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for Canadian Fusion Fuels Technology Project

INTRODUCTION

CFFTP is currently evaluating the uptake and release of tritium (DT, T2),
tritiated hydrogen (HT) and tritiated water (HTO) of building materials to be
used in fusion reactor enclosures. It is expected that materials inside the
reactor containment building will primarily be exposed to HT and HTO. The
HT and HTO levels, after an atmosphere cleanup cycle, are important to
personnel safety. Building material release rates will determine the time
delay between building atmosphere cleanup and personnel access. Both
the HT and HTO uptake and the release rate from the exposed building
materials are important. Tests at AECL (Chalk River) have shown that
concrete is a particularly difficult problem. Standard organic coatings (such
as paints) and concrete sealants are being considered but are not expected
to be an ideal solution because of moderately high HT and HTO solubility.

Concrete will be an important building material used for the reactor building
and internal structures such as walls, floors and vaults. Concrete poses a
special problem because of the porous microstructure and the chemical
makeup of the material.

Methods must be developed to reduce the uptake of HT and HTO into
concrete. The most appealing approach is to prevent HT and HTO from
entering the concrete. Three approaches are:

0 Seal the porosity with a penetrating sealant (eg organic based
paint or inorganic sealant);

0 Clad the concrete with an impervious barrier;

0 Apply an (inorganic) permeation barrier directly onto the
concrete.
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One candidate for concrete cladding is ceramic tile. Glazed ceramic tiles
have been shown to have low HT and HTO uptake, however, the grouting in
between tiles is a major concern. Standard grouts will be very similar to
concrete or cement with poor HT and HTO uptake behavior. It would be
desirable to seal the grout with a glassy permeation barrier. If fully dense,
non-permeating 12" x 12" tiles would be used with a Vs" grout line, the grout
line would constitute only 2% of the exposed area of the concrete wall or
floor.

The concept investigated in this program is based on plasma spraying.
Plasma spraying involves injecting a powder into a high velocity flame to
melt the powder particles and project them towards a target substrate. The
particles melt, impact the surface and freeze. The target substrate remains
much cooler than the molten particles and multiple particle impacts build up
a layer on the substrate. Layers of glass, ceramics, metals and cermets are
deposited commercially for a variety of applications. A brief description of
the plasma spraying process is included as Appendix F.

The concept under assessment in this program goes one step further.
Plasma sprayed coatings tend to be porous or microcracked. In this
program, glass on the substrate was to be fused by the plasma flame while a
molten glass was deposited on top by the standard plasma spray process. If
a continuous glass layer could be formed in this manner, it would serve as a
physical and diffusion barrier to HT and HTO permeation into the porous
grout and the underlying concrete.

A large number of variables and practical limitations determine whether this
concept is feasible and a limited experimental trial was felt to be the best
approach to assessing the feasibility of the concept.

The first step in this preliminary investigation was to replace standard
hydrated grout with an air-setting, surface fusible, inorganic grout. A
Irowelable' grout was developed using inorganic binders which retains
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strength and exhibits low shrinkage after dehydration. It was desired that the
composition be fusible so that the surface of the 'grout' can be fused into a
glassy layer by the plasma flame impinging on the surface (or will fuse upon
plasma or flame spraying of the top coat). A plasma sprayed glass layer was
also to be applied on top of the grout to aid sealing.

It is important that the thermal expansion of the fusible grout be low in order
to reduce separation of the grout from the edge of the tiles upon cooling. It is
also important to use tiles with a low thermal expansion for reasons of
thermal shock resistance and contraction upon cooling, but tile formulation is
beyond the scope of this program.

Plasma sprayed glass overcoats were applied as a permeation barrier at the
same time as attempting to fuse the surface of the grout. It is necessary to
minimize the coefficient of thermal expansion for the overglaze glass and, for
this reason, borosilicate glasses were included in assessment trials. The
fused glass layer will contract upon cooling and crack (craze) if the
contraction of the glass is greater than the contraction of the grout or tile on
which it is applied. The amount which the grout or tile contracts upon
cooling will be a function of the coefficient of thermal expansion and the
temperature rise the tile experiences during glass overcoat deposition. The
maximum temperature experienced by the tile is a strong function of the
preheating applied, plasma gun distance and the speed that the gun is
moved across the grout line (traverse rate). However, the temperature of the
tile will not be high with respect to the deposited glass temperature.
Stresses will be set up in the glass layer when it cools below the annealing
temperature of the glass. It is these stresses which will cause cracking
(crazing) or spalling of glass coatings. The unsteady state heat transfer
situation experienced with plasma spraying makes prediction difficult. It is
known from prior experience that high expansion glass coatings have a
tendency to craze, if the substrate is not preheated, even with high
expansion substrates. Rapid or uneven heating can cause cracking of rigid
substrates, such as ceramic tile.
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Significant substrate preheating requires that gases not be evolved during
the preheat of the substrate. The escaping gases (usually steam) will
bubble through the fused glass layer. It is for this reason that the grout
should not be a hydrated cement bonded type. Selected ceramic binders
will achieve reasonable strength after dehydration as opposed to the
hydrated cement binders which lose strength upon dehydration. For this
reason, only grouts based on (dehydrated) ceramic binders were included in
this program.

This program was initiated on February 5,1992 and was completed on
March 31,1992.

RESULTS

1) Raw Materials And Tile Sourcing

The first task in this program was to select and source fully dense ceramic
tiles, suitable glass powders and candidate ceramic binders. Data provided
by CFFTP indicated that glazed, porous tiles exhibited an HT and HTO
uptake higher than glass but orders of magnitude lower than concrete and
other building materials. It had not been determined whether the porous
body of the tile contributed to the higher HT and HTO uptake as compared to
glass plates. Fully dense ceramic tiles (open porosity of <0.5% with near
zero gas permeability) would eliminate this potential problem. These tiles
would be available as glazed tiles or with polished surfaces to reduce the
exposed surface area if surface adsorption of HT or HTO was of concern.

Fully dense ceramic tile would potentially be suitable for both wall and floor
applications. Ceramic tiles are potentially a low maintenance, highly
durable covering for concrete if grout sealing can be achieved.
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Only one supplier (American Olean Tile Co.) was located and two types of
fully dense tile products were offered: a small (2" x 2") mosaic tile
(manufactured in the USA) and a line of fully dense 12" x 12" or 16" x 16"
floor tiles (manufactured in Spain). The mosaic tiles were available in both
glazed and unglazed styles but the large tiles were only available with a 'no-
skid' unglazed surface or with an unglazed polished surface (as a special
order). The small 'mosaic' tiles were used for grout development and
plasma spray trials. Samples of both the unglazed 'mosaic' tiles and the
unpolished, unglazed 12" x 12" tiles were sent to AECL, Chalk River (Mr. R.
Dickson) for possible inclusion in HT and HTO uptake tests.

The thermal expansion coefficients for the two tiles were measured as:

Average Average Average
Tile ccx10-6/oC ax10-6/oc ax10"6/oC

Type 50 to 200 °C 50 to 400 °C 50 to 600 °C

Mosaic 1.3 6.2 9.0

Large (12" x 12") 9.1 13.5 12.8

It would be expected that the 2" x 2" mosaic tile be a more thermal shock
tolerant material than the larger tile but this was not confirmed.

A low thermal expansion grout filler material was desired. Fused silica was
chosen as a 'non-fusible' type filler powder and Pyrex® glass powder was
chosen as a 'fusible' type grout filler. Logistical difficulties were encountered
obtaining sized Pyrex® powders and most binder assessment was performed
using Teco-Sil fused silica powders with a variety of particle size ranges. The
sources for materials used in this program are listed in Appendix A.
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Three air-setting ceramic binders were included in this program:

• Monoaluminum phosphate solution;
* Partially hydrolyzed ethyl silicate;

and * Sodium silicate (water glass).

Sources for these materials are listed in Appendix A.

2) 'Non-Cement' Grout Development

It is important that the grout be easily applied into the grout line but not
shrink upon drying or upon exposure to the plasma flame.

Monoaluminum phosphate (MAP) is a ceramic binder which can be air-set
by adding MgO to the powder fillers. Despite being rigidized, the MAP
based grouts could not be dried sufficiently with mild exposure to heat. Ethyl
silicate and sodium silicate were easily dried with a heat gun and were used
for all plasma spray trials.

The coarse fraction of the grout filler is required to minimize shrinkage upon
drying or exposure to heat but cannot be so coarse so as to inhibit
trowelability'. The fine fraction of the grout filler fills the voids between
larger particles. The particle diameter ratio of coarse particles to fine
particles is ideally between 5 and 10 for optimum packing. Higher than
optimum fines content can result in higher drying shrinkage or shrinkage
upon exposure to high temperatures. Binder (liquid) is added to form a
Irowelable' paste, dried in air and heated to drive off residual moisture.
Ethyl silicate, because of the ethanol content, dries more rapidly than
sodium silicate.

The composition of grout development trial batches are included in
Appendix B. Compositions 7 and 8 were very good (based on the fused
silica powders) as was composition 9 for the Pyrex powder. Composition 10
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with Pyrex powder and sodium silicate exhibited some drying shrinkage but
was not optimized further. The particle size distributions for the Pyrex glass
powders were not determined.

The grout compositions containing ethyl silicate were more porous than
sodium silicate compositions as indicated by dye penetrant testing.

3) Plasma Sprayed Porcelain Enamel Overglaze Trials

As mentioned previously, there were logistical difficulties encountered in
obtaining borosilicate glass powder (Pyrex® brand, Corning code 7740).
Porcelain enamel powdered glass (Ferro LC500, clear overglaze) was used
to establish plasma spray conditions and perform early trials. Nominal
plasma spray setup parameters are included as Appendix C. Details of
LC500 plasma spray trials are included as Appendix 0.

Three key questions were addressed in this series of trials:

• What plasma spray gun to substrate distance and traverse rate
are required to prevent tile cracking by thermal shock?

* Is it feasible to fuse the surface of the grout without cracking the
adjacent tiles?

and • Is substrate preheating required to fuse the plasma spray
deposited glass onto the tile and grout surface?

Generally, traverse rates of less than 30% resulted in tile cracking,
especially on leading edges of the tile. Plasma spray gun to substrate
distances of less than 2 to 2.5 inches often resulted in thermal shock
cracking of the ceramic 'mosaic' tiles.
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It was unexpected that the surface of the fused silica powder based grouts
would not melt and melting was not observed under conditions which
cracked the ceramic tiles. Although the grout sintered, the surface of the
Pyrex glass powder based grout did not fuse when exposed to the plasma
flame even with multiple passes to preheat the substrate. Closer spacing or
slower traverse rates resulted in severe cracking of the ceramic tiles. As
such, it was not demonstrated that the surface of a glass based grout could
be fused by exposure to a plasma flame.

Plasma spray parameters were established which would result in the
surface fusion of LC500 glass onto the grout line and adjacent tile surfaces
without tile cracking. Best results were achieved in trial 10 b incorporating
four preheating passes of the plasma gun followed by two passes depositing
the glass layer. (See Appendix D).

LC500 is a glass with a high coefficient of thermal expansion. As expected,
the fused glass layer crazed (cracked) upon cooling as revealed by dye
penetrant testing.

4) Plasma Sprayed Borosilicate Glass Overglaze Trials

Borosilicate glass has a low coefficient of thermal expansion. It was
postulated that the lower thermal expansion would reduce or eliminate
crazing (cracking) of the fused glass layer upon cooling. Borosilicate
glasses are significantly higher melting glasses as compared to porcelain
enamel glasses such as LC500. Pyrex® (Corning code 7740) glass powder
was selected for plasma spray trials.

Plasma spray trials using Pyrex glass powder were unexpectedly difficult-
Very little powder adhered to the substrate surface. Metco (the manufacturer
of the plasma spray equipment and plasma spray powders) was contacted
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and their investigation revealed that plasma sprayed borosilicate glass
coatings have not been successfully deposited.

It was postulated that the borosilicate glass powder was not fusing in the
plasma flame (ca 15,000 °C) because of poor radiant energy absorption. To
this end, 0.55 wt% Cr2O3 and 0.55 wt% CO3O4 colourant oxides were
added to -325 mesh Pyrex glass powder followed by ball milling in ethanol
for dispersion of the colourant oxides. The ground glass was melted in a
500 cc platinum crucible for 10 hours at 1450 °C, fritted into water, dried,
crushed, milled and screened to -200 +325 mesh size.

The 1.1 wt% coloured Pyrex powder was plasma sprayed with improved but
unacceptably •ow deposition efficiency and low adhesion was observed.

The remaining 1.1 wt% coloured Pyrex glass powder was re-formulated with
additional colourant oxides (2 wt% Cr2O3, 2 wt% CO3O4 and 2 wt% NiO).
This batch was melted for 5.5 hours at 1450 °C and 4 hours at 1500 °C,
fritted into water, dried ground and sieved to -200 +325 mesh particle size.

The 6 wt% coloured Pyrex powder was plasma sprayed with much improved
but still unacceptably low deposition efficiency and low adhesion. The
plasma sprayed deposit could not be fused onto the surface of the grout or
tiles without cracking the tiles.
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CONCLUSIONS

Ceramic (non-cement) bonded grouts were developed based on fused silica
or borosilicate powders and ethyl silicate or sodium silicate air-set binders.
Sodium silicate grouts exhibit lower porosity after drying than ethyl silicate
based grouts although both are porous. Careful control of the ratio of coarse
to fine powder fractions is necessary to minimize or eliminate drying
shrinkage.

The surface of grouts based on borosilicate glass could not be fused without
cracking of neighboring tiles.

A porcelain enamel glass was plasma spray deposited and fused onto the
surface of a grout line and adjacent tiles. Crazing was observed upon dye
penetrant testing.

The plasma spray deposition difficulties encountered with plain and
coloured borosilicate glass powders have not allowed verification of the
postulate that the crazing observed with LC500 fused glass coatings could
be reduced or eliminated by the use of lower thermal expansion glasses.

B. G. Sellars, P.Eng., R. T. Lassau,
Project Engineer, Director,
Metal Technologies Metal Technologies
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Materials Sourcing for Experimental Fusible Grout

Mono aluminum phosphate Rhone Poulene Inc.
Albright Wilson Americas
P.O. Box 26229,
Richmond, Virginia
23260-6229
Tel. 804-550-4300
Fax 804-550-4385

Mr. H. James Cheek,
Mgr. Customer Service

Sodium silicate (N) National Silicates Ltd.,
429 Kipling Ave.,
P.O. Box 69, Stn. N.,
Toronto, Ontario
M3V 3S7
Tel. 416-255-7771

Ms. Barb Melanson

3. Ethyl Silicate Remet Corp.,
P.O. Box 278,
Chadwicks, New York
13319

4 (a) Glazed wall Reflecta
0.1 to 0.5% porous

4 (b) Unglazed floor - Terrapava 0.06%
to 0.3% porous

Distributor:
Acme Slate and Tile Co. Ltd.,
21 Golden Gate Court
Scarborough, Ontario
Tel. 416-293-3664

Manufacturer/Importer:
American Olean Tile Company,
1000 Cannon Ave.,
Lansdale P.A.
19446-02-71
Tel. 215-855-1111
Fax. 215-855-2252
Lee Ryan
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5. Borosilicate Glass Powder
Borosilicate Glass Code 7740

Corning Incorporated,
Corning, New York,
14831

Tel. 607-974-XXXX

Albert Brown, Mgr. Product Eng. - 7019
Wm. R. Shemerhorn Sr. Sales Rep. 4331
Linda M. Tuttle, Cust. Ser. Rep. - 7237
Shea M. Joyner, Prod. Eng. - 7263
Paul P. Dohn Prod. Eng. - 7900
Milton G. Rachard, Prod. & Eng. - 4230

6. Fused Silica Powder
(Teco Sil)

CE Minerals
P.O. Box 1540,
Snapp Ferry Rd.,
Greenville, TN
37743

Tel. 615-639-6891

Lou Spieran

7. Porcelain Enamel Glass
LC500

Ferro Industrial Products Ltd.,
354 Davis Road,
Oakville, Ontario
416-845-4277
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TECO-SIL111 Fused Silica
Electrically Fus«d Silica
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Description:
Electrically fused high purity silica produced at
C-E Minerals' Greeneville, Tennessee fusion and
processing facility.

Applications:
TECO-SIL™ fused silica products are specially
engineered grains and powders designed for use
in foundry, refractory, investment casting and
other special applications.

Special Features:
Extremely low coefficient of thermal expansion,
consistent chemistry, statistically controlled particle
size distribution.

Chemical Analysis: TECO-SIL Grains
Typ. Min.

%SiO, 99.8 99.7
600
150
ISO

ppm CaO 30
ppmMgO 10
ppm Kp 30 1 0

ppm Nap 20

Typical Range of Particle Sizing

UO

1000
300
200

50
50
50
SO r

TECO-SIL Powders
Typ. Min. Max.
99.6 99.7
1000 1500
150 350
150 250
30 SO
10 50
30 50
20 50

smd
Stems

4

6
B

10
20
30

40

50
80
100

140
200
325
PAN
ppm
Magrw

TECO-SIL C
-4+10

3-1 e
20-40
20-35
10-20
15-30

1-4
0-5

tics

-6+50

1-7

5-15
45-55
10-20

10-20

6-10

0-10

Avg. Pardel* Siz»*

•10+20

80-90

2-15

0-3

0-1
0-6

.20440

0-1
28-38

35-45

15-25
1-7

0-0.5
0-10

•rains /
-30440

0-1
22-32

35-45

15-30
2-8

O-0.5
0-10

4-10

75-85
5-15

0-3

0-1
5-20

150 f

0-1
5-15
20*40
20-35
15-30
8-18
00-150

TECO-SIL Powders
•120F

Tfi
2-6
2-5

&-12
10-15
1&-20
47-53
40-80

33-38

-140P

TR
1-4

1-4
7-11
10-15
15-20
52-58
50-100

29-33

•200F

0-0.5
0-0.5
1-3

3-8
14-19
73-79

20-60

20-24

•270F

0-1
2-4

10-15
82-86
10-40

10-14

-325F

0-0.5
2-6

94-96
0-20

8-12

J

f
M

I
t

Vu

-

1
r

X

* •

t

i

\

I

I
i

'In micron*—a* m«a*ur«d by
CllasSranjiemMra

C-E Minerals
C-E Mmtrais • 901 East 8th Avenue • King of Prussia, PA 19406, USA • (215) 265-6880 - FAX: (215) 337-7163 • TWX: 510-660-2058 Cable: SAMRAK
To order. C-E M i M n l s • P.O. Box 1540 • Snlpp Ferry Road • Greeneville, TN 37743, USA • (615) 639-6891 - |
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Non-Cement Grout Development Compositions

Grout Sample Composition
Number Material Amount

1 Teco Sil-50+100
Teco Sil -325F
Fisher MgO

Albright MAP
Dl water

21.0 g
9.0 g
0.05 g

30.1 g
8.8 g
1.29

Comments

dry blend

too coarse
(1/2 of 3x3 tile set)

Teco Sil 150 I
Teco Sil -325 F
Fisher MgO

Albright MAP
Dl water

21.0 g
9.0 g
0.28 g

30.3 g
12.54 g
0.33 g

dry blend

texture improved
(1/2of3x3tileset)

Teco Sil 150 I
Teco Sil -325 F
Fisher MgO

Albright MAP
Dl water

18.0 g
12.0 g
1.48g

30.5 g
11.6g
2.7 g

dry blend

set in less
than 1 minute

Teco Sil 150 I
Teco Sil -325 F
Fisher MgO

Albright MAP
Dl water

18.07 g
12.12 g
0.70 g

30.26 g
11.61 g
3.62 g

dry blend

Slightly dilatent
(1/2of3x3tileset)

5. Teco Sil 150 I
Teco Sil -325 F

Remet Silester A1

24.75 g
16.50 g
41.25g
11.00 g

dry biend

slightly dilatent
(1/2 of 3 x 3 tile set)
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Grout Sample Composition
Number

6.

7.

8.

9.

10

Material

TecoSiM50l
Teco Sil -325 F

Sodium Silicate "N"

Teco Sil 150 1
Teco Sil -325 F

Remet Silester A1

Teco Sil 150 I
Teco Sil -325 F

Sodium Silicate "NH

Ol water

Corning 7740 -100 M
Corning 7740 -325 M

Remet Silester A1
Dl water

Corning 7740-100 M
Corning 7740 -325 M

Sodium Silicate "N"
Dl water

Amount

18.0 g
12.0 g
30.0 g

12.5 q
42.5 g

72.0 g
48.0 g

120.0 g

32.0o
152 Og

36.0 g
24.0 o
60.0 g

25.0 g
(drops)

24.0 g
16.0g
40.0 g

10.7g
(drops)

27.0 g
18.0 g
45.0 g

16.7 g
(drops)

Comments

dry blend

(1/2 of 3 x 3 tile set)

dry blend

(3x6 tile set)

dry blend

(3x6 tile set)

dry blend

(3x6 tile set)

dry blend

good texture
(3x6 tile set)
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APPENDIX C

Plasma Spray Conditions

Powder Wheel

Powder Feed Pressure

Powder Feed Speed RPM

Powder Feed Rate

Powder Port No.

Plasma Gun

Primary Gas

Primary Gas Pressure

Primary Gas Flow

Secondary Gas

Secondary Gas Pressure

Secondary Gas Flow

Plasma Power Current

Plasma Power Voltage

Spray Distance

Traverse Rate

Vertical Step Increments

Number of Passes

R-2

67

Varied (37 or 63.7)

Not determined

#1 or #2

Metro 9MP

Argon

110 psi

Varied (80 or 75)

Hydrogen

55 psi

Varied (20 or 15)

500 AMPS

Variable (62 - 67)

Variable

Variable

N.A.

Variable
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Ferro LC500 Glass Plasma Spray Coating Trials
(-200 +325 mesh on mosaic tile)

Test
No.

A

B

C

D

Grout Grout
Sample Line

6
(F.SiO2/NS"N")

4
(F.SiO2/MAP)

5
(F.SiO2/EthSilA1)

1
(F.SiO2/MAP)

a

a

i a

a

Spray
Distance

31/2"

3"

3"

3"

3"

3"

No. of
Passes

2
1

2

1

2
2
1

1

1
1

8

Glass
Feed

0
63

63

0

0
63
0

0

0
63

0

Traverse
Rate

60%
60%

60%

25%

40%
40%
40%

40%

40%
40%

60%

Deviations and
Observations

80 Ar-20 H2, port #1

deposit not fused

deposit not fused

fusion of deposit

80 Ar-20 H2> port #1
grout not fused
partially fused glass coat
no additional effect

80 Ar-20 H2, port #1
grout not fused
tiles cracked
grout not fused
fused glass coating
crazed glass

80 Ar-20 H2, port #1
minor local fusion
of grout
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Ferro LC500 Glass Plasma Spray Coating Trials
(-200 +325 mesh on mosaic tile)

Test
No.

F

G

Grout
Sample

9
(7740/EthSHA1)

10
(7740/NS"N")

Grout
Line

a
b

c

a

b

c

Spray
Distance

_
3"
3"

3"

_
3"

3"

3"

No. Of
Passes

2
2

2
2

_
2
2

4
2

2

Glass
Feed

0
63

0
63

0
63

0
63

0

Traverse
Rate

35%
35%

50%
50%

_
45%
45%

45%
45%

45%

Deviations and
Observations

80 Ar-20 H2f port #1
tiles cracked
tiles cracked
giass fused (crazed)

glass fused (crazed)

80 Ar-20 H2, port #1

glass fused (crazed)
tiles chipped

fusion improved
tiles chipped
minor fusion of grout
tiles cracked
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Pyrex (Corning 7740) Glass Plasma Spray Coating Trials

(-200 +325 mesh glass on mosaic VAe)

Test
No.

H

Grout
Sample

8
(F.SiO2/NS"N")

(clear 7740)

Grout
Line

a

b

c

d

e

f

Spray
Distance

3"

3"

2 3/4"

3 1/2"

2"

2"

No. of
Passes

8

6
2
2

2
1

2
1

2
1

4
4

Glass
Feed

0

0
63
63

0
63

0
63

0
63

0
37

Traverse
Rate

50%

50%
50%
45%

45%
45%

45%
45%

45%
45%

45%
45%

Deviations and
Observations

80Ar-20H2fport#2
tile corners cracked
no grout fusion

no glass deposited
no glass deposited

no glass deposited

no glass deposited

no glass deposited

all tiles cracked
no glass deposited
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Pyrex (Corning 7740) Glass Plasma Spray Coating Trials

(-200 +325 mesh glass on mosaic tile)

Test
No.

I

Grout
Sample

Grout
Line

(wash of fine 7740)
(clear 7740) a

11
(1.1%Coloured 7740)

(no grout) a

Spray
Distance

1 1/2"

1 1/2"
1 1/2"

2"

2"

2"

No. of
Passes

0
4
2

4
4
4
4

2
2

Glass
Feed

-

0

4
0

37

0
37
0
0

0
37

Traverse
Rate

-

100%

100%
80%
80%

70%
70%
70%
70%

70%
70%

Deviations and
Observations

75Ar-15H2, port #2

small local melting of grout

no deposit

no deposit

no cracking
no deposit
20 H2 -80 Ar
tile cracked

75Ar-15H2, port #2

tiles cracked
no deposit
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APPENDIX E

Pyrex (Corning 7740) Glass Plasma Spray Coating Trials

(-200 +325 mesh glass on mosaic tile)

st Grout
lo. Sample

J (continued)

Grout
Una
b

c

d

e

f

K 12
(6% coloured 7740)

(no grout) a

b

Spray
Distance

2 1/2"

2 1/2"

2 1/2"

3"

2"

3"

21/2"

No. of
Passes

CM
 C

M

4
1

6
1

8
1

1

2
1

4
1

Glass
Feed

0
37

0
37

0
37

0
37

37

0
63

0
63

Traverse
Bate
60%
60%

60%
60%

50%
50%

50%
50%

60%

60%
60%

60%
60%

Deviations and
Observations

tiles not cracked
no deposit

tiles not cracked
no deposit

no deposit

80Ar-20H2
no deposit

80Ar-20H2
no significant deposit
some loosely adhered

80 Ar-20 H2, port #2

cracked tiles, no deposit

cracked tiles
no large deposit
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APPENDIX E

Pyrex (Corning 7740) Glass Plasma Spray Coating Trials

(-200 +325 mesh glass on mosaic tile)

Test Grout
No. Sample

Grout
Line

c

d

e

L 13
(6% coloured 7740)

(no grout) a

b

c

Spray
Distance

3"

3"

3"

2 7/8"

2 3/4"

3 1/2"

No. of
Passes

2
1

2
1

6
1

6
1
3
2

4
2

4
4

Glass
Feed

0
63

0
63

0
63

0
63
0

63

0
63

0
63

Traverse
Rate

60%
60%

50%
50%

55%
55%

55%
55%
55%
55%

55%
55%

40%
40%

Deviations and
Observations

tiles not cracked
small deposit

tiles cracked
small deposit

tiles cracked
small deposit

75Ar-15H2, port#1

small deposit

small deposit

small deposit

powder flow obstructed



F1

Appendix F

Basic Concepts Of Plasma Spraying
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Appendix F

Basic Concepts Of Plasma Spraying

(1) Concept

Plasma spray coating is a line of sight thermophysical deposition process,
as shown schematically in Figure 1. In this process, a gas (typically argon
and hydrogen) is fed between two water cooled electrodes. An arc struck
between the two electrodes causes the gas to ionize and/or dissociate which
creates the plasma flame. The large increase in temperature during the
ionization process results in a large thermal expansion of the gas which
forces it out through the constricted nozzle at near sonic velocities. A
ceramic powder is fed into the plasma flame where it is melted and
propelled by the high velocity stream onto the substrate. Because of the
high temperature of the flame (approximately 15,000°C in the centre),
almost any material that can be melted (without decomposing) can be used
as a coating material.

To obtain a dense, high-strength coating, a large fraction of the injected
powder must be heated to a molten state. The particles should also have
sufficient velocity on impact to spread out into the irregularities of either the
rough substrate or the previously deposited layers. To meet these
requirements, it is necessary to control several parameters.

The interaction of the plasma with the powders is also important, and must
occur in short times (typical residence time is in the order of 0.4 msec). It is
thus important to understand both the geometry of the plasma flame and
how the powder interacts with it. For proper coatings, control must be
maintained not only over the plasma jet velocity and temperature, but also
over the manner in which the powder is fed into the jet. For flow rates which
are too low or too high, the residence time of the powder in the high
temperature parts of the flame is insufficient to adequately melt the powder.
This results in a poor coating.
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Cathode

Figure 1
Schematic of the Plasma Spray Gun

Anode'

Gas

Water
Cooling

Powder

Plasma
Flame

Work
Piece

High Velocity Molten Droplet Molten Splat Of Droplet Solidified Droplet

Figure 2
Droplet "Splat" Sequence
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(2) Plasma Spray Variablts

There are a number of plasma spray parameters which will affect the
microstructure of the final coating. The main parameters which are varied
are power level, gas flow, powder size, powder flow, spray distance, and
coating thickness. Their significance is noted as follows.

a) Power Level

The heat generated by the plasma flame is largely controlled by the amount
of electrical power used to ionize the gas. Increasing the power increases
the amount of plasma gas that is ionized to generate the plasma flame. The
power used varies from about 5 to 80 kw, depending on the type of gun and
the operating parameters. For ceramic materials, a typical setting is 30 kW.

b) Gas Flow

The plasma flame is formed by the ionization of the gases fed between the
anode and the cathode. In most cases, two gases are used to form the
plasma: a primary gas such as argon and a secondary gas such as
hydrogen or helium. Though a high efficiency plasma can be generated by
using only a monatomic inert gas, polyatomic gases release more energy by
undergoing dissociation as well as ionization. The overall heat content of
the plasma jet is given by the combined energies of ionization and
dissociation of the primary and secondary gases. The use of hydrogen
instead of helium as the secondary gas produces chemically reducing
conditions in the plasma flame. This is important for the deposition of certain
metals by reducing the amount of oxide in the deposited coating. The
reducing conditions can produce colour changes in some oxides and oxide
mixtures.

c) Powder Particle Size

One of the key requtrements of a plasma spray powder is good flowability in
order to facilitate smooth powder feeding. In addition, given the short
residence time in the plasma flame (in the order of 0.4 msec.), the size of the
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powder used must be sufficiently small to allow for complete or virtually
complete melting. Particle size distribution is also an important factor. If the
size range is too wide, large particles will not be sufficiently melted, whereas
small ones can be vaporized.

Obviously, particle size also has an effect on the velocity the particles will
attain in the plasma jet. Particles are accelerated by the plasma jet at a rate
which is directly related to the particle size because small particles are
accelerated more rapidly than larger ones. This ultimately dictates the
maximum velocity attained for a specific particle size. The force which
accelerates the particles at the plasma jet vanishes at some point along the
plasma axis where, due to the spread of the gas jet, the velocities of the gas
and of the particles becomes equal. The maximum velocity of the particles
occurs at this point. Beyond this point, gas velocity reduction and a braking
force causes the particles to decelerate. Small particles decelerate more
rapidly, and can exhibit a substantial decrease in velocity. Larger particles
tend to maintain their velocity for a greater distance.

A similar situation applies to particles of the same size but of different
densities. For the same particle size, particles with a lower density attain
greater velocities than higher density particles, however their deceleration
rates are greater. This can be of importance for powders with internal
porosity (or hollow particles) or powder mixtures containing particles of two
different materials.

d) Powder Flow

For a given heat content of the plasma flame, only a certain mass of powder
can be melted sufficiently without cooling the flame. The powder flow must
be controlled so that all the powder can be melted. It has been shown that,
as the powder feed rate is increased, a maximum deposition efficiency is
reached after which it falls significantly.
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e) Spray Distance

The distance between the nozzle of the gun and the substrate dictates the
length of time the particles will travel before impact, and therefore
determines their physical state on impact. To obtain an acceptable coating,
the surface temperature of the particles must be significantly greater than
their melting point. This is especially important for low thermal conductivity
materials, since the temperature at the centre of the particle is significantly
less than the surface temperature. This effect is pronounced when low
thermal conductivity materials with large particle size are deposited.

The spray distance also dictates the velocity of the particles on impact. To
optimize the coating properties such as porosity and mechanical strength,
the spray distance must be such that the particle velocity and temperature
maxima coincide. If this is not possible, the spray distance should be
selected on the basis of the temperature maximum.

The spray distance also has an effect on the deposition efficiency. At
distances greater or less than the optimum spray distance, the deposition
efficiency will decrease. This is as a result of either insufficient residence
time to allow the particles to melt sufficiently, or at longer spray distances,
some of the particles partially solidify before impact.
It is also necessary to consider the substrate temperature. If the spray
distance is too close, the substrate will be overheated.

(3) Surface Preparation

Plasma spraying is a thermophysical coating process. Molten particulates
"splat" onto the substrate surface or previously deposited coating. The small
molten particulates solidify rapidly. For a brief instant, the molten coating
material flows radially over the surface as show in in Figure 2. The
temperature and thermal conductivity of the substrate plus the size, velocity,
temperature and thermal conductivity of the coating particle/droplet all affect
the shape of the individual solidified "splats". When the coating material is
still molten, the droplet will conform to the shape of the substrate. Once the
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droplet has solidified, it will continue to cool but retain its current "splat"
shape.

Coating adhesion is strongly affected by the surface finish of the substrate.
The molten droplets will flow into crevices and cracks until the droplet
solidifies. The primary mechanism for coating adhesion is mechanical
keying of "splat" particles onto the substrate surface or previously deposited
coating material. Chemical bonding usually does not readily occur unless
significant substrate heating is created or allowed to occur. Grit blasted
substrate surfaces greatly enhance coating adhesion.

Some materials are more readily deposited onto some substrates. Often, a
"bond coat" is deposited onto a substrate to enhance coating adhesion and
spading resistance. Coating spalling is primarily a function of coating to
substrate adhesion strength, coating thickness and the thermal expansion
mismatch between the substrate and the deposited layer(s). The "bond
coat" material is often chosen to have a thermal expansion intermediate
between the substrate and the top coating material.

(4) Coating Thickness

A coating is formed when the high velocity molten particles impact and
solidify on the substrate. Coating thickness is increased by building up
layers of particles. The rapid solidification of the particles creates residual
stresses in the coating. These residual stresses increase with each applied
layer. If the residual stresses are too large, they will cause cracking in the
coating which may cause the coating to spall.

Residual stresses are especially harmful to thermal barrier coatings. A thick
coating is preferred to increase the insulating valve. However the larger
residual stresses due to the extra layers can cause the coating to crack
during thermal cycling.


