wo 2016/141359 A1 |10 00800 00000 OO O A A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/141359 A1l

9 September 2016 (09.09.2016) WIPOIPCT

(51

eay)

(22)

(25)
(26)
(30)

International Patent Classification:
C25D 3/02 (2006.01) C23C 22/60 (2006.01)
C23C 22/05 (2006.01)

International Application Number:
PCT/US2016/021066

International Filing Date:

4 March 2016 (04.03.2016)
Filing Language: English
Publication Language: English
Priority Data:
62/128,126 4 March 2015 (04.03.2015) US

(71) Applicant: BOARD OF REGENTS, THE UNIVER-
SITY OF TEXAS SYSTEM [US/US]; 201 West 7th
Street, Austin, TX 78701 (US).

(72) Inventors: RICE, George, Kenneth; 2721 Poplar Grove
Lane, Schertz, TX 78154 (US). YACAMAN, Miguel,
Jose; 25135 Fairway Springs, San Antonio, TX 78260
(US). VINOGRADOVA, Ekaterina; 1400 Patricia Apt.
603, San Antonio, TX 78213 (US).

(74) Agents: RISLEY, David, R. et al.; Thomas/horstemeyer,
LLP, 400 Interstate North Parkway, Suite 1500, Atlanta,
GA 30339 (US).

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

[Continued on next page]

(54) Title: COMPOSITE CERAMIC COATINGS FOR ANTI-CORROSION PROTECTION

FIG. 1
/-10

| PRE-PROCESS METAL OBJECT TO BE COATED

'

ELECTROLYTICALLY PLATE THE OBJECT
WITH A ZINC OR A ZINC ALLOY LAYER

'

| PREPARE A ZINC SOLUTION

I '

| PREPARE A SILICA SOLUTION

I [

MIX THE ZINC AND SILICA SOLUTIONS TOGETHER
TO FORM A COMPOSITE PLATING SOLUTION

!

PLACE COMPOSITE PLATING SOLUTION
IN A PLATING CONTAINER

12

14

ADD A METAL ANNODE AND THE METAL
OBJECT (CATHODE) TO THE
COMPOSITE PLATING SOLUTION

I i

HEAT THE COMPOSITE PLATING
SOLUTION AND APPLY A CURRENT TO DEPOSIT
A LAYER OF HYDROUS ZINC SILICATE

(57) Abstract: In some embodiments, an anti-corrosive composite
ceramic coating includes an inner metal layer formed on the sur-
face of a metal object to be protected and an outer composite
ceramic layer formed on the inner metal layer.



WO 2016/141359 A1 |IIWAT 00T 00 0 AR AR

84)

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EF, EG, ES, FL, GB, GD, GE, GH, GM,
GT, HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN,
KP, KR, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTIPO (BW, GH,

GM, KF, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))



WO 2016/141359 PCT/US2016/021066

COMPOSITE CERAMIC COATINGS
FOR ANTI-CORROSION PROTECTION

Background

Hot-dip galvanizing is one of the most commonly used methods for protecting
steel surfaces against corrosion. Another common corrosion protection method is to
apply anti-corrosive paint to steel surfaces. Although hot-dip galvanized steel resists
corrosion well in numerous environments, there has recently been concern of health
damage to the human body caused by zinc exposure. Regarding anti-corrosive
paint, the hexavalent chromium used in the production of such paint presents an
environmental and health hazard. There is a need for an anti-corrosion technology

that does not involve the use of hazardous chemicals or processes.

Brief Description of the Drawings
The present disclosure may be better understood with reference to the
following Figures. Matching reference numerals designate corresponding parts
throughout the Figures, which are not necessarily drawn to scale.

Fig. 1 is a flow diagram of an example method for forming and applying a
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composite ceramic coating.

Fig. 2 is a schematic drawing of an embodiment of a metal object having a
composite ceramic coating.

Fig. 3 is a light-optical micrograph of a cross-section of an example composite
ceramic coating formed on a steel plate.

Fig. 4 is a scanning electron microscopy (SEM)/energy-dispersive X-ray
spectroscopy (EDS) analysis of the interface between carbon steel and the zinc
layer.

Fig. 5 is an X-ray diffraction (XRD) pattern of the composite ceramic coating.

Fig. 6 is @ model of the crystal structure of Zn3SizO10(OH)».

Fig. 7 includes images of specimens in Q-FOG racks prior to and after salt
spray testing.

Fig. 8 includes images of multiple samples (Samples 1-9) tested in the salt
spray testing and evaluation of the degree of rusting in accordance with ASTM D
610-01.

Fig. 9 includes optical micrographs of the coated samples (specimens 1-6)

after the salt spray testing.

Detailed Description
As described above, there is a need for an anti-corrosion technology that
does not involve the use of hazardous chemicals or processes. Disclosed herein are
composite ceramic coatings that can provide anti-corrosion protection to metal
without such hazards. In some embodiments, the composite ceramic coating
comprises a hydrous zinc silicate layer that is applied to a metal object, such as a

steel object, using an electrolytic process. The composite ceramic coating is
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extremely resistant to corrosion and has a crystalline structure that is extremely
stable.

In the following disclosure, various specific embodiments are described. It is
to be understood that those embodiments are example implementations of the
disclosed inventions and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this disclosure.

As expressed above, disclosed herein are composite ceramic coatings that
can be formed on metal using an electrolytic process. In some embodiments, the
composite ceramic coating includes a composite ceramic layer that comprises both
metal, such as zinc (Zn), and silicon (Si).

Fig. 1 is a flow diagram of an example method for preparing and applying a
composite ceramic coating. Beginning with block 10 of Fig. 1, a metal object to be
coated is pre-processed. The object can comprise any object that would benefit from
anti-corrosion protection. For example, the object can comprise a low-carbon steel
object. In some embodiments, pre-processing comprises cleaning and/or polishing
the surface of the object to improve adhesion of materials that are to be applied to
the object. In other embodiments, the roughness of the surface of the object can be
increased to improve mechanical adhesion.

Turning next to block 12, the object is electrolytically plated with Zn or a Zn
alloy, such as Zn-Ni, Zn-Fe, and Zn-Sn. This results in a layer of Zn or a Zn alloy
being deposited on the surface of the object in similar manner to conventional
galvanization. In some embodiments, the Zn or Zn alloy layer is approximately 4 to
25 pm thick. In other embodiments, the Zn or Zn alloy layer is approximately 200 to
300 pm thick.

Once the Zn or Zn alloy layer has been deposited, the object can be coated

3
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with a composite ceramic material. A composite plating solution can be prepared by
separately preparing a Zn solution (block 14) and an Si solution (block 16). In some
embodiments, the Zn solution can be prepared by placing Zn flakes in a container
with water (H>0) and adding pellets of sodium hydroxide (NaOH) over a period of
time (e.g., 1 hour) at an elevated temperature (e.g., 80°C) to cause a reaction. The
reaction is continued for an extended period of time (e.g., 48 hours) and produces a

solution of sodium zincate:

Zn + 2NaOH + 2H,0 — NaxZn(OH)4 + Hz

In some embodiments, the resulting sodium zincate solution has molar ratio of
approximately Zn:NaOH:H,0 = 1:1:6. Although a Zn solution have been specifically
identified, it is noted that, in other embodiments, a plating solution can comprise
another metal material, such as aluminum (Al), nickel (Ni), tin (Sn), titanium (Ti),
beryllium (Be), or copper (Cu).

In some embodiments, the Si solution can be prepared by placing chunks of a
high purity Si mineral, which is commercially available as “Si metal,” in a container
with H,O and adding pellets of NaOH over a period of time (e.g., 1 hour) to cause a
reaction. The reaction is continued for an extended period of time (e.g., 6 hours) and

produces a clear and colorless solution of sodium silicate:

Si + 2NaOH + H>O — Na,SiO; + 2H»

In some embodiments, the sodium silicate solution has a molar ratio of

approximately Si:NaOH:H»0 = 6:1:10 and a specific gravity (SG) of approximately 1.8

4
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to 2.0. The sodium silicate solution can be diluted with water to a SG of
approximately 1.3.

With reference back to Fig. 1, the Zn solution (i.e., sodium zincate solution)
can be mixed with the Si solution (i.e., sodium silicate solution) to form a composite
plating solution (block 18). In some embodiments, one part of the Zn solution is
mixed with two parts of the Si solution to form the composite plating solution having
an Si/Zn ratio of approximately 2 to 5. This ratio enables efficient plating.

The composite plating solution can then be placed in a plating container in
which the metal object is to be plated with the solution (block 20). A metal (e.g., Zn)
anode and the metal object (cathode) can be added to the composite solution (block
22). Next the composite plating solution can be heated and a current can be applied
to the solution for several minutes to form a composite ceramic layer (block 24). In
some embodiments, a current of approximately 1 to 4 amps (e.g., 1 amps) is applied
to the composite plating solution for approximately 1 to 30 minutes (e.g., 5 minutes)
at a temperature of approximately 25 to 90°C (e.g., 60°C). In other embodiments, a
current of approximately 0.5 to 1 amp is applied to the composite plating solution for
approximately 15 to 30 minutes at a temperature of approximately 30 to 40°C.
During this time, a composite ceramic layer comprising hydrous zinc silicate is
electrolytically deposited on the surface of the object over the Zn/Zn alloy layer. In
some embodiments, the hydrous zinc silicate layer has a thickness of approximately
40 to 300 um. In other embodiments, the hydrous zinc silicate layer has a thickness
of approximately 260 to 300 um.

Fig. 2 schematically illustrates a coated metal object 30 of the type that can
be produced using the method of Fig. 1. As shown in Fig. 2, a composite ceramic

coating 32 has been applied to a metal object 34 having a steel body. As indicated in
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this figure, the coating 32 includes a first or inner metal layer 36 formed directly on
the metal object and a second or outer composite ceramic layer 38 formed directly
on the inner metal layer. In some embodiments, the inner metal layer 36 is a layer of
Zn or a Zn alloy and the outer composite ceramic layer 38 is a layer of hydrous zinc
silicate and the coating 32 comprises no other materials.

Fig. 3 shows an actual example of a steel object coated in the manner
described in relation to Fig. 1. As can be seen in Fig. 3, the composite ceramic
coating includes a first or inner metal layer comprising Zn and a second or outer
composite ceramic layer comprising hydrous zinc silicate. In this example, the Zn
layer is approximately 49 pm thick and the hydrous zinc silicate layer is
approximately 140 um.

Scanning electron microscopy (SEM) analysis was performed using a Hitachi
SU1510 variable pressure electron microscope at an accelerating voltage of 30 kV.
The results of the study are presented in the Fig. 4. The image in Fig. 4A shows the
SEM micrograph of the interface between the carbon steel and zinc layer. The
images in Figs. 4B-4D depict the element distribution maps: Zn (Fig. 4B), Fe (Fig.
4C) and O (Fig. 4D). The SEM micrographs indicate that there is an inter-diffusion of
Zn atoms onto the steel structure. Due to this inter-diffusion, an interface having a
composition of Fe,Zny is produced. The valves of x and y depend on the exact
deposition conditions and can be controlled with the temperature of the deposition.
The FexZny layer composition changes with the thickness. The images in Figs. 4B-
4D reveal the presence of a clear boarder between iron of the steel and Zn of the
inner layer of the coating.

The X-ray diffraction (XRD) pattern of the composite ceramic coating was

collected using a Rigaku Ultima IV diffractometer with Cu Ka radiation (A = 1.5406 A)
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between 26 of 2 to 75° at a power settings of 40 kV and 44 mA. Fig. 5 shows the
XRD pattern of the composite ceramic coating. The peak positions and intensities in
the pattern indicate that the sample is composed of hydrous zinc silicate,
Zn3Sis019(OH),. The structure of the silicate is composed of SiOs sheets with zinc
sandwiched between sheets in octahedral sites. Fig. 6 shows a model of the crystal
structure of Zn3SisO10(OH)2.

The salt spray (fog) test is a standardized test method used to evaluate
corrosion resistance of coated samples. Five hundred hours of salt spray testing was
conducted in accordance with the ASTM B117-11 standard in a Q-FOG cyclic
corrosion tester. During an ASTM B117 test, specimens are exposed to a continuous
fog of a 5 wt. % solution of sodium chloride (greater concentration than sea water,
which is only 1.8% to maximum 3%) at an elevated temperature of 35°C. The
justification for these extreme conditions is that a coating system that will resist these
test conditions should also perform well in aggressive service environments. Five
hundred hours of salt fog testing is roughly equivalent to 2.5 years in a coastal
environment. Nine test specimens were used and no previous treatment was
performed prior to the testing. The specimens included six steel plates coated with
the composite ceramic coating of this disclosure (specimens 1-6), two Zn-coated
samples (specimens 7-8), and one uncoated carbon steel plate (specimen 9). Fig. 7
shows images of the specimens in their Q-FOG racks prior to and after salt spray
testing. The images labeled “A” contained (from bottom to top) samples 1, 2, 3, 4,
and 5 and the images labeled “B” contained (from bottom to top) samples 6, 7, 8,
and 9. The thicknesses of the composite ceramic coatings were measured on
polished cross-sections by using an Olympus DSX500 opto-digital microscope. The

results of the thickness measurements are presented in the Table 1.
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Table 1: Thickness of the Ceramic-Zinc Coatings

Sample number Coating thickness (um) Standard deviation
1 44.0 9.9
2 73.0 4.1
3 80.6 8.4
4 122.6 9.1
5 161.4 13.1
6 298.0 8.8

The results of the salt spray testing for specimens 1-9 are illustrated in Fig. 8.
Fig. 9 includes optical micrographs of the coated samples (specimens 1-6) after the
salt spray testing (Ra is the mean surface roughness). As can be appreciated from
these figures, the specimens having the composite ceramic coatings remained free
of rust after 500 hours of exposure. This significantly exceeds the Society of
Automotive Engineers (SAE) requirement of 96 hours of salt spray without red rust.
The obtained results demonstrate that the composite ceramic coated plates have
excellent corrosion protection compared to the uncoated and Zn-coated plates,
which suggests that the coating will be able to withstand harsh operating
environments, particularly those that promote the rapid onset of red rust. The best
anticorrosion performance was obtained for the specimens 5 and 6, which had the
highest coating thickness. Notably, however, thinner layers can still be used for less
demanding applications, such as those in which the rate of corrosion is lower.

Micro-hardness measurements were performed on the outer layer of the
composite ceramic coating and it was determined that its average hardness was
approximately 58 HV, which is within range of hardness reported for
electrodeposited Zn. Pull-off strength testing was also performed and showed very

good adhesion of the hydrous zinc silicate to the Zn layer on the steel surface with
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an average value of stress at break of approximately 3.40 MPa. These hardness and
adhesion results indicate that the material is resistant to mechanical scratches.

Cyclic voltammetry tests were also performed and indicated that the
composite ceramic coating effectively protects the coated steel from the
electrochemical attack by aggressive ions from solution, thereby providing an
effective anticorrosion performance.

Tribological testing was additionally performed and indicated that the
composite ceramic coating is effective in promoting the lubrication performance of

engine oil by reducing the coefficient of friction by up to 10%.
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CLAIMS
Claimed are:
1. An anti-corrosive composite ceramic coating comprising:

an inner metal layer formed on the surface of a metal object to be protected;

and

an outer composite ceramic layer formed on the inner metal layer.

2. The coating of claim 1, wherein the inner metal layer is a zinc or zinc
alloy layer.

3. The coating of claim 1, wherein the inner metal layer is approximately 4

to 300 um thick.

4. The coating of claim 1, wherein the composite ceramic layer contains

zinc and silicon.

. The coating of claim 1, wherein the composite ceramic layer is a

hydrous zinc silicate layer.

6. The coating of claim 5, wherein the hydrous zinc silicate layer is made

of Zn3Si4O1 o(OH)z.

7. The coating of claim 1, wherein the composite ceramic layer is

approximately 40 to 300 pm thick.

10
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8. A coated metal object protected by an anti-corrosive composite
ceramic coating, the coated metal object comprising:

a steel body having a surface; and

an anti-corrosive composite ceramic coating formed on body, the coating
including an inner metal layer formed on the surface and an outer composite ceramic

layer formed on the inner metal layer.

9. The object of claim 8, wherein the inner metal layer is a zinc or zinc

alloy layer.

10. The object of claim 8, wherein the composite ceramic layer is a

hydrous zinc silicate layer.

11. A method for forming an anti-corrosive coating on a metal object, the
method comprising:

electrolytically plating the surface of the object with a metal to form an inner
layer; and

electrolytically depositing a composite ceramic layer on top of the inner layer.

12. The method of claim 11, wherein electrolytically plating the surface of

the object comprises electrolytically plating the surface with zinc or a zinc alloy.

13.  The method of claim 11, wherein electrolytically depositing a composite
ceramic layer comprises electrolytically depositing a hydrous zinc silicate layer on

top of the inner layer.

11
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14.  The method of claim 13, wherein electrolytically depositing a composite
ceramic layer further comprises mixing a zinc solution with a silicon solution to form

a composite plating solution.

15. The method of claim 14, wherein the composite plating solution has an

Si:Zn ratio of approximately 2:5.

16. The method of claim 14, wherein electrolytically depositing a composite
ceramic layer further comprises applying a current of approximately 0.5 to 4 amps to

the composite plating solution.

17.  The method of claim 16, wherein electrolytically depositing a composite

ceramic layer further comprises heating the composite plating solution to a

temperature of approximately 25 to 90°C.

18. The method of claim 11, further comprising pre-processing the metal

object before electrolytically plating the surface of the object.

19. The method of claim 19, wherein pre-processing comprises cleaning

and polishing the surface of the object

20.  The method of claim 18, wherein pre-processing comprises increasing

the roughness of the surface of the metal object.

12
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