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Cold Swaging, Recovery and Recrystallization of Oligocrystalline
INCOLOY MA 956—Part I: Deformed State
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Oxide dispersion strengthened {ODS) superalloys combine high temperature strength and excellent corro-
sion and oxidation resistances. INCOLOY MA 956 is an iron-based ODS superalloy containing about 1%
(volume) of fine and uniformly dispersed Y,0, particles in a ferritic matrix. In the present work a coarse-
grained (oligocrystalline) bar of MA 956 alloy was cold deformed by rotary swaging to reductions in area of
20, 47 61, and 72 % . Microstructural characterization of deformed samples was performed using light opti-
cal microscopy (LOM), X-ray diffraction (XRD), electron backscatter diffraction (EBSD), and Vickers micro-
hardness testing. The microstructure in the deformed state was found to be very inhomogeneous.
Deformation bands were observed in all grains. The extent of deformation banding varies from grain to grain
in terms of morphology and spacing. The deformation substructures were found to be very different in each
grain. A sharp {110)-fiber texture was developed during plastic deformation becoming more pronounced
with increasing strain.

KEY WORDS: INCOLOY MA 956; mechanical alloying; cold swaging; work hardening; microstructure; tex-

ture; EBSD.

1. Introduction

INCOLOY®™ MA 956 is an oxide dispersion strength-
ened (ODS) iron-based superalloy produced by mechan-
ical alloying (MA) techniques. It has the following nom-
inal chemical composition: Fe-20%Cr-4.5%Al-0.5%Ti-
0.5%Y,0; (in wt%)." The alloy has excellent mechanical
strength and resistance to oxidation, carburization and hot
corrosion during prolonged exposure in temperatures up to
| 300°C. These properties make this alloy a good candidate
for high-temperature applications such as gas-turbine com-
bustion chambers, advanced energy conversion systems,
diesel engine components, high-temperature shields, and
others.'?

The manufacturing process of commercial ODS alloys
usually involves high energy milling of elementary or pre-
alloyed metal powders with stable oxides like Y,O, (yttrium
oxide). Mechanically alloyed powders are placed in vacu-
um-sealed cans and consolidated by hot extrusion or hot
isostatic pressing at temperatures of about 1000°C, fol-
lowed by conventional hot and cold working processes.” A
suitable microstructure for high-temperature applications is
obtained by subsequent anncaling at high temperatures

alloys the directional recrystallization is performed under
the influence of a high temperature gradient (zone anneal-
ing) to promote the formation of elongated grains with a
high grain aspect ratio (GAR).*” This coarse-elongated
microstructure is much more creep-resistant than alloys
with an equiaxed grain structure.® After zone annealing,
MA 956 alloy shows a microstructure consisting of coarse
columnar grains parallel to the longitudinal direction
(oligocrystalline material). Oligocrystals are polycrystalline
aggregates, which consist of a few large grains.” A strong
texture resulting from secondary recrystallization process is
also present in this alloy.

This peculiar microstructure is found in many cold-work-
able ODS alloys. The combination of a coarse-grained
structure, a strong initial texture, and the presence of fine
particles make this alloy a very interesting material for re-
crystallization studies.

Plastic deformation in coarse-grained materials leads to
the development of inhomogenecous microstructures when
compared to the relative homogeneity found in fine-grained
ones. Individual grains behave quite different during defor-
mation of coarse-grained materials, leading to a very inho-
mogeneous microstructure. Furthermore, coarse-grained
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formation heterogeneities like deformation and shear
bands.'"'" These deformation heterogeneities play an im-
portant role during further recrystallization because of the
presence of large curvatures associated to these deforma-
tion-induced boundaries.

In the present paper we have investigated the microstruc-
tural changes and the texture evolution of MA 956 alloy
samples deformed by cold swaging. The microstructure of
this alloy was characterized by light optical microscopy
(LOM), transmission electron microscopy (TEM) and ori-
entation imaging microscopy (OIM) in the as-received and
cold-worked conditions. Texture evolution during cold
swaging was studied by the X-ray diffraction (XRD) tech-
nique. The microtexture of a few selected samples in the
deformed state was also investigated using the electron
backscattering diffraction (EBSD) technique. The main re-
sults of this characterization will be presented and dis-
cussed.

2. Experimental Procedure

The results of chemical analyses of the alloy investigated
in the present work are given in Table 1. The starting mate-
rial was supplied in bars of 30 mm diameter in the zone-an-
nealed condition. The material was deformed at room tem-
perature in a four-die rotary swaging machine to reductions
of 20, 47, 61 and 72 % (in area), in multiple passes without
intermediary annealing. Samples for metallographic exami-
nation were cut from the transverse orientation relative to
bar axis. They were ground and polished using convention-
al techniques. Chemical etching of the polished sections
was performed using a V2A-Beize reagent.'? A chemical
method has been chosen for the bulk extraction of the pre-
cipitates in MA 956 alloy. The metallic matrix was dis-
solved in a Berzelius-type solution'® at 50°C. The solution
was filtered through a weighted filter of PTFE. The extrac-
tion residue was cleaned in a (.25 molar hydrochloric acid
wash. The structural analysis of the residue was performed
by X-ray diffraction using a Cu-K a1 radiation (A=0.15405
nm). Microhardness testing was performed in the transver-
sal section of polished samples. The Vickers hardness num-
ber (VHN) was determined with a 300-g load. Texture mea-

Table 1. Chemical composition (wt%) of the MA 956 alloy
used in the present investigation,*

“Fe | Cr Al | Ti C S P Y

Bal. 194 38 039 | 0013 [ 00042 | 0.015 | 042

1
* Results obtained by X-ray fluorescence technique.

(a)

surements in the deformed samples were carried out by the
X-ray diffraction technique using a texture goniometer with
Mo Kal (1=0.07093 nm). The microstructure of as-re-
ceived and cold swaged samples was observed using light
optical microscopy (LOM), and orientation imaging mi-
croscopy (OIM). Transmission electron microscopy (TEM)
investigation in the as-received samples was performed in a
Philips CM 120 operating at 120kV. Thin foils for TEM
were electrolytically thinned using a 15% perchloric acid
(HCIO,)~ethanol solution at 30V and cooled to 5°C.
Orientation imaging microscopy (OIM) results and micro-
texture investigation were performed by means of automat-
ic indexing of Kikuchi patterns after suitable image pro-
cessing in a TSL 3.5 system interfaced to Philips XL-30
SEM operating at 30kV with a W-filament. EBSD sam-
pling points were acquired automatically at steps ranging
from 0.5 to 1 um (step size).

3. Results and Discussion

3.1. Starting Material

The microstructure of the as-received bar is shown 1n
Fig. 1. The mean grain size in the transverse section (Fig.
1(a)) determined by the linear intercept method was about
4 mm. Grain boundaries display a serrated morphology as a
result of particle-boundary interaction during the manufac-
turing process. Coarse columnar grains with GAR as high
as =30:1 can be observed in the longitudinal section of .
Fig. 1(b). It is noticeable the presence of a low fraction of
coarse pores (<2% in volume) mostly at grain boundaries.
This material is processed by a powder metallurgy route;
therefore, these pores likely result from the manufacturing
process of this alloy.

Figure 2 shows the (111) pole figure obtained from
EBSD mappings based on 70 grains. The alloy presents a
predominant {I 1 [} texture parallel to the longitudinal direc-
tion of the bar. This texture results from secondary recrys-
tallization promoted by zone annealing.

TEM investigation of as-received samples showed a
mean particle size of 21 nm. The typical particle interspac-
ing in a plane was found to be close to 53 nm. Figure 3(a)
shows a TEM micrograph depicting a large population of
particles. Two main size classes of particles were observed:
smaller particles with sizes ranging from 5 to 100 nm, and
coarser particles with sizes ranging up to 500 nm. The size
distribution of the smaller particles is shown in Fig. 3(b)..
The spherical morphology was predominant; however,
some cuboidal particles were also observed. The majority
of the coarser particles were identified as being AIYO,

1y mm
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Fig. 2. EBSD (111)-pole figure showing the texture of MA 956
alloy in the as-received condition,
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Fig. 3. Microstructure of MA 956 alloy in the as-received condi-
tion: a) TEM micrograph showing particle distribution
(transverse section, bright field); b) Size distribution of
smaller particles.

(YAP) by EDX analyses in TEM. The structural analysis of
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Fig. 4. Microhardness distribution after cold swaging for MA
956 alloy, high-purity tantalum,'” and high-purity
copper.?”

compounds are considered stable crystalline phases in the
Y,0,-Al,0, system.'? These evidences suggest that former
Y,0, particles react with aluminum in solid solution during
the manufacturing process of the alloy. Similar results were
reported in previous works.'>"'” Further details concerning
the microstructural characterization of the MA 956 alloy
are reported elsewhere.'®

3.2. Hardness Measurements and the Work Harden-
ing Behavior

Hardness varies from surface to center in many cold-
swaged materials. In earlier investigations'**" the hardness
of copper and tantalum bars deformed by cold swaging,
both of high-purity, showed profiles where the center was
found to be harder than the surface, as clearly deﬁiclcd in
Fig. 4. Figure 4 shows the hardness distributions for MA
956 alloy, high-purity tantalum, and high-purity copper. In
the present investigation, hardness measurements showed
that work hardening in MA 956 alloy was much more uni-
form. The hardness values do not change significantly
along the diameter of the swaged bars and the relative stan-
dard deviation (RSD) values were about 2%. This unifor-
mity is absent in tantalum and copper bars. These results
suggest that the stored energy of cold work in MA 956 ap-
pears to be homogeneously distributed in a coarser scale. In
a finer scale, the dislocation structures found in materials
containing a fine dispersion of particles tend to be more ho-
mogeneous than in materials without particles.’" Finer par-
ticles sizes and spacings may also retard cell development
during deformation.?'??

The work hardening behavior of MA 956 alloy during
cold swaging is shown in Fig. 5. For purposes of compari-
son, the work hardening curves of other two ferritic materi-
als, a AISI 430 stainless steel”” and high-purity iron,” are
shown. It is worthwhile mentioning that the two latter fer-
ritic materials were deformed by cold rolling; however, re-
markable differences in terms of hardening are not expect-
ed from one deformation mode to another. In a general
manner, the materials displayed similar work-hardening be-
haviors. With increasing strain, hardness increases, tending
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the hardness values and in the work hardening rate can be
attributed to both solid solution and second phase particie
strengthening effects. Solid solution strengthening is the
major responsible for the differences observed between the
high-purity iron and the AISI 430 steel. Since the chemical
compositions of MA 956 alloy and AISI 430 steel are
roughly comparable, the noticeable hardness differences be-
tween these two materials can be attributed to the presence
of incoherent second phase particles.?®
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Fig. 5. Work hardening curves for MA 956 alloy, AISI 430 stain-
less steel,?” and high-purity iron.?

3.3. Microstructure of Deformed Specimens

The microstructural evolution of MA 956 during cold
swaging can be seen in Fig. 6. These macrographs show the
extent of banding with increasing strains. The sample de-
formed to 72% is fully banded. A closer inspection of the
microstructure of the transverse sections of deformed speci-
mens is shown in Fig. 7. Banded structures are found in all
places in the deformed samples. Deformation bands were
observed in most of the grains. The occurrence of deforma-
tion banding can be related to grain size and orientation ef-
fects.?® One can see how individual grains behave quite dif-
ferently during deformation. In Fig. 7 it is possible recog-
nizing grains where banding varies in morphology and
spacing. As a rule, these bands lie parallel and are found
arranged in colonies. Figure 8 shows the curly grain struc-
ture found in the central regions of samples deformed with
reductions above 60%. The curly grain structure is com-
monly found in transverse sections of bcc metals heavily
deformed either by rotary swaging or by wire drawing
processes.*”

The microstructure of deformed specimens slightly
varies from the grain boundary into the interior of the
grains, especially in coarse-grained materials. This phe-
nomenon was observed to occur in many cases, as depicted
in Fig. 9. The band spacing of the upper grain (grain A) di-
minishes when grain boundary approaches (marked by a

10 mm
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(a)

(b)

Fig. 7. Transverse sections of deformed samples showing band-
ed regions: a) 47 % reduction; b) 72 % reduction (LOM).
Note the differences in terms of grain subdivision in adja-
cent grains.

dashed line). Grain boundary (GB) regions are harder
(higher stored energy) than grain interiors for two reasons,
as pointed out by Hirth.”® Firstly, the elastic stresses are
greater there making flow harder. Latter, the dislocation
structure evolved at GB regions tend to be more complex
increasing the stresses for further dislocation slip. The com-
patibility of deformation between adjacent grains leads to
the activation of at least five independent slip systems
(Taylor model), resulting in a more intensive dislocation in-
teraction at grain boundary regions. In addition to the high-
er stored energy found at GB regions, large curvatures are
also present making these regions as potential sites for re-
crystallization upon static annealing. Further EBSD studies
are in progress to explain this unusual structure at grain
boundaries.

3.4. Deformation Texture

The texture evolution during cold swaging of MA 956
alloy was studied by the X-ray diffraction technique (XRD).
The (110) and (200) pole figures were recorded in a texture
goniometer. Results show that the initial {111) texture
evolves towards a sharp {l110)-fiber texture during cold
swaging, i.e., the (110} directions tend to align in a direc-
tion parallel to the bar axis. Figure 10 clearly shows the

i e T~ M £y | - a2 AN 14

Fig. 8. Transverse section of sample deformed to 72 % reduction
showing the curly grain structure (LOM).

Fig. 9. Detail of grain boundary region in a sample deformed to
47 % reduction (LOM).

creases from TR=9.1 (sample deformed to 20 % reduction)
to TR=15.4 (sample deformed to 72% reduction). The
symmetry presented by (110) and (200) pole figures for the
sample deformed to 72 % reduction allowed the calculation
of the respective orientation distribution function (ODF),
showed in Fig 11. The (110)-fiber texture is evidenced in
the @, sections of 0° and 90°, for ¢=45°. The maximum
orientation density (TR) was 17.4. Curling of grains is nec-
essary to accommodate the flow of individual grains in bee
metals.”® This peculiar structure has to do with the devel-
opment of a pronounced (110) texture in bec metals de-
formed by wire drawing or cold swaging. There are only a
few works in the literature concerning texture evolution
during cold working in ODS materials. Réglé*” reported
similar results for MA 956 samples deformed by cold
swaging to reductions of 20 and 60 %.

3.5. EBSD Mappings

The characterization of deformed samples using EBSD
revealed many interesting aspects concerning the mi-
crostructural evolution of this alloy during deformation by
cold swaging. Orientation maps from EBSD data corre-
sponding to samples deformed to 20 and 47 % are present-
ed respectively in Figs. 12 and 13. The OIM maps of Figs.
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(a) (b)
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Fig. 10. Texture evolution during cold swaging of MA 956 alloy. (110) and (200) pole figures for samples deformed to:
a) 20% reduction; b) 47 % reduction; ¢) 61 % reduction; and d) 72 % reduction.
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Fig. 11. Orientation distribution function (ODF) calculated for the sample deformed to 72 %.

by deformation bands. Low-energy coherent X-3 bound-
aries, a characteristic feature of deformation twins, were
not found throughout the banded structure. The image qual-
ity (IQ) map of Fig. 12(b) shows that the majority of the
mapped points could be properly indexed. When disloca-
tion density increases, Kikuchi patterns become more dif-
fuse and cannot be properly indexed. In the 1Q map shown
in Fig. 13(b) (47 % reduction), it may be observed a signifi-
cant increase in the amount of crystalline defects (darker
regions),

The curvature associated to deformation bands (DBs)

tion banding varies from 10 1o 19°, approximately. The re-
gions between these bands display low curvatures, in aver-
age below 2°. A second mapping was performed in a more
deformed specimen (47 % reduction). The misorientation
profile shown in Fig. 13(c) (referring to the line test 2
shown in Fig. 13(a)) clearly indicates larger curvatures.
Misorientation across DBs rises to about 30°. This curva-
ture has a high-angle character. EBSD mapping could not
be performed in samples deformed to 61 and 72% reduc-

tions because of the poor quality of acquired Kikuchi pat-
terns.
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EBSD mapping of a sample deformed to 20% reduction: a) OIM showing details of its microstructure, b) 1Q

map; ¢) misorientation profile corresponding to line test 1 (transversal section).
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Fig. 13. EBSD mapping of a sample deformed to 47% reduction: a) OIM showing details of its microstructure; b) 1Q
map; ¢) misorientation profile corresponding to line test 2 (transversal section).

coarse-grained materials.*”’ At this point, it is opportune to
emphasize that the total area of boundaries provided by de-
formation bands is much larger than the whole grain
boundary area available in coarse-grained materials.*” This
aspect will be discussed in Part I

4. Conclusions

The following main conclusions can be drawn with re-
gard to the microstructural characterization of as-received
and cold swaged samples of MA 956 alloy:

(1) MA 956 superalloy in the as-received condition dis-

longitudinal direction of the bar.

(2) The former Y,O, particles react during the manu-
facturing process of the alloy, giving rise to a mixture of yt-
trium-aluminates. X-ray diffraction analysis of the extracted
particles showed the predominance of AIYO, (YAP) and
Y,;AL0;, (YAG) compounds.

(3) Cold swaging of oligocrystalline MA 956 alloy
leads to the development of an inhomogeneous microstruc-
ture. Deformation banding was observed to occur in all
grains. Band morphology and spacing varied from one
grain to another. Curvatures associated to DBs were deter-
mined by EBSD measurements reaching values of about
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sociated to these planar DB boundaries is much larger than
the one corresponding to grain boundaries.

(4) With increasing strain, grains tend to display the so-
called curly structure and develop a sharp (110)-fiber tex-
ture during cold swaging. This deformation texture was
strengthened with the increase of the applied strain.
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