Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 31(2021) 3012-3023

Transactions of
Nonferrous Metals
Society of China

" as. Science
ELSEVIER Press

www.tnmsc.cn

Microstructures and mechanical properties of Ti—Al-V—Nb alloys with
cluster formula manufactured by laser additive manufacturing

Tian-yu LIU'?, Xiao-hua MIN', Shuang ZHANG®, Cun-shan WANG?, Chuang DONG*?

1. School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China;
2. Key Laboratory for Materials Modification by Laser, lon, and Electron Beams (Dalian University of Technology),
Ministry of Education, Dalian 116024, China;
3. School of Materials Science and Engineering, Dalian Jiaotong University, Dalian 116028, China

Received 23 December 2020; accepted 28 June 2021

Abstract: Ti—Al-V—-Nb alloys with the cluster formula, 12[Al-Ti;;](AlTiy)+5[Al-Ti4](V,Nb),Ti, were designed by
replacing V with Nb based on the Ti—6A1—4V alloy. Single-track cladding layers and bulk samples of the alloys with Nb
contents ranging from 0 to 6.96 wt.% were prepared by laser additive manufacturing to examine their formability,
microstructure, and mechanical properties. For single-track cladding layers, the addition of Nb increased the surface
roughness slightly and decreased the molten pool height to improve its spreadability. The alloy, Ti—5.96A1-1.94V—
3.54Nb (wt.%), exhibited better geometrical accuracy than the other alloys because its molten pool height was
consistent with the spread layer thickness of the powder. The microstructures of the bulk samples contained similar
columnar S-phase grains, regardless of Nb content. These grains grew epitaxially from the Ti substrate along the
deposition direction, with basket-weave a-phase laths within the columnar grains. The a-phase size increased with
increasing Nb contents, but its uniformity decreased. Along the deposition direction, the Vickers hardness increased
from the substrate to the surface. The Ti—5.96A1-1.94V—3.54Nb alloy exhibited the highest Vickers hardness regardless
of deposition position because of the optimal matching relationship between the a-phase size and its content among the
designed alloys.
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process is time-consuming. Hence, the Ti—6Al— 4V

1 Introduction

Laser additive manufacturing (LAM) is a
near-net shape additive manufacturing method,
where a three-dimensional part with complex
geometric features can be fabricated layer-by-
layer [1,2]. Ti—6Al-4V alloy is used widely in
advanced aerospace applications owing to its high
specific strength, low density, and excellent
corrosion resistance [3]. On the other hand,
complex Ti—6Al-4V alloy parts fabricated via
traditional wrought processes are expensive, and the

components manufactured by LAM have attracted
increasing attention in recent years [4,5]. Many
studies [6,7] have found that the as-deposited
alloy contains columnar prior-f grains that grow
epitaxially from the substrate. Compared to
wrought components, the Ti—6Al-4V alloys
prepared via LAM have higher strength and lower
ductility. Rapid cooling of as-deposited samples of
Ti—6Al-4V alloys manufactured using LAM forms
an ultrafine a phase and o' martensite, resulting in
high strength and low ductility [8,9]. The study by
VILARO et al [10] and LI et al [11] suggested that
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the occurrence of pores could be the precursor of
adiabatic shear bands and micro-cracks, thus
reducing the ductility.

Heat treatment has been confirmed to be one
of the most effective ways to improve the ductility
of an alloy. VRANCKEN et al [12] reported a
7% to 13% improvement in ductility when the
Ti—6Al-4V alloys manufactured by LAM are
annealed at 850 °C for 2 h, followed by furnace
cooling. REN et al [13] suggested that Ti-6Al-4V
alloys prepared via LAM and then subjected to a
solution treatment at 920 °C for 2 h followed by
aging at 550 °C for 4 h showed a ductility of up to
18%. ZHAOQO et al [14] reported that the ductility
was significantly enhanced to 25% when Ti—6Al—
4V alloys manufactured via LAM were annealed
sub-critically at 980 °C for 1 h, solution-treated at
920°C for 1h, and aged at 550°C for 4h.
SABBAN et al [15] reported that after heating to
975 °C at 5 °C/min, followed by thermal cycling
between 975 °C and 875 °C, the ductility of the
Ti—6Al-4V alloys prepared via LAM was improved
to 18%, whereas post-heat treatments could lead to
a distortion of the sample and the sacrifice of
strength.

The microstructure and mechanical properties
of the Ti—6Al-4V alloys manufactured via LAM
can be optimized by alloying. SUI et al [16]
examined the effects of Nb addition on the
mechanical properties and corrosion behavior of a
mixture of Ti—6Al—4V and powder with 5 at.% Nb
by selective laser melting. The resulting alloy
exhibited a combination of superior plastic
deformation (e,=18.9) and high compressive
strength (6.=1593 MPa). Nb is used widely in Ti
alloys because of its low toxicity [17,18].

After a long effort, we have proposed the
cluster-plus-glue-atom model to describe short-
range-ordered structures [19—-21]. Generally, the
typical characteristic of solid solutions is
chemical short-range order (SRO) of the solute
distribution, which can be expressed by covering
only the nearest-neighbor cluster and a few glue
atoms located at the next outer shell, which are
written as a universal molecule-like cluster
formula: [cluster](glue atoms),, where x means the
number of glue atoms. The cluster formula
approach is effective and efficient in alloy
development [22-25].

A previous study revealed the chemical

structural origin of Ti—6Al—4V alloys. This alloy is
composed of two solid solution phases: an a phase
with hexagonal close-packed crystal structure and a
§ phase with body-centered cubic structure. Firstly,
the cluster formulas of the o and S phases were
established using measured chemical compositions,
such as a-[Al-Ti;](AlTi,) and p-[Al-Ti4](V,Ti).
Then, the relative proportions of o and f phases
were determined (i.e., approximately 2.4:1). Finally,
a hard-sphere cluster-resonance model was
developed, mimicking the atomic-level resonance
model of solid solution alloys, where the two
structural units were treated as hard spheres with
different radii. The calculation gave a unit of 17
hard spheres, which led to the cluster composition
formula, 12[Al-Ti;](AITiy)+5[Al-Ti;4](V,Ti) for
Ti—6.05A1-3.94V in wt.%. Therefore, Ti—6Al—4V
was chosen as the basic alloy to design the alloy by
replacing some of the V with Nb.

This study examined the effects of replacing V
with Nb on the microstructure, formability, and
mechanical properties based on the Ti—6Al-4V
cluster composition formula. The alloy series was
12[Al-Ti,](AlTiy)+5[Al-Ti;4](V,Nb),Ti according
to the aforementioned cluster composition formula.
The surface roughness and molten pool size of the
single-track laser cladding layer in Ti—Al-V—Nb
alloys were investigated to explore the formability.
The effects of replacing V with Nb on the
microstructure and Vickers hardness of these
designed alloys were also investigated.

2 Experimental

2.1 Composition design

Cluster formulism is a new approach to
describe short-range-ordered structures because
conventional crystallography cannot deal with local
disorders. In this study, five multicomponent
Ti—Al-V—Nb alloys were designed by replacing V
with Nb based on the cluster formula 12[Al-Tii,]
(AlITip)+5[Al-Ti4](V,Ti) of Ti—6Al—4V.

The first step was to determine the position of
Nb in the dual-cluster formula. Nb should exist in
the S phase cluster formula [Al-Ti;4](V,Ti) because
Nb and V are isomorphous S stable elements.
According to the positive mixing enthalpy between
Ti and Nb (AHti-ny=2 kJ/mol), Nb showed weak
interactions with Ti and was considered to occupy
the positions of glue atoms with Ti together. Thus,
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the cluster composition formula of the alloy was
defined as 12[Al-Ti;»](AlTiy)+5[Al-Ti;4](V,Nb),Ti.
The next step was to determine the Nb content. The
cluster-plus-glue-atom model provided chemical
composition information and the local atomic
configuration, similar to the molecular formulas in
chemical substances. Therefore, the number of
atoms in the cluster formula must be an integer.
Accordingly, the cluster formulas of the five alloys
were obtained by replacing V with Nb: 12[Al-Ti;]
(AITiy)+5[Al-Ti4](V,Ti), 12[Al-Ti,](AlTip)+
S[AI-Ti14](V14Nb6Ti), 12[ Al-Ti5](AlTiy)+5[Al-Tiy4]
(VNDBT), 12[Al-Tip](AlTip)+5[Al-Ti4] (VoeNb; 4Ti),
and 12[Al-Ti;;](AlTiy)+5[Al-Ti4] (Nb,Ti). Table 1
lists all compositions of this designed series, with
ONb and 7Nb corresponding to the industrial
Ti—6A1-4V and Ti—6Al-7Nb alloys, respectively.

2.2 Laser additive manufacturing

Ti powder particles with sizes of 50—150 pm,
Al powder particles with sizes of 50—75 um, and V
and Nb powder particles with sizes of 50—75 um
were used to prepare the Ti—6A1-4V alloy. Figure 1
presents the scanning electron microscopy (SEM)
image of those particles, where the larger and
spherical particles are Ti; the smaller and spherical
particles are Al; the irregularly shaped particles are
V. In the LAM experiments, we used a continuous-
wave CO, laser system with a power of 5 kW, a
building platform, and a computer system. The
LAM processing parameters of the single-track
cladding layer samples were set as follows: laser
power, 1800 W; beam diameter, 3 mm; scanning
speed, 9 mm/s; laser scan length of the single-trace
cladding layer, 10 mm. The bulk samples were
formed by spreading thin layers of powder and
fusing this powder pass-by-pass and layers-upon-
layer. The processing parameters were as follows:
laser power, 1800 W; beam diameter, 3 mm;
scanning speed, 9 mm/s; overlap, 30%; thickness of
the spread layer of powder, 0.5 mm. Five layers

of powder were spread. Figure 2(a) presents a
schematic diagram of the LAM processing method.
A zigzag scanning strategy for bulk samples was
used and rotated by 90° between each layer, as
shown in Fig. 2(b).

2.3 Measurement of formability of single-track

cladding layers

The formability was characterized by the
surface roughness and melt pool size of a
single-track cladding layer, whereas the surface
roughness was measured using an Olympus
confocal laser microscope. The surface roughness
was determined by mathematically averaging the
measurement results of three single-track cladding
layers in each composition. The melt pool size was
obtained using an Olympus optical microscope, and
three different cross-section positions of each
single-track cladding layer were then analyzed by
using Image-Pro software.

2.4 Measurement of microstructure and
mechanical properties of bulk samples

The deposited bulk samples were divided into
two batches. The first was a cross-section near the
surface, and the second was a longitudinal section
along the deposition direction from the bottom to
the top position in the following order: Layer 1
(near the substrate), Layer 2, Layer 3, Layer 4, and
Layer 5 (near the surface). The observation position
of the microstructure was the longitudinal section
along the deposition direction. An etchant
containing 90 mL distilled water, 7 mL HNOs, and
3 mL HF was used to reveal the microstructure.
The microstructures of the f grains from Layers 1
to 5 were examined using an Olympus optical
microscope. The a grains in Layers 1 and 5 were
observed using a Zeiss SupraS5 scanning electron
microscope. The phase identification was conducted
by X-ray diffraction (XRD) at 26 values of 20°—

Table 1 Designed compositions of Ti—Al-V—Nb alloys based on cluster formulas

Alloy

Cluster formula (at.%)

Composition (wt.%)

ONb (Ti—6A1-4V)
2Nb (Ti~6A1-3V-2Nb)
3.5Nb (Ti~6A1-2V-3.5Nb)
5Nb (Ti-6Al-1V—5Nb)
7Nb (Ti-6Al-7Nb)

12[Al=Ti;»](AlTiy)+S[Al-Ti ] (V5 Ti)
12[AL-Ti}»](AlTiy)+5[Al-Ti 4] (V1 4Nbo 6 Ti)
12[Al=Ti;»](AITiy)+5[Al-Ti 4] (VNbTi)
12[Al-Ti 2 ](AlTi2)+S[Al-Ti g](Vo.sNb, 4Ti)
12[Al-Ti 2 ](AlTiy)+S[Al-TisJ(Nb, Ti)

Ti—6.05A1-3.94V
Ti—5.99A1-2.73V-2.14Nb
Ti—5.96A1-1.94V—-3.54Nb
Ti—5.92A1-1.16V-4.92Nb

Ti—5.86A1-6.96Nb
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Fig. 1 SEM image of Ti, Al, and V powder mixture for
Ti—6Al-4V alloy, with
representing Ti, smaller spherical particles indicating Al,

larger spherical particles

and irregularly shaped particles being V

Argon atmosphere
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Fig. 2 Schematic diagram of LAM processing method (a)

and scanning strategy (b) for bulk samples

100°, with a scanning rate of 4 (°)/min. The X-ray
measurements were performed on the cross-section
near the surface. The Vickers hardness of the cross
and longitudinal sections was obtained using an
HVS-1000 apparatus with a load of 500 g for 15 s.
Samples of the cross-section near the surface were
tested at least 10 times. The Vickers hardness of the
longitudinal section along the deposition direction
was also measured at least three times at each
position.

3 Results and discussion

3.1 Formability of single-track cladding layers
Figure 3 shows the macromorphologies on
the surface of single-track cladding layers in
Ti—Al-V—Nb alloys. The lightness of the sample
surface darkened gradually with increasing Nb
content. This was attributed to the unmelted powder
on the sample surface. During a low heat input, the
delivered energy was insufficient to melt the
powder particles completely. The solid powder
particles stuck on the surfaces of the build [26—28].
The surface roughness could quantitatively
characterize the surface quality of the single-track

Fig. 3 Macromorphologies on surface of single-track
cladding layers in Ti—Al-V—Nb alloys: (a) 0 Nb; (b) 2Nb;
(c) 3.5Nb; (d) 5Nb; (e) 7Nb
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cladding layers. On the surface, the height of a peak
or the depth of a valley was measured on several
locations (denoted by ) along the profile length L.
Figure 4 presents the changes in the surface
roughness of single-track cladding layers in
Ti—Al-V—-Nb alloys. Some degree of fluctuation
appeared in the surface roughness distribution of
each sample, and the fluctuation increased slightly
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with increasing Nb concentration (Figs. 4(a—¢)). As
shown in Fig. 4(f), with the increase of Nb content,
the average surface roughness (R,) increased from
9.32 to 12.43 pm, suggesting that the addition of Nb
reduces the surface quality of the single-track
cladding layer slightly.

Figure 5 shows the molten pool morphologies
on the cross-section of single-track cladding layers
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Fig. 4 Height of peak or depth of valley of single-track cladding layers on surface in Ti—Al-V—Nb alloys: (a) ONb;
(b) 2Nb; (¢) 3.5Nb; (d) SNb; (e) 7Nb; (f) Changes in surface roughness as function of Nb content
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Fig. 5 Molten pool morphologies on cross-section of single-track cladding layers in Ti—Al-V—-Nb alloys: (a) ONb;
(b) 2Nb; (c) 3.5Nb; (d) 5Nb; (e) 7Nb; (f) Schematic diagram of molten pool

in the Ti—Al-V—Nb alloys. The deposition of a
single-track on the substrate results in the inevitable
remelting of a substrate portion. Hence, the molten
pool is composed of the deposition zone (DZ), the
remelting zone (RZ), and the heat-affected zone
(HAZ), as shown in Fig. 5(a). The depth of the
HAZ was relatively constant as the Nb content was
increased, i.e., ~800 pm, which was 1.6 times the
thickness of the deposited layer. Furthermore, for
the molten pool, its height was closely associated
with the actual layer thickness, and the width
and depth determined the metallurgical bonding
capacity directly [29]. Figure 6(a) shows the
measured depth (D, mm), width (/, mm), and
height (H, mm) of molten pools (Fig. 5(f)). A
decrease in height from 600 to 440 um was

observed as the Nb content was increased from 0 to
7 wt.%. The geometrical accuracy was higher when
the height of the molten pool was consistent with
the thickness of the spread layer of the powder
(500 um). Therefore, when the Nb content was
increased from 2 to 3.5 wt.%, the height of
the molten pool decreased from 513 to 488 pm,
which can improve the geometrical accuracy.
Moreover, the width of the molten pools remained
constant (2500 um) when the Nb content increased
from 0 to 5 wt.%. In particular, the width of the
7Nb alloy increased to 2600 um. However, the
depth of molten pools remained relatively constant
(200 um) with increasing Nb content, indicating
that the metallurgical bonding capacity is similar.
Figure 6(b) shows the depth-to-width ratio and
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height-to-width ratio of the molten pool. With
increasing Nb content from 0 to 7 wt.%, the
depth-to-width ratio slightly decreased from 0.9 to
0.8, suggesting that the morphology of the molten
pool was under conduction mode (U-shape). In
contrast, the height-to-width ratio decreased from
0.24 to 0.17, which is related to the increase in
spreadability caused by the addition of Nb.

3.2 Microstructure of bulk samples

Figure 7 shows optical microscopy images on
the longitudinal section of the bulk samples in
Ti—Al-V-Nb alloys. Columnar f grains were
observed regardless of the Nb content. They grew
epitaxially from the substrate with deposition. The
formation of columnar £ grains had two causes.
Heat loss initially resulted in more rapid cooling
through the substrate, leading to the directional
growth of the grains. On the other hand, the narrow
solidification range (71— Ts, where T is the liquidus
temperature, and Ts is the solidus temperature) is
conducive to the formation of columnar grains,
which was calculated using JMatPro software, as

2500t War o o ——o
% 2000 —0- Width
N —A— Depth
@ 1500 - —o— Height
]
€ 1000
5 e
% 500 C D © e a 1
* 2000 & L
100
0 L L L L 1 L L 1

-1 0 1 2 3 4 5 6 7 8
Nb content/wt.%

Fig. 6 Changes in molten pool size of single-track cladding layers with Nb content in Ti—Al-V—-Nb

Depth-to-width ratio
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shown in Fig. 8(a). The solidification range was
12—17 °C. Generally, the large range causes the
solute partition coefficient (k) to be further away
from the ideal value of 1, favoring the formation
of column grains [30]. Furthermore, the width of
the columnar S grains remained constant at
approximately 170 um (Fig. 8(b)), suggesting that
Nb had a minimal effect on columnar grains. Gas
atomization usually produces pores because the
gases trapped during rapid solidification process
are transferred to various parts, resulting in
powder-induced pores. These pores are spherical, as
shown in Figs. 7(a—e). Pores are also formed when
the applied energy is insufficient for complete
melting. These pores are typically non-spherical, as
shown Fig. 7(b). The basket-weave microstructure
in the f grains is composed of « laths, as shown in
Figs. 7(a—e). Some layer bands and grain boundary
a layer (GBa) can also be observed, as indicated by
the black arrows in Fig. 7(e). When the powder is
deposited on the pre-existing layer, the region that
remains solid at the top of the pre-existing layer
is reheated. Grain growth can occur in this region,
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<
0.12 + \D =
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(a) Measured depth, width, and height; (b) Depth-to-width ratio and height-to-width ratio

| Subsrate

o WS D E

Fig. 7 Optical morphologies on longitudinal section of bulk samples in Ti—Al-V—Nb alloys: ONb; (b) 2Nb; (c) 3.5Nb;
(d) 5Nb; (e) 7Nb (The red dashed upper and lower regions are the deposited layer and Ti substrate, respectively)
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where coarse o grains result in the formation of
these layer bands [31,32].

Figure 9 shows the microstructures near the
substrate and surface on the longitudinal section of
the bulk samples. The microstructure consisted of a
fine basket-weave structure owing to the high
cooling rate. During the deposition of Layer 1, its
temperature  decreased sharply from above
Ty to Ty (T is the f transition temperature) and
finally to a relatively low value. Then, a basket-
weave microstructure was formed. Similarly, when
Layers 2 and 3 were deposited, the whole region
of Layer 1 was reheated to above Tj, resulting
in a transformation from the basket-weave
microstructure to the single f phase. Upon the
subsequent rapid cooling process, a basket-weave
microstructure formed in Layers 1, 2, and 3. When
Layers 4 and 5 were deposited, a basket-weave
microstructure was formed again due to the rapid
cooling rate [33].

Layer 1
(Near substrate)

Layer 5
(Near surface)

Fig. 9 Microstructures in Layer 1 (near substrate) (a—¢)
and Layer 5 (near surface) (f—j) on longitudinal section
of bulk samples in Ti—Al-V—-Nb alloys: (a, f) ONb;
(b, g) 2Nb; (c, h) 3.5Nb; (d, i) 5Nb; (e, j) 7Nb

Figures 10(a—e) show the corresponding
distributions of the a phase lath width in Layers 1
and 5 on longitudinal section of bulk samples. The
distribution zone of the o phase size indicates
uniformity. With increasing Nb content, the
distribution zone of the o phase width became wider,
and its uniformity deteriorated. In Layer 5, the
distribution zones of the a phase width were narrow,
e.g., 0.1-1.0 pum for ONbD alloy and 0.1-1.5 um for
7Nb alloy. Compared to Layer 5, the distribution of
the o phase width was more diffused in Layer 1,
e.g., 0.1-1.0 pum for ONbD alloy and 0.1-3.5 pum for
7ND alloy. Figure 10(f) shows the average a phase
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width in Layers 1 and 5. The average width value of
Layer 1 increased from 0.42 to 1.48 um with
increasing Nb content from 0 to 7 wt.%, and that of
Layer 5 increased from 0.31 to 0.75 um. Thus, the o
phase formed near the Ti substrate was coarser than
that near the surface. This result was attributed to
different thermal histories. When Layers 2—5 of the
powder were deposited, Layer 1 was reheated,
forming a coarser a phase.

3.3 Mechanical properties of bulk samples

Figure 11(a) shows the XRD patterns of the
cross-section near the surface of the bulk samples in
Ti—Al-V-Nb alloys. The alloys showed similar
peaks in the 26 range of 30°-75°, which are
characteristic of the a phase, whereas no peaks for
the f phase were observed. The peak intensity of
the a phase increased with increasing Nb content,
suggesting that the volume fraction of the a phase
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increased. In addition, the corresponding lattice
parameters of the o phase (a and ¢) were calculated,
as shown in Fig. 11(b). When the Nb content
increased from 0 to 7 wt.%, a remained relatively
constant at approximately 0.2934 nm. In contrast, ¢
increased from 0.4673 to 0.4680 nm, and c/a ratio
increased from 1.593 to 1.595. The solid solubility
of Nb in the a phase was higher than that of V,
resulting in a larger ¢ and a larger c¢/a ratio, further
increasing the hardness of the a phase.
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Fig. 11 XRD patterns on cross-section near surface of
bulk samples in Ti—Al-V—Nb alloys (a) and changes in a
phase lattice parameters, including ¢, a, and c/a ratio,
with Nb content (b)
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Figure 12(a) shows average Vickers hardness
on the cross-section near the surface of the bulk
samples. The average hardness increased from
HV 430 to HV 466 with increasing Nb content from
0 to 3.5 wt.%, and then decreased from HV 466 to
HV 423 with increasing Nb content up to 7 wt.%.
The result has two explanations. Firstly, the volume
fraction of the a phase increased with increasing Nb
content, and the a phase becomes harder, thereby
increasing the overall hardness. Secondly, the a
phase width near the surface increased with
increasing Nb content (Fig. 10), i.e., a coarsening a
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Fig. 12 Changes in average Vickers hardness on cross-
section near surface (a) and on longitudinal section (b)

phase, which reduced the hardness. The 3.5Nb alloy
exhibited the highest hardness among the five
alloys when the matching relationship was
improved. The average hardness decreased with
increasing Nb content from 0 to 5 wt.%, suggesting
that the negative effect of the a phase size was great.
In contrast, it increased with increasing Nb content
from 5 to 7 wt.% because of the positive effects of
the o phase content. Figure 12(b) presents the
Vickers hardness on the longitudinal sections of the
bulk samples. The Vickers hardness increased
slightly along the deposition direction from the
substrate to the surface of all alloys. The changes in
hardness in different cladding layers were related
mainly to the o phase size. The a phase size near
the surface was finer than that near the bottom,
considering the effect of cycle heat treatment on the
microstructure, as shown in Fig. 10, leading to
higher hardness. Similarly, the 3.5Nb alloy
exhibited the highest hardness among the five
alloys regardless of the positions because of the
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concurrent effects of the a phase size and its
content.

4 Conclusions

(1) For the Ti—5.96A1-1.94V—-3.54Nb alloy,
the molten pool height was consistent with the
spread layer thickness of the powder, which led to
improved geometrical accuracy.

(2) The microstructure of the bulk samples
contained similar columnar f phase grains,
regardless of the Nb content. The basket-weave
microstructure in the grains
composed of a phase laths. The a phase size and its
uniformity increased with increasing Nb content.

(3) The 3.5Nb alloy exhibited the highest
Vickers hardness because of the optimal matching
relationship between the o phase size and its
content.

columnar was
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