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been investigated. STEM-XEDS maps and electron diffraction data have shown
that the DP reaction products resulted in the precipitation of 3 different phases
within the same colony: (1) face-centred cubic Cr-rich M3Cs, (2) diamond-cubic
Si-enriched MgN, and (3) lamellar body-centred cubic o-Cr phase. In general, DP
colonies in this alloy system develop as follows: at early stages of the aging
process intergranular precipitation of M»3Cs and M¢N occurs at original GB;
with increasing aging time, some GBs migrate with the concomitant precipita-
tion of lamellar o-Cr-rich phase, thereby developing DP colonies. The necessary
solute partitioning is operated by interface diffusion mechanism through the GB
acting as reaction front. Besides the occurrence of three different precipitated
phases within the same DP colony, the most remarkable characteristic in the
overall the precipitation process in this alloy system refers to consistent evi-
dence that the original intergranular precipitates are different from the lamellar
phase that precipitates in association with the migrating GB. This study pro-
vides the first report of this observation in a complex multiphase discontinuous
GB precipitation reaction and evidence for DP phenomena involving three
different precipitated phases.
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Introduction

Grain boundary (GB) phenomena, including discon-
tinuous precipitation and diffusion-induced GB
migration (DIGM), are of increasing interest. From
the fundamental point of view, these phenomena are
particularly intriguing because of the synergy among
GB migration, solute redistribution, and precipitation
processes. From the practical perspective, it is
important to understand these phenomena in order
to prevent undesirable effects on the mechanical and
corrosion performance of structural alloys. Such
effects are widely reported to occur in several types
of alloys used in high-performance industries [1-11].
One of the most interesting GB reactions observed in
structural alloy systems is the discontinuous precip-
itation (DP) reaction. This phenomenon involves
concurrent precipitation accompanying GB migra-
tion, for which DIGM may act as precursor for DP
and provide the driving force for boundary migration
[12, 13].

The DP reaction is a diffusion-controlled phe-
nomenon driven by a migrating GB, which acts as a
fast diffusion path under the action of chemical and
capillary forces; the migrating GB leaves behind a
regularly spaced array of lamellar or rod-like equi-
librium precipitates that have nucleated and grown
cooperatively from the supersaturated matrix [14, 15].
This phenomenon has been documented to occur in
over one hundred binary systems and in several
ternaries and multicomponent alloys [5, 16, 17]. The
occurrence of DP is highly dependent on the energy,
mobility, and diffusivity of the boundary, which, in
turn, depends on the structural characteristics of the
individual GB [18].

The growth characteristics of DP in binary alloys
containing only substitutional solute atoms are dif-
ferent from those observed in multicomponent alloy
systems containing both substitutional and interstitial
solutes. In the former, the transport of solute is
through the migrating GB reaction front, allowing the
composition of the matrix ahead the reaction front
and the rate of the GB migration to be constant, i.e. a
steady-state reaction [5, 15, 17]. On the other hand, in
multicomponent alloys containing both substitutional
and interstitial atoms, a key factor controlling the
solute redistribution is the difference in the diffusion
mechanism (substitutional versus interstitial diffu-
sion), which results in a non-steady-state reaction and
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makes these systems more complex for the study of
the DP phenomenon [7, 19].

DP reactions have been reported to occur in several
structural multicomponent materials, such as auste-
nitic stainless steel [2, 6-8, 20-27], Ni-based alloys
[28-31], Ni-Fe-Cr alloys [4, 32, 33], and duplex and
super-duplex stainless steels [3, 34]. In such multi-
component alloy systems containing both substitu-
tional and interstitial solutes, the DP colonies consist
of either Cr-rich M»3Cs [3, 4, 20, 21, 25, 28-33, 35] or
Cr-rich MpN-nitrides [2, 6-8, 19, 22-24, 26, 27, 34]
with a lamellar morphology (where M can be Cr, Ni,
Fe, Mo, and Si). However, DP colonies in high Mo-
containing austenitic stainless steel have been repor-
ted to contain lamellar o-phase rather than Cr-rich
M,N-nitrides or Cr-rich M,3Cs-carbides [36]. In
addition to the discontinuous lamellar c-phase, the
precipitation of both chromium nitride (Cr,N) and
hexagonal intermetallic R-phase has been reported to
occur within the colony with increasing aging time
[36]. Moreover, an unusual form of DP colonies has
also been reported in Ni-based alloys, in which a
biphasic-supersaturated matrix (matrix 4 precipi-
tates) decomposes into a DP colony containing three
different phases [37-39].

The present investigation deals with GB precipita-
tion phenomena in Alloy 33, an advanced high Cr-
Fe-Ni alloy with high strength and excellent corro-
sion resistance [40, 41]. In fact, in recent years, this
alloy has become a potential candidate for accident
tolerant applications in nuclear energy systems at
high temperatures [42, 43]. In previous studies
[44, 45], it had been reported that isothermally aged
Alloy 33 developed DP colonies characterized by the
presence of multiple precipitated phases. Cr-rich
lamellar precipitates, in addition to a Si-enriched
phase, were observed within the DP colonies, but
these phases were not identified. This paper, there-
fore, is focused on the detailed characterization and
identification of the various phases formed within the
DP colony in Alloy 33 upon thermal aging and aims
to provide an improved understanding of the pre-
cipitation sequence and resulting microstructure. For
this purpose, analytical transmission electron micro-
scopy (ATEM) and electron diffraction analyses have
been used extensively. Based on detailed
microstructure observations, new insights into the
mechanisms and evolution of the discontinuous
reaction products in complex systems are also
discussed.
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Experimental procedure

The material used in this study is a commercial cor-
rosion-resistance alloy based on Cr-Fe-Ni-N named
Nicrofer 3033, or Alloy 33. The as-received material
was a solution-treated 5-mm-thick rolled plate with a
chemical composition shown in Table 1.

Samples in the as-received condition were
isothermally aged at 800 °C for 1 h,2 h, 5 h, and 10 h.
All specimens were water-quenched after aging. In
order to observe and document the effect of aging on
the microstructure at the micro- and nano-scales, the
samples were analysed by light optical microscopy
(LOM—AXxioplan 2—Carl Zeiss), scanning electron
microscopy (SEM), and scanning/transmission elec-
tron microscopy (STEM/TEM) with X-ray energy-
dispersive spectroscopy (XEDS). All samples for
LOM, SEM, and STEM/TEM analyses were prepared
following the same procedure. Discs (3 mm in
diameter and approximately 100 um thick) were
extracted from the mechanically thinned aged sam-
ples. Thin foils were then produced by twin-jet elec-
trolytic polishing (TenuPol 5-Struers) using a solution
of 20% HCIO, and 80% CH;OH at ~ — 35 to —
40 °C and 14 V. Detailed microstructural observa-
tion of the samples was performed using field emis-
sion gun scanning electron microscopy (FEGSEM)
(JEOL JSM 7100F, FEI Magellan 400 XHR and Zeiss
Sigma VP FEG) at 5kV. The Zeiss Sigma was
equipped with a Si drift detector (SDD) for XED
spectrometry (Oxford Instruments X-Max 150 SDD)
and Aztec analysis system. FEGSEM-XED spectrum
imaging (SI) datasets were acquired at 15 kV with a
pixel dwell time of 300 us and a total acquisition time
of 900 s for SEM-XED SI datasets.

TEM characterization was performed on electron-
transparent specimens using a variety of micro-
scopes, including a Phillips CM20 200 kV (LaBe), FEI
Tecnai G2 200 kV (LaBe¢), JEOL FEG JEM 2100F
200 kV, FEI Tecnai TF30 FEG 300 kV. Imaging and
chemical composition analyses of the precipitates
were performed in STEM mode using an FEI TALOS
F200A with an X-FEG and SuperX (4 SDDs) XED
analysis system. In this study, the discrete STEM-
XEDS spot analyses were performed with the
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acquisition live time of 100 s for each spectrum and
STEM-XED spectrum image (SI) datasets were
acquired with a dwell time of 500 ps per pixel and a
total acquisition time of 1800 s. All Talos STEM-XEDS
data were processed using FEI Velox 2.3 software
with theoretical k-factors. All elemental maps
extracted from the XED SI datasets were background-
subtracted, deconvoluted, and processed using the
appropriate software. It is noted that no composition
values are presented with these maps due to the
semi-quantitative nature of these analyses.

Discrete STEM/XEDS spot analyses for semi-
quantitative analyses were performed using the FEI
Tecnai G2 LaBg analytical TEM/STEM operated at
200 kV and equipped with an Oxford Instrument
X-Max 80 TLE SDD and Aztec analysis system.

Results and discussion

LOM and SEM characterization of aged
alloy 33 microstructure

As reported in previous work [44], the microstructure
in the as-received condition sample consisted of
equiaxed recrystallized FCC grains. Figure 1 presents
a series of LOM images showing the microstructure
evolution of the Alloy 33 as a function of aging at
800 °C for periods from 1 h up to 10 h. As shown in
Fig. 1a, after 1 h of aging, intergranular precipitates
(indicated by the arrows) have formed along nearly
all GBs. These images were obtained from bulk
regions of the electropolished TEM specimens; thus,
these “bulk” (thick) regions were characterized by a
light electroetch. In Fig. 1b, the extent of intergranu-
lar precipitation appears to have increased after 2 h
at 800 °C, but some boundaries are precipitate-free.
After 5 h at 800 °C (Fig. 1c), the extent of intergran-
ular and intragranular precipitation has increased,
and “puckers” in addition to a well-developed DP
colony (indicated by the arrow) can be observed. The
10 h aging treatment promoted the formation of lar-
ger, well-developed DP colonies as well as significant
intragranular precipitation.

Table 1 Chemical

composition of Alloy 33 Cr Fe Ni

Cu N C Mn P S Si

0,
(wt%) 3275 3254 3135

0.54 0.40 0.012 0.63 0.014 0.002 0.30

@ Springer



10224

Figure 1 LOM images
obtained from lightly
electroetched samples of Alloy
33 aged at 800 °C for a 1 h;
b2h;c5h;and d 10 h.

Figure 2 Secondary electron (SE) image of a triple point region
in Alloy 33 aged at 800 °C for 1 h. The original position of GB
“c” is arrowed.

Figure 2 shows a secondary electron (SE)-SEM
image of a triple point in Alloy 33 aged at 800 °C for
1 h showing three GBs with coarse precipitates of
various sizes and morphologies. Whereas the GB
located at the right side of this figure, labelled “a”,
has remained static, the GB identified as “b” has
migrated in one direction with concomitant precipi-
tation, and the GB labelled “c¢” shows evidence of
migration in both directions and shows both coarse
precipitation and precipitate-free regions in a manner
suggesting the occurrence of DIGM. At this stage, DP
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colony has not been developed, so one can argue that
GB migration precedes DP or occurs at the early
stages of the DP reaction in Alloy 33.

Figure 3 provides two examples of different DP
colonies observed in Alloy 33 after aging at 800 °C for
2 h. In both examples, precipitates decorating the
original GB position were observed in addition to GB
migration into the FCC matrix of the adjacent grain.
The growth of some precipitates along the migrated
boundary is clearly evident. The specific DP colony
shown in Fig. 3b provides an example of branched
lamellar precipitates, indicated by the arrows, asso-
ciated with the migrating GB. This mechanism of
lamellae multiplication has long been reported in
binary systems [46].

Figure 4a displays a low-magnification SE image of
Alloy 33 aged at 800 °C for 5 h showing precipitation
products occurring at all GBs, as well as DP colonies,
indicated by the arrows. Some DP colonies observed
in this aged material exhibited distinct differences in
the size and morphology of the precipitates. Fig-
ure 4b, which is obtained from the region indicated
by the red box in Fig. 4a, shows the difference in
extent of intergranular precipitation at three different
GBs after aging at 800 °C for 5 h. In this figure, the
DP colony appears to be comprised of lamellar
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Figure 3 SE images of DP (a
colonies observed in Alloy 33
aged at 800 °C for 2 h.

Figure 4 a Low-
magnification SE image of
Alloy 33 aged at 800 °C for
5 h; b SE image showing a
well-developed DP colony
marked by the red box in a;
¢ SE; and d complementary
backscattered electron (BSE)
images of a DP colony
showing different precipitate
morphologies present in the
aged alloy.

precipitates with different crystallographic orienta-
tions. Although both lamellar and discrete precipi-
tates appear to have nucleated at original GB
position, a complex distribution of precipitates can be
observed within the “colony”: both lamellar (indi-
cated by the circles) and nodular precipitate mor-
phologies (indicated by the squares) are visible.
Multiple “variants” of the lamellar DP precipitates
are evident—each “variant” has grown in a different
crystallographic direction. This finding corroborates
the observation of lamellar and “nodular” (discrete)
precipitates within the DP colonies reported by sev-
eral authors [7, 8, 18, 26, 31, 35, 37, 39]. However,
careful examination of the “colony” suggests that it
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branching

may be the result of multiple intersecting DP colo-
nies, which would not be unexpected given the
location of this colony near multiple GBs. Comple-
mentary SE/BSE-SEM images in Fig. 4c and 4d show
a typical single DP colony in which discrete precipi-
tates decorated the original GB position, whereas
lamellar precipitates formed behind the migrating GB
as it moved into the adjacent FCC grain. Such
observation has been consistent throughout this
investigation. As a rule of DP reaction, the orientation
of the initial grain is extended with the colony,
resulting in that the region swept by the boundary
migrating has the same orientation as the matrix from
which the lamella starts to grow. This is evident in
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the BSE image of Fig. 4d in which the parent grain
and solute-depleted matrix in the migrated area
exhibit the same electron channelling (orientation)
contrast. Furthermore, three different phases have
been identified in the DP colony: the FCC matrix,
lamellar and small discrete precipitates (grey fea-
tures), and brightly imaging phases (high Z-contrast)
at DP reaction front as indicated by the red arrows.

Aging for 10 h at 800 °C promoted extensive
intergranular and intragranular precipitation, as
shown in Fig. 5a. The fine intragranular precipitates
exhibited a needle-like morphology. Such homoge-
neous precipitates do not appear prominently in this
low-magnification SE image; however, higher mag-
nification images are shown in the inset in this figure.
It is worth highlighting that the lamellar DP precip-
itates, which have grown parallel to each other, had
nucleated adjacent to GB, and not at the GB (as stated
by the classical theory of discontinuous precipita-
tion). The elemental maps extracted from the SEM-
EDX SI datasets in Fig. 5b show the partitioning of
Cr, Fe, Nj, Si, and Mo in those two regions identified
in Fig. 5a. All precipitates were Cr-rich, some were
also enriched in Si, but the lamellar precipitates were
Si-free. It was noted that the Si-enriched phase pre-
cipitated primarily at original GB position.

Based on morphological and analytical observa-
tions of Alloy 33 in samples aged at 800 °C, it can be
stated that the DP colonies develop with the follow-
ing characteristics: (1) Cr-rich precipitates nucleated
at GBs in the early stages of aging and continue to
grow with time at temperature; (2) Si-enriched phase
precipitated at the original GB position and grew
adjacent to the intergranular Cr-rich precipitates; (3)
as the aging time increased, Cr-rich phases nucleated
adjacent to GB and grew as lamellar precipitates
behind the migrating GB; 4) eventually, Si-enriched
precipitates formed within the DP colony behind the
migrated grain boundary.

ATEM characterization and phase
identification

In this section, the analyses of the various phases
formed during isothermal aging at 800 °C for 1 up
10 h using ATEM and selected area electron diffrac-
tion (SAED) are presented. The BF-STEM image in
Fig. 6 shows a GB that had locally migrated during
precipitation at this boundary after aging for 1 h. The
precipitate morphology has accommodated the
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“bulging” boundary and has grown along the
migrated boundary. Figure 6 also shows the corre-
sponding STEM-XEDS maps of main elements asso-
ciated with precipitation during aging for 1 h. These
precipitates, which were the first to nucleate in Alloy
33 at 800 °C, were identified by SAED as FCC M;3Cs.
The [101] SAED pattern shown in Fig. 6 also con-
firmed the well-known cube-on-cube orientation
relationship (O.R.) between the M»;Cy and the FCC
matrix: [101]y,... //[101]gce pmagix- Both lattices share a
cubic symmetry and differ in lattice parameter by a
factor of ~ 3. STEM-XEDS maps confirmed that the
GB precipitates were enriched in Cr and Mo. Con-
comitant with the precipitation of the Cr-enriched
carbides, Cr-depleted, and Fe-Ni-enriched zones
were observed in the regions behind the migrated
boundary.

Cr-rich M»3Cq has a FCC structure (space group:
Fm3m) and lattice parameter of a = 1.050-1.070 nm
[21, 25, 31, 47-50], which is approximately 3 times
larger than of the FCC matrix, as shown in Fig. 6. The
variation in lattice parameter of this carbide has been
associated with the increase in Mo content [47, 51].
Several authors [21, 25, 31, 35, 47, 48] have reported
the My3Cs/FCC matrix O.R. being cube-on-cube:
(100)M23C6//(100)FCCmalrix and [100}M23C6//[100}FCC matrix
which is the same O.R. found in this investigation.
This carbide has been reported in the literature to be
rich in Cr, containing Mo, Fe, and Ni. Although
compositionally very stable and usually reported to
be Si-free [47, 49, 50, 52], some authors have found
M,3Cg containing Si [53].

In order to determine the solute partitioning asso-
ciated with the precipitates and the early stages of the
DP reactions at the GB, STEM-XEDS experiments
were performed. Figure 7 shows a BF-STEM image of
a specific GB in Alloy 33 aged at 800 °C for 1 h and
the corresponding XEDS maps. Discrete precipitates
are evident along a “wavy” grain boundary. This
figure confirms the same qualitative composition of
the precipitates shown in Fig. 6: all precipitates were
Cr-rich with some Mo, identified as M,3Cg with FCC
structure. Also in Fig. 7, a Si-enriched feature, which
is indicated by the yellow arrow, was detected adja-
cent to an My3C,, and qualitative evidence of Cr-de-
pletion associated with the precipitation of My3Cs can
be observed.

Figure 8 contains a set of diffraction contrast TEM
images intended to illustrate characteristics of the
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Figure 5 a SE image of Alloy 33 aged at 10 h showing a well-developed DP colony and b corresponding XEDS maps of Cr, Fe, Ni, Si,
and Mo obtained from the regions indicated in a.

discontinuous reaction in Alloy 33, which includes = boundary curvature of the upper strongly diffracting
grain boundary migration and precipitation pro- grain. The centred dark-field (CDF)-TEM image in
cesses associated with aging at 800 °C for 1 h. The  Fig. 8b with a grain reflection contrast illustrates the
BF-TEM image in Fig. 8a shows a pronounced extent of the GB bowing and migration. Notice in this
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M,,C,// FCC-matrix [101]
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(33 3)mysc
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500 nm 10 1/nm
.
.

Figure 6 BF-STEM image of intergranular Cr-rich M,3Cg and the
locally migrated grain boundary resulting from aging at 800 °C for
1 h; SAED pattern obtained from the region indicated by the
circle, z = [101] 11101 ]pec manixs and corresponding XEDS

Masce

image that some carbides are located at the original
GB position. The complex morphology of the M33C,
formed during aging at 800 °C is shown in Fig. 8c, in
which carbides nucleated at the original GB position
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maps of Cr, Fe, Ni, Mo, Si, N, and C extracted from STEM-XED-
SI dataset.

grew along the migrating boundary (indicated by the
red arrows).

In addition to Cr-rich M»3Cs at original GB position
in Fig. 8, the existence of another type of precipitated
phase has been verified, which is indicated by the
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Figure 7 BF-STEM image of
GB precipitates a “wavy”
boundary in Alloy 33 aged at
800 °C for 1 h and
corresponding XEDS maps of
Cr, Fe, Ni, Mo, Si, C, and N
extracted from the STEM-
XED SI dataset. The arrows
point the Si-enriched zone
adjacent to both Cr-depleted
zone and M,3Cs.

Figure 8 a BF-TEM image of GB migrated in Alloy 33 aged at
800 °C for 1 h; b respective CDF-TEM image and corresponding
SAED pattern obtained from the upper grain in a; ¢ CDF-TEM
image of M»3C at the GB. Inset in ¢: SAED pattern obtained from

yellow arrows in Fig. 8c. XEDS maps shown in
Fig. 8d confirm the difference on the chemical com-
position between these two precipitated phases. The
M,3Cg is enriched in Cr, Mo, and C (red arrows in

. A

500 nm
—
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M,,C// FCC matrix [101]

the M3Co/FCC matrix interface, z = [101]yy, . [[101]gce maix
and d XEDS maps of Cr, Mo, and C obtained from the
precipitation products associated with the migrated GB.

Fig. 8d), whereas the o-Cr phases are rich in Cr
(yellow arrows in Fig. 8d). Figure 9 contains com-
plementary BF and DF TEM images obtained from
the region indicated by the red box in Fig. 8a. From
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i

M23c6
carbide

100nm

Figure 9 a Complementary BF/CDF TEM images of lamellar
precipitates resulting from aging at 800 °C for 1 h obtained from
the region indicated by the red box in Fig. 8a, which were
identified by SAED as a-Cr phase with a BCC structure. The o-Cr

SAED pattern shown in Fig. 9c, it is possible to
identify the lamellar precipitates as the o-Cr phase
with BCC structure. A Kurdjumov-Sachs (K.S.) O.R.
between the a-Cr phase and FCC matrix is identified

as (T10> o:—Cr|| (Tll)FCC matrix” [11”1—Cr| | [101]FCC atrix”
which was also reported by other authors [54-56].
Such o-Cr phase with BCC structure in heteroge-
neous and homogeneous morphology has been
found in several multicomponent structural alloys,
such as Ni-based alloys [55-59] and stainless steel
[60, 61]. However, lamellae of the a-Cr phase that has
constituted DP colonies have only been reported to
form in binary Ni-Cr alloys [62].

A BF-STEM image of intergranular precipitates
with locally bowed/migrated grain boundary
regions formed during aging at 800 °C for 2 h is
shown in Fig. 10. In contrast to the observations at
other boundaries, in this example, the migrated GB
was connected with the tip of the precipitate (indi-
cated by the red arrows) in some regions, whereas in
others regions, the boundary had migrated without
connection to the precipitates (indicated by the black
arrows). The latter behaviour may indicate that the
boundary migration was not influenced by the pre-
cipitate growth, but rather that the DIGM phe-
nomenon has dominated. This phenomenon occurs if
interdiffusion of two chemically different species
along the GB induces a transverse shift of the
boundary [13, 63]. In general, it was observed that
DIGM does not occur at all GBs in the alloy, which
confirms that GB thermokinetic properties depend on
the individual GB structure [64, 65]. In fact, Hillert
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a-Cr phase [111]//FCC matrix [101]
(i lo)ar:r
(1 1 1) FCC matrix

»

(101)

a-Cr

(ﬁ 1 )FCC matrix ’4

+

012>

(OZO)FCC maﬂ’mxv ’

phase exhibited a K.S. O.R. with the FCC matrix:
(Tlo) a—CrH (Tll)FCC ma[rixs'[lll]a—Cr| | [101]FCC matrix **

and Purdy [13] have pointed out the close relation of
the DIGM phenomenon to the DP reaction.

Figure 10b shows the elemental maps extracted
from the STEM-XEDS SI dataset acquired from the
region indicated by the yellow box in Fig. 10a. As
seen in the previous figures, Cr-depletion and Ni-Fe-
enrichments were observed in the region behind the
migrated boundary. Moreover, all GB precipitates
were Cr-rich and enriched in Mo, but some exhibited
local Si- and N-enrichments, suggesting a nitride. As
expected, GB precipitates containing Cr-Mo-C were
identified by SAED patterns as Cr-rich M3Cs. The Si-
enriched precipitates were located adjacent to the Cr-
rich Mp3Cs. The SAED patterns obtained from the Si-
enriched features were similar to M,3Cg, but detailed
analysis confirmed that the structure was diamond-
cubic.

The microstructure developed in Alloy 33 after
aging at 800 °C for 5 h is shown in the BF-TEM image
of Fig. 11. Several precipitates at original GB position
are observed. Two arrowed precipitates are located at
the original GB position, pinning its migration, and
two other precipitates have formed within the
depleted matrix swept by the migrating boundary. A
further significant observation was the formation of a
plate-like precipitate at DP reaction front, which
possibly occurred after GB migration. This precipitate
shown in the CDF-TEM image of Fig. 12a was iden-
tified as o-phase with tetragonal structure from the
SAED pattern (Fig. 12b), which was also observed at
DP reaction front by other authors in austenitic
stainless steels [21, 23, 24]. The XEDS maps indicated
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Figure 10 a BF-STEM image of precipitates at the migrated GB, which represents the earlier stages of DP reaction in Alloy 33 aged at
800 °C for 2 h, and b STEM-XEDS maps of Cr, Fe, Ni, Mo, Si, C, and N obtained from the region indicated by yellow box in a.

Figure 11 BF-STEM image of GB precipitates in Alloy 33 aged
at 800 °C for 5 h. The dotted line indicates the original GB
position.

this plate-like c-phase was enriched in Cr and Mo
but also contained Fe, Si, and Ni, as shown in Fig. 13.

In order to identify the nature of the above-men-
tioned GB precipitates, the region indicated by the
red box in Fig. 11 was analysed in more detail by
means of STEM techniques as shown in Fig. 14. Fig-
ure 14 shows a HAADF-STEM image. The XEDS
maps of Cr, Fe, Ni, Mo, Si, N, and C revealed the
existence of three different precipitates in this specific
region of the DP colony, as follows: (1) Cr-rich pre-
cipitate in the region behind the migrated boundary,
which was identified by electron diffraction as o-Cr
phase with BCC structure; (2) a Cr-Mo—C-enriched
precipitate (Mp3Cs) at the triple point, and (3) Si-Mo-
Ni-N-Cr-enriched precipitate also at the triple point.
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Figure 12 a CDF-TEM
image of a G-phase precipitate
observed at DP reaction front
in the colony shown in

Fig. 11, and b the
corresponding [1 1 3] SAED
pattern.

Figure 13 HAADF-STEM
image obtained from the
precipitation product at GB
shown in Fig. 11 and
corresponding XEDS maps of
Cr, Fe, Ni, Mo, and Si
extracted from the STEM-
XED-SI dataset.

It is noted that the Si-enriched phase in this boundary
formed adjacent to the My3Cs. In addition, XED
spectra were obtained from the precipitates indicated
by the labels 14 in Fig. 11, confirming the existence
of four different precipitated phases, which are
shown in Fig. 15. Spectrum 1 was obtained from the
o-Cr rich phase, although low levels of Fe, Mo, and
Ni were also present. Spectrum 2 was obtained from
the My3Cq at triple point, which was rich in Cr, but
also enriched in Mo, Ni, and Fe. The low peak of Si in
both spectra 1 and 2 may be associated with the
matrix or due to Si internal fluorescence peak from
the XEDS detector [66]. Spectrum 3 was obtained
from the nitride, which was enriched in Si, Ni, Cr,
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Mo, and N. Low levels of Fe and V (not reported in
the chemical composition of the alloy) were also
detected in the XED spectrum. Spectrum 4 was
obtained from the c-phase enriched in Cr and Mo,
but containing Fe, Ni, and low levels of Si. This
specific DP colony (shown in Fig. 11) exhibited dif-
ferent characteristics when compared with the
majority of the colonies observed in this work. In
general, the dominant intergranular precipitate was
My3Cs, but in this DP colony, the o-Cr phase had
precipitated at original position of the GB prior to
boundary migration.

Figure 16 shows a HAADF-STEM image of a typ-
ical example of DP colony observed in Alloy 33 aged
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Figure 14 HAADF-STEM
image obtained from the
region indicated by the red box
in Fig. 11 and corresponding
XEDS maps of Cr, Fe, Ni, Mo,
Si, N, and C extracted from the
STEM-XED-SI dataset.

at 800 °C for 10 h. This colony contained a chain of
precipitates at the original GB position and lamellar
precipitates growing into the opposite grain, also
observed by Portella et al. [45]. STEM-XEDS maps
obtained from this DP colony confirmed that all
precipitates behind the migrated boundary were Cr-
rich. Three different precipitates were identified in
this DP colony: (1) irregular Cr—-Mo-enriched M»3Cq
at the original GB position; (2) BCC a-Cr phase
lamellar precipitates; and (3) irregular Si-Mo—Cr-en-
riched precipitates formed at the original GB position
and within of DP colony. Yen et al. [67] have
observed colonies constituted by Cr-rich a-phase in a
Fe-40 wt% Cr-40 wt% Ni ternary alloy aged at 750 °C
for 720 h.

Si-enriched  precipitates, such as G-phase
[48-50, 60, 61, 68-71], H-phase [72, 73], and McX
(X = Cand/or N) [47, 49, 50, 69, 74-84], have already
been reported in several types of structural alloys.
However, Maziasz [85] claimed H-phase should be
referred to as eta-phase (M¢X). The following argu-
ments are pertinent to discussion on these Si-rich
phases. G-phase (FCC structure) and MgX (cubic-
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diamond structure) with lattice parameter in a range
of 1.06-1.24 nm have been reported in several types
of structural alloys, such as steel [72], aged stainless
steels [47, 60, 61, 68, 73, 74, 77, 78, 82], irradiated
austenitic stainless steels [49, 50, 69, 70, 74, 75], and
Ni-based alloys [71, 83]. The chemical composition of
both the above-mentioned Si-enriched phases may
vary depending on the alloy system and the condi-
tion of the material [48-50, 60, 61, 68-70,
73-76, 78, 80, 81, 86]. For example, the Si content on
the G-phase has been reported to vary in a range of
14-41 at.% depending on the chemical composition
and conditions of the alloy [48, 50, 60, 61, 70].

Due to the significant variation in chemical com-
position of Si-enriched precipitates reported in the
literature, phase identification requires electron
diffraction to confirm the crystal structure. Depend-
ing on the zone axis, both G-phase (FCC structure)
and MeX (diamond-cubic structure) may generate
similar SAED patterns for certain zone axes. How-
ever, electron diffraction patterns from the diamond-
cubic structure in [001] zone axis can be distin-
guished from FCC structure. This difference between

@ Springer
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Figure 15 XED spectra obtained from the precipitates labelled 1, 2, 3, and 4 in Fig. 11. 1 a-Cr phase (BCC structure); 2 M,3C¢ (FCC

structure); 3 Si-enriched precipitate; 4 c-phase (tetragonal structure).

diamond-cubic and FCC structure is due to the
structure factor of diamond-cubic to predict system-
atic absences of (200), (420) reflections that are pre-
sent for the FCC structure [50, 69].

Figure 17a shows a HAADF-STEM image obtained
from the region indicated by the red box in Fig. 16
showing GB precipitates at original GB position and
part of the lamellar DP precipitate of o-Cr phase.
XEDS maps of Cr, Fe, Ni, Si, and Mo in this fig-
ure clearly show the compositional differences
between the distinct types of precipitates. The vari-
ous phases were identified via electron diffraction as
shown in Fig. 17: the [001] SAED patterns were
obtained from the FCC matrix (Fig. 17b), FCC M»3Cq
(Fig. 17¢), and the Si-enriched phase (Fig. 17d). As
expected, the intergranular precipitate shown in
Fig. 17a was identified as Cr-rich M»;Cq with FCC
structure. However, the Si-enriched precipitates
observed in Alloy 33 aged at 800 °C for 10 h were
confirmed to be the MgN with a diamond-cubic
structure. (This phase identified as MgN has been

@ Springer

labelled as eta-phase in a previous publication [44].)
As observed in Fig. 17 in which all diffraction pat-
terns were obtained from the [001] zone axis, the
[001] SAED pattern from the Si-enriched phase
exhibits clear differences from that of the [001] FCC
M»3C. In the former, some forbidden reflections have
been verified, which confirmed the diamond-cubic
structure of the Si-enriched phase. Both Cr-rich
M,3C4 and Si-enriched MgN have a cube-on-cube OR
with the FCC matrix. Based on these observations,
the Si-enriched phases formed both at the original GB
position and within the DP colony are the M¢N with
diamond-cubic structure. The MX phase has been
reported as carbides (M(C) [47, 49, 50, 69, 76, 82-84],
nitrides (MgIN) [77], or carbonitrides (Mg(CN)) [78, 81]
depending on the chemical composition of the alloy,
but in general, it is enriched in Si, Ni, and Cr, in
addition to Fe, Mo, and V [49, 50, 69, 73-76, 78, 81], as
shown in this investigation.

Although the semi-quantitative XEDS results from
the precipitates identified in the present work
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Figure 16 HAADF-STEM image of DP colony in Alloy 33 aged at 800 °C for 10 h and corresponding XEDS maps of Cr, Fe, Ni, Mo,

and Si extracted from the STEM-XED-SI dataset.

(Table 2) are similar to those reported in other studies
addressing precipitated phase identification in mul-
ticomponent structural alloys [47, 74, 78, 81, 87-90],
these results provide a comparison between the dif-
ferent precipitates identified in this investigation. As
shown in Table 2, there is little scatter in the chemical
composition of both the M;Cq (1 hand 2 h) and a-Cr
phase (1 h and 10 h). On the other hand, the results
obtained from the M,3Cs and MgN after 10 h of aging
showed significant variations in alloy elements con-
centrations. Such differences could be attributed to
stray EDS signals generated from the matrix around
the precipitates under analysis by the electron probe
in different thin foil TEM samples.

It is worth noting that the semi-quantitative XEDS
values shown in Table 2 may serve as a reference for
the identification of the different precipitated phases
in the present investigation. As observed, M»3;Cq was
distinguished from the MeN (besides the electron
diffraction results) because of the amount of Cr, Ni,
and Si analysed. Although the former (M33Cs) had

higher quantity of Cr and no Si, the latter (M¢N)
contains more Ni-Si and lower Cr when compared
with the My3Ce. Moreover, the BCC Cr-rich a-phase
contained some Fe and a limited amount of Ni and
Mo. In addition, the Fe/Ni ratio verified in both the
My3Cs and o-Cr phase can be a useful parameter to
differentiate these two precipitated phases observed
in this investigation.

One can argue that McN was frequently adjacent to
the M,3C, at original GB position, as can be seen in
Fig. 17. However, the precipitation of MgN within the
DP colony contradicts the idea that this Si-enriched
phase only formed in association with M3Cs. The
MN within the colony shown in Fig. 16 had pre-
cipitated adjacent to a lamellar discontinuous o-Cr
precipitate, which confirmed that the M¢N was not
always associated with the carbide. This suggests that
MgN can nucleate and grow in association with either
My3Cs or a-Cr phase due to the local enrichment of
the matrix in Si, Ni, and N adjacent to these
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[11)] FCC-matrix [00 1]

Figure 17 a HAADF-STEM image of Alloy 33 aged at 800 °C
for 10 h obtained from the region indicated by the red box in
Fig. 16 and corresponding XEDS maps of Cr, Fe, Ni, Si, and Mo;

precipitates as these elements have little or no affinity
with the M3Cs and o-Cr phase [91].

Studies of DP initially focused on binary alloys
containing only substitutional solutes. There has been
considerable research concerning the proposed
mechanism for initiation of DP [12, 46, 92, 93] as well
as models for growth kinetics [15, 94-98]. However,
in multicomponent systems containing substitutional
and interstitial atoms that have orders of magnitude
differences in atomic diffusivities, there are also a
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and respective [001] SAED patterns for b FCC-matrix, ¢ M;Cs,
and d Si-enriched MgN.

number of differences in structural and kinetic char-
acteristics. In particular, the difference in chemical
composition plays a major role in the discontinuous
reaction [7, 20, 22, 23, 25-28]. In binary alloy systems,
it is possible to model the steady-state growth of the
DP reaction [5, 17], whereas the same conditions do
not apply to multicomponent alloy systems due to
the additional complexity associated with substitu-
tional and interstitial solutes [23, 24]. However, one
characteristic is common in all binary and
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Table 2 Semi-quantitative STEM/XEDS analyses (normalized) of precipitates in Alloy 33 after isothermal aging at 800 °C from 1 to

10 h*

Type of precipitate® Aging time (h) Cr Fe Ni Mo Si \%
M,3C6 (11) 1 80.8 £ 1.5 8.0 £ 0.7 47 +0.9 6.0 £ 1.1 0.6 £0.5

M,3Cs (8) 2 78.6 £ 1.8 81+12 46+1.0 6.8 £ 1.1 20+13

a-Cr phase (3) 1 769 + 1.8 137 £ 1.1 34 +01 2.8+ 0.8 324+20

a-Cr phase (31) 10 80.7 £ 1.2 133 £ 0.6 2.6 £ 0.6 3.0+ 0.6 04 +02

MgN (9) 10 444 £ 74 12.1 £ 7.7 314 £ 49 6.1 £ 2.1 52425 07+3

*Numbers in parentheses denote the number of discrete analyses quantified using the standardless Cliff-Lorimer technique

The statistical variations reported here represent particle-to-particle variations

multicomponent systems undergoing DP reported in
the literature: the precipitated phase at the original
GB position grows together with the migrating GB to
become the main precipitated phase within the DP
colony, i.e. the discontinuous precipitates.
Moreover, an unusual form of DP colonies
observed in multicomponent systems has been
reported in Ni-based alloys with a biphasic-super-
saturated matrix in which the DP colony contained 3
different phases [37-39]. In this type of DP reaction,
the metastable biphasic microstructure transforms
into a cellular structure containing 3 different phases.
As in DP constituted of carbides and nitrides, the
precipitates within this unusual colony can occur as
lamellar and discrete particles [37, 39]. An additional
complexity in the occurrence of DP in multicompo-
nent alloys was confirmed in the present work in
which the first precipitated phase formed at GB was
FCC M,3Cq. However, based on the classical DP
theory, the precipitates at GB should grow in a
lamellar morphology and constitute the DP colony.
Thus, it was expected that the intergranular M»3;Cq
would grow together with the migrating GB, but in
Alloy 33, the discontinuous precipitates are the BCC
o-Cr phase. In general, the development of the DP
colonies in Alloy 33 aged at 800 °C can be summa-
rized in the following four stages: (1) initial precipi-
tation of Cr-rich M»3C¢ at GBs in the early stages of
aging; (2) local migration of some parts of the GB
adjacent to the M»3Cs; (3) growing of o-Cr phase with
lamellar morphology behind the migrating boundary
and heterogeneous precipitation of Si-enriched MgN
associated with either M,3Cq at original GB position
or o-Cr phase within the DP colony; and (4) as the
aging time increase, o-Cr phases nucleated adjacent
to Mp3Cs at the migrating GB grow as lamellar pre-
cipitates into the FCC grain. In particular, for Alloy

33, the a-Cr phase grows along with the migrating GB
as opposed to M»3Cs, which has usually been iden-
tified as the main discontinuous phase in other Ni-
based alloys and austenitic stainless steels undergo-
ing discontinuous reactions phenomena.

Conclusions

A detailed microstructural investigation of the DP
reactions in Alloy 33 resulting from isothermal aging
at 800 °C for 1 up to 10 h was successfully conducted.
To the authors” knowledge, this is the first study that
shows the evolution of DP reactions in this alloy
system together with the identification of the pre-
cipitated phases within the DP colonies. Specific
findings include the following:

1. The DIGM phenomenon has been observed to
occur both an isolated and preceding develop-
ment of DP colonies. At this temperature, the
migration of the boundary upon aging could
proceed to one side or both sides of the boundary.

2. STEM-XED spectrum imaging analyses and elec-

tron diffraction confirmed that DP colonies are
generated by solute partitioning within the
colony resulting in the formation of three differ-
ent phases precipitated constituting the same DP
colony: Cr-rich My3C, precipitation occurred at
the original GB position; this was followed by
precipitation of Si-enriched M¢N at the GB and a-
Cr phase behind the migrating boundary. With
increasing aging time, o-Cr phases nucleated
adjacent to the GB grew as lamellar precipitates.
Eventually, MeN formed within the colony along
with o-phase at the DP reaction front.

3. The FCC Cr-rich M»3C¢ and diamond cubic MgN

exhibit a cube-on-cube O.R. with the FCC matrix:
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(001)M23C6 | | (001)FCC matrix/ [OO”MBC(, | | [001]FCC matrix *
The BCC a-Cr discontinuous lamellar precipitates
exhibit a Kurdjumov-Sachs O.R. with the

FCC matrix: (Tlo)w&H(Tll)Fccmatrix' [111],_,|

[101]FCC1nutrix~
4. The microstructural evolution during aging at

800 °C indicates that the nature of the DP reaction
in Alloy 33 differs from the classical DP theory,
which predicts that the precipitate initially
formed at GB (Cr-rich M»3C¢) grows together
with the GB migration. However, as shown in
this work, the discontinuous precipitates (o-Cr
phase) have nucleated adjacent to GB and grown
in association with the migrating GB and not at
the original GB position.
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