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9 C r - l M o  ferritic steel forms an integral part of some of the nuclear power generating 
industries where it is used as the steam generating material. Its corrosion resistance could be 
further improved by employing a chromium coating over it. However, this chromium coating 
has been found to be unsatisfactory owing to the microcracks present in the coating. Laser 
surface melting (LSM) could be effectively used not only to remove these microcracks but 
also to form a better corrosion-resistant modified surface without affecting the bulk properties 
of the material. Studies were carried out on the laser surface melted chromium-plated 
9Cr-1 Me steel. The specimens with chromium deposit thicknesses ranging from 30-70 I~m 
were prepared and then laser irradiated. Optical microscopic studies on the cross-sections of 
these specimens revealed an average laser-melted thickness of around 0.1-0.5 mm, depending 
upon the irradiation parameter used. Aqueous corrosion behaviour of these specimens was 
studied by anodic polarization in 1 N HzSO 4 medium. Anodic polarization experiments were 
carried out for specimens after repolishing the same specimen until the 9Cr-1 Me base metal 
was reached. The passive and peak current density values, range of passivity, peak and 
transpassive potentials, were determined at each stage of polishing, and these were compared 
with those of pure chromium metal as well as 9Cr-1 Me alloy in the same medium. 
Observation of these data indicates that the laser surface melting could be beneficial in raising 
the aqueous corrosion resistance of such chromium-coated steels, to a level comparable with 
that of the pure chromium metal. 

1. Introduction 
Laser surface alloying is hailed as the latest technique 
whereby a desired alloy composition can be achieved 
in situ on a workpiece surface with the help of laser- 
beam heating. This technique enables one to use a 
surface of a less expensive workpiece and locally 
modify it by imparting properties corresponding to 
high-performance alloys. Attainment of extremely 
high temperatures due to the laser-beam heating to- 
gether with the addition of alloying elements in the 
form of powder or thin coating, result in the localized 
melting of the substrate to form an entirely different 
surface having a different microstructure. This kind of 
surface modification is being tried for improved corro- 
sion and wear-resistance purposes, while retaining the 
original properties of the bulk. In the recent past, there 
have been many examples showing the importance of 
laser surface melting and alloying to improve sub- 
strate properties [1-10]. It is reported that, good 
intergranular corrosion resistance could be obtained 
by laser surface treatment of the sensitized stainless 
steel [8, 9, 11]. This has been attributed to the forma- 
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tion of a thin barrier of unsensitized material due to 
laser irradiation between the corrosive environment 
and the underlying sensitized microstructure [12]. It 
has also been reported [8] that the laser surface 
melting (LSM) technique could be used in situ to 
modify the microstructure of already sensitized 316 ss, 
in order to improve the localized corrosion resistance 
of such materials in the as-received, as well as in the 
cold-worked, conditions. This technique has been 
found [10] to be useful in increasing pitting resistance 
of the 316 ss materials. Ion et al. [13] have demon- 
strated through their work on 13.5% Cr and 0.6% C 
that, the laser surface melting could dissolve the car- 
bides, homogenize the alloying elements and produce 
martensite through self quenching, the process being 
cost effective and on par with the conventional heat 
treatments. They also showed that laser-melting of 
samples at higher traverse rates led to the less prefer- 
ential pitting. It has also been experimentally proved 
that laser surface melting could reduce cavitation 
erosion corrosion [14]. 

The chromium-molybdenum steels are extensively 
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TAB L E 1 Chemical composition of 9Cr-1Mo steel 

C Si Mn S P Cr Mo Fe 

wt % 0.09 0.75 0,67 0.003 0.02 9.27 1.05 Bal. 

TABLE lI Laser processing parameters 

Specimen Type of laser Laser power (kW) Speed (ram min- 1) Shielding gas 

CO1 CW CO2 3.0 500 Argon 
CO2 CW CO2 3.0 500 Argon 
CO3 CW CO2 3.0 250 Argon 

ND1 Nd-YAG (pulsed) " 500 Nitrogen 
ND2 Nd-YAG (pulsed) " 500 Nitrogen 

a Repetition rate 80 Hz, pulse length 4 ms, pulse energy 5 J. 

used in power-generating industries due to their high 
strength at elevated temperatures. Amongst these, 
2 .25Cr-lMo and 9 C r - l M o  steels are widely used. 
2 .25Cr-lMo ferritic steel is known for its inadequate 
aqueous corrosion resistance compared to 9Cr - lMo  
ferritic steels. The corrosion resistance of these mater- 
ials is dependent on the environmental factors, namely 
pressure and moisture content [15]. Because it is 
already established [16] that the passive film formed 
on these steels in an acidic medium is composed of the 
loose corrosion deposits and is unstable, it is possible 
to protect the surfaces of these materials by electro- 
plating them with chromium metal. However, such 
chromium deposits contain microcracks through 
which the aqueous solution in that vicinity can reach 
the base metal; hence to overcome this problem laser 
surface melting treatment could be adopted. The laser 
surface melting not only removes these microcracks, 
but also helps in forming a uniform, crack- and pore- 
free surface. The LSM zone so formed has a chemical 
composition which is altogether different from that of 
the base metal and it becomes important to know the 
corrosion resistance of such laser-treated material 
across its LSM zone. This paper discusses the aqueous 
corrosion resistance of laser-melted chromium-coated 
9 C r - lMo  ferritic steel surface. A potentiodynamic 
anodic polarization technique was used to study the 
relative corrosion resistance of the laser-melted sur- 
faces of the 9Cr-1Mo alloy. 

2. Experimental procedure 
2.1. Electroplating of chromium on 

9Cr-1 Mo alloy 
Electroplating of chromium was carried out on circu- 
lar (25 mm diameter, 5 mm thick) specimens of 
9 C r - l M o  ferritic steel, the chemical composition of 
which is given in Table I, by using a conventional 
electrochemical bath of chromic acid and sulphuric 
acid. The details of the plating procedure are men- 
tioned elsewhere [17]. Average chromium deposit 
thickness was calculated using the initial dimensions 
of the specimens and the weight gain after plating. 

2.2. Laser surface mel t ing  
Specimens designated CO1, CO2 and CO3 were sur. 
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TABLE III Characteristics of the LSM and HAZ zones for 
different specimens 

Specimen Chromium LSM zone 
deposit thickness (t~m) 
thickness (/am) 

HAZ width (~tm) 

CO1 71 141 269 
CO2 29 377 1023 
CO3 62 142 280 

ND1 3l 494 565 
ND2 78 412 569 

face melted by using a continuous wave (CW) CO2 
laser at a power of 3 kW. Specimens designated ND1 
and ND2 were surface melted by using pulsed 
Nd-YAG laser with an average pulse energy of 5 J. 
The details of the laser-irradiation parameters of these 
specimens are given in Table II. 

2.3. Optical microscopic s tud ies  
The laser-irradiated specimens were cut into semi- 
circular pieces. One part was mounted in epoxy resin 
such that the cross-section of the specimen was ex- 
posed. These mounted specimens were polished up to 
fine-diamond grit, cleaned and electrolytically etched 
in 10% chromic acid to reveal the laser surface melted 
(LSM) zone. Optical microscopic observations of 
these cross-sections were carried out to calculate the 
LSM and heat-affected zone (HAZ) thickness values. 
The optical microscopic observations, together 
with the chromium deposit values, are presented in 
Table III. 

2.4. Corrosion-resistance studies 
The laser-melted and cut specimens were mounted in 
epoxy resin for electrochemical studies such that the 
irradiated surface was exposed to the electrolyte. Ano- 
dic polarization experiments were carried out in 0.5 M 
H2SO4,  which was deaerated by bubbling oxygen-free 
pure hydrogen gas through it during the experimenta- 
tion. All the electrode potential measurements were 



carried out with respect to a saturated calomel elec- 
trode (SCE) and the potential scan rate was main- 
tained at 10mVmin -1. The anodic polarization 
experiments were started from a cathodic potential of 
- 6 0 0  mV (SCE) and were continued until trans- 

passivity was attained. All the potentiodynamic ano- 
dic polarization experiments were carried out after 
repolishing the same specimen up to 600 grit until the 
9 C r - l M o  base metal was reached, in order to deter- 
mine the effect of different LSM layers. The thickness 
of the layer removed during every polishing stage was 
approximately calculated to be 20 pro. Similar poli- 
shing of these specimens at lower grit (220) for a 
specific time period was found to reduce the thickness 
of the LSM zone by around 80 lam. Anodic polariza- 
tion curves thus obtained at every stage were further 
analysed to tabulate the passive current and peak 
current density values, as well as the range of passiv- 
ation. The peak potential and transpassive potential 
values were also obtained for every stage. The data 
points obtained for all these parameters were plotted 
against the LSM zone thickness. Polarization curves 
for untreated 9 C r - l M o  alloy and pure chromium 
metal were also obtained in this medium and analysed 
for their corrosion behaviour. 

Figure' 1 Cross-section of LSM zone for specimen CO1. Electro- 
chemically etched in 10% chromic acid. 

3. Results and discussion 
3.1. Characterization of the LSM zone 
The melting temperatures involved during laser ma- 
terial processing are extremely high. Attainment of 
such high temperatures coupled with the very high 
cooling rates of the order of 10 v Ks  -1 result in 
metastable microstructure. Such heat-treatment 
conditions result in the resolidification of the melted 
zone in an epitaxial fashion [18]. This is evident in the 
photomicrographs for specimens CO1, CO2 and CO3 
(Figs 1-3). The fine dendritic microstructure that is 
observed in specimen CO3, compared to the micro- 
structure of specimen CO1 having large elongated 
grains, is attributed to the different interaction time of 
the laser beam with the substrate surface. The inter- 
action time of the laser beam with specimen CO3 is 
double that of specimen CO1 (see Table II, travel 
speed of the beam). The higher temperature gradient 
reached in specimen CO3, together with the higher 
solidification rate, leads to the formation of the fine 
dendritic type of microstructure [19]. The specimens 
irradiated with a pulsed Nd YAG laser beam showed 
(Figs 4 and 5) a dual-phased microstructure which was 
well resolved. During laser irradiation of a coated 
specimen, the coating as well as part of the substrate 
beneath it is melted. The constituent elements forming 
the substrate get mixed up with the elements of the 
molten coating. Finally the LSM zone has a chemical 
composition which is different from that of the sub- 
strate alloy, as modelled by Draper [1]. Based on this 
principle, and assuming negligible evaporation losses 
of deposited chromium during laser melting, the aver- 
age chemical composition of all the specimens was 
calculated. These values of chemical composition have 
been presented in Table IV. 

Figure 2 Cross-section of LSM zone for specimen CO2. Electro- 
chemically etched in 10% chromic acid. 

Figure 3 Cross-section of LSM zone for specimen CO3. Electro- 
chemically etched in 10% chromic acid. 

3.2. Cor ros ion  s tud i e s  in an ac id ic  m e d i u m  
It has been observed by some workers [20, 21], that 
even helium gas protection during laser surface treat- 
ment was not enough to prevent the oxidation of the 
as-processed surface of the materials. Because this 
oxide film formed is a few nanometres thick, the earlier 
workers [5] used the method of cathodic cleaning of 
the as-processed surfaces in 1 N H2SO 4 at - 0.5 V or 
- 1.0 V (SCE) for 5-15 min. However, it has been 

reported [22] that the native oxide film present on the 
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Figure 4 Cross-section of LSM zone for specimen NDI. Electro- 
chemically etched in 10% chromic acid. 

Figure 5 Cross-section of LSM zone for specimen ND2. Electro- 
chemically etched in 10% chromic acid. 

T A B L E  IV Chemical composition of LSM zones of different 
specimens based on calculations 

Specimen Cr (wt %) Fe (wt %) Mo (wt %) 

CO1 54.90 44.60 0.50 
CO2 16.72 82.36 0.92 
CO3 49.27 50.17 0.56 

ND 1 16.49 82.57 0.94 
ND2 26.87 72.32 0.81 

Taking the density of 9Cr - lMo  = 7.83 gcm -3, and of chromium 
metal = 7.19 gcm 3. 

as-processed specimens is not reduced by the cathodic 
treatment used for any length of time. This is also due 
to the lower conductivity of the oxide which results in 
the anodic and cathodic currents which remain in- 
variant with respect to time of treatment. Also, the 
as-processed surfaces generally show surface irregu- 
larities, shallow grooves [6] and surfaces roughness 
due to the melting process [7]. Hence, as-processed 
surfaces of the specimens were first polished on 600 
grit emery paper to remove the oxide layer, as well as 
surface roughness and irregularities before the initia- 
tion of the corrosion experiments. Fig. 6 gives the 
anodic polarization curves for the specimen CO1 
obtained at different LSM zone thickness values. The 
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Figure 6 Anodic polarization curves for specimen CO 1 obtained at 
different LSM zone thicknesses in 1N H2SO4; 1, 20 gin; 2, 40 pro; 3, 
60 pro; 4, 80 ~,Lm; 5, 100 #m; 6, 120 #m. 

anodic polarization curve of the HAZ of the treated 
specimens was found to be similar to that of the 
untreated 9Cr - lMo  alloy. 

3.2. 1, Passive current density 
The passive current density values noted at + 500 mV 
(SCE) for all the polarization curves were plotted 
against the LSM zone thickness. The passive current 
density values of pure chromium metal and 9Cr-1Mo 
alloy are also indicated for comparison (Figs 7 and 8). 
It was observed that among specimens CO1, CO2 and 
CO3, specimen CO1 showed passive current density 
values as good as pure chromium metal in the bulk of 
the LSM zone (Fig. 7). In the case of specimen CO2, 
the values of passive current density in the initial layer 
of the LSM zone were found to be better than that of 
9Cr- lMo.  At the end of the LSM zone the values 
increased and became comparable to that of 
9Cr 1Mo alloy. Specimen CO2 also showed dual- 
phase microstructure with fine precipitate particles 
dispersed in the matrix (Fig. 2). The much lower 
passive current density values observed for specimen 
CO1 are related to its microstructure (Fig. 1) which is 
a single-phase large-grained type. Specimen CO3 
showed much higher passive current density values 
initially, which later decreased, but the values were 
always found to be higher than that for 9Cr 1Mo. It is 
well known [23] that larger the melting temperature 
between the substrate and surface material, the worse 
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Figure 9 A profile of peak current density values as a function of 
LSM zone thickness obtained in 1N H2SO 4 . (N) Chromium metal, 
(@) 9Cr=lMo alloy, (El) CO1, (O) CO2, (zS) CO3. 
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Figure 8 A profile of passive current density values as a function of 
LSM zone thickness obtained in 1N HzSO 4. (~)  Chromium metal, 
(| 9Cr 1Mo, (~)  ND1, (�9 ND2. 
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Figure lO A profile of peak current density values as a function of 
LSM zone thickness obtained in 1N H2SO 4. (N) Chromium metal, 
(| 9Cr- lMo,  (&) ND1, (O) ND2. 

the homogenization would be. As stated earlier, due to 
higher interaction time, higher temperatures are at- 
tained in the case of specimen CO3. This accounts for 
the overall higlaer passive current density values ob- 
served due to inhomogenization. In the cases of speci- 
mens ND1 and ND2, the initial values, which were 
higher than 9Cr-lMo, later decreased in the case of 
specimen NDI. Specimen ND2 showed better passive 
current density values after a certain width of the 
LSM zone in the bulk. In general, these specimens, 
except for specimen CO3, had better passivation 
characteristics. 

3.2.2. Peak current density 
From Fig. 9, it becomes evident that specimen CO1 
shows peak current density values as good as 
9Cr-lMo alloy throughout the LSM zone thickness. 
Specimen CO2 shows an initial rise in the peak cur- 
rent density values which later level off to the values 
which are lower than that of 9Cr-lMo alloy. Speci- 
men CO3 showed peak current density values (except 
for the first one) that are comparable to the peak 
current density value of pure chromium metal. This 
implies that specimen CO3 could easily be passivated 
in this medium. 

Fig. 10 shows the behaviour exhibited by specimens 
ND1 and ND2. Specimen ND1 showed the values 

which were lower than pure chromium metal or equi- 
valent to it throughout the LSM zone thickness. 
Specimen ND2 showed an initial value which was 
comparable to that of the pure chromium metal. 
These values showed an increase, and subsequently a 
continuous decrease is observed. In general, this could 
be considered to be a good performance of this speci- 
men in H 2 S O  4 medium. This indicated that both 
specimens ND1 and ND2 exhibited easier passivation 
characteristics. 

3.2.3. Range of stable passivity 
This is an important parameter in determining the 
passivation behaviour of an alloy. The range of stable 
passivity values for specimens CO1, CO2 and CO3 
were plotted together with those of pure chromium 
metal and 9Cr 1Mo alloy (Fig. 11). It was observed 
that specimens CO1 and CO3 showed almost a con- 
stant value throughout the LSM zone thickness. But 
the values exhibited by specimen CO1 were much 
inferior to that of 9Cr-1 M�9 alloy, whereas the values 
exhibited by specimen CO3 were better than 
9Cr-lMo alloy. Specimen CO2 showed a very low 
initial range of passivity which later gradually in- 
creased. Fig. 12 shows the range of passivity for 
specimens ND1 and ND2. Specimen ND1 exhibited 
values which were lower than that of the 9Cr-lMo 
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Figure 12 A profile of range of passivity values as a function of 
LSM zone thickness obtained in 1N H2SO 4. (~) Chromium metal, 
(| 9Cr 1Mo, (A) ND1, (O) ND2. 
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Figure 14 A profile of peak potential values as a function of LSM 
zone thickness obtained in 1N HzSO 4. (N) Chromium metal, (| 
9Cr-lMo, (• ND1, (O) ND2. 

alloy. On the contrary, specimen ND2 showed much 
higher values than that of the 9Cr- lMo alloy which 
gradually decreased. This indicates that both speci- 
mens CO3 and ND2 showed a better range of passiv- 
ity compared to the 9Cr- lMo alloy. 

3.2.4. Peak potentials and transpassive 
potentials 

Pure chromium metal exhibits a very active peak 
potential compared to pure iron which shows a less- 
active peak potential in 1 N H 2 S O  4 medium [24]. The 
addition of chromium to the iron gradually makes the 
peak potential of such an alloy active towards that of 
chromium. This fact, though already established, 
could be observed in Fig. 13, where all three speci- 
mens, CO1, CO2 and CO3 show initially very active 
peak potentials which remain constant up to a certain 
LSM zone thickness, and then sharply increase. In 
addition, the peak potentials of all the specimens 
throughout their LSM zone thickness were found to 
be very active compared to 9Cr 1Mo alloy. These 
specimens would be easily passivated in a moderately 
oxidizing medium. Similar behaviour was also exhib- 
ited by specimens ND1 and ND2 (Fig. 14). Specimen 
ND1 showed almost constant peak potential values 
throughout the LSM zone, whereas specimen ND2 
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Figure 15 A profile of transpassive potential values as a function of 
LSM zone thickness obtained in 1N H2SO 4. (N) Chromium metal, 
(| 9Cr-lMo alloy, (D) CO1, (O) CO2, (A) CO3. 

showed only a slight increase in the values in the LSM 
zone. Based on these results, we can compare the 
corrosion behaviour of these laser-treated specimens 
with that of pure 9Cr- lMo alloy in this medium. It is 
already known that the passive film formed over 
9Cr- lMo alloy is not a very protective film because it 
is made of a loose corrosion product film [16]. The 
laser-melted surfaces of all these specimens contain 
much higher chromium concentrations than the base 
metal. This leads to the fact that these specimens 



TAB L E V Comparative performance of different specimens 

Performance Passive current density Peak current density Range of passivation Peak potential Transpassive potential 

CO2 Nd-YAG CO2 ND-YAG CO2 ND-YAG CO2 ND-YAG CO2 ND YAG 

Best CO 1 CO3 ND1 CO3 N D  1 CO1 CO3 ND1 
Better CO2 ND 1 CO 1 CO1 ND2 CO2 ND1 ND2 

CO3 ND2 
Fair CO3 ND2 CO2 ND2 CO2 CO2 

COl  

--.~.1080 [ -  , , i , ~ , 

b e  
u~ 

1000 

z~ A 
A 

92o  o 

~, 84.0 o 
g 

8 0 0  L , 

0 80 160 24o 32o 
LSH zone th ickness ( l lm)  

4-00 480  

Figure 16 A profile of transpassive potential values as a function of 
LSM zone thickness obtained in 1N HzSO 4. ([]) Chromium metal, 
(| 9Cr- lMo,  (~ )  ND1, (�9 ND2. 

provide a much better corrosion-resistant surface 
compared to the base metal. 

In Figs 15 and 16, the transpassive potentials for 
CO1, CO2, CO3 and ND1, ND2 have been plotted, 
respectively, together with that of pure chromium and 
9Cr 1Mo alloy. Pure chromium metal shows a low 
value and the pure iron shows a high value of trans- 
passive potential in 1N H2SO 4 medium [24]. Addition 
of chromium to pure iron decreases its transpassive 
potentials gradually. The plots presented in Fig. 15 for 
specimens CO1 and CO3 show an initial sharp rise in 
these values which later become almost constant. 
However, the initial values for all these specimens 
were found to be almost equal to or lower than that of 
even pure chromium metal. The transpassive potential 
values exhibited by specimens ND1 and ND2 were 
found to be better or equivalent to pure chromium 
metal. 

Based on the above discussions, different specimens 
were graded according to their performances with 
reference to various parameters (Table V). It was 
found that the overall corrosion resistance in 1N 
HzSO4 medium is improved for specimen ND1 fol- 
lowed by specimens CO1 and CO3. Therefore, the 
laser parameters and chromium thickness adopted for 
these specimens could provide an increase in the 
corrosion resistance of 9 C r - l M o  ferritic steel. 

4. Conclusions 
The aqueous corrosion resistance of chromium-plated 
9Cr-1Mo alloy was studied after laser surface melting 
by CW CO2 as well as pulsed Nd-YAG laser beams in 

1N H2SO 4 medium. The following conclusions can be 
drawn on the corrosion resistance of such laser-beam 
treated specimens. 

1. Laser surface melted zone thickness values 
ranged between 0.1 and 0.5 mm. 

2. Passive current density values of the treated 
surfaces were lower than the 9Cr 1Mo alloy. 

3, Peak current density values, as good as pure 
chromium metal or even better than pure chromium 
metal, were observed in some specimens. 

4. In general, the range of passivity was found to be 
slightly lower than 9 C r - l M o  alloy, except in the case 
of specimens CO3 and ND2 which showed an 
improved range of passivity compared to 9 Cr - lMo  
alloy. 

5. All the specimens showed peak potential values 
which were much more active compared to 9 C r - l M o  
alloy indicating easy passivati6n characteristics. 

6, Transpassive potential values for specimens irra- 
diated by the Nd-YAG laser beam were found to be 
almost equal to or better than that of pure chromium 
metal. 

7. Laser surface melting could be effectively used to 
raise the corrosion resistance of the chromium-coated 
9 C r - l M o  alloy in ly  H2SO 4 medium. Specimen ND1, 
which was laser surface melted by Nd-YAG laser 
beam, showed the best overall corrosion resistance of 
all the specimens. 
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