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Abstract 

Additive manufacturing (AM) techniques are being studied for their application in the aerospace 
industry. Numerous benefits come from the already in shape final piece, which needs reduced amount of 
prime material for its production and can have its shape numerically optimized for weight reduction. 
Austenitic stainless steels (AuSS) are widely used in aerospace and their manufacturing through AM is a 
popular research topic in order to accelerate their effective incorporation in air-crafts and spaceships. 
The special microstructures of AM has been observed with characterization techniques. The present 
work studies the high temperature stability of three AuSS (316L, MOD-316 and 21-6-9) considering two 
approaches; surface corrosion and microstructure evolution. 

First, for high temperature corrosion, thermogravimetric analysis has been performed from 850°C to 
1150°C. From the results, kinetic analysis were performed and the activation energy was extracted from 
Arrhenius fits. Two mechanism were found for alloy 316L (first 435.41 kJ/mol and second 593.24 kJ/mol) 
and MOD-316 (first 740.01 kJ/mol and second 495.58 kJ/mol). Further SEM observations on the scales 
have shown Ni diffusion through the chromia scale in MOD-316 alloy, which could explain the higher 
oxidation rates at 1150°C. Alloy 21-6-9 has the best passivation behaviour with an activation energy of 
190.47 kJ/mol. 

Secondly, long heat treatment (HT) at 725°C in air atmosphere has been performed, for 24 and 240h. 
Samples were initially as-built or annealed (900°C for 1h), to compare the effect of the HT on the 
microstructure evolution and precipitates formation. LOM observation showed preferable nucleation in 
grain boundaries (GB), an increment of the number of precipitates and a growth towards elongated 
shapes following GB with increased time. It was also observed a reduction in precipitates number with 
the annealing HT for all the alloys. XRD, SEM and EDS analysis has been carried out to identify the 
structure and composition of the precipitates. Various chromium, tungsten, copper, molybdenum and 
niobium carbides and oxides have been found in MOD-316. Higher porosity is observed in 21-6-9, that 
presented mainly chromium oxides, carbides and nitrides in GB and surrounding the AM defects. 
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Abstrakt 

Additiv tillverkning (AM) studeras för tillämpning inom flyg- och rymdindustrin. Flera fördelar erhålls 
när delen från tillverkning har rätt färdiga form och produktionsmetoden kräver en minskad mängd 
råmaterial och formen kan optimeras för viktreducering. Austenitiska rostfria stål (AuSS) används i stor 
utsträckning inom flyg- och rymdindustrin och deras tillverkning genom AM är ett populärt 
forskningsområde för att möjliggöra AM-tillverkade komponenters effektiva applicering i flyg- och 
rymdapplikationer. Deras speciella mikrostruktur har observerats med hjälp av karaktäriseringsmetoder. 
I detta arbete studeras högtemperaturstabiliteten hos tre AM AuSS (316L, MOD-316 och 21-6-9). 

Först, för högtemperaturkorrosion, har termogravimetrisk analys utförts från 850°C till 1150°C. 
Kinetikanalys har genomförts och aktiveringsenergier erhölls från Arrhenius-anpassningar. Två 
mekanismer hittades i legering 316L (435,41 kJ/mol och 593,24 kJ/mol) och MOD-316 (740,01 kJ/mol 
och 495,58 kJ/mol). Vidare SEM-observationer på ytbeläggningarna har visat att nickel diffunderar 
genom kromoxidytlagret i MOD-316-legeringen, vilket kan förklara de högre oxidationhastigheterna vid 
1150°C. Legering 21-6-9 har bäst passiveringsbeteende med en aktiveringsenergi på 190,47 kJ/mol. 

Längre värmebehandlingar vid 725°C i luftatmosfär utförts i 24 och 240 timmar. Proverna som 
värmebehandlades var anting i ursprunglig form (as-built) eller anlöpt (900°C i en timme) för att kunna 
utvärdera effekten av värmebehandling på mikrostrukturen och utskiljningar. Observationer med LOM 
har visat förhöjd kärnbildning vid korngränser, ökning av antalet utskiljningar med tiden, tillväxt i 
riktning mot förlängda strukturer längs korngränserna och en minskning av antalet utskiljningar med 
glödgning för alla legeringar. XRD-, SEM- och EDS-analyser har utförts för att karakterisera strukturen 
och sammansättningen av utskiljningarna. En rad krom, volfram, koppar, molybden och niob-karbider 
och oxider har hittats i MOD-316. Hög porositet observerades i legeringen 21-6-9, som huvudsakligen 
uppvisade Cr-oxider, karbider och nitrider i korngränserna och i de omgivande defekterna från den 
additiva tillverkningen. 
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1. Introduction 

The aerospace market is expected to have a growth rate of 9,8% per year and reach $442.25 billion in 
2026 [1]. This big industry has to be reshaped to suit the green transition requirements of nowadays. 
It is targeted by ecological press and organizations because of its high consumption of fossil fuel and 
material. For several years now, additive manufacturing (AM) has been studied as a solution to make 
the industry greener. It has been proved that some parts are more economic to be made by AM [2] as 
explained in Figure 1.1. AM becomes beneficial in case of high design complexity of the product and low 
production volume. In addition, this design complexity and freedom can lighten the parts, thus saving the 
aforementioned fuel. 

Figure 1.1: Production volume and design complexity to make AM interesting as opposed to TM [3] 

To be suitable for aerospace applications, materials need to undergo extreme conditions keeping their 
good properties. Engine components have to face high but also cryogenic temperatures. Typically 
employed materials are composites and aluminium for the body because of their low weight. Also 
titanium and superalloys are part of the engines for their high temperature resistance. Steels are being 
used as structural parts and even as elements of the engine. Those have a good enough strength/weight 
ratio and wide range of operating temperatures for their market price, making them economically 
interesting. 

The more commonly used steels in this industry are stainless steels of the 3xx series [4]. Three 
compositions are being studied in the present work: a 316L, a modified 316L by GKN and a 21-6-9, all of 
them austenitic stainless steels. The modified 316, called MOD-316 (from GKN Aerospace Sweden), is 
specially interesting for being a completely new composition. The aim of this project has been to study 
the different alloys high temperature stability. It is complementary to previous studies [5] where stress 
relief heat treatments had been analyzed for alloys 316L and 21-6-9. 
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2. Background 

To facilitate the understanding of the current project, this section provides the theoretical background 
concerned. Deeper explanation on the additive manufacturing process is done in a first part. The 
different methods are explained as well as reported material properties. Then, steels and particularly 
austenitic stainless steels are discussed in a second section. Thereafter, an introduction to high 
temperature conditions and corrosion is presented. 

2.1 Additive manufacturing 

Additive manufacturing (AM), compared to traditional manufacturing (TM), is a layer-by-layer building 
method based on a 3D model created by computer assisted design. Numerous materials can be used, but 
the central concern in this project have been metals. A heat source is needed to melt the metal feedstock 
material into the final piece. This technique avoided excessive material loss. It is ideal for industries where 
the production is not massive and the design is very intricate (aerospace, biomedical). In addition, the 
supply network of the final piece is simplified [6], less transport is needed and sometimes the product can 
be built directly at the final destination. 

Eight key steps compose an AM production chain [7]. The first, is the Computer Aid Design (CAD) of 
the piece to be built. Its conversion into STL file and its transfer to the machine are the second and third 
step, respectively. The fourth is the machine setup, very important for the material final properties (speed, 
laser power...). Then, building the object is the fifth step. Two last steps are the removal of the piece, 
and its post-processing (such as heat treatments) if needed. The eighth and final step is its application. 

For the aerospace industry, the possible material saving is huge. Components are described with a 
buy:fly ratio, a comparison between its weight prior to machining and the final ready to fly. In TM, those 
ratios are commonly from 6:1 to 25:1 and nowadays AM has been proved to be economically viable to 
replace it above 12:1 [8]. In addition, it could be possible to recycle the unused powder in the chamber, 
but this is under study because it could be source of defects and quality problems [9]. 

However, for AM to be applicable in the aerospace industry, better understanding of the material-
process-structure-property relationships is needed to solve current limitations such as lack of repeatability 
or poor surface quality. Some authorities and organizations working on the development of standards and 
certifications are ASTM (American Society for Testing and Materials [10]) and ISO (certification example 
at [11]). 

Various AM techniques exist, classified by the ASTM Standard F2792 [12] into two main groups related 
to the kind of material deposition method. Other methods such as material extrusion, jetting or vat 
photopolymerization exist but are not used for metallic materials [13]. Also, in function of the type of 
heat source, more distinctions are done as those can be laser, electron beam, plasma arc and gas metal 
arc [14]. 

• Direct Energy Deposition (DED). Material and energy input are simultaneous in this method. The 
material can be powder or wire. This technique is used in large volume pieces and as reparation 
option. 

• Powder Bed Fusion (PBF). In this method, the component is built in a chamber where a powder 
layer is added on a platform, a pattern is traced by the heat source and then the platform is lowered 
from a certain thickness to start the sequence again (see Figure 2.1. One of the most common sources 
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Figure 2.1: L-PBF schematic representation. 
Image adapted from [17] 

Figure 2.2: L-PBF closer schematic representation 
with the main building parameters that can be 
tuned. 

for this technique is the laser (L-PBF) [15, 16]. A more detailed view of L-PBF is presented in Figure 
2.2. The laser beam melts part of the powder layer in what it is called melt pool (in yellow). 

Previous layers undergo heating from new hatching and heat affected zones (HAZ) can even remelt. 
Parameters such as the layer thickness or the beam shape and power can alter the HAZ. In addition, 
a very important part of the process is the scanning pattern influence the heat concentration and thus 
the residual stresses in the material. Numerous hatching methods have been studied; simple meander 
scans unidirectional, 90° alternated or rotated (shown in Figure 2.3, respectively from left to right) and 
also more complex chequerboard methods (90° alternated unidirectional small boxes). Unidirectionally 
oriented laser tracks have shown the more residual stresses [18]. Some works recommend the n +1 rotated 
technique with an angle non divisible by 360° for better stress distribution [19]. For the same layer, higher 
stress has been found parallel to the scan vectors [20]. 

Figure 2.3: Examples of hatch methods, from [21] 
Figure 2.4: Typical thermal history of 
an AM layer, from [22] 

There are different methods for measurement of residual stresses such as torque removal, deflection 
measurement, hole drilling or contour method, all of them used in [18]. Deflection measurement on a 
keyhole piece was used on the previous studies of this project [5]. Annealing treatments have proven their 
effectiveness in residual stress reduction [23]. 
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Microstructures of AM parts are very different compared to conventional manufacturing [24]. Cooling 
rates are higher and the thermal history is more complex (see Figure 2.4), inducing faster solidification. 
Crystallization of every material is composed by two steps: nucleation and growth. With such elevated 
heat flows, the main thermal gradient in the building direction and a second in the scanning direction, 
grain growth can be highly oriented and present characteristic shapes (see Figure 2.5). The resultant piece 
tend to be anisotropic. This phenomenon is called texture [3, 25] and more detail on austenitic stainless 
steels behaviour can be found in Section 2.2: Additive manufactured austenitic stainless steels. 

Figure 2.5: AM microstructure solidification 

Figure 2.6: Ultimate tensile strength and 
elongation comparison for different AM techniques 
and TM in steels, from [24] 

With the main building parameters presented above, the volume energy density (VED) can be calculated 
as shown in Equation 2.1. This is an important information than studies use to compare built parts [26, 
27] and defects characterization [28] as the texture and defects were found to be related to this parameter 
[24]. 

V ED(J/mm3) = 
P 
vht 

(2.1) 

In Equation 2.1, P is the laser power (W ), v scan speed (mm/s), t a layer thickness (mm) and h 
hatching distance (mm). 

Typical defects in the AM built material are porosities, cracks and lacks of fusion (LOF). Porosities are 
form due to entrapped gas because of excessive VED. If metals of low evaporation temperature are used, 
their volatilization can also create porosities. LOF (non-sintered areas) or un-melted powder are due to 
insufficient VED [28]. In addition, the excess or lack of energy during the process can affect the unused 
powder in the chamber by producing the so called by-products [29]. This is detrimental for powder reuse. 

Porosities and average porosity size is reduced with increased volume energy density [26]. Due to oxygen 
trapped in the powder, it is possible to form nano-oxides in the material [30] which composition varies in 
each alloy. Defects are affected by heat treatments such as annealing, which are necessary before using the 
component in almost any field. The topic of high temperature is further developed in section Temperature 
stability of L-PBF austenitic stainless steels. 
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2.2 Austenitic stainless steels 

Steels are iron-carbon alloys up to 2,14% in weight (w%) of carbon. Above this limit, it is considered cast 
iron. Already in pure iron (Fe), three different allotropes exist as a function of temperature and pressure; 
two cubic phases, a body-centered (↵, ferrite) and a face-centered (�, austenite), and one hexagonal close-
packed (", martensite). The domain of stability of those phases can be modified with the addition of 
elements that either stabilize the alpha or the gamma phase [31]. In addition, cementite (Fe3C) should be 
mentioned, a defined chemical composition at 6,67 wt% C; and ledeburite, the name taken by the eutectic 
combination of austenite and cementite [32]. 

The designation of stainless steels (SS) comes from its chromium content above 10,5 w% [33]. In Figure 
2.7, the binary phase diagram of Fe-Cr is shown. Corrosion resistance and high temperature corrosion 
resistance is improved with the addition of Cr, by a passivation mechanism that is explained in section 2.3 
[34]. Other elements (nickel, manganese, molybdenum) are usually added to improve mechanical properties 
such as ductility and strength, or chemical resistance. In function of their major phase, different SS can 
be mentioned: 

Figure 2.7: Fe-Cr phase diagram with ↵ (ferrite), 
� (austenite), �-phase and L (liquid) stability [35] 

Figure 2.8: Ternary phase diagram Fe-Cr-Ni at 
specific w% of nickel, showing its influence for 
austenite stabilization [35] 

• Ferritic steels (↵, BCC). This alloys are mainly composed by Fe � Cr � C, but can have slight 
addition of elements such as Mo. Their particularity is the absence of austenitic transformation, 
which prevents them to be improved by thermal treatments. Ferritic alloys are generally strong but 
less ductile than other phases. 

• Martensitic steels (", HCP). This type of alloy has a higher C content. They can be tempered 
and usually have carbide formation, which increases their strength. Characteristic properties of 
martensitic steels are their hardness, fatigue resistance but also brittle fracture. 

• Austenitic steels (�, FCC). Obtained by addition of nickel or/and manganese, that stabilize this 
phase (see Figure 2.8) [31]. Their ductility and thoughness is unquestionably better and makes this 
type of alloy to be 80% of the global market [35]. The stabilization of FCC structure implies no 
ductile-brittle transition. 

Two other types exist, one called duplex or dual-phase, in which austenite and ferrite coexist giving 
both strength and ductility. The last type are precipitation hardened steels, which main mechanism for 
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enhanced strength and toughness is precipitation heat treatments such as quenching and aging. Because 
of aerospace applications and the large range of temperatures that the materials need to undergo, a focus 
is made on austenitic steels in this project. 

Austenitic stainless steels 

The austenitic phase is stabilized by the addition of nickel, carbon, nitrogen, cobalt and, to a limited 
extent, manganese (gammagen elements). When adding others such as molybdenum or silicium it has to 
be in controlled amount because of their alphagenic properties (ferrite formation). Chromium is also an 
alphagen element. In order to predict the microstructure of elements after non-equilibrium solidification, 
a well known diagram named by its creator Schaeffler has been widely used. Also, some modifications 
done by DeLong, to take into account the nitrogen diffusion, have resulted in Figure 2.9. 

Figure 2.9: DeLong modification of Schaeffler 
diagram, for non-equilibrium solidification phase 
stability in stainless steels [35]. Alloys 316L (red), 

Figure 2.10: Diffraction powder of austenitic 
stainless steel of 3.6 Å lattice parameter 

MOD-316 (blue), and 21-6-9 (green) are placed in 
function of their nickel and chromium equivalence 

Intense manganese addition leads to TWIP (twinning-induced plasticity) steels. This is a family of steels 
that deform simultaneously through two systems: classical dislocations movement and twinning. Twinning 
is the name given to a reorientation of the crystal structure, without phase transformation, that allows 
larger shear strain. Only austenitic steels are of this kind , with increased plasticity and work-hardening 
rate [32]. 

Carbon and nitrogen form interstitial solutions located in octaedral sites. Those elements are highly 
soluble in austenite, up to 6wt% [32]. Carbon is a gammagen element but in presence of chromium it 
can form carbides that embrittle the steel and lower its corrosion resistance. Nitrogen is added instead as 
gammagen element without weakening the grain boundaries. 

Substitutional solid solution are formed with wider atoms. Those change the alloy thermodynamics 
and kinetics. Molybdenum improves pitting corrosion and stress corrosion resistance, but it enhances the 
formation of �-phase at elevated temperature [31, 35]. Addition of copper form nano-precipitates that are 
coherent (FCC) with the austenitic matrix and improve tensile strength and creep properties [36]. This 
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is also observed with niobium addition in Mn-N austenitic stainless steels, by formation of carbonitrides 
[37]. 

The elements described here are not an exhaustive list, but rather the most important ones for the alloys 
involved in this project. Other examples include sulphur, which is added to improve machinability but is 
detrimental to the maintenance of high-temperature passivation [24, 38]. Addition of tungsten contributes 
to high temperature corrosion and pitting resistance, and simultaneously enhances strength and hardness. 

2.2.1 Additive manufactured austenitic stainless steels 

AuSS have a stable FCC (face-centered cubic) structure in all their operating temperature. In AM, 
there are two main thermal gradients that induce the orientation of grains: the scan direction (oriented 
in a same layer) and the building direction. This last one usually has the stronger temperature gradient, 
which is followed by crystalline growth. For AuSS, during solidification of the final piece in AM, it has 
been found two preferable directions of grain growth (see Figure 2.11a), corresponding to the family of 
directions [110] and [100]. 

(a) (b) 

Figure 2.11: a) Schematic representation of the preferential growth directions that result aligned 
with the BD in AM austenitic stainless steels and b) example from [30] with texture presented along 
BD, direction [110] in green 

The anisotropy in crystallographic orientation, texture, of AM austenitic stainless steels, can be seen 
through X-ray diffraction (XRD) and electron backscattering diffraction (EBSD, Figure 2.11b) [24]. Grain 
growth follows the thermal gradient, resulting in elongated grains in the building direction. The shape 
and size of the melt pool influences grain orientation [25]. In addition, due to higher cooling rates than in 
traditional manufacturing, grains are smaller. 

With the adequate building parameters, cellular growth is typically obtain (see Figure 2.5). The matrix 
composition is an average of the composition in the cells. High concentration of dislocations and impurities 
(precipitates, elements segregation) occurs in cell boundaries. 

Final mechanical properties achievable with AM are comparable to traditional manufacturing. For 
metals in general, highly increased ductility and a low reduction of yield strength has been observed 
[15]. In the particular case of stainless steels, superior yield and tensile strength has been reported [24]. 
However, particular defects such as cracks from residual stresses can be detrimental for fatigue resistance 
and tenacity [24]. Effects of specific AM defects on mechanical properties can be reduced with post 
treatments [15]. 
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2.3 High temperature corrosion and stability 

High temperature implies high energy and numerous degradation mechanisms result activated. A focus 
is made on high temperature corrosion in air at the surface of stainless steels (SS) in a first part, followed 
by their microstructure stability above 500°C in a second part. 

2.3.1 Corrosion (oxidation) 

The corrosion protection mechanism of SS in air comes from the formation of a protective layer of 
chromia (Cr2O3) on the surfaces which passivates the material [35]. For alloys containing 10 to 20 w% of 
chromium (Cr), the mechanism is diffusive and initiates in the grain boundaries intersection. Chromium 
is transported to the surface where it forms the protective scale [39]. This process is commonly referred 
to as oxidation and occurs in oxidizing atmospheres such as air. Other corrosion mechanisms arise in the 
presence of sulphur, carbon, carbon dioxide, which are specific to those conditions and are not covered in 
this report. 

Figure 2.12 present a simplified mechanism for the formation of oxide layers. The oxidation reaction for 
more complex oxides follows Equation 2.2 [40]. After the protective chromia scale, further oxidation can 
take place due to the diffusion of metals outwards (see Figure 2.13). 

x 1 1 
M + O2 = MxOy (2.2)

y 2 y 

Oxygen uptake can be measured by weight variation. An often used technique is thermogravimetric 
analysis (TGA) which measures a sample weight as a function of the temperature and time. This weight 
difference �W is normalized with the exposed area into �m = �W 

area the mass gain per unit area. An 
exhaustive kinetic analysis respond to Equation 2.3 [41]. 

2t = A + B�m + C�m (2.3) 

Figure 2.12: Oxide scale formation mechanism, 
inspired from [40] 

When dealing with a diffusion-controlled process, the aforementioned equation tends to exhibit a purely 
parabolic behavior, which can be approximated using Equation 2.4. Its usage is quite common for the 
purpose of simplification, but it is important to note that the resulting rate constant could be merely 
apparent [41]. 

2 = 2kapp�m t (2.4)p 

Figure 2.13: High temperature corrosion 
mechanism, protective layer formation [35] 
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By characterizing the obtained scale, thickness and composition, kinetics analysis can be perform. 
However, observation of the complete scale could be challenging due to the flaking phenomenon. The 
dissimilar expansion coefficients between alloy matrix and oxide layers generate stresses that contribute 
to spallation and cracks formation. 

Diffusion is the leading mechanism in high temperature corrosion. It is thermally activated, so it 
responds to an Arrhenius behaviour (Equation 2.5). Chromium and iron, also manganese in Mn-alloyed 
compositions, and nickel, are the main elements which diffusion plays a key role in this process [40, 42]. 

✓ ◆ 
�Ea 

kp = k0exp (2.5)
RT 

Oxides forming outer layers appear in stability order, as oxygen reactivity decreases the closest to the 
metal matrix. This phenomenon is called multilayer scales. In Figure 2.13 the oxides stability order can 
be seen, where F eO would be the more stable and first formed (usually mixed with the spinel MCr2O4 
form with Fe as M), followed by magnetite Fe3O4 and finally wüstite Fe2O3 with the highest formation 
energy [43]. If the diffusing elements are compatible, it is also possible to form solid solutions (such as 
F eO, NiO and MnO of FCC structure). 

Water vapour in the atmosphere can dissociate and produces an increment in partial pressure of oxygen. 
In the case of parabolic kinetics, the ratio of water vapour and hydrogen pressures is altered. A change in 
exterior pressures could lead to some oxides destabilization and even evaporation. Cr2O3 volatilisation is 
catastrophic regarding passivation [44]. Methods such as the described TGA, in controlled atmospheres, 
are preferable in corrosion studies. 

Elements that have been found to influence high temperature corrosion are silicium, niobium and 
titanium, as well as some reactive elements (RE) and sulphur [40, 44]. Addition of niobium increases 
chromium diffusivity in austenitic stainless steels, up to 264% [44] and it also affects the scale adhesion, 
by Fe2Nb formation at the metal-scale interface it reduces it, facilitating flaking. Presence of sulphur (in 
tens of ppm) may also lead to scale spallation [40]. 

For Fe-Cr-Ni SS, the influence of nickel is significant in high-temperature oxidation. Due to its slower 
diffusion compared to other elements, an increase in the Ni/F e ratio leads to a decrease in solubility and 
diffusion of the iron through the chromia [44]. This behavior has a beneficial impact on the protective 
effect of the scale. 

On the other hand, chromium, manganese, and silicium are elements preferred for oxidation. From 
already 0.23 wt% of silicium, fayalite (Fe2SiO4) can form as inner layer and iron diffusion is reduced 
as this phase is more permeable to iron than wüstite. As a result, during the oxidation process, these 
elements tend to deplete within the material due to outward diffusion [43]. This depletion can impact the 
composition and properties of the scale and the underlying material. 

2.3.2 Microstructure stability 

Recrystallization is the first phenomenon to mention that could appear at high temperature. Grain 
growth and coalescente may drastically alter the alloy properties. In general, for the purpose of preserving 
the specific microstructure generated during manufacturing, as in AM, recrystallization is discouraged. 
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In conventional Cr-Ni AuSS, carbides of M23C6 can form at temperatures between 550-750°C [32]. 
M can be any substitutional elements and the precipitations occurs preferentially in grain boundaries. 
This produces chromium depletion around the precipitate and increases its susceptibility to intergranular 
corrosion. In alloys above 0.02 wt% carbon it is more probable for this phenomenon to occur. Those 
carbides are of polyhedral or cubic structure [45]. 

In the case of high nitrogen SS with a N content in the range of 0.2-0.3 wt%, the precipitation of Cr2N 
can take place [32]. However, in the presence of elements such as niobium and titanium, more stable 
nitrides are formed instead. This transformation occurs during fast cooling between the temperatures of 
650°C and 850°C. Additionally, the formation of carbides is reduced in these types of alloys. 

In stainless steels, �-phase can precipitate between 600 and 1000°C in conventionally manufactured 
pieces. This is a tetragonal crystal structure of variable composition that comes from the �-ferrite (high 
temperature BCC phase). Lower precipitation rates are found in austenitic phase, but high temperature 
could lead to �-ferrite transformation first, from which �-phase could precipitate. In addition, chromium 
concentrations are beneficial for �-phase precipitation [46]. 

2.4 Temperature stability of L-PBF austenitic stainless steels 

The alloy 316L is one of the most extensively researched materials for AM, specifically L-PBF, and it 
is also treated in this project. This section is dedicated to presenting the findings related to 316L, with 
a subsequent discussion about the possible anticipated behavior of MOD-316 and 21-6-9 alloys based on 
those findings. 

Short exposure to high temperature is frequently used for stress relief treatments. Residual stresses 
are inherent to AM. Stress relief techniques reduce the dislocation density and homogenize the matrix 
composition. Previous studies [47] have shown the mitigation of the cellular structure being directly 
related to the relaxation of residual stresses. Annealing at higher than 800°C in furnaces or in HIP (Hot 
Isostatic Pressing) could lead to re-crystallization in the material [24]. 

The effect of heat treatments on defects has been studied in [48], in which a relation between high 
temperature and defects formation has been conclude. This could be detrimental for cyclic fatigue, but heat 
can simultaneously reduce intergranular embrittlement and coarse grains for reduced crack propagation. 
The outcome can be favorable or unfavorable, requiring further investigation depending on the specific 
material, as it is also function of manufacturing parameters such as VED. 

BCC phases can emerge from heat treatment of pure austenitic 316L alloy. This has been observed at 
1100°C and it is a fast transformation (enough with 6 minutes) [49]. While �-phase could be formed from 
this second structure, it has not been reported often in the literature. Additionally, from initial austenite, 
sigma phase rarely precipitates 

Already mentioned nano-oxides can form in the core of the as-built AM material and evolve at high 
temperature to more stable phases. This has been predicted and observed in [30], where initial rhodonite 
MnSiO3 turned into spinel MnCr2O4 after 1200°C treatment, only if recrystallization is not achieved. The 
processes are mainly controlled by grain boundary diffusion [50], where additionally MnS precipitation 
has been found close to MnSiO3 (at 1065°C). SEM analysis of nanoprecipitates and their evolution with 
temperature are shown in Figure 2.14. 
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Figure 2.14: Nano-oxides a) as-built condition, b) spectrum comparison of as-built, c) prismatic 
particle, d) spherical annealed 1h, e) heat treated for 1h, from [30] 

Numerous studies have shown a positive impact of AM on high temperature corrosion [24]. Oxidation 
rates are lower compared to cast alloys and purely parabolic kinetics have been observed [51]. An 
explanation for this behaviour are the Cr rich dislocations, i.e. cellular structure, that act as preferential 
diffusion paths to form the protective Cr2O3. 

Extrapolating this information to MOD-316; tungsten, copper and niobium could take the lead instead 
of manganese and silicium in oxides and carbides formation. Indeed, more carbides are expected due to 
the higher carbon content than in 316L, such as the well known M23C6 in cast AuSS. 

In the case of alloy 21-6-9 and the lack of information on L-PBF produced material it is not due to 
its novelty. Actually, traditionally manufactured 21-6-9 is widely used and well known in the aerospace 
industry, but the information is retained within companies and not disclosed in the public domain. A few 
articles discuss the topic, mainly focused on mechanical properties [27, 52]. 

Interstitial solutes have been found in heat treated 21-6-9 from 600°C to 900°C, which have been 
associated with M23C6 due to the pitting described in [53]. This precipitation mainly occurs at 
temperatures between 700°C and 800°C, and pitting is less severe outside that range. Therefore, other 
temperature range precipitation could be nitrides, which are to be expected in this type of steel. 
Regarding high temperature oxidation at the alloy surface, 21-6-9 is rich in manganese that could replace 
iron in outer corrosion layers [44]. 
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3. Aim and objectives 

This project is contained within a larger framework, in which previous studies had used L-PBF 
manufactured material from three alloys of interest (316L, MOD-316 and 21-6-9) [5]. No additional 
material was manufactured and all the work presented is based on reused and unused parts from that 
source. 

The aim of the project has been to investigate the high temperature stability of three alloys of interest, 
by the following objectives: 

• Is it feasible to perform kinetic calculations on the corrosion layer developed after short exposure to 
high temperature? Does the corrosion rate conform to parabolic kinetics? Can we extract activation 
energies from these calculations? Additionally, what is the chemical composition of the scales formed 
during the process? 

• What impact does prolonged exposure to high temperatures have on the microstructure of materials? 
Does this exposure affect as-built and annealed samples differently? Furthermore, which precipitates 
are formed as a result of long heat treatments? 
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4. Materials and methods 

In this project, three materials are being studied and compared. 

• 316L: A low carbon steel, of formula X2CrNiMo17-12-2 following the European NF EN 10027 rule 
on steels denomination. It is derived from the classical 304 by Mo addition (316) and then lowered 
in carbon (L) [35]. 

• MOD-316 (GAS): Modified alloy from initial 316, also called GAS for GKN Aerospace Sweden. 
Added Cu and W are the main modifications, as well as Nb in lower quantity. 

• 21-6-9: Numbers composing its name refers to the average amount of Cr, Ni and Mn respectively 
in % weight. It has similar properties to 316 when conventionally manufactured but no much is 
found on AM 21-6-9 [27, 52, 53, 54]. 

Alloy 21-6-9 was manufactured at RISE with an SLM Solutions 125 machine using Sandvik 21-6-9 
Aerospace powder. 316L and MOD-316 were manufactured with EOSINT M270 (EOS GmbH, Germany) 
AM machine, using powder from Carpenter Additive. The manufacturing parameters and the composition 
of the different alloys are shown in Table 4.1 and 4.2. 

Material Laser power (W ) Scan speed Layer thickness Hatch distance ED (J/mm3) 
316L 195 900 mm/s 20 µm 0,1 mm 108,33 

MOD-316 195 900 mm/s 20 µm 0,06 mm 180,56 
21-6-9 180 900 mm/s 20 µm 0,14 mm 47,62 

Table 4.1: Laser parameters from [47, 53] 

Material C Cr Cu Mn Mo N Nb Ni P S Si W Total 
316L 0,014 17,7 0,018 0,62 2,40 0,071 0,006 12,9 0,005 0,006 0,79 0,02 34,345 

MOD-316 0,070 17 2,51 0,6 0,8 0,006 0,4 12,6 - - 0,38 2,13 36,496 
21-6-9 0,048 20,21 0,017 8,74 <0,01 0,274 0,015 6,46 0,009 0,005 0,36 <0,002 36,106 

Table 4.2: Steels composition (wt%) from [47, 53] and company information 

Alloy 316L was built in horizontal direction while MOD-316 and 21-6-9 in vertical direction (H and V, 
respectively, in Figure 4.1), and slices were cut from the bars. This implies that the analysis on the larger 
sample face for alloy 316L is a transversal view. The hatching technique employed was meander-like with 
rotations of 67° between layers as recommended in [19]. 

From different bars, smaller samples were cut with wire electrical discharge machining (w-EDM). 
Samples have 15x7,4x3 mm size in MOD-316 and 21-6-9 case, and 10x10x3 mm size for 316L case. 
Further cutting, with Secotom-10 Struers Precision Cutting Machine, was needed in order to fit the 
samples in the calibrated crucible for short time exposure (maximum 5x5x5 mm). See list of samples in 
Tables 1 and 2 in Appendix: Samples list. 

Short time exposure to high temperature was performed with a thermogravimetric analysis (TGA, 
DSC/TGA STA 449 F3 Jupiter) machine, for characterization of the corrosion scale formation. Samples 
were ground to P1200 (15,3 µm). To improve the repeatability of the process, special tweezers were 
designed for small samples (see Appendix: Designed tweezers). Stereomicroscope Nikon SMZ1270 was 
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Figure 4.1: Building direction and scanning method. The final piece V stands for "vertical" and H 
for "horizontal" disposition 

used for surface measurements before and after exposure. TGA controlled atmosphere is settle as air 
simile (oxidizing) and heating had to be done with the sample in the machine. Temperature schedule is 
represented in Appendix Machine calibrations, Figure 1. The maximum heating rate of 20 C/min was 
employed and tested temperatures were 850°C, 900°C, 950°C, 1050°C and 1150°C (see Table 4.3). 

Annealing heat treatment (900°C for 1h) and long time exposure (725°C) were done in Nabertherm 
N11/HR air furnaces, which temperature schedules after calibration are presented in Figure 2 and 3 in 
Appendix: Machine calibrations. This annealing treatment was chosen after [5] stress relief results. Both, 
as-built and annealed samples, were exposed to the long heat treatment (LHT) for 24h and 240h (see 
Table 4.4). 

Material 850 900 950 1050 1150 
316L 

MOD-316 
2169 

1h at temperature, heating 
at 20°C/min 

Material 24h 240h 
316L 

MOD-316 
2169 

AB & An 
at 725°C 

Table 4.3: TGA samples Table 4.4: LHT samples 

Nikon Eclipse MA200 light optical microscope (LOM) and scanning electron microscope (SEM) with 
energy dispersive spectroscopy (EDS) were used for microstructural characterization. Two SEM were 
use: JSM IT-300 with EDS from Oxford Instruments X-MaxN , and FEI Magellan 400 FEG-SEM with 
X-Max 80 mm2 SDD EDS from Oxford Instruments for high resolution. Sample preparation for this 
observations (LOM, SEM & XRD) was grinding up to P1200, followed by polishing with 9 and 3 µm 
diamond suspension. Finally, colloidal silica (0,06µm) polishing was done. Manual and automatic methods 
(Struers Tegramin-30 machine) were both used for polishing. 

In addition, for LOM and SEM, electrolytic etching with 10% oxalic acid or 50% NaOH were carried 
out. For the first solution, 3V for 30s on 316L and MOD-316 materials were used; 40s were needed for 
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21-6-9. The second solution was more reactive and 6V for a maximum of 10s were used to reveal possible 
�-phase in 21-6-9 (swabbed). SEM analysis were also performed on unetched condition to obtain more 
accurate EDS results on precipitates. 

X-ray diffraction (XRD, PANalytical Empyrean X-ray) was performed for phase and precipitates 
identification, as well as for texture differentiation. In general, XRD measurements lasted 15min, with a 
scan step of 0.013 from 30 to 100° angle, using a Cu anode. Hardness measurements were obtained with 
Struers Duramin-40 AC3 machine. A Vickers indentation of 300g was applied for 10 seconds, with a grid 
method of 20 indentations per sample. 

Corrosion analysis 

The duration of the TGA was one hour, which is relatively brief compared to the typical timeframe 
for conducting a comprehensive corrosion analysis [51, 41]. Based on the observed trend in the results, 
it was determined that assuming a parabolic corrosion behavior was appropriate. The consecutive fitting 
was performed in the specific section that accurately corresponds to this parabolic behavior in order to 
minimize the error. 

Because of the TGA functioning protocol, two important phases have to be distinguished: firstly a 
heating phase and secondly holding at temperature (see Figure 1). The following calculations used data 
during holding at the established temperature for 1h. The first phase can only be used to analyze the 
stability of the weight measurements under 500°C. 

Data analysis of TGA results were carried out with Python and Excel, assuming a second order oxidation, 
as in Equation 2.4. A constant parameter was added by fitting requirement, as shown in Equation 4.1. 

✓ ◆2�W 
= kpt + 

A 
w 
A2

0

2
0 (4.1) 

The slope deduced from the plot is the parabolic rate constant. The initial mass taken into account 
was the first measured mass in the TGA machine once the maximum temperature was reached, i.e. at the 
beginning of the second segment. The final mass is the last measured mass in the second segment. This 
process was automatized with Python in order to fit the data from the 18 different samples simultaneously. 

As high temperature corrosion is a phenomenon thermally activated, with kp values from different 
temperatures, a new fit with an Arrhenius equation can be done by plotting : 

ln(kp) = ln(k0) � 
1 
T 
Ea 
R 

(4.2) 

From this equation, the wanted parameters are given by the slope a with the energy of activation equal 
to Ea = �R · a. This second part of the analysis was done with Excel. 
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5. Results and discussion 

The main differences between alloy MOD-316 and alloy 316L are copper and tungsten addition of around 
2 wt% and similar molybdenum reduction. It also contains carbon in the amount of 316 alloy and do not 
has the "low-carbon" label of 316L. Process parameters of this new alloy were found (ongoing article) 
starting from the already known for 316L of this same study [47]. Copper and tungsten are expected to 
form precipitates in order to enhance mechanical properties of MOD-316 at high temperature. On the 
other hand, niobium is also added as a solution to chromium depletion. Niobium carbides should form 
instead of M23C6 precipitates [32]. 

Considering the substantial nitrogen content present in alloy 21-6-9, it is anticipated that nitrides should 
precipitate rather than carbides, or along them, during heat treatments exceeding 600°C [32]. 

In Figure 5.1, initial microstructures of the three alloys are shown. Defects are easily appreciable in 
Figure 5.1c, which corresponds to alloy 21-6-9. Process parameters for this last one were found in [27] and 
gave a density of around 99,80%. For comparison, the density of MOD-316 is 99,99%. 

(a) (b) (c) 

Figure 5.1: LOM images of transversal view on as-built samples a) 316L, b) MOD-316 and c) 21-6-9 

XRD on as-built samples confirm the only presence of austenitic phase in alloy 316L. No secondary 
phases were detected. XRD spectra is presented in Figure 5.2a, for the two different directions of interest 
in the sample (built direction, BD, and transversal direction, TD). The unreferenced peaks in BD are 
graphite from the mounting resin. Texture can be seen, as the second peak [200] ([100] family) and [311] 
peak are higher than the theoretical powder diffraction for conventional austenite (see Figure 2.10). The 
matched structure has an average lattice parameter of 3.598 Å. 

Nonetheless, small peaks of other phases were detected in MOD-316 and 21-6-9, that could correspond 
to the observed precipitates in LOM images (see 5.1b and 5.1c). Precipitates are found in very small 
amount and size (around 1-2 µm) located inside grains and at grain boundaries (GB) in equal measure. 

As shown in Figure 5.2b, for alloy MOD-316, precipitates could match a BCC phase of 3.2550 Å lattice 
parameter. The main structure lattice parameter obtained is 3.5965 Å. This alloy showed the highest 
texture. Peak [220] ([110] family) is almost exclusively present in the BD spectrum. Agreeing with [55], a 
higher VED leads to pure [110] orientation in the material. 
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(a) 

(b) 

(c) 

Figure 5.2: XRD results on as-built samples showing texturization and secondary phases 
(precipitates) from the laser view (BD) and transversal (TD) for a) 316L, b) MOD-316 and c) 
21-6-9 alloys 
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Figure 5.2c corresponds to 21-6-9 XRD spectrum. Found precipitates are of FCC structure and could 
match the observed with LOM analysis. The main obtained lattice parameter is 3.6044 Å. For the 
secondary phase it is 3.586 Å. Texture is observed in [100] and [110] aligned with BD, which is in 
accordance with literature [24]. 

XRD characterization for 316L alloy in BD, and for alloys MOD-316 and 21-6-9 in TD, were perform 
for 15 minutes and their small unreferenced peaks are graphite from the resin in which the samples were 
mounted. The XRD analysis was also performed during a longer analysing time (47 minutes), but no 
difference in terms of spectra and new resolved peaks could be observed. Only the highest secondary peak 
was taken into account for phase identification due to the overlapping of the rest with the background, 
which is a significant source of error. 

Vickers hardness was measured in both directions to investigate the mechanical properties and the 
texture influence on them. A slight difference was noticed when comparing the two orientations. MOD-
316 showed the highest anisotropy in terms of mechanical properties, which is in agreement with the XRD 
result. Results are shown Figure 5 in Appendix: Additional images. Reduction in hardness with annealing 
HT is discussed later in the report. 

5.1 Corrosion analysis 

Increasing oxide formation was observed with higher temperature. Figure 5.3 shows the difference in 
before and after TGA for 21-6-9 alloy at 1150°C. At this maximum test temperature, the oxide layer 
obtained is very irregular. The final mass used in further analysis is the last measured mass at the 
maximum tested temperature (from TGA machine). Comparing the mass of the samples before and after 
TGA at room temperature gave negative results. This was because of the scale spallation or flaking. With 
high residual stresses and due to the difference in thermal expansion of the alloy and oxide, cooling makes 
the scale fissure and flake off (see Figure 6 in Appendix: Additional images). 

(a) (b) 

Figure 5.3: Surface image with Stereo-microscope of 21-6-9 alloy corrosion sample a) before and b) 
after TGA at 1150°C (images at room temperature) 

Examples about complete mass in function of time graphs are in Appendix: Additional images. An 
initial drop in the mass seems to characterize them all and can be considered an artefact of the TGA 
equipment or water evaporation. Then, up to 950°C, the mass intake is unstable. For the highest two 
temperatures, the mass gain is clear by the end of the heating phase. Comparison per material has shown 
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(a) (b) (c) 

Figure 5.4: Comparison with the three materials mass intake in function of time for a) 900°C, b) 
1050°C and c) 1150°C. 

almost no different behaviour from 850 to 950°C. For this reason, 900°C was chosen as representing this 
three temperatures altogether. It is also the annealing temperature and therefore has been the only lower 
temperature described for the sake of clarity. 

It can be seen in Figure 5.4 that alloy 21-6-9 corrodes faster at lower temperatures. This trend is reversed 
at 1150°C, alloy 316L reaches the same corrosion levels as 21-6-9. Furthermore, MOD-316 finally obtains 
the highest mass increase. Due to the strong difference between 1050°C and 1150°C curves, the TGA 
analysis at 1150°C was repeated to ensure the repeatability of the process and results. For this reason, 
two lines are presented for each alloy in Figure 5.4c. A 0.5% variation in relative mass was obtained in 
the worst case, i.e. for alloy MOD-316. 

In addition, an important difference is observed in the shape of the relative mass gain curve at 1150°C. 
For alloys 316L and MOD-316, a sudden change in the parabola leads us to conclude that there are two 
distinct mechanisms at work. For a better understanding on the kinetics in place, the analysis method 
described above was employed. 

Figure 5.5 shows Equation 4.1, i.e. the square mass gain per surface area, with experimental data and 
fitting using Python. For the lowest temperatures (850°C, 900°C and 950°C) and for alloys 316L and 
MOD-316, the parabolic fit is not adequate and an equation in the form of Equation 2.3[41] should be 
tested instead. This means that transient oxidation or a regime not controlled by diffusion is in place. 

After 1050°C, the linear regression is accurate. The rest of the graphs are shown in Appendix: Additional 
images. The detected change in the parabolic behaviour is easily observable in Figures 5.5d and 5.5e. The 
sudden slope variation was fitted differentiating two mechanism, called A and B. This phenomenon occurs 
in alloys 316L and MOD-316, but with a different tendency as the rate constant in mechanism B is reduced 
for alloy 316L and increased for MOD-316. 

Table 5.1 compiles all the corrosion rates kp obtained with this method. Negative results are a sign of 
the inadequate fit and have not been taken into account for Arrhenius calculations. Compared to other 
studies [51], all the presented rates are higher by a factor of 103 . The present work has focused on the 
different evolution with temperature and not in function of time. For stable and precise results in function 
of time, the experiments should have been programmed for longer than 1h, as [51, 56] use 100 and 500h 
respectively. 
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(a) (b) (c) 

(d) (e) (f) 

Figure 5.5: Fitted curves in a), b), c) 900°C and d), e), f) 1150°C for 316L, MOD-316 and 21-6-9 
alloys respectively 

Kinetic rates were fitted following Equation 4.2. Figure 5.6 shows the obtained linearisations. From the 
slopes, the energy of activation Ea of the different mechanisms were calculated and summarised in Table 
5.2. Due to absence of data under 1150°C in the case of alloy 316L for mechanism B, the fit was done 
using mechanism A at 1050°C, which is an important source of error for that value. 

Alloy 21-6-9, which has the higher corrosion at lower temperatures, has the lowest activation energy 
of 190,47 kJ/mol. On the other hand, passivation takes place and it is maintain at the higher tested 
temperature of 1150°C. Alloy 316L has an Ea for mechanism A of 435,41 kJ/mol and 593,24 kJ/mol 
for mechanism B. This second needs a higher energy of activation. On the other hand, MOD-316 alloy 
mechanism B has a lower Ea of 495,58 kJ/mol against 740,01 kJ/mol in mechanism A. 

Energies of activation above 300 kJ/mol are too high as compared with the literature on the matter 
[51, 57]. It is possible that various mechanism were measured simultaneously, as diffusion through grain 
boundaries and lattice complement each other. 

Cross-section observation 

SEM microspopy was done on the cross section of the corroded samples in TGA at 1150°C. This 
temperature was chosen due to the higher content of scale. It is clear that scale spallation occurs from 
various observation: 

• Already at 900°C, from annealing in air furnace, a change of color can be seen on samples during air 
quenching. Flakes jump out of the sample surface (see Figure 6 in Appendix: Additional images). 
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850°C 900°C 950°C 1050°C 
Mech. A Mech. B 

1150°C 
Mech. A Mech. B 

316L -4,72E-11 1,44E-11 1,80E-11 2,83E-09 2,13E-08 2,02E-07 
1,67E-08 4,13E-07 

MOD-316 -5,18E-12 -2,60E-12 7,50E-11 1,81E-08 2,52E-08 1,41E-06 4,96E-07 
3,05E-06 7,18E-07 

21-6-9 5,08E-10 1,02E-09 1,67E-09 1,35E-08 3,10E-08 
3,08E-08 

2 �2 �1Table 5.1: Obtained kp values in g cm s 

Figure 5.6: Arrhenius fit using Eq. 4.2 and kp values from table 5.1 

• Oxide dust was found in the TGA machine and in the crucible used. In addition, this dust resulted 
ferromagnetic (attracted by metallic tweezers) at 1150°C. This sign of magnetite (Fe3O4) presence 
was found for all three materials. 

The scale remains are uneven with irregular thickness. This can be seen in Figure 5.7. In addition, 
samples were mounted in resin, technique known for being detrimental against the oxide layers of the 
samples [58], i.e. the iron oxides and chromia in this case. For this reason, the true scale thickness 
and different layer were not expected to be found and traces of carbon in EDS was considered resin 
contamination. 

Similar behaviour as in [51] was observed, i.e. nodules of iron oxides were observed. The following EDS 
analysis was done on those nodules that were believed to be the closest observation zone to a complete 
scale before flaking. In Figure 5.7, the three materials cross-section is shown. Images were taken with Jeol 
SEM, as well as EDS lines that are presented in Figure 5.8. In alloy 21-6-9, the oxides nodules are also 
composed of Mn. 

A difference can be mentioned between nodules in Figure 5.7b and 5.7c. While in alloy 21-6-9, last 
image, the oxides grow mostly towards the outside from the surface. In MOD-316, it could be said that 
the chromia layer is the one moving inwards. This is an hypothesis that should be validated with a more 
in-depth exploration of the corroded surface. It could mean that two completely different mechanism 
occurs; while diffusion of individual elements outwards and through the chromia scale drives the corrosion 
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Ea (kJ/mol)Material Mechanism A Mechanism B 
316L 435,41 593,24 

MOD-316 740,01 495,58 
21-6-9 190,47 

Table 5.2: Obtained activation energies Ea 

(a) (b) (c) 

Figure 5.7: SEM images on a) 316L, b) MOD-316 and c) 21-6-9 cross section after TGA 1150°C 
(surface above, matrix below). 

in 21-6-9, the mechanism observed in MOD-316 could be a diffusion of chromia in the matrix. Concerning 
alloy 316L, a closer behaviour to 21-6-9 was found (see Figure 9 in Appendix: Additional images). 

First of all, through EDS mapping, a few generalities can be said on 316L and MOD-316. Both alloys 
have a layer of chromium oxide forming, in which iron concentration is reduced to almost nothing and 
neglected. Tungsten and silicium clustering in between the scale and the matrix can be seen. In addition, 
in alloy 316L some fractures perpendicular and close to the surface, believed to be formed during the scale 
spallation, were found to be also tungsten and silicium clusters (see Figure 8a in Appendix: Additional 
images). It could be interesting to further investigate the effect of high temperature on fracture evolution 
and fatigue behaviour. This behaviour was expected from silicium after literature review [44]. It is 
important to note that tungsten and silicium EDS spectrum are overlapping and an error in the quantitative 
results could resulted from it. The maps are shown in Figure 8, in Appendix: Additional images. Following, 
line analysis from Figure 5.8 are interpreted. 

Line analysis in alloy 316L was realised on pure chromia scale and not in an oxides nodule. The line 
is shorter as it was done with higher magnification too. At the exterior part of this one (left, in the 
range 0-50 in Figure 5.8a) peaks of manganese and iron imply further oxidation and compositions such as 
(Mn, F e)Cr2O4 spinel could have continue to grow. The maximum nickel at% obtained is 2,7 after the 
chromium oxide layer, which is going to be an important difference compared to alloy MOD-316. 

In this new composition, it can be seen in Figure 5.8b how the scale and nodule are both irregularly 
composed. The silicium and tungsten peak on the right is an oxide formed in the matrix. The chromia 
layer, between 300-400, is interrupted by an iron peak and, outwards, a tungsten and silicium compound 
in which oxygen is less present. 

Nevertheless, the presence of nickel outside the chromia layer in alloy MOD-316 is peculiar and specific 
of it. It reaches up to 11at%, which is almost no difference in respect to the matrix concentration. Nickel 
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(a) Line 2, 7.00µm 

(b) Line 2, 25.65µm 

(c) Line 1, 24.57µm 

Figure 5.8: EDS analysis on a) 316L, b) MOD-316 and c) 21-6-9 cross section after TGA 1150°C. 
Atomic percent is presented in function of the distance (segment divided between 0 and 500 points) 
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oxidation could explain the fastest rates obtained in alloy MOD-316, as well as the described movement 
of the chromia inwards as opposed to the desired normal diffusion of elements towards the outside. 

Line analysis on alloy 21-6-9 passes through a nodule of iron and manganese oxides (see Figure 5.8c, 
reversed horizontal scale as compared to the previous lines). The chromia layer could be in range 250-100, 
but it is mixed already from point 150 with manganese and iron oxides. In accordance with literature [44], 
those elements form spinnels with chromium and oxygen. The outer layers start with an oxygen drop and 
a raise in carbon around point 250. The presence of carbon could be due to the insertion of resin in the 
scale during mounting. No remarkable behaviour of the silicium is observed here, only an oxide can be 
seen in the matrix together with a manganese raise. The nickel percentage after the chromia layer was 
found to be 2.7 at%, compared to 7.4 at% as maximum in the matrix of the analyzed zone. Nitrogen, 
highly present in this alloy, was not varied. 

5.2 Thermal stability 

The three alloys had in general a similar behaviour concerning the presence of precipitates and their 
evolution in time. The evolution of microstructure is shown in Figures 5.9, 5.10 and 5.13 and described 
separately following this order: 316L, MOD-316 and finally 21-6-9. 

5.2.1 316L 

As it has already been mentioned, the horizontal building of 316L samples rendered that the 
microstructure was characterized in the transversal orientation (see Figure 4.1). In Figure 5.9a 
melt-pools obtained from the typical AM process can be seen. The cellular structure is clearly visible. 
No re-crystallization was observed after any of the heat treatments (annealing or long exposure), as the 
grains keep a similar size and shape. 

Initially as-built pieces were exposed to 725°C for 24h (Figure 5.9b) and 240h (Figure 5.9c). An increased 
number of precipitates is observed with time. Those are located in majority at grain boundaries but 
intra-granular are not rare neither after 24h. More elongated shapes are found after 240h treatment but 
exclusively for precipitates located at grain boundaries. The cellular structure, still visible after 24h, is 
believed to be the reason of the numerous intra-granular precipitates appreciable after 240h. 

As previous studies have also relate [47], the cellular structure is erased after annealing at 900°C for 
1h (see Figure 5.9d). No other phases were found with XRD analysis even if some spherical precipitates 
appear from LOM observations. Those are located mainly at grain boundaries. It is interesting to mention 
that the average lattice parameter of the main FCC phase obtained with XRD has grown from 3.598 to 
3.605 Å after annealing. 

Initially annealed samples showed less precipitates formation after 24h (Figure 5.9e) and 240h (Figure 
5.9f) in grain boundaries as well as intra-granular. The same spherical precipitates as in AB can be observed 
after 24h. The ones located at grain boundaries have elongated shapes after 240h. Spherical intra-granular 
precipitation was observed but is highly reduced as compared to the same long heat treatment on the as-
built sample. 

To find out the composition or structure of those precipitates, XRD analysis was performed. The spectra 
can be found in Appendix: Additional images, Figures 10 and 11. Possible secondary cubic phases; 
primitive and BCC, were found in as-built 24h and as-built 240h samples. However, with previously 
annealed samples it was found that Chromium Molybdenum (BCC, Im3m) is present for both, 24h and 

24 



(a) (b) (c) 

(d) (e) (f) 

Figure 5.9: LOM images of 316L with 10µm scale for initially as-built (top row) and initially annealed 
(bottom row) samples, with increased long heat treatment (24h and 240h) at 725°C to the right. a) 
as-built (AB), b) AB+24h, c) AB+240h, d) annealed (An, 900°C 1h), e) An+24h and f) An+240h 

240h. This structure has a lattice parameter around 3.0775 Å, compared to 3.6046 Å for the major 
annealed FCC phase. 

A brief SEM and EDS characterization was carried out on sample annealed with additional 240h exposure 
to 725°C. EDS mapping shown completely homogeneous maps and spot analysis indicated a possible 
molybdenum oxide in one of the precipitates. Those results, taken with the Jeol SEM (lower resolution 
than Magellan) cannot be truly trust due to the fact that the sample was etched before observation. It is 
believed that this etching is too aggressive and detach the precipitates. This explains the obtained results 
and the low accuracy of EDS. 

This is the only of the three studied alloys in which no deeper research on the precipitates was done. 
Numerous studies already exist on this famous composition [26, 48, 51, 55], thus more focus was given to 
MOD-316 and 21-6-9 due to time constraints. Further analysis and phase prediction on this composition 
is left as future work. 

5.2.2 MOD-316 

A very similar behaviour, respect to the microstructure and precipitates evolution, was found in alloy 
MOD-316. Images from LOM observation are in Figure 5.10, from the top view. Fusion boundaries in 
Figure 5.10a are remains of the laser track. From less magnification, the scan path is visible and it can 
be appreciated the 67° rotation between layers. Possible Im3m precipitates were found in the AB sample 
(XRD match with Cr0.02Nb0.98). 
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In Figure 5.10d, the annealed material, some defects from AM are shown. Those are clearly differentiable 
from precipitates formation. In annealed samples, XRD showed secondary phases of FCC structure that 
could correspond to Iron Carbide (4.58 Å). Small spherical precipitates in grain boundaries were seen and 
could confirm the XRD findings. It is important to remember that the resolution of the XRD spectra is not 
completely trustworthy. The found structures could be of different composition; in this case chromium, 
tungsten and niobium carbides are more likely to be present than Fe-carbides based on literature [44]. 

Spherical precipitates are the first formed, visible after 24h and located mainly in GB. After 240h, their 
shape turn to elongated as they grow along the grain boundaries. A reduction in the number of precipitates 
is seen between AB and An samples (as after 240h, Figure 5.10c and 5.10f respectively) but their size is 
enhanced. In addition, the intra-granular precipitation is less pronounced than in alloy 316L. 

(a) (b) (c) 

(d) (e) (f) 

Figure 5.10: LOM images of MOD-316 with 10µm scale for initially as-built (top row) and initially 
annealed (bottom row) samples, with increased long heat treatment (24h and 240h) at 725°C to the 
right. a) as-built (AB), b) AB+24h, c) AB+240h, d) annealed (An, 900°C 1h), e) An+24h and f) 
An+240h 

XRD reveals secondary Fm3m in the as-built 24h sample. After 240h, initially AB develops tetragonal 
structures. Tetragonal and some hexagonal secondary phases are also found in An24h and An240h. In 
order to confirm those findings and obtain additional data on the chemical composition of the precipitates, 
SEM and EDS analysis were performed. 

Alloy MOD-316 was chosen, in this limited time, to do a more comprehensive study about the 
precipitates, because it is of higher importance for the company GKN. In addition, 240h samples have 
more precipitates therefore those (AB and An) were selected. 

SEM & EDS on MOD-316 precipitates 
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First attempts in EDS analysis shown no composition variation in the observed precipitates. Alloy 
MOD-316 as-built 240h was etched with 10% oxalic acid and it is believed that, as the surrounding 
area is dissolved by the etching, it might hide the precipitate during SEM investigation, or, the precipitate 
detached because of the etching. This would explain the homogeneous results obtained from EDS mapping. 
Captured SEM images are shown in Figure 5.11, where the difference around precipitates is clear. In Figure 
5.11a holes following grain boundaries can be seen. Further analysis was done only on non etched samples. 

(a) (b) 

Figure 5.11: SEM images on MOD-316 after 240h at 725°C, for a) etched x2500 magnification and 
b) only polished x4000 

EDS mapping and spot analysis gave inconclusive results in non-etched samples as well. The resolution 
of the EDS beam from the Jeol SEM was not enough for the size of the precipitates. From the maps, only 
a small copper cluster was found in as-built after 240h sample. 

The best results are from linear analysis, shown in Figure 5.12. Top Figures (5.12a and 5.12b) are from 
AB sample after 240h at 725°C. The line represented is intended to characterize a grain boundary and part 
of the white precipitate located in it. An increment of tungsten (purple) and molybdenum (yellow) can be 
seen. Those are the only elements presented for clarity and because no other variation worth mention. It 
is difficult to conclude further, if it is an oxide, carbide of intermetallic phase that was observed. Similarly, 
other lines have shown possible tungsten and copper oxides. 

For higher resolution, Magellan SEM was used. Three additional lines were captured, presented in 
Figures 5.12c, 5.12d and 5.12e. The results are as following: 

• Line 1: Grain boundary precipitates with (1) Cr, Mn, Mo, Si and W carbide/oxide and (2) W , Si, 
Mo, Nb carbide. 

• Line 2: intragranular precipitate of Cu, Mo, Nb maybe carbide; and a second in GB with Cr, Mn, 
Mo, Nb and W carbide/oxide. A final intragranular precipitate is found of Cu and Mo. 

• Line 3: a darker spot is Cu, Nb oxide and the lighter has shown Cu. 

27 



(a) (b) Line 11, 6.95µm 

(c) (d) (e) 

(f) (g) Line 1, 5.53µm 

Figure 5.12: SEM images on MOD-316 initially as-buit after 240h at 725°C, for a, b) Jeol SEM c, 
d, e) Magellan SEM. f and g) present Jeol analysis on An240h 
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Bottom Figures (5.12f and 5.12g) correspond to initially annealed sample after 240h at 725°C heat 
treatment. The biggest precipitate obtained was characterize as tungsten (purple), molybdenum (yellow) 
and niobium (dark blue), with a small copper (green) offset increment. Molybdenum and tungsten often 
show a similar trend. 

Further analysis showed a 3µm precipitate of enhanced Cr, Mn, Mo and W with O in the same at% 
than Cr, with Ni, Cu and Fe drop. Nb is usually present with both Mo and W . Copper tends to 
precipitate regardless of the surrounding elements. 

Additional difficulties were encountered realizing SEM observation, such as drifting. Due to the 
electromagnetic fields in the microscope, the sample moved during measurements. 

ThermoCalc 

Previous ThermoCalc predictions were done and those can be compared with the obtained results (see 
Figure 12 in Appendix: Additional images). At 900°C, 1% of secondary Laves C14 phase, composed of 
Fe, W , Cr, Mo, Nb and Cu, in decreasing concentration, is stable and could match the results obtained 
with SEM and XRD. Laves C14 structure is hexagonal as found in annealed samples. This structure is 
also stable at 725°C, in lower amount. as well as M23C6 with Cr, Fe, Mo and W as the metal M . 

Equilibrium and precipitation calculations were only performed for this particular alloy. For the purpose 
of ensuring consistency and relying on the predictions, those should also be conducted for alloys 316L and 
21-6-9. It is left as an idea for future work. 

5.2.3 21-6-9 

In Figure 5.13, images from the different samples, initially as-built and annealed, after 24 and 240h at 
725°C are presented. The main difference observed in 21-6-9 behaviour was the persistence of the cellular 
structure after annealing. 

As it can be seen, the description of the observed precipitates is hindered by the presence of possible 
pitting. This could be caused by the chemical etching (oxalic acid 10%) as discussed in [53]. Instead, 50% 
NaOH was tested, which is known for being a �-phase revealing, but produced similar images as shown in 
Figure 5.13. Although �-phase is known as a common precipitate after long exposure to high temperature, 
the presence of this phase has not been completely confirmed, which is also in accordance with literature 
on austenitic phases. For the sake of comparison with the other alloys, oxalic acid was maintain as etching 
agent. 

In addition to the cellular structure remains, bigger precipitates mainly located at grain boundaries 
can be seen in the annealed sample (see Figure 5.13d). XRD analysis revealed the possible presence of 
carbides, matched as iron and tungsten, of cubic and hexagonal phases. 

XRD results on alloy 21-6-9 shown monoclinic phases in as-built 24h sample that turn into tetragonal 
after 240h. In annealed samples, a possible secondary tetragonal phase form after 24h HT, which match a 
Ni8.11W1.89 compound. After 240h this tetragonal phase is still present and additional hexagonal structures 
were also identified. Tetragonal precipitates could match �-phase but the lattice parameters obtained do 
not correspond literature results on it [46]. Observed parameters are a = 5.749 and c = 3.582 for this 
structure, which is related to MoNi4. 
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(a) (b) (c) 

(d) (e) (f) 

Figure 5.13: LOM images of 21-6-9 with 10µm scale in a) as-built, b) AB 24h, c) AB 240h, d) 
annealed (An, 900°C 1h), e) An+24h and f) An+240h at 725°C. 

SEM & EDS on 21-6-9 precipitates 

Because of the limited time, only as-built 240h sample was analyzed with SEM and EDS microscopy. 
Fist attempts with Jeol SEM showed oxide and carbides concentration in AM defects, mainly of chromium. 
Intergranular precipitates are of nanometric size, which were found to be too small to be examined by the 
electron beam of this machine. 

Higher resolution was sought. Images from Magellan SEM are shown in Figure 5.14. 

• Line 1: Grain boundary with Cr, Mn, C, N and O raise in concentration. Compared to the GB 
variation, nothing was seen in the analyzed defect. 

• Line 2: Precipitate in GB with Cr, C and O. 

• Line 3: Presented in Figure 5.14b, shows a spherical defect with precipitates on the side. Inside 
the defect Mn and Si oxides/nitrides are detected. The precipitate on side corresponds to Cr 
carbide/nitride. 

• Line 4: Similar to the previous line, it is shown in Figure 5.14d and detailed EDS in Figure 5.14e. 
It is a spherical defect with two precipitates. Defect concentrates Mn, Si, N and O. Precipitates 
are both composed of Cr, C and N . 

• Line 5: Precipitate in GB corresponding to Cr nitride. 

• Line 6: Similar precipitate in GB with also Cr, N and additional O. 

• Line 7: Cluster of Cr with no other element variation. 
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(a) (b) (c) 

(d) (e) Line 4, 4.57µm 

Figure 5.14: SEM images on alloy 21-6-9 initially AB after 240h at 725°C for a, c) grain boundary 
precipitates, b, d) spherical defects and e) line analysis detail of d) 

On one hand, lines 1 and 2, and on the other hand, lines 5, 6 and 7 were done on the same site. The 
accuracy of the results may decrease in time and with previous scans due to the overcharge of the zone by 
the electron beam. 

The introduction of nitrogen is expected to reduce the presence of carbides. Nitrides were found, but 
no quantitative analysis was done. A higher resolution XRD is necessary to accomplish this, or finding 
other solution which is left for future work. 

5.3 Hardness 

Vickers measurements are shown in Figures 5.15 and 5.16. It is important to mention that TGA samples 
were ground and polished removing every rest of oxide. The results show the hardness of the core material 
after the respective heat treatments. 

With the high temperatures achieved in TGA for short time, it can be considered as an annealing heat 
treatment. A trend in 21-6-9 can be observed, lowering from average 292HV in the as-built material 
to 218HV after 1150°C. This tendency appears also in 316L and MOD-316 samples but it is less clear 
above 950°C. Large error bars are found in every sample. The alignment respect to the BD in which this 
measurements are taken is unknown, reason why the as-built results shown in Figure 5.15 are an average 
of TD and BD measures (See Appendix: Additional images Figure 5 for more detail). 
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For those short times, the main process to take into account is the dissipation of dislocations, i.e. cell 
structure effacement, that reduces the hardness according with literature [47]. It was found in this work 
that 900°C is enough for alloys 316L and MOD-316 to loose this cellular substructure, which could give less 
variation on hardness measurements at higher temperature. On the other hand, recrystallization could 
have started above 1050°C, producing grain coarsening. This phenomenon could explain the obtained 
results and LOM observations should be carried out to confirm the hypothesis. 

Figure 5.15: Vickers hardness results from corrosion test samples (TGA) 

Figure 5.16: Vickers hardness results for samples treated 24h and 240h at 725°C, with and without 
stress relief as previous treatment 

In Figure 5.16, measurements on long time exposure at 725°C are compiled. For comparison, as-built 
and annealed samples are also represented. Annealing, at 900°C for 1h, lower the hardness in all three 
materials (Figure 5.16). In addition, the results are similar to the obtained in TGA at 900°C, proof of 
reliable measure. As explained before, stress relief and cellular structure effacement, which are related, 
could explain this behaviour. 

On the other hand, the formation of precipitates with long exposure is affecting differently initially 
AB and An alloys. AB hardness decreases after 24h HT, mainly in alloy 21-6-9. An explanation to this 
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could be the mixed effect of dislocation dissipation and precipitation, with the first one leading. Increased 
hardness is then found after 240h. 

From previous ThermoCalc simulation on precipitation density in function of time for alloy MOD-316, 
it can be conclude that 24h is ample enough time for carbides M23C6 to precipitate at 725°C and reach 
their saturation volume fraction. Those are also predicted to be the more abundant precipitation. On 
the other hand, a rise in hardness values after 240h HT could be explained by the increment in number 
of precipitates observed with LOM, which contradicts the computational calculations (see Figure 13 in 
Appendix: Additional images). 

In initially annealed samples, no strong difference is appreciable. Alloy MOD-316 undergoes a small 
increment in annealed 240h sample. In this case, precipitation hardening and dislocations dissipation are 
opposite effects in competition with no standout leader effect. 
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6. Conclusion 

The observed microstructure is highly texturized as LOM results have shown with elongated grains 
towards building direction and laser track. In addition, XRD results confirm this finding, specially in the 
MOD-316 alloy. Higher VED, as this one has, has resulted in a stronger [110] preferential growth towards 
BD. 

XRD resolution could be more reliable with around 40 minutes long acquisition time. It is difficult to 
conclude on XRD spectrum done for 15 minutes, which secondary phases peaks are of close intensity to the 
background noise. Nevertheless, the obtained results could be correlated to thermodynamics equilibrium 
calculations. 

To finally conclude, it could be said: 

High temperature corrosion: 

• Alloy 21-6-9 has the lowest activation energy (Ea, 190 Kj/mol), which explains its higher rates of 
corrosion compared to the others up to 1050°C. 

• At 1150°C this trend is reversed and MOD-316 has the higher weight gain. In both cases (316L and 
MOD-316) a second mechanism of corrosion appears at that temperature. 

• Diffusion of iron through the protective chromia scale was observed in the three alloys (1150°C) that 
leads to the formation of iron oxides and further corrosion. Nickel seems to diffuse better through 
the scale in the MOD-316 case. A tungsten and silicium layer forms under the chromia in both cases. 

• Hardness clearly decreases with temperature in alloy 21-6-9, and a similar trend is observed in 316L 
and MOD-316 but not as pronounced and could be further discuss. 

Long thermal stability 

• Annealing at 900°C for 1h does not completely erase the 21-6-9 cellular structure while it does for 
316L and MOD-316. It also produces precipitates, coherent in these two last ones but hexagonal 
phases in 21-6-9. 

• 24h at 725°C is enough for small initial precipitates to form in grain boundaries. With time those 
grow (from spherical to elongated shape) and increase their number (more nucleation). 

• Annealed samples have shown less intragranular precipitation, but similar behaviour in grain 
boundaries than initially as-built. 

• It is hard to conclude on the nature of the precipitates because of the limited EDS and XRD 
resolution. However, tungsten and copper, oxides and carbides traces are found in MOD-316, which 
additionally are in agreement with Thermo-Calc predictions. Chromium oxides, nitrides and carbides 
are the main precipitates found in 21-6-9. 

• Two opposing effects compete to control hardness evolution; dissipation of dislocations and 
precipitation. 
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7. Future work 

From the beginning of the project, the two different building methods (vertically or horizontally) have 
raised many questions on sample preparation and measurement due to the possible influence of the texture 
in the results. It could be interesting to mount simultaneously both directions (BD and TD) in the same 
resin for improved understanding. Twice as many samples should then be HT, but more information could 
be obtained with a great gain in time. In addition, it could be interesting to theoretically explain and 
relate crystal orientation with a possible change in mechanical properties, here, hardness. 

Image analysis should be done for statistics on grain size and form. EBSD could be performed for 
comparison of grain orientations before and after heat treatments and conclude on a possible change in 
texture. All this, and redo XRD with longer acquisition time, can be done on the same samples that this 
project has been using. 

Corrosion analysis using Equation 2.3 should be carried out in order to determine true rate constants. 
This might influence Arrhenius fitting and reveal real activation energies closer to experimental values 
found in the literature. XRD on corroded samples. Anyway, longer time should be tested in TGA to 
confirm the observed trends and rates, which is the most probable reason why the results are so different. 

Also, cyclic thermal analysis is an experiment often perform in the aerospace industry which results are 
of high interest for life cycle prediction. It has been proved how easy it is for the protective oxide scale 
to flake and peel off, and further investigation is needed. For this reason, measures on scale thickness are 
missing. It could be worth to find a way to preserve the complete oxides layer in order to better understand 
the corrosion of the alloys, MOD-316 in particular. Then, XRD on corroded samples and scale dust could 
be made to obtain more information on the structure formed. 

CALPHAD simulation, that have already started to be made in previous studies on MOD-316, should 
be developed on alloys 316L and 21-6-9 as well. In literature, accurate stability predictions on 316L have 
been found that could be studied in order to improve MOD-316 calculations. Applying this to alloy 21-6-9 
would provide more stability and precipitates results, which is necessary in view of the little information 
that has been published for this alloy. 
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Appendix 

Samples list 
Name Material Max temperature (°C) Initial area (cm2) Total mass gain (g/cm2) 
316LI 850 0.864 1.02E-03 
316LII 900 0.923 7.25E-03 
316LIII 950 0.731 2.78E-03316L316LIV 1050 0.897 3.33E-02 
316LVa 1150 0.775 1.88E-01 
316LVb 1150 0.724 2.75E-01 

MOD-316I 850 0.665 1.84E-03 
MOD-316II 900 0.543 1.47E-03 
MOD-316III 950 0.607 -5.39E-03MOD-316MOD-316IV 1050 0.774 8.08E-02 
MOD-316Va 1150 0.563 5.55E-01 
MOD-316Vb 1150 0.611 7.48E-01 

21-6-9I 850 0.726 1.37E-02 
21-6-9II 900 0.607 1.98E-02 
21-6-9III 950 0.736 2.51E-02216921-6-9IV 1050 0.760 8.84E-02 
21-6-9Va 1150 0.550 1.85E-01 
21-6-9Vb 1150 0.615 1.58E-01 

Table 1: TGA samples compilation with the main results 

Name Initial HT Time at 725°C Location Shape Amount XRD 
316LAB None - - -

316LAB24h None 24h GB 
IntraG 

Elongated 
Spherical 

Small 
Small 

BCC Cr-Mo & 
Cubic FeCuNi3-N 

316LAB240h 240h GB 
IntraG 

Elongated 
LL cell strct 

Very often 
Everywhere Cubic Ni4N 

316LAn None GB Spherical Small Cubic FeNi-N 
316LAn24h 

316LAn240h 
Annealed 24h 

240h 

GB 
GB 

IntraG 

Spherical 
Elongated 
Spherical 

Small 
Often 
Often 

BCC Cr-Mo 
BCC Cr-Mo & 

FCC FeNi 
MOD-316AB None GB & IntraG Spherical Small BCC Nb-Cr 

MOD-316AB24h 

MOD-316AB240h 
None 24h 

240h 

GB & IntraG 
GB 

IntraG 

Spherical 
Elongated 
Spherical 

Really small 
Often 

Per zones 

Secondary FCC 
Secondary FCC & 
tetragonal WNi4 

MOD-316An None G&MB Spherical Really small Secondary FCC FeC 

MOD-316An24h Annealed 24h GB 
IntraG 

Spherical big 
Spherical small 

Quite often 
Quite often 

FCC, hexagonal 
& tetragonal 

MOD-316An240h 240h GB 
IntraG 

Elongated 
Spherical small 

Often 
Quite often 

FeSi hexagonal 
Hexagonal 

2169AB None Everywhere Spherical Often Secondary FCC 
2169AB24h 

2169AB240h 
None 24h 

240h 

GB 
GB 

IntraG 

Spherical 
Elongated 

Spherical small 

Often 
Often 
Often 

Monoclinic 

Tetragonal MoNi 

2169An None GB Spherical Often FCC, cubic & 
hexagonal 

2169An24h Annealed 24h GB 
IntraG 

Sph-amorphous 
Spherical 

Often 
Small Tetragonal 

GB Elongated Often2169An240h 240h Hexagonal, tetragonal IntraG Small 

Table 2: Long exposure samples (725°C) compilation with the main results on precipitates and XRD 
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Machine calibrations 

Figure 1: Temperature schedule for thermogravimetric analysis (TGA). Cooling of the sample is not 
represented due to absence of data, but it is realised in the machine 

Figure 2: Temperature schedule for annealing heat Figure 3: Partial temperature schedule for the 
treatment. Calibration has been done to stabilize long thermal stability test. Time can continue up 
the sample temperature at 900°C. Air quenching to 240h. Calibration has been done to stabilize the 
is represented (outside the furnace) sample temperature at 725°C 
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Designed tweezers 

Figure 4: Tweezers used for sample preparation of TGA samples. In-house design 
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Additional images 

Figure 5: Vickers measurements on BD and TD of as-built samples 

(a) (b) (c) 

Figure 6: Frames from a video showing scale spallation during air quenching after annealing (900°C 
for 1h) with a) immediately removed from the furnace, b) after half a minute and c) a few minutes 
later 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 

Figure 7: Fit images for TGA samples assuming parabolic behaviour, orange uses normal fit, adapted 
in red. 
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(a) 

(b) 

(c) 

Figure 8: EDS mapping on a) 316L, b) MOD-316 and c) 21-6-9 cross section after TGA 1150°C. 
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Figure 9: SEM image of alloy 316L from TGA at 1150°C showing a nodule of oxides that grows 
outwards more similar to 21-6-9 than MOD-316 behaviour 
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(a) 316L 

(b) MOD-316 

(c) 21-6-9 

Figure 10: XRD of initially as-built samples with 24h and 240h time increased in descendent order 
and matched structures 
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(a) 316L 

(b) MOD-316 

(c) 21-6-9 

Figure 11: XRD of initially annealed samples with 24h and 240h time increased in descendent order 
and matched structures 
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Figure 12: Equilibrium plot of alloy MOD-316 with the amount of phases in function of the 
temperature (by Emil Edin) 

Figure 13: Precipitation plot of M23C6 for alloy MOD-316 at 700°C (by Emil Edin) 
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