies of CCCs film 
characteristic, the CCC films contain metal oxides and trivalent chromium complexes, 
hence the optical assumption assumes that the CCCs thin films are dielectric hosts 
filled with some impurities. When the incoming visible light travels into the film, 
some spectrums are absorbed by the impurities and property of the host, some 
spectrums are allowed to travel through. Once it reaches the based metallic plated 
Zinc, which acts as bulk metal that allows very thin molecular-layer penetration of 
light, the incident light will bounce back into dielectric CCC film and then reflected 
back out of the film surface to the detectors. The colorimeter and CCD spectrometer 
had been utilized to precisely record the optical data, spectrum, reflected and 
scattered from the films. The results notably show that, current density from the first 
layer of zinc coating have the effect to the optical properties in the visual spectrums 
of CCC layer.  

The microstructural and chemical characterization techniques, namely SEM, FE-
SEM, OM, and XRF, are used to shed some light on the underlying mechanism that 
controls the color appearance.  The understanding developed in this study will 
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impact the design and fabrication of the electro-galvanizing products of desired color 
and esteemed functional performance.  

1.2 Objective 

To study the relationships from current density that affect the optical 

property of chromate conversion coating film on electroplated-zinc steel 

1.3 Scope of Research 

1. To study  the effects of processing parameters of the coating on optical 

property  

2. Current density of electroplated zinc (Zimex E-555) process : at 0.5, 1.0, 2.0, 

4.0 A/dm2 

3. With or without Hydrogen elimination baking before black trivalent chromate 

conversion coating process  

4. To observe thickness of Zinc layer by XRF, surface morphology by Optical 

microscope and field-emission scanning electron microscope , and optical 

property by spectrometer 

1.4 Expected results 

Understand shades of blackness of the coating that affected by processing 
parameters 
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Chapter 2  

Background and Literature Reviews 

Steps of fabricating products with electroplated zinc and conversion layer 
starts from preparation of Zinc bath with the desired type of bath and conditions. 
The samples will be cleaned with steps of work then undergo the process of 
electroplating. Some post-treatment after drying off the electroplated products might 
be applied to create specific properties such as higher wear resistance. Then the acid 
etching will be done to remove remaining oxides on zin surface followed by CCC 
process of coating and end up with last water rinsing and drying off the layers. 
Overall process flow is shown in  

Figure 2.1 

                    

2nd Step1st Step

Nitric Acid 
1%

10 seconds

CCC Bath

45 seconds

Cleaning steps
Electroplating Zinc 

Bath

3rd Step 4th Step

Hydrogen-elimination 
baking

H

Chromate Conversion Coating

Zinc Electroplating

Water rinse & Dry off process  
Figure 2.1 Overall steps of producing Chromate conversion coating on electroplated 
zinc steels 
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2.1 Electroplating Zinc 

Electroplating, electrodeposited, or electrowinning zinc coating is the process 
of depositing metal, zinc, on the surface with the help of electro-driven force 
creating the attached zinc film on the cathode side or the plated materials. Using 
zinc coating is the most economical method of protecting steels [17].  

2.1.1 Background of electro-plating zinc coating 

In order to provide longevity property in corrosive environments for steels, 
coating had been plated as top-coatings. One of the most outstanding protective 
processes is electro-galvanizing. Electrogalvanized or electroplated zinc is the process 
that promotes the coating of sacrificial zinc layer on top of steel.  

Electroplating process is the process that implements electrochemistry 
knowledge to deposit material as thin film on conductive metal in order to bestow 
desired properties such as corrosion resistance. In the circuit, the part to be plated is 
cathode while the metal to plate will be anode. Both electrodes will be submerged 
in electrolyte solution which contains several metal salts or ions with appropriate 
conditions that promote flow of current. On anode site, the metal will be oxidized 
after applying the direct current with positive pole. The anions will be dissolved in 
solution and driven towards negative electrode or cathode site. (eq.2.1) Reduction of 
metal ions will occur on the surface of Cathode, (eq.2.2) [18] 
  At Anode  MMz++ze-    eq. 2.1 

At Cathode  Mz++ze-
 M0    eq. 2.2 

Mechanism of this zinc passive film protection is based on the different 
potentials of plating metal, Zinc, and the metal to be coated, Steel. This potential 
difference will be the driving force for zinc to sacrifice itself instead of steel. In short, 
Zinc is more vulnerable to be corroded than steel. This protection can also be called 
as Anodic coating, or Cathodic protection coating. 
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2.1.2 Processing parameters 

Before undergoing any process of plating, the sample preparation is needed. 
The process is listed in Table 2.1 Sample preparation helps provide more adhesive 
surface to promote better coating property. 
Table 2.1 Sample preparation steps before electroplated zinc coating 

Steps Type of preparation Details 
1 Soak clean 50 o C 
2 Water rinse - 
3 Electro-clean  Basic solution, 5.0 V, 30 seconds 
4 Water rinse - 
5 Acid dip pH 1.5-2.0 
6 Deionized water rinse - 

 
As mentioned earlier in 2.1.1, there are several processing parameters during 

zinc plating procedures. Four viral processing parameters are listed below for the 
examples of most interested independent parameters concerning in industries that 
could cause dependent parameters difference afterwards. (Schematic diagram in 
Figure 2.2 shows the example of independent and dependent parameters during 
process of producing samples.) The independent processing parameters could cause 
the changing of dependent parameters and lead to shade of blackness changes. 
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Figure 2.2 Schematic diagram of possible affective processing parameters that affect 

color appearance of CCC layers. 
1. Plating Solutions 

Chemical containing in the bath solution certainly defines chemical composition 
and chemical reaction during film formations. Most of former works compare 
different kind of plating solution with different conditions in order to optimize the 
range of each composition. 

Various types of electroplating solution had been developed ad categorized. 
Three dominated categories that are recently used widely are listed below. 

a. Cyanide bath (strongly alkaline solution/basic): This type of bathing 

solution contains Cyanide and Hydroxyl as complexing agents. The 

complexing agent means the agent that will bind with main plating 

component and help the reaction of film forming to occur. This type of 

solution exhibits good throwing power meaning that the ability of a 

bath to plate uniformly geometrically at non-uniform parts. Cyanide 
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bath are well-known in terms of their high stability in performance in 

function of bath composition [19] 

b. Non-cyanide alkaline bath: the plating mechanism is depending only on 

hydroxyl complexes and Zn- - ions. The drawback is its very-narrow 

optimum range of chemical composition. 

c. Acid (Chloride) bath: Zinc exists in form of Zinc Chloride i.e. active 

species is Zn++ ions. This acid bath has the best leveling (micro-throwing 

power: ability to plate uniformly in molecular scale). This setup has low 

hydrogen evolution therefore it creates less in hydrogen embrittlement. 

Still, the setup requires a special tank or holder in order to withstand its 

high corrosiveness solution. 

Several works focuses on the CCCs’s solution or chemical compositions those 
results to different optical property of the coating. Still, stated in M. Tencer’s work in 
2005 that a cross-matrix study using different zinc plating techniques by different labs 
showed that the main deciding factor is the type of zinc plating bath used rather 
than the subsequent chromating process. [19] 

2. Current Density 

In the unit of Ampere per square decimeter or centimeter, current density is 
the parameter that states about how dense the current had been stored or put in a 
particular area. In the setup of plating bath, this current density is the first concerning 
in every industrial batch. 

In McCOLM’s work [16], it I stated about the shortcoming of using hull cell. It is 
the disability to do the microscopic analysis easily at specifies current density. Also, 
an exact current efficiency cannot be defined through current densities without 
knowing deposited mass.  

In this work, the current density had been chosen as a major parameter to 
study the effect of color appearance of CCC based on different plating current 
densities. 
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3. Immersion time 

Providing short or long immersion time promote the reaction to occur.  
4. Post heat treatment 

In some application of products, baking as post-treatment is required to yield 
better specific properties such as wear resistance. In general, Hydrogen-elimination 
baking at above 200 Degree Celsius is commonly applied after plating with zinc. 
Hydrogen gas aligned along the film can cause the wear weakness. This can cause a 
very big application drawback issue especially on components that needs to cope 
with wear and shearing force on surface such as bolts and nuts.  

2.1.3 Hull cell setup 

Hull Cell set up is the analytical electrochemical cell used in industrial 
laboratory scale to analyze the performance of the chemical bath. The trapezoidal 
geometric shape of the bath provides range of current densities along the plated 
sample. It was designed to examine electroplating rather than mass production 
processes [16]. Therefore, the fabrication of samples through hull cell is often 
empirical merely to do the virtual simulation of parameter effects. 
Altering the Hull cell setup is accessible. Varying input current, time of immersion, 
ratio of zinc bath, type of zinc solution incorporate a range of current density all into 
single experiment. 

There are various kinds of Hull cell setup; cylindrical, trapezoidal, modified 
shapes and modified setups, etc. The classic ones is Trapezoidal shape showed 
schematically in Figure 2.3. 
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Figure 2.3 Classic trapezoidal Hull cell bath of electroplated zinc process in this 
project. 

One of the outstanding point of Hull cell identities is that it can create a wide 
range of interested current density in one setup. And that causes the controlled 
conditions other than current density. This work introduces the using of Hull cell 
setup to create representative samples to study about relations of single processing 
parameter at single experiment to its final optical property, appearance. Though 
Current density is the starting point of creating the coating layer, it is appropriate to 
examine and shed some light of the effect of underlying parameters from zinc 
plating layer to CCC appearance as a pilot study. Mass production scale or full-scale 
electroplating zinc scale needs further concerns. 

2.2 Chromate conversion 

‘Chromate’ had originated from the use of chromium anions in the process, 
while ‘conversion coating’  means parts of surface will be transformed or converted 
into film for better corrosion resistance and other functional properties [20]. The 
mechanism had been controlled by the oxidation-reduction equations shown in 
Table 2.2 

Conversion coating can be undergoing in several methods. Two major 
categories of classifying the type are immersion and electrical. [20] The immersion 
type of CCC used in this work has been built from the understanding along 
developments of using trivalent chromate to get a homogeneous film on the surface 
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based on the study of Winiarski [21] that tried to get the chromium-free conversion 
coating by adding Titanium in the solution. From the requirement and drive from 
industries, excessive demand of more protection on steel products had been 
developed by using CCC for many years some other treatments such as phosphate 
are used in order to provide more adhesion to the paint as well as increase ability to 
withstand more corrosion than zinc alone. Anyhow, in Zhang’s work, it is stated that 
phosphate ability of corrosion resistance is not comparable to CCC [22]. 
Table 2.2 chemical reactions during CCC film formation  

The CCCs are mainly introduced to enhance corrosion property, appearance, 
strength and, in some case, wear resistance. The coating can be coated on various 
types of metals; electroplated-zinc steel, Aluminums, Zinc alloys. Initially most of 
CCCs are formed by hexavalent chromate (Cr6+, Cr (VI)) due to their self-healing 
properties that exhibit to better protection [7, 20]. Nevertheless, hexavalent 
chromate is carcinogenic and toxic to environment [23]. Trivalent chromate had later 
widely developed to substitute hexavalent chrome content and simultaneously 
reduce the amount of other toxic contents in electrolytes. The chemical 
developments are to find best condition to coat trivalent chromate layer instead of 
hexavalent with comparable characteristic and properties. Some works for example 
the patent from 2006 [24] stated that the oxidizing agents contains in the CCC 

Types of 
reaction 

Reactions 
Equatio
n  

Referen
ce 

Oxidation 
Reduction 

Zn → Zn2+ + 2e- 

2H+ + 2e- → H2   

2.3 
2.4 

[11, 25]  

Cr3+Film 
formation 

Zn2+ + 2OH- → Zn(OH)2 

Cr3+ + 3OH- → Cr(OH)3  

2Cr3+ + 6OH- → Cr2O3 + 3H2O 

2.5 
2.6 
2.7 

[25] 

Cr2O7
2- + 14H+ + 6e- → 2Cr3+ + 7H2O 

Cr2O7
2- + 8H+ + 6e- → Cr2O3 + 4H2O 

CrO4
2- + 2Cr3+ + 4OH- → Cr(OH)3∙CrOH∙CrO4 

2.8 
2.9 
2.10 

[11] 
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solution might cause transformation of trivalent back into hexavalent chromate 
which is hazardous such as peroxides or persulfates. Many developments in some 
works also avoid oxidizing agents in the solution. 

2.2.1   Film formation 

Cr3+ in the solution which then will be transformed into hydroxide compounds 
(Cr(OH)3, Zn(OH)2) or oxide of Zinc and chromium (Cr2O3) as shown in eq. 7,8,9 
respectively. Chromium ions formation has similar mechanism as Sol-gel mechanisms 
in Figure 2.4 
 
 
 
 
 
 
 
 

In Gigandet’s work in 1996, The detail about mechanism forming black film of 
CCC had been studied. Two superimposed layers of thin black oxide layer and a gel 
layer on the surface had been revealed. This work also show the role of each main 
anion usually used in black CCC solutions such as sulfate anions, acetate ions and 
the most important ion for black conversion coating are transition metal ions. The 
viral transition metals contained in the film had been found on the thin black oxide 
layer. And it is stated that those transition metals are essential factors to get black 
color of the film. It also showed that only the presence of chromium and zinc oxide 
and hydroxide are not enough to form black color. The schematic picture of CCC film 
in Gigandet’s study had been showed in Figure 2.5 [11] it was formerly studied in 
Rozovski’s work that containing cupreous oxide define the intensity of shading [26]  

Figure 2.4 a) Formation of Cr3+ to Cr(OH)3 in backbone shape  b) Possible structure of 
Cr(III)/Cr(VI) oxide mixture in chromate film[1] and c) schematic picture  chemical 
reaction of Cr3+ 
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Figure 2.5 Gigandet’s schematic proposing of sublayers in Chromate conversion 
coatings 

As mentioned earlier, the usage of Cr (VI) had been concerned in 
environmental issue, changing the solution containing to trivalent chrome can sooth 
the situation and some non-chrome is also developed. In Zaki’s work [27], the 
mechanism of film forming in CCC solution started from precipitation of trivalent 
chromium in the gelatinous film on the surface of zinc consisting of hydrated 
chromates, zinc, chromium hydroxide and other metal oxides.  

However, using trivalent in substitution of hexavalent brought up some 
drawbacks, example from some works, thinner and lessen ability to design color [27], 
lessen ability of corrosion protection [10] 

In Zhang’s work [10] , it is stated that although the coatings formed in Cr(III) 
treatment solutions can be very thin, the electrochemical impedance of Cr(III)-
treated surfaces is nevertheless many times larger than the impedance of untreated 
zinc surfaces. Therefore, even the trivalent can create thin layer of protection, it is 
still better than zinc coating alone. The ability to withstand corrosion in trivalent and 
hexavalent is different in two terms ; thickness and self-healing ability of hexavalent. 



 

 

21 

2.2.2  Categorizing CCCs  

There are several types to categorize Chromate films. The simple and 
straightforward one is to differentiate them by their thickness. In Capper’s work in 
2012 the films had been claimed into three kinds of thickness, thin, thick and black 
[28]. 

The ones that contain less than 80 nm thickness of chromate film will be call 
as thin while 0.25-1.5-micrometer thickness had been claimed as thick film. 
Interestingly, the black films is also one of the thick films but different by its added 
chemical content such as Fe, Co and Ag. 

Based on literature research from previous works published as patents, fifty 
patents had been chosen as the representative to see the development and point of 
interest from before 1980. In Figure 2.6, it distinctively shows three different point of 
interest in developing the chromate conversion solutions. Corrosion resistivity is the 
leading reason of developing this second coating layers followed by the 
environmental issues mentioned earlier such as restriction from REACH or RoHS that 
drives the development to avoid using hexavalent chromate and cobalt. The 
environment friendly conditions of solutions had been developed. For other 
properties, the development aimed to further properties than only corrosion 
resistance such as better wear resistance [29], low embrittlement in layer [30], 
workability [31], application with other base alloy [32] or more uniform color and 
finishing appearance [33]. 

  The results show that corrosion property is the main property developed 
since before 1980 until recent period while it is gradually increased in developing 
more friendly solution such as lower cobalt and trivalent chromate replacing 
hexavalent. Not only the exponentially increased amount of patents concern about 
environment issue these days, but the appearance properties and other properties 
developments that need understanding of what parameters controls final properties 
had also been emphasized lately. Thereby, if we can ensure the underlying cause of 
final property such as colors and appearance, it would be very helpful in order to 
develop further properties in the future works. 
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Figure 2.6 fifty patents of CCC development since 1942 showing the trend of 
developments [5, 7, 24, 28-32, 34-75] 

2.3 Optical properties 

Appearance is one of the most recent property customer encounter the first. To 
interpret the meaning behind colors, optical meaning should be simplified and 
explained in order to set the hypothesis about cause of color from the films. 

2.3.1  Causes of color 

Pigments and Dyes  
 Pigments and dyes are wavelength-selective reflecting and/or absorbing 
particles. Sample that contains blue pigment can exhibit high absorption pigment in 
yellow and red spectrums but does not absorb much in blue range of spectrum. The 
reflected spectrums create the appearing of colors. Meaning that part of light 
spectrum is absorbed while the rest reaches observer’s eyes. (Figure 2.7) [13] 
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Structural coloration 
 Butterflies’ wing colors are very distinct example of how surface morphology 
effect directly on colors. Nano-scaled morphology of surface can be a main cause of 
color in terms of how the light scattered and reflected on the surface. 
 Peacocks’ tail feather is originally brown in pigment. Nevertheless, structures 
and nano-scale surface roughness dominate over the brown pigment and express in 
various colors on butterflies’ wings. (Figure 2.5) [76] 
Bulk metals 

Metals’ atoms have free electron with metallic bonding between their 
neighbors, this leads to close packing of metal also high electrical conductivity. Their 
electrons are also ‘free’ to move along conduction bands which had been observed 
that most metals absorb light from infrared to ultraviolet range. This could imply the 
‘black’ appearance of metals. However, metals can only be seen as black when they 
are in form of fine powder. 

Bulk metals reflect lights due to its dense pack of structure. The shiny 
appearance of most metals is from the fact that the dense structure reflects light. 
 Colors from metals come from that fact that metals individually allow 
different type of wavelength to propagate through themselves such as gold and 
copper prefer  long wavelength to reflect more than short ones. Yellow to red colors 
are then appear strongly to our eyes. On the other hands, bulk zinc reflects equally 
in visible range of spectrum. Thereby, the shiny greyish of reflection comes into 
observers’ eyes. [76] 
Thin films / Dielectric materials  
 Color can be caused by transmission of light. Gold thin film, even though gold 
is metal, beaten into thin film (less than 100 nm) exhibits differently in color from 
different spectrum of transmission and remission. Yellow color of gold came from 
the fact that gold emit or reflect light in red while it will allow blue spectrum to 
propagate through its layer. This leads to different color of gold. In short, The gold 
can be processed to have two mechanism of light reacting simultaneously, the bulk 
metal and the dielectric material. 
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Thin films can also be called as dielectric materials seeing that its main 
mechanism of light propagation is similarly the selective transmission obstructed by 
impurities. The color observed from thin film is the selected transmitted light. 
Dielectric materials are materials that allow selective frequencies or wavelengths of 
light to propagate in itself and the propagated wavelengths will be transmitted 
through the layer.  Therefore, if we observed green color out of dielectric materials, 
that means the 550nm light is allowed to be mostly transmitted into the film and 
reflected back to our eyes. Metal oxides are categorized as dielectric materials. 
 In literature research, it is found that the work of Campestrini’s tried to model 
the optical interaction between light source and yellow CCC film. As mentioned in 
[15], the study showed how pH of CCC coating process change the thickness of CCC 
layer on aluminum alloy. The spectrometry had also been used with range of light 
source as UV-Visible-infrared which is broader than our scope in this work. Although 
the optical model had been proposed to determine how light reacts with film 
thickness, the use of spectrometer had not yet been proposed to determine color. 
However, this can confirm that the spectrometer data can be interpreted and based 
on the collected data, the refractive index of chromate conversion layer can be 
called optically as dielectric film. 
 

Figure 2.7 (Left) Observer detects blue spectrum from reflection of blue 
pigment (Right) Structural coloration on butterfly’s wing 
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Figure 2.9 gold thin films (Left) gold color in normal ambient light (Right) gold 
color in light from behind the film.[13] 

Figure 2.8 the upper man see the golden gold film from the mechanism of 
bulk metal while the lower person see the golf film through mechanism of 

dielectric materials 
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Another example for interfering effect from transmission caused by thin film is 

the oil on steels or metals. Oil on metal sheet can exhibit any of color on visible 

spectrum depending on condition of observers. Even though oil itself is liquid-like 

colorless, but light propagate through the thin film of oil and interact with metal 

base and the waves interfere among themselves before transmitted back into colors. 

(Figure 2.9 and Figure 2.7) [76, 77] 

According to the optical theory, the first hypothesis applied for our film of 
CCC is that because literature works stated that the film contain metal oxides, the 
CCC film can act itself as dielectric host filled with impurities that can change 
propagation of light and yet change the final color of the film. Also under the CCC 
film, there is the ‘bulk metal’ film that mainly contains zinc atoms packed together 
as if it is a chunk of zinc bulk element. Then we expected to get the ‘molecular 
layer reflection’ when the light propagated from CCC and hit the bulk-metal film. 
Therefore, if the light cannot penetrate through the zinc film, the thickness of zinc 
should not affect directly on propagation. However, the investigation on how zinc 
thickness has effect on the color of CCC is still needed as well as the roughness on 
zinc surface that might affect the formation of the CCC layers. One possible 
mechanism on high-roughness zinc layer on the formation of the CCC is that it has 
more surface area to react with the solution. Thereby, the CCC might form easier on 
high roughness zinc layer and eventually CCC dielectric condition changed, 
appearance is also changed 
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Chapter 3  
Experimental Procedure 

The experimental had been divided into parts. Fabrication steps contain 
repeating samples to affirm the information obtained from the fabricated set of 
samples. The recorded data had been analyzed systematically through the averaging 
steps of particular areas. 

3.1 Fabrication 

Surface cleaning of product is needed in order to help enhance addicting 
ability of coating and degrease dirt before coating. General steps of surface cleaning 
are showed schematically in Figure 3.1. 

Detergent cleaning or soak cleaning is usually applied at the first step to 
degrease the dirt and oils from samples. Following by alkaline cleaning with 
electricity and elevated temperature helps to extract some remaining unwanted 
impurities on surface. Acid etching or acid dip is normally applied to remove 
undesired oxides from surface as well as some intermetallic particles [6]. After the 
overall cleaning procedure, the sample will undergo the coating steps which are 
electroplated zinc with a second layer of black Chromate conversion coating. 

3.1.1  Sample preparations 

The test samples chosen for the investigation were prepared from mild steel 
with a dimension of 6.0 x 10.0 x 0.3 cm. Table 2.1 shows surfaces cleaning steps. 

3.1.2  Electroplated Zinc 

A standard-type Hull cell (Kolour setup) with 267 ml volume-under-
immersion was employed to fabricate the electroplated zinc samples.   
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Soak Clean
50 oC

Water rinse Water rinse

Electro-clean 
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Electroplating Zinc 
Process

 
 
 

 
 
 
 
 
 
 
 

Figure 3.1 Surface cleaning steps and electroplated zinc process flow 
  
With its unique trapezoidal shape, the Hull cell allowed deposition with a variation 
of imposed local current densities along the surface of each sample.  The plating 
solution was of noncyanide-alkaline type containing Zn, NaOH, and a small amount 
of leveling additives. The ratio of Zn : NaOH was controlled at 10:120 by weight.  The 
electrodeposition was carried out for 10 minute at room temperature, using the DC 
current of 1.0 A (Sanrex DC electrical source).  
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This provided local current densities ranging from 0.05 A/dm2 to 5.0 A/dm2
 for 

each sample.  After electroplating, the samples were dried at 60ᵒ C until no water 
stain was found. Figure 2.3 

3.1.3  Chromate conversion Coating 

The electroplated zinc samples were then immersed in 1% Nitric acid to clean 
off any residuals from the plating solutions and organic additives, and immediately 
dipped into a black chromate conversion bath for 45 seconds. The chromating 
solution was of commercial type (ES Coat Black SOP by OKUNO) and was controlled 
at 30oC+/- 1 oC with pH of 2.1 +/- 0.01.  Such the strong acidic condition would help 
etching the zinc surface and enhance the chromating process [19] A newly-prepared 
solution of 3,500 ml was used for each sample. After chromating, the samples were 
water-rinsed and dried-off at 60 oC. Five main chemical compositions had been listed 
in  

Table 3.1 
Table 3.1 Main controlled chemical composition in CCC solution 

 
 Three fabricated samples (A, B, and C) are repeated with 1 A input, immersed 
for 10 minutes. Then instantly underwent black CCC coating. Two different batches 
of fabrication had been done in order to confirm the relationship we found in the 
first batch. The second batch of D, E and F had been fabricated with the same 
electricity input and immersion time but before undergo the CCC coating, it had 
been baked to eliminate hydrogen gas in zinc layer for 30 minutes at 200 degree 
Celsius then undergo the CCC coating. The last batch is X, Y and Z, which are 
different in immersion time. 1 A of input of electricity is still controlled but provide 
longer immersion time (creating thicker zinc layer) at 30 minutes. After electroplating 
they had been coating with black CCC without hydrogen elimination baking. Three 
conditions of the mentioned samples had been investigated by instruments but the 

Zinc Chromium Cobalt Iron Copper 

5-10 g/L 2-3 g/L 0.8-1.4 g/L 0-60 mg/L 0-5 mg/L 
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first condition of 1 A- 10minute A-B-C is the main target of this work’s scope. The 
other two conditions had been fabricated and characterized in order to give a 
guideline to further work. 
Table 3.2 Fabricated samples with techniques of investigations. The characterization 
techniques with marks shows the samples had been investigated by that instrument. 

Inspections 

Vis
ua

l 

Co
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rim
et

er
 

CC
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sp
ec
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et
er

 

SEM FE-SEM 

Co
nf

oc
al 

OM
 

XR
F 

image EDS image EDS 

1A 
10mins 

Unbaked 

A √ √ √ √ √ √ √ √ √ 

B √ √ √ - - - - - √ 

C √ √ √ - - - - - √ 

1A 
10mins 
Baked 

D √ - √ - - - - √ - 

E √ - √ - - - - - - 

F √ - √ - - - - - - 

1A 
30mins 

Unbaked 

X √ - √ - - - - - √ 

Y √ - √ - - - - - √ 

Z √ - √ - - - - - √ 

 

3.2 Characterizations 

The Inspection of the result had been categorized in two parts, the optical and 
microstructure properties. In optical part, visual inspection and distinction of shades 
through instrument had both been applied in order to relate two data received from 
both sides of perceptions. The data collected from instruments had been repeatedly 
recorded three times. Each time at each condition had been done in three area 
controlled by the automated controller. (Repeating collection of data had been 
showed in Figure 3.2) 
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Figure 3.2 Average data at each current density had been recorded through three 
different area marked in the picture operated by automated controller of sample 
holder. 

3.2.1 Optical characterization 

Visual Inspection and colorimeter 
The distinction of the color appearance between areas of low current densities 

and high current densities was characterized with visual inspection and colorimeter 
(Minolta CR-200).  The colorimeter is the instrument normally used in the industrial 
scale to determine  how much the color or appearance of the area deviates from 
the desired color. The instrument consists of a light source that applies light in a 
visible range onto a sample’s surface, and a detector that retrieves the optical data 
and converts it to three standard indices. 

Colorimeter is the instrument used to identify the amount of light absorption 
by the testing samples. Two major types of colorimeter are color densitometer and 
color photometer. The difference is that the first type can identify density of specific 
primary colors of interest while the later type translates the transmittance and 
reflectance of overall visible wavelengths of the sample into numbers. The 
colorimeter used in characterization in this work is the photometer type. This 
colorimeter can also be called as spectrophotometer which works similar way of CCD 
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spectrometer applied in the coming up characterization of this study. The recorded 
reflected light intensity will be captured and grouped together in colorimeter and 
transform the data into three figure of merits; L, a and b. Most colorimeter works in 
the similar instruction. The incident light will be passed on the sample specimen. 
Reflections after the absorption of the sample property will be captured out from 
the surface. It is normally used to compare the desired sample color with the 
fabricated sample. In another words, it can also use to record the comparing shades 
of colors. From their small and portable size, many industries used the spectrometer 
to identify the thorough color of their products. It is claimed in Sugiura’s work that  
value on metallic coating should be lower than 28 to produce black color [66]. 

Optical spectrometry 
Compact CCD Spectrometer (Thorlabs CCS200) is applicable for wavelength 

range of 200-1000 nm. The instrument was connected to the detector with lens that 
receives the reflected light from the samples. The light source at visible range of LED 
source was set up with Fiber-coupled high-power LED (Thorlabs MCWHF) as a cold 
white light source. The setup is shown in Figure 3.4 

The four selected points that were measured with CCD Spectrometer were the 
areas imposed by electroplating current density of 0.5 A/dm2, 1.0 A/dm2, 2.0 A/dm2 
and 4.0 A/dm2 which are shown in diagrams of Figure 1.2. Four current densities 
measurements on each sample on four fabricated samples had been repeatedly 
observed to identify the optical properties in all four specimens which have the 
same controlled condition of processing.  
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Figure 3.3 Spectrometer set up flow chart 
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Figure 3.4 Alignment of sample below CCD spectrometer using white light source 
on top of the setup focused by lens with prism to reflect data back to detector 
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3.2.2 Film properties 

3.2.2.1 Surface roughness  

Roughness of the surface of each sample was observed through a confocal 
optical microscope (Olympus LEXT OLS4100). Due to the instrument’s high resolution 
in the z-axis, the roughness was measured in terms of Ra or average roughness of the 
area.  Four sets of average roughness data were collected from each sample to 
achieve statistically accuracy 

3.2.2.2 Thickness  

The thickness of the coating layers was characterized from optical 
micrographs obtained from a Field-Emission Scanning Electron Microscope (FE-SEM, 
Hitachi 8030).  Energy-dispersive X-ray Spectroscopy (EDS) was employed to identify 
the phases in the coating layers. 

3.2.2.3 Ratio of Chromium to Zinc 

To obtain amount of chromium content contained within the film, one non-
destructive approach is to use X-Ray Fluorescent to measure the ratio between 
Chromium and Zinc. Fischerscope X-ray XUV 773 had been utilized in order to get 
the mentioned records.  
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Chapter 4  
Results and Discussion 

As mentioned in earlier chapters, the appearance of final layer can cause from the 
very beginning processing parameters from electroplating zinc. In this work, analyzing 
the output data from characterization methods had been done under the 
construction of black box way of thoughts. Since it is very limited understanding of 
how light reacts within both layers, this work takes the zinc ad CCC layer as black 
box. The input of cold white light ranged from 450 - 750 nm had been used.  At four 
different current densities, Zinc thickness and % of chromium per % zinc had been 
analyzed and compared in order to obtain relative dependent parameters from the 
experiments. Then the final analyzing of how much different in terms of photonic 
data had been done through averaging % reflectance of the transmitted light.  

4.1 Optical results 

As mentioned in Chapter 3, three different batch of sample had been 
fabricated to see how color changes with zinc condition changes. In this discussion, 
the first batch is our main scope of studying. Though the other two had been 
compared I some investigations. In short, first batch is 10-minute immersion with no 
further baking, second batch is 10-minute immersion with baking before CCC, and last 
batch is the batch where 30-minute immersion had done with no baking. 

4.1.1 Color Appearance  
The test samples from three batches were succesfully prepared with a 

smooth and uniform surface, using the Hull cell deposition setup.  From visual 
inspections, the samples from three batches exhibits generally black color, but with 
different shades along the surface. Comparing between each batch, the first batch 
has the locations where black color shade is the darkest among other region. At the 
locations where high current densities were imposed (e.g., 4 A/dm2), the surface 
appears to be darker than the areas where the lower current densities were applied 
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(e.g., 0.5 A/dm2).  The other regions appear to be in almost a greenish tone.  These 
results confirm that current density does influence color appearance of CCC coatings 
in all batch. Interestingly, last batch of X, Y and Z has the darkest black by visual 
inspection among other 6 samples, A, B, C, D, E and F. 

The use of colorimeter provided the indices L, a and b, where L corresponds 
to the level of black/white tones, with a lower value refers to a higher degree of 
blackness.  The results of the measurements from the colorimeter, illustrated in 
Table 2, are generally in agreement to the visual observation in that the darker 
shades of coating surface are observed at the high-current regions, and vice versa. 
The L values obtained from different areas however cannot state much about how 
different the color in each area deviate from other areas. 
Table 4.1 Average L Value from colorimeter measurements at selected current 
density areas 

Current Density Average L value Standard Deviation 
4.0 A/dm2 22.47 0.40327 
2.0 A/dm2 24.63 0.61119 
1.0 A/dm2 25.64 0.62059 
0.5 A/dm2 24.73 0.56739 

 Table 4.2 L Value of Sample A shows that at 4 A/dm2 has the lowest L Value but 
cannot specify the difference between the other three current densities  
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4.1.2 Reflectance 

To better quantify and understand the formation of color appearance, a CCD 
spectrometer was employed to measure spectrums of the reflectance of light 
imposed to the samples’ surfaces. Figure 4.3 exemplifies the reflectance spectrums 
as obtained from the CCD spectrometer. Flat and low reflection means that the 
surface exhibits optically black appearance.   
 The bare steel without coating had been used as our reference. To receive 
precise data, deduction of background spectrum is needed. Every measurement had 
been calibrated through reference and background deduction to receive the data 
from transmission of the film layer. The origin of the optical profiles in reflectance-
wavelength graphs can be explained by a dielectric model, whereby selective 
transmission occurs as incident light passes through a dielectric layer that is filled 
with impurities. Once it reaches the optically bulk metal layer, it reflects back to a 
dielectric film and then propagates to the detector, as schematically shown in Figure 
4.1 

Figure 4.2 Color apperance was investigated at four points of interests on the 
surface of the specimens fabricated from the Hull cell setup 

Figure 4.1 Model of dielectric host filled with impurities (black layer) 

Steel 
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 Three black CCC coated samples were undergone the measurement. Similar 
trending of the optical data was received. The high current density, 4.0 A/dm2, 
exhibits the most flat and low percentage of reflection. All of the samples also 
exhibit the high reflection along the green range of 550 nm wavelength. Matching the 
visual observation with optical measurement through CCD spectrometer shows the 
similar outcome. The film colors are black with greenish reflection in three regions, 
0.5, 1.0 and 2.0 A/dm2. 
 While, as mentioned earlier, the outcome from L value of colorimeter cannot 
state much about color difference of four interested regions. And the visual 
inspection alone cannot give actual figure of color on the surface. Therefore we 
introduced the use of CCD Spectrometer to navigate to the relation between color 
we detect by visual and virtual optical data. 
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Figure 4.3 Reflectance of three repeating 1.0-Ampere-10-minute electroplated 
in on steel with back chromate conversion coating as the second layer. 
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  The received data of optical spectrum had also been calculated in terms of 
Red, Green and Blue visible wavelengths in order to create actual color from the 
received data and compare to other characterization. The calculation had been done 
through averaging overall reflectance with specific range of Red, Green, and Blue. 
(Details had been shown in appendix) 

 
  

From the average data, rounding up number after multiplication to 255 will 
result with numbers of RGB. Filling in the numbers result in these following shades of 
blackness is shown in Figure 4.4. 
 The colors confirmed that the darkness of black at 4.0 A/dm2 is highest in 
comparison with 0.5 A/dm2. Shades of each area are shown in Figure 4.4. 
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Figure 4.4 RGB interpretation from reflectance recorded from spectrometer shows 
highest blackness at high current density in all three fabricated samples. 
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4.1.3 Average reflectance 

Providing figure of merit or point of reference to the actual application in 
production line, rather than comparing the color with eyes, optical data received 
from spectrometer can give a sense of average reflectance in the range of 450-750 
nm. Comparing three repeating samples A, B and C, the blackest areas are all at 4.0 
A/dm2. The average reflectances of three samples at high current density are 5.058%, 
4.661% and 4.800%. Visualized by inspector from industry, all samples contain 
desired black for industry in 4.0 A/dm2. Therefore, it could be suggested that for this 
condition of 10-minute plating time with unbaked condition, the desire black color 
can be obtain if it is at least 5.058% in reflectance. 

Acquiring the figure of merit similar to L value in colorimeter is also another 
obstacle from academic wise to industrial wise. One possible way to sum up the 
received data is to convert the frequency (or wavelength) into RGB value (Red, 
Green, and Blue). To change the coordinate from frequency VS reflectance into RGB 
VS reflectance, it needs the understanding of the nature of Red, Green and Blue. 
However changing coordinates is out-of-scoped in this study. Thus the averaging 
done in this work is to sum the percentage of reflectance at each wavelength 
together and divide that summation with number of data collected. The result will 
show the average reflectance that the collected wavelengths behave. 

As mentioned earlier, the 10-minute is the scope to see relation of black color 
and the current densities from electroplating zinc. Still, guiding fabrication had been 
investigated in order to confirm that other processing parameters from zinc plating 
can affect the color of CCC black coating as well. The baking and more immersion 
time had been investigated by visual and CCD Spectrometer. 

Introduction to the actual conditions in industrial production line had also 
been fabricated. The condition is that the controlled input of immersion time during 
electroplating zinc should be 30 minutes to produce roughly 10 microns thickness of 
zinc layer before undergoing the CCC process. Three repeating samples (X, Y, Z) had 
been produced to replicate the conditions of processing and confirm the results. 
From visual inspection, the difference of blackness between 2.0 and 4.0 A/dm2 are 
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not distinctively different as well as the comparison between 0.5 and 1.0 A/dm2. This 
can be confirmed by optical data from Spectrometer that the reflectance at 4.0 and 
2.0 are similar. However the 0.5 and 1.0 have distinct difference that eye detection 
cannot distinguish.  

The difference of collected data from three batches could be the effect from 
the theory in Figure 4.1 that the CCC film is dielectric host filled with impurities. The 
changing of processing parameters from zinc can affect the ability of dielectric film 
formation or affect the impurities in the CCC film. This causes color or shades of 
blackness change.  

 
Figure 4.5 average reflectance of both 10-minute (sample A, B and C) and 30-

minute (sample D, E and F) samples at each current density 
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4.2 Microstructure 

4.2.1 Roughness 

Figure 4.7 (Top) presents the surface morphology of the as-deposited 
specimens in different areas, namely those being imposed by current densities of 0.5, 
2, and 4 A/dm2. (Sample A)  Using the confocal OM, the average roughness (Ra) of the 
surface can be measured. 

Comparing the Ra values of the as-deposited and as-passivated specimens at 
different areas along the samples’ surface, it can be observed that surface roughness 
measured at different regions are comparable.  This should be mainly attributed to 
the effectiveness of the leveling additives employed in the electroplating bath.  
Furthermore, it is found that surface roughness is slightly reduced following the 
process of conversion coating.  

Roughness from confocal optical microscope shows similar in three current 
densities. However, because the method of averaging Ra in confocal optical 
microscope is summation of minimum and maximum peaks of surface and average. 
This method of averaging can mislead the understanding because high surface area 
with high peaks can also exhibit the similar Ra value to the low surface area with 
small peaks as explained in Figure 4.6 

. Thereby the Ra Value alone from confocal area cannot conclude that the low 
current density and high current density are similar in surface area or not.  

 

Figure 4.6 (Left) Low surface area and (Right) high surface area are having the similar 
Ra Value (Ra=Ra’) 
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Figure 4.7 A comparison of average roughness of zinc layer and chromate 
conversion layer (sample A) 
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4.2.1 Thickness 

Figure 4.8 shows the FE-SEM cross-sectional micrographs of the specimens at 
different current-density regions.  While the zinc layer and the steel substrate can be 
viewed clearly from the micrographs, the thin CCC layers cannot be detected clearly.  
However, using the EDS-SEM, chromium can be detected on the top surface of the 
specimens, signifying that the CCC layer is present (Figure 8).  From the micrographs, 
it is determined that the average thickness of the zinc layer is 0.6, 1.4, and 1.5 
microns for the areas imposed with the local current density of 0.5, 1.0, and 4.0 
A/dm2, respectively.  
 

 

0.5 A/dm2 
1.0 A/dm2 

2.0 A/dm2 4.0 A/dm2 

Figure 4.8 FE-SEM cross-sectional images of specimens at four different areas, which 
were imposed by different current densities. 
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4.2.2 Ratio of Chromium to Zinc 

  As mentioned earlier that the CCC layer had direct effect toward how 
light propagates. From optical theory implementing within this work, thicker zinc 
layer should not affect how light propagate and eventually not affect the color of 
product, as the light will bounce back into dielectric layer immediately after hitting 
the bulk metal layer of zinc. And we controlled to have similar roughness in all 
areas; the roughness should not be the cause of color difference. While the thicker 
layer of this dielectric host cause direct effect to color and appearance. 
  Therefore one possible reason why colors at different current 
densities are not similar could be the effect of content of chemical composition 
within the layers. Since the dielectric host filled with impurities that can cause colors, 
chromium is the major content in the CCC layers; investigating % chromium to % 
zinc should help understand the effect from major elements towards color. XRF had 
been used to investigate this effect.  

The results from X-ray Fluorescent show the difference of ratio 
between %Cr and %Zn at particular current densities. Figure 4.9 represent the 
decreasing trend of %Cr per %Zn with increasing current density area. The result can 
hint the fact that this ratio caused by the processing parameter from zinc even 
though the roughness of underlying zinc layer at all current density areas are similar, 
the amount of zinc converted into chromate layer is not the same as roughness. This 
might cause by other dependent parameters such as thickness or structures. The 
higher blackness at higher current density area have lower ratio between Chromium 
and zinc. 
Comparing the 10-minute samples with 30-minute ones also shown trend of 
decaying ratio of Chromium to Zinc from low current density to high current density 
shown in Figure 4.10. The results also reveal the fact that higher immersion time 
provides lower ratio of Chromium to Zinc. Although three repeating samples exhibit 
similarly in ratio wise, the XRF investigation alone is not enough to confirm the 
dependent parameters behind colors. Higher immersion time (30-minute) can cause 
lower ratio because zinc thickness is increased. Interpreting records of Cr/Zn ratio 
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also need confirmation from chromium content alone in order to affirm that higher 
content of chromium in film can cause shade different in black.  

 As mentioned, these records can as well leads to further works to study that 
the current density of zinc layer has effect to the dependent parameters such as 
thickness and structure. 

In 30-minutes case, the thickness of zinc might be high enough to yield 
saturation point of film formation in conversion film. The CCC film itself will act as a 
barrier to conversion reactions. Therefore once it is thick enough to reach its 
saturation thickness, the film will not grow thicker. This understanding can be 
implement to the result from 30-minute samples that has somewhat linear 
decreasing in ratio of Cr/Zn. Once the chromium layer cannot grow more, the ratio 
should be linearly decreasing. 

 
Figure 4.9 Ratio of % Cr to % Zn from XRF at each current density from 10-minute 
electroplated zinc with Black CCC layer 
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Figure 4.10 Ratio of chromium to zinc from XRF in three repeating samples produced 
with 30-minute process in electroplating zinc 
 
 
 
 
 
 
  

Figure 4.11 EDS-SEM shows the Cr peak on the surface of cross-sectioned 
samples (Sample A) 
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4.3 Relations of plating processing parameters and color appearance 

From the results, it is observed that electroplating current density indeed 
affects the final color appearance of CCC coatings.  The high current densities 
generally lead to the optically darker shades of color.  This may be rationalized by 
understanding the effects of current density that would have on the zinc layer and in 
turn on the formation of the chromate conversion coatings. From the analysis, it is 
evident that the roughness of zinc deposits is approximately equivalent at all regions 
in the samples, so the effect of this parameter could be insignificant.  As for 
thickness, clearly increasing current density leads to thicker zinc deposits, in 
agreement with Faraday’s law.  The low current densities, on the other hand, may 
attract some carbon residue contaminations into the deposits.  These influences 
could subsequently affect the formation of the CCC coatings and hence the 
characteristics of the films, especially thickness and chemical composition, which 
control optical properties of the oxide dielectric. The investigation of ratio between 
Chromium and Zinc content, the major element in both films, shows that decreasing 
ratio causes more blackness. This can result from the fact that higher thickness of 
zinc carries dependent parameters such as structure that cause different surface 
reaction during conversion. In case that the ratio started to decrease linearly, it can 
imply that the saturation point of CCC film had reached.  

Further study can affirm that not only the current densities that can affect 
color appearance of the CCC films, but also other processing parameters such as 
immersion time in plating bath, post-treatment before undergoing CCC process. 
These studies show that the CCC film formation should be controlled with both 
processing parameters of CCC bath and plating bath. 
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Chapter 5  

Conclusion 

Hull-cell fabricated samples had been done within the controlled processing 
parameters in order to provide all-in-one set up and very only particular interested 
parameter which in this case is current density used in electroplated zinc step. The 
outcomes of the samples are satisfying. The shading of blackness can be compared 
with ease. The breakthrough from this work is also included the ability to use Hull-
Cell set up to predict the compatibility between zin solution and CCC bath.  

The optical data obtained from most instruments and calculations shows that 
the highest current density at 4.0 A/dm2 exhibits the most blackness out of other 
with the least ratio between chromium to zinc. The thickness of each layer cannot 
be determined through optical image. Comparing three repeating samples A, B and C, 
the blackest areas are all at 4.0 A/dm2. The average reflectances of three samples at 
high current density are 5.058%, 4.661% and 4.800%. Visualized by inspector from 
industry, all samples contain desired black for industry in 4.0 A/dm2. Therefore, it 
could be suggested that for this condition of 10-minute plating time with unbaked 
condition, the desire black color can be obtain if it is at least 5.058% in reflectance. 

5.1 Relations of processing parameters and color appearance 

Electrogalvanized specimens with different imposed current densities along 
their surface were successfully prepared from a Hull cell setup and were 
subsequently dipped into the black chromating solution to obtain conversion 
coatings.  The colorimeter and the optical CCD spectrometer all indicate that the 
electroplating current density affects the color appearance of the conversion 
coatings.  Particularly, the high current densities generally lead to optically darker 
shades of color.  It is suggested that current density affects thickness and possibly a 
contamination level of zinc deposits, and correspondingly influences the formation 
of chromate films, and thus their color appearance. 

Also, current densities is not the only influence to the appearance change of 
CCC films, also other processing parameters , baking and plating time, from plating 
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conditions that should be controlled and take for granted as well as parameters 
during CCC coatings. 

The microstructural study should concern about roughness,, thickness and 
composition in dielectric film, CCC. The roughness of based steel should be 
measured in order to affirm the effect of the virtual roughness. To obtain the nature 
and character of the zinc film and CCC film, surface area on the film should be one 
of the interesting points to investigate. While thickness of CCC can be one of the 
causes of light propagation change and yet leads to shade of color change. While 
chemical composition can also be one of the causes that directly linked to the 
impurities that diffract light in dielectric film and causes change of color. 

5.2 Contributions 

This work can give a distinct distribution towards both academic and industrial. 
In Academic, The hypothesis of dielectric host with impurities had been introduced 
to interpret and link the relation of color to the underlying film’s processing 
parameters. While, industrial wise, the hull cell setup had been used to fabricate the 
CCC on zinc samples and diversify the method of color inspection to use CCD 
spectrometer to obtain more-detailed optical data. 

5.2.1 Experimental procedures  

Hull cell is a good alternative to fabricate the sample. However, some further 
concern of the microstructure is needed. From its fluctuation of the current, exact 
one-point measurement of microstructure cannot be executed with ease. Average of 
compiled data is needed to confirm the detection. Thickness measured optically by 
SEM or FE-SEM are not easy to obtain the information. This technique is good to 
product samples that will be compared with the preferred reference. Introducing hull 
cell to fabricate black CCC coating on electroplated zinc steel leads us to the pilot 
work of the linkage between current density effects to the color. Further work can be 
done in terms of full-scale production motivated by the relation from this pilot study 
for instance of comparing the effect of colors by fabricating the sample at only single 



 

 

53 

current density in order to confirm the underlying effect from processing parameter 
of each type of solution and condition. 

5.2.2 Optical implications 

Theoretically black in optical science is to obtain the reflection data as flat and 
low as possible. From the baked products, it had proved that the desired black color 
in industrial wise sometimes requires not only low in average % of reflection during 
visible range but also other  

5.2.3 Industrial application 

This work simulated the controlled conditions based on industrial application 
through systematic testing of current density effect to appearance of color, 
emphasizing only on the reflected photonic data from the film.  

The underlying processing parameters from electroplating zinc process are 
essential in concerns of producing desired color or surface appearance of the 
chromate conversion coating films. One of the parameters that had been showed 
within this work is the current density during the plating of zinc. The appearance of 
final color on the surface by visual inspection is the reflection from the incident light 
that had been traveled within the dielectric host film filled with impurities of metals. 
Scattering might play role in terms of appearance, but the color exhibit mainly from 
the light that transmitted back to detectors. 

5.3 Further work guidance 

1. To determine the microscopic thickness relation to the color through optical 

imaging, longer time of plating is needed in order to provide thicker zinc layer. 

2. To confirm that chromium content had effect towards color, Glow Discharged 

Sputtering instrument can be used to identify amount of chromium content 

and zinc content from surface. 

3. Possible dependent parameters that should be investigated further are CCC 

surface structure and thickness. 
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4. The darker shade of black from visual inspection is not enough to determine 

optical ability such as thermal absorption. Darker black from the film alone, 

neglecting the reflected from light source, might be able to store or absorb 

more energy and used in terms of thermal properties.  
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Appendix 

 
CCD Spectrometer Probe diameter : 1.0-4.0 mm (nominal 2.0 mm – in this project) 
RGB measurements 
Red color wavelengths : 620-750 nm 
Green Color wavelength : 495-570 nm 
Blue color wavelength : 620-750 nm 
Average reflectance calculated from wavelength range of 450-750 nm 
Sample A, B and C : 10 minutes immersion time during electroplated zinc 
Sample D,E and F : 30 minutes immersion time during electroplated zinc 
Raw data averaged from spectrum of spectrometer 10-minute samples (Table 0.1) 
Table 0.1  sample A, B and C RGB value  and sample D, E and F RGB value 

current 
density 

Avarage reflectance 

A R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 2.3486 4.9242 24.7225 6.474 
1 1.8386 4.5801 20.6208 5.4991 
2 1.9272 4.4993 21.5267 5.6639 
4 1.7195 4.0473 18.9601 5.058 

B R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 1.9143 4.214 20.1143 5.347 
1 1.8036 4.1703 20.6498 5.3646 
2 1.7676 3.7528 18.6693 4.928 
4 1.8036 3.6698 17.0477 4.6612 

C R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 2.1868 4.7801 28.1685 5.9129 



 

 

9 

 
 

current 
density 

Translation 

A R G B 
0.5 6 13 63 

1 2.136 4.3808 29.1936 5.9216 
2 1.9647 4.2771 25.5266 5.3569 
4 1.7961 3.9165 22.3906 4.7998 

current 
density 

Average reflectance 

D R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 0.9233 2.9142 14.3788 3.598 
1 1.1585 2.8838 14.3747 3.6881 
2 1.09 2.6765 13.0912 3.399 
4 0.958 2.555 11.8174 3.1343 

E R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 0.9788 2.9736 15.2176 3.7694 
1 1.5184 3.079 15.5128 4.0804 
2 1.0236 2.6245 12.3228 3.265 
4 1.9888 3.6043 14.9175 4.4311 

F R (620-750 nm) G (495-570 nm) B (620-750 nm) 
AVG (450-750 

nm) 
0.5 1.3812 3.154 15.6052 4.0505 
1 1.2166 3.0069 15.2656 3.8833 
2 1.1258 2.705 13.5429 3.491 
4 1.2304 2.7466 12.8129 3.4559 
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1 5 12 53 
2 5 11 55 
4 4 10 48 
B R G B 

0.5 5 11 51 
1 5 11 53 
2 5 10 48 
4 5 9 43 
C R G B 

0.5 6 12 72 
1 5 11 74 
2 5 11 65 
4 5 10 57 

current 
density 

Translation 

D R G B 
0.5 2 7 37 
1 3 7 37 
2 3 7 33 
4 2 7 30 
E R G B 

0.5 2 8 39 
1 4 8 40 
2 3 7 31 
4 5 9 38 
F R G B 

0.5 4 8 40 
1 3 8 39 
2 3 7 35 
4 3 7 33 
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Reflectance of 30-minute unbaked samples 
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Reflectance of 10-minute baked samples 
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