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Tfus paper describes the production and testing of two different aluminide coatings on the surface of MANET 
II sarnless steel. The coaimgs were produced by heat treatment of a pure aluminium layer (=100 nm) which had 
been deposited by vacuum plasma spray. Senes 1 coatings were produced by a single heat treatment (I023K/2hi 
•«.rule series 2 coatings were produced by two consecutive heat treatments ( 1348K/30min, l023K/2h). Series 1 
coatings were =120^m thick, richer in aluminium and harder than series 2 coatings -which formed two layers cf 
=120 ^m each. Due to their softer character, series 2 coatings exhibited a greater resistance to cracking under 
cyclic testing than series 1 coatings. Tensile tests of coated specimens indicated that the coating procedures did 
not degrade the mechanical properties of the bulk MANET II. 

1. INTRODUCTION 2. EXPERIMENTAL 

An important safety and operational issue for 
fusion reactors is the permeation of tritium through 
structural materials, particularly those for the water-
cooled blanket [1]. The most common route chosen 
in the attempt to reduce permeation losses have 
recently been reviewed [2]. Of these the use of 
aluminium nch coalings, which form ANOj at the:r 
surface, appears a promising solution. Recent 
permeation tests on aluminide coated MANET 
yielded a reduction in the permeation rate of up to 3 
orders of magnicude f3]. 

The specific heat treatments needed to produce a 
5-ferrite free martensilic steei effectively limit the 
available options for coating MANET. Perujo et al. 
[3J incorporated the production of an alumioide layer 
into the normal heat treatment required for the 
MANET steel forming an FeAl3/Fe :Al5 coating. 
However, the hard aiuminide coating produced 
contained a number of fine cracks and voids. The 
presence of cracks, in particular, could seriously 
impair the effectiveness of the coating as a 
permeation barrier. 

As similar coatings are being developed as direct 
insulating layers [4, 5] for use in the dual coolant 
blanket [6] (to prevent large MHD losses), a high 
crack resistance of the coating is essential to prevent 
electrical contact between the liquid metal and the 
structural material. 

Therefore, in this paper we describe the 
preliminary results of tensile and low cycle fatigue 
tests on aluminide coated MANET II. 

2.1. Materials 
The MANET II steel used in this study was 

provided by KfK Karlsruhe in the form of semi
finished bars ( 0 12mm) from the NET-heat (No 
50761), its composition is given in Table i. 
Cylindrical tensile specimens were rr.ar.ufacrurec 
from these bars (0 3 mm. 15mm gauge length [70. 

Table ! 
Chemical composition of the NET-heat ;No 50~6Y: 
DIN 1.4914 (\vi<Z; 

Fê 
Cr 
N 
Mo 
Mn 
V 
Nb 
Si 

C 

N 

balance 
103 
0.62 
0.56 
0.94 
0.20 
0.15 
0.27 

0.11 

030 

S 
P 
B 
AI 
Co 
Cu 
Zr 
As 

Sn 

Sb 

O.CC-i 
0.CO5 
0.00S9 
0.006 
0.006 
0.007 
0.009 
0.010 

0.001 

0.0002 

2.2. Coating procedure 
After fabrication the tensile specimens were heat 

treated (HT) under vacuum (l238K/2h + 
1348K/30min, fast cool). A coating of = 100 ><m of 
pure aluminium was then deposited by vacuum 
plasma spray (VPS), under the same conditions as 
specified in ref. (3). The final HT used to produce 
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Tabic 2 
Vickers microrardncss i HV501 

Aluminide layer 
Specimen Outer lavcr Inner laver .VLA.NET steel 

Uncoated M.AN'ET - - 310 
Senes 1 1125 - 313 
Senes2(1348K.'l0min) 640 380 305 
Series 2 (134SK.30min) 3S3 377 305 

Ac aJurn.'^iJe coatings can be Jivtu'ed into 2 scries. 
Series J underwent a single HT (1023K/2h). 
identical to that of rcf. [3]. Whereas, senes 2 
incorporated an intermediate high temperature HT 
1134SK. up to 30rrtin) before the final HT 
< i023rw2ht. 

2.3. Mechanical testing 
The mechanical testing, using an Instron 

matenais testing machine (model 6025), carried out 
on uncoated and series 1 and 2 coated specimens, 
consisted of tensile tests and low cycle fatigue tests. 
The tensile tests were performed in liquid Pb-17Ls 
(673K;. in an apparatus previously described in 
detail [~], at a constant displacement rate of 0.1 
mm-'mir.. corresponding to an initial strain rate of 
1.1x10-s":. 

The low- cycle fatigue tests, earned out in liquid 
Pb- i 7Li at 673K. were performed under ioad control 
with a triangular wave form and 5 min/cycie. 
Various maximum loads, corresponding to 20.30.50 
and 75~c of the ultimate tensile stress (UTS), were 
used with the minimum load being just above zero. 

3. RESULTS 

3.1. Examination of the coatings 
Examination of the coatings was carried out 

using optical and scanning electron microscopy. 
X-ray diffraction and Vickers microhardness 
measurements. 

Examination of cross sections clearly showed the 
difference between the two series of specimens. 
Series 1 exhibited a single layer of =120 /*m. which 
contained a high % of voids. Whereas, series 2 
contained two layers, each of =120 j/m. The outer 
layer contained a number of voids (though less than 
in series 1) while the inner layer was completely 
dense and exhibited a very sharp interface with the 
steel. Between these two layers a region of very 
small voids had formed, due to the high rate of 
aluminium diffusion (Kirkendall effect). Little 
difference was observed in the thicknesses of the 

layers for the series 2 specùneas KT for 20 or 3Dnh 
at'l34SK. 

The results of the Vickers microhardness 
measurements on the layers are given in Table 2. It 
can clearly be seen that the aluminide layer produced 
on series 1 specimens was much harder than those 
produced on senes 2 specimens, while the values 
obtained for the MANET steel effectively remained 
unchanged. 

This fact can be rationalised in terms of the 
aluminium content of the layers. Semi-quantitative 
SEM-EDAX analysis of series 1 specimens gave the 
composition of the aluminide layer as Al (65-7C 
at<«), Fe (25-30 at<£). Cr (3-6* at<£). which is 
consistent with the formation of a mixture of Fe ;Ah 
and FeAI3, as reported in ref. [3]. Analysis of series 
2 specimens ( I348K/30min) gave the composition of 
the outer layer as Al (27-33 at'ic). Fe 160-66 at1*). Cr 
i6-7 at9c) while the inner layer exhibited a 
decreasing concentration of aluminium with depth, 
from a maximum of 25 at<& to a minimum of 4 atfi. 
The lower aluminium contents of these layers is 
consistent with the formation of a solid solution of 
aluminium in MANET, due to the rapid diffusion of 
aluminium in to the steel durins the hiah temperature 
HT(1348KB0min). 

3.2. Tensile tests. 
The specific heat treatment given to MANET not 

only produces a fully martensitic steel but also 
optimises its mechanical properties. Therefore, the 
incorporation of coatings should be such that they do 
not significantly degrade the mechanical properties 
of the steel. The results of tensile tests on series 1 
and 2 specimens are given in Table 3. 

It can be seen in Table 3 that the coating 
procedures used to fabricate the series 1 and 2 
aluminide layers had no significant impact on the 
mechanical properties of the bulk MANET II. 

Examination of the coatings after rupture of the 
specimens revealed differing behaviours for each 
coating. Cross sections of series 1 coatings exhibited 
numerous cracks which passed completely through 
the coaling to the surface of the steel. Also, in the 
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T-ibie5 
Selected le.nsile properties of coated and uncrated MAN'cT tested m Pb-lTLi at 673K 
Specimen Total elongation UTS 0-2% Yield stress 

Cxi" (MPa^ (MPa) 
L'ncoated 16.7 640 565 
Senes I 15.7 630 560 
Series 2 < 13JSfC30min) 17.4 630 535 

reajen -.vhete the necking had occurred ihe coaling 
was completely fragmented and detached from the 
surface of the steel. However, series 2 coalings 
exhibited a greater crack resistance in that fewer 
cracks propagated from the outer layer and 
jorapieieJy through the inner layer. Also in the 
necking region the coanng was still attached to the 
stesi. indicating a very good bonding. 

3.3. Low cycle fatigue tests. 
The lew cycle fatigue tests were performed with 

maximum load of 20. 30. 50 and 75^0 of -he UTS. 
corresponding to 12S. 192. 320 and JS0 MPa 
respectively. All the tests were performed ;n liquid 
?b- ;7Li at 673K. Tests at the higher loads (320.4S0 
MPai underwent 20 cycles, whereas 50 or ICO cycles 
were performed on the tests at lower loads ( 22S. 192 
MPai. Optical and electron microscopy of the 
surface and cross sections of the coating were 
performed to evaluate the extent of cracking. 

Figure 1. Optical micrograph of a series I coating 
tested at 30% UTS. 50 cycles 

Some general observations can be drawn from 
the resufts. Series I ccatinss exhibited a larger 
number of cracks than series 2 coatings under the 
same test conditions. Although neither coating 
exhibited cracks when tested at the lowest load of 
128 MPa (20% UTS) for 50 cycles. 

Figure 2. Optical micrograph of a series 2 coating 
tested at 50% UTS, 20 cycles 

The cracks observed in series 1 specimens (i.e. at 
30% UTS and above) generally traversed the whole 
thickness of the coaling (Figure 1). Whereas, the 
majority of the observed cracks in the series 2 
coatings were limited to the outer layer and did not 
propagate through the inner layer to the steel surface 
(Figure 2). Very occasionally a crack was observed 
which continued to propagate through the inner layer 
of series 2 coatings. These cracks were not limited to 
the highest load tests, as a crack was observed in a 
test at 30% UTS (50 cycles). Chemical etching of the 
cross section containing the crack seemed to indicate 
that the crack propagated along prior austenite grain 
boundaries of the MANET (Figure 3). 

4. CONCLUSIONS. 

A combination of pure aluminium deposition 
(VPS) followed by two different heat treatments has 



ISA 

figure 3. Optical micrograph of a series 2 coating 
tested at 30^ LTS, 50 cycles 

bee a successfully used to produce aiurrur.ioc 
coatings of differing aluminium content. Neither 
coating procedure significantly affected the bulk 
ccnsiie properties of the MANET II stainless steel 
specimens. 

Whereas the high aluminium content aluminide 
coating (series 1). containing Fe:Al s and FeAU, was 
much harder than the bulk MANET II (KV50 1125 
and 310 respeciively), the lower aluminium content 
coatings (series 2) formed two distinct layers which 
were similar in microhardness (HV'50 outer 383, 
inner 377) to the bulk MANET II. The lower 
hardness and greater ductility of the series 2 coatings 
are responsible for their greater crack resistance in 
comparison to the much harder series 1 coatings. 
However, neither coating exhibited cracks at 20% 
UTS (50 cycles) which is close to the value quoted 
by Benamati et al. [8] for the maximum NET-1TER 
load (under normal operation) of 100 MPa. 

Tests at higher loads (50, 75% UTS; 320, 4S0 
MPa; 20 cycles) show extensive cracking of the 
series 1 coatings. The series 2 coatings exhibited 
extensive cracking of the outer layer with a small 
number of cracks propagating through the inner 
layer. Although these high loads are unlikely under 
normal operating conditions on the surfaces of the 

water-cooled rubes they are similar to the loads 
expected in the first wall (FVV> rcçrons- The 
mxximum Von Mises stress (calculated for DEMO 
conditions) is =470 MPa [11- Only the senes 2 
coatings were able to withstand the high loads with 
limited crack propagation through the inner layer. 

The only disadvantage of the series 2 coatings, in 
comparison to series 1. is the high temperature 
( 1348K) used, to form, the aluminide diffusion layer. 
This would impose great difficulties in coating a 
large blanket structure. Therefore, future work wiil 
focus on reducing Che temperature of this heac 
treatment, while still maintaining the optimised 
mechanical properties of the MANET steel and the 
crack resistance of the coating 
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