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Abstract

A 760 mm diameter VAR ingot of Ti-10-2-3 was melted under a wide range of conditions for
validation of computer simulations predicting melt rate and melt pool shape, and to provide a
better understanding of p-fleck formation. To study these effects the melt conditions were varied. J
over large ranges. This report summarizes the metallurgical characterization of the ingot, and
concentrates primarily on Fe segregation that can lead to the formation of B-fleck. Segregation of
Fe could be associated with both low current magnetic stirring, and high current stirring used to
mark pool boundaries. Segregation of Fe in regions along the ingot center was also observed.

Mechanisms are proposed for the evolution of the Fe enrichment and its relationship to B-fleck
formation observed in billet

Introduction

Ti-10Al-2Fe-3Al is a near B titanium alloy commonly used in aircraft components which

is sometimes prone to the formation of B-fleck, single phase B regions in the heat treated micro- J ,

structure {1,2). It is known that B-fleck is a melt related macrosegregation defect resulting prima-
rily from an enrichment in Fe, although the mechanism by which the segregation occurs is not ‘I
clearly understood. It is recognized that the tendency for B-fleck increases in material melted at

high current and consequently with deep melt pools. A study had previously been conducted to
characterize B-fleck in 200 mm diameter billet (3). Compositional analysis was conducted with an
Omicron® X-ray fluorescence instrument using line traces across regions of the sample that exhib-

ited B-fleck. The p-fleck regions were found to be enriched in the p stabilizers, Fe and V by ~ 0.3-

0.4 and 0.6-0.8 wt% respectively, and depleted in Ti and Al by ~1.0 and 0.3 wt% respectively.
Although the nature of partitioning of the alloying elements was the same in all the B-fleck regions
analyzed, the actual measured compositions did vary.

This report summarizes the metallurgical analysis of a Specialty Metals Processing Con-
sortium (SMPC) industrial experiment conducted at RMI Titanium to study the formation of p-
fleck in alloy Ti-10-2-3. Several goals of the experiment were to better define the relationship
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berween melt current and the occurrence of B-fleck and to increase our understanding of the mecha-
nism by which the compositional variations occur which lead to B-fleck. An additional goal of the
experiment was 1o provide pool shape data for bench mar
However, the results of this simulation are not a part of this paper.

Experiment and Results

Melt conditions

A 760 mm (30 inch) diameter 2413 mm (95 inch) long ingot of Ti-10-2-3 was melted
under a variety of conditions. It was thought that some of the melting conditions would yield
billet material prone to B-fleck formation while other melting conditions would yield material that
would be free of this defect. Although the specific melt schedule used in the experiment is propri-
etary, the general nature of the melting conditions will be discussed. The initial melting current

‘was ramped 10 a mid-value where ~ 173 mm of ingot was melted (see Figure 2). The current was
then ramped down to an intermediate leve] where approximately 818 mm of ingot was melted. At
. theend of this melting period a stirring current of 25 amps was used for 5 minutes to mark the pool
" boundary. The current was then ramped to the highest current level where approximately 363 mm
":ufjngot was melted. Again high current stirring was used 1o mark the pool. The next section of

ice: Wwere again cut in half along their length. The half slices were then numbered with slice #1
bottom and slice #4 at the top, and represent the total ingot length. These slices were used

3 ingot metallurgical characterization. The other four full halves of ingot section were forged
0127 mm diameter billet, heat treated and characterized for B-fleck.

rization Techniques

* W0 x-ray fluorescence analyzers were used to map and quantify the macrosegregation.

S8S X-1ay fluorescence macroanalyzer (4) was used to generate overall elemental mappings

*H00s of the ingot. The analysis was made with an excitation voltage setting of 10 keV on

ing 1 cm and 3 mm diameter collimators, The ingot sections were further reduced in

Yzed using an Omicron x-ray fluorescence analyzer for both elemental mappings

S HRlVe linescans, The Omicron analysis was made with an excitation voltage setting of

o —otube with a 1 mm diameter collimator. Both machines were calibrated with Ti-10-

ey al a set distance from the detector. Due to the large size grains of the ingot,

 Were observed in the Omicron analysis resulting from diffraction effects related to
100 with respect to the x-ray tube and detector.

FOgitudina) ing oy gices were compositionally mapped using Sandia’s X-ray fluores-
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cence macroanalyzer to determine the nature of macrosegregaton and establish ‘—'Ol'l‘elano
tween macrosegregation and B-fleck formation. Compositional maps of Fe of two of the s
slices #2 and #3, are shown in Figures 1(a) and (b). These maps were obtained with
macroanalyzer using a 1 cm beamn and a 13x13 mm grid spacing. (The analysis for ingot sh
which was warped, is not included here.) A number of features are especially interesting j in in
slice #2. Bands both enriched and depleted in Fe which possibly outline the shape of the pooi
readily apparent. These are present both in the bottom half and the very upper center of the slic
Regions higher in Fe are also seen as blotches near the ingot center.

Slice #2

Outer—Edg " Center Outer-Edge Center

- [ oo
1.6 1.7 1.8 1.9 2.0 1.7 1.81.9202.1 2.2
Concentration, Fe wt% Concentration, Fe wt%
(a) (b)

Figure 1. Compositional maps of Fe obtained using a 1 cm beam size and 13 mm grid
spacing, (a) slice #2 and (b) slice #3.

The Fe lean band near the top center of slice #2, an apparent pool outline, can be seen (o
extend into slice #3, Figure 1 (b). A similar band, although in this case apparently high in Fe is
clearly visible extending from the center of the ingot slice to the upper outer edge. Again some
blotchy Fe rich regions are apparent near the center of the slice and possibly along the pool band.

The Fe compositional maps compiled together in Figure 2 represent the upper 75% of the

ingot. The nature of the melting conditions is also noted adjacent to the compositional map. Also = structur
shown on the map are two regions, outlined by boxes, that were analyzed in more detail. Regions i : system
of p— fleck analysis are included in this figure but are discussed in a later section of the paper. It ~ enriche
can be seen that many features of the compositional map can be correlated with changes in melt i on the ¢
conditions. : tional s
1 thesin

Higher resolution compositional maps were made of a 10 cm high x 15 cm. wide (4 in. x 6 for Ti,

in.) rectangular section cut from the bottom center region of ingot slice #2, as noted in Figure 2. 1 streak:
Figure 3(a) shows the macrostructure of the etched ingot section. The macrostructure is com- . tobeg
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-- Composite of 3 XRF-Fe compositional maps comprising the top 75% of the in-
k- f§9§emaﬁc of the melting conditions is shown to the right. Data was taken with a 1
: I 'Mld a 13x13 mm grid spacing. Note boxes outlined on slices #2 and 3 denote re-

oayzed at a higher spatial resolution. Also shown are regions of B-fleck analysis
L5 m corresponding billet samples.

* “IBE equiaxed grains typical of the total ingot except for a columnar structure that ex-
th}:'_al.ﬂgot bottom. Evidence of compositional “streaks” is apparent in the etched macro-
' comresponding Fe intensity map obtained using an Omicron X-ray fluorescence
: _5}_1 mm collimator is contained in Figure 3(b). It can be seen that the streaks are
. Although the spacing of the streaks is not uniform, the average vertical spacing is
or. . [0- 15 mm, It s also apparent that there is no correlation between the composi-
i © fithe ingot grain structure. A compositional analysis was conducted across one of
R 005 as indicated on both the X-ray map and etched macrostructure. The results
e are also shown in Figure 3(c). It can be seen that the scan actually covered two

: .. nore pronounced than the other. The region of the pronounced streak appears

8L Tj and o] by ~2 wt% and 0.2 wt% respectively, and enriched in V and Fe by ~1
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and 1.5 wt% respectively. The feature analyzed although rather narrow, ~6-7 mm, is stif] 4
the widest streaks observed in the sample. B

X-ray Microfluorescence 4
I mm collimator: 815 mjc
200 sec count time/step,

87.00

nalysis
ron step

2 _'_'I .h‘.-; _ -“1- . '1 y | -
Fe Xray Map (b) L. )
Figure 3. (a) Microstructure of bottom center region of ingot slice #2 in region noted in Figure

2. (b) Fe XRF intensity map obtained with the Omicron using a2 1mm collimator. (c) Results
from line scan (top to bottom) taken from regton shown in (a) and (b).

After compositional mapping the sample was given a B-fleck heat treatment (800°C for 1
hr and water quenched) and electro-discharged machined (EDM) to remove a vertical slice 5 mm
wide in the region where the line scan was taken in Figure 3. This and the adjacent section to the
left (Figure 3) were then ground and etched in a dilute solution of nitric and hydrofluoric acid to
reveal any B-fleck or Fe enriched features in the radial direction. Macrostructures of these samples
are shown in Figure 4. The streaks can again be seen in the longitudinal section in Figure 4(a) as
before although after heat treating and etching they are somewhat more pronounced. The strong
correlation between the etched macrostructure and Fe content can be made by comparison with
the X-ray map in Figure 3. The macrographs in Figure 4(b) show the nature of the streaks in the
radial direction taken from the adjacent 5 mm slice. It can be seen that in this orientation the
features appear as spots with the diameter similar to the width of the streaks in the longitudinal
section. Also they are often associated with regions of grain boundary triple points. Thus the
morphology of the Fe enriched regions appear to be pencil like in nature.

Higher resolution mapping was also conducted on ingot slice #3 in the region shown in
Figure 2. The region encompasses a section from the center of the ingot to the outer edge with a
height of ~96 mm. A composite map of Fe concentration comprised of 5 individual runs is shown
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» One can see large blotchy regions
o hed in Fe with measured values as high as 2.4%. A distinct compositional band runs at an

1gle ofiabout 45° to the sample. To the right of the band (center section of the ingot) the average
Mposition is higher than to the lef of the band. This band very likely corresponds to the melt
idus surface in a region where the melt current was changed and a high current stir was

to mark the pool (see Figure 2). Also near the mid-radius region of the sample are
compositional bands nearly parallel to the distinct band discussed above. The vertical

le clearly solidified in a region in which low current magnetic
ng, the region was EDM-ed from the ingot slice and sectioned into
graphing and further analysis. A montage of the three sections showing the
Iacrostructure is also contained in Figure 5.

& Center section (mid-radius) of the montage in Figure 5 was further mapped and ana-
S10e Omicron using a 1 mm collimator. The Fe intensity map of this section, shown in

ds along the line noted on the X-ray map is shown graphically to be ~0.5 wt%. No

0 alloying elements could be detected, After conducting the compositional analy-

I8 Was heat treated at 800°C for two hours, water quenched, and etched in an attempt

‘em.ch features, An image of the etched sample is shown to the left in Figure 6. The

" H‘ g is very apparent as well as smaller horizontally oriented regions ~5-10 mm

' in intensity of the Fe maps clearly corresponded to these regions but they
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Grid 3 x 3 mm
Beam 3 mm 1.9 2.0 2.1 2.2 2.3 24

Concentration, Fe wi%

Figure 5. Macroanalyzer results of Fe compositional maps taken from ingot slice #3 in the
region noted in Figure 2. Also shown above is the macrostructure in the corresponding region.

Contamination

Figure 6. Omicron analysis of mid radius region of ingot shown in the montage in Figure 5. Fe

intensity map to right obtained with a Imm collimator. Note, well defined blocky regions in the Figur
Fe intensity map are antifacts due to diffraction from individual grains. To left is corresponding in Fij
macrostructure and Fe analysis across stirring bands. along
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are lost in the transformation from color to gray scale for publication. However it is important 1o
note that the high intensity blocky regions in the map are not apparent in the etched structure. By
comparing the grain structure of the etched sample to the X-ray intensity maps, it was concluded
that the larger well-defined blocky regions of high Fe intensity correspond to the grain structure,
and are caused by a diffraction phenomenon. They are not due to any Fe enrichment. These
regions should disappear and others appear if the sample were rotated to change diffraction condi-
tions and then reanalyzed.

The adjacent section of sample at the ingot center, see Figure 5, was also analyzed with the
Omicron using a 1 mm collimator. The Fe intensity map shown in Figure 7 again is similar to that
~ pbtained with the macroanalyzer shown in Figure 5. In this map many of the Fe enriched regions
| exhibit a linear character which is more apparent than in the macroanalyzer data. This is primarily
- duoe to the finer collimator (1 mm vs 3 mm) at which the data was obtained. Other better-defined
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was conducted across several of the Fe enriched linear regions. These resuits are ajsg showr
Figure 7. The data was obtained with a 1 mm collimator and a spacing of 0.75 mm. It caq be <
that the Fe in the most intense regions has a measured concentration of ~1.5 wt% over the nop
measured concentration. In the region of highest Fe concentration it appears that there may <
corresponding enrichment of V and depletion of Al. There is a region near the center of the ges
with a measured increase in V with the only measured accompanied change being that of Ty, T
may correspond to a region in which some diffraction effects occurred, as discussed Previously,

The above sample was also given the B-fleck heat treatment and etched l0 reveal the B
rich features. A scanned image of this section is shown in Figure 8. The linear appearing Fa
enriched regions of the compositional map directly correspond to the macroetched structure,
6mm wide strip was further cut from this specimen and metallographically prepared as before tn
examine the radial direction normal to the longitudinal face of the sample. The orientatiop of this'
section is also shown schematically in Figure 8. It can be seen in the radial direction the Fe en.
riched regions again appear as round spots. The features thus appear to be of the same penci]
shape morphology as was observed in the sample from slice #2. It was also found that many of the.
Fe enriched regions in the radial direction were near grain boundaries.

Selected regions of the forged 127 mm billet were sectioned, heat-treated at 800°C, pol-
ished, etched and examined for B-fleck. At least 16 sections were evaluated. The degree of p-fleck
was characterized as: none, light, medium or heavy, and designated as 0, L, M, and H. Inall the
samples the regions of B-fleck correspond to the center portion of the ingot. The regions of the
ingot from which the billet slices were taken and the corresponding B-fleck rating are shown along
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Figure 8. Etched ingot structure near center of ingot slice #3. Sample corresponts to the

region where the line scan was taken in Figure 7. Macrostructures in (b) corresponds to the

. case,
radial direction of the slice cut as noted in (a). =
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1 with the compositional map and melt schematic in Figure 2. An analysis was conducted on one of
y the samples with the heaviest rating of B-fleck using the Omicron with a | mm collimator. The
| measured increase in Fe content in the B-fleck was ~0.4 wt%, similar to that found in our earlier
| swdies.

Discussion of Segregation Behavior

It can be seen from the X-ray fluorescence results that extensive macrosegregation exists
in many regions of the ingot. It can also be seen that the segregation occurs on a number of length
scales. However when viewing the data the beam size relative to the size of the features being

' ':J;ji;_;]yzed must be kept in mind. For example the apparent degree of segregation in the center
. section of ingot slice #3 is considerably higher when measured with the Omicron using 2 | mm
" collimator than when measured with the macroanalyzer using a 3 mm collimator.

~ The compositional map of ingot slice #2, Figure 1(a) exhibits a considerable degree of
" macrosegregation even though it was obtained using a beam size of 1 cm. The majority of this
: slice was melted at the highest current with no magnetic stirring. High Fe concentrations exist in
anumber of regions along the ingot center. The Fe concentrations in these regions (higher than
hat measured with the 1 cm beam size) and may correspond to regions of B-fleck as discussed
Several compositional bands are also apparent near the bottom of the slice. The position of
themelt pool can be estimated from these compositional profiles and melt conditions shown in
Figure 2. It can be seen that the most intense Fe depleted band corresponds to the position of the
‘melt pool surface at the time of the first high current stir just prior to transitioning to a higher melt

ment. This band is depleted in Fe to a measured value as low as 1.6 t0 1.7% Fe (using a 1 cm
beam size) which then transitions to an enrichment in Fe to a measured value of ~2.1%. As noted
ibove the compositional variation within the band may be higher than that measured with the
fther Jarge beam size. It is interesting to note that 2 Nb depleted band of similar appearance
geeumred during the high current stirring used for pool marking in Alloy 718 (5,6). The high
Tent stirring may have swept some of the solute enriched interdendritic liquid from the outer
ion of the mushy zone leaving the Fe depleted band. This mechanism can result in an Fe
ent of the pool in which subsequent solidification will occur at a higher Fe content similar
it Shown in Figures 1(a) and 2. There is also evidence of somewhat wider compositional
the first stirring band shown in Figure 1(a). Since these bands occur in a region of

cutrent melting, the mechanism by which they form is not obvious

i forther examining the Fe X-ray maps of the total ingot, Figure 2, at least four regions of
*7" are evident. These four regions correspond to the position of the pool boundary
Cst current stirring was employed and can be used to compare with code predictions of
sape. However, it is interesting to note that the compositional nature of the bands is not the
" the bottom two distinct bands are first depleted in Fe, while the upper two bands
3 beFB enriched. For the top two bands a termination of magnetic stirring directly fol-
current stir. In addition to sweeping of interdendritic liquid resulting from high
'f-' changes in thermal gradients resulting from perturbations in melt or solidification
& canalso result in solute lean or enriched bands as modeled by Flemings and Mehrabian
S 8May have reduced the thermal gradients ahead of the solidification front. Likewise
N of stirring may have increased the thermal gradients. In the first case one would
Mehrabian-Flemings type analysis, a solute depleted band while in the second
o thermal gradient in the liquid, one may expect the formation of a solute dump
Sand. Jt jg interesting to note that this is consistent with the solute content of the three
139
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pool marking bands in the upper region of the ingot. However, it has been suggested thaphie:
of segregation behavior exists in columnar dendritic solidification structures but notin
equiaxed grains as observed here (9). It can be seen that other changes were being made g
melting conditions at the middle two bands which also affect the solidification conditiogs .
interactions of sweeping of interdendritic liquid during high current stirring and changes in the
mal gradients and growth rates are very complex and can best be studied using ingot solidificae
codes which mode! mushy zone behavior. The point to be made here is that abrupt _\
melting conditions and magnetic stirring can result in significant compositional differences' !
some cases may lead to the formation of B-fleck in billet product. N

.
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There are also other regions of large scale macrosegregation in the ingot, Figure 2. Th
outer radius of the ingot slice #3 is enriched in Fe, especially the top region. It can also ba seen iy
the upper region of the composite compositional maps in Figure 2 that the pool depth becama
considerably shallower when the melt current was reduced over a 50 minute interval from the
highest to the lowest values used in the experiment. During this time the center region of the:
solidifying ingot also became depleted in Fe and the outer region of the ingot enriched in Fe
These regions correspond to the top center section of ingot slice #3 and the outer lower region of
slice #4. During melting at the lowest current with magnetic stirring, the center region of the ingog
appears to have become enriched in Fe. This large-scale macrosegregation behavior results from
changes in the complex fluid flows as melt conditions vary.
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Beta Fleck

As noted above, one of the primary goals of this experiment was to determine the mecha-
nism of p-fleck formation. It is known that p-fleck is associated with the enrichment of Fe and vV
p-stabilizers and that these elements segregate to the liquid during solidification (k<1). The sever-
ity of B-fleck in the regions of billet analyzed is shown with the compositional map and melt 3
schematic in Figure 2. It can be seen that data on B-fleck analysis of the billet is available in only,
very select regions.

It must be emphasized that the melt conditions for this ingot are far from those commonly
used in production since the goal of the experiment was to validate the VAR melting code as well
as to study the formation of B~fleck. Thus the large compositional changes due to high current
stirring and the large changes in melt current are not common, although the occurrence of p-fleck
is not unusual. Therefore only the features that may be more representative of production ingots
will be discussed with respect to B-fleck.

There are several regions of special interest that were studied in detail and will be dis-
cussed further. Variations in composition resulted from low current magnetic stirring as indicated
by the banding to the outside of the large stirring band shown in Figures 5 and 6. This section of
ingot exhibiting the fine scale banding was melted at the highest current and with the use of low
current magnetic stirring. The average spacing of the bands, ~7 mm, corresponds to the amount of
melting that occurs in one complete current cycle (2 minutes). This is strong evidence that the 1 4
segregation effect is a direct result of the low current stirring and that the stirring current affects .

the solidification conditions and concentrations of solute at the solidification front. The variation rich lic

in Fe in the bands was ~ 0.5 wt%, on the order of that observed in p-fleck in billet. liquidy

flow b

The effect of homogenization on compositional variations can be estimated knowing the Such a

morphology of the macrosegregation region and the diffusion coefficients as shown by Shamblen extenc
140 '




e e——

in Ti-17 (10). The expression shown in Figure 9 (11) is appropriate for determining the homog-
enization behavior of the low current stirring bands shown in Figures 5 and 6. It can be seen that
the degree of homogenization is dependent upon both the diffusivity and the band spacing. To
reduce the variation in Fe by 50%, from 0.5 wt% to 0.25 wt%, a homogenization time of ~ 3 hrs
would be required at a homogenization temperature of 1400°C, ~200°C below the solidus tem-
perature (This is assuming the diffusivity of Fe as Dy = 0.6 cm*/sec and Q=45kcal/mole (12)). The
same degree of homogenization with 2 6 to 1 reduction of the 760 mm ingot to 127 mm billet,
(band spacing reduced form 7 mm to 1.2 mm) and a solution treatment of 1200°C would take only
~1/2 hrs. However, if one uses a diffusivity obtained by Shamblin (10) for Crin Ti-17, (Dy =.07
cm’fsec and Q=46.5 kcal/mole) which may be similar to that of Fe in Ti-10-2-3, the times calcu-
lated for the same degree of homogenization increase to ~40 and 8 hrs respectively. Although this
demonstrates the importance of knowing diffusivities, it is likely that during ingot homogeniza-
tion and breakdown the segregation due to low current stirring may decrease significantly. It is
ot likely a source of B-fleck in forged billet since Fe composition in the stirring bands without
homogenization is similar to that of B-fleck in processed material,

—A— 5s_ Ca®-C,
A A C.) ¢ .c,
C
v Co (= -Ams
4n’D
X

’gf“'e 9. Analysis used to predict homogenization of low current induced banding such as
that shown in Figures 5 and 6, ref. 8.

. However, there are several other regions of the ingot in which larger compositional varia-
ionsin Fe were observed. These are near the bottom center of ingot slice #2, Figure 3, and at the
Bhlleine region of ingot slice #3, Figures 5 and 7. In both of these regions the Fe enrichment was
fthe form of channels which appeared to be fairly closely aligned with the liquidus interface.
e d Fe concentrations in these regions was as high as ~1.5wt% above nominal, similar
vy Teported by other investigators (13). There was also an accompanied measured enrich-
'°1ff'th% V with only a slight depletion of Al in the same regions. It was further found that
3 °Pﬁ0hed regions were generally confined to grain boundary regions and triple points. With
%1 Concentration of B stabilizers, Fe, and the rather large diffusion distances, homogeniza-
Wi be more difficult than that of the stirring bands. Thus it appears that these are regions of

8t can result in B—fleck in billet. During ingot homogenization and breakdown the concen-
e ﬁl_?_e and V will be reduced but maybe only to values commonly observed in -fleck. That
S concentrations of ~ 3.2 10 3.5 wt% Fe being reduced to values of ~2.4 wi%.

: __been Suggested that B-fleck formation in Ti 10-2-3 occurs by the filtering of solute
S through the rather open dendritic network in a direction approximately parallel to the

" ._(.’.14)- The higher density of the interdendritic liquid is responsible for the downward

i lution oceurs, However it is not clear why such long channels would form by

LS - Itis clear from this study that channels only a few millimeters in diameter can

f?’ﬂy linear manner jn some cases over distances of many grain diameters.
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It is proposed here that the macrosegregation of Fe and V in the long pencil like 1r -
ogy may form by a similar mechanism as channel defects or freckles proposed for a N .
superalloy (15,16). This mechanism is shown schematically in Figure 10 for a columnar dend
solidifying structure, These defects can appear fairly linear in nature in a longituding] er
tion with an orientation close to that of the pool liquidus interface. A requirement for this tyn
channel to form is that the density of the interdendritic liquid increases during the solidifieas

process. This criteria is clearly met in Ti-10-2-3 with the interdendritic segregation of Fe ands
(k, the partitioning coefficients <1). The other requirement is that the freckle grows int(;
creasing temperature field for a dissolution mechanism to occur and the channel to Propagate
was apparent in a heat of Alloy 718 that the freckies propagated by this dissolution mechaniem
a downward direction yet into an increasing temperature field. Extensive evidence of dissolytia
and dendrite fragmentation was also observed in the freckie channel. R
This schematic should be somewhat modified for an equiaxed grain structure, In this case
as the grains start to impinge, higher density interdendritic liquid can flow in a downward dlrec
tion. The channels that can most easily propagate will be those in regions of the grain boundaries
of several intersecting grains. However, to form a channel like freckle, by this dissolution
nism flow must continue into an increasing temperature field. With an equiaxed structure the "
potential paths are more limited than in a columnar dendritic structure. If the propagating channe|
intersects the central region of a grain, flow will have a tendency to change to either a more
upward or downward direction. A more upward direction would reduce the gravitational drivip
force and a more downward direction would reduce the temperature field. Either of these changes
could result in termination of channel formation. This could explain the rather short channe]
length observed compared to that common in other alloys. Most of the channel type freckle

defects appeared to be only a few grain diameters in length although some extended 8-10 grain
diameters in the plane of sectioning.

% Nb

When liquid of C, , is increased from liquid results in downward flow

~
Increased density of interdendritic

T,00T.Cg, - Cg and C.-C,

¢ Channel b @ Frechle 1 F_lgm
Al T tion (
Channel defects forms Channel consists of a high solute from

by a dissolution mechanism dendritic fragmented region.

Figure 10. Schematic of formation mechanism of channel type freckle forming in a colum-
nar dendritic solidifying structure.
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For a channel type defect to form, as suggested here, the channel must propagate in an
increasing temperature field. For this to occur the slope of the channel will be less than that of the
isotherms at its front. The band in the bottom left corner of the Figure 7 corresponds to the
position of the solidifying interface at the time of stirring. It appears that the slope of the high Fe
rich channels is less than that of the interface. If the pool interface maintains the same orientation
as solidification progresses, then it appears that these Fe rich regions could be channels that are
growing into a higher temperature region. However, no change in structure was associated with
the channe! appearing regions. This may be a result of homogenization occurring on the
| microsegregation scale during solidification and cooling making detection of the dendrite struc-
| wre difficult. It also should be noted that the filtering of high solute content liquid along an
isotherm of the mushy zone could have a tendency to have a similar orientation with respect to the
pool isotherms, that is laying at a lesser slope.

_ There are also smaller regions of higher Fe concentration visible in the etched heat treated
] | ingot (dark etching features apparent near the center of the sample) and the Fe intensity map
[ | shown in Figures 3,6, and 8. These are smaller regions than the long channel type features and are
s | similar in size to that of the grains. These may have occurred from the segregation of intergranu-
3 ‘%m iquid, or small segregate pools, similar to freckle formation in Alloy 625 ESR material (17).
s * Insome cases shorter channels with some dissolution may also occur.
g

'S5

An analysis can also be conducted to estimate the degree of homogenization that may
occur as a result of ingot homogenization and breakdown of the Fe enriched channels. In this case
 the appropriate analytical solution would be that of an infinitely long rod of one composition in a
: matrix of another composition. The solution in graphical form is shown in Figure 11 for a rod of
adius a and different values of Dt/a>. Using a radius of a channel of 3mm and the Fe diffusivities

Bsedabove, a reduction of Fe from 3.5% to 2.6% in the 2% Fe alloy (DV/a” =.5) would require a
16hrs homogenization at 1400°C. However, if the lower diffusivity is used, that of Fe in Ti-17 as

cusses above, the diffusion time increases to ~212 hrs. This is degree of homogenization that
¥Ollid result in Fe concentrations commonly observed in B-fleck of forged billet.
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__ 11, Concentrations resulting from an infinite long region of radius a of concentra-

dded in matrix of another concentration, Cy , for different values of the Dtlaz,

Summary

P¥BS-found in this experimentally melted ingot of Ti-10-2-3 that changes in melt param-
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eters resulted in large compositional variations occurring on several different length Scales: ¢
use of the X-ray fluorescence techniques was very useful in determining the nature of the
segregation patterns. Large changes in melt conditions resulted in significant macrosegreg
of alloying elements. It was found in etched billet that B-fleck was confined Pl'ilnarily"- .
center of the billet as is commonly observed, and was associated with an enrichment of ~() 4gn
Fe and 1 w1% V. Fe segregation was associated with low cycle magnetic stirring, but it wa
concluded that the concentrations and spacing were such they would likely be homogenized g
ing ingot breakdown. Regions with high measured concentrations of Fe exhibiting a someypy

linear morphology were observed in regions along the ingot center. It is proposed
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