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This paper shows that the laser cladding and alloying of a Ni-base superalloy on a substrate of 
plain carbon steel can be successfully carried out by irradiating a bilayer sample formed by 
metallic sheets mechanically clamped together. Under laser irradiation, both the overlayer and 
the substrate are locally melted. Controlled dilution of the alloy elements of the superalloy in 
the melted pool allows a variety of surface chemical compositions and microstructures to be 
obtained. 

1. I n t r o d u c t i o n  
It is known that the surface chemical composition and 
microstructure of materials can be modified by-high 
energy beam irradiation [1]. Laser- and electron- 
beam treatments are examples of advanced processing 
which enable improvement of the corrosion [2], wear 
[3] and fatigue-resistance [-4] properties of materials. 
Previous research has shown that the cladding and 
alloying of the substrates of mild steels [5], stainless 
steels [-6] and A1 alloys [-7] can be successfully carried 
out by electron-beam irradiation; the samples were 
formed by an overlayer sheet (Ni, Ti or Ti alloys, 
stainless steel) mechanically clamped on the substrate. 
The treatment parameters were optimized to melt the 
overlayer and a controlled amount of the substrate, 
thus leading to a variety of surface chemical composi- 
tions and microstructures. Electron microscopy, 
microprobe analysis, M6ssbauer spectroscopy and 
X-ray diffraction (XRD) have demonstrated that by 
treating a bilayer (AISI 316 stainless steel/mild steel) a 
variety of surface steels can be obtained, depending on 
the treatment conditions and the initial thickness of 
the overlayer [8]; the chemical compositions after 
solidification of the molten pool ranged from a com- 
position which was practically identical to that of the 
original AISI to a composition where the alloy ele- 
ments were diluted by a factor of about five during the 
melting process. Austentic, bainitic, martensitic and 
"duplex" microstructures were consequently obtained 
[9]; also values of the surface microhardness were 
found ranging from that of the untreated austenitic 
stainless steel to values typical of a tempered mar- 
tensite. The corrosion behaviour Of the irradiated 
samples was found to be in agreement with the ob- 
served microstructures [10, 11]. Analogous results 
were also obtained with the other bilayers men- 
tioned above, thus showing that the thermal contact 
between the overlayer and the substrate under the 
given experimental conditions effectively enabled a 
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controlled melting process followed by a predictable 
modification of both the surface chemical composition 
and the microstructure. It is suggested that such an 
experimental procedure could be repeated with a CO2 
laser beam. This seems reasonable because the three 
main phenomena enabling successful cladding or 
alloying process (namely, (i) surface melting, (ii) ele- 
ment diffusion at the liquid-solid interface, and (iii) 
convection-driven flow of matter under temperature 
gradients) are essentially the same in both cases. Then, 
an experimental procedure similar to that described 
above was carried out to investigate the possibility of 
alloying or cladding, by laser irradiation, a Ni-base 
superalloy sheet clamped on a substrate of plain car- 
bon steel. The purpose of the present paper is to show 
the possibility of controlling the irradiation conditions 
in order to obtain surfaces with chemical composi- 
tions ranging from those of the original superalloy to 
those of low alloyed steels. 

2. Experimental procedure 
A rectangular sheet of superalloy with dimensions of 
8 x 50 x 0.9 mm a (width, length and thickness, respect- 
ively) was superimposed and fixed by means of some 
laser-welding spots on a substrate of a low alloyed 
steel 9 mm thick and 4 cm wide. The chemical com- 
positions of the substrate and superalloy are reported 
in Table I; the respective microstructures are shown in 
Fig. la and b. A beam integrator was used to obtain a 
10 x 10 mm 2 laser spot. Seven samples were irradiated 
under different processing parameters; the experi- 
mental irradiation conditions are reported in Table II. 
Cross-sections of the irradiated samples were polished 
and etched by the usual metallographic procedures; 
observations were then carried out by scanning elec- 
tron microscopy (SEM). Concentration profiles of Fe, 
Cr and Ni, the main alloy elements characterizing 
both the overlayer and the substrate, were obtained by 
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T A B L E  I Chemical compositions (wt %) of the (a) Mild steel 
substrate, and (b) the Ni-base superalloy 
(a) 

C Mn Cr Cu Ti A1 Si S P Fe 

0.14 1 0.8 < 0=4 <0.01 0.015 0.1 0.025 < 0.04 Balance 

(b) 

Ni Cr Fe Ti 

70.93 16.83 8.64 2.86 

T A B L E  II Laser-treatment conditions 

Sample Power Travel speed Interaction time 
(kW) (m m i n -  1) (s) 

1 8 0.4 1.5 
2 7 0.4 1.5 
3 10 0.5 1.2 
4 7 0.25 2.4 
5 7 0.5 1.2 
6 9 0.5 1.2 
7 10 0.25 2.4 

energy dispersive microanalysis to investigate the ef- 
fects of laser irradiation on the composition of the 
samples near the surface and at the interface with the 
substrate. These concentration profiles were taken in 
correspondence to the bead centreline, perpendicular- 
ly to the surface. The depth of the chemically affected 
zone ranged from about 1 to 3 mm, depending on the 
treatment parameters. No cracks nor porosities were 
observed in any of the examined samples. The micro- 
graphs in Figs 2, 3 and 4 show the microstructures of 
samples 3, 6 and 4 of Table II at the interface with the 
substrate; Figs 5 and 6 show the microstructures of 
samples 4 and 6 in the bulk of the melted zones. These 
micrographs demonstrate that, as expected, different 

Figure 2 Microstructure at the interface of sample 3. 

Figure 3 Microstructure at the interface of sample 6. 

microstructures and interface morphologies are ob- 
tained under the various treatment conditions. Three 
examples of trends in the examined elements, as a 
function of depth across the boundary of the molten 
pool, are given in Figs 7 to 9. 

Figure 1 Microstructures of: (a) the mild steel used as a substrate, 
and (b) the superalloy used as an overlayer. 

3. Discussion 
Steady concentration profiles of Fe, Ni and Cr were 
found in the bulk of the molten zone of all the treated 
samples; the typical trends of diffusion profiles were 
only evidence in the interface near the substrate. 
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Figure 4 Microstructure at the interface of sample 4. 
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Figure 7 Calculated concentration profiles of Ni, Cr and Fe near to 
the interface of sample 1. The symbols of the elements indicate the 
experimental concentrations of the respective elements obtained by 
energy dispersive microanalysis. 

Figure 5 Microstructure of the melted zone of sample 4. 
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Figure 8 As for Fig. 7 but for sample 4. 
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Figure 6 Microstructure of the melted zone of sample 6. 
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Figure 9 As for Fig. 7 but for sample 5. 

Therefore, a well-defined chemical composition can be 
related to each treatment condition; this allows defini- 
tion of the processing parameters enabling cladding or 
alloying. The microprobe analysis shows that the 
percentage content of Ni, Cr and Fe after solidi- 
fication of the molten pool ranges from values that are 
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very similar to those of the untreated superalloy to 
values which are about six times lower. Therefore, a 
cladded superalloy or low alloyed surface steels were 
obtained after laser irradiation in the experimental 
conditions described above. The main phenomena 
affecting the final composition of the laser-treated 



zone are: (i) the dilution of the elements of the over- 
layer sheet in the molten pool, and (ii) the diffusion of 
elements from or towards the substrate at the 
liquid-solid interface during melting. The dilution 
factor of a given element of the superalloy is defined 
as C,ct/Csup, that is, as the ratio of the actual con- 
centration in the alloyed or cladded layer to the 
concentration of the untreated superalloy; this can be 
approximated by the ratio R/(A + R ) =  1/(8 + 1), 
where A is the thickness of the substrate melted to- 
gether with the superalloy, R is the initial thickness of 
the superalloy sheet, and 8 = A/R. In effect, the surface 
concentrations found by microanalysis agree with 
those calculated by the total melt depth, R + A. Then, 
if 8 ~ 1, the composition of the molten pool after 
solidification is expected to be very similar to that of 
the unaffected superalloy; cladding is thus obtained. 
For obvious reasons, values of 8 >> I are typical of 
an alloying process. The values of A, reported in 
Table III, range from 0.08 to 2.5; this confirms, in 
agreement with the microanalysis data, that both 
cladding and alloying can be obtained-depending on 
the respective processing conditions: samples 3 and 5 
of Table III, characterized by small values of 8, identi- 
fy cladding treatments; samples 4 and 7 are examples 
of alloying treatments. Two sets of irradiation condi- 
tions can be recognized in Table III: (i) those with the 
same beam power and different interaction times, and 
(ii) those with the same interaction time and different 
beam powers. It is easy to recognize that the inter- 
action time % of the laser beam plays a major role in 
the value of 8. When ~ doubles 8 increases by a factor 
about 30 at 7 kW (samples 4, 2 and 5 of Table III) and 
by a factor of 25 at 10kW (samples 7 and 3). In 
contrast, the dependence of 8 on the irradiation po- 
wer, the interaction time being the same, is weaker. 
Samples 4 and 7, treated with ~ -- 2.4 s, show that 6 
changes from 2.56 to 2.78, when the beam power 
increases from 7 to 10 kW. Samples 5, 6 and 3, treated 
with �9 = 1.2 s, show that 8 changes from 0.09 to 0.5, 
i.e. less than 6 times, with the same increase of power. 
Then the interaction time affects the position of the 
liquid-solid interface more than the beam power. 

More refined statistical calculations are not possible 
because of the limited number of samples; however, 
the above figures show that the transition from clad- 
ding to alloying is more effectively obtained by in- 
creasing the interaction time rather than the beam 

T A B L E  I I I  Processing parameters. A is the thickness of the 
molten substrate, 8 = AIR and L is the diffusion length of Fe, Ni 
and Cr 

Sample "~ Power A 8 L X 
(s) (kW) (mm) (pm) x 10 a x 10 a 

1 1.5 8 0.75 0.83 11 6.6 15 
2 1.5 7 0.6 0.67 15 10.0 25 
3 1.2 10 0.1 0.11 13 13.0 130 
4 2.4 7 2.3 2.56 50 15.6 22 
5 1.2 7 0.08 0.09 34 34.7 425 
6 1.2 9 0.45 0.5 67 68.3 149 
7 2.4 10 2.5 2.78 50 14.7 20 

power. However, 8 alone is not sufficient, in principle, 
to completely characterize the final composition of the 
solidified molten pool. This fact has been already 
evidenced by irradiating, with an electron beam, a 
sheet of AISI 316 (containing 0.025 wt % C) on a 
substrate of C40 mild steel (0.4 wt % C) [8]. Line- 
profile analysis of XRD peaks and observation of the 
morphology of the phases formed after irradiation 
were carried out on the alloyed surfaces of the 
samples: both the broadening of the ~t-ferrite peak and 
the formation of lath martensite, typical of low- 
medium alloyed steels, can be explained by hypothesi- 
zing the diffusion of C from the substrate towards the 
molten pool. A way of quantifying this point has been 
already been discussed in a previous paper [5], which 
introduced the concept of diffusion length. This was 
derived by assuming the validity of Fick's diffusion 
law in the case of a liquid-solid interface at the 
boundary of the molten pool, and expressing the 
solution of the diffusion equation as a function of a 
parameter L called the diffusion length. Clearly, L 
replaces the well-known quantity 2(Dt) 1/2, D being the 
diffusion coefficient and t the time elapsed for the 
diffusion process. L takes into account that the 
liquid-solid interface is really a layer of finite thick- 
ness, known as the mushy zone [12], formed by a 
mixture of solid and liquid phases; it has simply a 
phenomenological meaning, summarizing the tend- 
ency of the elements to move across the interface, from 
and towards the substrate. In fact, it was calculated in 
[5] as a best-fitting parameter to match the solution of 
Fick's equation with the experimental values of the 
element concentrations as a function of depth. The 
agreement between experimental and calculated diffu- 
sion profiles was found to be very good for all the 
treatment conditions, and this showed that Fick's law 
is adequate to describe the diffusion at the interface. 
The question arises as to whether or not such a way of 
calculating the diffusion profiles also holds in the 
present case. For this reason, a one-dimensional 
model was used to evaluate the possible contribution 
of the diffusion-driven element exchange between the 
substrate and the overlayer to the final composition of 
the molten pool. Also, in the present case, Fick's law 
was assumed as a valid way of describing the diffusion. 
The one-dimensional approximation is legitimate be- 
cause the thickness of the diffusion layer is of the order 
of magnitude of few tens to a few hundreds of micro- 
meters (Figs 7 to 9) while the width of the molten pool 
is of the order of centimetres. The following discussion 
shows that the experimental diffusion profiles of Fe, 
Ni and Cr can be fitted using a solution of Fick's 
equation as a function of the steady element concen- 
tration far from the interface, that is, in the bulk of the 
molten zone. First, high diffusion coefficients are ex- 
pected at the liquid-solid interface. In fact, interaction 
times of the order of 1 s enable concentration profiles 
to be obtained of Ni, Cr and Fe which are similar to 
those obtained after hours of treatment at a constant 
temperature in the usual solid-solid diffusion pro- 
cesses. This can be better evidenced as follows. Let R 
be the initial thickness of superalloy overlayer and S 
be that of the mild-steel substrate S; C~(x, t) is the 
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concentration of the ith element as a function of the 
co-ordinate x at the time t. The boundary conditions 
of the problem are then 

Ci(x, O) = Cr (x < R), C,(x, O) = C s (x > R) 
(1) 

where the symbols C, and Cs indicate the initial 
concentrations of the ith element in the overlayer and 
the substrate, respectively. Moreover, Ci(x, t) must be 
such that 

RC~ + SC~ 
Ci(x, oc) = const - (2) 

R - k S  

Equation 2 describes, in the one-dimensional approx- 
imation, the complete dilution of the ith element in a 
total 'thickness R + S for t tending to infinity. If the 
diffusion coefficient, D, is assumed to be independent 
of concentration at constant temperature, then the 
solution of Fick's equation in the case of a solid-solid 
diffusion process is 

RC~ + SCs 
C~ (x, t) - + 0.5(Cr - Cs) 

R + S  

x - R  s } 
(3) 

where erf denotes the error function. It can be immedi- 
ately verified that Equation 3 fullfils the boundary 
conditions of Equations 1 and 2. In the case of diffu- 
sion at the boundary of the laser-induced liquid pool it 
is necessary to take into account that a suitable 
amount of substrate is melted together with the over- 
layer; then, the diffusing layer is the total melt depth R 
+ A, where A is the thickness of the substrate in- 

volved in the melting process together with the over- 
layer sheet. Of course, the thickness of the solid sub- 
strate is now S - A. Equation 3 then becomes 

RC* + SC~ 
Ci (x, t) - + 0.5(C* - C 3  

R + S  

x erf ~ + - ~  

_ erf[X - R - -  AI}  (4) 

where L = 2(D't) 1/2. The asterisks label the element 
concentrations corrected for the dilution in the molten 
pool. 

In the above equation, the thickness of the liquid 
phase, R + A, plays the role of the overlayer R in 
Equation 3. Accordingly, Cr has been replaced by C*, 
which accounts for the dilution in the molten pool of 
the ith element when a thickness, A, of the substrate is 
also melted 

CrR (5) 
C *  - R + A  

It is clear that D*, appearing in Equation 4 via L, is 
conceptually different from D i n  Equation 3: D has a 
well-known meaning [ 13] and can be taken from the 
l i terature data; D* refers to a completely different 
experimental situation. 
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Equations 4 and 5 can be calculated once A and D*t 
are known. The former can be inferred from experi- 
mental observation of the melt thickness. The latter 
can be easily found as a best-fitting parameter in 
Equation 4 to match the experimental concentration 
profiles. Of course, the best-fit procedure has a mean- 
ing only if the results themselves demonstrate the 
validity of Equation 4 from a physical point of view. In 

�9 effect, the concentrations of Ni, Fe and Cr calculated 
with the values of L = 2(D't) 1/2 reported in Table III 
agree very well in all cases with the experimental 
results; Figs 7 and 9 are three examples of this, and 
they show that Fick's equation adequately describes 
the diffusion of the elements concerned at the 
liquid-solid interface. Once D*t is known, D* can also 
be calculated as a function of the time, t, allowed for 
the diffusion to occur. This requires an exact know- 
ledge of the length of the melting process, thus accur- 
ate modelling is needed of the beam-solid interactions 
in the given experimental conditions. However, the 
order of magnitude expected for D* can be easily 
evaluated using the interaction time, z. It is clear from 
both Equations 3 and 4 that 2(Dt) 1/2 is a reference 
length determining the scale of the diffusion-affected 
zone and also the thickness where a significant change 
of composition is expected; in effect, the graphs in 
Figs 7 to 9 show that the values of 2(D't) 1/2 ( = L) 
reported in Table III are comparable with the respect- 
ive widths of the diffusion zone. The latter then has an 
order of magnitude of some tens to hundreds of 
micrometres, depending on the treatment parameters. 
Therefore D* ranges between values of the order of 
10 -7 to 10-5 cm 2 s-1. As expected, the laser-induced 
diffusion at the mushy zone can be simulated with 
very high diffusion coefficients. More complicated 
calculations to evaluate D* have been omitted be- 
cause, for the purposes of the present paper, the 
diffusion length 2(D't) 1/2 is more important than the 
value of D* itself. This can be realized examining 
the following ratios: 2 = 2(D*t)I/2/(R + A) and ~ = 
2(D't) 1/2/A. The meaning of these quantities is easily 
understood. 

1. )~ compares the scale of the diffusion zone, where 
the concentration of the ith element is significantly 
affected, with the initial thickness of overlayer. Then, )~ 
describes the involvement of the molten phase in the 
diffusion process. Clearly, L ,~1 means that in the 
given experimental irradiation conditions the scale of 
the diffusion zone does not involve a significant 
amount of the liquid phase; on the contrary, higher 
values of ~. mean that diffusion is increasingly import- 
ant in changing, together with the dilution, the chem- 
ical composition of the laser-melted zone. 

2. The irradiation conditions certainly affect both 
the total melt depth and the diffusion rate at the 
liquid-solid interface. In this respect, it is possible to 
ask whether a higher power or interaction time prefer- 
entially increase either the displacement of the inter- 
face to higher depths or the tendency of the elements 
of the molten pool to diffuse. The meaning of ~ is thus 
clear: it compares the rate with which the elements 
diffuse across the interface to the rate with which the 



interface moves towards the substrate. The values of X 
and ~ are shown in Table III. 

Even without a detailed statistical analysis of the data, 
the following information can be inferred by simply 
examining the experimental results in Table III. 

1. At a constant interaction time, ~ is a decreasing 
function of the beam power. This is shown by samples 
4 and 7 (x = 2.4 s), 2 and 1 (~ = 1.5 s), and 5, 6 and 3 (z 
= 1.2 s). This suggests that in this case, the predomin- 

ant effect of a higher beam power is to increase the 
melt depth rather than the mobility of the atoms at the 
interface. The same set of samples shows that the trend 
in X is not clearly evident; it suggests that the irradi- 
ation power affects mainly the melt depth. 

2. At a constant beam power, ~ decreases with the 
interaction time; this can be inferred from samples 4, 2 
and 5 (7 kW), and 7 and 3 (10 kW). Then, the displace- 
ment of the interface increases as a function of x more 
rapidly than the diffusion length. Also, in this case, the 
dependence of X on 'r is not clearly evident. 

In conclusion, the experimental results suggest that 
at high powers and interaction times of the laser beam 
the depth of the interface is affected more than the 
tendency of Fe, Ni and Cr to diffuse. Therefore, the 
surface composition is essentially controlled by the 
dilution of the alloy elements of the overlayer in the 
molten pool when the irradiation energy is increased. 
These conclusions help to optimize the most conveni- 
ent choice of processing parameters depending on 
whether the result expected is cladding or alloying. 

Finally, it is worth noting that the values of the 
diffusion length ofNi, Fe and Cr are the same for each 
treatment condition; for this reason, a unique value of 
L has been reported in Table III. Then, the same 
diffusion coefficient would be calculated, for each 
treatment condition, through the respective values of 
2(D*t)l/g. This could not be expected from the well- 
known mechanisms of atomic jumps between the 
lattice sites of ordinary diffusion processes [14]. 
Nevertheless, this experimental result appears reason- 
able. In fact, the liquid-solid interface is really a layer 
of finite thickness rather than a plane separating two 
phases. Then the idea of single atoms leaving the 
liquid phase to diffuse within a solid lattice is unreal- 
istic. This suggests the hypothesis that the liquid phase 
itself diffuses within the mushy zone; accordingly, the 
concentration gradients are due to the mixing of 
different amounts of liquid and solid phases (with a 
progressive increase of the latter when approaching 
the unmelted substrate), rather than to the displace- 
ment of single atoms. Accordingly, the microstructure 
at the interface should be the result of a local mixing 
between melted and unmelted phases. Such a hypo- 
thesis can be confirmed with a more detailed analysis 
of the interface microstructures; this is in progress at 
present. 

4. Conclusion 
The experimental results show that the laser irradi- 
ation of bilayer samples allows optimization of the 

melting conditions and the diffusion mechanisms at 
the liquid-solid interface to obtain cladding or alloy- 
ing. Accordingly, different final microstructures are 
obtained. The experimental concentration profiles of 
Fe, Ni and Cr can be fitted with a Fick-diffusion 
model. The results of the treatments are predictable in 
accordance with pre-defined requirements. It is pos- 
sible, in fact, to define the processing conditions as a 
function of a given final chemical composition of the 

molten pool. It allows to control also the composition 
of the cladded or alloyed zone obtained after solidi- 
fication. This shows that the experimental procedure 
described can be successfully used not only to investig- 
ate the surface microstructures related to the treat- 
ment parameters but also for possible technological 
applications. 
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