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HIGH STRENGTH TITANIUM ALLOY

Background of the Invention:

Field of the Invention:

[001] The invention relates to an alpha-beta titanium-base alloy having
an outstanding combination of tensile strength, including shear strength and
ductility.

Description of the Prior Art:

[002] There have been numerous titanium allbys developed since the
titanium industry started in earnest inthe early 1950's. While these various alloy
development efforts often had different goals for the end product alloy, some
being developed with the intent of improving high temperature capability, some
with improved corrosion resistance, and even some with improved
forging/forming capabilities, perhaps the most common goal was simply tensile
strength capability. In this case, tensile strength implies "useable" tensile
strength, i.e., at an accébtéble"ductili{y level. " Since strength and ductility vary
inversely with each other, as is the case for virtually all hardenable metal
systems, one usually has to make trade-offs between strength and ductility in
order to obtain an alloy that is useful for engineering applications.

[003] Standard (uniaxial) tensile properties are usually described by four
properties determined in a routine tensile test: yield strength (YS), ultimate
tensile strength (UTS, commonly referted to simply as "tensile strength™), %
Elongation (%El) and % Reduction in Area (%RA). The first two values are
usually reported in units such as 'ksi' (thousands of pounds per square inch)-
while the later two (botH'rﬁeasﬁres of ductility) are simply given in percentages.

[004] Another tensile property often cited, particularly in reference to
fastener applications, is "double shear" strength, also reported in ksi. For this
property, ductility is not determined, nor is a yield strength. In general, double
shear strength of titanium alloys are approximately 60% of the uniaxial tensile

strengths, as long as uniaxial ductility is sufficient.

A
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[005] When attempting to make comparisons of tensile properties from
different alloys heat treated to a range of tensile strength/ductility combinations,
it is convenient to first analyze the data by regression analysis. The strength /
ductility relationship can usually be described by a straight-line x-y plot wherein
the ductility (expressed as either %El or %RA) is the dependent variable and the
strength (usually UTS) is the independent variable. Such a line can be described
the simple equation:

[006]

Eqn 1: %RA = b - m(UTS); where m = the
slope of the straight line and b is the intercept at zero
strength. [Note: When determining such an equation
by regression analysis, a parameter referred fo as
"r-s‘duéréd " also caleulated, it varies between zero
and one - with'a value of one indicating a perfect fit
with the straight line equation and a value of zero
indicaﬁhg no flt] -

[007] Once stch an equation is established, it can be used, for example,
to compare 'calculated" ductilities at a constant strength level, even if there is no
specific data at that strengfh level. This methodology has been used throughout
this development effort in ‘order to'rénk'én‘d‘cdmpére alloys.

[008] It should also be noted that when conducting an alloy development
project, it is important to recognize that tensile strength/ductility relationships are
significantly affected by the amoqnt of hot-work that can be imparted to the metal
during conversion from‘ ‘r-nelted ingot to wrought mill product (such as bar). This
is due to the fact that macrostructure refinement occurs during ingot conversion
to mill product and the greater the macrostructure refinement the better the
strength/ductility relationships. It is thus well understood by those skilled in the
art that tensile strength/ductility relationships of small lab heats are significantly

below those obtained from full sized production heats due to the rather limited
2
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amount of macrostructure refinement imparted to the small laboratory size heats
compared to full-sized production heats. Since it is a practical impossibility to
make full-size heats and convert them to mill product in order to obtain tensile
property comparisons, the accepted practice is to produce smaller lab-sized
heats of both the experimental alloy formulations and an existing commercial
alloy formulation and compare results-on a one-to-one basis. The key is to
choose a commercial alloy with exceptional properties. In the development
program resulting in this invention, the commercial alloy designated as “Ti-17"
(Ti-BA1 - 2Sn - 2Zr - 4Cr - 4Mo) was chosen as the baseline commercial alloy
against which the experimental alloys would be compared. This alloy was
chosen because of the éxcé'ptional strength/ductility properties demonstrated by

this alloy in bar form.
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[009] Table 1 provides tensile and double shear property data for Ti-17
0.375 inch diameter bar product produced from a nominal 10,000 Ib. full-sized
commercial heat. The combinations of tensile strength, shear strength and ductility
exhibited in this Table are clearly exceptional for any titanium alloy. Note also that
the double shear strength values average very close to the 60% of UTS value cited
earlier.

Summary of the Invention:

[010] The ultimate goal of this alloy development effort was to develop a
heat treatable, alpha-beta, titanium alloy with improved ductility at high strength
levels compared to heat treatable titanium alloys that are commercially available
today, such as Ti-17. The goal could be further defined as such: to develop an alloy
that exhibits at least a-20% ’iﬁ\prdi/e'r‘nent”iﬁ'ductility at a given elevated strength
level compared to Ti-17. " S

[011] While there wouid be significanit utility for a titanium alloy with the
tensile properties noted above, there would'be even more utility if such an alloy
could also exhibit a minimum double shear strength of at least 110 ksi. It is well
known that heat treated titanium (specifically Ti-6Al-4V) is used for aerospace
fasteners heat treated to a guaranteed (i.e., "minimum") shear strength of 95 ksi.
The next shear strength ‘Iével'émblo’yed by the aerospace industry is 110 ksi
minimum, a level that is not achieved with any commercially available titanium alloy
but is achieved with various steel alloys. Thus, in order for titanium to offer a
nominal 40% weight savings by replacing steel with titanium in a high strength
aerospace fastener, thé ﬁtén‘i‘drﬁ alloy fust éxhibit a minimum double shear
strength of 110 ksi. In order to do so, considering the typical scatter associated with
such tests, the typical values should be at least approximately 117 ksi. With the
aforementioned correlatioﬁ'that titanium alloys exhibit a double shear strength that
is typically about 60% of the tensile strength, in order to produce a double shear
strength range of at least 117 ksi (to support a 110 ksi min.), one would expect this
to require a tensile strength of at least 195 ksi. (hence, in the range of 195 ksi to
about 215 ksi) with "acceptable ducﬁlity". Thus, the program had a secondary goal
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of not only exhibiting the tensile properties noted above, but also accompanying
double shear strength values to support a 110 ksi min. shear strength goal.

[012] In accordanbe with the inventiqn; there is provided an alpha-beta,
titanium-base alloy-havinga combination of high strength and ductility and exhibiting
at least a 20% improvement in ductility at a given strength level compared to alloy
Ti-17, as defined herein.

[013] More specifically, the allqy may exhibit a double shear strength of at
least 110 ksi, as defined herein.

[014] The alloy may further exhibit a tensile strength of at least 195 ksi.
More specifically, the tensile strength may be within the range of 195 to 215 ksi.

[015] The alpha-beta, titanium-base alloy in accordance with the invention
comprises, in weight percent, 3.2 t0 4.2 Al, 1.7t02.3 Sn, 2t0 2.6 Zr, 2.9 to 3.5 Cr,
2.3t0 2.9 Mo, 21026 V;70.25 to 0.75 Fe, 0.01 to 0.8 Si, 0.21 max. Oxygen and
balance Ti and incidéntal impurities: "

[016] More specifically in ‘acco'rdah'cé with the invention, the alpha-beta,
titanium-base alloy may edmptiseé; in Weight percent, about 3.7 Al, about 2 Sn, about
2.3 Zr, about 3.2 Cr;,'about 2.6 Mo, about 2.3 V, about 0.5 Fe, about 0.06 Si, about
0.18 max. Oxygen and balance Ti‘and incidental impurities.

[017] This alloy may exhibit a tensile strength of over 200 ksi and ductility in
excess of 20% RA and dolible shear strength in excess of 110 ksi.

Description of the Preferred Embodiments aid Specific Examples:

[018] All titaniumn alloys evaluated in thi‘s‘development effort were produced
by double vacuum ar¢ meltlng nominally 10-1b/4.5 inch diameter laboratory size
ingots. All of these’ lngots were converted to bar’ product by the same process in
order to minimize property scatter due to macrostructural and/or microstructiral
differences. The conversion practice employed was as follcws:

[019] - Beta forge at 1800F to 1.75 inch square

[020] - Determitie the beta transus -

[021] - Alpha-beta roll from nominally 40F below each alloy's beta transus

to 0.75 inch square bar.
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[022] - Solution treat bar at a selected temperature in the range of
nominally 80F to 150F below its beta transus followed by a fan air cool.

[023] - Age at various temperétures 'in order to produce a range of
strength/ductility levels.

[024] - All material was determined to have a proper alpha-beta
microstructure consisting of essentially equiaxed primary alpha in an aged beta

matrix.
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[025] Table 2 provides a summary of the formulations that were produced in
the first iteration of laboratory. size heats. The baseline Ti-17 formulation is Heat
V8226. Note that the Ti-ﬁ? baseline alloy has no vanadium addition; a low (less that
0.25%) iron addition; no intentional silicon addition (0.014 represents a typical
"residual” level for titanium alloys for which no silicon is added); and an oxygen level
in the range of 0.08-0.13, which conforms to common industry specifications
concerning Ti-17.

[026] The remaining formulations cited in Table 2 are experimental alloys
that incorporate additions/modifications relative to the Ti-17 baseline alloy. One of
the primary additions is vanadium. This element is known to have significant
solubility in the alpha phase (over 1%), thus it was added to specifically strengthen
that phase of the resultant two-phase, alpha:beta alloy. This is an important
addition since the othier béta‘stabiliz‘ers in the Ti-17 alloy, Cr, Mo and Fe, have very
limited solubility in‘the alpha phase. Other additions include iron and a higher

oxygen level. Table? also shows the beta transus temperature of each formulation.
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Heat
V8226

V8227

V8228

V8229

V8230

Age

950/16

1000/12

1050/8

1100/8 .

950/16
1000/12
1050/8

1100/8

950/16
1000/12

1050/8

1100/8 .

950/16
1000/12
1050/8

1100/8

950/16
1000/12
1050/8

1100/8
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Table 3
First Iteration Tensile Results*
YS (ksi) UTS (ksi)
214 222
212 220
209 237
210 219
203 207
198 205
191 197
191 197
227 234
230 239
222 222
225 231
214 221
213 220
205 211
201 207
206 214
207 . 213
197 205
194 201
190 194
189 192
180 182
179 179
208 224
209 218
205 209
200 208
188: - 198
187 199
176 188
178 187
212 220
212 219
204 211
197 208
198 204
195 202
182 191

10

%RA

12
13
12
17
15
29
25

15
15
19
15
12
21
17 -

22
23
26
39
31
44
40
39

12
11
17
19
19
.26
41
38

14
20
26
16
28
23
25
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- Table3
First lteration Tensile Results*
Heat Age YS (ksi) UTS (ksi) %El %RA

“, 187 194 12 38
V8231 950/16 208 220 6 18
* 208 220 8 15
1000/12 200 207 9 23
“ 199 208 10 28
1050/8 193 195 10 22
S 191 199 11 33
1100/8 184 189 11 36

184 190 - 12 34

* All material solution treated 80 degrees F below beta transus and all aging
treatments expressed in degrees F / hours

11
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[027] Table 3 summarizes the uniaxial tensile results obtained from the first
iteration of experimental alloy formulations noted in Table 2 that were processed to
bar and heat treated. Table 4 provides a regression analysis of the Table 3 data.

[028] The first ifém to note is a comparison of the tensile properties of the Ti-
17 material cited in Table 3 (laboratory size Ti-17 heat) vs. those cited in Table 1
(production-sized Ti-17 heat). Note that the calculated %EI values of the lab-sized
heat are 78% and 83% of those from the full sized heats at 195 ksi and 215 ksi
respectively and the calculated %RA values are 67% and 62% at the same
respective strengths. This data clearly confirms the significant drop-off of laboratory
size heats vs. full-sized heats and reinforces the need to compare results from
comparable sized heats. .

[029] The reéults fsti;mmarizéd |n Table 4 show that Heat V8228 provided the
best combination of ductilities at the strength levels of 195 ksi and 215 ksi, well
above those of the Ti-17 baséline alloy. In fact, compared to the Ti-17 baseline
alloy, Heat V8228's %El values were 38% and 36% higher and the %RA values
were 46% and 51% higher at the 195 and 215 ksi Estrength levels respectively, well
above the goal of at least 20% improvement.

[030] Further examination of the Table 4 data show that in all but two cases
the experimental alloys from Table 2 éxhibited improved properties compared to the
" baseline Ti-17 alloy. Only the'calculated %RA of Heat V8227 at 195 ksi and the
%El of V8229 at 215 ksi failed to show improvement over the Ti-17 baseline alloy.
The following conclusions were drawn from these results:

[031] - Alloys with'a vanadium addition fared better than the same alloy
without vanadium. The benefit of the vanadium addition appeared to peak with an
addition in the rahgé‘of 2.4%.

[032] - Allo’ys wifh an ¢levated oxygen level performed better than those with
a reduced oxygen level.

[033] - lron additions beyond about 0.5% do not appear to offer any
advantage

[034] - Lower aluminiumi levels - below about 4% - appear to be beneficial.

13
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[035] - All of the experimental heats had a slightly higher silicon level
compared to the baseline Ti-17 level (presumably because the vanadium master
alloy carried along a-minor silicon level). This slightly higher silicon level was not

detrimental.

14
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[036] In light of the excellent properties obtained from the first iteration of
heats, it was decided that an additional iteration would be desirable in order to refine
the chemistry of the best alloy, i.e., Héat V8228. Table 5 summarizes this second
iteration of experimental heats. The first-Heat, V8247, is essentially a repeat of
Heat H8228. This provides a measure of the repeatability of the results. The
remaining second teration heats provide the following modifications to the
V8228/\V8247 formulation:

[037] - Heai‘V8248 examines oxygen as high as 0.222 wt %, higher than
any of the first iteration heats.

[038] - Heat V8249 evaluates higher oxygen (0.208%) in combination with
higher silicon - double that of V8247.

[039] - Heat V8250 examines the higher silicon level alone, i.e., without the
higher oxygen.

[040] - Heats V8251 and V8252 examine lower aluminum levels (about 0.5%
less than V8547), in'one ‘case at the sarne Silicon leve! (V8251) and another
(V8252) at the higher silicon level. "

16
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Table 6
2nd lteration Tensile Test Results*
Heat # Age YS (ksi) UTS (ksi) %El %RA
V8247 980/3 181 192 14 33
“ 185 196 12 28
1040/8 174 182 16 39
“ 173 182 16 44
1100/8 161 169 17 47
“o 161 169 19 43
1160/8 152 162 18 50
. 153 162 19 44
V38248 980/8 189 199 10 22
“ 189 200 12 30
1040/8 179 188 13 38
“ 178 187 12 43
1100/8 167. 145 15 40
Ko 165 173 14 38
1160/8 155 163 16 43
. 155 163 16 44
V8249 980/8 196 206 9 20
* 202 211 8 23
1040/8 186 195 12 34
* 186 195 10 20
1100/8 176 178 14 36
“ 174 182 12 27
1160/8 161 170 15 31
“ 162 179 15 33
V8250 980/8. 186 197 11 33
“o 1856 - 196 13 36
1040/8 180 189 13 31
ot 178 - 187 14 37
1100/8 164 171 15 38
o« 165 173 15 37
1160/8 155 163 16 40
o 155 164 15 33
V8251 980/8 171 183 13 28
“ 173 184 14 33
1040/8 170 179 14 37
¢ 173 182 13 32
1100/8 158 166 17 46
¢ 158 167 14 41

17
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Table 6
. .2nd Iteration Tensile Test Results*
Heat # Age YS (ksi) UTS (ksi) %El %RA
1160/8 149 158 18 47
“ 149 158 18 43
V8252 980/8 175 186 13 32
“ 176 190 10 27
1040/8 168 176 13 36
‘o 165 174 13 35
1100/8 156 165 16 42
“ 152 160 17 39
1160/8 147 156 16 39
“ 147 157 18 40

* All material solution freated 80 degrees F below beta transus and all aging
treatments expressed in.degrees F /:hours

_ Table 7

Regression Analysis of Second lteration Tensile Results
Calculated  Calculated
%El at215  %El at 195

Heat # Equation. r-squared ksi UTS ksi UTS
V8247 %El=46.7 -0.1719 UTS ...0.88 9.7 13.2
V8248 %El = 38.2 - 0.1364 UTS 0.88 8.9 11.6
V8249 %El=43.1-0.1659 UTS .0.94 7.4 10.7
[ Vv8250 %El=35.2-0.1170 UTS 0.89 10.0 12-4
V8251 %El =45.3 -0.1755 UTS 0.81 7.6 11.1
V8252 %El'=47.0 - 0.1906 UTS 0.87 6.0 9.8

Calculated Calculated
%RA at:215 %RA at 195

Heat# Equation r-squared ksi UTS ksi UTS
V8247 %RA =130.2 - 0.5047 UTS 0.87 21.1 31.3
V8248 %RA = 111.2 - 0.4084 UTS +0.62 23.4 31.5
V8249 %RA = 83.85 - 0..2952 UTS - 0.68 20.4 26.3
| V8250 %RA =53.5-0.0993 UTS - 0.21 32.1 34.1
V8251 %RA = 13639 - 0..5726 UTS 0.84 13.8 25.2
V8252 %RA =03.7-0.3370UTS  '0.81 21.2 28.0

18
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[041] The second iteration of laboratory size heats were processed as
outlined earlier for the first iteratioh heats. Tensile tests were again performed and
the results are summarized in Table 6. This data was analyzed by regression
analysis and the results ‘are providédin Table 7.

[042] Several conclusions can be drawn from Table 7. First, the correlation
between the first iteration heat V8228 and its replicate V8247 is quite satisfactory.
Secondly, it is also clear that the alloy can folerate oxygen up to about 0.22% when
the silicon level is low, but there is a minor drop-off at the higher silicon level when in
combination with the higher oxygen level. The higher silicon level seems to offer no
significant loss in properties as long as the oxygen level is in the intermediate range
of about 0.17%. Finally, the lower aluminum levels (below about 3.2%) appear to be
inferior to the higher levels suggesting that aluminum should be kept above the
3.2% level. They all have'the intermediate aluminum level of 3.6%-3.7%, and all
have silicon levels that are either low'in combintion with the highest oxygen or high

or low in combination with the intérmediate oxygen levels.
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Table 8
Tensile and Double Shear Results from Selected Heats
Avg
Double Double Double
Solution Age F/ uTS Shear Shearas Shearas %
Heat # Treat, F hrs YS (ksi) (ksi) %EL %RA (ksi) % of UTS of UTS
V8226 Beta - 975/12 186 213 5 12 106 49,8%
110F
“ “ “ 193. 202 9 = 17 107 530%
53.4%
“ ¢ 105018 188 196 - - 10 24 106 54.1%
“ “ 1050/8 182 189 12 33 107 56.6%
V8228 Beta - 975/12 197 207 9 19 112 54.1%
100F
“ “ 193 203 9 21 " 54,7%
“ “ 1025/8 189 198 13 38 108 54.5% 55.0%
“ “ “ 189 198 9 35 112 56.6%
V8247 Beta - 975/12 191 202 12 31 110 54.5%
130F
“ “ “ Invalid Test
“ “ 1025/8 189 198 13 38 " 56.1%
“ “ “ 189 198 9 35 " 56.1% 55.6%
V8250 Beta - 925/12 191 204 11 29 113 55.4%
150F
“ “ “ 191 204 12 32 116 56.9%
“ “ 975/12 187 198 12 38 112 56.6% 55.9%
“ “ “ 188 199 11 37 109 54.8%
“ Beta - 975/12 203 213 8 16 112 52.6%
120F
“ “ ! 192 204 10 29 113 55.4%
“ “ 1025/8 181 191 12 43 109 57.1% 55.2%
“ “ ! 183 192 13 40 107 55.7%

Qverall Avg: 55.0%

[043] As a final- determination of the property capability of the alloys
produced, four of the chemistries (the baseline Ti-17 heat V8226, the best of the
first iteration, Heat V8228; the replicate of V8228, Heat V8247 and Heat V8250)
were selected for double shear testing. Bars from each heat were solution treated
at varying degrees below their respective beta transus values, fan air cooled, and
then aged at various conditions aimed at producing strength levels in the targeted
195 ksi to 215 ksi rari;cié; These bars were then tested for routine uniaxial tension
properties as well as double shear. The resuits are provided in Table 8.

[044] Several conclusions can be drawn;f'rom the data presented in Table 8.
First, the double shear strength values of the laboratory size heats were in the range
of 55% of their corresponding UTS values, with the Ti-17 baseline heat (V8226)

exhibiting the lowest average at 53.4%. Since bar from the commercial Ti-17 heat
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exhibited an average double shear strength of 59.8% of the UTS, we see an
approximate 6.4 percentage point drop-off, slightly over 10% overall, associated with
the laboratory vs. commercial heat. As noted earlier regarding ductility, this is not
unexpected due to the lack of macrostructural refinement afforded by the small lab
heats. It does however show that one could expect nominally 10% higher values
from the laboratory size formulations if they were processed from larger commercial
heats. Such an increase would put the laboratory heat data shown in Table 8 into
the range of 117 ksi to 129 ksi double shear strength, sufficient to meet the 110 ksi

minimum goal.
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WHAT IS CLAIMED IS:

1. An alpha-beta, titanium-base alloy having a combination of high strength
and ductility, said alloy exhibiting at least a 20% improvement in ductility at a given
strength level compared to alloy Ti-17, as defined herein.

2. The alloy of claim 1 exhibiting a double shear strength of at least 110 ksi,
as defined herein.

- 3. The alloy of claim 2, exhibiting a tensile strength of at least 195 ksi.

4. The alloy of claim 3, exhibiting a tensile strength of 195 to 215 ksi.

5. An alpha-beta, titanium-base alloy comprising, in weight percent, 3.2 to
42A1,1.7t0238n,2t02.67Zr,2.9t03.5Cr,2.3102.9 Mo, 2t0 2.6V, 0.25t0 0.75
Fe, 0.01 to 0.8 Si, 0.21 max. Oxygen and balance Ti and incidental impurities.

6. The alloy of claim 5 exhibiting atleast a 20% improvement in ductility at a
given strength level compared to alloy Ti-17, as defined herein.

7. The alloy of claim 6 eXhibiting a double shear strength of at least 110 ksi,
as defined herein.

8. The alloy of claim 7 exhibiting a tensile strength of 195 to 215 ksi.

9. An alpha-beta, titanium-base alloy comprising, in weight percent, about
3.7 Al, about 2 Sn, about 2.3 .Zr, about 3.2 Cr, about 2.6 Mo, about 2.3 V, about 0.5
Fe, about 0.06 Si, about 0.18 max. Oxygen and balance Ti and incidental impurities.

10. The alloy of claim 9 exhibiting tensile strength of our 200 ksi and ductility
in excess of 20% RA and double shear strength in excess of 110 ksi. |
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