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Abstract: Near-a Ti alloys find themselves in advanced aeroengines for applications of up to 600 °C,
mainly as compressor components owing to their superior combination of ambient- and elevated-
temperature mechanical properties and oxidation resistance. We evaluated, ranked, and selected
near-a Ti alloys in the current literature for high-temperature applications in aeroengines driven by
decision science by integrating multiple attribute decision making (MADM) and principal component
analysis (PCA). A combination of 12 MADM methods ranked a list of 105 alloy variants based on
the thermomechanical processing (TMP) conditions of 19 distinct near-a Ti alloys. PCA consolidated
the ranks from various MADM s and identified top-ranked alloys for the intended applications as:
Ti-6.7Al-1.95n-3.9Zr-4.6Mo-0.96W-0.23Si, Ti-4.8Al-2.25n-4.1Zr-2Mo-1.1Ge, Ti-6.6Al-1.755n-4.12Zr-
1.91Mo-0.32W-0.1Si, Ti-4.9Al-2.35n-4.1Zr-2Mo-0.15i-0.8Ge, Ti-4.8Al-2.35n-4.2Zr-2Mo, Ti-6.5A1-35n-
4Hf-0.2Nb-0.4Mo-0.45i-0.1B, Ti-5.8 Al-45n-3.5Zr-0.7Mo-0.355i-0.7Nb-0.06C, and Ti-6Al-3.55n-4.5Zr-
2.0Ta-0.7Nb-0.5Mo-0.45i. The alloys have the following metallurgical characteristics: bimodal matrix,
aluminum equivalent preferably ~8, and nanocrystalline precipitates of TizAl, germanides, or silicides.
The analyses, driven by decision science, make metallurgical sense and provide guidelines for
developing next-generation commercial near-« Ti alloys. The investigation not only suggests potential
replacement or substitute for existing alloys but also provides directions for improvement and
development of titanium alloys over the current ones to push out some of the heavier alloys and thus
help reduce the engine’s weight to gain advantage.

Keywords: near-a Ti alloys; aeroengine applications; multiple attribute decision making

1. Introduction and Background

The selection of materials for aeroengine applications to meet the stringent require-
ments of high specific strength, good creep and fatigue resistance, high fracture toughness,
oxidation and corrosion resistance, and so forth, is a challenge. To explore suitable ma-
terials for applications, including compressor blades, at temperatures of up to ~500 °C,
an effort to select materials using Cambridge Engineering Selector (CES) software was
attempted by maximizing several material performance indices, such as resistance to bend-
ing, fatigue, specific stiffness, and so on [1]. The analysis revealed titanium (Ti) alloys
provide the best performance in temperatures of up to ~500 °C considering the cost and
other trade-offs among the other competing alloy systems, viz., low alloy steels, stainless
steels, nickel-based superalloys, etc. However, once the selection is zoomed down to Ti
alloys, as per the analyses in [1], it is imperative to focus on the choice of apt Ti alloys for
applications where strength-efficient structures and corrosion resistance are immanent,
including aeroengines [2].

Since the beginning of the historical evolution in 1954, the high-temperature con-
ventional Ti alloys, also known as near-a Ti alloys [3-8], are the choice class among the
five different categories of Ti alloys for applications in compressor components in tempera-
tures of up to ~600 °C in aeroengines [9,10]. The most advanced current commercial near-«
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Ti alloys are IMI834 and Ti-1100, with the capability for applications up to ~600 °C [11,12].
However, several investigations have shown that low tensile ductility at room temperature
is a concern, which is attributed to various reasons, such as the precipitation of silicides,
silicides aided by TizAl, Ti3Al aided by silicides, TizAl, etc. [3]. Therefore, alternative ther-
momechanical processing (TMP) and stability of the microstructures in service conditions
are currently being investigated to mitigate the low tensile ductility at room temperature
(that is designer specific) in near-a Ti alloys, which is critical for compressor components in
aeroengines. The standard processing condition for the most current commercial alloy (IMI
834), suitable for up to ~600 °C, is typically considered the benchmark. However, generat-
ing creep, fatigue, fracture toughness, etc., obtaining data for the intended application/s
on every one of those alternatives and variations become time-consuming, tedious, and
expensive. Thus, to advance research and perform testing in a limited, faster, less expensive,
and more sensible way, it is necessary to sort and select a few alloys, among the several
alternative alloys available in the current literature, based on the important and easy to
obtain room temperature tensile properties, by adopting decision science driven methods.

Material selection, a holistic approach of selecting an optimal material from a list of
materials that is best suited for a given design and application, typically involves com-
promises between various material properties (mechanical, physical, chemical, etc.), cost,
availability, environmental effects, to name a few [13]. The most common approach to
material selection is Ashby’s material-selection approach—popularly referred to as the
materials property chart approach [13-15]. The less common techniques include multiple
attribute decision making (MADM) [16-23], cost per unit property method [15,24], Pareto-
optimal solutions [15], and artificial intelligence methods (e.g., neural networks) [15,25,26].
MADM refers to making preference decisions over the available alternatives (list of ma-
terials) characterized by multiple, usually conflicting attributes (i.e., properties) [22,23].
MADM techniques find applications widely in various industries, including but not lim-
ited to logistics, management, manufacturing, and so on [27]. In this paper, we compile,
evaluate, sort, and select near-a Ti alloys in the current literature for high-temperature
applications in aeroengines, driven by decision science integrating MADM and principal
component analysis (PCA). A combination of 12 MADM methods ranks a list of 105 alloy
variants based on the TMP conditions of 19 different near-a Ti alloys (the majority are
‘research’ alloys). PCA, a powerful tool that transforms a multi-dimensional dataset into
two dimensions [28-30], consolidates the ranks from various MADMSs and identifies the
ten top-ranking alloy variants for the intended applications.

2. Methods

Figure 1 presents a flowchart of the decision science driven selection of near-a Ti
alloys from the literature for applications in compressor parts in aeroengines. The literature
data comprises 105 variants (based on the TMP routes) of 19 distinct near-a Ti alloys. The
method consists of three key routines: (i) Literature data (compilation of the near-« Ti
alloys), (ii) Ranking (ranking by MADM methods), and (iii) Analyses (rank consolidation
by PCA and interpretation).
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Figure 1. The flowchart of decision science driven analyses of the near-a Ti alloys. It comprises three
routines: literature data, ranking, and analyses.

2.1. Literature Data

We compiled a list of near-« Ti alloys (alternatives) and their room-temperature me-
chanical properties (attributes) from the literature. Table Al (in Appendix A) presents
the alternatives, the near-« Ti alloys, screened for the current study primarily from peer-
reviewed journals and conference proceedings [31-52]. The table presents the nominal
chemistry, processing conditions, and imminent microstructure. Eleven of the above
19 alloys are ‘research” alloys (viz., WJZ-Ti, KIMS, JZ1, JZ2, JL, LD-Ti423, TMC-Ti213,
TKT-1, TKT-2, TKT-3, and PC), implying they were fabricated and processed on a labo-
ratory scale (under development) followed by characterization and testing. Eight of the
19 are current commercial alloys (IMI1685, IMI829, IMI834, Ti-1100, Ti6242S, TA19, TA29,
and Ti60). We identified room temperature % elongation (%EL), yield strength (YS), and
ultimate tensile strength (UTS) as the properties (attributes) for the current investigation.
For a targeted application, such as the compressor blade, the material needs to satisfy the
desired room-temperature attributes (i.e., %EL, YS, and UTS) before examining the other
important attributes, namely, the high-temperature properties, including creep resistance,
oxidation resistance, and corrosion resistance to optimize the alloy. In the parlance of
MADM, all of the identified attributes (%EL, YS, and UTS) are maximizing (or beneficial)
attributes, suggesting, for most applications, that the alloys ought to have the following
combination: high %EL, high YS, and high UTS. Table A2 (in Appendix A) is the decision
matrix comprising the alternatives (near-« Ti alloys) and attributes (properties %EL, Y,
and UTS) in the literature [31-52].

2.2. Ranking

We evaluated the decision matrix (Table A2) by several multiple MADM methods.
MADM refers to making preference decisions by evaluating and prioritizing alternatives
on multiple attributes [22,23]. Distinct components of the MADM are (i) the decision
matrix, which comprises the alternatives and the attributes, and (ii) attribute weights: the
priorities of attributes are expressed quantitatively according to the MADM theory—they
quantify the relative importance of each of the attributes [22,23,53]. The attribute weights



Aerospace 2023, 10, 211

4 0f22

are typical of three types [53]: (a) objective weights—based on the decision matrix utilizing
mathematical models without considering the decision maker’s preferences (e.g., mean
weighing, standard deviation method, entropy, etc.), (b) subjective weights, based on the
preference derived from the evaluations of the experts (from their previous experience)
or designers (constraints of design), or both, and (c) integrated weights, as the name
suggests, both objective and subjective weighting are combined to determine the weights.
We adopted objective and subjective attribute weights in this investigation.

We evaluated the weights by assigning equal weights (1/3) for each of the attributes
based on the understanding of these materials and their intended application. We identified
twelve MADM methods to evaluate the data matrix and rank the alloys, including the simple
additive weighting (SAW) [22,23,53-55], range of value method (ROVM) [56,57], additive
ratio assessment method (ARAS) [58-60], combined compromise solution (CoCoSo) [61-63],
operational competitiveness ratio (OCRA) [64-66], simple multi-attribute rating technique
(SMART) [22,53,67,68], weighted Euclidean distance-based approach (WEDBA) [23,69,70],
multi-attributive border approximation area comparison (MABAC) [71,72], multi-objective
optimization on the basis of ratio analysis (MOORA) [73,74], technique of order pref-
erence by similarity to ideal solution (TOPSIS) [22,53,75,76], multi-criteria optimization
and compromise solution (VIKOR)—the Serbian name is VIse Kriterijumska Optimizacija
Kompromisno Resenje—method [77-79], and measurement of alternatives and ranking
according to compromise solution (MARCOS) [80,81]. Each MADM approach comprises a
unique mathematical aggregation procedure to rank the alternatives. The MADM s iden-
tified were diverse. Applying such distinct aggregation procedures is likely to generate
a robust set of ranks of the alternatives. The ranks produced by each method, as would
be expected, are likely to deviate from one another; nevertheless, the correlation among
the various techniques is expected to strengthen the reliability of the results. The modus
operandi was soft coded in Microsoft Excel, as formulated in the respective references
of MADMs.

2.3. Analyses

The ranks obtained by various MADMs were correlated. We evaluated Spearman’s
correlation coefficients [82,83] among the ranks obtained from the 12 MADMSs. We con-
solidated the ranks from various MADMs by estimating their mean and by principal
component analysis (PCA). PCA, a multivariate technique, reduces the dimensionality of a
dataset consisting of several interrelated variables by transforming to a new set of variables
termed the principal components (PCs), which are uncorrelated and are ordered so that
the first few PCs (typically one or two) retain most of the variation present in the original
data [28,29]. The score plot presents a visual representation of the rank evaluation. The
analyses were carried out using the commercial software Minitab® 20.

3. Results and Discussions

Figure 2 presents the ranks of the near-a Ti alloys from the literature evaluated by
the 12 MADMs. The ranks of the alloys represented as points in the figure by nature are
discrete; thin dotted lines for a better visual effect connect the ranks assessed by each
of the MADMSs. Despite the unique mathematical aggregation procedures in various
MADMs, the peaks and troughs of several MADMs somewhat coincide. For example,
several MADMs assign similar ranks to WJZ-Ti-2, TKT-2, W]JZ-Ti-1, PC-IMDF4, and KIMS-2
(green-shaded). Moreover, the rank assigned by various MADMs to most alloys differs
significantly, for instance, as in the alloys designated as Ti-1100-5, IMI834-5 and JZ2-3 (pink
shaded). Table 1 presents the Spearman rank (S,) that correlates ranks evaluated by the
12 MADMs. For example, the S, between CoCoSo and ROVM, MABAC and WEDBA, or
MARCOS and TOPSIS is >0.95, which indicates strong correlations. On the contrary, S,
between ARAS and SMART or TOPSIS and SMART is less than <0.3, which is expected
owing to the distinct mathematical aggregation formulation in various MADMs. Out of
the 66 combinations of MADM pairs, ~72% have rank correlations equal to or above 0.70,
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which elicits the robustness and validity of the ranking of the near-a Ti alloys. Therefore, it
is imperative to consolidate the ranks obtained from various MADMs. Based on S, among
all various combinations of MADM:s, it is practical to consolidate the rankings evaluated
by the 12 different MADM evaluations. Accordingly, the mean-based (arithmetic mean)
rank consolidation of Figure 2 is shown in Figure 3. The ranks of the top ten data points
are WJZ-Ti-2, WJZ-Ti-1, TKT-2, TA19-2, TKT-6, TKT-1, TA19-1, KIMS-2, IMI834-2, and
PC-IMDF4 in that order.

110

OCRA
100 : $ » WEDBA
MOORA
b \ VIKOR
90 : 1 re I 16 o 2 4 MARCOS

80

Figure 2. The ranks of the near-« Ti alloys from the literature evaluated by the 12 multiple attribute
decision making (MADM) methods. Several MADMs assign relatively similar ranks (green shaded)
to WJZ-Ti-2, TKT-2, WJZ-Ti-1, PC-IMDF4, and KIMS-2, while Ti-1100-5, IMI834-5, and JZ2-3 are
assigned diverse set of ranks (pink shaded).

Table 1. The Spearman rank (S,) correlation of the near-« Ti alloys ranks from the literature evaluated
by the 12 multiple attribute decision-making (MADM) methods.

SAW ROVM  CoCoSo OCRA SMART WEDBA MABAC MOORA TOPSIS VIKOR ARAS

ROVM  0.902

CoCoSo  0.903 0.999

OCRA 0.906 0.661 0.660

SMART  0.530 0.799 0.800 0.172

WEDBA  0.826 0.983 0.981 0.544 0.884

MABAC  0.902 1.000 0.999 0.661 0.799 0.983

MOORA 0.973 0.794 0.794 0.975 0.357 0.694 0.794

TOPSIS  0.925 0.698 0.696 0.998 0.216 0.584 0.698 0.984

VIKOR  0.902 1.000 0.999 0.661 0.799 0.983 1.000 0.794 0.698

ARAS 0.980 0.813 0.812 0.967 0.383 0.716 0.813 0.999 0.978 0.813
MARCOS 0.907 0.665 0.663 1.000 0.176 0.548 0.665 0.976 0.998 0.665 0.968
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Figure 3. The arithmetic mean-based rank consolidation of the near-a Ti alloys from the literature
evaluated by the 12 multiple attribute decision making (MADM) methods. The ranks of the top
10 data points are W]Z-Ti-2, WJZ-Ti-1, TKT-2, TA19-2, TKT-6, TKT-1, TA19-1, KIMS-2, IMI834-2, and
PC-IMDF4 in that order.

Figure 4 is the score plot that presents the consolidated rank by PCA, of the near-a Ti
alloys. It is the plot of the first two components (PC1 and PC2), post-reduction of the data
dimensionality (i.e., ranks from 12 MADMs) into a two-dimensional space. Table 2 presents
the eigenvalues (and their proportion) that capture the variation of the distribution of each
principal component. The first principal component (PCI) captures ~82% of the variation or
scatter in the original data, while the second principal (PC2) describes ~17% of the variation.
Since PC1 captures nearly 82% of the variation in the initial 12 dimensions (sets of ranks), it
approximates the rank of near-a Ti alloys. An imaginary reference line perpendicular to
PC1 traversing from left to right (—6 to 6) indicates the overall ranks of the near-« Ti alloys.
The alloy grades WJZ-Ti, TKT-2, TA19, TKT-6, TKT-1, KIMS, IMI834, and PC top the list,
followed by JZ1, JZ2, Ti-1100, and so on. The ranks of the top ten data points are WJZ-Ti-2,
W]JZ-Ti-1, TKT-2, TA19-2, TKT-6, TKT-1, TA19-1, KIMS-2, IMI834-2, and PC-IMDF4 in that
order (the data points within the box in Figure 4), while certain variants of WJZ-Ti, JZ1,
and ]JZ2 also appear promising (the data points close to the box). The top-ranked alloys
by PCA-based consolidation are strikingly similar to the top-ranked alloys evaluated by
mean-based consolidation. Specifically, the PCA-based consolidation refines the IMI1834-2
(rank#9) and PC-IMDF4 (rank#9) assigned by mean-based consolidation to rank#9 and #10,
respectively. Therefore, it is logical to label the score plot of PCA-based consolidated ranks
as a ‘rank chart’.
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Figure 4. Score plot by principal component analysis (PCA) of the ordinal data, i.e., PCA-based rank
consolidation of the near-a Ti alloys evaluated by the 12 MADM methods. The top-ranked alloy
variants evaluated by PCA-based consolidation are strikingly similar to the top-ranked alloy variants
evaluated by the mean-based consolidation. Specifically, the PCA-based consolidation refines the
IMI834-2 (rank#9) and PC-IMDF4 (rank#9) assigned by the mean-based consolidation to rank#9 and
#10, respectively.
Table 2. The eigenvalues and their proportion by the principal component analysis (PCA) of
the ranks of the near-a Ti alloys from the literature by the 12 multiple attribute decision making
(MADM) methods.
PcC1 pc2 PC3 PC4 PC5 PCé6 PC7 PC8 PC9 PC10 PCi1 PC12
Eigenvalue  9.833 2.044 0.089 0.022 0.005 0.003 0.002  0.001 0.000 0.000 0.000 0.000
Proportion  0.819  0.170 0.007 0.002  0.000 0.000 0.000  0.000 0.000 0.000  0.000 0.000
Cumulative  0.819 0.990 0.997 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

For deeper insight into the rank chart (Figure 4) of near-a Ti alloys, Figure 5a—d
presents the score plots through the lens of various categories. Here, the region of interest
(green box) corresponds to the top 10 alloy variants. Key inferences from the figures are
as follows: (i) majority (seven out of 10) of the data points in the area of interest have
aluminum equivalent to 8 (Figure 5a), (ii) all of the data points in the region of interest
have a bimodal matrix, i.e., primary & + transformed f (Figure 5b), (iii) among the top ten
data points, five (WJZ-Ti-1, TKT-2, TKT-1, TA19-2, and TA19-1) have no precipitates; one of
them, WJZ-Ti-2, has precipitates TizAl in ap-1 (inside primary «); one of them (TKT-6) has
germanide precipitates; one has silicide precipitates (KIMS-2—H]f in silicide and no Zr); and
two (IMI834-2 and PC-IMDF4) have no information regarding the precipitates (Figure 5c)
based on the chemistry, thermomechanical processing and the thermal treatments, these
two variants would highly likely have TizAl and silicides; and lastly (iv) among the top
10 data points, five have no precipitates, four of them have nanocrystalline precipitates,



Aerospace 2023, 10, 211

8 of 22

and one has no information about any precipitate (Figure 5d). These analyses suggest
guidelines for developing next-generation commercial near-« Ti alloys. The alloy design
strategy for near-« Ti alloys for high-temperature applications with a combination of high
YS, high UTS, and high %EL has two distinct options: (i) a combination of the aluminum
equivalent to 8 and a bimodal matrix (primary « + transformed B) with no precipitates,
(ii) a combination of the aluminum equivalent to 8, bimodal matrix, and nanocrystalline
Tiz Al or germanide or silicide (no Zr, but Hf, as the silicides containing Hf, do not reduce
ductility, however, Hf provides solid solution strengthening [3]) precipitates in «.
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Figure 5. Score plots by the principal component analysis (PCA) of the ordinal data, i.e., PCA-based
rank consolidation of the near-a Ti alloys evaluated by the 12 MADM methods through the lens of,
i.e., categorized based on (a) aluminum equivalent, (b) matrix, (c) precipitates, and (d) precipitate
size. The region of interest (green box) shows the top-ranked ten alloy variants.

In this investigation, we compile, evaluate, sort, and select near-« Ti alloys in the
current literature for high-temperature applications in aeroengines, driven by decision
science, by integrating MADM and principal component analysis (PCA). The evaluation
provided valuable insight into potential existing materials (‘research alloys’) to focus on
further research and development for commercialization. Among the top-ranked ten alloy
variants (WJZ-Ti-2, WJZ-Ti-1, TKT-2, TA19-2, TKT-6, TKT-1, TA19-1, KIMS-2, IMI834-2,
and PC-IMDF4), seven variants belong to the six ‘research grade” alloys (WJZ-Ti, TKT-2,
TKT-6, TKT-1, KIMS, and PC), while the data point IMI834-2 is a variant of an existing
commercial alloy IMI834. Thus, all of these alloys appear to be strong contenders for
large-scale development and testing. Additionally, in the future, newly discovered novel
high-temperature Ti alloys (conventional and high-entropy alloys) can be included in the
list and evaluated to assess their relative position in the rank chart and infer their potential
to replace existing materials. In the near future, we plan to expand the decision science
driven material selection by including several other relevant mechanical properties as
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they become available. Lastly, this effort (i) validates the decision science driven MADM
coupled with PCA for sorting, ranking, and material selection, (ii) weeds out the alloys
that need not be pursued further with time-consuming experimental studies to generate
data on additional attributes that are required for use for the intended application/s, and
(iii) provide directions for advancing alloys that are under development or suggest some
critical improvements for possible newer alloys by providing metallurgical perspectives.
Developing a methodology that applies decision science principles to compile and sort a
relatively large literature data, select or identify top-ranked alloys, unearth metallurgical
patterns, and recommend guidelines for developing next-generation commercial near-« Ti
alloys for aeroengines is the novelty of the investigation.

4. Summary and Conclusions

We compiled, evaluated, ranked, and selected near-a Ti alloys in the current liter-
ature for high-temperature applications in aeroengines, driven by decision science by
integrating MADM and principal component analysis (PCA). A combination of 12 MADM
methods ranked a list of 105 alloy variants based on the thermomechanical processing
(TMP) conditions of 19 different near-a Ti alloys. PCA consolidated the ranks from vari-
ous MADMs and identified ten top-ranked alloy variants for the intended application/s.
The ten top-ranked alloy variants are WJ]Z-Ti-2, W]Z-Ti-1, TKT-2, TA19-2, TKT-6, TKT-
1, TA19-1, KIMS-2, IMI834-2, and PC-IMDF4 in that order and they correspond to the
following eight alloys: Ti-6.7Al-1.95n-3.9Zr-4.6Mo-0.96W-0.235i, Ti-4.8Al-2.25n-4.1Zr-2Mo-
1.1Ge, Ti-6.6Al-1.755n-4.12Zr-1.91Mo-0.32W-0.15i, Ti-4.9Al-2.35n-4.1Zr-2Mo-0.1Si-0.8Ge,
Ti-4.8Al-2.35n-4.2Zr-2Mo, Ti-6.5Al1-35n-4H{-0.2Nb-0.4Mo0-0.45i-0.1B, Ti-5.8Al-45n-3.5Zr-
0.7M0-0.355i-0.7Nb-0.06C, and Ti-6Al-3.55n-4.5Zr-2.0Ta-0.7Nb-0.5Mo-0.45i. The top-ranked
alloys evaluated by PCA-based consolidation are strikingly similar to the top-ranked alloys
evaluated by mean-based consolidation. The top-ranked alloys suggest the following metal-
lurgical characteristics: bimodal matrix (primary « + transformed f), aluminum equivalent
preferably up to 8, and nanocrystalline precipitates of Ti3Al, germanides, or silicides. The
analyses driven by decision science made metallurgical sense. It provides guidelines for
developing next-generation commercial near-a Ti alloys. The alloy design strategy for
near-a Ti alloys for high-temperature applications with a combination of high YS, high
UTS, and high %EL has two distinct options: (i) a combination of the aluminum equivalent
to 8 and a bimodal matrix with no precipitates, or (ii) a combination of the aluminum
equivalent to 8, bimodal matrix, and nanocrystalline Ti3Al or germanide or silicide (not Zr,
but Hf, as the silicides containing Hf do not reduce ductility, to the contrary, Hf provides
solid solution strengthening) precipitates in &. Thus, novel alloys could be developed based
on these directions for the future. A similar analysis could include data from newer exotic
experimental materials, such as composites, for compressor parts.
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Appendix A

Table Al. The alternatives, a list of 105 variants of 19 distinct near-« Ti alloys identified for the inves-
tigation, chemistry (nominal composition), fabrication and processing conditions, and microstructure;

alloy designation is the unique identifier assigned to the variants.

. . . Processing Microstructure Alloy
Si#  Alloy Chemistry (Nominal) ~ Processing Step 1 Step 2 Description Designation Ref.
Ti-5.8 A1-45n-3.5Zr- o Micro 1-Bimodal-ap
1 IMI834  0.7Mo0-0.355i-0.7Nb- g’é_(“ + B)STI025°C 700 °C (15 vol.%/15-20 um) IMI834-1
0.06C & Tr.p
Ti-5.8Al-45n-3.5Zr- 834-TMT-(a + Micro 2-Bimodal-higher
2 IMI834  0.7Mo-0.355i-0.7Nb- )ST1000WQ 600 °C-4 h amount of ap than IMI834-2
0.06C p Microl
Ti-5.8Al-4Sn-3.5Zr-
3 IMI834  0.7Mo0-0.355i-0.7Nb- §34_TMT_ﬁ ST1080 600 °C-4 h Micro 3-Lamellar-Tr. IMI834-3
CWQ
0.06C
. . Micro A-Bimodal-ap
. Ti-5.8Al1-2.75n-4Zr- Ti-1100 °C Forged at o .
4 Ti-1100 0.4Mo-0 45Si 980 °C AQ Unaged %Sﬁvol. %/15-20 pm) & Ti-1100-1
7 Ti-5.8Al1-2.7Sn-4Zr- Ti-1100 °C (« + B) oA Micro B-Bimodal and 7 ’ [31]
5 T-100 4 iMo-0.455i ST940 °C WQ LAl finer than Micro A LRI
Micro C-Bimodal coarse
. Ti-5.8Al1-2.7Sn-4Zr- Ti-1100 °C (« + B) aFL . - ’
6 Ti-1100 0.4Mo-0.455i ST980 °C WQ 600 °C-4 h compared to M1c1io Bbut Ti-1100-3
comparable to Micro-A
. Ti-5.8Al1-2.75n-4Zr- Ti-1100 °C-BST1020 @ Micro D-Lamellar-Prior .
7 B0 sMo-0.455i °CWQ S P Ti-1100-4
. . Micro E-Lamellar-Prior
. Ti-5.8A1-2.75n-4Zr- Ti-1100 o L. .
8 Ti-1100 0.4Mo-0.45Si °C-BST1060WQ 600 °C-4 h ﬁ Igrglram size 500 to 600 Ti-1100-5
. Ti-5.8Al1-2.7Sn-4Z1- Ti-1100 °C-TMT-(« + o Micro F-Bimodal-finer .
2 T100 ) iMo-0.45Si B) ST1000 °C WQ LA compared to Micro C LIRS
. Ti-1100 . .
10 Teto0 DOSAIZ7SnAZr- oo mympsTioe0°C 600°C-ah  Micro Glamellarfiner g, 45, ;
0.4Mo-0.455i WQ compared to Micro E
Ti-6.18Al1-5.27Zr- o Lamellar a’—No
11  IMI685 0.5M0-0.28Si 685-BST1050 °C-WQ  Unaged precipitates IMI685-1
Ti-6.18Al1-5.277Zr- o o Lamellar a’—No
12 IMI685 0.5M0-0.28Si 685-BST1050 °C-WQ 550 °C-24h precipitates IMI685-2
Ti-6.18A1-5.27Zr- o o Lamellar-Silicides S1 &
13 IMI685 0.5M0-0.28Si 685-BST1050 °C-WQ 650 °C-24 h $2—NO TisAl IM1685-3 [32]
Ti-6.18A1-5.27Zr- o 5 Lamellar-Silicides
14 IMI685 0.5M0-0.28Si 685-pST1050 °C-WQ 700 °C-24 h S2—NO TisAl IMI685-4
Ti-6.18Al1-5.277Zr- o o Lamellar~0.1um 3
15 IMI685 0.5M0-0.28Si 685-BST1050 °C-WQ 800 °C-24 h Silicides S2—NO TizAl IMI685-5
Ti-6.18A1-5.27Zr- o o Lamellar-finer Silicides
16  IMI685 0.5M0-0.28Si 685-BST1050 °C-WQ 700 °C-24 h $2/41.2 nm—NO TisAl IM1685-6
Ti-6.18A1-5.277x- 685-p5T1050 o Lamellar-finer Silicides
17 IMI685 ) 5\ 10-0.28i °CWQ6CR 700°C-24h 52/38.6 nm—NO Tiz Al TMI685-7 .
Ti-6.18Al-5.27Zr- 685-$ST1050 o Lamellar-finer Silicides )
18 IMIESS 4 5n10-0.285i °CWQI2CR 700°C24h /334 nm—NO Tizal ~ MI6858
Ti-6.18A1-5.27Zr- 685-BST1050 o Lamellar-finer Silicides
19 IMI68S ) 5h10-0.285i °CWQ15CR 700°C-24h $2/28.5 nm-NO Tiz Al TMI685-9
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Table A1. Cont.
. . . Processing Microstructure Alloy
Si#  Alloy Chemistry (Nominal)  Processing Step 1 Step 2 Description Designation Ref.
Ti-6.1A1-3.35n-3.27Zr- 829-BST1050 Lamellar x’—No
20 IMIB29 1\p-0.5Mo-0.325i °C-WQ Unaged precipitates IMI829-1
Ti-6.1A1-3.35n-3.27r- 829-BST1050 3 Lamellar—Silicides S2
2L IMIB29 1\p-0.5Mo-0.325i °C-WQ 625°C-24h only-No TizAl IMI829-2
Ti-6.1A1-3.35n-3.27Zr- 829-BST1050 Lamellar «’—No
2 IMIB 4 \p-0.5Mo-0.325i °C-0Q Unaged precipitates IMI829-3
Ti-6.1A1-3.35n-3.2Zr- 829-BST1050 o Lamellar-Silicides S2
2 IMIBY 4 \p.0.5Mo-0.325i °C-0Q 6257C24h only-No TizAl IMI829-4
. Lamellar/Widmanstatten-
24 TMI829 f;%_lolgl'\is_%“;"sz.zr' f?_fgﬂ%o Unaged No precipitates-No TMI829-5
PVIOTU02o1 Silicides or Tiz Al [34]
. Lamellar/Widmanstatten-
Ti-6.1A1-3.35n-3.2Zr- 829-BST1050 o o
25 IMI829 1Nb-0.5Mo-0.325i SC_AC 625°C-24 h S}hcu:les S2 only-No IM1829-6
T13A1
. Aligned
Ti-6.1A1-3.35n-3.2Zr- 829-5ST1050
26  IMI829 1Nb-0 5M0-0.32Si °C-FC Unaged alph.a / Lamellar—No IMI829-7
precipitates
. Aligned
Ti-6.1A1-3.35n-3.2Zr- 829-BST1050 o
27  IMI829 1Nb-0.5Mo-0.325i SC-FC 625°C-24h a@pha /LamellarS2— IMI829-8
T13Al
Ti-5.54Al1-3.485n-
28 IMI829  2.95Zr-0.97Nb- gég_fCS:TIOSO Unaged Lamellar- No pecipitates  IMI829-9
0.34Mo-0.2851
Ti-5.54A1-3.485n- 625 °C-2
29 IMI829  2.95Zr-0.97Nb- f?_fgﬂ%o h-AC-575 Lamellar—TizAl (5nm)  IMI829-10
0.34Mo0-0.285i °C-1000 h-AC [35]
Ti-5.51A1-3.485n-
30 IMIS829  3.04Zr-0.99Nb-033Mo  SZNS-ASTI050 Unaged e AN IMIS29NS-1
. C-AC precipitates
< 0.02Si
Ti-5.51Al1-3.485n- 625 °C-2
31 IMI829  3.04Zr-0.99Nb-0.33Mo §é9_1:2—/ssT1050 h-AC-575 Lamellar—Ti;Al (5 nm)  TMIS29NS-2
< 0.025i °C-1000 h-AC
. Ti-6Al-2.85n-4Zr- Ti1100-BST1093 Unaged Lamellar-No )
32 T b 4no-0.4550 °C-AC (593C-8 h-AC)  precipitates Ti-1100-8
Overaged AT
. . Lamellar-13 nm TizAl in
33 Ti-1100 T1-6Al—2.88n.-4Zr- ;1"11100-/SST1093 (Unaged + Tr B and 175 x 35 nm Ti-1100-9
0.4Mo-0.455i C-AC 593C-180 K i [36]
. Silicides
min-AC)
PAHT (Unaged
. Ti-6Al-2.85n-4Zr- Ti1100-pST1093 +593C-60 K Lamellar-only Silicides .
3 T-H00 ) Mo-0.4550 °C-AC min + 750C-4  (~100 nm)-NO TizAl Ti-1100-10
h-AC)
Ti-5.07Al-3.085n- 834-BST1080 Lamellar-No
35 IMI834  3.45Zr-0.31Mo-0.2Si- °C-cooled to (« + Unaged recipitates IMI834-4
0.66Nb-0.04C $)1010 °C-1 h-WQ precip
Ti-5.07Al-3.085n- 834-5ST1080 Lannellar= Ty Al (5 nm)
36 IMI834  3.45Zr-0.31Mo-0.2Si- °C-cooled to (« + 700 °C-2 h-AC in Tr. B and S?lici des IMI834-5 [37]
0.66Nb-0.04C £)1010 °C-1 h-WQ B
Ti-5.07Al-3.085n- 834-BST1080 Lamellar—100 to 175
37 IMI834  3.45Zr-0.31Mo-0.2Si- °C-cooled to (« + 825 °C-2h-WQ nm Silicides (TizAl IMI834-6
0.66Nb-0.04C $)1010 °C-1 h-WQ dissolved at 825 °C)
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Table A1. Cont.
. . . Processing Microstructure Alloy
Si#  Alloy Chemistry (Nominal)  Processing Step 1 Step 2 Description Designation Ref.
Ti-5.78 Al-4.545n- 834-(x + B)ST1020 . .
38 IMIS34  4.05Zr-0.70Nb- °C-2 h-0Q 600 °C-4 h ElmOdal'Tl3Al inonly g3y
0.52Mo0-0.445i-0.055C  (12-15%ap) p
Ti-5.78 Al-4.54Sn- 834-(a + B)ST1020 . e .
39 IMIS34  4.05Zr-0.70Nb- °C-2 h-OQ- 650 °C-4 h %Hl‘;ifé ?gﬁ} o & Missa-8 [38]
0.52M0-0.44Si-0.055C  (12-15%up) ’
Ti-5.78 Al-4.54Sn- 834-(x + B)ST1020 . . .
40 IMI834  4.05Zr-0.70Nb- °C-2 h-0Q- 700 °C-4 h %m"ifggﬁfil o ”‘Sf; & IvIssso
0.52Mo0-0.44Si-0.055C  (12-15%ap) g cdes
. Ti-6.7A1-1.9Sn-3.9Zr- 834-(a + B)ST940 . . .
41 WJZ-Ti 4 6Mo-0.96W-0 23Si °C-2 h-AC Unaged Bimodal-No precipitates ~ WJZ-Ti-1
. Ti-6.7A1-1.95n-3.9Zr- 834-(a + B)ST940 o Bimodal-6 nm TizAl in o
20 WIZT 4 6Mo-096W-0235i  °C-1h-AC 600°C-2h ap Wiz-T-2 9]
. Ti-6.7A1-1.95n-3.9Zr- 834-(n + B)ST940 o Bimodal-7 nm Tiz Al in e
B WIZT 6Mo-096W-02351  °C-1h-AC 7507C2h ap & Te.p Wiz T3
o Ti67Al1.9Sn3.9Zr-  834-(x + B)ST940 . Bimodal-15 nm Tiz Al in -
M WIZT  oMo-0.96W-02351  °C-1h-AC 750 °C-12h ap & Tr.p Wiz-Ti-4
Ti-5.8Al-45n-4Zr- Lamellar—~100 nm
45 TA29 0.7Nb-1.5Ta-0.4Si- I(?S%)g;g?T G5 750 °C-2 h Silicides -small number ~ TA29-1
0.06C at IPB
Ti-5.8Al-45n-4Zr- TA29-BST (at > Lamellar—~100 nm
46 TA29 0.7Nb-1.5Ta-0.4Si- 1050 °C) + 750 650 °C-8 h Silicides at IPB & Tiz Al TA29-2
0.06C °C-2h (<5 nm)
Ti-5.8A1-45n-4Zr- TA29-BST (at > Lamellar—=-100
. o o nm-Silicides at IPB and
77  TA29 0.7Nb-1.5Ta-0.4Si- 1050 °C) + 750 650 °C-100 h .. . . TA29-3
5 some inside &Tiz Al in Tr.
0.06C C2h [40]
B (~8 nm)
Ti-5.8A1-45n-4Zr- TA29-6ST (at > gﬁimi‘jlar_t;;go o
48 TA29  0.7Nb-15Ta-0.4Si- 1050 °C) + 750 650°C-500h i oA A TA29-4
0.06C °C2 h inside-IPB & TizAl in Tr.
’ B (26 nm L x13 nm thk.)
. Lamellar—~100 nm
Ti-5.8Al-45n-4Zr- TA29-BST (at > Silicides at IPB and
49 TA29 0.7Nb-1.5Ta-0.4Si- 1050 °C) + 750 650 °C-1000 h . . . TA29-5
5 inside & TizAlin Tr. B
0.06C C-2h .
(~20 nm dia.)
Ti-6.5A1-35n-4Hf- Bimodal—Tiz Al ap &
50 KIMS  0.2Nb-0.4Mo-0.4Si- KIMS-(a+ BSTL 650 c5h Tt.f uniformly and KIMS-1
h-WQ L
0.1B Silicides-~80 nm [41]
Ti-6.5A1-35n-4Hf- .
51 KIMS  02Nb-0.4Mo-04si- @+ AT gpp 00y ¢ Bimedal—130nm KIMS-2
0.1B h-WQ Silicides-IPB
Ti-5.6Al-4.85n-2Zr- JZ1-(« + B)ST-1005 e T Bimodal—No :
52 21 1Mo-0.355i °C-2h-AC 700°C-2h-AC precipitates JZ11
Ti-5.6Al-4.85n-2Zr- JZ1-(« + B)ST-1005 NER T Bimodal—TizAl in ap + y
el 1Mo-0.355i °C-2h-AC YIS IAC Silicides (~100 nm) J21-2
Ti-5.6Al-4.85n-27r- JZ1-(« + B)ST-1005 el _ Bimodal—TizAl in ap + ;
el 1Mo-0.355i °C-2 h-AC JEYHCAB e Silicides (~100 nm) 1253
) 700 °C-2 . A1
Ti-5.6A1-4.85n-2Zr- JZ1-(x + B)ST-1005 ey Bimodal—Tiz Al in ap + )
e 1Al 1Mo-0.355i °C-2 h-AC RO EL Sheics A
C-100 h
700
Ti-5.6A1-4.85n2Zr-  JZ1-(a + f)ST-1005 (o0, Bimodal—TizAl in ap + )
56 Jzl 1Mo-0.35Si °C-2h-AC OC S G Silicides (~100 nm) 121-5
C-100 h
) 700 . A1
Ti-5.6A1-4.85n-27Zr- JZ1-(a + B)ST-1005 5~ 0y )~ Bimodal—TizAl in ap + ;
e 1Mo-0.35Si °C-2 h-AC Og_igg hAC al Silicides (~100 nm) =8 [42]
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Table Al. Cont.
Si#  Alloy Chemistry (Nominal)  Processing Step 1 é’::;ezssmg [Z\;I;sczsis;;l::’fure gleszgna tion Ref.
Ti-6Al-4.85n-2Zr-1Mo-  JZ2-(a + B)ST-1015 o Bimodal—Tiz Al in ap +
58 Jz2 0.35Si °C-2h-AC 760 "C-2h-AC Giiides J22-1
Ti-6Al-4.85n-2Zr-1Mo-  JZ2-(a + B)ST-1015 o Bimodal—Tiz Al in ap +
O 0.355i °C-2h-AC 760 °C5h-AC T qiliides (~100 nm) J22-2
Ti-6Al-4.85n-2Zr-1Mo-  JZ2-(x + B)ST-1015 o Bimodal—TizAlin ap +
60 Jz2 0.35Si °C-2h-AC 760 "CA0h-AC gitiides 1223
Ti-6Al-4.85n-2Zr-1Mo-  JZ2-(a + B)ST-1015 o Bimodal—TizAl in ap &
61 J22 0.35Si °C-2 h-AC 760 °C-2h-AC Tr.8 + Silicides 1224
. 760 Bimodal—TizAl in ap &

62 JZ2 g‘ég‘;l"*'ssn'zzr'lMo' {%jz_'z(‘;‘ll@ﬂ'ww °C-5h-AC-600  Tr. + Silicides (~100 JZ2-5
’ °C-100 h nm)
. 760 °C-10 . .

63 |22 T1—6Al—4.88n—22r—1M0— (]JZZ_(‘X + B)ST-1015 h-AC-600 BlmOdE{l‘—rI‘lgAl inap & 172-6
0.35S51 C-2 h-AC °C-100 h Tr. + Silicides
Ti-5.8A1-45n-3.5Zr- TA60-(x + ekl

64 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 Unaged o Ti60-1
0.45i-0.06C h-0Q precipitates
Ti-5.8A1-45n-3 5Zr- TAG60-(x + Bimodal-No TizAl+

65  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 650 °C-2h-AC  small number of Ti60-2
0.45i-0.06C h-OQ Silicides 100 nm-Stage 1
Ti-5.8A1-45n-3.5Zr- TAG60-(x + Bimodal-No TizAl+

66  Ti60 0.4Mo0-0.4Nb-1Ta- B)ST1010 °C-2 650 °C-4 h-AC  small number of Ti60-3
0.4Si-0.06C h-OQ Silicides-100 nm-Stage 1
Ti-5.8Al-45n-3 5Zr- TA60-(x + Bimodal-No TizAl +

67  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 650 °C-8 h-AC  Silicides—100 nm-Stage ~ Ti60-4
0.4Si-0.06C h-OQ 1
Ti-5.8A1-45n-3.5Zr- TAG60-(x + Bimodal-No Tiz Al +

68  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 650 °C-16 h-AC ~ Silicides—100 nm Ti60-5
0.4Si-0.06C h-0Q —Stage 1
Ti-5.8A1-45n-3.5Zr- TAG60-(x + . .

69  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 700 °C-2 h-AC gﬁfﬁ:‘;%g Eiffélt; oq Ti60-6
0.4Si-0.06C h-0Q &
Ti-5.8A1-45n-3.5Zr- TA60-(x + i Tl e o

70 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 700°C-4h-AC o o0 3 p Ti60-7
0.4Si-0.06C h-OQ
Ti-5.8A1-45n-3.5Zr- TAG60-(x + P

71 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 700 °C-8h-AC oo & p Ti60-8
0.4Si-0.06C h-0Q ciaes [43]
Ti-5.8A1-45n-3.5Zr- TAG60-(x + ool i

72 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 700°C-16h-AC o oo 3 P Ti60-9
0.45i-0.06C h-OQ
Ti-5.8A1-45n-3.5Zr- TAG60-(x + el

73 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 700°C24h-AC o0 & p Ti60-10
0.4Si-0.06C h-OQ
Ti-5.8A1-45n-3.5Zr- TAG60-(x + T

74 Ti60 0.4Mo0-0.4Nb-1Ta- B)ST1010 °C-2 700°C-48h-AC o o0 = p Ti60-11
0.4Si-0.06C h-0Q
Ti-5.8Al-45n-3.5Zr- TAG60-(x + . o .

75  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 750 °C-2 h-AC iTOdal'SIhadeS'TBAl Ti60-12
0.4Si-0.06C h-0Q P
Ti-5.8A1-45n-3.5Zr- TA60-(x + el el

76  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 750 °C-4 h-AC & p Ti60-13

0.45i-0.06C

h-0Q

Silicides
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Table Al. Cont.
. . . Processing Microstructure Alloy
Si#  Alloy Chemistry (Nominal)  Processing Step 1 Step 2 Description Designation Ref.
Ti-5.8Al-45n-3.5Zr- TA60-(x + Bimodal-Tix Al in ab +
77 Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 750 °C-8 h-AC Silicci) des 3 p Ti60-14
0.45i-0.06C h-OQ
Ti-5.8Al1-45n-3.5Zr- TA60-(x + Bimodal-TiAl in ap +
78  Ti60 0.4Mo-0.4Nb-1Ta- B)ST1010 °C-2 750 °C-16 h-AC Silici des—lBOO m p Ti60-15
0.4Si-0.06C h-OQ
T-5.8A1-45n-3. 5~ fT'?in(iSf et Bimodal-No Ti;Al +
79 Ti60 0.4Mo-0.4Nb-1Ta- gl 700 °C2h-AC  giiiogol 0 13 Ti60-16
. B)ST1010 °C-2 Silicides-~100 nm
0.45i-0.06C
h-AC
Ti-5.8Al1-45n-3.5Zr- TA60-1035C-near B 700 °C-2 h-AC- Bimodal-TixAl in ap +
80 Tie0 0.4Mo-0.4Nb-1Ta- forged-(a + ) 600C-100 Silicides ~2%0 m p Ti60-17
0.45i-0.06C ST1010 °C-2h-AC  h-AC
Ti-5.8A1-45n-3.5Z1- E‘?%;_?ff‘near P 700°C2h-A  Bimodal-only Silicides
81 Ti60 0.4Mo-0.4Nb-1Ta- (;S%Fel 010 °C-2 -700 °C-100 possibly (dissolution of ~ Ti60-18
0.45i-0.06C b h-AC TisAl)
h-AC [44]
T58AMSN-a5Zi o 00 NP 700 Bimodal-only Silicides
82 Ti60 0.4Mo-0.4Nb-1Ta- ﬁ)Sng 010 °C-2 h-AC-750 possibly (dissolution of  Ti60-19
0.4Si-0.06C °C-100h-AC  TizAl)
h-AC
Ti-5.8A1-4Sn-3.5Zr- ;FA60;11_((]Z(1C' p Lamellar + No TixAl +
83 Ti60 0.4Mo-0.4Nb-1Ta- N 700 °C2h-AC oo o T R0 13 Ti60-20
- B)ST1010 °C-2 Silicides ~100 nm
0.4Si-0.06C
h-AC
UGS e A 31?60;:11-((]22C_‘B Y HE Lamellar-TizAlin Tr. B +
84  Ti60 0.4Mo0-0.4Nb-1Ta- (;nge1o1 A h-AC-600 ol .ed oo B+ Tigo21
0.45i-0.06C p °C-100 h-AC Hicides ~Eonm
h-AC
. . e JL-(« + B) forged- Bimodal—No
85 JL Hff?éﬁ;%“ﬁgj (x + B)ST1010 °C-2  Unaged precipitates (ap is ~10%  JL-1
’ ’ h-AC vf.;~150 nm)
. JL-(« + B) forged- . . .
Ti-5.6A1-4.35n-3Zr- o o Bimodal—TizAl in ap +
8 JL 1Mo-0.8Nd-0.34Si ﬁfgfﬁ“mo €2 700°C2R-AC giticides ~125 nm JL2
. JL-(« + B) forged- . . .
Ti-5.6A1-4.35n-3Zr- o o Bimodal—TizAl in ap &
87 JL 1Mo-0.8Nd-0.34Si ﬁfgfﬁ“mo G2 700°CI2h-AC 5 B + Silicides ~125 nm JL-3
[45]
. . a JL-(« + B) forged- Lamellar—No
88 JL Ti-5.6A1-4.35n SZ.r BST1030 °C-2 Unaged precipitates (colony size; JL-4
1Mo-0.8Nd-0.34Si
h-AC ~350 nm)
. JL-(« + B) forged- . .
Ti-5.6Al-4.35n-3Zr- 5 o Lamellar—TizAl in Tr. B
% JL 1Mo-0.8Nd-0.34Si ﬁ_széoa»o o2 700°C2h-AC | Silicides ~125 nm JL-5
. JL-(«x + B) forged- . .
Ti-5.6Al-4.35n-3Zr- 5 o Lamellar—TizAl in Tr. B
0 JL 1Mo-0.8Nd-0.34Si ﬁ_széoa»o 2 700°CAZR-AC | ilicides ~125 nm JL-6
Ti-5.8A1-45n-3.5Z1- : -
] » . 834-(« + B) ST1020 A T Bimodal—TizAl in ap + )
91 IMI834  0.7Mo-0.355i-0.7Nb °C-2 h-AC 700 °C-2 h-AC Silicides ~125 nm IM1834-10 [46]

0.06C
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Table A1. Cont.
. . . Processing Microstructure Alloy
Si#  Alloy Chemistry (Nominal)  Processing Step 1 Step 2 Description Designation Ref.
. Ti6242S-(x + B)
0 Tieas [LOVAFLISNITZI o lled pST1052  Unaged Lamellar-No Ti6242-1
1.9Mo-0.095i o precipitates
C-1h-CC
[47]
. Ti6242S-(x + B) o -
93 Ti6242S ;ng;[7oéé—(1).99ssin—3.72r— Hot rolled f }752 CC-600 E;inr;lellar—smades (>100 Ti6242-2
’ ’ ST1052 °C-1 h-CC
VIM-Open die Heterogenous
forged at (8)1100 microstructure/similar
. °C-Hot rolled at (« to bimodal (major
94 %Bég g‘izfl'lcr'lv'o'SFe' + £)1000 NA equiaxed ap 11 pmand ~ LD-Tid23-1
’ °C-50%Reduction small amount of acicular
(Rolled plate) or «s and B phases in the
HR interstices of equiaxed «) [48]
. Heterogenous
VIM-Open die HR +(x + B) ST  microstructure/similar
Toigetl eis ()L at 1000 °C-1 to bimodal (major
LD- Ti-8 Al-1Cr-1V-0.5Fe- °C-Hot rolled at (« . J .
95 - . h-AC-Aged at  equiaxed ap 20um and LD-Ti423-2
Ti423 0.1Si + B)1000 o P .
o . 560 °C-4 h-AC  small amount of acicular
C-50%Reduction .
(STA) as and 8 phases in the
(Rolled plate) . . .
interstices of equiaxed &)
Thermomechanical
consolidation
(TMC) of TiH, and
™C atioof 20, and | TMCVac G and ave.
96 . Ti-2A1-1.3V o Anneal 700 ity N TMC-Ti213-1
Ti213 extruded to o lamellar colony size of
C-6 h-FC
produce 15.4 pm)
Ti-2Al-1.3V at 16 to
1 ratio at around
1200 °C
[49]
Thermomechanical
consolidation
(TMC) of TiH; and
Ti6Al4V atamass  TMC-Vac equiaxed « grains and
TMC- . ratio of 2:1, and Anneal 700 /B lamellar structured .
%7 Ti213 Ti-2A1-1.3V extruded to °C-6 h-FC-980  domains (Bt or TMC-Ti213-2
produce °C-1h-AC transformed structure)
Ti-2Al-1.3V at 16 to
1 ratio at around
1200 °C
equiaxed « grains
Ti-6.6Al-1.755n- - field rolled 970 °C-1 h-AC  (42%Vol.; 12 um dia) and
98 TAI19 4.127r-1.91Mo0-0.32W-  plate, tempered in  (for equiaxed o/ B lamellar (xs 10 um  TA19-1
0.1Si the a-pB field structure (EM)) length x 400 nm width);
g.b a 420 nm width
1015 . . . [50]
°C-35s-cooled Semi-equiaxed a grains
Ti-6.6Al-1.755n- - field rolled at 20 °C/s (for (41%Vol.; 13 um dia) and
99 TAI19 4.127r-1.91Mo-0.32W-  plate, tempered in semi equiaxed «/ B lamellar (xs 11 um TA19-2
0.1 the a- field SO, length x 410 nm width);

(S-EM))

g.b « 850 nm width
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Table Al. Cont.
Si#  Alloy Chemistry (Nominal)  Processing Step 1 é’::;ezssmg [I\;I;sczsis;g::ure gils(gna tion Ref.
Double melted; 8 . .
forged qt 1100 Annealed at BlmOd.a 1. mlcrqstructure
100 TKT-1 Ti-4.8A1-2.35n-4.27r- °C-groove rolled 950 °C-1 COmPpTISIng primary
i 2Mo to 50% reduction at h-AC-aged at equiaxed a and a-f KT
& lamellar (transformed )
(« + B) 960 °C to 590 °C-8 h-AC structures
rods of 14mm dia
Double melted; 8 . .
forged qt 1100 Annealed at ?ég;i;ﬁg?ﬁ;ﬂi;ture
101 TKT-2 Ti-4.8A1-2.25n-4.17x- °C-groove rolled 950 °C-1 cepReseadl i e gy TKT-2 [51]
2Mo-1.1Ge to 50% reduction at h-AC-aged at il fmsiormred )
(« + B) 960 °C to 590 °C-8 h-AC eictures
rods of 14mm dia
Double melted; § Bimod.al‘ micrqstructure
forged qt 1100 Annealed at Zgﬁligifénff;;nzgy
Ti-4.9A1-2.35n-4.1Zr- °C-groove rolled 950 °C-1
102 TKT-6 2.1Mo-0.15i-0.8Ge to 50% reduction at h-AC-aged at lsiiiﬁfe(stiiiiformed p) TKT-6
(a + B) 960 °C to 590 °C-8 h-AC . .
rods of 14mm dia (TIZF)Q(SlGe)B'
precipitates
Induction skull
melted ingot
Dt lergit and sotheral Mainly a laths (lamell
Ti6AL3SSnASZe g RSN Multidiree: « laths (lamellar
103 PC 2.0Ta-0.7Nb-0.5Mo- tional Forging y—m PC-IMDF1
0.4Si upset forged to a (IMDF) at 1020 2.13 um) with small
total height o amount of equiaxed &
C-annealed at
reduction of 75% 650 °C-6 h
(reduction ratio of
4t01)
Induction skull
melted ingot
80 mm dia X prior B boundaries start
Ti-6Al-3.55n-4.5Zr- 120 mm length and ;F 8/;00 o—él\_/IDFs at to disappear and a laths [52]
104 PC 2.0Ta-0.7Nb-0.5Mo- then 1100C B upset annealed at transform to spheroidal ~ PC-IMDEF2
0.4Si forged to a total 650 °C-6 h « grains (equiaxed
height reduction of x—mean size 1.85 um)
75% (reduction
ratio of 4 to 1)
Induction skull
melted ingot 80
mm dia x 120 mm FOUR-IMDFs  large number of
Ti-6Al-3.55n-4.5Zr- length and then at 1020 s }%eroi dal @ erains
105 PC 20Ta-07Nb-0.5Mo-  1100°C Bupset 5o~ .~ PHIOEE O PC-IMDF4
0.4Si forged to a total annea‘ec a ranstormed trom
. . 650 °C-6 h lamellae
height reduction of

75% (reduction
ratio of 4 to 1)

Note: ST: solution treated; h: hours; AC: air cooled; OQ: oil quenched; WQ: water quenched; a;,: primary alpha; Tr.
B: transformed beta; bimodal matrix: primary « + transformed S; and lamellar matrix: completely transformed f.



Aerospace 2023, 10, 211

17 of 22

Table A2. Database of 105 variants of 19 distinct near-a Ti alloys identified from the literature, which

form the decision matrix comprising the alternatives and their attributes.

Alloy Desig. Grade Al.eq.  Matrix Precipitates Size YS uTs %EIl Ref.

IMI834-1 IMI834 8 Bimodal NA NA 1040 1125 9

IMI834-2 IMI834 8 Bimodal NA NA 1200 1255 13

IMI834-3 IMI834 8 Lamellar NA NA 1110 1220 4

Ti-1100-1 Ti-1100 7 Bimodal NA NA 900 965 13.5

Ti-1100-2 Ti-1100 7 Bimodal NA NA 965 1050 14

Ti-1100-3 Ti-1100 7 Bimodal NA NA 995 1090 8 131]

Ti-1100-4 Ti-1100 7 Lamellar NA NA 1050 1160 7.5

Ti-1100-5 Ti-1100 7 Lamellar NA NA 1080 1190 5

Ti-1100-6 Ti-1100 7 Bimodal NA NA 1100 1200 10

Ti-1100-7 Ti-1100 7 Lamellar NA NA 1150 1250 2.5

IMI685-1 IMI685 7 Lamellar NP 0 919 1058 72

IMI685-2 IMI685 7 Lamellar NP 0 966 1090 7.3

IMI685-3 IMI685 7 Lamellar Silicides >50 1020 1132 4.7 [32]

IMI685-4 IMI685 7 Lamellar Silicides >50 1005 1102 4.8

IMI685-5 IMI685 7 Lamellar  Silicides >50 954 1038 3.75

IMI685-6 IMI685 7 Lamellar Silicides 21-50 917.5 1021 5.55

IMI685-7 IMI685 7 Lamellar Silicides 21-50 980 1064 49

IMI685-8 IMI685 7 Lamellar Silicides 21-50 978 1060 25 1331

IMI685-9 IMI685 7 Lamellar Silicides 21-50 1025.5 1067 2.65

IMI829-1 IMI829 8 Lamellar NP 0 886 970 10

IMI829-2 IMI829 8 Lamellar Silicides >50 1005 1023 2

IMI829-3 IMI829 8 Lamellar NP 0 863 951 11

IMI829-4 IMI829 8 Lamellar Silicides >50 960 1005 3 [34]

IMI829-5 IMI829 8 Lamellar NP 0 867 942 10

IMI829-6 IMI829 8 Lamellar Silicides >50 858 975 7

IMI829-7 IMI829 8 Lamellar NP 0 866 946 9

IMI829-8 IMI829 8 Lamellar Silicides >50 851 953 6.5

IMI829-9 IMI829 7 Lamellar NP 0 861 977.5 9.6

IMI829-10 IMI829 7 Lamellar E‘;%‘:zsi ?Iild;fﬁ >50 881.5 953 3.1 [35]

IMI829NS-1 IMI829 7 Lamellar NP 0 800 904 9.4

IMI829NS-2 IMI829 7 Lamellar TizAl in Tr.5-3 <7 819.5 891.5 9.05

Ti-1100-8 Ti-1100 8 Lamellar NP 0 915 1000 5.5
TizAlin Tr.

Ti-1100-9 Ti-1100 8 Lamellar aided by 7-20 955 982 0.18 [36]
Silicides

Ti-1100-10 Ti-1100 8 Lamellar Silicides >50 895 980 4.15

IMI834-4 IMI834 7 Lamellar NP 0 987 1128 7.5

IMI834-5 IMI834 7 Lamellar Ti3Alin Tr.5-3 <7 1028 1134 6.5 [37]

IMI834-6 IMI834 7 Lamellar Silicides >50 980 1098 7.5
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Table A2. Cont.
Alloy Desig. Grade Al.eq.  Matrix Precipitates Size YS uTs %EIl Ref.
IMI834-7 IMI834 8 Bimodal ~ TisAlinap-1 <7 905 1037 13
. TizAlin ap &

TIMI834-8 TMI834 8 Bimodal 1% 7-20 953 1075 95 8]
IMI834-9 IMI834 8 Bimodal %ﬁ; inap& 799 933 1060 8.7
WJZ-Ti-1 WIZ-Ti 8 Bimodal ~ NP 0 1195 1300 18
WJZ-Ti-2 WIZ-Ti 8 Bimodal  TisAlinap-1 <7 1325 1450 18
WJZ-Ti-3 WIZTi 8 Bimodal %3;‘; nap& 0 1230 1250 12 3]
WJZ-Ti-4 WJZ-Ti 8 Bimodal %ﬁ; inap& 5 o9 1100 1120 5
TA29-1 TA29 8 Lamellar Silicides >50 995 1062 7.5
TA29-2 TA29 8 Lamellar ~ TisAlinTrp-3 <7 990 1075 6.5
TA29-3 TA29 8 Lamellar  TisAlinTr.-3  7-20 975 1060 3 [40]
TA29-4 TA29 8 Lamellar  TisAlinTr.-3  7-20 1018 1085 25
TA29-5 TA29 8 Lamellar  TisAlinTr.-3  7-20 975 1060 35
KIMS-1 KIMS 8 Bimodal ~ 3Alinap& o o, 1113.8 1133.9 407

Tr.p-2 [41]
KIMS-2 KIMS 8 Bimodal  Silicides >50 1032.6 1124.6 16.94
JZ1-1 JZ1 8 Bimodal ~ NP 0 965 1030 15.5
JZ1-2 JZ1 8 Bimodal ~ TizAlinap-1 <7 965 1040 15
JZ1-3 JZ1 8 Bimodal ~ TisAlinap-1 <7 940 1030 15
JZ1-4 JZ1 8 Bimodal ~ TisAlinap-1 <7 1000 1060 16
JZ1-5 JZ1 8 Bimodal  TizAlinap-1 <7 1000 1070 145
JZ1-6 JZ1 8 Bimodal ~ TisAlinap-1  7-20 990 1060 15
JZ2-1 172 8 Bimodal ~ TisAlinap-1 <7 965 1060 15.5 [42]
]Z2-2 122 8 Bimodal  TizAlinap-1  7-20 960 1060 16.5
]Z2-3 172 8 Bimodal  TisAlinap-1  7-20 960 1050 17
1224 122 8 Bimodal ~ L3Alinap& g 5, 1040 1110 14

Tr.p-2
J22-5 JZ2 8 Bimodal ~ LAlMAP& 5 1040 1110 125

Tr.p-2
122-6 122 8 Bimodal ~ LAlMAp& 5 1030 1100 13

Tr.p-2
Ti60-1 Ti60 8 Bimodal NP 0 960 1080 11
Ti60-2 Ti60 8 Bimodal  Silicides >50 962 1082 10
Ti60-3 Ti60 8 Bimodal  Silicides >50 1000 1100 10
Ti60-4 Ti60 8 Bimodal Silicides >50 1000 1100 9
Ti60-5 Ti60 8 Bimodal  Silicides >50 1000 1100 9
Ti60-6 Ti60 8 Bimodal  Silicides >50 982 1082 10
Ti60-7 Ti60 8 Bimodal ~ TizAlinap-1 <7 970 1060 10 53]
Ti60-8 Ti60 8 Bimodal  TizAlinap-1 <7 960 1070 10
Ti60-9 Ti60 8 Bimodal  TisAlinap-1  7-20 940 1060 10
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Table A2. Cont.

Alloy Desig. Grade Al.eq.  Matrix Precipitates Size YS uTs %EIl Ref.

Ti60-10 Ti60 8 Bimodal TizAlin ap-1 7-20 960 1080 10

Ti60-11 Ti60 8 Bimodal TizAlin ap-1 7-20 980 1085 10

Ti60-12 Ti60 8 Bimodal TizAlin ap-1 <7 960 1082 10

Ti60-13 Ti60 8 Bimodal TizAlin ap-1 7-20 970 1080 9

Ti60-14 Ti60 8 Bimodal Ti3Alin ap-1 7-20 965 1080 10

Ti60-15 Ti60 8 Bimodal TizAlin ap-1 7-20 955 1077 11.5

Ti60-16 Ti60 8 Bimodal Silicides >50 1010 1060 11

Ti60-17 Ti60 8 Bimodal TizAlin ap-1 7-20 1050 1120 7

Ti60-18 Ti60 8 Bimodal Silicides >50 1021 1090 12 [44]

Ti60-19 Ti60 8 Bimodal Silicides >50 950 1018 11.5

Ti60-20 Ti60 8 Lamellar Silicides >50 1020 1080 9

Ti60-21 Ti60 8 Lamellar ~ TigAlin Tr.5-3 7-20 1040 1100 4

JL-1 JL 8 Bimodal NP 0 944 1029 15.6

JL-2 JL 8 Bimodal TizAlin ap-1 <7 985 1057 12.2

JL-3 L 8 Bimodal %3;; inap& 994 1066 12 5]

JL-4 JL 8 Lamellar NP 0 933 1020 12.4

JL-5 JL 8 Lamellar  TigAlin Tr.5-3 7-20 981 1052 8.4

JL-6 JL 8 Lamellar  TizAlin Tr.5-3 7-20 970 1042 6.5

IMI834-10 IMI834 8 Bimodal TizAlin ap-1 <7 945 1012 14.5 [46]

Ti6242-1 Ti6242S 7 Lamellar NP 0 837 946 12 (47]

Ti6242-2 Ti6242S 7 Lamellar  Silicides >50 875 925 5.8

LD-Ti423-1 LD-Ti423 8 Bimodal NP 0 948 1046 8.3 (48]

LD-Ti423-2 LD-Ti423 8 Bimodal NP 0 923 1013 8

TMC-Ti213-1 T,MG 2 Lamellar NP 0 996 1059 13.9 [49]
Ti213

TMC-Ti213-2 %1\2/[1(;)_ 2 Bimodal NP 0 876 994 7.4

TA19-1 TA19 8 Bimodal NP 0 984 1067 239 [50]

TA19-2 TA19 8 Bimodal NP 0 1022 1113 22.8

TKT-1 TKT-1 6 Bimodal NP 0 980 1175 20

TKT-2 TKT-2 6 Bimodal NP 0 1075 1285 19 [51]

TKT-6 TKT-6 6 Bimodal Germanides <500 1060 1255 18

PC-IMDF1 PC 8 Lamellar  NA NA 982 1020 10.6

PC-IMDF2 PC 8 Bimodal NA NA 1004 1043 12.7 [52]

PC-IMDF4 PC 8 Bimodal NA NA 1072 1118 15.6

Note: NA: not available; NP: no precipitates.
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