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1. Introduction

  Additive manufacturing (AM), also known as 3D print-
ing, is relatively new technology as a manufacturing meth-
od for metallic materials compared to conventional manu-
facturing techniques such as casting and metal working. 
The products from AM are made stacking metallic materi-
als in a layer by layer fashion according to CAD-drawn 
3D models. The technique allows immense freedom in 
a dimension of the produced parts, enabling fabrication 
of complex-shaped parts that are very difficult or some-
times impossible to be realized otherwise. This is benefi-
cial in multiple ways. A total weight of AM parts and 
manufacturing process time can be hugely saved. The part 
that is originally made by joining of smaller parts can 
be made in a single piece, improving productivity and 
also eliminating joint problems.
  Due to the reasons described, additive manufacturing 
has been popular in many industrial and military fields 
of application for past decades [1,2,3]. However, it is not 
until recently that the technology starts to gain attention 
from the marine and shipbuilding industry. The effort to 
utilize the advantages of AM in the maritime sector has 

been made collaboratively by major shipyards and gov-
ernmental bodies [4] for the special purpose parts. 
Classification societies are also making involvements in 
this current trend.
  However, it is not completely certain whether the 3D 
printed metallic parts can meet high expectations of the 
shipbuilding industries. In most cases, metallic parts for 
marine purposes are a subject of many demands, e.g., 
structural load carrying capabilities, anti-corrosion proper-
ties and other functional purposes. In this work, 3D printed 
316L stainless steel and alloy 625, actively used corrosion 
resistance alloys (CRA) in shipbuilding, are evaluated to 
study on their corrosion resistance in seawater, as seawater 
is a very important liquid actively utilized by the ship 
for ballasting, firefighting, and many other utility 
purposes. Due to the presence of chloride ions in seawater, 
the liquid tends to offer very harsh conditions to many 
metals.

2. Experimental Methods

  The corrosion resistance of 3D printed 316L and alloy 
625 are evaluated in comparison to the conventionally cast 
counterparts. Table 1 shows the chemistry of cast and 3D 
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printed materials along with the chemistry of the metal 
powder from which 3D printed products were made. 
  The used 3D printing method in this work is directed 
energy disposition (DED), which involves melting of met-
al powder, feed material, by the laser beam to build the 
desired shape. Commercially available metal powers were 
purchased and used as feed whose particle sizes are dis-
tributed within 45 ~ 150 microns in diameter for both 
stainless and nickel alloy cases. MK-1200 by InssTek Inc. 
capable of DED process was the used 3D printing machine 
for the current work. Fig. 1 shows the example of 3D 
printing work by DED. 
  In order to control a quality of the 3D printed material 
to maintain consistency throughout the research work, 
manufacturing parameters were optimized. The heat input 
controlled by laser power and the scan rate are the major 
parameters to control. Multiple lines with different manu-
facturing parameters were deposited on the same substrate 
to find the optimized parameters for 3D printing of 316L 
and alloy 625. The substrate material is 316L stainless 
steel.
  Critical pitting temperature (CPT) and critical crevice 
temperature (CCT) are important references for seawater 
resistance of Ni-alloys. According to the ASTM standard 

for CPT and CCT testing [5], the cast and 3D printed 
sample with a size of 25 × 25 × 2 mm were ground using 
120 grit sand papers, and pickled with acid solution (20% 
of HNO3 + 5% of HF + distilled water) for air passivation 
for 24 hrs before immersed in the bath filled with ferric 
chloride solution for 24 hrs. Temperature of the solution 
in the solution bath were controlled for the test. The sam-
ples were collected from the bath after each test session 
for visual inspection with weight measuring to define the 
CPT and CCT. 
  Additionally, 50 × 50 × 2 mm block samples were made 
for potentiodynamic polarization tests. Flat-cell type appa-
ratus attached with potentionstats, Gamry Reference 3000, 
was used for the electrochemical experiments. Surfaces 
of the samples that are to the electrolyte were polished 
to the mirror surface using conventional preparation 
method. 3.5% NaCl solutions were used as electrolyte in 
the corrosion cell system. The scan range was from - 1.6 
to 1.6 V with the scan rate of 1.6 mV/s. The flat surface 
of working/counter electrodes was exposed through 2.6 cm2 
hole to the electrolyte, and the reference (saturated calo-
mel electrode, SCE) was placed near the working elec-
trode for measurement. All electrochemical tests for the 
current work were conducted in ambient temperature.
  It has been well established that metallic materials are 
typically heat-treated to control their properties after 
manufacturing. All cast samples for testing were provided 
after solution annealed for 3 hrs at 1065 and 1200 °C 
respectively for 316L and alloy 625. Heat treatment pa-
rameters for the cast samples were referenced for the 3D 
printed samples. Some of 3D printed samples were 
heat-treated for testing to see the effect of heat treatment 
on corrosion properties with heat treatment temperatures 
of 1065, 1130, and 1200 °C for both 316L and alloy 625. 
Water quenching was applied after 2 hrs of heat treatment 
in the electric furnace. The corrosion test results are dis-
cussed on the cast samples with heat treatment and the 

Table 1 Chemical composition of cast, 3D printed materials and metal power for 3D printing

Gr. Type C Mn Si S P Cr Ni Mo Fe Nb Co Cu

316L

Cast 0.024 0.729 0.783 0.008 0.031 18.49 9.99 2.072 Bal.

3DP 0.01 1.052 0.5 0.01 0.007 18.29 11.51 2.358 Bal.

Powder 0.01 1.09 0.5 0.01 0.04 18.24 11.37 2.42 Bal.

625

Cast 0.023 0.609 0.795 0.006 0.001 20.18 Bal. 8.86 2.75 3.14 0.018 0.02

3DP 0.05 0.5 0.5 0.01 0.01 22.1 Bal. 9.25 3.59 3.58 0.18 0.07

Powder 0.057 0.474 0.605 0.003 0.002 20.60 Bal. 9.42 3.65 3.40 0.213 0.016

Fig. 1 3D printed sample by DED.
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3D printed samples with or without heat treatment based 
on their microstructures.

3. Results

3.1 3D printing process parameter optimization
  In DED, a moving heat source will melt the feed metal 
in a powder form to create deposited layers on the metallic 
substrate to make a shape. This is schematically illustrated 
in Fig. 2a [6]. Fig. 2b shows the dimensions of the sin-
gle-layer deposited on the substrate. Similar to the welded 
area, heat affected zone (HAZ) is observed buffering be-
tween the substrate and the deposited layer. It has been 
concluded that it is beneficial to maintain the height/width 
ratio close to 0.5. If the ratio is too low, the chemistry 
of the deposited layer may be altered by dilution with sub-
strate, gradually affecting the material properties of the 3D 
printed part. If the ratio is close to 1, then it becomes diffi-
cult to create a layer with consistent shape. It is learnt from 
our experience that chemistry alteration by dilution and 
ill-balanced depositions are the causes of degradation in 

the material properties and defects such as porosity in the 
final product when multiple deposited layers are applied.
  In order to optimize the process parameters for DED, 
lines with a single deposition for 316L and alloy 625 were 
made using various scan rates and laser powers on the 
substrate as shown in Fig. 3. The used scan rates are 0.7, 
0.85 and 1.0 m/min, and the laser powers 500, 600, 700, 
and 800 W. Cuts were made perpendicular to the line 
direction to reveal the shape parameters of the depositions 
as shown in Fig. 4. Overall, it can be observed that, al-
though productive, faster scan rates are not ideal for shape 
control. The best combinations of the parameters were de-
termined for each alloy and summarized in Fig. 5. For 
316L, 0.7 m/min of scan rate with 600 W of power is 
ideal for sample production, and for alloy 625, 0.7 m/min, 
and 800 W.

3.2 Evaluation of corrosion properties
  Due to its abundance, seawater is fully utilized for the 
ocean going vessels. Unfortunately, seawater is a very cor-
rosive liquid to stainless steels and Ni alloys because of 
chloride in seawater, which is known to break their pas-
sive films. Furthermore, it is also true that chloride attack 
becomes more active at the higher temperatures [6]. 
Chloride attack manifests itself as localized form of corro-
sion such as pitting and crevice corrosion, and the resist-
ance to which are commonly expressed as CPT and CCT, 
resistance to pitting or crevice corrosion respectively.
ASTM G48 suggests the testing method for determining 
CPT and CCTs. According to the ASTM standard, the 
starting temperature for the test can be estimated using 
the calculations below based on metal chemistry.

  CPT (°C) = (2.5 × % Cr) + (7.6 × % Mo) + 
(31.9 × % N) - 41.0 (1)

  CCT (°C) = (1.5 × % Cr) + (1.9 × % Mo) + 
(4.9 × % Nb) + (8.6 × % W) - 36.2 (2)

 

Fig. 2 Schematic of DED process (a), deposited layer by DED (b) [6].

Fig. 3 Deposited lines with the different process conditions.
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  CCT (°C) = (3.2 × % Cr) + (7.6 × % Mo) + 
(10.5 × % N) – 81.0 (3)

  Equation (2) is for the Ni base alloys, and (3) for the 
Fe base alloys. Above equations only give the quick refer-
ence as to alloy’s resistance to localized Cl attacks. The 
calculated results are summarized in Table 2, whose val-

ues were used as a starting point for the following im-
mersion test.
  Table 3 and 4 show the immersion test results for 316L 
and alloy 625 respectively, where X means pitting or crev-
ice corrosion took place after the test. It is noticed that 
cast 316L has better pitting resistance than 3D printed 
counterparts. On the contrary, overall localized corrosion 

Fig. 4 Dimensions of the deposited layers with various conditions, (a) 316L, (b) alloy 625, optimized conditions are highlighted 
in red square.
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resistance is much better for 3D printed alloy 625. The 
reason for the inferior CPT of 3D printed 316L may be 
explained with its microstructure as shown in Fig. 6, 
where many porosities or defects can be found. However, 
3D printed alloy 625 despite bearing similar defects within 

its microstructure do not show lower corrosion resistance 
than the cast sample, implying that there can be other 
factors for corrosion properties of the alloy.
  Fig. 7 and 8 are corrosion rate of the alloys at each 
immersion condition. The corrosion rate is expressed in 
MPY (mils per year). In the case of 316L, overall mass 

Table 2 Calculated CPT and CCT for Cast and 3D printed 
materials

Type CPT (°C) CCT (°C)

316
Cast 21 -6
3DP 23 -5

Powder 23 -4

625
Cast 78 26
3DP 85 32

Powder 82 29

Fig. 5 Height/width ratio of the depositions with various conditions, (a) 316L, (b) alloy 625.

Fig. 6 Microstructure of 3D printed materials, (a) 316L, (b) alloy 625, showing micro-defects in microstructure.

Table 3 CPT and CCT determined by immersion test for 316L 
(O: no corrosion, X:pitting or crevice corrosion)

Test Type
Temperature (°C)

15 10 5

CPT
3DP X X X
Cast X O

CCT
3DP X X
Cast X X
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loss is much higher for the 3D printed samples, whereas 
the opposite is true for alloy 625. 
  It was recognized that heat treatment may be necessary 
to optimize the corrosion properties of the 3D printed 
alloys. Table 5 and 6 compare the immersion test results 
of the 3D printed samples with heat treatment and the 
ones without. The improvement in the resistance to lo-
calized corrosion can be readily observed for both cases.
  Fig. 9 shows the results of potentiodynamic polarization 
experiments. The result shows that the passive films 
formed on 3D printed samples broke down earlier than 

the cast samples. It is speculated that the 3D printing needs 
to be followed by an additional process that ensure the 
microstructure control. Fig. 10 compares the polarization 
curves of heat treated 3D printed samples to the cast 
sample. The gradual increase in corrosion property is no-
ticed with the increasing heat treatment temperature. From 
the experimented curves, corrosion parameters of im-
portance are summarized as shown in Table 7, which are 
the corrosion potential (Ecorr), pitting potential (Epit), and 
ΔE, the difference between Ecorr and Epit. ΔE is the repre-
sentative of the passive region of the material. The larger 

Table 4 CPT and CCT determined by immersion test for alloy 625 (O: no corrosion, X:pitting or crevice corrosion)

Test Type
Temperature (°C)

70 60 55 50 45 40 35 30

CPT
3DP X X X O

Cast X X X X X O

CCT
3DP X O

Cast X O

Fig. 7 CPT, CCT determination by corrosion rate for 316L.

Fig. 8 CPT, CCT determination by corrosion rate for alloy 625. 
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Fig. 9 Polarization curves for the 3D printed and cast alloys, (a) for 316L, (b) for alloy 625. 

Fig. 10 Polarization curves for the effect of heat treatment, (a) for 316L, (b) for alloy 625. 

Table 5 CPT and CCT comparison for 3D printed 316L, effect 
of heat treatment (O: no corrosion, X:pitting or crevice corrosion)

Test Type
Temperature (°C)

15 10 5

CPT

3DP X X X

1065 °C O O

1130 °C X O

1200 °C O O

CCT

3DP X X

1065 °C X X

1130 °C X X

1200 °C X X

Table 6 CPT and CCT comparison for 3D printed alloy 625, 
effect of heat treatment (O: no corrosion, X:pitting or crevice 
corrosion)

Test Type
Temperature (°C)

70 60 55 50 45 40 35 30

CPT

3DP X X X O

1065 °C X O

1130 °C X O

1200 °C X O

CCT

3DP X O

1065 °C X O

1130 °C X O

1200 °C X O
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the value, the more stable the passive film, and hence 
the more resistant material to chloride attack. According 
to the test results, ΔE is the largest when the both samples 
were heat treated at 1,200 °C.
  Combining CPT and CCT test results and the polar-
ization results, 1,200 °C seems to be the ideal heat treat-
ment temperature for 316L and alloy 625, yielding the 
best corrosion properties overall. It is confirmed that by 
optimization of the heat treatment, 3D printed materials 
can be as corrosion resistant as conventionally produced 
materials such as castings.
  The microstructures of the 3D printed samples were 
studied as shown in Fig. 11. The sign of the scanning 
pattern from the deposition process remains in the as 3D 

printed microstructure, which could have influenced cor-
rosion properties of the material. It is evident that the sam-
ples underwent the recrystallization in the furnace during 
the heat treatment, as more homogeneous microstructure 
can be seen from the heat-treated samples. This can be 
attributed to the improved corrosion properties of the 3D 
printed samples after heat treatment. 

4. Conclusion

  The corrosion properties of the two commonly used cor-
rosion resistance alloys, 316L stainless steel and alloy 625, 
are studied, and the following conclusions are summarized 
below. 
  1) The deposition parameters for 3D printing of the 

currently investigated alloys have been optimized to 
avoid chemical dilution with substrate and maintain 
the deposited layer consistent in shape. The scan rate 
of 0.7 m/min is accepted for both 316L and alloy 
625, while the laser power of 600 W is ideal for 
316L and 800 W for alloy 625.

  2) Corrosion properties of the 3D printed alloys are 
generally inferior to the casting alloys, and this is 
due to the microstructure. Microstructure needs to 
be controlled via heat treatment for the investigated 
alloys to have their expected corrosion properties.

  3) Beneficial effect of the heat treatment on corrosion 
properties of the 3D printed materials has been con-
firmed via experiments. Increase in the pitting poten-
tial and the enlargement of the passive region were 
observed from the electrochemical tests with 
heat-treated samples.

Table 7 Corrosion parameters from the polarization curves 

Type Ecorr, V Epit, V ΔE = Epit-Ecorr, V

316L

3DP - 0.375 0.036 0.411

1065 °C - 0.33 0.048 0.378

1130 °C - 0.338 0.094 0.432

1200 °C - 0.35 0.251 0.601

Cast - 0.352 0.178 0.53

625

3DP - 0.248 0.306 0.554

1065 °C - 0.285 0.333 0.618

1130 °C - 0.284 0.287 0.571

1200 °C - 0.331 0.368 0.699

Cast - 0.247 0.438 0.685

Fig. 11 The effect of heat treatment on microstructure evolution of 3D printed alloys, (a) for 316L, (b) for alloy 625.
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  4) Suggested heat treatment temperature for the 3D 
printed 316L and alloy 625 is 1,200 °C. The samples 
heat treated at such temperature gave the optimum 
corrosion properties.

  According to the experiment findings, it is reasonable 
to suspect that mechanical properties for the 3D printed 
materials can also be improved through correct micro-
structure control. In this work, the conventional furnace 
heating was used for heat treatment. It may be considered 
as a future work that use of heat source that is used for 
melting of the feed metal and depositing it can be used 
as a burner for local heat treatment of the 3D printed prod-
uct on spot. 
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