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Summary 

Spheroidal graphite cast iron is a material widely used in the industry for the manufacturing 
of all kind of covers and protective casings thanks to its good combination of mechanical 
properties, processability and cost. When cast iron components are put into service in cor-
rosive environments the most common approach to protect the components is painting 
them.  
 
The protective painting has been found to flake off with time when aggressive washing pro-
cedures, such as the ones used in the Food & Beverage industry, are applied several times. 
In this project, the coating of cast iron with a corrosion resistant AISI 316L stainless steel by 
Laser Metal Powder Deposition has been studied as an alternative protection against corro-
sion. 
 
Several samples with different combinations of substrate preparation, number of layers and 
surface conditions were produced and analysed by optical microscopy, scanning electron 
microscopy, energy dispersive X-ray spectroscopy, wash down tests and salt spray chamber 
corrosion tests. 
 
Main results show that the diffusion of carbon from the carbon-rich cast iron to the stainless 
steel coating, which would have a negative effect on the corrosion resistant properties, was 
significantly low as a result of the low penetration and dilution achieved during the laser 
metal powder deposition process. The deposited stainless steel coatings successfully pro-
tected the substrate during the corrosion tests and the integrity of the coatings is not expected 
to fail during the washing producers applied in the industry.  
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1 Introduction 

The purpose of this project is to investigate the feasibility of using Laser Metal Powder 
Deposition to deposit a corrosion resistant coating of austenitic stainless steel on a duc-
tile cast iron substrate.   
 
The main research question is: is it possible to directly deposit stainless steel powder on 
cast iron without the use of an intermediate nickel-rich buffer layer? The development 
of a LMPD process which allows to directly deposit stainless steel layers on cast iron 
has been considered in this project.   
Some sub research questions are derived from the main research question: 
- Is the initial substrate surface condition a key parameter to achieve the desired quality 
in the coating? 
- How many deposited layers are necessary to guarantee a pure austenitic stainless steel 
surface with no carbon diffusion from the carbon-rich cast iron substrate? 
- Is it beneficial in terms of corrosion resistance to remelt the surface of the last stainless 
steel layer? 
 
The deposited corrosion resistant coatings and related process parameters developed in 
this project are intended to protect the outer cover of ABB robots which will be put 
into service in the food and beverage industry.  
 
The testing plan and acceptance criteria have been established in accordance with ABB 
specifications. The coatings should be able to withstand a high-pressure steam wash-
down test equivalent to an IP69K level (ISO 20653:2013 Road Vehicles – Degrees of 
protection IP Code – Protection of electrical equipment against foreign objects, water 
and access) [1] and pass a laboratory accelerated cyclic corrosion test (Volvo Standard 
VCS 1027,1449) [2]. The aim of this project is to develop a coating with a sound aus-
tenitic microstructure and a low substrate-coating dilution to ensure a high corrosion 
resistance level and reliable mechanical properties. As a thesis work with a strong con-
nection to industry, the developed coating must fulfill the above-mentioned tests and 
gives an answer to ABB expectations in the most industry-friendly possible way.  
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2 Background 

2.1 Motivation 

The automation and robotization of manufacturing lines is a current trend in most in-
dustrial fields, especially in developed countries. The F&B industry, which usually in-
volves high volumes of units that must be quickly processed and distributed, is not an 
exception to this tendency [3].  

 
Due to the high potential public health risks related to the food and beverage industry, 
regulations and design guidelines have been implemented in the last decades in an at-
tempt to minimize these risks [4]. In order to fulfil the regulations and maintain a gen-
eral cleanliness level, the usage of washing and cleaning procedures involving high tem-
peratures, pressure and chemical products are common and widespread in the manu-
facturing plants.  

 
Especial attention is paid to all pieces of equipment that may come into direct contact 
with a product before its final packaging, including manipulating robots, which are 
cleaned with a higher frequency and usually with more aggressive procedures than other 
elements in the factory.  The frequent cleaning of the manipulating robots, along with 
the corrosive behavior of organic matter, create a corrosive environment that must be 
taken into account prior to the selection and installation of the robotic system.  

 
The outer casings of industrial robots are typically painted to improve their visual ap-
pearance and their corrosion resistance, but the painted layer has been found to flake 
off during some of the cleaning processes used in the F&B industry. This introduces 
the necessity to find a new industrial friendly way to protect the robots from corrosion 
with both a material and manufacturing process which produce a surface that fulfills 
the requirements to be in contact with food. 

 

2.2 Materials and processes 

As the main function of the outer cover of a robotic arm is to seal the rest of the system 
from the environment and it is not designed to be subjected to high mechanical stresses, 
cast iron is the material of choice of most robot manufacturers for this purpose. Cast 
iron is a well-known and cheap material which can be easily casted into its final shape 
requiring very little (or none) post-processing. As an example, the cast iron covers in-
volved in this project are painted and put into service in the as-cast condition. 

 
Making the protective cover of the robot of a corrosion resistant material such as stain-
less steel or aluminum would be indeed a solution, but due to the afore mentioned 
reasons the usage of cast iron instead of more expensive materials is preferable as long 
as another solution to the corrosion issue is found.  
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Despite their many advantages and being the material of choice for all kinds of outer 
casings and protective covers for industrial applications, cast irons present several dif-
ficulties during welding and cladding processes. Their characteristic high carbon per-
centage and complex microstructure makes them particularly susceptible to manufac-
turing processes involving heat. Figure 1 [5] shows the effects of welding ductile cast 
iron with a nickel rich alloy with or without a preheat treatment and illustrates how the 
final microstructure of cast irons is closely related to its thermal history. In the case of 
the sample that was preheated (b), the cooling rate after welding was slower so the 
carbon contained in the graphite nodules had time to diffuse to areas with a lower car-
bon content. As a result, the desirable spheroidal geometry of the graphite nodules was 
lost in a much wider area of the HAZ.   
 

 
Figure 1, Optical Images of ductile cast iron welded with a 57.2% Ni-Fe electrode [5]:  

(a) as-welded without preheat treatment                        (b) as-welded with preheat treatment 

The reason why cast irons are so susceptible to welding processes is because, upon 
rapid cooling, undesirable brittle phases such as martensite and iron carbides will form, 
and the microstructure of the HAZ will be modified [6]. 
The microstructure of spheroidal graphite cast iron, the chosen substrate material for 
this project, is even more sensible to the effects of heat than other types of cast iron. 
Apart of the formation of brittle phases and related microstructural changes, the sphe-
roidal geometry of the graphite has been found to be completely changed. The loss of 
the spheroidal geometry in the HAZ, and the loss of the improved mechanical proper-
ties related to it, cannot be avoided and can only be restored with a high temperature 
postweld heat treatment. The most effective way to retain the desirable mechanical 
properties of spheroidal graphite cast iron is decreasing the heat input and therefore the 
width of the HAZ as much as possible [9] [10] [11]. If the heat input cannot be further 
minimized due to process limitations, it is possible to reduce the cooling rate with a 
preheat treatment before welding.  
 
The chosen corrosion resistance material that will be deposited on the cast iron is, for 
several reasons, an AISI 316L austenitic stainless steel grade. 
Austenitic stainless steels are used world-wide for corrosion resistance applications in 
all kind of environments and industrial sectors. Among the different austenitic stainless 
steel grades, the AISI 316L grade is probably the most used and well-known grade for 
pipelines, deposits and welded structures in the chemical, pharmaceutical and F&B in-
dustries [14] [15]. 
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Austenitic stainless steels are easier to weld than cast irons and other steel families, and 
the AISI 316L was specially developed for welding purposes. The “L” of the AISI 316L 
nomenclature means that the carbon content is lower (< 0.03 wt%) than the standard 
AISI 316, so all welding difficulties related to carbon content, including sensitization, 
are reduced. It is possible to produce specimens and claddings of austenitic stainless 
steels with additive manufacturing techniques which have the same or better corrosion 
resistance than conventionally produced components. For example, J. Dutta Majumdar 
et al. demonstrated that a multiple-layer laser cladding of 316L had a superior resistance 
against pitting corrosion than a conventionally produced 316L component [16].  Qi 
Chiao et al. concluded that a 316L component manufactured through selective laser 
melting also had a superior corrosion resistance than a wrought component [17]. 
 
The coating method selected for this project, LMPD, is commonly used for the depo-
sition of claddings and it is characterized for generating a low heat input in comparison 
to other direct metal deposition systems. 
If a coaxial powder feeding nozzle is used, the laser focal point can be directed to the 
point where the powder converges above the substrate (Figure 2).  Doing so, the amount 
of laser energy received by the substrate is attenuated and the molten powder can be 
spread over a wider area of the substrate. The heat input and the dilution of the powder 
with the substrate are significantly reduced in comparison to other methods, such as 
arc welding or LMWD [12].  Its low heat input positions LMPD as one of the best 
alternatives for the cladding of heat sensitive materials such as spheroidal graphite cast 
iron. 
 

 
Figure 2, Coaxial LMPD feeding nozzle used in the project  

 
When cladding a material which can develop a microstructure with hard and brittle 
phases such as spheroidal cast iron , the deposition of two or more layers of metal 
powder is expected to have a beneficial influence on the microstructure and mechanical 
properties of the substrate HAZ produced by the first layer. Due to the high cooling 
rate caused by the heat sink effect of the cold thick cast iron plate, a high percentage of 
untempered martensite can be anticipated. The heat input of successive layers will tem-
per some of the martensite and reduce residual stresses [8] [9] [13]. 
 
When a corrosion resistance coating involving dissimilar materials such as cast iron and 
stainless steel is deposited, minimizing the dilution and diffusion between the cladding 
material and the substrate is desirable. A low substrate temperature will result in a lower 
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penetration of the molten powder and a faster solidification, therefore reducing the 
dilution and diffusion time between the two materials [7] [8]. Consequently, it is not a 
common practice to preheat the substrate prior to the deposition of a corrosion re-
sistance coating. Additionally, preheating a component that is going to be cladded by 
LMPD can be difficult because introducing and clamping the component in the LMPD 
machine can be cumbersome. 
 
During the additive manufacturing process of austenitic stainless steel components, a 
sensitization risk can be introduced if the component is maintained at elevated temper-
atures or let to cool down at a rate where it will stay in the sensitization temperature 
range (500-800 ºC) for a sufficient time. Even with its very low carbon content, an 
additive manufactured AISI 316L specimen can become sensitized and intergranular 
corrosion will appear with time [20][21]. Because of the high cooling rates related to the 
LMPD method, the sensitization risk is greatly reduced and the corrosion resistance of 
the samples produced in this project is not expected to be affected by it. 
 
The surface roughness of AM samples can be drastically improved by laser polishing 
[23][24][25]. To further increase the corrosion resistance and visual appearance of ad-
ditive manufactured (AM) components, laser polishing or laser remelting of the last 
deposited layer can be performed to improve the surface roughness. A lower surface 
roughness improves the resistance against pitting corrosion in most metals, including 
stainless steels [22].  
 
In general terms, the weldability of cast irons and austenitic stainless steel is considered 
to be poor. A nickel-rich buffer layer is commonly applied on the cast iron prior to the 
stainless steel to reduce the appearance of welding related problems and to guarantee a 
reliable bonding. Nickel increases the ductility of the weld, does not form brittle com-
pounds with carbon and reduces the diffusion of carbon towards the iron, making mar-
tensite formation and carbides formation less likely [6][26][5].  
 
Nickel-rich alloys are expensive and it is the purpose of this work to evaluate if, for 
certain applications such as the cladding of the outer cover of ABB robots where no 
significant mechanical stresses are expected, the weld quality of the deposits obtained 
without the use of a buffer layer could be enough to fulfill its duty during the complete 
service life of the component. No articles or previous academic work regarding the 
direct LMPD of AISI 316L SS on cast iron has been found during the literature review. 
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3 Experimental Methodology 

A coating, containing from one to three layers of 316L stainless steel, was deposited on 
spheroidal graphite cast iron plates. In some cases, a nickel-rich buffer layer was depos-
ited on the cast iron substrate prior to the stainless steel to compare the effects of having 
a buffer layer on the final coating. The substrate surface of most samples was grit 
blasted, but some of them were machined to produce a completely flat and oxide-free 
surface. All coatings were deposited using the same LMPD equipment and process pa-
rameters. 
 
The cross-section of the produced samples was analysed by Optical Microscopy (OM), 
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 
(EDS). The samples were subjected to two wash-down tests involving high-pressure 
steam and a corrosion resistance test. The ferrite content of the coating surface was 
measured with a Feritoscope.  
 
   

3.1 Materials  

Substrate 

Material: EN GJS-500-7, spheroidal graphite cast iron plates 80 x 80 x 8 mm (length, 
width, thickness). Chemical composition (wt %) provided by the supplier: 

 

Fe C Si Mn S P Mg 

Bal. 3.25-3.75 2.40-3.00 0.10-0.30 0.005-0.020 0.015-0.08 0.04-0.07 

 

Buffer layer 

Material: Inconel 718, nickel-chromium superalloy in powder form.  
Powder Size: 45-75 µm. Chemical composition (wt %) provided by the supplier:  
 

Ni Cr Fe Nb Mo Ti Al Si Mn C Co Cu P B S 

53.9 18.7 18 5.16 2.99 0.94 0.41 0.08 0.07 0.040 <0.01 <0.01 <0.003 <0.001 0.001 

 

Coating  

Material: AISI 316L, austenitic stainless steel in powder form. Powder size: 45-75 µm.  
Chemical composition (wt %) provided by the supplier: 
 

Fe Cr Ni Mo C Si Mn S P N 

67.77 16.9 12.38 2.53 0.014 0.69 1.45 0.007 0.02 0.053 
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3.2 Manufacturing equipment and process parameters 

 
For the samples with a machined surface condition, 1.5 mm of material were removed 
with a SAJO VF 52 STR milling machine, using a SECO Octomill Skäarstorlek-05 cutting 
tool with a spindle speed of 500 rpm and a feed of 1.6 mm/rev. 
 
Robotized Laser metal powder deposition 
 
Robotic system: INSEL Overhead Gantry M40 CNC-Milling Machine modified with a co-
axial annular powder nozzle and a laser optic (Fig.3). The laser source was a IPG Photonics 
Ytterbium 6 kW fiber laser and the powder nozzle was connected to a Uniquecoat volu-
metric powder feeder. The powders were sieved before being loaded to the powder 
feeder to ensure that there were no particles over 75 µm.  
Auxiliary equipment: nozzle water cooling system, argon gas supply system. 

Process parameters: 

The  process parameters are summarized in Table 1 and described below: 
 
Nozzle-substrate distance: distance between the final part of the nozzle where the powder 
particles are ejected and the substrate. 
 
Height increment per layer: increase of the height of the nozzle (Z axis) each time a new 
layer is going to be deposited. Intended to maintain nozzle-substrate distance depend-
ent parameters constant. 
 
Overlap: increase in the width direction (X axis) of the sample each time the deposition 
of a bead is finished. 
Laser standoff distance: distance between the laser focus point and the substrate. A positive 
value means that the laser focus point is above the substrate. 
 
Laser spot diameter: diameter of the laser beam at the substrate surface level. It is affected 
by the laser standoff distance. 

Table 1, LMPD Process parameters 

 Inconel 718 AISI 316L Remelting 

Powder feeding rate 
(g/min) 

6.2 6 0 

Shielding gas flow 
(L/min) 

3 3 3 

Carrying gas flow 
(L/min) 

12 12 0 

Laser power (W) 1000 1000 650 

Travel Speed (mm/s) 17.5 17.5 17.5 

Nozzle-substrate 
Distance (mm) 

12.5 12.5 12.5 

Height increment 
per layer (mm) 

0.8 1.2 0 

Overlap (mm) 0.8 0.8 0.8 

Laser Standoff  
distance (mm) 

7.5 7.5 7.5 

Laser Spot Diameter 
(mm) 

1.5 1.5 1.5 
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Figure 3, Robotized LMPD system 

 

3.3 Sampling 

A total of 16 samples were produced and summarized in Figure 4. They were classified 
according to the presence of a nickel-rich buffer layer, surface condition, number of 
stainless steel layers and if the last deposited layer was laser remelted or left as-depos-
ited. 
 

 
 

Figure 4, Sampling Plan Summary 
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3.4 Testing 

 

3.4.1 Microscopy 

 
Prior to microscopy, samples were prepared as follows. They were manually cut with 
an abrasive cutter. A 1 cm wide strip was cut from each sample, and specimens were 
then cut out from the central part of the 1 cm wide strips. 
The cut specimens were then hot mounted, polished and ground following conven-
tional metallographic preparation procedures. The chosen polishing and grinding pro-
cess parameters were indicated for the preparation of hard ferrous alloys because cast 
iron accounted for the majority of the specimen surface. 
The mounted and polished specimens were etched with Kalling’s II, a chemical agent 
specially indicated for the metallographic analysis of austenitic stainless steel. The dwell-
ing time of the etching agent was 3 seconds. 
 

Optical Microscopy 
Equipment: Olympys BX60M  
Software: Lumenera Infinity Analyze software package. 
 
Lower magnifications (x12.5, x50) were used to perform macroscopic inspections and 
measurements. Images of the several interphases, defects and microstructures were 
taken of all specimens with the three highest magnifications (x200, x500, x1000).  
The average cell size of the resulting microstructure was calculated following the Gen-
eral Interception Procedure for average grain size established by ASTM E112-12 and 
using equation A1.4 of the annexes [27]. 
 

Scanning Electron Microscope, Energy Dispersive X-Ray Spectroscopy 

A SEM (Hitachi TM300 Tabletop Microscope) with integrated EDS was used to obtain 
qualitative data about the chemical composition of the different layers, interphases and 
surface particles.  
 

3.4.2 Wash down test 

 
The samples were washed down twice, after and before the corrosion test, with a jet of 
pressurized water (Kärcher Super Class Hot water cleaner) following the necessary steps 
and parameters to obtain an IP69K protection level.  
The purpose of this test is to assess the adherence of the coating to the substrate and if 
the coating shows a tendency to flake off when high pressures are applied to its surface. 
Three different water pressures (50, 70, 100 bars) combined with four different angles 
of incidence of the water jet (0º, 30º, 60º, 90º) were applied to each sample per test. The 
exposure time for each pressure-angle combination was 30 seconds and the nozzle-
sample distance was between 10-15 cm. The test parameters for the wash down test are 
summarized in Table 2. 
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Table 2, Wash Down Test Parameters  

 50 bars 70 bars 100 bars 

0º 30 s 30 s 30 s 

30º 30 s 30 s 30 s 

60º 30 s 30 s 30 s 

90º 30 s 30 s 30 s 

3.4.3. Corrosion test 

All samples were subjected to a corrosion resistance test in a temperature-humidity 
controlled salt spray chamber. To pass the corrosion test, the samples should be free of 
any pitting corrosion signs after being exposed to the following one-week long corro-
sion cycle established by Volvo’s Standard VCS 1027,1449: 
- Five 24 h cycles consisting of a 6 h wet phase at room temperature with intermittent 
exposure to a salt solution (0.5 % NaCl), a 2.5-h transition phase with drying under 
climate control and a 15.5 h phase with constant temperature and humidity (50 °C, 70 
% RH).  
- A 48 h final phase under continued constant climate control (50 °C, 70 % RH). 

3.4.4. Ferrite measurement 

Equipment: Fischer Feritscope FMP30 
The ferrite number (FN) in the coating surface was measured. As austenite is paramag-
netic, the FN could be used to estimate the amount of delta ferrite in the stainless steel 
(SS) coatings. It is possible that the magnetic field generated by the ferrite and/or mar-
tensite content of the cast iron substrate had an influence on the FN obtained values, 
particularly for samples with only one deposited layer. 
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4. Results and Discussion 

4.1. Microscopy 

4.1.1. Optical microscopy 

 
The images obtained with the optical microscope were the most important data to de-
termine the nature and quality of the interphases, the type of defects in the coating and 
the resulting microstructure. 
 

Substrate-Coating interphase: 
The penetration depth of the weld was found to be very low. The low penetration of 
the deposited layer is expected to be caused by the laser energy attenuation factor related 
to having the laser focus point and the powder convergence point some distance above 
the substrate. In Figures 4 and 5 the shallow penetration of the first layer can be appre-
ciated in comparison to the total thickness of the deposited coating. The border be-
tween the cast iron and the first SS layer is clearly defined, suggesting that the two 
materials only mixed in a significantly thin interphase. 

 
 
The resulting substrate-coating interphase was so thin and unclear that it was difficult 
to precisely measure its thickness in many samples. For the samples where it was pos-
sible to obtain a reasonable precise measurement, the thickness of the interphase was 
estimated to be between 20-50 µm. Figures 6 is an example of the interphase thickness 
measurement. 
 
 
 
 

Figure 4, general picture of a machined surface with 

3 layers of SS sample. 

 

Figure 5, general picture of a sand blasted surface with 

1 layer of SS sample. 
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Figure 6, substrate-coating interphase of a grit blasted sample with 2 SS layers 

 

Thickness of the deposited layers: 
The thickness of the deposited layers is similar in all samples, regardless of the number 
of deposited layers or if the last layer was remelted. The thickness of the buffer layer 
has been determined to be between 800-900 µm, and of 1050-1200 µm for the SS layers. 
 
Figures 7and 8 show two equal samples except for the remelted surface condition. The 
laser remelting process does not seem to influence on the thickness of the layers. 

Figure 7, layer thickness of a machined sample with 2 SS layers  

Measured thickness: 1162 µm, 1114 µm and 1142 µm 

 

Figure 8, layer thickness of a surface remelted machined sample with 2 
SS layers                                                                               

Measured thickness: 1133 µm, 1181 µm and 1193 µm 
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Figures 9 and 10 display several measurements of the thickness of SS layers. The thick-
ness of the layer is not affected by the deposition order (first, second or third).  

 

Figure 9, layer thickness of a grit blasted sample with 1 SS layers 

 

Figure 10, layer thickness of a buffered sample with 1 SS layer 
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Microstructure: 
In a similar way to the layer thickness, the resultant microstructure does not seem to 
vary significantly among buffered, machined or grit blasted specimens.  
 
In figures 11-16 a relationship between microstructure and distance to the substrate can 
be appreciated. The cell size decreases as the distance to the substrate increases. There 
is a correlation between the gradient in cooling rates and the cell size, the faster the 
cooling rate the smaller the resulting cell size. 
 
As the samples were allowed to cool down between the deposition of different layers, 
the mass of cold material under the last deposited layer was higher and so was the mag-
nitude of the sink heat effect.  
 
The resulting microstructures of figures 17-21 show a cellular solidification pattern with 
small cell sizes, probably as a result of a fast cooling caused by the heat sink effect of 
the cast iron substrate and the previously deposited layers.   
 
The average cell size of the surface area is significantly similar among all samples. The 
average cell sizes values, which were obtained using the General Interception Method, 
are between an ASTM Grain Size No. G 12-13. The values obtained by direct measure-
ment of the cells with the analysing software confirm the results of the General Inter-
ception Method, as Table 4 of the ASTM E112-12 indicates that the average diameter 
should be between 5.6 µm (G 12) and 4 µm (G 13). 
 
The size measurements and analysed images seem to confirm that the presence of a 
buffered layer or the substrate surface condition do not have a significant impact on 
the final microstructure of the stainless steel layers. 
 
Even that the images may suggest that the microstructure is composed by cells of one 
phase embedded in a matrix of another phase because there is a strong visual contrast 
between the cells and the matrix, the results of the SEM/EDS analysis and ferrite meas-
urement indicate that both cells and matrix have an austenitic structure as it was ex-
pected. The results of the ferrite measurement yielded a ferrite number between 0.5-3 
for all samples. 
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Figures 11-13, 14-16 show how the microstructure differs depending on the distance to the substrate.  

  
Figure 11, substrate-coating area of a grit blasted specimen with 2 SS layers 

Figure 13, surface area of a grit blasted specimen with 2 SS layers 

 

Figure 14, inter-layer area of a buffered specimen with 1 SS layer 

 

Figure 16, surface area of a buffered specimen with 1 SS layer 

 

Figure 12, inter-layer area of a grit blasted specimen with 2 SS layers 

 

Figure 15, close to the surface area of a buffered specimen with 1 SS layer 
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Figures 17-21 show the microstructure of different samples at a similar distance from the surface. 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 17, surface area of a grit blasted specimen with 3 SS layers 

 

Figure 18, surface area of a buffered specimen with 2 SS layers 

 

Figure 20, surface area of a buffered specimen with 1 SS layer 

 

 

Figure 21, surface area of a machined specimen with 2 SS layers 

Figure 19, surface area of a machined specimen with 3 SS layers 
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Figures 22-23 contain direct cell size measurements at a high magnification of two specimens. 

 
 

 
Figure 23, direct cell size measurements of the surface area of a machined specimen with 3 SS layers 

Measured diameters: 6.84 µm and 5.91 µm             Measured area: 37.56 µm2 

Figure 22, direct cell size measurements of the surface area of a machined specimen with 1 SS layers 

Measured diameters: 4.57 µm and 4.16 µm             Measured area: 33.83 µm2 
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Figure 24-25 are examples of the average cell size measurement following the ASTM Intercept 
Procedure. 

  

Figure 24, ASTM Intercept Method cell size measurements on the surface area of a buffered specimen with 2 SS layers  

Calculated Cell Size No.: G=12.5  

Figure 25, ASTM Intercept Method cell size measurements on the surface area of a grit blasted specimen with 3 SS layers 

Calculated Cell Size No.: G=12.8  
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Cracking and voids: 
All samples contained some microscopic voids in the substrate-layer or layer-layer in-
terphases. The biggest observed void (Figure 28) had a diameter of approximately            
90 µm.  
 
Two specimens, a grit blasted specimen with 2 SS layers and a machined specimen with 
2 SS layers, had horizontal cracks following the interphase between the first and the 
second SS layers.  
 
Taking into account how the detected cracks seem to follow the interphase between 
layers, the defects may be a lack of fusion between the different layers.  Another possi-
ble cause related to the previous conclusion about the austenitic structure of the speci-
mens is solidification cracking. Solidification cracking, a type of hot cracking, is a com-
mon issue during the welding of austenitic stainless steels [27] [28]. 
 
The corrosion resistance performance of the coating was not found to be affected by 
the presence of voids or cracks and the bonding strength between layers was enough 
to resist the impact of the high pressure water jet during the wash down tests.  
 
Figures 26 and 27 contain some examples of the detected voids and Figures 28-31 from 
the horizontal cracks.  
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Figure 29, SEM of voids and crack in a machined specimen with 2 SS layers 

Figure 31, SEM of voids and crack in a machined specimen with 2 SS lay-
ers 

 

Figure 26 detected voids in a machined and remelted specimen with 2 SS  

 

Figure 27, detected voids in a buffered specimen with 2 SS layers 

Figure 28, voids and crack in a grit blasted specimen with 2 SS layers 

Figure 30, SEM of voids and crack in a grit blasted specimen with 2 SS 
layers 
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4.1.2. SEM/EDS 

 
The data provided by the EDS analysis was critical to understand the diffusion behav-
iour between the different materials in the sample and to conclude if LMPD is a suitable 
method for depositing stainless steel on cast iron. 
The data provided by the system was not enough to obtain the exact chemical compo-
sition of a point, but it was able to determine the differences in chemical composition 
of each zone of the specimen. 
 
Figures 32-33, 34-35, 36-37 show the results of an EDS line scan of three different spec-
imens.  
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 33, results of the EDS line scan on a grit blasted specimen with 2 SS layers   

Figure 22, position of the EDS line scan on a grit blasted specimen with 2 SS layers   
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Figure 34, position of the EDS line scan on  

a machined specimen with 2 SS layers   

Figure 36, position of the EDS line scan on  

a buffered specimen with 1 SS layer 

Figure 35, results of the EDS line scan on a machined specimen with 2 SS layers 

Figure 37, results of the EDS line scan on a buffered specimen with 1 SS layer 
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The sudden change of the chemical composition in the interphase area detected by the 
line scans confirm that the chemical diffusion between substrate and coating was low. 
This lack of diffusion can be related to the characteristic fast cooling rates and shallow 
penetration of LMPD processes. 
 
The short transition from the high carbon content of the cast iron to the low one of 
the 316L means that the thickness of the deposited layers could be reduced without 
foreseeable detrimental effects on the corrosion performance of the coating. The line 
scan results suggest that a 316L surface with few impurities could be achieved just some 
millimetres away from the substrate. 
 
If the line scan of figure 37 is compared to the ones of figures 35 and 33, the use of a 
nickel-rick buffer layer can be considered unnecessary. The carbon content of the SS 
layers of the non-buttered specimens is not higher and the chemical composition of the 
SS surface is expected to be the same independently of the presence of a buffer layer. 
 

4.2.  Wash Down Test 

All samples passed the wash down test. No effects of the wash down test were appre-
ciated on the samples and all samples looked the same before and after the wash down 
test.  
 
As the microscopic analysis of the samples did not detected any major substrate-coating 
weld defects in any sample, the pressures involved in the wash down test were not 
expected to cause any damage to the samples. 
 

4.3.  Corrosion Test  

No signs of pitting corrosion were appreciated on the surface of the samples after a 
complete one-week long cycle.  
 
As the microscopy and EDS analyses suggested that the chemical composition of the 
316L surface had not been altered, no signs of corrosion were expected after the expo-
sure of the samples to the corrosion cycle. 
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5. Conclusion 

- Corrosion resistant AISI 316L SS coatings can be deposited on spheroidal graphite 
cast iron by LMPD. The deposited coatings successfully protected the substrate during 
the salt spray chamber corrosion test and the integrity of the coatings is not expected 
to fail during the washing procedures applied in industry. 
 
- All coatings deposited without the use of a nickel-rich buffer layer fulfilled the ac-
ceptance criteria. Both buffered and non-buffered samples presented sound and similar 
microstructures.  
 
- SEM/EDS results show that the diffusion of carbon from the carbon-rich cast iron 
to the SS coating was significantly low as a result of the low penetration and dilution 
achieved during the LMPD process.  
 
-  A completely austenitic microstructure was achieved on the surface of one-layer SS 
coatings due to the low diffusion. All coatings, independently of the number of layers, 
presented an austenitic microstructure. 
 
- No differences were observed in terms of corrosion resistance or microstructure be-
tween samples with a machined cast iron surface and samples with a grit blasted surface. 
The thickness of the layer does not vary depending of the substrate. 

5.1. Future Work and Research 

It would be interesting to repeat the experimental methodology of this project but with 
a range of different process parameters. The main goal should be to reduce the thick-
ness of the deposited layers in this project, which is probably more than enough to 
protect the cast iron component, while maintaining a low penetration and dilution of 
the SS with the substrate. The new process parameters should also reduce the amount 
of voids and avoid any kind of cracking in the coating. 

5.2. Generalization of the result 

The obtained results can be easily generalised to any industrial field apart of the F&B 
industry which uses austenitic stainless steel as the main contact surface material in their 
factories, such as the pharmaceutical and chemical industries. 
The capability of combining a long-term reliable corrosion coating to a cheap and casta-
ble material such as cast iron without the use of an expensive nickel buffer layer opens 
all kind of possibilities to all kind of manufacturers. Probably, the limiting factors to the 
usage of the investigated coatings are the equipment cost, the necessity of highly edu-
cated workers and the complexity of automatizing the handling of the component for 
the coating of curved and complex geometries.  
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