
MARCH 1993 ECN-C -93-013 

IfJii-NLJWL 
to 

encftjv innovation 

CHARACTERIZATION OF COATINGS AND THE 
LOW CYCLE FATIGUE BEHAVIOUR OF 316L 

P. GROOT 
M.G. HORSTEN 

G.LTJOA 

KSOOT6294T8 
R: FI 
DE0O5563207 



The Netherlands Energy Research Foundation ECN 
is the leading institute in the Netherlands for energy 
research. ECN carries out basic and applied research 
in the fields of nuclear energy, fossil fuels, renewable 
energy sources, policy studies, environmental aspects 
of energy supply and the development and application 
of new materials. 

ECN employs more than 900 staff. Contracts are 
obtained from the government and from national and 
foreign organizations and industries. 

ECN's research results are published in a number of 
report series, each series serving a different public, 
from contractors to the international scientific world. 

The C-series is for contract reports that contain the 
results of contract research. The contractor s name 
can be found on page 2. 

Het Energieonderzoek Centrum Nederland (ECN) is 
het centrale instituut voor onderzoek op energie
gebied in Nederland. ECN verricht fundamenteel en 
toegepast onderzoek op het gebied van kernenergie, 
fossie.a-energiedragers. duurzame energie, beleids
studies, milieuaspecten van de energievoorziening en 
de ontwikkeling en toepassing van nieuwe materialen. 

Bij ECN zijn ruim 900 medewerkers werkzaam. De 
opdrachten worden verkregen van de overheid en van 
organisaties en industrieën uit binnen- en buitenland. 

De resultaten van het ECN-onderzoek worden neer
gelegd in diverse rapportenseries, bestemd voor ver
schillende doelgroepen, van opdrachtgevers tot de 
internationale wetenschappelijke wereld. 

De C-serie is de serie voor contractrapporten. Deze 
rapporten bevatten de uitkomsten van onderzoek dat 
in opdracht is uitgevoerd. De opdrachtgever staat 
vermeld op pagina 2. 

Netherlands Energy Research Foundation ECN 
P.O. Box 1 
NL-1755ZG Petten 
the Netherlands 
Telephone : +31 2246 49 49 
Fax :+31 2246 44 80 

This report is available on remittance of Dfl. 35 to: 
ECN, General Services, 
Petten, the Netherlands 
Postbank account No. 3977703. 
Please quote the report number. 

Energieonderzoek Centrum Nederland 
Postbus l 
1755 ZG Petten 
Telefoon : (02246) 49 49 
Fax : (02246) 44 80 

Dit rapport is te verkrijgen door het overmaken van 
f35 , - - op girorekening 3977703 ten name van: 
ECN, Algemene Diensten 
te Petten 
onder vermelding van het rapportnummer. 

<D Netherlands Energy Research Foundation ECN © Energieonderzoek Centrum Nederland 



MARCH 1993 ECN-C--93-0I3 

CHARACTERIZATION OF COATINGS AND THE 
LOW CYCLE FATIGUE BEHAVIOUR OF 316L 

P. GROOT 
M.G. HORSTEN 

G.LTJOA 
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SUMMARY 

In the framework of the European Fusion Technology Programme ECN participates in a NET task 

I PSM-8 "Coatings and Surface Effects on Stainless Steel 316L". High emissivity coatings were 

developed for enhanced heat transfer from graphite tiles to a Stainless Steel First Wall. 

Four candidate materials, Cr:05. Black Cr, AlzO/Ti02 and TiC were tested as candidate high 

emissivity coatings. These coatings were manufactured by atmospheric and vacuum plasma 

spraying technique and the Black Chromium coatings were manufactured by a galvanic coating 

technique. 

The tests included total emissivity measurements and Low Cycle Fatigue (LCF) experiments. The 

total cmissivity of two TiC coatings at 525 K appeared to be 0.62 and 0.64. The total cmissivity of 

the TiC and 5 wt% Ti02/AI20j coating was about 0.7. 

LCF tests were performed on coated specimens at the NET test temperature of 525 K. The main 

goal of these tests was to determine the coating effect on substrate life under strain controlled 

fatigue. A strain range of 1% was chosen to give reasonable testing time at a strain rate of 10~}.s~' 

with a triangular waveform. 

It appeared that the stress-amplitude cycle curves of the Al20/Ti02 , Black Cr and the Cr203 

coated specimens were the same as the reference 316L material, while the lifetime was not 

significantly different. The stress-amplitude cycle curve of the TiC coated specimens showed a 

stress increase by 30 N/mm2 , due to surface deformation, while the LCF lifetime of the TiC 

coated specimens had been decreased by a factor of two, due to a high surface roughness. 

The tested specimens were characterized by light microscopy, hardness measurements and SEM. 

Tensile tests were performed with coated flat specimens at room temperature. It appeared that the 

tensile ductility of the TiC coated specimens was significantly lower than that of the other 

specimens. The testing facility was equipped with a SEM. 
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1 INTRODUCTION 

In the conceptual design of the Next European Torus (NET) the First Wall is exposed to high heat 

fluxes. An unprotected stainless steel (Type 316L) would suffer from cracking, melting and 

erosion. Therefore coatings have been considered. Due to the pulsed operation of NET, the First 

Wall will suffer from a significant number of thermal cycles. Thus, thermal fatigue due to cyclic 

thermal strains will be expected during service life of the First Wall. This will result in defor

mations. Simulation of this effect can be performed by isothermal Low Cycle Fatigue (LCF) tests. 

In a former NET task. "Plasma Sprayed TiC Coatings for First Wall Protection in Fusion Devices 

(task MAT 6.4)", TiC coatings were developed and tested [1]. However, the TiC coating did not 

satisfy the requirement of adequate thermal shock resistance. The damage threshold to thermal 

shocks with a Nd.YAG laser appeared to be about 1 MJ/nr incident energy density deposited in 

10 ms (2). 

Instead of protective coatings, the First Wall could by shielded by carbon tiles. In this concept the 

carbon tile temperature is partly determined by the optical properties of the facing surfaces. The 

radiative heat transfer can be improved mainly by increasing the cmissivity of the stainless steel 

surface. For this purpose high cmissivjty ceramic coatings can be applied. The task is named 

"Coatings and Surface Effects on 3I6L (PSM 8)". The candidate high cmissivity coating materials 

are: 1. A1,03 + TiO:; 

2. Cr2Oj, Black Cr; 

3. TiC 

KfK Karlsruhe (1), JRC-Ispra (2) and ECN Petten (3) arc the institutes participating in this Task, 

that was divided in 2 parts: "Development of High Emissivity Coating on 316L (PSM 8-1)" and 

"Fatigue Behaviour of High Emissiviry Coatings (PSM 8-2)". In 1991 PSM 8-3 was added: 

Thermal Fatigue Effect on Emissivity of High E Coatings". This task is still running at KfK and 

the results will be reported later. 

The influence of the coating on the LCF properties of the substrate material has been investigated. 

A facility to perform controlled bending and tensile tests inside a scanning electron microscope 

was built at ECN with the objective to study crack initiation and adhesion of the coatings. 
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2. MATERIAL 

2.1. Substrate material 

The substrates were made of Stainless Steel Type 316L from the European Fusion Reference 

Heat II. 

With the exception of the galvanic coating process, all substrates were submitted to a 

pee-trcatment to obtain reproducible experimental conditions. The pre-trcatment involved: 

1. grit blasting with white corundum; 

2. ultrasonic cleaning with acetone; 

3. quantification of surface roughness (see Tabic 1). 

2.2. Coating production 

Coatings have been produced by plasma spraying technique in vacuum (VPS), atmospheric 

pressure spraying (APS), and a galvanic technique. 

i l L J ï C Coatings^ 

The TiC coated samples were produced by "Innovationszcntrum für SchwciB- und Obcrflachcn-

technik" (ISOT) GmbH in Dortmund. Germany. The TiC coating was produced using 'he METCO 

9 MB (40kW) equipment. The top layer consists of TiC with 5 wt% (Al203 + TiO:). 

Several specimens have a bond coat (NiCrAl) with an average thickness of 20-30 fan. 

The VPS spraying procedures were described in [1, 2. 3 and 4]. The relevant plasma spray 

parameters are given in appendix 1A for the following sprayed substrates: 2 tube? (L=I2 cm, d=5.8 

cm), 4 disks for cmissivity measurements (3.1.1. specimens a-d), 6 disks (thickness = 8 mm, d = 

5-S.5 cm) for thermal fatigue and thermal shock tests at KfK rcsp., 12 LCF (see 3.3.) specimens 

(with and without bondcoat) and 10 rectangular flat specimens for mechanical testing (1 = 5 cm, 

h = 1 mm and w = 1 cm). The coating thickness is 50-80 fan. 

During plasma spraying the temperature was kept below 723 K. The average roughness of the TiC 

coated specimens after grit blasting was between 13 and 18/mi Ra-vnluc and this was approxima

tely 100 times higher than that of the substrate before coating application. In Tabic 1 a summary of 
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thc available roughness values for the specimens is given. 

X-ray diffraction of the VPS TiC coating sprayed with a coarse grain sue (5.6-36 |xm) showed 

only pure TiC to be present. APS TiC coatings contained TiC,0,Nt and TiO: phases. 

Z J ^ J M J O V J K ^ coatings 

The A I J O / T I O , coated specimens were supplied by KfK. Plasma spray parameters arc given in 

appendix IB. The treatment consisted of roughening by sand blasting with A120} and ultrasound 

chemical cleaning in cthanok. The average surface roughness was about 5 yon. 

22.3. Crj02_and Black j > coaUngs 

Plasma spray parameters for the Cr;05 coating arc given in the appendix 1C. The Black Cr 

coatings obtained by galvanic processing have been produced by JRC Ispra too. A coating 

thickness of about 4 /on was indicated by the producer (appendix IC» (5|). 
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3 EXPERIMENTAL RESULTS 

3.1- Emissivity measurements TiC coalings 

Originally, it was agreed that the institutes should measure the cmissivity at their own initiative. 

ECN developed a reflection measurement facility, JRC-Ispra used a solar spectrum absorptance 

measurement facility and KfK had inc total cmissivity measured at the "Physikalisch-Tcchnischc 

Bandesanstalt Braunschweig" (PTB). However, as there were some discrepancies between the 

different methods, it was decided that the total cmissivity of the coatings should better be measured 

at PTB. For comparison the results of the emissivity measurements will be described briefly. 

3.1.1. Total cmissivity measurements 

The total cmissivity (referring to the blackbody wavelength distribution) was measured at PTB at 

525 K (Fig. 1). Five types of TiC coatings were sprayed, in order to find more optimized 

cmissivity values. 

a) VPS, fine grain size powder (5.6-36 urn), 

b) VPS, coarse grain size powder (36-56 pm); 

c) V?S, coarse grain size with 5 wf£ addition of A120-. and 110, (60/40), 

d) APS. coarse grain size; 

c) as c). but with different Al-O,. TiO. ratio 87/13. cmissivity only for this specimen measured at 

353 K. 

The results arc given in Table 2. The presence of oxygen seemed to increase the total cmissivity. 

This is shown in Figure 2. where the emissivity is given as a function of the (estimated) oxygen 

content of the coatings (a-d): 

Coating a.b) : effect of grain size (spraying with a fine grain size results in more oxidation than 

spraying with a coarse grain size); 

d) : APS. spraying in presence of oxygen; 

c) : TiC with 5 w t l A1:0,. TiO, ratio 60/40. 

3.1.2. Reflection measurements 

Reflection measurements were performed at ECN Petten using an integrating sphere and a 

Nd:YAG laser with a wavelength of 1.064 nm at room temperature (sec Fig. 3). The spectral 
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cmissivity of APS and VPS TiC coatings, calculated from reflection measurements (spectral 

cmissivity = 1-r) al ECN Petten appeared to be in the range from 0.68 to 0.9. Table 2. The 

spectral emissivity values were higher than the total cmissivity values. 

3.1.3. Hcmisf «cricai near normal absorptancc measurements 

The hemispherical near normal absorptance of a TiC coating, sprayed with a coarse grain size 

powder (36-56 |un) was measured by JKC-Ispra at 3 temperatures (309. 343 and 372 K.) (Fig. 4). 

The calculated hemispherical cmissivity was 0.77 according to [5]. 

3.2. Oxidation resistance 

It was necessary to study the influence of oxidation on the coatings, because the LCF tests (ECN) 

and the thermal fatigue tests (with the coated tubes at KfK Karlsruhe. FRG) should be performed 

in an atmospheric condition. The oxidation resistance of two different TiC coatings [I. 2, 3] was 

determined by measuring the weight increase in an Ar atmosphere (0.1 wt% O,) at a temperature 

of 638 K- The sample was weighed every two hours. The weight increase is given in Fig. 5. The 

originally black/grey colour of the more dcasc coating became white after testing. The porous 

coating was more resistant against oxidation. The oxidation rate of this coaling was approximately 

2.5 mg/cm2/hr. This experiment showed that a TtC coating is highly oxidation sensitive. 

3.3. Low Cycle Fatigue experiments 

The aim of the LCF tests was to determine the influence of application of the coating on the LCF 

properties of the stainless steel Type 316L substrate. 

The TiC and 5 wi7e Al.O,+TiO: coating, coating type e) (section: 3.2.1.) was chosen for these 

tests, because this coating had a higher cmissivity. 

3.3.1. Experimental 

The Low Cycle Fatigue experiments were performed on an INSTRON 1362 electro-mechanical 

fatigue testing machine. The testing assembly total overview is given in Fig. 6. Fig. 7 shows a 

close-up of the loading train. A thrcad-ended cylindrical specimen (Fig. 8) with a slightly 

hourglass-shaped gauge length (R=|00 mm) wa< used and connected to the pullrods by means of 

nuts and swivels. On the ridges of the specimen an averaging cxtensomcter was attached, designed 
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and built at the ECN laboratory. The relative displacement of the gauge length ridges was 

transmitted by the extensometer rods to a couple of LVDTs, which were kept at constant tempera

ture by water cooling. A resistance split furnace was used to obtain the testing temperature of 

which the stability is better than +/- 5 K. 

Prior to testing both the force measuring device and extensometer were calibrated at room 

temperature. Both the accuracy of the load cell and extensometer was found to be better than +/-

02%. The verification procedure was in accordance to the ASTM Standard E4-83a and E83-85 

respectively. 

The relevant first wall fatigue parameter, as specified by the NET Team, would result in long 

testing times (about 400 hours per test), because of the desired low strain rates (10"* - 10"Vl) and 

low strain amplitude (+/- 0.27c), (Fig. 9). Since this would lead to unacceptable long test times, 

the following test conditions were chosen: 

Test temperature 523 K; 

Environment air; 

Strain rate é : 10'V1; 

Total strain range Ae, 1 %; 

Number of specimens 30 available; 

Specimen type GRIM hourglass, R=100 mm, see Fig. 8. 

These LCF experiments had a limited scope, as they represented only one point in Fig. 9 [6], a 

total strain rate of 1% and only one temperature of 523 K. 

The testing time was about one day per specimen. All tests were done in duplo to check the 

repeatability of the results. 

3,3.2. Jtesults of LCF experiments 

A summary of the results on the LCF experiments is given in Table 3. The stress amplitude-cycle 

curves of the reference material and 3 coated specimens are shown in Fig. 10. 

The stress behaviour during cycling of the A120, + Ti02, Cr203 and Black Cr resp. coated 

specimens was similar to the reference Type 316L specimens. 
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Only a slight difference in fatigue life Nr was observed. As tests were done in duplo, it was 

difficult to draw a firm conclusion about the significance of this difference (see Fig. 11, Nt vs. 

coating type, Producer). Both the specimens coated with TiC and TiC with bond coat behaved dif

ferently from the oxide-base coatings. No difference was observed between the LCF behaviour of 

a specimen with a bond coat and one without a bond coat. 

The first cycle stress of the TiC coated specimens was 248 N/mm2 This was about 30 N/mm2 

higher compared to the reference specimens (220 N/mm2). The fatigue-life of the specimens was 

reduced by a factor of 2 after application of the TiC coating. 

3.3.3. Microstructural examination LCF specimens 

Micrographs of LCF tested specimens showed that the coatings were still attached to the substrate, 

although damaged (fracture, breaking of specimen) as can be seen in Figs. 12a-c. Additional 

microscopical and hardness examination were performed to characterize the microstructurc of the 

tested TiC and A1203 + Ti02 coated specimens. The microstructure of the substrate was not 

affected by the application of the A1203 + Ti02 coating. The microstructure of an A1203 + Ti02 

coated specimen is shown in Fig. 13. Fig. 14 shows the microstructurc of the TiC coated specimen. 

The coating procedure apparently caused a large increase in surface roughness. Precipitation on slip 

bands has revealed the deformation of several surface grains. The penetration of this deformation 

has been examined by making a hardness profile from centre to surface, Fig. 15. The hardness of 

the A1203 + Ti02 coated specimen was the same as the hardness of the reference material. The 

hardness in the core of the TiC coated specimen was not affected by application of the coating. At 

the radius of r = 3.7 mm the hardness increases rapidly from 150 N/mm2 to 300 N/mm2 at the 

surface of the specimen from r = 4 mm to r = 4.4 mm. Hardnesses of 300 N/mm2 arc represen

tative for a high percentage of cold work. 

From these data it could be deduced that approximately 10% of the cross-section of this TiC 

coated specimen was deformed. The increase of stress during LCF testing must be attributed to this 

deformation. Normally, an increase in surface deformation results in an increase of the fatigue life. 

The reduction in fatigue life, as actually observed for the TiC coated specimens, might therefore be 

attributed to the relatively high surface roughness. This surface roughness provided sites for crack 

nuclcation. The time needed for crack initiation might be reduced in this way. 
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3.3.4. SEM observations LCF specimens 

The coatings of the LCF tested specimens were studied by SEM (Figs. 16-19). Figs. 16a and b 

show the appearance of the AI20/Ti02 coated specimen (L39) after LCF testing. Near the fracture 

line the coating was totally delaminated and cracked. Electron backscattering of Al and Fe 

(substrate) showed that the coating was not completely removed (Fig. 16c and d). 

SEM micrographs of TiC coated specimens (Figs. 17a-c) (L24 without bondcoat and L47 with 

bondcoat) showed a very rough surface, deep cracks in the coatings and an irregular line where the 

specimen was broken. This was a different appearance with respect to the reference material. There 

seemed to be no difference between the specimen with and without a bondcoat. 

Fig. 18a shows the surface of a broken Black Cr LCF specimen. The coating seemed to be intact, 

except at the location of fracture. Fig. 18b shows that a cross-section from which it follows the 

thickness of this coating is 2 |̂ m. 

The surface of the Cr203 coated specimen (L34) had a different appearance (Figs. 19a-b): the 

coating was damaged and cracked at several locations, also far from the centre where the specimen 

was broken. Besides, the surface of the coating had a rough appearance. 

Figs. 19c-d shows electron backscattering of Cr and Fe resp. of a damaged area of the coating. 

The Fe mapping shows that the coating was completely removed. 

3.4. 4-Point bending and tensile tests 

34.1. Experimental 

A tensile test equipment with a SEM facility (Fig. 20) was modified to perform 4-point bending 

tests at a temperature of 523 K. A schematic drawing of the 4-point bending test is given in Fig. 

21 [7]. 

The 4-point bending tests were performed using a modified RAITH tensile test device. A JEOL 

JSM-50A SEM was used to follow in-situ crack growth behaviour using a PANASONIC Video 

Monitor and recorded on tape. The load cell was calibrated according to [8]. 

Flat coated specimens (thickness d = 1 mm) were bent at a temperature of 523 K (Fig. 22). 

Due to the following experimental difficulties these tests were not successful!: 

1. low range of deflection (6): 0.5 mm. This is comparable to 2% strain (e=-^« , plastic 
S 2 

deformation), Fig. 21 [9], in the outer fibre of the specimen [7], In this range of bending the 

coatings were unaffected, no effects occurred; 
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2. difficulties to observe cracks by SEM. 

3.4.2. Tensile test 

Instead of bending tests, tensile tests were performed at room temperature to determine the crack 

behaviour of the various coatings, using the same type of specimens as with the bending test. The 

tensile speed was about 5 u.m/s. The strain rate (tensile speed/length specimen) was 10~Vl. 

Unfortunately, it appeared that the grip section holes of the specimens were deformed during the 

tensile test. These experiments will be repeated and will be reported in more detail later. 

However, it was possible to compare the behaviour of the (un)coated specimens, bearing in mind 

the deformation of the gripping holes. 

It appeared that both the Al20/Ti02, the Black Cr and Cr203 coated specimens had approximately 

the same total elongation as the reference samples. 

The TiC coated sample broke at a much lower elongation. 
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4. CONCLUSIONS 

1. The total emissivity of plasma sprayed TiC coatings at 525 K is about 0.62. The presence of 

oxygen seemed to increase the total emissivity up to 0.70. 

2. The stress-amplitude cycle curve of the Al20j/Ti02, Black Cr, and Cr203 coated specimens was 

the same as the reference material. This meant that the low cycle fatigue behaviour of these 

coated specimens was similar to that of the reference material. 

3. The cyclic tensile stress during LCF testing of TiC coated specimens was increased by 30 

N/mm2 due to the surface deformation, introduced by the application of the coating. 

4. The LCF lifetime of the TiC coated samples was decreased by a factor of two, as compared to 

the reference material. This was a result of the high surface roughness, which provided the sites 

for crack nucleation. 

5. The tensile ductility of TiC coated specimens was significantly lower than that of the other 

specimens. 

6. Application of a bond coat had no effect on the LCF properties with respect to the specimen 

without bond coat. 
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Table 1. Summary of specimens, coaling types and -oughness values. 

Spec.nr. 

L65 
L66 

L35 
L36 
L38 
L39 
IA0 
IA2 
IA3 
L44 
IA5 

L24 
L27 
L29 
L32 
LA* 
L50 
146 
U 7 
L49 
L51 
H5B 
H5D 

L26 
U 4 

L22 
L23 
L25 
L28 
L30 
L31 
L33 

Coating Type 

REF. 
REF. 

Al20j/Ti02: APS 
VPS+NiQAlY bondcoat 
APS 
VPS 
VPS+bondcoat 
APS 
VPS 
VPS 
VPS+bondcoat 

TiC 

TiC+Bond 

-
-

CrA 

Black Ct 

Ra(|jun)* 

0.17 
0.13 

0.17 
0.15 
0.15 
0.16 
0.12 
0.40 
0.17 
0.15 
0.18 

0.30 
0.15 
0.13 
016 
0.18 
0.15 
0.18 
0.12 
0.14 
0.20 

0.14 
0.13 

0.15 
0.15 
0.14 
0.17 
0.17 
0.16 
0.17 

Ra (nm)* 

5 

5 

15.7 
16.4 
15.6 
15.3 
13.7 
14.4 
12.8 
13.9 
15.4 
17.4 
151 
14.2 

3 

3 

* roughness value before coating 
** roughness value after coating 
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Table 2. Emissivity of VPS and APS TiC coatings determined from total cmissivity measurements 

PTB and from reflection measurement at ECN (Nd:YAG laser, 1.064 \im). 

Vacuum plasma spray 

Coating 
designation 

par. 3.1.1. a) 

b) 

c) 

e) 

e) 

Total 
emissivity 
(PTB) 

0.62 

0.64 

0.70 

0.68 

0.69 

Coating 
designation 
[8] 

TC 18 

LTC-6 

LTC-6 
polished 
LTC-9 

LTC-7 

Spectral 
emissivity 
(1.064 urn) 

0.881 

0.705 

0.791 

0.80 

0.793 

PT-2 0.813 

Atmospheric plasma spray 

Coating 
designation 

Total 
emissivity 

Coating 
designation 

Spectral 
emissivity 

par. 3.1.1. d) 0.68 0.711 

TC-27 

ECN-G 

ECN-X 

B 

0.78 

0.773 

0.68 

0.72 

0.718 
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Table 3. Results of Low Cycle Fatigue Experiments at 525 K. 

Spec.nr. 

L65 
L66 

L24 
L27 

L47 
L51 

L26 
L34 

L25 
L33 

L39 
L43 

Nf 

7424 

7754 

3264 

4109 

4354 
3809 

5424 

6744 

6554 
4894 

8167 
9324 

+oin,« 

212 
213 

247 
238 

246 
252 

224 
222 

216 
215 

213 
219 

^ m « 

288 
287 

304 
295 

300 
304 

299 
292 

284 
295 

288 
286 

o-, 

254 
252 

263 
256 

261 
263 

245 
256 

252 
. 256 

253 
251 

A£p/2 

0.36 
0.36 

0.35 

0.35 

0.36 
0.36 

036 
0.36 

0.36 
0.36 

0.36 
0.36 

Prod.by 

Ref. 316L 
Ref. „ 

ISOT.TiC 

ISOT „ 

ISOT „ + Bond 
ISOT „ + Bond 

ISPRA VPS,Cr203 

ISPRA VPS „ 

ISPRA Cr 
ISPRA Cr 

KfK,Al 2 0 /T i0 2 

KfK „ 

Nf = number of cycles to failure; 

+0i(wt = Tensile stress at first cycle in N/ram2; 

a m« = ^fa^'^^lum tensile stress in N/ram2; 

oMI = Saturation stress in N/mm2; 

AEp/2 = Plastic strain at N / 2 in %. 
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Figure 1. Arrangement of the receiver, blackbody and sample within the vacuum chamber for total 
emissivity measurement (PTB Braunschweig). 
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Figure 2. Bar diagram of total emissivitics PTB of 4 different plasma sprayed coatings 
(a-d: cmissivity as a function of the (estimated) oxygen content of the coatings) 
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Figure 3. Set-up for reflection measurements at ECN with a Nd:YAG laser at 1.064 nm. 
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Figure 4. Hemispherical near normal spectral absorptance versus wavelength (solar spectrum) of a 
TiC coating (as reported by Dr. F. Brossa [5J). 
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tlni»(lw«) 

Figure 5. Weight increase of two (a denser ; a more porous ) TiC coatings in a furnace 
(in air) at a temperature of 673 K. 
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Figure 6. Set-up of (he INSTRON 1362 cIcctromcchic.il fatigr> testing machine. 
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Figure 7. Scl-up of LCF test assembly. 
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Figure 8. Dimensions of low cycle fatigue specimen (mm). 
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Figure 9. Reconstituted fatigue life curves LCF 316L from RCC-MR [6\, total strain range vs. 
number of cycles to failure at temperatures 293. 698 and 823 K. 
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Figure 10. Stress amplitude cycle curves of 3 coated LCF specimens, resp. TiC L24 Nf=3264, 
Al20/Ti02 L43 N,=9324, Ispra Cr N,=6554 and 316L reference L65 Nf=7424. 
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Figure 11. Bar diagram of LCF results of coated specimens Al20/fi02, TiC and VPS Cr203 and 
reference 316L, Number of cycles to failure vs. coating type. 
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1 
i 
« 

e) 

Figure 12. Photographs of surface of coated LCF specimens after testing, a) L39, A ip /HO, , 
Nf=8167, b) and c), TiC L24 and L47, N,=3264,resp. 4354 d) black Cr L25, N[=6554 
and e) VPS Cr2Oj L34 Nf=6744. 
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Figure 13. Light microscopy micrograph of cross-section of coated LCF A l 2 0 / f i 0 2 specimen 
L44. Magnification = lOOx. 

Figure 14. Light microscopy micrograph of cross-section of TiC coated LCF specimen L29. 
Magnification = lOOx. 
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Hardness Vickers of 
TiC and Al203 coated specimens 
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ure 15. Hardness Vickers profile cross-section and reference of coated LCF specimens TiC L29 
and Al20/Ti02 L44. 
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a) 

,^$MJk 
b) 

Figure 16. a) SEM micrograph of L39 Al20j/Ti02 specimen after testing, Magnification = 40x. 
b) idem, detail of centre Fig. 16a, Magnification = 105x. 
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c) 

d) 

Figure 16. Electron backscattcring of L39 Al20yTi02 specimen after testing (centre Fig. 16a). 
c) Al mapping 
d) Fe mapping 
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Figure 17. SEM micrographs of TiC coated specimen 
a) L24 without bondcoat; 
b) L47 with bondcoat after testing; 
c) idem as b), different location. 
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a) 

b) 

Figure 18. SEM micrographs of Cr coated specimen L25 
a) surface fracture; 
b) cross-section to determine thickness (2 nm). 
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a) 

b) 

Figure 19. SEM micrographs of L34 Cr203 specimen after testing. 
a) fracture surface; 
b) detail Fig. 19a. 
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c) 

d) 

Figure 19. Electron backscattcring of L34 Cr203 specimen after testing (centre Fig. 
c) Cr mapping; 
d) Fe mapping. 

19b). 
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Figure 20. Tensile test device with SEM facility. 
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Figurc 21. Schematic drawing of 4-point bending test. 
si, s2 distances between rolls, 35, 10 mm rcsp., 
F load, 98 N; 
w width, 10 mm; 
h thickness specimen, 1 mm. 

Figure 22. Dimensions of tensile test specimen, thickness d=l mm. 



APPENDIX IA 

TiC COATINGS -38-

DJSCS, stainless steel 316 L 

Discs are marked at the backside bv vellow labels 

Number 

Rz [urn] 

Ra (urn] 

iU 

1 0 9 , 1 

1 3 . 9 

112 

1 1 0 , 0 

1 3 , 6 

S3 

1 0 6 , 8 

1 4 , 3 

• • • -

S4 

1 0 0 , 9 

1 4 , 2 

S5 

9 9 , 7 

1 3 , 6 5 

S6 

9 6 , 6 

1 3 , 9 

Determined roughnesses after grid blasting, average out of two 
measurements. 

Coating thickness: 

Bond coating: ca.20-30 urn XiCrAL 

Top l a y e r »;a.30 iim (Ti<' w i t h S% 
AlaOj-TiOz ) 

-» D isc 3 4 , Jf>, 36 

Top l a y e r : c a . 3 0 um (TiC w i t h 5 \ AI2O3-T1O2) - - » D i s c S I , 3 2 , S6 

PARAMETER AND SPECIMEN REPORT PAGE1 
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CYUNOEBS, stainless steel 316 L 

Cylinders are marked by yellow labels at the inside wall. 

Number 

Rz (M»l 

Ra liim] 

Zl 

1 0 7 r 8 

1 3 , 8 

« 1 
1 1 0 , 0 

1 4 , 2 

Determined roughnesses after grid blasting, average out of three 
measurements. 

n o 
bond c o a t i n g b o n d •• :!>at ing 

BC 

60 mm | b0 mm 

Coating thickness: 

Bond coating: ca.20-30 um MCrAl 

The half «>f wall which is applied by bond coating is marked by 
yellow marks BC. 

Top layer: ca.10 um (Tie with 5** AlsOa TiOa) 

PARAMETER AND SPECIMEN REPORT PAGE 2 
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LCF specimen, 316 L stainless steel 

Number 

Rz [um] 

Ra [vim] 

L24 

93,2 

15,7 

L27 

98,8 

16,4 

L29 

90,3 

15,6 

L32 

83,5 

15,3 

L46 

81,0 

12,8 

L47 

87,6 

13,9 

Number 

Rz [urn] 

Ra [um] 

L47 

83,1 

13,7 

L49 

84,1 

15,4 

L50 

86,5 

14,4 

L51 

87,7 

17,4 

H5B 

87,9 

15,1 

H5D 

83,8 

14,2 

Determined roughnesses after grid blasting, average out of two 
measurements. 

Coating thickness: 

Bond coating: 20-30 urn MiCrAL 

Top layer : ca.30 um (Tie with 5% 
AI2O3 - T i O z ) 

—» L46, L47, L49, U5D, 
L 5 1 , H5B, 

Top l a y e r : c a . 3 0 um (T ic w i t h 5% 
Ala 03 -TiOz ) 

-» L24, L27, L29, L32, L48, 
L50 

TEMPERATURE: 

All specimens reached temperatures below 450CC while spraying pro
cess. Temperatures measured by a pyrometer. 

PARAMETER AND SPECIMEN REPORT PAGE 3 
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POWDER SPECIFICATIONS: 

Grain size [um] 

Manufacturer 

Product 

NiCrAL 

<5,6; 22,5> 

HC Starck 

Amperit 
No. 296.090 

TiC 

<5,6; 36> 

HC Starck 

Amperit 
\o. 570.3 

AI2O3 

<15; 45> 

HC Starck 

Amperit 
No. 744 

SPRAYING PARAMETERS: 

Plasmagas [LPM]: 

Current [A]: 

Voltage [V]: 

Plasma power netto [kW] 

Chamber pressure [hPa]: 

Bond Coating 

40 Ar, 10 He 

750 

35,5 

2 5 , 0 

140 

TLC-Laver 

35 Ar , 10 H2 

1000 

5 7 , 8 

36,8 

140 

PARAMETER AND SPECIMEN REPORT PAGE 4 
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flat samples, rectangular shape 

sample No. 

1 2 3 4 5 6 

Roughness 
RA/RZ t/um] 7/47 7/50 9/62 9/63 9/60 10/64 

bond coat 

(NiCrAl) yes yes no no no yes 

flat samples for mechanical testing 

sample No. 

1 2 3 4 5 6 7 8 9 10 

Roughness 
RA/RZ [/un>] 7 / 5 1 7 / 5 1 8/52 7/50 8/58 8/51 8/53 7/48 8/59 8/55 

bond coat 

(NiCrAl) yes yes no yes yes no yes no no no 
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Samples Data 

sample No. 

circular samples 1 2 3 4 

Roughness 
RA/RZ C/U"»] 9/58 11/66 10/62 10/62 

spray material Tie Tie Tie Tie + 5 wt % 

Al2O3'TiO260/40 

spraying technique APS VPS VPS VPS 

These samples were sent to PTB Braunschweig 
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Main Spraying Parameters for Tic 

Technique APS VPS 

gun power [kW] 37,5 66 

plasma gas flow 

[ltr/min) 50 45 

plasma gas composition 

Ar/H2 vol.% 80/20 67/33 

spraying distance 

mm 100 450 

chamber pressure 

[mbar] atmosphere 130 
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KfK, Al20/TiO? COATINGS 
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Table 2: Plasma spray coating parameters 

1. Quality and pretreatment of the substrate 

Material 

Roughening 

Chemical cleaning 

Cleaning 

Temperature 

Roughness after sandbl. 

AISI 316L 

Sandblasting with A1203 

Ultrasound cleaning in ethanole 

VPS sputter cleaning 

< 400 C 

Ra « 5 nm 

2, VPS parameters for the powder NiCrAlY 

a) powder 

b) Flame characteristics 

plasma burner 

plasma current 

plasma voltage 

plasma gas Ar 

plasma gas H2 

chamber pressure 

Standard powder Amdry 361 Lot 5918 

F4-VB 

720 A 

69.5 V 

50 SLMP 

10 SLMP 

60 mbar 

c) Injection conditions 

powder input rate 

carrier gas 

21.2 g/min 

2 SLMP 

d) further conditions 

angle of coating 90* 

motion of the substrate rotation, 300 min"1 

distance z-axis 325 mm 

motion of the burner x-axis 200 mm/s 

y-axis 6 mm/s 
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Table 2 (continued) 

3. VPS parameters for the powder A1203 + 13% Ti02 

a) powder 

b) Flame characteristics 

plasma burner 

plasma current 

plasma voltage 

plasma gas Ar 

plasma gas H2 

chamber pressure 

standard powder PT 1011/Lot:407 

F4-VB 

750 A 

63 V 

40 SLMP 

8.5 SLMP 

80 mbar 

c) Injection conditions 

powder inpuL rate 

carrier gas 
7.55 g/min 

1.8 SLMP 

d) further conditions 

angle of coating 90' 

motion of the substrate rotation, 300 min-1 

distance z-axis 325 mm 

motion of the burner x-axis 200 mm/s 

y-axis 6 mm/s 

4. APS parameters for the powder A1203 + 40% Ti02 

a) powder 

b) Flame characteristics 

plasma burner 

plasma current 

plasma voltage 

plasma gas Ar 

plasma gas H2 
chamber pressure 

standard powder PT 102l/Lot:766 

F4-VB 

530 A 

63 V 

41 SLMP 

14 SLMP 

80 mbar 
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Table 2 (continued) 

c) Injection conditions 

powder input rate 28 g/min 

carrier gas 3.4 SLMP 

d) further conditions 

angle of coating 90* 

motion of the substrate rotation, 290 min""1 

distance z-axis 120 mm 

motion of the burner x-axis 350 mm/s 

y-axis 4 mm/s 



Table 3; Measured roughness values of coating type No. 7 (in nn) 

Flat discs 
Thermal fatigue tubes 

4 . 9 

3 . 7 

i5 • % 

1 8 . 9 

1 3 . 6 

3 4 . 6 

2 6 . 1 

4 2 . 9 

3 3 . 2 

The average Roughness R, 

R, is the arithmetic average of all departures ot the roughness prolile 
1rom the centre line within the evaluation length lm. 

R.-w« 5 i y t «J* 

The maximum roughness depth RWI= Rp 

R « « , s , n e 'agest of the five roughness depths R„, Rrf( ...,,,Rtl 

1 

*fr 
>ƒ ^ 

1 

1 

" . 4 

1 

^ « M 
ij-5l. 1 

1 1 
K > v 

1 

I 

ê 

The mean roughness depth R, 

R, is the mean of the roughness depths ot five successive sample length 
I, ot the roughness profile. 

R,-1/5 (R„ * Ra • R„ + R „ * R„ + RJ 

The maximum Roughness depth R, 

(Peak to valley height) 

Rt is the vertical distance between the highest peak and the lowest valley 
ol the roughness profile R within the evaluation length Im. 

1 

4jL w I li If) 
AJIAJU 

.... 

(\ht A A * \vyv\r 
L —\ 

"l 
\ 
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Table 1: 
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Coating types produced 

No. Composition Plasma spray process Manuf, Thickn. 

First series 

1. A1203 + 

2. Al203 + 

3. Ti02 

4. A1203 + 

5. A1203 + 

6. Ti02 

* » 

13% 

40% 

13% 

40% 

Second series: 

7. A1203 + 

8. A1203 + 

9. A1203 + 

13% 

13% 

40% 

Ti02 APS, NiCrAlY interlayer MBB 

Ti02 APS, NiCrAlY interlayer MBB 

APS, NiCrAlY interlayer MBB 

Ti02 VPS, no interlayer PT 

Tio2 VPS, no interlayer PT 

VPS, no interlayer PT 

Ti02 VPS, no interlayer PT 

Ti02 VPS, NiCrAlY interlayer PT 

TiO? APS, NiCrAlY interlayer PT 

150 /im 

150 /xm 

150 urn 

30 /im 

3 0 fiia 

30 /xm 

3 0 jLim 

60 urn. 

150 fixa. 
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PARAMETER AND SPECIMEN REPORT JRC-ISPRA 

BLACK CHROMIUM COATINGS (GALVANIC TECHNIQUE) 

COMPOSITION OF ELECTROLYTIC BATH FOR BLACK CR COATINGS 

CrO, 
H2SiF6 

Temperature 
Current density 
Voltage 
Anode 

260 g/I 
0.25 g/1 
288-293 K 
20-25 A/dm2 

6-8 Volts 
Pb electrolytic 

VPS 

VPS films have been deposited with the Plasma-Technik facility M-1000. The following plasma 
spray parameters were used: 

Plasma gas 
Current (A) 
Voltage (V) 
Carrier gas 
Auxiliary gas 
Powder feed (g/m) 
Spraying distance (mm) 
Powder size (ujn) 
Pressure (mbar) 
Substrate temperature (K) 

Ar (s.I.p.m.) 

Ar (s.I.p.m.) 
H (s.I.p.m.) 

60 
600 
59 
2 
5 
24 
180 
10-25 
100 
900 

Corundum 36, 40 mesh was used for grit blasting and sprayed with dry air at 45° incidence angle. 
The surface roughness after grit blasting was measured with a PERTHOMETER M4P. 

Ra(nm) 
Rz(u,m) 
Rmax(nm) 

Cr2Oj VPS coatings 

3.17 
19.71 
22.56 

2.88 
22.40 
25.12 

2.80 
17.44 
20.00 

Ra = average roughness 
Rz = mean roughness depth 
Rmax = maximum roughness depth 


