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Introduction

India is one of the participating countries to develop the test blanket module (TBM) for International Thermonuclear
Experimental Reactor (ITER). India is developing the lead—lithium cooled ceramic breeder (LLCB) as the blanket
concept [1, 2]. It consists of lead—lithium eutectic, which acts as multiplier and coolant with Lithium titanate as the
ceramic breeder material. In the case of liquid metal coolant in magnetic confinement, flow of the melt in the strong
magnetic field causes a high Magneto-hydrodynamic (MHD) drag. Therefore, coatings are mandatory to improve the
performance of the material used in the TBM. Reduced Activation Ferritic Martensitic Steel (RAFMS) is proposed as
the structural material for the TBM. The main purposes of forming the coating on RAFMS are to produce a tritium
permeation barrier [3-6], improve the corrosion resistance against liquid metals at high temperatures [7], provide
helium containment in helium-cooled structures [8] and provide electrical insulation for mitigating magneto
hydrodynamic (MHD) effects in self-cooled liquid metal (Pb-Li) systems [9-13].

The desired characteristics of the coatings are high thermal conductivity, good irradiation resistance, mechanical
integrity with the substrate material, and uniform coating formation in complex geometries. Development of
aluminide layer on RAFMS is one such potential option. To achieve this hot dip aluminizing (HDA) combined with
post heat treatment is being explored [14]. Earlier studies showed that hot-dip aluminized and subsequently heat
treated steel seem to offer a good possibility to produce aluminide coating with improved properties [14-17]. Heat
treatment performed on 9Cr-1Mo Grade 91 steel samples at different temperatures for specific duration showed that
the adhesion of the coating in case of samples heat treated at 950 °C was better as compared to the samples heat
treated at 650/750 °C [17]. A study showed that heat treatment with superimposed pressure has significant influence
on the structure of HDA steel sheets; high pressure suppresses the formation of porous bands by compressing the
pores during formation [15]. In the present investigation, hot dip aluminizing was carried out on RAFMS samples in
aluminium (Al) melt containing small amount of silicon (Si). Addition of small amounts of Si to the Al melt helps
reduce the thickness of brittle intermetallic layer and also the growth of the intermetallic layer occurs slowly [18, 19].
Post dipping, samples were heat treated at 750 °C for various durations. Temperature for heat treatment was selected
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at 750 °C because austenitisation of RAFMS begins above 800 °C [20]. The aluminized and heat treated samples have
been characterized by various technigues.

Experimental

RAFMS was used as the substrate material. RAFMS was analyzed for chemical composition by X-ray fluorescence
(XRF) technique. Composition of RAFMS was Cr-9.04, W-1.40, Mn-0.56, Ta-0.06, V-0.24 and Fe-88.40 wt.%.
Rectangular specimens of the dimension 15 mm by 10 mm having 2 mm thickness were prepared. On one side of the
specimens, a 3 mm hole was made to facilitate hanging by stainless steel (SS) wire for dipping in the melt. Samples
were polished with different grit of sandpapers to a surface finish of 0.08um. Samples were cleaned ultrasonically in
an alkaline solution and then rinsed in water. After alkaline degreasing, specimens were pickled in 15% HCI to
eliminate any surface oxides that might develop during cleaning procedure and then rinsed in water. To ensure a clean
metal surface contact with the melt, fluxing was carried out on the specimens. For fluxing, specimens were immersed
in the aqueous flux solution containing 50% NaCl, 40% KCI and 10% NasAlFs and dried. For aluminizing, Al-2.25
wt.% Si was used. The alloy was kept in an alumina crucible in a top loading furnace. The furnace was heated to 750
°C. The specimens were dipped manually by wire in the molten bath at 750 °C for 1 min. The aluminized samples
were then heat treated at 750 °C for different duration as depicted in Table 1. The samples were then air cooled.

Table 1 Duration of heat treatment (750 °C) for aluminized RAFM steel
Sample Duration (h)

5

A

B 10
C 15
D

E

F

25
50
75

Aluminized and heat treated samples were cut, mounted and cross sections were polished and seen in the optical
microscope. The morphology and compositional analysis of the aluminized and heat treated samples was performed
using scanning electron microscopy (SEM - make AIS 2100 Seron Tech) at 20kV coupled with energy dispersive X-
ray (EDX) analysis (INCA E350). Line scan and point scan was performed across the cross-section of the coated
samples by EDX. Hardness was determined using Vickers micro hardness tester (Future-Tech FM-7 Model) at a load
of 50 gf with a dwell time of 5 sec. 3-4 readings were performed at each location and the average values have been
reported. X-ray diffraction (XRD) analysis was carried out on the surface of the aluminized and heat treated samples
to reveal the phases present. XRD (make Diano) was carried out at 20 mA and 35 kV using Cuk, radiations in routine
Bragg-Brentano 6-26 geometry. Scratch tester (CSEM, Revetest) was used to evaluate the adhesion of the coatings.
The scratch was carried out on the cross-section at the interface. Constant loads of 3 N and 5 N were applied. The
scratch indenter used was a Rockwell type diamond indenter having 200 um tip radius. Friction force, depth of
penetration and acoustic emission (AE) signals were recorded online along with the applied load during scratch tests.
The scratch tracks were visualized in the optical microscopy immediately after the tests and pictures were taken at the
interface.

Results and Discussion
Optical microscopy

Figure 1 shows optical micrographs of aluminized and heat treated RAFMS samples. All the samples showed a wide
outer diffusion layer and a thin inner diffusion layer. The outer diffusion layer for samples A and B was about 300-
350 um thick and for samples C, D, E, and F it was about 350-400 um. The inner diffusion layer actually consisted of
two sub-zones; an intermediate zone towards the outer diffusion layer and a porous band towards the substrate. The
formation of pores is due to the difference between the diffusion rates of the interacting metal atoms, termed as the
Kirkendall effect [21]. Sample A had the intermediate zone of about 6-8 pum thickness and a porous band of 8-10 um
thickness (Figure 1a). Sample B showed intermediate zone of 9-11 um thickness and a porous band of 11-13 pum
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thickness (Figure 1b). Sample C showed intermediate zone of 10-12 um thickness and a porous band of 12-14 pum
thickness (Figure 1c). Sample D showed the intermediate zone of 13-15 um thickness and a porous band of 18-20 um
thickness (Figure 1d). Sample E showed the intermediate zone of 23-25 pum thickness and a porous band of 28-30 um
thickness (Figure 1e). Sample F showed the intermediate zone of 28-30 pm thickness and a porous band of 33-35 pum
thickness (Figure 1f). Thus, it was observed from Figure 1 that the thickness of the intermediate diffusion zone and
the porous band increased with increase in the duration of heat treatment, whereas the thickness of the outer diffusion
layer did not show much variation. Glasbrenner and Wedemeyer [22] reported a 2 zone structure with an intermediate
porous band on aluminizing F82H-mod steel at 700 °C and performing heat treatment at 1040 °C/0.5 h, 750 °C /1 h.
Bouch’e et al. [23] reported the formation of two intermetallic layers, namely, Fe;Als and FeAls, when solid iron is
dipped in liquid Al over the temperature range of 700 °C to 900 °C. They reported that the growth behaviour is
initially non parabolic which is followed by parabolic. Fu-cheng et al. [24] observed that the tongue-like morphology
of the Fe,Als layer becomes less distinct and disappeared on aluminizing at 800 °C for Si content above 1 wt.%. They
also observed that the growth rates of the Fe;Als and FeAls layers decreased with increasing Si content in the molten
bath and optimum result were obtained at 2-3 wt. %Si.
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Figure 1 Optical images of the cross-sections of RAFM steel aluminized and heat-treated (a) sample A; (b) sample B;
(c) sample C; (d) sample D; (e) sample E; and (f) sample F

Figure 2 shows the plot between the thickness of inner layers (i.e. intermediate zone and porous band) and
duration of heat treatment. The thickness of porous band is more than that of the intermediate zone at any specific
duration of heat treatment. Polynomial fit with an order of 2 was observed to be best fit for the increase in the
thickness of inner layers with duration of heat treatment. The equations for variation in thickness of intermediate zone
and porous band with heat treatment time are shown in the graph.

Microhardness

Microhardness for all the samples were taken across the cross-section of aluminized and heat treated samples. Micro-
hardness for samples A, B, C and D varied between 850-950 HV across the outer diffusion layer, whereas for samples
E and F it varied between 750-850 HV. Sample A showed micro hardness of about 640 HV in the intermediate band
and 340 HV in the porous band. Sample B showed micro hardness of about 580 HV in the intermediate band and 332
HV in the porous band. Sample C showed micro hardness of about 542 HV in the intermediate band and 315 HV in
the porous band. Inner diffusion layer for sample D showed micro hardness of about 455 HV in the intermediate band
and 338 HV in the porous band. Inner diffusion layer for sample E showed micro hardness of about 386 HV in the
intermediate band and 312 HV in the porous band. Inner diffusion layer for sample F showed micro hardness of about
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404 HV in the intermediate band and 332 HV in the porous band. Figure 3 depicts the micro-hardness of samples C,
D, E and F for simplicity. Thus, it was observed that the hardness of the outer diffusion layer decreased with increase
in the duration of heat treatment. Simultaneously, hardness of the intermediate diffusion zone also decreased with
increase in the duration of heat treatment till 50 h but it increased when heat treatment was performed for a period of
75 h. Hardness of the porous band varied in a short range with heat treatment duration. Variation in hardness was due
to the change in Fe:Al (as observed in EDX analysis) with the increase in duration of heat treatment. As reported by
Li et al. [25], the hardness of the outer diffusion layer (750-950 HV) is in good agreement with micro hardness values
for the brittle Fe;Als and FeAls phases, for mild steel hot dip aluminized with 3 wt.%Si (780 °C, 10 min) and
diffusion annealed (640 °C, 30 min). They observed that the hardness of inner diffusion layer was low due to the
presence of Fe rich FesAl and o-Fe(Al) phases. They also noted that FesAl phase had good toughness and lower
hardness value as compared to Al rich phases Fe;Als and FeAls.
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Figure 2 Thickness variation of inner zones with heat treatment duration (T=750 °C)
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Figure 3 Microhardness on the cross-section of samples C, D, E and F
SEM and EDX analysis

SEM and EDX analysis (point scan and line scan) of all the aluminized and heat treated samples was performed. EDX
analysis was performed at various locations across the cross section of the samples. However results for only
representative samples are shown. Figure 4 shows the SEM images for samples C and F showing the distinct outer
diffusion layer, intermediate zone and porous band. EDX point scan analysis was performed at 4 spots (spectra)
across the cross-section of all the coated and heat treated samples as shown in Figure 4. Spectra 1, 2, 3 and 4
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correspond to substrate, porous band, intermediate zone and outer diffusion layer respectively. EDX point and line
scan analysis was repeated at few places to observe variation in the composition in the same zone. However variation
observed was too less to be discussed. Figure 5 shows the EDX point scan analysis of spectrum 3 for samples C and
F. Fe:Al ratio in the outer diffusion layer of samples C, D, E and F was ~1:2.5 which corresponds to primarily Fe;Als
phase, however in the intermediate zone adjacent to the outer diffusion layer the ratio changes to ~1:1 which
corresponds to primarily FeAl phase. Fe:Al ratio in the porous band was varying from 1:0.43 to 1:0.9 which may
correspond to a mixture of FeAl, FesAl, and a-Fe(Al) phases [25]. Al content in the porous band decreased with
increase in the duration of heat treatment. Fe:Al ratio in the porous band was 1:0.9 for sample C, 1:0.52 for sample E,
and 1:0.43 for sample F. This resulted in increase in the Fe rich compounds formed with the increase in duration of
heat treatment. Formation of Fe rich compounds is desirable due to their high toughness value [25]. Serra et al. [26]
reported formation of Fe.Als, FeAl, and FeAl phases in outer, intermediate and inner layers respectively on
performing heat treatment in air at 1023 K (for 15 and 30 h) on hot dip aluminized MANET Il steel. Li et al. [27]
observed the presence of similar phases like Fe;Als, FeAl, FesAl, and a-Fe(Al) phases in the aluminized and diffusion
annealed steel.
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Figure 5 EDX spot analysis at spectrum 3 on the cross-section of (a) sample C; and (b) sample F

Figure 6 depicts line scan analysis for sample F. The variation of different elements can be clearly seen from the
plot. The outer diffusion layer shows prominent concentration of Al. As we move towards the substrate, Al content
decreases and Fe and Cr contents increase. Intermediate zone shows nearly equal amounts of Fe and Al (with Fe:Al
varying from 1: 1.2-0.9). Porous band consists of more amount of Fe than Al indicating presence of Fe-rich phases.

X-ray Diffraction

X-ray diffraction was carried out on the slightly polished surface of aluminized and heat treated samples to reveal the
phases present in the outer diffusion layer. Fe;Als phase was found to be present in the outer diffusion layer. A
representative analysis is depicted in Figure 7 for samples A and D.
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Figure 6 EDX line scan analysis for sample F
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Figure 7 XRD peaks for (a) sample A; and (b) sample D

Scratch Adhesion test

Figure 8 and Figure 9 show scratch tests performed across the cross-section of the aluminized and heat-treated
samples at 3 N and 5 N constant loads respectively. Very few cracks were observed at 3 N load as compared to 5 N
load for all the samples. When a constant load of 3 N was applied, no cracks were formed in the inner diffusion layer
(both intermediate zone and porous band) and very few cracks were observed in the outer diffusion layer for all the
samples except that for sample F, where no crack was observed. It was found that the length of the cracks reduced
with increase in the duration of heat treatment. It implies decrement in the brittle behaviour of the samples with
increase in the duration of heat treatment. Thus on application of a constant load of 3 N, sample A was found to be
most brittle whereas sample F was found to be most ductile.

When a constant load of 5 N was applied on the samples, multiple cracks were noted as the indenter moved from
the substrate side to the coating zone. No cracks were formed in the inner diffusion layer (both intermediate zone and
porous band) whereas multiple cracks were formed in the outer diffusion layer. Few cracks in the inner diffusion layer
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depicted in Figure 9 are actually originating in the outer diffusion layer, some portion of which gets extended in the
inner diffusion layer. From Figure 9 it was found that the number of cracks and length of cracks decreased with
increase in the duration of heat treatment. At 5 N load, outer diffusion layer of sample F demonstrated very few
cracks indicating sample F to be most ductile. This indicated that sample F exhibits better performance than other
samples.
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Figure 8 Scratch results at 3N load across the cross- sectlon of RAFM steel (a) sample A; (b) sample B; (c) sample C;
(d) sample D; (e) sample E; and (f) sample F
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Figure 9 Scratch results at 5N load across the cross-section of RAFM steel (a) sample A; (b) sample B; (c) sample C;
(d) sample D; (e) sample E; and (f) sample F

There is no reported work in the open literature on scratch tests of the aluminized coatings on RAFMS. However, the
scratch results have been discussed previously by one of the present authors in his previous work on aluminized
coating on Modified Grade 91 Steel [17]. RAFMS structure in the ITER-TBM would see the flow of Pb-Li liquid
melt at conditions specified in references [1, 2]. However, ductile phases FeAl and a-Fe(Al) phases are the preferred
phases after the heat treatment in the aluminized RAFMS. These phases could give the adhesion strength as high as
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30N during scratch tests [17]. In the present work, we can see that the intermediate zone consisting of Fe Al phase and
the porous band consisting of FeAl+FesAl+a-Fe(Al) phases did not show cracks up to the test loads of 5SN. However,
scratch loads could not be increased further here due to the presence of thick outer diffusion layer consisting of brittle
Fe,Als phase, which showed cracks at 5N load. Further work is required to be carried out to decrease the brittle phase
and increase the ductile phases.

Penetration depth, friction force and AE curves were recorded online during scratch test for all the samples. A
few representative graphs are shown. All the samples showed two distinct values of friction force — a higher value on
the substrate side and a lower value on the coating side. Friction force on the substrate side varied between 0.3-0.4 N
at 3 N applied load and 0.7-0.9 N at 5 N applied load. On the coating side, the friction force varied between 0.1-0.2 N
at 3 N applied load and 0.2-0.4 N at 5 N applied load. Figure 10 shows the comparative graphs of friction force for
samples C and E at 3 N and 5 N loads. For sample C at 3 N applied load, friction force varied around 0.4 N on the
substrate side and around 0.2 N on the coating side. When the load was increased to 5 N, friction force increased to
0.85 N (average value) on the substrate side and 0.4 N (average value) on the coating side. For sample E, friction
force decreased from 0.7 N to 0.3 N (average value) on the substrate side when the load was decreased from 5 N to 3
N, whereas on the coating side the value was <0.2 N at both the loads. As the duration of heat treatment was
increased, friction force continuously decreased with diminutive value on the coating side at the same applied load.
Penetration depth was found to increase with the increase in load. Figure 11 shows the AE graphs for aluminized and
heat treated samples obtained during scratch tests. On the substrate side a flat lower value was obtained while on the
coating side, sharp increase in the AE value with broad spectrum was obtained for all the samples. This indicates
acoustic energy released on the coating side due to the cracks or other phenomena occurring.
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Figure 10 Friction force graphs at 3 and 5 N loads for (a) sample C; and (b) sample E
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Figure 11 Acoustic emission graphs obtained during scratch tests at 3 N load
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Conclusions

Hot dip aluminizing was carried out on RAFMS samples at 750 °C. Aluminized samples were heat treated at 750 °C
for 5, 10, 15, 25, 50 and 75 h. Air cooling was employed after soaking. Effect of duration during heat treatment was
studied on the morphology, elemental composition, phases, hardness and adhesion of the coatings. Following
conclusions were drawn:

Varying the duration of heat treatment affects the thickness and chemical composition of the diffusion layers.
All the samples showed a wide outer diffusion layer and a thin inner diffusion layer. The inner diffusion layer
consisted of two sub-zones; an intermediate zone and a porous band. There was little variation in the
thickness of outer diffusion layer, while inner diffusion layer thickness increased with increase in the duration
of heat treatment.

Hardness of the outer diffusion layer was more as compared to the hardness of inner diffusion layer. This was
due to the presence of Fe,Als phase in the outer diffusion layer and presence of FeAl, a-Fe(Al) and FeAls
phases in the inner diffusion layer.

EDX analysis showed Fe:Al ratio in the outer diffusion layer was ~1:2.5 (Fe2Als phase), in the intermediate
zone the ratio was ~1:1 (FeAl phase) and in the porous band it varied from 1:0.43 to 1:0.9 (FeAl+FesAl+a-
Fe(Al) phases). This showed increase in the amount of Fe rich phase with increase in the duration of heat
treatment.

XRD performed on the outer diffusion layer showed the presence of Fe;Als phase.

During scratch tests, inner diffusion layer of all the samples showed no cracks upto 5N load. Outer diffusion
layer showed no cracks at 3N load and nominal cracks at 5N load for sample heat treated for 75 h as
compared to other samples which showed more cracks. All the samples showed two distinct values of friction
force — a higher value on the substrate side and a lower value on the coating side.

Further study is required to design the heat treatment which suppresses the formation of porous band, increase
the amount of tough phases and decrease the brittle phases.
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