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Microstructure evolution of Incoloy 800H in industrial environment
and correlation with creep mechanisms from literature
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Summary

The microstructures of 800H samples affected by natural corrosion within industrial-like environmental conditions
have been studied, and their potential effects on the creep response have been investigated based on literature
information. Smooth cylindrical specimens of the alloy extracted from rolled sheet material have been placed into an
industrial furnace, where they were exposed to high temperature thermal cycles within an air atmosphere. Samples
spending 0 to 5 years inside the furnace underwent a microstructural characterization campaign. Optical microscopy
images reveal no grain coarsening. Macroscopic Vickers hardness shows a relatively wide surface hardness range
(115sHV10s140). Compared to as-received material, micro-hardness profiles from specimens after years of high-
temperature exposure exhibit a surface hardening trend within the vicinity of the edge exposed to the environment.
Scanning electron microscopy analyses revealed two coexisting corrosion mechanisms: oxidation and nitridation.
The latter is identified as the cause of the micro-indentation hardening trend.
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Introduction

Alloy 800H (UNS N08810) is an austenitic Fe-Ni-Cr alloy. It differs from its predecessor alloy 800 by having a specific
C content within 0.05 and 0.10% (wt%) and a higher solution annealing (SA) temperature at 1150°C followed by
water quenching (WQ) [1]. It combines a good creep and an excellent oxidation and carburization resistance while
maintaining a relatively low Ni content compared to similar austenitic alloys. Its good mechanical properties and high-
cost efficiency have made of 800H an attractive alloy for high temperature industrial applications, seeing extensive
use in metallurgic, petrochemical, and power generation sectors.

Multiple studies seeking to characterize the mechanical response of 800H alloy were conducted in the decades
following its development. These entailed extensive experimental campaigns addressing hot tensile [2,3], creep [4—
6], and creep-fatigue [7,8] tests. Embedded within the industrial application context, testing temperatures would not
surpass the 850°C barrier. Creep curves obtained under such conditions showed a classical creep behaviour, where
the standard primary (l), secondary (II) and tertiary (lll) creep stages are clearly identified. This classical creep
behaviour is represented in Figure 1a. Studies addressing its creep and creep-fatigue response under a variety of
multioxidant environments [9,10] evidenced the suitability of the alloy for applications under such conditions. Overall,
these pioneering findings led to the approval of the use of 800H alloy for critical components in high temperature
gas-cooled reactors [11] according to ASME Section 11l Code Case 1342 (currently ASME III-NH [12]). In this line,
contemporaneous studies inquiring on the possibility of enabling Incoloy 800H to form part of very-high temperature
gas-cooled reactors in 4t generation nuclear power plants [11,13,14] or as part of pigtail lines in petrochemical
industry [15,16] (where certain variants of the Incoloy 800 family are also used [17,18]) demonstrate the still rampant
industrial interest on the subject.

Studies addressing higher temperatures and/or more aggressive thermomechanical loadings were subsequently
conducted, seeking to ascertain the 800H mechanical response to meet the new requirements from the development
of highly efficient industrial processes and technologies [11,13]. Creep curves obtained from tests venturing into
temperatures up to 1000°C and stresses below 50 MPa (see Figure 1b, c) seemed to diverge from classical (Norton-
type) creep responses, where conventional creep stages |, Il and Il are clearly identified (see Figure 1a). This was
firstly studied by V. Guttmann & R. Blrgel [19] after conducting creep experiments in air atmosphere where
temperatures up to 1000°C and stress down to 11 MPa were considered. Within these thermomechanical loadings,
the creep behaviour of 800H is characterized by three non-classical creep stages. They are hereafter referred to as
stages A, B, and C in Figure 1b and c.
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e Stage A characterizes by a continuous decrement of the creep strain rate (p) as the creep strain (p) increases.
The p — p curve follows a hardening trend until a minimum creep strain rate (mcsr) is reached (see Figure
1b and c).

e Stage B starts with an increment in p after the mcsr is reached. Thereafter, the p — p curve exhibits a damped
softening where no stagnation (i.e., steady state p) is necessarily observed. In the presence of short-term
creep tests where the time-to-rupture is roughly found below 600 hours (<600 h), the behaviour corresponds
to the one shown in Figure 1b, where the incremental trend of p is held (i.e., dp/dp > 0). In contrast, in cases
where t,=600 h, a secondary creep strain hardening is observed during stage B in the form of a decrement
of p (i.e., dp/dp < 0, see Figure 1c). Scanning Electron Microscopy (SEM) images acquired from 800H
specimens exhibiting such a creep behaviour show a substantial precipitation of Cr and Al nitrides. This led
authors from [19] to firstly associate this creep hardening phenomenon to the nitridation of the material.
Nitridation in this alloy has been observed under studies addressing similar conditions [15,20-22]. The creep-
hardening effect of nitridation in 800H has been comprehensively studied by A.M. Young et al. [23].

e Stage C is the final creep stage, and is characterized by an increment of p following a softening trend. This
is attributed to the loss of load-carrying capacity of the material as the internal damage increases up until
rupture occurs.

Creep strain rate (p) v/s creep strain (p) response of Incoloy 800H at
Low-mid temperature @ High temperature — Low stress High temperature — Very low stress

Identified classical creep stages Identified non-classical creep stages [dentified non-classical creep stages

L1y 1 ) i [ Flap B ) C [ Flap B 3 C

\creep strain hardening;

©]

p (log scale, s™1)
p (log scale, s™1)
p (log scale, s™1)

p (=) p () p(-)
Figure 1 Creep strain rate v/s creep strain curves describing the different viscoplastic responses exhibited by Incoloy 800H under
(a) low-mid temperatures, (b) high temperature & low stress, and (c) high-temperature very low stress in air-like atmospheric
conditions. In each case, a red line highlights the location of the minimum creep rate.

Similar non-classical creep responses have been reported in other materials, such as 2%Cr-1Mo [6,24], stainless
steel 304 & 316 [6,25], polycrystalline cast copper, Inconel 617, and Ni-superalloys. Despite the similarities, the
underlying physical phenomena inducing this creep response may differ. For instance, the non-classical behaviour
observed in Ni-based superalloys is attributed to the complex interaction occurring between dislocations and the
characteristic y-y’ phases [26—30]. For Inconel 617, it is attributed to microstructural changes (namely the precipitation
of vy’ phases and grain twinning) occurring during high-temperature exposure [31,32]. For cast copper, authors
attribute the phenomenon to the onset of a transitional creep mechanism, going from a diffusional-driven creep
towards a dislocation-driven creep [33,34].

In metals, viscoplastic deformations are attributed to the movement of dislocations, atoms and vacancies found
embedded within its crystallographic structure. The specific mechanisms that favour the movement of these
crystallographic instabilities are known as creep mechanisms. While some authors have proposed the existence of
more mechanisms [35], four main creep mechanisms are widely recognized [36—41]: Low-Temperature creep (LTc),
High Temperature creep (HTc), Coble creep (Cc) and Nabarro-Herring creep (NHc). The first two correspond to
dislocation-driven creep mechanisms, where the movement of dislocations is produced by the interaction between
dislocations as they emit or receive vacancies. During LTc, the movement of dislocations is constrained to their
respective slip planes (dislocation sliding), whereas in HTc, dislocations are capable of moving towards other slip
planes (dislocation climb). The latter two mechanisms correspond to diffusion-driven creep mechanisms, and are
produced by the diffusional movement of vacancies. During Cc, the movement of vacancies is constrained to the
grain boundaries, whereas for NHc the diffusion takes place within the crystal lattice. lllustrations describing these
four main creep mechanisms and their classification within a generic Ashby map is presented in Figure 2.
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Figure 2 lllustrations describing the physics of low-temperature creep (LTc), high-temperature creep (HTc), Coble creep (Cc) and
Nabarro-Herring creep (NHc), and their correspondent location into a generic Ashby map.

From a micromechanical perspective, the good creep resistance of Incoloy 800H is attributed to its relatively large
average grain size (AGS) of ASTM Gr. 1-5, its FCC austenitic phase, and its solid-solution state. This last fact entails
that during viscoplastic deformations, the dissolved atoms embedded within the crystallographic structure of the
material act as obstacles for the movement of dislocations. The continuous pinning and unpinning of dislocations
taking place during elevated temperature tensile [42,43] or fatigue [44—46] tests lead to the onset of a dynamic strain
aging (DSA) regime. During creep deformations however, the dissolved atoms inhibit the movement of dislocations
throughout the crystal lattice, resulting in a higher activation energy for dislocation creep to occur and a subsequent
lower p [19,41,47]. Studies inquiring on the correlation between microstructural features of 800H and its creep
response were performed in [19,21,22], where Transmission Electron Microscope (TEM) images were acquired from
samples after undergoing a variety of non-destructive creep tests. In particular, those observations acquired from
samples exhibiting classical creep regimes evidence the formation of sub-grain structures in the form of dislocation
pile-ups. This was not observed in samples submitted to very high temperatures and low-stress creep tests, where
dislocations seem to pile up predominantly at the GBs. The authors from [19] state that the non-classical creep
behaviour of 800H is attributed to a creep mechanism transition: stage A exhibits a diffusional-driven creep and
stages B and C exhibit a dislocation-driven creep (see Figure 1b), whereas the secondary creep strain hardening
shown in Figure 1c is attributed to nitridation. This theory has been widely accepted, and has influenced some recent
developments on the subject. For instance, a thorough study on the correlation of the analytical creep response of
800H alloy and its microstructural features (namely grain boundary coherency and AGS) is provided by B. Gardiner’s
PhD. thesis [15]. In a similar manner, A.M. Young et al. have studied the kinetics of carbides [48] and nitrides [49] in
800H alloy within a controlled environment, and have recently studied the effect of these precipitates on the creep
deformation response of the alloy at very high temperatures [23].

Attempts to model the creep response of 800H addressing its non-classical behaviour have reached mild success.
For instance, A.L. Beardsley et al. [50] used a genetic algorithm to identify the optimal set of parameters of an
analytical Arrhenius-type micromechanics creep model describing the creep behaviour of 800H as the summation of
the contributions of the four creep mechanisms described in Figure 2. Following a numerical approach, C. Rojas-
Ulloa et al. [51] implemented a modified Graham-Walles viscoplastic function within a Chaboche-type finite element
(FE) model to allow the prediction of complex creep responses. Addressing 800H creep data found in literature
[19,20], it demonstrated good accuracy in the prediction of creep curves of the type presented in Figure 1b and c.
Overall, these attempts highlight the importance of ascertaining the microstructure evolution of Incoloy 800H under
high-temperatures as a means to further understand its non-classical creep response.

WJ 22-24 May 2023 6t International ECCC
Physical Conference i ECCC Conference 2023




N NOWN —

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

29

30
31
32
33
34
35
36
37
38
39
40

Material

A single rolled sheet of 800H of dimensions 800x400x 18 mm?3 was acquired for this study. The standard chemical
composition of the alloy is provided in Table 1. No specific information on the hot rolling process or time spent under
SA+WQ process was provided.

Table 1: Standard chemical composition of alloy 800H, after [1].

Element| Ni Cr C Si Mn P S Ti Al Co Cu N Fe
min. wt% | 30.0 | 19.0 | 0.05 - - - - 0.25 | 0.25 - - - Bal.
max. wt%| 34.0 | 22.0 | 0.10 | 0.70 | 1.50 | 0.015|0.010 | 0.65 | 0.65 | 0.50 | 0.50 | 0.03 Bal.

Smooth cylindrical specimens of 10 mm diameter were extracted from the sheet. These were placed in an industrial
furnace, where they were exposed to a combination of realistic low- and high-frequency thermal cycles reaching up
to 1000°C in air at sea-level atmospheric pressure.

To analyse the microstructural changes occurring in the material, specimens have been retrieved from the furnace
on a yearly basis. At the time of writing this article, a total of 5 batches of specimens (1 per year) have been recovered
from the furnace. These are henceforth identified as N1, N2, N3, N4 and N5, where the number indicates the year of
recovery. Samples of as-received material are identified as NO.

Methods

The microstructural evolution of the specimens across years in-furnace was ascertained by conducting a thorough
microstructural campaign. This entailed the characterization of microstructural features such as average grain size
(AGS), material hardness and material homogeneity across all samples. Methods such as Optical Microscopy (OM),
macro-Vickers (MV) indentation, micro-Vickers (uV) indentation, and SEM using Energy-Dispersive X-ray (EDX)
sensors were applied.

Microstructural characterization tests were conducted on 6 randomly selected specimens (NO to N5). One longitudinal
(L) and one transversal (T) section were obtained from each smooth bar specimen. These were mounted in bakelite
moulds as seen in Figure 3a. The microstructural characterization techniques (OM, MV, uV, and SEM/EDX) were
subsequently conducted following the flowchart provided in Figure 3b.

a|i || Longitudinal section (L) b ‘ Polishing ___,  Etching ., OM o)
% ’ > 1 pm surface ‘ + Glyceregia ‘ L Visual analysis
i ‘ ‘I}.‘ ~15 | Bakelite mould} roughness Estimate AGS
| / 1
o/ ® UV (HV0.5) o Polishing @y (HV10)
_,.!.. L i 10 ‘ > Microscopic r 1 um surface Macroscopic
3% — hardness roughness hardness
| Transversal section (T) [
. e Polishing ., SEM / EDX
10 & 0.1 um surface |} Microstructure
ot ~10 roughness > Corrosion
‘ ! E‘ Sample preparation Microstructural experiment

Figure 3 (a) lllustration of the cutting of 800H alloy specimens and mounting into bakelite moulds. (b) Flowchart describing the
microstructural characterization campaign conducted per each in-bakelite specimen.

A brief description of the microstructural characterization techniques indicated in Figure 3b addressing their
respective metallographic preparation procedures is provided below:

(1) Prior to the OM image acquisition procedure, the surfaces of the samples were grinded with SiC paper and
polished down to 1 ym using a polycrystalline diamond suspension. To highlight the GBs, these were etched
using glyceregia [15,52]. OM images were then acquired using an Olympus BX60M microscope. The
microscope and image acquisition system were electronically controlled using the software Stream Motion.
It enables the acquisition of high-quality overview images throughout a surface mapping function, where
individually captured images are automatically assembled.

(2) MV hardness measurements were performed on a Universal EMCO M1C 010 hardness testing machine. It
was configured to perform 10 kg force-controlled indentations using a Vickers tip (HV10).
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(3) To capture possible mechanical effects of corrosion penetrating into the microstructure, the material
homogeneity was mapped across the transversal section via micro-indentation. To this end, the samples
underwent a new polishing procedure seeking to reach a surface roughness 1 um. The pV indentation tests
consisted in a series of 0.5 kg force-controlled indentations (HV0.5), performed on the same Enco Test
hardness testing machine.

(4) After a new polishing procedure where a surface roughness of 0.1 ym was reached, SEM images were taken
using a Tescan-Clara device with an accelerating voltage of 15 kV. EDX profiles were obtained using a 10
mmz2 Bruker SDD detector, which helps achieving a semi-quantitative analysis of the precipitates within the
zones of interest.

Results

Optical microscopy

The OM procedure started by the acquisition of an overview image for each Bakelite mould. This image was used
for both guiding the acquisition of further detailed OM images of each sample as well as for calculating the AGS. The
latter was performed by means of applying the linear intercept method. The line pattern used according to E112-13
[53] is shown in Figure 4a. The AGS measured for each N-specimen is graphically given in Figure 4b. The AGS of
the material across all years in-furnace is found within the range ASTM Gr. 2.5, corresponding to approximately 150
pMm. The negligible variation of the mean AGS across all specimens indicates the absence of grain coarsening.

b  Average grain size of 800H specimens

3.2 ‘ 118.5
3.0 £127.0 —
g
.. 2.8 136.1 7
S 3
= 2.6 £140.9 2
= &
n kS
<2.44 1156.4 S
&
2:21 1167.6 &
| S
~==i—== Rolling direction 2.0 ‘ 179.6 <

ek il NO NI N2 N3 N4 N5

Figure 4 (a) Overview OM image of in-bakelite mould of specimen N3; the red lines are used for calculating the AGS of the alloy
via the linear interception method. (b) Graphical depiction of the measured AGS per each N-batch specimen addressing both
ASTM Gr. and the equivalent average grain diameter (um).

Macroscopic surface hardness

To measure the macroscopic Vickers surface hardness, a total of 5 MV indentations per specimen section (L and T)
were performed. These were distributed in a cross-like pattern as seen in Figure 5a. The macroscopic hardening
analysis, conducted separately for each specimen section, is graphically presented in Figure 5b.

The MV surface hardness of the material was found within the range of 1155HV10s140. The hardness differences
between both sections L and T are deemed as negligible.
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Figure 5 (a) OM image showing the spatial distribution of MV indentations for N2 specimen. (b) HV10 Vickers hardness and
estimated tensile strength of as-received and heat-affected specimens of Incoloy 800H.

Microscopic surface hardness

The micro-hardness of the L section of each in-bakelite specimen (see Figure 3a) was mapped across the radial
direction of the originally cylindrical specimen (7 in Figure 6a). To this end, sets of 5 yV indentations (HV0.5) were
performed at 13 different location depths. An in-situ example of the resulting 5x13 micro-indentation array is
presented for specimen NO in Figure 6a. This choice encompasses location depths all the way from near-edge edge
up until the centre of the sample is reached. The resultant micro-hardness mapping is presented for each specimen
in Figure 6b.
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Figure 6 a) Spatial distribution of micro-Vickers hardness measurements. The blue arrow indicates the radial direction from the
core of the originally cylindrical specimen. b) Micro-indentation Vickers hardness (HV0.5) and estimated tensile strength of as-
received and nitrided samples of Incoloy 800H.

The Vickers hardness magnitude (HV0.5) presented in Figure 6b is found within 120sHV0.5<170, with an average
of approximately 140. Compared to specimen NO, the surface hardness of the yV indentation located in the vicinity
of the specimen edge (0.2 mm location depth) appears to be higher in all heat-affected specimens (N1 to N5). This
is highlighted in red in Figure 6b.

SEM - EDX

The objective of this analysis was to identify key microstructural features in as-received and heat-affected specimens,
seeking to correlate the microstructure evolution with the corresponding long-term high-temperature exposure within
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an industrial environment. The kinetics of primary (namely Tix(C,N), MC and M23Cs) and secondary (corrosion related)
precipitates is the target. To better understand the behaviour of the latter and their homogeneity across the radial
direction of the specimens, the analyses were conducted on section T of each in-bakelite specimen (see Figure 3a).
To this end, each T section was subdivided into 5 zones of interest: 1 core (C) and 4 equispaced edge zones (E1 to
E4); the location of these zones and their identification is illustrated in Figure 7a.

To identify the alloying elements of the precipitates, their density level from backscattered electron (BSE) images
(i.e., gray-scale colour) was contrasted with the corresponding semi-quantitative chemical profiles obtained via EDX.
This methodology has been applied with success for the identification of oxides [54] and nitrides [49] in 800H. An
example of such an analysis conducted on section E4 of the T section of specimen N5 is provided in Figure 7b.
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Figure 7 (a) lllustration of the spatial distribution and nomenclature of zones of interest within section T for conducting SEM-EDX
analyses. (b) Identification of oxidation-related precipitates in zone E4 of specimen N5 throughout a line EDX profile analysis.

The analysis of the core material (C in Figure 7a) allows the assessment of the microstructure evolution where
primary precipitates are exclusively involved (i.e., no corrosion). An overview of this analysis is provided for
specimens NO, N1, N3, and N5 in Figure 8a, b, ¢, and d respectively. Results reveal a progressive dissolution of the
carbides of the type MC and M23Cs, found initially embedded within the intragranular material microstructure. This
phenomenon is accompanied by a consistent intergranular precipitation of chromium-rich carbides. Specimens
belonging to years 3 and 5 present an abundant GB precipitation of carbides within the core material.

a (NO | zone C) b (N1 | zone C) l ¢ (N3 | zone C) d (N5 | zone C)
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Figure 8 BSE images captured at the core (zone C) of speciméns NO (a), N1 (b), N3 (c) and N5 (d) and identification of primary
precipitates.

The edge material (E1 to E4 Figure 7a) was analysed to establish a relation between the industrial environment
exposure and the presence of corrosion-related secondary precipitates. The specimen NO revealed a corrosion-free
microstructure, where only the protective thin Cr-rich oxide layer was observed. From N1 to N5 however, two
corrosion mechanisms were consistently found: oxidation and nitridation. Nitridation was evidenced by the massive
precipitation of bulk and needle-like chromium (CrN and CrzN) and aluminium (AIN) nitrides in both intra- and
intergranular configurations, as seen for specimen N1 in Figure 9a. Along the years of exposure however, the initially
abundant CrxN precipitates appear to progressively dissolve into the matrix. This is explained due to the low
thermodynamical stability of chromium nitrides [55]. Consequently, reliable observations of nitridation in specimens
after long-term exposure is only possible by studying aluminium nitrides, which remain undissolved predominantly
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embedded within GBs as seen in Figure 9b related to year 3 (N3). Oxidation was observed in the form of the
precipitation of a superficial spinel ((NiMnFe)Cr204) phases together with Si- and Al- oxides penetrating deeper into
the material. The identification of these precipitates in a BSE image acquired from zone E3 from specimen N3 is
shown in Figure 9b.
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Figure 9 BSE images from edge zones taken from specimens N1 (a) and N3 (b): Due to its higher density, CrN appear darker
than Cr2N in (b); the lightest precipitates such as oxides and AIN in (a) and (b) appear black, and its correct identification is
performed with the aid of EDX analyses.

The maximum penetration depth of each corrosion mechanism was measured at the point where the deepest
secondary precipitate related to the corrosion mechanism was found. To take into consideration the possible
inhomogeneity of the corrosion penetration (i.e., different depth around the specimen), the penetration depth was
calculated at the four edge zones (E1 to E4) of the T section as seen in Figure 7a. The maximum penetration of
oxidation was entitled to either Al or Si oxides, whereas the maximum nitridation depth is entitled to the presence of
AIN. These penetration maximum depths of oxidation and nitridation are graphically presented as function of the
years spent in industrial environment in Figure 10a and b, respectively.
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Figure 10 Measured oxidation (a) and nitridation (b) penetration depth into the material based on microstructural observations of
the deepest found corrosion-related precipitate. The hollow circular points indicate the maximum depth measured at each edge
zone of interest (zones E1 to E4, see Figure 7a).

Contrary to what is observed in controlled nitridation experiments from literature [23,49], the linear interpolation of
the average penetration depth of both corrosion mechanisms in Figure 10 does not show a clear parabolic function.
Furthermore, the large scattering of the maximum penetration depth data indicates that both corrosion phenomena
are not homogeneous. This behaviour is characteristic of corrosion occurring within an industrial operational context:
a non-controlled environment where external factors can greatly influence the material behaviour and life span.
Finally, the nitridation penetration depth provided in Figure 10b allows to correlate the yV hardness variation detected
at 200 ym from the edge of the specimen (see Figure 6b, abscise point 0.2 mm of location depth) to the presence of
nitridation-related precipitates.

Discussion
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The results presented hereabove evidence that the long-term exposure of Incoloy 800H to high-thermal loadings
within an industrial environment is prone to form oxidation and nitridation. The first is widely considered detrimental
as it decreases the load carrying capacity of the material, whereas the latter is often overlooked. Besides phenomena
such as material sensitization following the precipitation of CrxN, nitridation can also lead to a change in the
mechanical response of the material. In this research, some of the cylindrical specimens extracted from the furnace
were destined to conduct high-temperature creep test. During the experimental procedure, certain components of
the creep testing machine experienced failures attributed to the presence of non-uniaxial loadings. The
microstructural study presented here was partially motivated by this event, seeking to ascertain the cause of such a
failure. Results presented in Figure 10 evidenced that corrosion in the specimens was not homogeneous. According
to the experimental studies conducted by A.M. Young et al.[23], the viscoplastic mechanical response of nitrided
800H alloy is characterized by a mcsr of up to 2 orders of magnitude lower than that of aged material. With this
assumption, a numerical campaign was initiated. It entailed the execution of finite element (FE) simulations using the
FE software Lagamine [56]. The FE model was that of a cylindrical specimen with an inhomogeneous nitrided external
layer. Following the quantitative data provided in [23], the viscoplastic behaviour of the core material was that of an
aged material, whereas a hardened viscoplastic response was assigned to the inhomogeneous external layer. The
numerical results confirmed that the inhomogeneous nitridation of the material induces an inhomogeneous
viscoplastic flow. Under the circumstances of creep testing, such a behaviour led to the generation of bending
moments which proved detrimental for our creep machine.

The measured microstructure evolution of 800H alloy under a high-temperature industrial environment enables to
establish a theoretical relation between its potential creep deformation response and the evolution of key
microstructural features. The progressive dissolution of intragranular carbides occurring during the first stages of
high-temperature exposure results in a creep strain rate softening as dislocation movement takes place with less
particle opposition. This could potentially explain the mcsr softening behaviour of aged 800H alloy observed in
[22,23]. An analytical solution to model the creep response of Incoloy 800 addressing carbide dissolution is presented
in [3]. Studies of 800H alloy addressing the second creep strain rate minima are yet inconclusive [15,19,20], and a
nitridation-induced creep hardening cannot yet be discarded. Microcracks are known to favour the internal nitridation
of the alloy [57]. However, it can also be attributed to a grain boundary precipitate strengthening phenomenon induced
by the substantial M23Cs grain boundary precipitation exhibited by 800H. Such a behaviour has been reported in
similar austenitic Ni-based alloys [58—61]. More studies are needed to ascertain this inquiry.

Conclusions

In this work, the microstructure of 800H specimens exposed to high-temperature industrial environmental conditions
was characterized using optical microscopy, macro- and micro-indentation Vickers and Scanning Electron
Microscopy coupled with Energy Dispersive X-ray diffraction detector. Under the studied conditions, Incoloy 800H
was observed to build two coexisting types of corrosion: oxidation and nitridation. The latter is observed to be the
dominant. It was characterized by a massive precipitation of intra- and intergranular CrN, Cr2N and AIN nitrides
diffusing inwards from within the external surface of the specimens. Given the inherent thermodynamical instability
of CrxN, nitridation in specimens exhibiting more than 4 years of exposure is mainly, if not exclusively, observed in
the form of AIN.

The maximum penetration depth of both corrosion mechanisms was determined to be inhomogeneous. This is
attributed to a combination of factors inherent of a real industrial environment. The mechanical response of the
material exhibiting non-homogeneous nitridation is characterized by the generation of inhomogeneous deformation
fields and anisotropic mechanical responses that can be detrimental for certain applications.

With consideration of literature information on creep micromechanics, the evolution of the microstructure studied in
this work provides an insight on the influence on the viscoplastic behaviour of the alloy. For instance, the initial
dissolution of MC and M23Cs carbides originally found embedded within the crystallographic structure of the material
may lead to the loss of the solid-solution characteristics of 800H, thus favouring the unopposed movement of
dislocations during creep deformations. Furthermore, the later precipitation of these carbides within GBs can be
associated with a grain boundary precipitate strengthening phenomenon, which could potentially explain the second
creep strain rate hardening observed in this alloy for very long-term high-temperature creep tests. More studies are
needed to ascertain this assumption.
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