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1. Introduction

Laser cladding dates back to the 1970s [1,2] and involves the 
melting of a cladding alloy onto a metal substrate using pre-
placed [3,4] or blown [3,5-7] powder which is laser melted to 
create a clad track. Traditionally, successive tracks are 
overlapped side by side to create a clad surface like the one 
shown in cross-section in Fig. 1. This process has been used to 
coat a range of metals with expensive wear, abrasion or 
corrosion-resistant alloys.

Fig. 1. A cross-section of a typical ‘AAA’ clad surface is created by laying 
down parallel, overlapping tracks.

Laser cladding is also a cornerstone of many Additive 
Manufacturing (AM) production processes, the term "laser 

cladding" refers to the process of directed energy deposition, a 
method of additive manufacturing in which focused thermal 
energy is used to fuse materials by melting as they are being 
deposited (ISO/ASTM 52900).

For the purposes of this paper, the traditional cladding 
process could be called ‘AAA’ cladding because the clad tracks 
are ostensibly identical. However, this similarity only becomes 
apparent once a few tracks have been laid down. In the early 
stages of the process, the previous tracks affect the shape of 
subsequent ones in various ways. This point is rarely discussed 
in the literature [8] but is clear in the cross-sections of clad 
layers presented by most researchers in the field [9 - 13]. This 
point is apparent when comparing the cross-sectional 
morphology of tracks 1, 2 and 3 on the left of Fig. 1, and is 
illustrated schematically in Fig. 2. In this area, there can be 
large differences in local clad track height, cross-section and 
metallurgy. For example, because it is the only track laid upon 
a flat surface, track 1 will have a different melt pool geometry 
which will affect powder capture and the level of dilution of the 
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cladding alloy with the substrate compared to subsequent 
tracks. 

Fig. 2. Schematic showing how ‘AAA’ cladding builds up a surface by 
adding subsequent tracks to an initial A track.

In general, several tracks need to be laid down before a 
repeating cross-section is created and the final track also has a 
unique morphology because it does not undergo secondary 
melting by the partial overlay of a subsequent melted track. In 
the illustration in Fig. 2 a repeating pattern of cladding is not 
established until track A4. Tracks A4 to A9 are identical and 
A10 is the final track. 

These start and finish anomalies are one of the drawbacks of 
‘AAA’ cladding because they give rise to local perturbations in 
clad surface morphology, dilution and heat-affected zones [8-
12].

A more major commercial consideration, however, is the 
powder catchment efficiency of the process. The metal powder 
which is propelled towards the melt pool interacts with the 
shoulder of the previous track (see Fig. 2). The pool is inclined 
in one direction and there are a considerable number of escape 
routes for the ricocheting powder particles.

Powder catchment efficiencies noted in the technical 
literature cover a large range but are frequently substantially 
below 50% [14-19].

In order to establish a more controllable and efficient
process, this paper investigates the concept of laying down 
more widely spaced clad tracks using one set of parameters (‘A’ 
tracks), and then filling in the gaps between these tracks with 
ones made with a different set of parameters (the ‘B’ tracks). In 
this way, all ‘A’ tracks will be identical in shape and dilution 
etc. and the same will be true of all ‘B’ tracks.

This work investigates the possible advantages of ‘ABA’ 
laser cladding compared to traditional ‘AAA’ cladding. In 
particular the work compares the performance of the two 
techniques as regards powder catchment efficiency and
deposition/coverage rates.

Also, the possibility of cladding dissimilar metals as the ‘A’
and ‘B’ tracks is investigated.

2. Experimental methods

Laser cladding was performed using an IPG Ytterbium-doped, 
continuous-wave fibre laser with a maximum peak power of 
2 kW operating with a coaxial nozzle powder feeder. In most 
of the experiments, the powder was AISI 316L stainless steel 
and the substrate was AISI 1023 bright drawn mild steel.
Additional experiments were carried out which utilized Stellite 
6 for the ‘B’ tracks. The powder feed rate was 25g/min in all 
cases. The powder catchment efficiency was calculated by 
comparing this feed rate with the number of grams per minute 
deposited, see equation 1.

(1)

Nomenclature

Epc = powder catchment efficiency (%)

Atrack = Cross-sectional area of a track above the original line 

of the substrate (mm2)

v = Process speed (mm/min)

 = Density of cladding material (g/mm3)

PFR = Powder feed rate (g/min)

The process speed (i.e. the movement speed of the CNC 
table) was varied from a value of 1.0m m/min to 3.2 m/min. 
Samples were created with a variety of inter-track spacings. 
Clad samples were sectioned, polished, and etched in aqua 
regia. 

Fig. 3 shows a simplified diagram of an ‘ABA’ sample 
which gives details of how the samples were created and 
subsequently sectioned. The actual samples involved 8 similar, 
parallel ‘A’ tracks interspersed with 7 ‘B’ tracks made in the 
same direction. Tracks were completed with different A-B 
lateral spacings. In the interests of brevity, only a selection of 
results is presented here.

Fig. 3. ABA clad sample design.
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3. Results and discussion

3.1. Improvements in powder catchment efficiency

Fig. 4 shows the powder catchment efficiency for a 
sequence of tracks which made up ‘AAA’ cladding with the 
following parameters;
• Laser Power: 1800W
• Cladding speed: 1.0 m/min
• Powder feed rate: 25g/min
• Inter-track spacing:1.5mm

It is clear that, for ‘AAA’ cladding, the initial ‘A’ track has 
a higher powder catchment efficiency (57%) than any of the 
subsequent tracks. The second track has an efficiency of only 
35% and, after the first four tracks, the process becomes stable, 
with an average powder catchment efficiency of 45% 
(11.3g/min). This figure is considerably below the powder 
catchment efficiencies measured for ‘ABA’ cladding using 
similar parameters for the ‘A’ tracks. 

Fig. 4. Powder catchment efficiency for ‘AAA’ cladding. The efficiency was 
calculated from the cross-sectional area of each track as compared to the 
expected cross-section if 25g/min of powder was melted.

For ‘ABA’ cladding, there is no need to establish a build-up 
to a stable track geometry because all the ‘A’ tracks have the 
same melt pool geometry. This is also true of the ‘B’ tracks 
although in almost all cases of ‘ABA’ cladding it was found 
that the powder catchment efficiency when laying down the ‘B’
tracks was much higher than it was for the ‘A’ tracks. 

‘ABA’ cladding presents the incoming powder cloud with a 
very effective powder catchment geometry for the ‘B’ tracks as 
the melt pool is effectively held in a valley between two 
previously deposited ‘A’ tracks, see Figs. 5 and 6.

Fig. 5. A schematic of ABA cladding demonstrating the absence of 
start/finish anomalies and the pool geometry which results in improved
powder capture.

Fig. 6. In the case of AAA cladding a considerable proportion of the powder 
can be deflected away from the melt pool. In the case of ABA cladding more 
powder is deflected into the melt pool.

The improved powder catchment of the ‘B’ tracks of ‘ABA’ 
cladding means that ‘B’ tracks will have a greater cross-section 
than ‘A’ tracks if the same process parameters are used for both 
types of track. This can result in an uneven, ridged, clad 
surface, as shown in Fig. 8a. An optimized cladding process 
should result in a level clad surface which minimizes any post-
processing costs. In order to level out the surface, the cladding 
speed for the ‘B’ tracks was increased. This strategy also 
increases the coverage rate of the overall cladding process. 

Fig. 7 presents powder catchment efficiency results for 
‘ABA’ cladding produced with increasing ‘B’ track speeds at 
the following parameters:

• Laser Power: 1800W
• Cladding speed (‘A’ tracks): 1.0 m/min
• Cladding speed (‘B’ tracks): 1.0 – 2.0 m/min
• Powder feed rate: 25g/min
• Inter-track spacing: 2.1mm and 3mm
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Fig. 7. Powder catchment efficiency for the ‘B’ tracks of ‘ABA’ cladding at 
various cladding speeds (powder feed rate is 25g/min in all cases).

The 1.0 m/min results in Fig. 7 include the catchment 
efficiency for the eight ‘A’ tracks laid down before the ‘B’ 
tracks were added at a range of cladding speeds. This value
(57%) is the same as for the first track of the ‘AAA’ sample 
discussed in Fig. 6, as these ‘A’ tracks were laid down with the 
same parameters. The rest of the data in figure 7 give details of 
the powder catchment efficiency of the ‘B’ track weld pools at 
different processing speeds for two inter-track distances. The 
powder catchment enhancement for ‘ABA’ cladding is clear in 
these results. For an ‘A’ track inter-track spacing of 2.1mm the 
average powder catchment efficiency for the ‘B’ tracks over 
this range of cladding speeds was 70%, with a range from 67% 
to 75%. For a larger ‘A’ track inter-track spacing of 3mm, the 
average powder catchment efficiency for the ‘B’ tracks was 
85% over a range from 77% to 89%. 

As the ‘B’ track maximum average, in this case, was 85% 
and the ‘A’ track average was 57% this gives an average 
powder catchment efficiency for the process of 71%. This 
figure is a substantial improvement on the average value of 
AAA cladding of 45% (see fig. 6.).

Figs. 6 and 7 support the idea that, within limits, a 
broadening of the separation between the ‘A’ tracks will result 
in better powder capture.

3.2. Improvements in coverage rate

As Fig. 8 demonstrates, an improved, flat clad surface was 
achieved in this case when the cladding speed of the ‘B’ tracks 
was double that of the ‘A’ tracks. This increase in speed for half 
of the tracks involved obviously improves the coverage rate. It 
is difficult to produce precisely similar clad surfaces from both 
techniques so direct comparison is not possible but, taking Fig.
6 and 7 as an example, the average powder catchment 
efficiency of the ‘ABA’ technique (with ‘A’ track separation of 
3mm) is approximately one and a half times that of the ‘AAA’ 
method and a similar increase in general cladding productivity 
could also be expected in this case. It is worth noting that the
‘ABA’ technique is applicable to spiral cladding of rods and 
tubes as well as other surface geometries.

a)

b)

Fig. 8. ABA cladding with a) ‘A’ and ‘B’ tracks clad with the same 
parameters, b) ‘A’ tracks at 1m/min, ‘B’ tracks at 2m/min.

Productivity might also be improved by the point that, because 
of the nature of the process, ‘ABA’ cladding could involve 
wider spacing between the tracks compared to ‘AAA’ cladding. 
This means that fewer tracks could be needed to cover a 
particular surface area. 
One further point in favour of ‘ABA’ cladding is that improved 
powder catchment reduces the need for powder recycling and 
minimizes the wastage of expensive alloy powders.

3.3. ABA cladding with different materials

In the early days of laser hardening, it was quickly realized 
that a continuous, hard surface was not always the most cost-
effective way to use the technology. Individual stripes of the 
hardened zone were much faster (and cheaper) to produce and 
any softened (annealed) areas to each side of the hardened areas
can wear away to provide conduits for lubricants [20,21]. The 
hardened stripes then locate the movement of the parts and 
minimize general wear. The same principle can be applied to 
‘ABA’ cladding. Fig. 9 presents cross-sections of ‘ABA’ clad 
surfaces where the ‘A’ tracks are 316 stainless steel and the ‘B’
tracks are Stellite 6. 
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Fig. 9. ABA cladding with different materials. In this case, the ‘A’ tracks 
were 316 stainless steel, the ‘B’ tracks were Stellite 6.
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This technique could be used to save costs on expensive 
superalloys or to allow incompatible clad/substrate 
combinations to be clad where an intermediate layer of ‘A’ 
material separates tracks of ‘B’ material from the substrate.

4. Conclusions

• ‘ABA’ cladding offers new opportunities to the cladding 
process as regards powder usage, coverage rates and 
cladding of different combinations of materials.

• In the case presented here powder catchment efficiencies 
were increased from an average of approximately 45% to 
71%.

• Coverage rates in the above work were substantially 
improved using ABA cladding. Speeds of coverage were 
increased to 150% of their AAA cladding equivalent, 
although it is difficult to quantify the different clad surfaces 
generated.

• Different metals can be clad as an ABA sandwich. In this 
case, Stellite 6 ‘B’ tracks were interspersed between 316 
stainless steel ‘A’ tracks. This technique may have technical 
and commercial advantages which have yet to be explored.

• A further advantage of ABA cladding over the standard 
AAA technique is that there is no initiation phase to the 
process before repeatable tracks are laid down. This means 
that track morphology, dilution and local metallurgy will be 
more predictable and evenly distributed over the clad layer.
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