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The corrosion resistance under elevated temperature of additively manufactured 316L 

stainless steel made by directed energy deposition was studied. Test samples were prepared in 

a hybrid additive manufacturing machine using standard deposition parameters recommended 

by the manufacturer. Control samples were cut from wrought material to compare the results. 

The test was performed under a corrosive atmosphere with a solution of water with 3.5 % in 

weight of salt (NaCl). The total duration of the test was 635 hours, divided in five stages of 12, 

24, 48, 226, and 325 hours to analyze the samples between each stage. The samples were 

analyzed quantitatively measuring weight loss and surface topography, and qualitatively by 

macroscopic inspection with digital photography, and microscopic inspection with optical and 

scanning electron microscopy. The results show a higher corrosion rate for the additively 

manufactured samples compared to the control samples. An evident increase in the size of pits 

initially present on the samples was observed and quantified on the additively manufactured. 

Although the additively manufactured samples were more aggressively attacked by corrosion, 

they still presented a shiny surface finish at the end of the test, reinforcing the idea of the 

formation of a passive oxide layer and suggesting that the corrosion was focalized in the surface 

defects by pitting and crevice corrosion mechanisms. 
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CHAPTER 1 

INTRODUCTION 

Additive manufacturing (AM) refers to the processes for making parts by adding material 

in superposed layers until the desired shape is gotten. Although its origin of is not recent, it still 

presents several areas of opportunity for optimization in process control and manufactured 

products performance, so there is a huge opportunity for research to improve the capabilities of 

the different AM processes and increase their industrial and domestic applications. The trends of 

investigation comprise new AM materials development, AM parts mechanical properties, process 

optimization and reliability, AM products quality inspection, and potential uses of AM. One 

potential use that will generate high impact in the industry is the manufacturing of components 

for flow systems, like valves and piping elements.  

Any industrial plant in the world possess complex piping systems that operate 

continuously, and their failure causes huge losses due to forced operation stops for repair. This 

problem is exacerbated in the oil and gas, and nuclear power industries, which work under high 

demanding thermal and flow conditions. With the use of directed energy deposition (DED), it 

could be possible to rapidly manufacture replacements for the damaged sections or even 

perform the repair on-site over the damaged pipeline. Nevertheless, as any novel technology, 

there are still unknowns regarding the capabilities and process parameters control to achieve a 

material with competitive performance or superior to current materials in market produced by 

conventional manufacturing processes. 

Directed energy deposition consists in feeding a controlled amount of metallic wire, 

filament, or powder, that is immediately heated and melted by a laser ray or electron beam  
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(focused thermal energy) shot over a substrate in a continuous process [1]. Usually, both the 

metal feeder and the focused thermal energy source are built into a single nozzle which also 

feeds an inert gas to create a protective atmosphere to inhibit corrosion of the molten metal. As 

the nozzle advances and the metal solidifies, a track or layer of material is formed. The process 

is iterated over the previously deposited track until the desired material geometry is obtained. 

The main parameters controlled in this process are laser power, laser scanning speed, track 

overlap, and powder feed rate (Fig. 1). 

 
Figure 1: Schematic of the directed energy deposition (DED) process. 

 
The proposed research is focused on evaluating the corrosion resistance under elevated 

temperature and humidity conditions of 316L stainless steel made by directed energy deposition 

additive manufacturing, in contrast to the material made by conventional methods, as an initial 

step to assess the feasibility of using this technology for the production of components for flow 

systems and for on-site repairs of industrial pipelines, machinery, and structures.  
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CHAPTER 2 

LITERATURE REVIEW 

A literature review has been performed, covering applications for additive manufacturing 

(AM) and hybrid AM, current technologies and equipment for AM, metrology applied to evaluate 

AM topographies, industrial cases of failure of systems working under high temperature and 

humidity, failure modes presented under high temperature and humidity, and evaluation of 

corrosion resistance and mechanical properties of additively manufactured 316L stainless steel. 

These topics are of interest for the present research because a hybrid additive manufacturing 

machine was used for the experimental work, and surface evaluation technology was used for 

the analysis of test samples. The origin of the papers spans from the USA, the UK, France, Sweden, 

Italy, and Iran, which indicates that the topic is a current trend of research worldwide. No matter 

that AM is being applied in an increasingly number of companies of different background, it is 

still a novel technology. A lot of research is needed and currently being conducted to improve 

the understanding of the dynamics of the deposition process, process control, and parts quality 

evaluation. 

2.1 Additive Manufacturing and Areal Topography Inspection 

As general reference of the technology used for the current research, the following 

sources were consulted. 

Sealy et al. [2] point out in their review of hybrid processes in additive manufacturing, 

hybrid manufacturing can be studied from the basis of the process, the machine, and the product. 

A hybrid process comprises the combination of two different technologies that work 

synergistically and cannot be decoupled to achieve the desired output, i.e., the fabrication of a 
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part, and have effect over the part quality, functionality, or process performance. A hybrid 

machine is one in which two or more different processes or energy sources work independently, 

not necessarily simultaneously, to produce the output. Last, a product can have hybrid material, 

i.e., made of two or more different materials; hybrid structure, i.e., different microstructure along 

its body, or hybrid function, have two or more functionalities embedded in one single part, 

produced in a single build. With those definitions, hybrid AM can be defined as hybrid AM 

processes, hybrid AM machines, and hybrid AM products. The following hybrid AM (HAM) 

processes are identified: HAM by machining, HAM by ablation or erosion, HAM by re-melting, 

HAM by laser assisted plasma deposition, HAM by peening, HAM by rolling and burnishing, and 

HAM by friction stir processing. All of these HAM processes, involve the mentioned process 

working synergistically and coupled with AM. 

A study of the geometries possible to achieve on heat exchangers is presented on the 

white paper by Stratasys [3], which show researches about thin film cooling, and improved pin 

fin geometries. Thin film cooling works by the creation of a thin layer of a cold fluid in the 

interface between a hot and a cold process. By the generation of holes on the pipe walls of the 

cold chamber, a minimal flow is allowed out to the outer surface which is in contact with the hot 

process. With AM, the holes can be created during the formation of the part, eliminating the 

necessity for postprocessing. Another possibility for enhancing the performance of heat 

exchangers is the use of pin fins with variable geometry. Using AM, the parts can be created with 

the pin fins in a single build. 

Townsend et al. [4] presented a list of techniques used for AM surfaces inspection i.e., 

areal topography measurement. Thompson et al. and Cabanettes et al. [5], [6], made a more in-
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depth work, assessing different measuring techniques. This is an important aspect to consider 

for controlling AM surface roughness and therefore part quality. The irregular surfaces obtained 

with this family of processes present significant challenges for profile and texture evaluation 

using the industry standard tools e.g., contact profilometers. The most relevant technologies 

evaluated are coordinate measuring machine (CMM), confocal microscopy (CM), scanning 

electron microscopy (SEM), focus variation microscopy (FVM), coherence scanning 

interferometry (CSI), and X-ray computed tomography (XCT). The results suggest that FVM, CSI, 

and XCT deliver the most accurate areal topography measurements, although FVM and XCT 

present some problems detecting deep valleys and high peaks. 

2.2 Directed Energy Deposition Process Parameters Control 

Keshavarzkermani et al. [7] conducted a research on the influence of the variation in laser 

energy density (LED), laser power, and scanning speed, on the melt pool dimensions and its 

corresponding microstructure. They found that the laser power has a greater impact than the 

scanning speed on the obtained melt pool. If the scanning speed is kept constant, an increase in 

the laser power generates a deeper and wider melt pool. On the other hand, if the power is kept 

constant, a reduction in the scanning speed will increase both dimensions of the melt pool but in 

a smaller fraction. Also, for a fixed LED, higher values of power produce a greater impact than 

varying scanning speed on increasing the melt pool size. Another relevant aspect presented on 

the research is the microstructure of the melt pool. It was found that higher laser power 

promotes new nucleation sites as it influences the generation of a bigger partially melted zone 

on the surrounding of the laser beam, where grains detach from the boundary of solid metal and 

move into the melt pool creating more sites for growth and therefore a finer microstructure.  
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Saboori et al. [8] studied the effect of powder recycling on the microstructure and 

consequently on the tensile strength of 316L stainless steel produced by directed energy 

deposition. This is relevant to consider the healthy span and establish best practices of use of 

powder for depositions. 

In another paper, Saboori et al. [9] report that the presence of oxides which are 

detrimental to the performance of 316L stainless steel, is lower in material produced by DED 

compared to material produced by conventional methods. Moreover, they point the importance 

of controlling the protective gas feed during the deposition process, to provide an adequate 

protective atmosphere to reduce the formation of these oxide particles and achieve the full 

potential of the material, both in terms of mechanical properties and corrosion resistance. 

2.3 Comparison to Similar Technologies 

Other processes have the capabilities for producing structures in a similar manner than 

directed energy deposition (DED). Wire arc additive manufacturing (WAAM) is one process that 

has presented considerable development and is one of the main competitors of DED. WAAM 

works under the principles of gas metal arc welding, where an electric arc melts a wire that 

provides the metal for the deposition under an inert gas atmosphere. Subsequent tracks are 

deposited one over another to produce the desired geometry; this is controlled by a robotic arm. 

A schematic of WAAM is shown in Figure 2. 

A comparison between DED and WAAM is presented in Table 1. 
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Table 1: Comparison between Directed Energy Deposition and Wire Arc Additive Manufacturing technologies. Sources: [8]–[12]. 

Technology Advantages Disadvantages 

WAAM 

Large scale parts. Not suitable for applications requiring precise deposition in verry small areas. Size 
of tracks is constrained by the gage of wire. 

Cheaper materials. Uses standard welding supplies. Lower material variety compared to DED. Constrained by welding supplies available 
in market. 

Cheaper equipment. Uses conventional welding equipment. 
Lesser material versatility compared to DED. Materials cannot be mixed in a single 
track. Odd layers of different materials can be deposited, but a stop for tool setup 
or several deposition heads are required. 

Easier setup. No special personal protective equipment required to perform 
material setup or restock. 

 

Denser deposited material without the necessity of postprocessing (heat 
treatment). 

 

Competitive level of mechanical properties compared to conventional 
manufacturing processes (Ys 418 MPa according to [11]). 

 

DED 

Small to medium scale parts. More expensive supplies (powder). 

Competitive level of mechanical properties compared to conventional 
manufacturing processes (Ys 450-550 MPa according to [8], [9]). More expensive equipment compared to WAAM. 

Very high cooling rates which produce finer microstructures and better mechanical 
properties. 

Special personal protective equipment and special room required for powder 
handling and storage. 

Higher variety of materials in market compared to WAAM. Deposited material can present high porosity and postprocessing (heat treatment) 
is needed to reduce porosity and increase mechanical properties. 

Hybrid materials. Different powders can be mixed for a single deposition or layers 
of different materials can be subsequently deposited without any setup. Lower ductility than conventional manufacturing processes. 

Material can be deposited in very small areas. Good for filling small gaps, cracks, or 
pores. Anisotropic tensile properties. 
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Figure 2: Schematic of wire arc additive manufacturing process (WAAM). 

 

2.4 Failure Modes of Industrial Elements Under Elevated Temperature Conditions  

Lou et al. [13], [14] investigated the tendency to stress corrosion cracking in high 

temperature water (288°C) of 316L stainless steel AM samples produced by laser powder bed 

fusion method and postprocessed under different heat treatments and cold work. They 

concluded that high temperature annealing recrystallization improved the stress corrosion 

cracking behavior of the samples, providing good material properties for use in nuclear 

applications. Although the AM technology used on their research is different than DED, it 

provides a good reference for the current work.  

Bagheri, Nasrazadani, and Bostanci [15], conducted a research about the impact of 

internal grooves on the accelerated wear of pipes due to the modification of the flow pattern. 

This is important to consider for evaluating the use of DED technology for repair of this kind of 

parts. 

Kain [16] reported different types of FAC in case studies of nuclear power plants piping 

systems, following the well-known classification of single phase and dual phase flow, and 
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presented a special case of the later one known as liquid droplet impingement (LDI) or shotgun 

pattern corrosion. LDI is caused by small droplets of liquid that are dragged by the vapor phase 

and projected to the pipe walls, damaging the protective oxide layer. It is pointed that LDI is 

prone to occur in elbows (bends of piping) due to the change in the direction of the flow. Another 

important point presented in the article is that 316L stainless steel is highly resistant to FAC and 

previous laboratory tests reported negligible rates of this corrosion mechanism for the material, 

therefore suggesting it as a highly recommended option for substituting damaged sections of 

pipelines. It was also recommended to use pipes and fittings of higher schedule than required on 

critical parts of the system prone to FAC. The maximum FAC rate was found to be in water with 

a pH of 9.5 and a temperature of 150°C. 

2.5 Corrosion Evaluation 

To define the experimental methodology and the presentation of results of the current 

research, a review was done of several previous studies about corrosion evaluation of 316L 

stainless steel and of metals produced by additive manufacturing methods. Of these 

investigations, one of the most relevant which was used as a reference for the present research 

is the performed by Dhaiveegan et al. [17] about the corrosion resistance of 316L and 304 

stainless steel in an urban environment. They made an experiment exposing the materials to the 

open atmosphere in a city with the conditions described and analyzed the materials weight loss 

and change in mechanical properties. Other relevant work which helped as a reference for 

analyzing the features observed in the visual evaluation of the samples, is the research performed 

by Ganesh et al. [18] about pitting corrosion on 316L stainless steel made by laser rapid 

manufacturing, which is a technique that works on similar principles to DED. They compared the 
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occurrence of this kind of corrosion mechanism in samples produced by AM and by conventional 

methods, and comment on the causes that trigger it. 

 Ko et al. [19] present a comprehensive review of published investigations on corrosion of 

AM stainless steel (various grades), providing a useful reference for the development of new 

researches. Several additional publications reviewed for the current work provide insight to the 

physicochemical and optical techniques used to characterize the corrosion effects and products, 

and highlight the good performance of AM 316L stainless steel under different corrosive 

conditions; these sources are summarized in Table 2. 

2.6 Research Questions 

How does 316L stainless steel made by DED perform compared to conventional 

manufacturing methods, in terms of corrosion resistance and produced parts integrity in as 

manufactured state and after use under severe corrosive conditions?  

Hypothesis: It is hypothesized that parts made of 316L stainless steel by DED AM, can 

perform consistently in terms of corrosion resistance and material integrity, and be an alternative 

to conventionally made components. 
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Table 2: Previous investigations about corrosion resistance of 316L stainless steel and other metals produced by additive manufacturing and conventional methods. 

Manufacturing 
process Material Controlled parameters Relevant feature Corrosion characterization 

method Reference 

Wrought 316 SS, Inconel 325 Temperature, time Nickel content WL, SEM, EDX, XRD, PDP, EIS [20] 

AM (not specified) 316L SS pH Passive oxide film SEM, XPS, EDX, XRD, EIS [21] 

SLM 316L SS Corrosive agent concentration Oil and gas industry environment, 
Pitting resistance, passive oxide film XRD, SEM, EDX, PDP, PSP, EIS [22] 

SLM, DED 316L SS Manufacturing process (SLM, 
DED) Passive film formation, grain size PDP, OM, SEM, EDS, AFM [23] 

LPBF 316L SS Heat treatment, crack 
orientation, cold work 

Corrosion fatigue crack growth, high 
temperature nuclear applications, 
microstructure control 

SCCGR, EBSD, SEM, TT [13] 

LPBF 316L SS 

Heat treatment, cold work, 
rolling direction, porosity, build 
direction, loading direction, 
stress intensity,  

Stress corrosion cracking, porosity, 
microstructure control, AM post-
processing heat treatments, nuclear 
applications, high temperature water (288° 
C) 

SCCGR, SEM, BSE, EBSD [14] 

SLM 316L SS Powder particles size 
Corrosion tendency vs corrosion rate, 
corrosion progression, passive oxide film, 
pitting corrosion, crevice corrosion 

WL, PDP, OM, SEM, EDX, XRD [24] 

SLM 316L-1 wt.% NiB SS 
Scanning speed, pulse energy, 
power, pulse length, hatch 
distance, layer thickness 

1 wt. % NiB addition, microhardness 
increase DF, OM, SEM, OP, MH, WL [25] 

*Explanation of acronyms of materials: AM additive manufacturing, DED directed energy deposition, LPBF laser powder bed fusion, SLM selective laser melting. *Explanation of acronyms of tests: WL weight loss, 
SEM scanning electron microscopy, OM optical microscopy, EDX energy dispersive X-ray spectroscopy, XRD X-ray diffraction, EIS electrochemical impedance spectroscopy, XPS X-ray photoelectron spectroscopy, 
PDP potentiodynamic polarization, PSP potentiostatic polarization, AFM atomic force microscopy, SCCGR stress corrosion cracking growth rate, EBSD electron back scattered diffraction, TT tensile test, BSE back-
scattered electron, DF digital photography, OP optical profilometry, MH microhardness. 
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CHAPTER 3 

METHODOLOGY 

For the execution of this research work, which included the utilization of several 

equipment and materials for the test setup, preparation of samples, testing, and analysis, many 

activities were performed which can be described in stages. Those stages of the research are 

described in Figure 3. 

 
Figure 3: Diagram of stages of the present research. 

 
For the experiment, rectangular samples of 316L stainless steel were prepared and tested 

under a corrosive atmosphere of a solution of water and 3.5% NaCl at high temperature, using 

an autoclave. The samples were quantitatively and qualitatively analyzed after the tests, 

evaluating the material loss, the corrosion products generated, and the changes to their 

morphology. 
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3.1 Test Description 

To test the resistance to corrosion of additively manufactured 316L stainless steel, four 

rectangular sections of this material and same number of control samples from wrought material 

were prepared and subjected to a corrosive atmosphere of salty water steam. The oxide 

formation was evaluated quantitatively and qualitatively through weight and volume variation 

measurement, visual inspection, optical microscopy, and scanning electron microscopy. 

3.2 Sample Preparation 

Rectangular sections of 316L stainless steel were additively manufactured by directed 

energy deposition using 316L austenitic stainless-steel powder manufactured by LPW (chemical 

composition on Table 3). The deposition parameters are shown on Table 4. The machine used for 

the deposition is a Hass Mini Mill equipped with a Hybrid Ambit Multi directed energy deposition 

system with an Ytterbium laser system from IPG (Fig. 4). A flat plate of 302 stainless steel with a 

standard thickness of 5/16 inches (measured 7.874 mm) was used as substrate. The section with 

the deposited tracks was cut using wire electro-discharge machining, and following, the samples 

were detached using the same process making a cut parallel to the surface (Fig. 5). The cuts were 

done in a Mitsubishi MV1200S wire EDM machine (Fig. 6). The detached samples were sanded 

using 120 grid, 240 grid, and 1200 grid SiC abrasive paper at 100 rpm, and polished with 5 

micrometers and 0.05 micrometers alumina at 250 to 350 rpm (Fig. 7). The samples dimensions 

after cut, sanding, and polishing are reported on Table 5. 

Table 3: Chemical composition of 316L austenitic stainless-steel powder manufactured by LPW, used 
for producing the corrosion test samples. 

C % Cr % Cu % Mn % Mo % N % Ni % O % P % S % Si % 

0.03 17.5 – 18.0 0.5 2.0 2.25 – 2.5 0.10 12.5 – 13.0 0.1 0.025 0.01 0.75 
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Table 4: DED process parameters for manufacture of test samples. 

Power (W) Scanning speed 
(mm/min) 

Overlap  
(1-stepover) 

Powder feed rate 
(g/min) 

300 350 0.65 3 
 

 
Figure 4: Hass Mini Mill equipped with a Hybrid Ambit Multi directed energy deposition system with 
Ytterbium laser from IPG, used for the manufacture of the test samples. 

 

 
Figure 5: AM samples for corrosion test being detached from substrate using wire electro-discharge 
machining (left) and after being detached (right). 

 

 
Figure 6: Mitsubishi MV1200S wire electro-discharge machine used for the preparation of samples for 
the corrosion test. 
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Figure 7: AM sample for corrosion test mounted for polishing after cut on wire EDM (left). Set of AM 
samples during polishing process; one sample fractured during the process (right). 

 
Table 5: AM test samples dimensions measured using a vernier caliper and their calculated total surface 
area.  

Sample Length (mm) Width (mm) Thickness 
(mm) 

Hole Diameter 
(mm) 

Total Surface Area 
Calculated (mm2) 

1* 9.14 Unable to 
measure 0.28 1.66 ------- 

2 7.66 
(+arm 8.58) 

7.92 
(+arm 1.00) 0.44 1.68 

158.084 
(132.934 + arm 

25.1504) 

3 8.98 7.60 0.38 1.66 146.750 

4 9.04 8.00 0.36 1.70 154.292 

* Sample 1 broke during sanding process. Reported dimensions are remaining section. Sample discarded from 
analysis. 
 

The control samples were obtained from a hot rolled and annealed plate of 316L stainless 

steel (chemical composition on Table 6) with a standard thickness of 3/8 inches (measured 9.398 

mm) with certificate of stress corrosion cracking testing. The samples were cut by wire electro—

discharge machining, and sanded and polished following the same procedure, materials, and 

parameters used for the test samples (Figs. 8 and 9). The dimensions of the control samples after 

cut, sanding, and polishing are reported on Table 7. 

Table 6: Chemical composition of 316L stainless steel plate used to obtain the control samples for the 
corrosion test. 

C % Cr % Cu % Mn % Mo % N % Ni % Co % P% S % Si % 

0.02 16.74 0.49 1.36 2.04 0.07 10.04 0.116 0.03 0.024 0.44 
 



 

16 

 
Figure 8: Control samples for corrosion test mounted for sanding and polishing. 

 

 
Figure 9: Control samples for corrosion test after being polished and marked for identification. 

 

Table 7: Control samples dimensions measured using a vernier caliper and their calculated total surface 
area. 

Sample Length (mm) Width 
(mm) 

Thickness 
(mm) 

Hole Diameter 
(mm) 

Total Surface Area 
Calculated (mm2) 

1 19.70 9.40 1.00 1.70 429.361 

2 19.70 9.52 1.00 1.70 434.329 

3 19.70 9.40 1.00 1.72 429.316 

4 19.70 9.40 1.00 1.70 429.361 
 

The general formula used to calculate the total surface areas of both kind of samples, with 

exception of AM sample 2, is shown on Equation 1. In the formula, w is the width, L is the length, 

φ is the diameter of the hole, and t is the thickness. For AM sample 2 and additional part has to 

be added to include the arm of the sample. 

𝐴𝐴 = �𝑤𝑤. 𝐿𝐿 − 𝜋𝜋 �𝜙𝜙
2
�
2
� . 2 + (2.𝑤𝑤 + 2. 𝐿𝐿). 𝑡𝑡 + 𝜋𝜋.𝜙𝜙. 𝑡𝑡 Eq. 1 
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3.3 Test and Analysis 

The samples were tested in an All American 25X autoclave (Fig. 10) using a solution of 

water with 3.5% in weight of salt (NaCl) within a temperature range of 115° C to 120° C (constant) 

and the corresponding pressure range between 0.7 and 1.0 Kg/cm2 (constant) for 635 hours 

divided in five stages of 12, 24, 48, 226, and 325 hours. In the autoclave, the samples were 

suspended using nylon wires attached to aluminum bars supported on an aluminum container to 

avoid any potential effect of galvanic corrosion (Fig. 11). The water-salt solution was prepared 

weighing 4825 ml (1 ml = 1 g) of water and 175 g of salt before each test stage, using an OHAUS 

Valor 1000 Series scale (Fig. 12). Liquid level was verified and replenished during planned stops. 

The solution was stirred before pouring it into the autoclave. Before and after each corrosion test 

stage, the samples were weighed using an Adam PW184 analytical balance to determine their 

change in weight; five measurements per sample were made and recorded on each stage. Before 

weighing, the samples were ultrasonically cleaned with water for 10 minutes using a Branson 

1510 ultrasonic cleaner and left to dry for at least 24 hours in a sealed container with moisture 

absorbent material. The samples were manually measured using a vernier caliper before the 

corrosion test and their surface area was calculated. The topographical changes on the samples 

were evaluated using an Alicona InfiniteFocusSL optical 3D measurement system based on focus-

variation microscopy (Fig. 13). The oxide formation on the samples was documented 

macroscopically through standard digital photography, and microscopically through optical 

microscopy and scanning electron microscopy. The microscopes used are a Nikon Eclipse MA 100 

optical microscope and a FEI Quanta 200 scanning electron microscope.  
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Figure 10: Autoclave used for the experiment. Model: All American 25X. 

 

 
Figure 11: AM test samples (left) and control samples (center) attached to aluminum bars with nylon 
wires to be suspended inside the autoclave (right). 

 

 
Figure 12: Measuring water (left) and salt (center) to prepare water- 3.5 wt.% NaCl solution for 
corrosion test. Verification of liquid level in autoclave during planned stop (right). 



 

19 

 
Figure 13: An Alicona InfiniteFocusSL optical 3D measurement system based on focus-variation 
microscopy, was used to obtain topographical information of the samples.   
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CHAPTER 4 

RESULTS 

4.1 Weight Loss Analysis 

The average weight of the five measurements of each sample on each stage was used to 

calculate the change in weight per unit of surface area per exposure time to describe the change 

in weight due to corrosion occurred during the experiment (Table 8 to Table 11). The 

intermediate times between the reported were discarded because they presented bigger 

dispersion of the data points and there was physical reason known that could have potentially 

affected the measurements, causing them to be unreliable. Also, AM sample 1 was discarded 

from the analysis considering that it was fractured during the sanding process leaving one of its 

edges considerably irregular, not allowing to get an accurate measurement of its dimensions. The 

complete data recorded of the weight of the samples during each stage, including the discarded, 

are presented in the appendix.  

Table 8: Average of weight measurements at different exposure times of AM samples. 

Time (h) 
Weight (g) 

AM Sample 1 
(discarded) AM Sample 2 AM Sample 3 AM Sample 4 

0 0.08810 0.18060 0.15858 0.16664 

84 0.08814 0.18024 0.15844 0.16658 

635 0.08772 0.18008 0.15826 0.16602 
 

By subtracting the final weight to the initial weight, the change in weight is calculated. 

Since it is expected to see a weight reduction, the operation is done in that order to get a positive 

number and plot the data in the positive vertical axis as weight loss. The obtained value is then 

divided by the total surface area of the sample. For this case it was decided to also report the 
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average of the weight losses of each set of samples, to use it as a comparison index of the 

corrosion. 

Table 9: Estimation of the weight loss of the AM samples, obtained from the average weights. 

 AM Sample 1 
(discarded) AM Sample 2 AM Sample 3 AM Sample 4 

Final weight loss after 635 
hours ΔW (µg) Discarded 520.0000 320.0000 620.0000 

Surface Area Ao (mm2) Discarded 158.0840 146.7500 154.2920 

ΔW/Ao (µg/mm2) Discarded 3.28939 2.18058 4.01835 

Average Final Weight Loss per 
Surface Area (µg/mm2) 3.16277 

  

Table 10: Average of weight measurements at different exposure times of control samples. 

Time (h) 
Weight (g) 

Control Sample 1 Control  Sample 2 Control  Sample 3 Control  Sample 4 

0 1.05284 1.13784 0.93442 1.01728 

84 1.05296 1.13780 0.93438 1.01738 

635 1.05254 1.13754 0.93422 1.01692 
 

Table 11: Estimation of the weight loss of the control samples, obtained from the average weights. 

 Control Sample 
 1 

Control  Sample  
2 

Control  Sample  
3 

Control  Sample  
4 

Final weight loss after 635 
hours ΔW (µg) 300.0000 300.0000 200.0000 360.0000 

Surface Area Ao (mm2) 429.3610 434.3290 429.3160 429.3610 

ΔW/Ao (µg/mm2) 0.698713 0.690721 0.465857 0.838455 

Average Final Weight Loss 
per Surface Area (µg/mm2) 0.673437 

 
 

The ratio between the results is calculated as follows:  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Δ𝑊𝑊 𝐴𝐴𝑜𝑜⁄  𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Δ𝑊𝑊 𝐴𝐴𝑜𝑜⁄  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

3.16277
0.673437

= 4.69646 
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4.2 Topographical Analysis 

The initial and final topography of the samples were compared to detect changes 

produced by effect of the corrosion. Figures 14 to 16 show the level maps of representative 

samples. Some changes in the morphology can be observed on the surface and the edges of the 

samples. The dispersed darker color areas on the surface (circled on Figs. 14 and 15) potentially 

indicate sites of accumulation of oxide, and the changes in tonalities suggest the formation of a 

passive oxide layer. Also, an increase in the size of pits was identified, as it can be seen on Figure 

15 (small oval on the right). These characteristics are observed particularly on the additively 

manufactured samples. The control samples present smoother surfaces, which is expected since 

they were originally smoother due to their manufacturing process.  

  
Figure 14: AM sample 3 initial (left) and final (right) surface map. 

 

  
Figure 15: AM sample 1 initial (left) and final (right) surface map. 
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Figure 16: Control sample 1 initial (left) and final (right) surface map. 

 

4.3 Visual Evaluation: Macroscopic Inspection, Optical Microscopy, and Scanning Electron 
Microscopy 
 

4.3.1 After 12 Hours of Exposure 

Some oxide coloration was observed at different grades on the additively manufactured 

samples (Fig. 17). No loose oxide particles were detected, but a thin not uniform layer of oxide 

well attached to the surface. It was noticed that one face of each sample presented more 

corrosion than the other face. This could be related to the orientation of the samples, which were 

hanging at an angle. To avoid this variation, the wire used for hanging the samples was replaced 

for a thinner one which extended straight downward, allowing the samples to hang vertically.  

Control samples presented less visible corrosion macroscopically (Fig. 17). Observed both 

under the optical microscope and the scanning electron microscope, these samples showed 

circular formations of oxide. At higher magnification on the SEM, cubic formations could be 

observed in some dispersed areas (Fig. 18). Dendrites were observed on both the control samples 

and the additively manufactured (Fig. 19). 
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Figure 17: AM samples presenting different grades of oxide formation after 12 hours of exposure to the 
corrosive atmosphere. 

 

  
Figure 18: : Circular patterns observed on control sample in the scanning electron microscope. Some 
cubic formations (black on left picture, light gray on right) can be observed. 

 

  
Figure 19: Dendrites observed on AM sample (left) and control sample (right). 
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4.3.2 After 310 Hours of Exposure 

Observed under the optical microscope, the additively manufactured samples showed a 

greater amount of corrosion than the control samples (Fig. 20). At this stage of the corrosion test, 

the circular formations of oxide started to appear more densely clustered in big patches (Fig. 21) 

on several of the additively manufactured samples. The control samples showed oxide 

formations and apparent material dissolution near dendrites (Fig. 21). 

 
Figure 20: Test samples AM (left) and control (right) after 310 hours of exposure to corrosive 
atmosphere.  

 

  
Figure 21: Patches of circular oxide formations on AM samples (left). Oxide surrounding a zone of 
dendrites and apparent material dissolution (pit) on control sample (right). 

 
On the scanning electron microscope, a more severe material loss was observed on the 

additively manufactured samples; this  damage was more evident in areas close to edges 
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(perimeter of the samples or around the hole) and the damaged areas presented spherical shapes 

(Fig. 22). On the control samples, deposits of cubic particles of oxide were observed in several 

areas (Fig. 23). 

 
Figure 22: Material loss observed on AM samples, mostly on areas close to edges, after 310 hours of 
exposure to corrosive atmosphere. 

 

  
Figure 23: Clusters of cubical shaped oxide deposits on control samples. 
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4.3.3 After 635 Hours of Exposure 

After the final stage of the corrosion test, it was observed in the macroscopic inspection 

that the additively manufactured samples had a much higher level of corrosion than the control 

samples. The additively manufactured samples presented a darkened shiny surface with varying 

coloration (Fig. 24) and a small amount of loose oxide particles. The control samples presented 

an incipient reddish and grayish tone with dark stains in some areas, with no loose oxide particles 

(Fig. 24). 

  
Figure 24: AM and control samples after 635 hours under corrosive atmosphere. AM presented different 
colorations with a shiny finish (left). Control presented a reddish and grayish finish (right). 

 
Observed under the optical microscope, it could be seen that the additively manufactured 

samples presented increased zones with material loss and high accumulation of patchy black 

oxide, particularly at their corners (Fig. 25). The size and quantity of pits and crevices was bigger 

than during the previous stages of the test, as it can be seen on Figure 26. These damages were 

observed too with the scanning electron microscope spotting zones with cracked material and 

many pits (Fig. 27). Another interesting finding on these same samples was complex clusters of 

acicular fiber shaped material on areas with high damage (Fig. 28). It were also observed areas 

of dissolved material (voids) surrounding dendrites and pits initiating in the vicinity of dendrites 

(Figs. 29 and 30).  
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Figure 25: Corner of AM sample 3 showing a big dark corroded area (left). Patchy oxide formation with 
circular shapes on the corroded area (right). 

 

  
Figure 26: Pits on AM sample 4 after 12 hours (left) and 635 hours (right) of exposure to the corrosive 
atmosphere. A great increase in the size of pits is observed. 

 

  
Figure 27: Cracked layer of material and pits on AM sample. 
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Figure 28: Cluster of acicular branched formations of oxide, potentially whiskers of oxyhydroxide, on 
AM sample. 

 

  
Figure 29: Dendrites presenting material loss around them on AM samples. 

 

  
Figure 30: Some pits within areas of dendrites were observed with the SEM on the AM samples, 
potentially indicating zones more prone to damage by corrosion. 
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On the control samples no zones of great damage were identified, but some whitish 

circular areas with cubic structures within them were observed, potentially oxides (Fig. 31). Also, 

some dendrites protruding from the surface were seen. 

 
Figure 31: Cubic structures spotted on control samples, potentially oxides. 
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CHAPTER 5 

DISCUSSION 

5.1 Weight Loss Analysis 

From the estimated ratio of weight loss per surface area between the AM samples and 

the control, it is evident that the AM were more severely affected by corrosion since their rate 

was 4.7 times bigger than the corresponding for control. From an engineering practical 

standpoint, corrosion is evaluated in terms of mils penetration per year (thousands of an inch per 

year), or the corresponding using SI units (µm/year, mm/year, etc.). Using the formulas of 

Equation 2 and Equation 3 presented by D. A. Jones [26], the corrosion rate for the additively 

manufactured samples and the control samples was calculated in terms of MPY (mils per year) 

and µm/year; this allows to have a clearer idea of the impact of the corrosion on a material in 

use.  

𝑀𝑀𝑀𝑀𝑀𝑀 = 534 𝑊𝑊
𝜌𝜌𝜌𝜌𝜌𝜌

 Eq. 2 [26] 

𝜇𝜇𝜇𝜇
𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎

= 87600 𝑊𝑊
𝜌𝜌𝜌𝜌𝜌𝜌

 Eq. 3 [26] 

In both formulas, W represents the weight loss in milligrams (mg), ρ represents the density of the 

metal in grams per cubic centimeter (g/cm3), and T represents the time in hours. A represents 

the area, in square inches (in2) for the MPY case and in square centimeters (cm2) for the µm/year 

formula. 

The rates of corrosion penetration calculated and their averages for the additively 

manufactured and control samples are shown on Table 12 and Table 13. If we calculate the AM 

to control ratio for the corrosion penetration we get: 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

0.215247
0.045841

= 4.69551 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐴𝐴𝐴𝐴𝐴𝐴 𝜇𝜇𝜇𝜇/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝐴𝐴 𝜇𝜇𝜇𝜇/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

5.47308
1.16559

= 4.69554 

As it can be seen, the results in both units are consistent, and they are also consistent to 

the ratio of weight loss per surface area which yielded a value of 4.69646. 

Table 12: Rates of corrosion penetration estimated for AM samples. 

Sample MPY µm/year 

AM2 0.224184 5.70032 

AM3 0.149386 3.79844 

AM4 0.272171 6.92049 

Average 0.215247 5.47308 
 

Table 13: Rates of corrosion penetration estimated for control samples. 

Sample MPY µm/year 

Control 1 0.047187 1.19981 

Control 2 0.047143 1.1987 

Control 3 0.031795 0.808442 

Control 4 0.057239 1.45541 

Average 0.045841 1.16559 
 

It is relevant to remark that both kind of samples performed outstandingly according to 

the reference for evaluation of corrosion rates presented by D. A. Jones [26]. According to the 

mentioned source, rates of corrosion smaller than 1 MPY or smaller than 25 µm/year represent 

an outstanding performance of the material, in a scale of: unacceptable, poor, fair, good, 

excellent, and outstanding. These results mean that the additively manufactured samples will be 

losing 0.0002 inches of thickness per year or 0.0055 mm of thickness per year, while the control 

samples will be losing 0.00005 inches of thickness per year or 0.0012 mm of thickness per year. 
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A schematic showing the practical explanation of this corrosion quantification method is shown 

on Figure 32. Nevertheless, it is important to consider that these estimations are for uniform 

corrosion of a surface without defects. In a real situation, the defects initially present on a sample, 

promote more aggressive mechanisms of corrosion, like pitting, that can make a material fail at 

a specific point. For these calculations the density of 316L stainless steel from the manufacturer 

EOS was used as reference because this property is not reported in the specifications sheet from 

the manufacturer of the powder used (LPW) and the material from EOS is cited as similar in the 

same specifications sheet. The properties of 316L from EOS were obtained from the material 

property database Matweb [27]. 

 
Figure 32: Schematic showing the application of the corrosion quantification method presented in 
source [26]. It must be noted that it considers only the effect of uniform corrosion. 

 

5.2 Topographical Analysis 

The results from the topographical analysis show the presence of some apparent oxide 

clusters on the long surfaces of the samples after the corrosion test, as it is noted on the surface 
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maps. These maps also show that a slight increase in the thickness of the samples occurred, which 

is not surprising since it matches the hypothesis of the protective oxide layer formation; the 

increase in the thickness can be attributed to the formation of this oxide on the surface. Some 

changes could be identified on the edges of the samples, which are more prone to suffer 

corrosion because of their rougher surface finish and their shape (edges are points of stress 

concentration).  

Another important point to note about the topographical analysis results is the smoother 

surface finish of the control samples, which is due to their manufacturing process. Parts made 

through directed energy deposition naturally present rough surfaces and small gaps can be 

present in the material between the deposited tracks. If the first did not play a role in this case 

since all the samples were sanded and polished, the second was observed in the form of cracks 

and pits on the surface. These defects act as points of accelerated corrosion through anodic 

dissolution and potentially contributed to the weight loss. This could have been detected on the 

surface analysis by measuring the depth of pits and cracks before and after the corrosion test, 

but the scans did not have the enough depth of field to capture the surface inside these defects, 

a possible limitation of the technology which has been previously reported [4]. 

5.3 Visual Evaluation 

The outcomes of the visual evaluation of the samples with the three techniques that were 

implemented (macroscopical inspection, optical microscopy, and scanning electron microscopy) 

show that the additively manufactured (AM) samples suffered more corrosion than the control 

samples; these results are aligned with the results of weight loss and topographical evaluation. 

However, there are some relevant remarks and  findings from this visual inspection. The 
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additively manufactured samples presented mainly acicular oxide structures, which correspond 

to oxyhydroxides. Control samples, besides acicular structures, presented cubic structures which 

correspond to oxides. In both cases, the oxide layer presented good adherence to the metal, with 

minimal loose particles after the first three stages of the corrosion test. During the fourth and 

fifth stages, although a minimal quantity of corrosion material could be collected from the 

surface of the samples, cracked material could be observed with scanning electron microscopy 

on the additively manufactured, indicating the presence of loose oxide (Fig. 27). Control samples 

remained without loose oxide along the entirety of the test.  

The greater amount of corrosion of the additively manufactured samples can be related 

to several factors. One possible factor is the presence of cracks and pits on the initial state (as 

manufactured) of the test samples compared to the smooth flat surface of the control samples. 

As it was previously mentioned, these defects provide sites for a more aggressive corrosion 

attack. Besides the macroscopically visible pits and cracks, due to the deposition process  

mechanism, additional microscopic pits that were observed during the visual inspection (Figs. 26, 

27, and 30) decrease the corrosion resistance of the material. These microscopic pits are product 

of the inclusion of oxides in the matrix of the material which have been reported as a common 

characteristic in 316L stainless steel produced through both conventional and additive 

manufacturing methods [9]. These oxides, which have been identified by several researches 

reported by Saboori [9], are known to promote intergranular corrosion when their constituting 

atoms migrate to grain boundaries to form chromium carbide by the effect of sensitization of the 

material, and consequently forming zones of chromium depletion. When the corrosive agent 

attacks those unprotected zones it initiates pits, as it had been reported by Ganesh et al. [18]. 
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 Another possible factor is the higher energy stored in the AM material due to its faster 

cooling rate during deposition compared to the casting and rolling process of the control samples. 

That stored energy promotes faster reactions in the material to reach a more stable state, thus 

oxidizing it. This faster cooling rate also produces finer microstructures with dendrites; in the 

observations with the scanning electron microscope (SEM) some areas of dendrites were found 

to be suffering a severe material loss and formation of pits (Figs. 29 and 30). In the previously 

mentioned research conducted by Ganesh [18], the dendrites were identified as preferential sites 

for initiation of pitting corrosion, along with grain boundaries. More and bigger dendrites were 

observed on the AM samples than on the control samples and this is expected due to their 

manufacturing process, as previously mentioned. Based on the observations and the previous 

works cited [18], it is inferred that the dendritic microstructure is another factor that affected 

the performance of the AM samples in the corrosion test.  

It is important to mention that the microstructure of parts produced by directed energy 

deposition (DED) can be controlled to some point by adjusting the process parameters of the 

deposition to control the cooling rate of the molten metal, and by using different metal powder 

particle sizes which have been identified to have an impact in the microstructure obtained [24]. 
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CHAPTER 6 

CONCLUSIONS 

The additively manufactured 316L stainless steel proved good resistance against 

corrosion in an environment of elevated temperature and humidity, judging from the results 

obtained for the rate of corrosion penetration. Nevertheless, it did not perform better than the 

material produced by conventional method (casting and rolling), since the corrosion rate of the 

control samples was around 4.7 times smaller both in terms of weight loss per surface area and 

in corrosion penetration. 

Although the additively manufactured samples showed more damage due to corrosion 

than the control samples (manufactured by conventional method), they still presented a shiny 

surface finish, indicating the formation of a passive oxide layer. The microscopic analysis allowed 

to identify the increase in size and number of pits and crevices; these two findings together allow 

to conclude that the material dissolution was focalized on the defects, many of them initially 

present in the AM samples due to a not optimal deposition process.  

An optimization of parameters of the directed energy deposition process of 316L stainless 

steel (process used for the production of the additively manufactured samples for this test) is 

necessary to get a material with a higher resistance to corrosion, competitive to the material 

produced through conventional method. Besides the parameters controlled for the present 

research, the use of a metal powder with a different particle size would be recommended. 

Altogether, these parameters have an impact macroscopically in the production of a denser 

material with consistent tracks with low porosity and without gaps, and good track overlap; and 
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microscopically in the microstructure produced, which affects the mechanical properties and 

corrosion resistance. 

The main contributions of this research are: 

• It establishes a reference for other investigations on the corrosion resistance of 
additively manufactured 316L stainless steel made by directed energy deposition. 

• It provides a reference for assessing the capabilities of directed energy deposition 
of 316L stainless steel. 

• It provides a reference for evaluating the technical feasibility of implementing 
directed energy deposition as a technology for the manufacture of components of 
industrial flow systems. It serves as a reference for valves and piping 
manufacturers, who are considering additive manufacturing for the production of 
their parts. 

• It serves as a reference for the industry in efforts of implementing more efficient 
methods for the repair of components. 
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CHAPTER 7 

FUTURE WORK 

The following activities are recommended to expand the scope of the research presented 

in this publication: 

• Characterization of the oxide products by energy dispersive X-ray spectroscopy and 

Fourier transform infrared spectroscopy, to better understand the differences in the behavior 

between the AM and control samples. 

• Optimization of directed energy deposition parameters to obtain parts with a 

morphology and microstructure more resistant to corrosion, including the use of metal powder 

with different particle size. 

• Performance a of more extensive corrosion test to obtain more oxide deposits and 

collect the material for chemical composition analysis to identify the oxide products. 

• Performance of a more intensive surface morphology characterization of the samples, 

to evaluate the progression of growth of pits in size and depth. 

• Study on the formation of the passive oxide layer in materials made by directed 

energy deposition and its impact on the rate of weight loss along the exposure time. 

• Optimization of directed energy deposition parameters to achieve the production of 

overhang shapes (without supporting material) that allow the manufacture of components of 

flow systems. 

• Optimization of directed energy deposition parameters to obtain a successful 

deposition over grooves (no supporting material) to extend the research to the development of 

a method for repair of valves and piping elements. 
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• Testing of parts manufactured or repaired with directed energy deposition 

technology, under severely corrosive conditions like rapid flow, high temperature steam, or 

under presence of highly corrosive agents, to assess the feasibility of application of this 

technology for the production and repair of industrial parts.
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APPENDIX 

COMPLETE DATA FROM SAMPLE WEIGHT MEASUREMENT 
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Table A.1: Initial weights of additively 
manufactured (AM) samples. 

Table A.2: Weights of AM samples after 12 
hours under corrosive atmosphere. 

Table A.3: Weights of AM samples after 36 
hours under corrosive atmosphere. 

Table A.4: Weights of AM samples after 84 
hours under corrosive atmosphere. 

Table A.5: Weights of AM samples after 310 
hours under corrosive atmosphere. 

Table A.6: Weights of AM samples after 635 
hours under corrosive atmosphere. 

Table A.7: Initial weights of control samples. 

Table A.8: Weights of control samples after 12 
hours under corrosive atmosphere. 

Table A.9: Weights of control samples after 36 
hours under corrosive atmosphere. 

Table A.10: Weights of control samples after 84 
hours under corrosive atmosphere. 

Table A.11: Weights of control samples after 
310 hours under corrosive atmosphere. 

Table A.12: Weights of control samples after 
635 hours under corrosive atmosphere. 

Stage
Sample 1 2 3 4

0.0882 0.1804 0.1586 0.1667
0.0878 0.1808 0.1586 0.1664
0.0881 0.1806 0.1588 0.1669
0.0884 0.1805 0.1582 0.1667
0.0880 0.1807 0.1587 0.1665

Average 0.0881 0.1806 0.1586 0.1666

Weight (g)

Initial

Stage
Sample 1 2 3 4

0.0879 0.1797 0.1578 0.1653
0.0883 0.1807 0.1587 0.1663
0.0880 0.1803 0.1582 0.1666
0.0880 0.1806 0.1585 0.1662
0.0879 0.1801 0.1584 0.1664

Average 0.0880 0.1803 0.1583 0.1662

Weight (g)

After 12 hours

Stage
Sample 1 2 3 4

0.0882 0.1803 0.1585 0.1663
0.0880 0.1804 0.1585 0.1665
0.0882 0.1804 0.1581 0.1664
0.0883 0.1801 0.1587 0.1664
0.0877 0.1801 0.1583 0.1664

Average 0.0881 0.1803 0.1584 0.1664

Weight (g)

After 36 hours

Stage
Sample 1 2 3 4

0.0881 0.1803 0.1582 0.1666
0.0880 0.1802 0.1585 0.1665
0.0881 0.1803 0.1584 0.1666
0.0883 0.1803 0.1585 0.1666
0.0882 0.1801 0.1586 0.1666

Average 0.0881 0.1802 0.1584 0.1666

Weight (g)

After 84 hours

Stage
Sample 1 2 3 4

0.0878 0.1805 0.1583 0.1664
0.0880 0.1800 0.1571 0.1660
0.0874 0.1800 0.1582 0.1660
0.0886 0.1797 0.1576 0.1655
0.0884 0.1804 0.1582 0.1660

Average 0.0880 0.1801 0.1579 0.1660

After 310 hours

Weight (g)

Stage
Sample 1 2 3 4

0.0874 0.1800 0.1583 0.1661
0.0877 0.1802 0.1584 0.1656
0.0878 0.1803 0.1582 0.1660
0.0880 0.1800 0.1581 0.1662
0.0877 0.1799 0.1583 0.1662

Average 0.0877 0.1801 0.1583 0.1660

After 635 hours

Weight (g)

Stage
Sample 1 2 3 4

1.0527 1.1375 0.9345 1.0176
1.0525 1.1381 0.9341 1.0176
1.0530 1.1378 0.9345 1.0172
1.0528 1.1378 0.9345 1.0168
1.0532 1.1380 0.9345 1.0172

Average 1.0528 1.1378 0.9344 1.0173

Weight (g)

Initial

Stage
Sample 1 2 3 4

1.0529 1.1373 0.9343 1.0172
1.0528 1.1375 0.9341 1.0171
1.0527 1.1374 0.9345 1.0172
1.0529 1.1377 0.9340 1.0172
1.0525 1.1376 0.9343 1.0170

Average 1.0528 1.1375 0.9342 1.0171

Weight (g)

After 12 hours

Stage
Sample 1 2 3 4

1.0532 1.1377 0.9343 1.0171
1.0526 1.1376 0.9346 1.0172
1.0531 1.1377 0.9344 1.0170
1.0529 1.1376 0.9347 1.0169
1.0528 1.1377 0.9342 1.0173

Average 1.0529 1.1377 0.9344 1.0171

Weight (g)

After 36 hours

Stage
Sample 1 2 3 4

1.0530 1.1377 0.9343 1.0171
1.0529 1.1376 0.9342 1.0175
1.0531 1.1378 0.9345 1.0176
1.0529 1.1379 0.9345 1.0175
1.0529 1.1380 0.9344 1.0172

Average 1.0530 1.1378 0.9344 1.0174

Weight (g)

After 84 hours

Stage
Sample 1 2 3 4

1.0526 1.1376 0.9340 1.0166
1.0525 1.1377 0.9337 1.0165
1.0527 1.1375 0.9335 1.0167
1.0526 1.1375 0.9338 1.0165
1.0526 1.1378 0.9338 1.0165

Average 1.0526 1.1376 0.9338 1.0166

Weight (g)

After 310 hours

Stage
Sample 1 2 3 4

1.0524 1.1376 0.9342 1.0168
1.0526 1.1376 0.9341 1.0167
1.0525 1.1375 0.9343 1.0171
1.0525 1.1376 0.9342 1.0170
1.0527 1.1374 0.9343 1.0170

Average 1.0525 1.1375 0.9342 1.0169

Weight (g)

After 635 hours
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