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FOREWORD

This report was prepared by the Toronto Technical Labora-
tory , TIMET Division of Titanium Metals Corporation of America ,
Toronto, Ohio, under USAF Contract No. F336l5-74—C—5063 . The
research was performed under Project No. 7351 “Metallic
Materials,” Task No. 735105 “High Strength Metallic Materials.”
The work was administered by the Metals and Processing Branch,
Metals and Ceramics Division , Air Force Materials Laboratory ,
Air Force Systems Command , Wright-Patterson Air Force Base ,
Ohio , with Mr. W. R. Kerr , AFML/LLS as Project Engineer .

This report covers the period from 1 March 1974 to 15
December 1975. The project manager was G. Lenning. Ingot

• melting was under the direction of Messrs. H. R. Palmer and
R. E. Adams. Analytical determinations were directed by Ms.
D. R. Valent. Material fabrication was directed and monitored

• by the project manager. Pole figures and x—ray phase identi-
fication were supervised by Dr. H. W. Rosenberg. Tuckerman
Modulus and crack growth testing was supervised by Dr. Rosen-
berg and Mr. T. L. Wardlaw. The “Room Temperature Formability
Evaluation” was conducted at the Columbus Aircraft Division
of Rockwell International under a sub—contract from TIMET.
At Rockwell the study was supervised by Messrs. D. L. Day and
A. Shames.
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SECTION I

INTRODUCTION

This program was aimed at exploring and selecting opti-
mum mill  processing procedures for three promising experimental
alloys on the basis of formabil i ty,  formage abili ty , and
uniformity and consistency of properties. The alloys selected
were Ti—8V-7Cr—3A1—4Sn—lZr , Ti-8V—4Cr-2Mo—2Fe—3A1, and Ti-
l5V-3Cr--3Al-3Sn . These alloys were selected from a prior
program as having potential for good fabricabili ty  and aging

— response to high strength and toughness. Melting and pro-
jected mill process economics were also criteria for  the
previous program conducted on Contract No. F336l5-72-C-l696~~

1
~~.This prior contract represented a continuation of a program

begun at Battelle under Contract No. F336 15_ 69_ C_ 1890(2 )
F and continued at Lockheed under Contract No. F336 15-7 1—C—

1682( 3) . One of the three alloys selected , Ti-15V—3Cr-3Al—
3Sn, was from the Lockheed program. Beyond the alloy criteria
noted above , athermal matrensite compositions were avoided.

Near the conclusion of the program on Contract No.
F336l5-72-C-l696 an Air Force-Industry Workshop on Formable
Titanium Sheet was conducted(4) . Two of the general conclu-
sions derived from this workshop gave strong support to the
expectations for the cold rolled strip process to be deve loped
on this program :

1) Improved product uniformity with respect to
dimensional tolerance, surface f inish , and
properties over those of existing hand mill
products would provide cost savings in
fabrication of parts.

~ -~ Wardlaw , T . L . ,  Rosenberg, L W . ,  Parris , W.M. , Titanium Metals
Corp . of America, Technical Report AFML-TR-73-296 , Contract
No. F 3 3 6 l 5 — 7 2 — C — l 6 9 6 , January 1974.

R. A . ,  Williams , D . N . ,  Boy d , J .D .,  Rothman , R . L . ,  and
Bartlett, E . S . ,  Battelle Memorial Insti tute, Technical Report
AFML—TR-70-257, Contract F336l5—69—C—1890 , December 1970.

(3) Stenime , H . W . , Lockheed-Georgia Co . ,  Technical Report AFML-
T R — 7 3 — 4 9 , Contract F 3 3 6 l 5 — 7 1— C — l 6 8 2 , April 1973.

(4 ) summary Report , Air Force-Industry Formable Titanium Sheet
Workshop , Dayton , Ohio , 5 Jun e 1973.

—1—
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2) Cold forming followed by mild restraint or hot
size - aging at low temperatures would be an
acceptable fabrication method which should
decrease costs.

Another conclusion was that the volume of usage expected
in the near f u t u r e  is not high for any one product form.
The greatest inroads will be where elevated temperatures
and/or corrosive environments are anticipated. The low
i n i t i a l  volume for  a given product form was not consistent
with the requirement f or volume production in cold strip and
indicated that in i t i a l ly  some hand mil l  production may be
necessary . Prior experience with beta type Ti-l3V—llCr-3Al
and Ti-8Mo-8V-2Fe-3A1 alloys had shown that cold rolling
gave better aged property uniformity from sheet to sheet than
the hot roll processes. These two factors--l) an initially
restricted market potential , and 2) the beneficial effects
of cold roll ing--led to incorporating the somewhat unusual
hot plus cold roll approach .

The other conclusions drawn from the Workshop have
generally been incorporated in the present program such as
evaluation of fracture toughness, fatigue, weldability, etc. -

The weldability evaluation of the three alloys is being con-
ducted at Wright Field and will be reported separately .

The results on Contract No. F33615-72-C-1696 had indica-
ted the three alloys were adaptable to conventional consumable
electrode vacuum melting using commercially available alloy
and master alloy additions for small ingots . No unusual
ingot homogeneity problems were found in ingots up to 40 lbs.

Mill  processing of ingot to f l a t  roll appeared prac—
tj .cal based on s imilari t ies established for the three alloys
to Ti-13V-llCr-3Al and Ti-8Mo-8V-2Fe—3A1 alloys which had
been strip produced . These similarities were established
in a series of laboratory experiments at known critical areas
in the processing such as:

Hot Rolling Characteristics
Thermal and Mechanical Beta Phase Stability
Cold Rollabili ty
Property Directionality

In the present investigation the plan was to make 0 .050
and 0.100” thick flat roll product by each of the three
methods :

1) Simulated strip
2) Hot plus cold roll
3) Hot roll

— 2—
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SECTION II

PHASE I

A. INGOT FORMULATION , MELTING AND HO.~1OGENEITY

The mater ia ls  used in formulation of the 1800—lb
ingots for the three alloys are shown in Table 1, along
w ith analyses . These addi tions were weighed , blended and
pressed to form 4” half  octagonal x 12” long compacts .
These compacts were weld joined to form two primary
melting electrodes. Af ter vacuum primary melt ing the two
14” diameter pr imary el~ ”-trodes were joined by welding ,
inverted and vacuum melted into an 18” diameter furnace.
These 14” and 18” diameter melting furnaces  d i f f e r  from
conventional production furnaces in the U.S. only by
bei ng cooled by a liquid mixture of sodium and potassium
(NaK).

Sampling of ingots for analyses was at top , middle ,
and bottom positions by trepanning and core drilling .
These results are shown in Table 2, and generally good
homogeneity was obtained for all except that the top ingot
position had chromium higher than the normal formulation
range shown at the right of the table for all three ingots.
For the Ti-8V-7Cr-3Al-4Sn-lZr alloy chromium was high by
0.2%, for the Ti-8V-4Cr-2Mo-2Fe—3Al alloy chromium was
high by 0.4%, and for the Ti-15V-3Cr-3A1—3Sn by 0.1%.
Additional chemistry samples were obtained from the out-

- • 
side of the forged sheet bar for the two Ti-8V—etc. compo-
sitions which come into the formulation range . The
analytical results for these samples are shown in Table 3
and they are believed to be more representative of
material  chemistry than the original ingot analyses.

The only reasonab le exp lanation for the high chromium
con tent of the ingots appears to be spatter of high
chromium metal from the molten pool to the outside of the
crucible during the last portion of melting .

B. MILL PROCESSING

The fo rging schedule is shown in Table 4 along with
recovery data. No unusual problems were observed and
d r a f t i n g  pressures and scaling behavior were similar to the
be ta all oys , Ti-13V-llCr-3A 1 and Ti-8Mo-8V-2Fe-3Al alloys.

—3—
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TABLE 1

MATER IALS USED IN FORMULATION OF INGOT COMPOSITIONS

Ti 85/15 Al Cr Sn Zr Mo-Al Fe

V5029* 265 A—637  A—l A — 6 4 0  A—520 A—63l  — —
V5030* 265 A — 6 0 4  A—l A— 640 — — A—639 A—518

V503l* 265 A— 637 A—i A—640 A—520 — — —

ANALYSIS OF MATERIALS

Ti — Lot 265 lO9Bhn — .07102 — . 009N — .O4Fe — .026C

85/15 A— 637 82 .5V — 15.7A1 — .1602 — .057N — .52Fe — .Ol8C —

.36Si — . 0019B

85/15 A—604 85.3V — 13.2A 1 — .23702 — .039N — .47Fe — .026C —

.2OSi — . 0025B

Al A—i 99.7Al  — .00502 — .Ol3N — .lFe — .27Si — .002B

Cr A—640 99.3Cr — .05702 — . 029N — . 29Fe — .O3Mn

Sn A— 520 .].3Fe — .005N — .OO3Si — .O3Cu — .OO3Al

-
• Zr A—63l 99.5Zr — .11402 — . 004N — .076Fe

Mo—Al A—639 52.9Mo — 42.2Al — 3.75Ti — .0400 2 — .013N — .l4Fe —

• 43Si

Mo—Al A— 630 52 .6Mo — 42.6A 1 — 4 .22Ti  — .07202 — .O1ON — .l8Fe —

.28Si

Fe A— 5 18 99.9Fe — . 0028B

* Heat - alloy designations

V5029 Ti -8V—7Cr— 3A 1-4Sn— lZr
V5030 Ti-BV-4Cr-2Mo-2Fe-3Al
V503 1 Ti-1SV-3Cr-3Al-3Sn

—4—
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TABLE 2

CHEMISTRIES FOR FORMABLE SHEET IN GOTS

Analysis , Weigh t %
For Position Indicated

Formulation
Element T M B Avg. Range,%

V—5029 Ti—8V—7Cr—3A1 - 45n—lZr

V 8 .0  8.0 8.1 8.0 7 . 5 — 8 . 5
Cr 7.7 6.6 6.9 6.8 6.5—7.5
A]. 3.0 2.9 2.9 2.9 2.7-3.3
Sn 3.9 4 . 0  4 . 0  4 . 0  3 . 6 — 4 . 4
Zr 1.0 1.0 1.0 1.0 0.8—1.2
02 0.09 0.1 0.09 0.09 0.13 max.
N2 0.016 0.016 0.017 0.016
Fe 0.14 0.13 0.14 0.14

V-5030 Ti-8V--4Cr-2Mo-2Fe-3A].

V 8.0 7.8 7.7 7.8 7.5—8.5
Cr 4.8 3.9 3.9 4.0 3.6—4.4
Mo 1.8 1.8 1.8 1.8 1.8—2.2
Fe 2.3 2.0 2.0 2.1 1.8—2.2
Al 2.8 2.9 2.8 2.8 2.7—3.3
02 0.11 0.10 0.10 0.10 0.13 max.
N 2 0.016 0.014 0.015 0.015

V—5031 Ti—15V—3Cr—3A1—35n

V 14.9 14.9 15.1 15.0 14—16
Cr 3 . 4  2 . 9  3.1 3.1 2 . 7 — 3 . 3
Al 2 . 9  2 . 9  3.0 2 . 9  2 . 7 — 3 . 3
Sn 3.1 3.1 3.1 3.1 2 . 7 — 3 . 3
02 0.11 0.11 0.12 0.11 0.13 max .
N 2 0.025 0 .026  0 . 0 2 4  0 .025
Fe 0 .27  0.21 0 . 2 5  0 . 2 4

—5—
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TABLE 4

FORGING SCHEDULE AND RECOVERY
FOR 1800-LB. INGOTS

1) Forge 18” diameter ingots to 7” x 16” x
length at 2000F and square edges

2) Intermediate overall condition

3) Forge to 3-1/2” x 16” x length at 1750F
and square edges

4 )  Preheat to 800F

5) Overall grind

6)  Hand grind to remove defects

7) Ultrasonic test

Conditioned
Uncropped

Ingot Slab Recovery
Alloy Weight,Lbs. Weight,Lbs. %

Ti—8V—7Cr—3A 1—4 5n—lZr  1800 1672 92 .9

T i—8V—4C r —2Mo—2 Fe —3A l  1839 1650 8 9 . 7

Ti—l5V—3Cr—3A1—3Sn 1835 1673 91.1

‘—7—
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Genera l ly ,  beta alloy s show less tendency to cracking than
alpha and alpha-beta al loys , but  metal removal by grinding
is more difficult for the betas.

The minor d i f f e rences  between recoveries for the
three alloys are not believed significant. End losses were
not detectably d i f f e r e n t  a f te r  cropping and no pipe was
found in the three slabs.

The cut t ing layout for the forged 3” thick x 16” wide
sheet bars is shown in Fi gure 1 to approximate scale .
The dashed vertical lines separate the materials according
to the processing intended which is related to bar numbers
as follows .

Code Ga. Aim

Cold Strip Process

-02 0 .050  Lab Simulated Strip
—03 0.100 “ “
-04 0.100 Sheet Simulated Strip
—05 0.050 “ “

Hot plus Cold

—06 0.100
—07 0.050

Hot Roil

—0 8 0.100 l750F rolled
—09 0.050 “

—10 0.100 1850F rolled

A summary of the processing applied is given in Table
5. The simulation of strip by two methods was because
s u f f i c i e n t  material was not available to go to a Sendzimir
mill where tension could be applied during rolling . The
cold mills available for small lots where the conditions
of high load and f ront  and back tension could be applied
during rolling are restricted in width to 6” and under.
The 36” wide sheets were rolled on a four high cold mil l
witnout  tension from start ing hot band , nominal 0 .17” ,
gage to give su f f i c i en t  width for all evaluation tests .
The major d i f fe rence  in both these simulations from the
conventional strip process was the necessity to hot cross
roll the 16” wide sheet bar to 36+ ” wide . In convent ion-
al strip processing the non-unidirectional working
applied is in spreading the forged slab from a width
corresponding to ingot d axneter to the width necessary to
yield the f in i shed  strip width .

—8—
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The processing detail for hot band equivalent is
shown in Table 6. Cross rolling 16” to approximate ly  39”
was at 1850F. The furnaces used for heating are roller
hearth type with the first two zones gas fired and the
third zone electric. Initial heating times varied from
70 to 120 minutes for  the 3” thick slab . At l850F th~
three alloys were softer than Ti—6Al—4V at l700F. At the
l750F reheat tempe ratur e the three alloy s were abou t the
same or a little stiffer than Ti—6Al—4V at l700F. This
mill is not load instrumented so no more detailed inf or—
mation can be provided. Hot rolling behavior for the
three alloys was comparable again to Ti-13V-llCr-3Al and
Ti-8Mo-8V-2Fe-3A1 alloys.

The cold f i n ish processing for laboratory and sheet
simulated strip is shown in Table 7. In the laboratory
simulated strip processing for  0 .05 0” gage both the two—
high and four-high configurations were tried. The gage
aim could be met with both but within the load li~nits
available the four-high rolls gave the best simulation of
Sendzimir mill practice .

Comparison of rolling loads for 0.100” gage aim are
shown in Fi gure 2 and for 0.050” gage aim in Figure 3.
The Ti-8V-7Cr-3A1—4Sn-lZr and Ti-8V-4Cr-2Mo-2Fe—3Al alloys
required higher rolling loads and more roll passes to
f in i sh  gage than the Ti-15V-3Cr-3A1-3Sn alloy . This
difference would probably not be signi f icant  in terms of
processing costs. The loads shown for one screw are half
of the total mill load.

Hot rolling detail for the hot plus cold process is
shown in Table 8. Breakdown and finish rolling were both
at 1750F . Cold roll processing is shown in Table 9 and
rolling data in Table 10. The rolling mill was a f our-
high sheet type. The intermediate anneal for the 0.050”
gage aim material was used primarily because of a limita-
tion imposed by the mill. The mill had just been over-
hauled prior to this rolling. The break-in period for
rolling light gage material requires a number of sheets of
the same composition to obtain proper adjustment and
set-up and usually a n umber of sheets are lost due to
crimping,  pinch ing , etc . In this case on ly one sheet for
each gage and alloy were available and the risk of loss
did not appear justified.

Processing for the hot rolled sheet is shown in Table
11. Gage removal data for the grind and p ickle opera-
tions is shown in Table 12 for  all hot rolling. General ly
there was l i ttle difference between these alloys or
between these alloys and Ti-8Mo-8V-2Fe-- 3Al and Ti-l3V-llCr-
3A1 alloys in regard to gage removal required for cleanup .

—11—



TABLE 6

PROCESSIN G FOR HOT BAND
FOR LABORATORY AND SHEET SIMULATED STRI P

Heat to l850F

Roll 16” to width on roughing mill

Turn and roll to length at 0.30 to 0.35” gage

Reheat 1750F

Roll to 0.20 to 0.23” gage on f inish mill

Reheat l750F

Roll to 0.19 to 0.20” gage

C~ t hydrogen samples and hold for  release

Blast

Descale with KOH and pickle

Vacuum anneal l350F—6hrs

Cut hydrogen samples and hold for release

Continuous anneal and pinch roll flatten *

Wet belt grind overall with hard back-up roll

Spot grind as necessary

Pickle , cleanup

Final inspect

*~~ neals were 10 mins . at temperature with

Ti-8V-7Cr—3Al-4Sn-lZr  at l400F
Ti-8V-4Cr-2Mo-2Fe-3Al at 1500F
Ti—l5V—3Cr-3Al— 3Sn at 1450F

— 1 2—  
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TABLE 7

PROCESSING FOR FINIS H SIMULATED STRIP

Laboratory Simulated Strip

Shear 0 . 1 7 ”  x 36” x length sheet  to 5— 1/ 4 ”  wide x length

Attach stainless steel tails

Cold roll to 0.100” gage on 2 h igh mill with  tension
Cold roll 0.050” gage on 4 high mill with tension
Remove tails and inspect

Cut strip to mult lengths required for testing

Vacuum anneal in cold wall  f u r nace’
cooling rate to simulate production con tinuous
vacuum anneal practice

Flash pickle in 15HNO3 - 1.5 HF + rinse

Submit to machin ing

Sheet Simulated Strip

Roll 0.17” x 36” wide to gage at 96+ ” long on 4 high mill

Tail and continuous vacuum anneal 0.050” gage ’

Flash pickle 0.050” gage — inspect + cut to tests -
•

Air anneal 0.100” gagez

Caustic descale and cut hydrogen test
Overall wet belt grind (120 grit)

15 HNO3 — 1.5 HF pickle
Inspect
Shear to test size and submit to machining

‘Anneals used for  lab str ip and 0 . 0 5 0”  gage sheet strip were :
Ti—8V—7Cr— 3A1—4Sn—lZr 1400F — 5 mins.
Ti-8V—4Cr-2Mo-2Fe—3A 1 1500F - 5 mins.

Ti—15V— 3Cr—3Al—3Sn l450F — 5 mins.

2 Anneals fo r  0.100” gage sheet strip were 10 mins .

-13- 
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TABLE 8

PROCESSING FOR PLATE FOR
HOT + COLD ROLL MATERIAL

Heat to 1750F

Roll 18-3/4” or 12-1/2” to 42”  on roughin g mill

Turn and roll 16” to length at 0.39” to 0.44” gage

Reheat l75OF

Roll to length at 0.275” gage on f inish mi l l

Cut hydrogen samples and hold for release

Blast

Descale with KOH and pickle

Cut hydrogen samples and hold for release

Vacuum anneal 1350F—6hrs as necessary to remove hydrogen

Continuous air anneal and pinch roll flatten* water quench

Descale with KOH and pickle (11HNO3-l.SHF)

Material for 0.100” gage f in ish  aim -

wet belt grind overall with hard back-up roll

Material for 0.050” gage f in i sh  aim -

pickle to remove 0 . 0 0 8 ”  from gage and cut hydrogen sample

Final  inspect

Abrasive saw cut to size and mark

*Anneals were 10 mins . at temperature w i th
T i — 8 V — 7 C r — 3 A l — 4 S n — l Z r  at 1400F
Ti—8V—4Cr—2Mo—2Fe—3Al at l500F
Ti—1 5V-3Cr— 3A 1—3Sn at 1450F

— 1 6 —
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TABLE 9

PROCESS ING FOR FINI SH OF
HOT PLUS COLD ROLL SHEET

Roll 0.25” plate to nominal 0.100” gage and set
aside 0.100” gage aim material

Intermediate anneal 0.050” gage aim sheet and
p inch roll flat ten*

Descale wi th  KOR and pickle

Overall wet belt grind (120 gri t) ,  0.004” off gage

Roll to 0.050” gage

Anneal 0.100 and 0.050” gage , pinch roll f la tten
and air cool both sides*

Wet belt grind overall (120 grit) 0.005” m m .  off gage

HNO3-HF pickle 0.004” off  gage

Shear to square

Inspect

* Intermediate and f ina l  anneals were 10 minutes:
Ti— 8V—7Cr—3Al—45n—lZr at 1400F
Ti-8V-4Cr-2Mo—2Fe—3Al at l500F
Ti-l5V-3Cr—3Al—3Sn at l450F

—17—
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TABLE 10

COLD ROLLING DATA FOR
FOUR-HIGH SHEET ROLLING FULL SIZE SHEETS

Cold Finish
Starting Rolled Nbr.of  % Gage

Alloy No.’ Ga.,In. Ga.,In. Passes Reduction Aim ,In.

Hot plus Cold Sheet 0.100” Ga. Aim

V5029 .264 .106 29 60 0.100
V5030 .266 .108 37 59 0.100
V5031 .254 .109 27 57 0.100

Hot plus Cold Sheet 0.050” Ga. Aim

First Reduction

V5029 .265 .104 17 2 62
V5030 .266 .099 17 63
V503l .264 .098 17 63

Second Reduction after intermediate anneal,
descale, pickle, & grind

V5029 .100 .061 39 39 0.050
V5030 .092 .060 47 35 0.050
V5031 .093 .061 43 34 0.050

‘V5029 — Ti—8V—7Cr—3Al—4Sn—lZr
V5030 - Ti-8V-4Cr-2Mo-2Fe-3Al
V503l — Ti—l5V-3Cr-3Al—3Sn

2 Cracked 8” from one end because of crimp

— 18—
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TABLE 11

PROCESSING DETAIL FOR HOT ROLL

Heat two bars each alloy to 1750F
Heat one bar each alloy to 1850F

Roll length of sheet bar to 39”

Turn and roll 16” width of sheet bar
Roughing of l850F rolled bar complete at 0.31” gage

Reheat two bars each alloy to l750F

Roll on finish mill

Cut hydrogen samples and hold for release

Flatten and solution “inneal all l450F—l0min AC

Shear to size for weld pack

Weld in steel pack

Roll to length for 0.115” gage at 1750F for
0.100” f in ish  gage

Roll to length for 0 . 0 7 0 ”  gage at l7SOF for
0 .050”  f in i sh  gage

Continuous anneal l450F-l0min. and air cool both sides

Caustic descale

Sample for  hydrogen

Shear to square

Overall wet belt grind (120 grit)

15 HNO3-l .5HF pickle

Shear to size

Final Inspect
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TABL.E 13

GAGE RANGE AND SHAPE FOR
AS PRODUCED MATERIALS 36” x 96” SIZE

Alloy No. Gage Range ’

Sheet Simulated Strip (—04 & —05 tracers)

V5029—05 .063 — .067 crown
V5030—05 .060 — .067 crown
V5031—05 .060 — .066 crown

V5029—04 .094 — .101 crow n
V5030—04 .094 — .101 crown
V503l—04 ,097 — .101 crown

Hot plus Cold (—06 & —07 tracers)

v5029—06 .099 — .104 crown
V5030—06 . 0 9 4  — .099  crown
V503l—06 .096 — .105 crown

Hot Rolled 1750F (—08 & -09 tracers)

V5029—09 .057 — .059 crown
V5030—09 .052 — • 055 crown
V503l— 09 .058 — •06 0 crown

V5029—08 .088 — .091 crown
V5030—08 .093 — .097 crown
V503l— 08 •092 — .096 crown

Hot Rolled 1850F (-10 tracer)

V5029—lO .103 - .108 one heavy edge to crown
V5030—10 .101 — .105 crown
V5031—10 .105 — .107 crown

‘Nine readings taken at edge, center , edge, end ,
mid length , & end
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SECTION III

PHASE II

A.  MECHAN I CAL PROPERTY EVALUATION

The as produced material was evaluated for tensile,
bend and microstructure since these were the first
materials made of the three alloys using conventional pro-
duction equipment. Aging studies were then made on all
products of the three alloys using 950, 1050, and ll5OF
temperatures and times of 2, 4, 8, and 16 hours . One
aging treatment was selected for each alloy and condition
for more extensive evaluation using the following tests:

Fracture toughness
Notched fatigue
Fatigue crack propagation

- Compression
Precision modulus
Pole figure determinations
Phase identification

1, Evaluation of As Produced Material

Tensile and bend results for all conditions oi
the three alloys are shown in Table 14. Tensile and
yield strengths were lower for V503l, the Ti—15V—3Cr-
3A1-3Sn alloy , in all conditions than the V5029 ,
Ti—8V-7Ci--3Al—4Sn-lZr , or the V5030, Ti-8V—4Cr—2Mo—
2Fe-3A1 alloys. Bend R/t values for all alloys and
conditions were larger for  all materials than for  the
best values obtained on the laboratory material  from
the prior  contract0-) indicating lower ductility for
the present materials . The bend failures for the
laboratory simulated strip were continuous across the
width of the sample but the hot rolled material had
the appearance of short cracks originating at the
grain boundaries and revealed by the heavy “orange
peel” pattern . This “orange peel” surface pattern was
of the type associated with large grains . All hot
rolled material was considered to fail bend test at
radii shown because grain boundary sliding could not
be differentiated from grain separation.
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S u r f a c e  con t amina t i on  ~iC1o/or incomp lete anneal
were suspect factors and were checked for the strip
and hot rol ied condi t ions  wi th the resul ts  shown
in Table 15. The labora tory  si mu l a t e d  s t r i p  showed
incomplete anneal  as did the sheet s imulated s t r i p
for  the V5029 , T i - 8 V - 7 C r — 3 A 1 - 4 S n — l Z r  at 0 .0 5 0  and
0 , 1 0 0 ”  gage . The benJ au c t i l i t y  for  the hot rolled
condit ions did not C 1. - CI I- ’ a}~~ rc± c iabl y w i th  e i ther
su r face  remova l  or a ~ i gher  t e m p e r a t u r e  annea l
bec ause of tho  oranq- .- peel c - I fc- c-t

Ten s i l e  i-;t i ‘‘rC~J t h s  determi i~~ for  t i e  hi gher
temperature annea led  conditions did not vary
appreciably for  those for  the as produced c o n d i t i o n .

— Ideally ,  the anneal ing condit ions would have been
determined separately fo r  each alloy , gage , and
condit ion but  this procedure would have been too
time consuming for  the scope of the present  inves i—

- 
- gat ion.  More attention should be given th is f ac tor

to obtain opt imiza t ion  for  fo rmab i l i ty  in f u t u r e
work . In the present  study anneal ing temperatures
and times were based on results  of the prior study (]- )
wi th  a judgement  allowance for  heat ing rates  in
various product ion  f u r n a c e s .

Microstructures  fo r  the as receives mater ia l s
are shown in Figures 4 through 12, The anneal ing
treatments  shown are the same as for  the tensile and
bend propert ies in Table 14. The 0 .0 5 0 ”  gage s t r ip
photomicrographs in Figure 4 show essent ia l ly corn-
plete r e c ry s t a l l i z a t i on.  The 0 , 1 0 0”  gage photomicro-
graphs in Figure 5 show less complete r e c r y s t a l l i z a t i o n
than at 0 . 0 5 0 ”  gage par t icular ly fo r  the Ti-8V-7Cr-

- 
3A 1—4Sn- lZr  and Ti—1 5V-3Cr-3A1--3Sn alloys . The dark
grains in the Ti--15V-3Cr-3A1—3Sn photornicrograph
may indicate incomplete solution of alpha phase , but
the low strengths and high elongation values in
Table 14 suggest other possibilities. Repeated
pol ishing and etching have had l i t t le  e f f e c t  on th is
s ta in ing which indicates the possibi l i t y  of an
unresolved defect type structure in unrecrystallized
m a t e r i a l .

The n crostructures for the 0.050” gage simu—
lated strip shee t rolled , Figure 6, are comparable to
Figure 4. The semicontinuous dark lines which appear
superimposed on the recrystallized structure for the
Ti-8V-7Cr-3A1—4Sn—lZr alloy in Figure 6 were present
to some degree for most conditions of this alloy with
cold rolling (see also Figures 4, 5, 7, and 8).
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There is evidence that  these lines of particles are
relati-d to zirconium additions which leads to specu-
lation that tr~e part icles are a comp o u n d ( s )  of
z ircon ium. (5)

The micros t ructures for  the 0 . 1 0 0”  gage s t r ip
sheet , Fi gure 7 , agree reasonably well wi th  those
for  th~ 0 .100”  gage s t r ip  rolled in the laboratory ,
Fi gure - The laboratory rolled Ti—l5V-3Cr-3A 1-3Sn
alloy mate r i a l  had more r ec rys ta l l i za t ion  a f te r  5
minutes than the sheet rolled mater ia l  which probably
reflects the borderline condition for recrystal-
lization .

The micros t ruc tures  for  the hot rolled condition ,
Figures 10 , 11, and 12, show little or no recrystal-
lization for the Ti—8V-7Cr—3A1—4Sn—lZr alloy . The
Ti-8V--4Cr-2Mo-2Fe-3A1 and Ti-l5V-3Cr-3A1-3Sn alloys
are comparable and show recrystallization but with
a larger grain size than for the cold rolled product.

2. A~in~ Characteristics

Aged tensile properties were obtained for the
27 conditions at temperatures of 850°F , 950°F, and
1050°F for  times of 2 , 4 , 8 , and 16 hours .  The most
pert inent to this study were the 950 and lO5 OF aged
properties which are shown in Figures 13 through 18.
In these figures processing and gages are indicated
by tracer numbers for maximum clarity . The key to
the tracer numbers and gages is as follows :

Tracer No. Ga.,In. Processing

02 .05 Lab Simulated Strip
03 .10 II 1*

04 .10 Sheet Simulated Strip
05 .05 CI II II

06 .10 Hot ÷ Cold Rolled Sheet
07 .05 U

08 .10 l75OF Hot Rolled Sheet
09 .05 II CI II II

10 .10 l85OF Hot Rol led Sheet

~~~pr ivate  communication from Mr.  J. A. H a l l .
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Generally , the e f f e c t  of processing on aged proper—
ties was significant for all three alloys. The
Ti—8V-7Cr-3Al-4Sn-lZr and Ti-SV-4Cr-2Mo-2Fe-3Al
alloys aged to higher strengths than the Ti-l5V-
3Cr-3Al-3Sn , but adequate strength to ductility
can obviously be achieved through proper selection
of an aging treatment in all three alloys.

Figures 13 and 14 show 950°F and 1050°F aging
characteristics for the Ti-8V—7Cr—3A1—4Sn—lZr alloy .
The yield strength and elongation are conventional
tensile values. Process temperature capability
is the variation in yield strength to be expected
from temperature variations during the aging
treatment.  These values were calculated from a
graph of the e f fec t  of aging temperature on yield
strength for constant time, and the values shown
are for the effect of a 50°F (±25°F around a set
point) variation in temperature on yield strength .

In Figure 13 the yield strength response
range is quite large and the results fall into three
ranges based on processing. The most rapid and
highest response was for the three hot rolled con-
ditions , 08, 09 , and 10. The slowest response was
for the 0.050” gage strip , 02 , and the 0.100” gage
hot plus cold rolled condition , 06. The response
for the other conditions fell in a band between
the two extremes . Examination of the solution
treated microstructures indicates a correlation
between the three general groupings according to
aging response and degree of recrystallization .
The hot rolled materials (-08, —09 , and —10 tracers)
show essentially no recrystallization , whereas the
—02 and -06 tracers for the strip and hot + cold
roll processing, Figures 4, 8, and 9, show the
greatest amount of recrystallization. For present
purposes fu l l  recrystal l izat ion is desired.

At 1050°F, Figure 14, the aging response for
the cold rolled materials fall into one range from
about 147 to 164 Ksi after 16 hours aging but are
still somewhat lower than for the hot rolled
materials .

Further study showed that the aging response
for hot rolled material from this  Ti-8V-7Cr-
3Al-4Sn-lZr alloy could be brought into the
strength and ductility range for the cold rolled
material by additional annealing treatments.

— 4 9 —
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A l650°F-6min . anneal was shown to recrystallize
the hot rolled material so tensile blanks were
batch vacuum annealed with these conditions , f a s t
cooled, and aged at 1050°F with the results shown
below:

Ti— 8V—7Cr—3A1—4Sn—lZr Alloy
Yield Strength , Ksi

—08 —09 —10
1750°F 1750°F 1850°F

1050°F Age Hot Rolled Hot Rolled Hot Rolled
Time ,Hrs 0.100” 0.050” 0.100”

2 130 132 137

8 163 166 169

16 166 159 165

Tensile strength and elongation values for these
conditions also were close to those for  the condi-
tions involving cold reduction.

The aging results for the Ti-8V-4Cr-2Mo-2Fe—3A1
alloy in Figures 15 and 16 generally fall into one
range narrower than for the Ti-8V--7Cr-3Al-4Sn-lZr
alloy . The hot plus cold rolled 0.050” gage sheet
(-07) has the slower aging response , and comparison
of the microstructures in Figure 9 with those for
the other as produced conaitions shows more complete
recrystal l izat ion for the —07 tracer material. The
association between recrystallization and aging uni—
formity between the two alloys follows from a
comparison of microstructures since the Ti—8V-4Cr-
2Mo—2Fe—3Al alloy recrystallized more completely at
1500°F than the Ti-8V-7Cr-3A1--4Sn—lZr annealed at
the lower temperature .

The aged strength for the Ti—l5V-3Cr-3Al-3Sn
alloy at 950°F and 1050°F was lower than for  the
other two alloys. Tensile elongation values showed
a correspondence with strength level comparable to
the other two alloys. The effect of processing for
this alloy was similar to the other two alloys.

—50—



--55_T55__ :____ - 

~
-:

~~~ _~ ~~~~~~~~-— 
- - - -

Typical aged microstructures for the Ti—8V-7Cr-
3A1-4Sn-lZr alloy are shown in Figure 19. The
effect of three degrees of recrystallization are
evident with light etching grain boundaries in the
cold rolled material and more uniform etching in
the hot rolled material except the few dark spots
where recrystallized grains have formed. The
differences in darkening between these photomicro—
graphs is probably not too significant because of
differences in etching characteristics. The —02
and —04 conditions etched very rapidly , whereas ,
the -09 hot rolled condition could not be darkened
by overetching.

The aged microstructures for the Ti-8V-4Cr-2Mo-
2Fe-3A1 and Ti-15V-3Cr-3Al-3Sn alloys are shown in
Figures 20 and 21, respectively. The structure of
the hot rolled Ti—l5V- 3Cr-3Al—3Sn alloy contains
a mixture of recrystallized and unrecrystallizea
material, and the difference in etching response
has clearly distinguished them.

Process capabilities for all the alloys and
conditions were in a range from 3 to about 22 Ksi
yield strength . Generally in the selection of age
treatments the strength level and the aim for the
overaged condition had to be given more considera-
tion than process capability .

The aging conditions selected for second tier
testing along with tensile properties and process
capabili t ies are shown in Tab le 16. The criteria
used were 1) yield strengths in the 150 to 170
range , 2) elongation values of 8 per cent or better ,
3) overaging or a relatively small change in
strength in the time period , and 4) the least
variation in process capability if a choice existed.

The hot rolled conditions were dropped from
further mechanical property evaluation because the
amount of orange peel in the bend tests would have
been detrimental to formability . Additional
formability evaluation study was added in place
of these deleted items.
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B . MEC HANICAL PROPERTY EVALUATION FOR SELECTED AGING
CONDI T IONS

1. Pole Fi gures

Pole f igu res , (110) for  the solution annealed
condition are shown in igures 22 through 39 for  th e
three alloys , two gages , and three types of fabri-
cat ion.  The in tensi ty  f i gures shown are comparable
between pole f igures  and even the highest  in tensi ty
obtained , 240 in Fi gure 34 for  the 0 . 0 5 0 ”  gage hot
plus cold rolled Ti-8V-7Cr--3A1-4Sn-lZr alloy , does
not represent a high degree of preferred orienta-
tion. The higher intensity pole figures are
associated with unrecrystallized structures. For
example , Figures 25, 31, 33, 34, and 38 have maximum
intensities of 120 or higher and comparison with
the microstructures in Figures 5, 7, and 9 show
little or no recrystallization. The general trend
indicated is toward a (110) plane parallel to the
rolling plane of the sheet except for 0.100” gage
hot plus cold rolled sheet of Ti-8V-4Cr--2Mo-2Fe-3Al
and Ti-15V-3Cr-3A1-3Sn alloys where the trend is
toward a (110) plane parallel to the plane of the
sheet.

2. Tensile Directionality

The tensile directionality results for the
annealed and annealed p lus aged condit ions are shown
and also tabulated at the bottom of Figures 22
through 39 with  pole figure results . The direction-
ality trends wr re for lowest yield strength in the
rolling direction and highest in the directions 30
to 60° from the rolling direction . The 0.100” gage
Ti-8V-7Cr-3A1-4Sn-lZr alloy had the highest annealed
and anne aled plus aged yield strengths 90° to the
rolling direction . Aging increased directionality
from an average 4 Ksi to 7 Ksi.

—57— 

-~~~~~~~~~~~~~~~~~~~~~ 55 5555--—--- ~~~~~~~~~~~ - --—- - - ---- ~~~~~~ - - - - - --- - 
55------



r 

-

~~~~~~~~~~~~

--

~~~~~~~~~

-- -~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~

RD FIGURE 22. (110) Pole Figure for
Ti-8V-7Cr-3A1--4Sn—lZr Alloy

0.050” Gage
Lab Simulated Strip

C

64 
TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS , IS , El , E , Mm ,
Direction Ksi I(si 

____ 

x106 xT,20X

Solution Treated 14 00°F— 6min .AC

RD 124 122 24 11.9 2.6
30 128 123 16 13.1 —

45 127 124 19 13.6 —

60 126 123 16 14.2 —

TD 123 122 21 11.8 4.0

Solution Treated + Aged 1050°F—l 6hr s .A C

RD 159 146 20 15.1 —

30 167 152 19 15.9 —

45 163 150 15 15.4  —

60 164 150 16 16.0 —

TD 165 152 — 15.0 —

— 5 8- -

I
A - 

—~~~~~---~~~~~~~~~~- -55----~~~ - -—-~~ - -—55



RD
FIGU1~E 23 .  (110) Pole F igure  f j r

T i-8V-4Cr-2Mo --2Fe-3Al  A l l o y
0 . 0 5 0 ”  Ga ge

Lab S im u l o L u d  ~~Li  ip

.‘80
60

51~ -
~ 

I 3 TD

Solution Treated and Solution Treated and A ged
Tensile and Bend Propert ies

Tensile Propert ies  Bend

Test TS , IS , El , B , Mm ,
Direction Ksi Ksi 

____  
x106 xT , 20X

Solution Treated l500°F-6rn in  AC

RD 122 120 21 11.1 2 . 6
30 127 125 16 13.7 —

45 128 126 16 12.9 —

60 127 125 17 12.5 —

TD 126 123 22 12.6 4 . 0

Solution Treated + Aged 1050°F-Bhr s  AC

RD 165 155 11 15.6 —

30 176 167 12 16.8 —

45 175 161 11 16.1 —

60 173 162 14 — —

TD 174 162 12 — —

— 5 9- -  
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RD
FIGURE 24. (110) Pole Figure for

Ti-l5V-3Cr-3Al—3Sn Al loy
0 . 0 5 0 ”  Gage

Lab Simula ted  Strip

~~~~~~~~~~~ 80

)~~40I I I I I I I I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS , IS , El , E , Mm ,
Direction Ksi. Ksi 

____ 
x106 xT,20X

Solution Treated 1450°F-6min.AC

RD 115 112 21 10.7 2.6
30 120 116 19 11.8 —

45 119 117 15 12 .8 —

60 118 115 18 12.2 —

TD 115 113 25 11.4 3.6

Solut ion rlsreated 4- Aged l000°F-Bhrs .AC

PD 168 155 12 15.3 —

30 175 159 13 14.9 —

45 177 169 12 15.6 —

60 174 159 10 15.3 —

TD 171 156 13 14.5 —

—60—

-55 - -~~~~- - - - — - -- ---- 55- -- 



- -

RD
FIGURE 25. (110) Pole Figure for

Ti-EV-7Cr-3Al—4Sn-lZr Alloy
0.100” Gage

Lab Simulated Strip

~~~~~~~~~80

~ I I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS , El , E, Mm ,
Direction Ksi Ksi % x10 6 xT , 20X

Solution Treated 1400°F-6min AC

RD 120 117 26 12.1 3.1
30 122 120 24 13.1 —

45 123 120 22 13.4 —

60 123 122 22 12.7 —

TD 126 123 22 13.6 —

Solution Treated + Aged 1050°F-l6hrs AC

RD 163 148 18 14.8 —

30 166 153 20 15.2 —

45 168 154 18 14.8 —

60 167 153 18 15.2 —

TD 173 156 15 15.5 —

— 6 1 —
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RD
FIGURE 26. (110) Pole Figure for

Ti-8V---4Cr-2Mo- 2~ e--3Al Alloy
0.100” Gage

Lab Simulated Strip

~~~~~~~~~~~~~~~60
•—
‘
~.
_ 40
I i I i I i I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS, El , E, Mm ,
Direction Ksi Ksi 

____ 
xlO 6 xT , 20X

Solution Treated l500°F-6min.AC

RD 122 118 23 11.9 3.1
30 122 119 23 11.9 —

45 123 119 22 12.4 —

60 124 120 21 12.4 —

TD 123 118 23 12.4 5.0

Solution Treated + Aged 1050°F-8hrs.J~r.

RD 167 156 17 15.0 —

30 176 164 15 15.6 —

45 177 165 15 15.7 —

60 176 164 15 15.8 —

TD 170 159 18 15.4 —

— 6 2 —



RD
FIGURE 27. (110) Pole Figure for

Ti—l5V-3Cr-3Al—3Sn Alloy
0.100” Gage

Lab Simulated Strip

>60
- - <60

7l~ I I I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

-

‘ Tensile Properties Bend

Test TS, IS, El, E, Mm ,
Direction Ksi Ksi 

____  
xl0~ xT,20X

Solution Treated l450°F-6min AC

RD 113 110 27 11.4 3.1
30 114 111 23 11.4 —

45 115 112 23 14.2 —

60 117 114 20 12.0 —

TD 114 111 23 12.0 5.0

Solution Treated + Aged l000°F-8hrs AC

RD 174 156 14 14.4 —

30 173 158 15 13.9 —

45 171 152 15 14.9 —

60 174 160 12 15.1 —

TD 171 153 16 15.0 —

—6 3—
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RD
FIGURE 28. (110) Pole Figure for

~~~~~~~~~~~~ Ti-8V-7Cr-3A1--4Sn-lZr Alloy
~~~~~~~~ 

0.050” Gage
Sheet Simulated Strip

~~~~~~~~~I < I  

<8 

TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties _Bend

Test TS , IS , El , E, Mm ,
Direction Ksi Ksi -____  

x106 xT,20X

Solution Treated 1400°F-6min AC

PD 126 123 21 12.4 2.4
30 128 126 19 12.8 —

45 129 126 21 13.3 —

60 129 126 19 13.4 —

TD 129 126 20 13.0 3 . 2

Solution Treated 4- Aged 1050°F-8hrs AC

RD 168 153 16 14.7 —

30 174 160 15 15.2 —

45 175 160 12 15.5 —

60 173 159 14 15.0 —

TD 173 157 13 15.0 —

— 6 4 —



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

RD
FIGURE 29. (110) Pole Figure for

Ti-8V-4Cr-2Mo-2Fe-3Al Alloy
0.050” Gage

Sheet Simulated Strip

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 40

I I I I~~~~~~ TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS, El, E, Mm ,
Direction Ksi Ksi % x106 xT , 20X

Solution Treated l500°F-6min AC

RD 122 119 24 11.8 2 . 4
30 126 123 19 12.4 —

45 128 125 18 12.9 —

60 127 124 20 13.1 —

TD 124 121 25 11.6 2.5

Solution Trv~ ed + Aged l050°F—8hrs AC

RD 16~ 152 18 15.5 —

30 173 156 15 15. 8 —

45 168 156 14 15.7 —

60 178 166 14 15.8 —

TD 165 152 18 15.4 —

— 6 5 —
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RD

FIGURE 30. (110) Pole Figure for
Ti-15V-3Cr-3Al--3Sn Alloy

0.050” Gage
Sheet Simulated Strip

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tens ile Properties Bend

Test TS, IS , El, E, Mm ,
Direction Ksi Ksi 

____  
x10 6 xT , 20X

Solution Treated l450°F-6min AC

RD 112 109 26 11.2 2.4
30 116 114 25 11.8 —

45 118 115 18 12.7 —

60 118 114 21 12.5 —

TD 114 112 23 11.6 2.5

Solution Treated + Aged l000°F—8hrs AC

RD 165 150 15 13.7 —

30 172 155 15 15.3 —

45 173 155 12 15.3 —

60 171 155 13 14.8 —

TD 168 151 14 14.8 —
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RD
FIGU RE 31. (110) Pole Figure for

Ti-8V-7Cr-3Al—4Sn-lZr Alloy
0.100” Gage

Sheet Simulated Strip

I ~~~~~~ TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS , IS, El , E, Mm ,
Direction Ksi Ksi 

____ 
xlO 6 xT ,20X

Solution Treated 1400°F-6min AC

RD 122 118 27 11.4 3.1
30 127 123 24 13.6 —

45 126 122 20 13.2 —

60 125 122 18 13.1 —

TD 124 121 26 12.9 2.0

Solution Treated + Aged l050°F-8hrs AC

RD 162 150 18 14.3 —

30 167 153 17 14.9 —

45 168 154 17 15.2 —

60 164 152 16 15.3 —

TD 162 149 19 14.6 —

— 6 7 —

_ _ _ _ _ _



--

RD
FIGURE 32 .  ( 110) Pole F igure  f o r

Ti-8V---4Cr -2Mo-2Fe-3A 1 Al loy
0.100” Gage

Sheet Simulated Strip

>1 2 0

<120
I ~ I I I I I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Proper t ies  Bend

Test TS, IS, El , E, Mm ,
Direct  ion Ksi Ksi 

____ 
x106 xT, 2 Ox

Solution Treated l500°F-6min AC

RD 119 117 25 11.7 3.1
30 124 119 23 12.9 —

45 125 122 20 13.1 —

60 127 127 19 14 .7  —

TD 120 117 25 11.8 2.1

Solu tion Tre ated + Aged 1050°F-8hrs  A~

RD 169 160 15 15.0 —

30 174 167 15 1 S 1  —

45 176 165 14 15.8 —

60 177 166 14 15.9 —

TD 173 163 16 1 5 . 4  —

— 6 8 —
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RD
FIGURE 33. (110) Pole Figure  for

Ti-l5V-3Cr-3Al-3Sn Alloy
0.100” Gage

Sheet Simulated S t r ip

62~~~~~~~
i
~~~~~~~~~~~

I , TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties _ Ben d

Test TS, IS, El , E, Mm ,
Direction Ksi Ksi 

____ 
xlO 6 xT,20X

Solution Treated 1450°F—6min AC

RD 110 106 27 11.7 3.1
30 111 109 25 12.5 —

45 111 108 25 12.5 —

60 112 110 25 12.3 —

TD 112 109 25 12.4 2.1

Solution Treated + Aged l 0 0 0 °F Bhr s AC

RD 172 155 14 14.5 —

30 173 157 14 14.8 —

45 173 158 13 14.6 —

60 173 158 14 14.8 —

TD 175 158 13 15.1 —

— 69—
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RD

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ FIGURE 34.  ( 110)  Pole F igure  fo r
T i - 8 V - 7C r - 3 Al -4 5 n-l z r  Al loy

0 . 0 5 0 ’  G age
Hot + Cold Rolled Sheet

~~~~~~~~

160

13~ I I I I I I TD

Solu tion Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties 
- 

Bend

Test TS , IS , El , B , Mm ,
Direction Ksi Ksi ____ xlO 6 xT,20X

Solution Treated l400°F-2Omin AC

RD 126 124 25 12 .2 2.6
30 129 126 19 12.8 —

45 130 128 20 i3.2 —

60 131 128 20 13.1 —

TD 129 127 20 13.1 2 . 0

Solution Treated + Aged l050°F-8hrs AC

RD 168 151 16 14.8 —

30 171 155 14 16.2 —

45 176 161 17 16.1 —

60 175 160 16 15.9 —

TD 173 158 16 15.8 —

—70—
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RD
FIGURE 35. (110) Pole Figure for

Ti-8V-4Cr-2Mo-2Fe-3Al Alloy - -

0.050” Gage
Hot + Cold Rolled Sheet

I I I I I \TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tens ile Properties Bend

Test TS, IS, El, E, Mm ,
Direction Ksi Ksi % x106 xT,20X

Solution Treated l500°F-20min AC

RD 125 119 26 12.2 2.6
30 125 122 24 12.9 —

45 126 122 16 12.7 —

60 125 122 23 13.7 —

TD 123 120 25 12.7 2.1

Solution Treated + Aged 1050°F-l6hrs AC

RD 175 165 15 15.4 —

30 179 169 14 15.9 —

45 180 170 15 16.2 —

60 182 170 10 16.3 —

TD 177 168 14 15.8 —
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RD
FIGURE 36. (110) Pole Figure for

Ti-15V-3Cr-3A1—3Sn Alloy
0.050” Gage

Hot + Cold Rolled Sheet

—
~~~~~~~~~~~~ 40

380

- 2T~~’~ ° I I I I I TD

Sol ution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS, El , E, Mm ,
Direction Ksi Ksi % xlO 6 xT,20X

Solution Treated l450°F-2Omin AC

RD 111 lOB 25 11.5 2.6
30 113 110 24 12.7 —

45 114 112 22 12.4 —

60 114 111 21 12.3 —

TD 114 110 24 12.0 2.1

Solution Treated + Aged 950°F-l6hrs AC

RD 179 165 13 15.6 —

30 181 166 13 15.2 —

45 182 167 13 16.0 —

60 182 169 10 15.2 —

TD 179 167 13 15.7 —
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RD
FIGURE 37. (110) Pole Figure for

Tm-8V-7cr-3Al-4s~~-lzr Alloy
0.100” GayL

Hot + Cold Rolled Sheet

<-80

>80

62~~~~
I I  I ‘TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS, El, E, Mm ,
Direction Ksi Ksi 

____ 
xlO 6 xT , 20X

Solution Treated l400°F-23min AC

RD 120 116 25 12.3 3.1
30 121 117 22 13.2 —

45 123 118 22 13.6 —

60 122 118 22 13.5 —

TD 123 117 23 13.1 2 .5

Solution Treated + Aged 1050°F-Shr-s AC

RD 161 145 19 14.6 —

30 168 156 15 15.3 —

45 167 152 15 15.4 —

60 158 145 15 14.6 —

TD 160 146 16 15.5 —
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RD
FIGURE 38. (110) Pole Figure for

Ti-8V-4Cr-2Mo-2Fe-3Al Alloy
0.100” Gage

Hot + Col d Rolled Sheet

~~~~~~~20
80 

40 

I ~~~~~~~~~~~TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS , El, E, Mm ,
Direction Ksi Ksi 

____  
x10 6 xT , 20X

Solution Treated 1500°F-2Omin AC

RD 120 116 24 12.4 3.1
30 121 117 22 13.1 —

45 122 117 23 12.9 —

60 122 119 22 12.9 —

TD 123 120 23 13.0 —

Solution Treated + Aged 1050°F-l6hrs AC

RD 170 153 16 15.3 —

30 172 158 13 15.5 —

45 171 161 15 15.7 —

60 172 164 15 16.1 —

TD 174 163 12 15.8 —

—74— 

-- -55 55 --_



RD
FIGURE 39. (110) Pole Figure for

Ti-lSV-3Cr-3Al-3Sn Alloy
0.100” Gage

Hot + Cold Rolled Sheet

I I I TD

Solution Treated and Solution Treated and Aged
Tensile and Bend Properties

Tensile Properties Bend

Test TS, IS, El, E, Mm ,
Direction Ksi 1<si 

____  
x106 xT,20X

Solution Treated l450°F—2Omin AC

RD 108 106 2u 11.6 3.1
30 111 108 23 12.2 —

45 112 110 22 12.6 —

60 111 108 24 12.6 —

TD 110 107 25 11.9 2.5

Solution Treated + Aged l000°F-8hrs AC

RD 167 153 14 14.2 —

30 171 155 14 15.2 —

45 173 160 15 15.7 —

60 173 158 15 15.4 —

TD 172 157 15 152 —
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Comparing be tween alloys for  all gages and
conditions in the aged condition gave the average
directionalities below:

Ti—BV—7Cr— 3Al—4Sn--lZr 8 Ksi
Ti- 8V-4Cr-2Mo-2Fe— 3A1 10 Ksi
Ti— 15V—3Cr—3A1—3Sn 7 Ksi

Comparing between processes had :

Lab Simulated Strip 9 Ksi
Sheet Simulated Strip 7 Ksi
Hot + Cold Rolled Sheet 8 Ksi

Recrystallized microstructures showed an average of
7.9 Ksi whereas unrecrystallized microstructures
averaged 7 Ksi.

As migh t be expected , there was little detec-
table correlation between the random pole figures
and tensile directionality . It should be pointed out
that in both the laboratory and sheet simulated strip
process cross rolling was necessary at the 3” thick
sheet bar stage which would not be possible in
commercially produced strip. Unidirectional rolling
might increase directionality , however, low direc-
tionality has been found in unidirectionally rolled
Ti-8Mo-8V-2Fe—3A1 alloy strip as shown below :

Aged Tensile Properties
for 1000F—6hrs AC (6)

Test TS , IS, Elong, E
Gage ,In. Direction Ksi Ksi 

_____  
xlo

0.060 L 177 158 15.5 14.8
T 178 161 13.3 16.1

0 . 0 4 0  L 178 160 14.5 15.0
T 181 162 12.8 15.3

0.020 L 186 171 12.8 15.9
T 189 175 11 16.2

No published data on directionality are available for
unidirectionally rolled strip of th e beta type al loys
of the other producers .

~
6)”Beta Titanium Alloys ” , MCIC-72-l1, Repo rt dated
September 1972 , by Mr. R. A. Wood .
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3. Frac ture  Toughness and Notched Fatigue -

Fracture toughness results and a summary of
notched f atigue resul ts  for  a Kt-3.5 , R-0.l are
shown in Table 17. Averaging results for the alloys
over gages and processes, there is little basis
in the fracture toughness results for selection of
one alloy over the other. The aged KQ values of
81 to 118 KsiVin are high considering the 145 to
165 Ksi yield strength range for the materials .

The notched f a t igue results for lab simulated
strip Ti-l5V-3Cr-3A1—3Sn alloy are lower than the
other two alloys. The other two processing condi-
tions show similar results for all three alloys ,
but without tension in rolling the average results
are higher for all three alloys. Obviously with
only five test samples used these results are indica-
tive of trends only.

4. Precision Modulus and Compressive Stren9th

Precision modulus and compressive strength are
shown in Table 18. The aged Tuckerman tensile
modulus values show an advantage for the Ti-8V-4Cr—
2Mo-2Fe—3Al alloy with an average value of about
15.8 as compared to 15.2 and 15.1 for the Ti-8V-7Cr-
3Al—4Sn—lZr and Ti-l5V-3Cr-3Al-3Sn alloys , respec-
tively. A similar relationship was not observed from
the compression modulus values either because it does
not exist or because the precision in this determina-
tion is lacking.

5. Crack Growth

Crack growth results are shown in Figures 40
through 57 where longitudinal , transverse , and
salt da/dn vs. ~~ results for each aged alloy and
fabrication condition are graphed in one figure.
Values for A and n for the relation da/dn
are shown in Table 19. Values of da/dn for selected
AK levels are given in Table 20.
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FIGURE 40. Crack Growth for 0.050” Gage
Lab Rolled Strip Ti-8V-7Cr-3A1-4Sn--lZr Alloy
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FIGURE 43. Crack Growth for 0.100” Gage
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Comparing the da/dn vs. L~.K results in the figuresand tables , the difference between alloys was not
large. The Ti-15V-3Cr-3A1”-3Sn alloy showed less effect
of directionality and salt water than the other two
alloys for all conditions. Generally , the 0.050”
gage had lower crack growth rates than 0.100” gage
for all alloys and processing conditions ,

Comparison of the crack growth rates for these
alloys with those for Ti—6A1-4V hand mill sheet (7)
showed lower growth rates for the present beta alloys.

6. Thermal and Dimensional Stability~

Thermal and dimensional stability results for
a 600F—l5Ohr exposure of aged materials are shown in
Table 21. These dimensional stability results were
obtained using a model number 673 Starrett precision
micrometer calibrated in 0.00005” divisions and
measurements were over a 0.50” length whose edges
had been precision milled.

Tensile properties after exposure and dimensional
changes during the exposure are shown. The tensile
properties show acceptable as exposed strengths and
ductilities. For the Ti—15V—3Cr-3A1--3Sn alloy 0.100”
gage strip condition transverse tensile elongation
in the lab strip decreased from approximately 15 to
5 per cent; but this sample had a ductile fracture ,
and the location of the fracture near the gage mark
would account for the low elongation value . Unex—
posed tensile properties are g iven in the tables in
Figures 22 through 39 where “RD” is longitudinal and
“TD” is transverse . Comparison of properties before
and after exposure shows three cases of increased
yield strength . One is a 20 Ksi increase for the
Ti-l5V-3Cr—3A1—3Sn sample noted above. The second
is for the Ti—SV—7Cr—3A1-4Sn—lZr alloy 0.100” gage
sheet simulated strip in the transverse direction
where elongation decreased from 19 to 11 per cent.
The third was for the Ti-8V-4Cr-2Mo-2Fe-3A1 alloy
0.100” gage ho t plus cold rolled sheet longitudinal
direction where elongation decreased from 16 to 14 per
cent. Some of these strength differences between
exposed and unexposed conditions may arise from the —

aging treatments also.

(7)Damage Tolerant Design Handbook , MCIC HB-Ol, Jan.1975.
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Dimensional changes show larger variations
for processing conditions than between alloys .
The lab simulated strip material showed less change
than for sheet rolled materials. The Ti-8V-7Cr-
3A1-4Sn-lZr alloy lab strip produced showed the
best dimensional stability ,

7. Phase Identification

Phase identification results are shown in
summary in Table 22. The lines observed could all
be indexed to alpha or beta titanium for this over-
aged, 1100F—24hr , condition of heat treatment except
for two lines in the lab simulated strip of Ti-8V-
7Cr-3A1-4Sn--lZr alloy . These could not be indexed
to any known titanium material and are possibly
associated with sample preparation or other.
Results for all six conditions for each of the
three alloys were obtained but are not shown because
20 and ~dI spacings results were similar to those
shown . A rotating specimen holder was used with
Cu Kca radiation .
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TABLE 22

PHASE IDENTIFICATION BY X-RAY
FOR ALLOY SAMPLES OVERAGED AT

llOOF _ — 24  HRS.

Gage ,
All~ y In. Phase 20 0 1  d Spacing, A

Ti—8V—7Cr— 3A1--4Sn—lZr .050 a 35, 1 2 .56
Lab Simulated Strip a 38.18 2.36

39.62 2.27
a 40.15 2 . 2 4
— 46.9 1.94
— 4 9 . 6 5  1,84
a 5 2 . 9  1.73

57.32 1.61
a 63.1 1.47
a 70 .4  1.34

7 2 . 0  1.31 - •

Ti— 8V—7Cr—3A1—4Sn—lZr .100 a 35.18 2.55
Lab Simulated Strip a 38.25 2.36

39.7 2.27
a 40.25 2.24
a 53.0 1,74

57 .4  1.6C

Ti— 8V--7Cr—3A1—4Sn---lZr .050 a 35.4 2.53
Sheet Simulated Strip a 38.5 2.34

39.9 2.26
a 40.45 2.23
a 53.17 1.72

57.55 1.60

Ti—8V—7Cr--3A1—4Sn—lZr .100 a 35.2  2 .55
Sheet Simulated Strip a 38.3 2.35

39.75 2,27
a 4 0 . 2 5  2 . 2 4
a 53•05 1,73

57.4 1.60
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TABLE 22 - continued

Gage , 0
Alloy In. Phase 20°’ ~~~pacing, A

Ti—8V—4Cr—2Mo—2Fe—3A1 .050 a 35.25 2.54
Lab Simulated Strip a 38.32 2.35

8 3 9 . 7  2 . 2 7
a 4 0 . 2 8  2 . 2 4
a 53.12 1.72
8 57 . 4 7  1.60

Ti— 8V—4Cr—2Mo—2Fe—3A1 .100 a 35,35 2 . 5 4
Lab Simulated Strip a 38.47 2.34

8 39.81 2 . 2 6
a 4 0 . 4 1  2 . 2 3
a 53.25  1.72
8 57 .55  1.60

Ti—15V—3Cr— 3A1—3Sn .050 a 35.13 2.55
Lab Simulated Strip a 38.25 2.35

8 3 9 . 6 2  2 . 2 7
a 40.18 2 . 2 4
a 53.0 1.73
8 57 .35  1.61

Ti’—15V—3Cr—3A1—3Sn .100 a 35.29 2.54
Lab Simulated Strip a 38.38 2.34

8 39 .77  2 . 2 7
a 4 0 . 3 8  2 . 2 3
a 53.23 1.72
8 57.53 1.60

‘Cu Ka radiation with rotating specimen.
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SECTION IV

PHASE III

A. FORMABILITY EVALUATION

The formability evaluation of the three alloys was
intended to supply information on the concept of room
temperature form ing in the solution annealed condition
followed by aging of a forme d part with a mild restraint
or preferably no restraint at all. Up to this point
the other objectives of the Summ ary Workshop had been
met and the three alloys had been shown to have superior
property-density relations to other titanium materials
avai lable

The formability results described were obtained
in TIMET laboratories and in Rockwell International’s
Columbus , Ohio, facility . These latter results are
described in Appendix A.

1. Bend Deflect ion

Bend deflection results are shown in Table 23
for 45° and 135° included angles. Complex parts
can involve several bend angles so both angles were
included, The average springback at 45° was
slightly larger for the Ti—8V—7Cr—3Al--4Sn—lZr
alloy than for the other two. At 135° the average
was slightly larger for the Ti-l5V-3Cr-3A1-3Sn
alloy and least for the Ti-8V--7Cr—3A1-4Sn—lZr
alloy . The ciifferences of 1 to 3° here are open
to question and other forming considerations may
possibly override these. No results were obtained
for laboratory simulated strip processed material
here . Laboratory simulated strip was not included
here because it would be expected to be close to
sheet simulated strip. Greater variation was
expected an<3 found from the use of two bend angles.
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2. Olsen Cup Tests

Olsen cup test results are shown in Table 2 4 .
These values are equal to or better than published
data on exis t ing  t i tanium mater ia l s .  ( 7 )  The
d i f f e r ences  obtained between averages for  the
alloys is almost insignificant nor was there a
significant difference introduced from processing .

3. i)eflection from Ag ing Bend Samples

Deflection from aging bend sample results are
shown in Table 25. For this test 1” wide samples
were bent 90° to ‘~3.5xT in the solution annealed
condition . The samples were then placed in an
angle iron with a 1/2” steel rod placed in the bend
I.D. to simulate mild restraint . The deflection
is the angular difference between the legs of the
bend before and after aging. The Ti-8V--4Cr-2Mo-
2Fe-3A1 alloy showed the least deflection , whereas,
the Ti—8V—7Cr-3A1—4Sn—l Zr had the largest with up
to 1-1/4 degrees opening of the bend angle . The
results of this test are difficult to scale up in
terms of a large part with complex angles , however ,
so the actual significance of 1/2 and 1° differences
is subject to question . Considering the light
restraint there was relatively little distortion .
Probably the balance of the competing age hardening
and stress relieving reactions was favorable for
this aging cycle .

Cold work in annealed beta alloys is known to
increase strength response to aging . Since high
strength levels could give embrittlement , it was
considered important to assess this possibility.
The approach used was to section the bend specimens
used for res t ra in t  and determine Knoop Hardness at
the tension and compression s ide s of the bend and
at the mid thickness point .

The hardness values obtained for  0 . 0 5 0”  gage
and 0 . 100” gage are shown in Table 26 .  The y ield
strength and elongation values shown with the
hardness values were obtained from a correlation
of strength and elongation with hardness. Minimum
elongation values extrapolated in this manner were
6” for the 0 . 0 5 0 ”  gage and 7” fo r  the 0 .100”  g age
which appear acceptable for most structural materials.
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4. Rockwell In terna t ional  Formability

The Rockwell International Formability report
is given in its entirety in Appendix A and repre-
sents one of the most promising facets of this
investigation. The material used was from the hot
plus cold roll processing. In summary this report
showed:

Bends - 2.5 xt for 0.050” gage
2.7 to 3.0 xt for 0.100” gage

Joggling - length to depth ratios were
1.9 in 9 00  angle specimen

Hydroforming - for 3” part radius . Stretch flange
deformation capability of 29—30%.
Shrink f lange capabil i ty up to 14%
provided buckles which were
s u f f i c i e n t ly shallow and open to
provide subsequent hand work
capability .

Dimpling - Cold dimpling with as much as 16%
circumferential elongation at the
dimple hole in 0.050” gage material.

5. Removal of the Air Oxidation Film from Aging

Removal of the air oxidation film from aging
was investigated using several 1” wide x 6” long
strips of each alloy exposed in a muffle furnace on
a rack so that there was free air circulation to
both sides and all edges.

One sample of each alloy was given one of the
following treatments :

a) light sandblast + pickle* in 35% HNO3-5%HF
b) pickle* hot 15% HNO3 - l , 5 % H F
c) pickle* hot 15% HNO3 - 3%HF
d) pickle * hot 35% HNO3 - 5%HF
e) pickle* hot 2%HF
f) KOH** bath descale + 15% HNO3 - l . 5 % H F

*Aim gage removal 0.002” .
**j( OH bath composition - 70-80% KOH, 15% HNO 3,
balance water at 400 to 430°.
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Visual examination showed that light uniform
sandblasting followed by the 35 HN O3 - 5HF bath
gave the most uniform contamination removal on all
three alloys with no appreciable hydrogen pickup
and would be recommended as a f i rs t  choice for all
three alloys. The second preference was the KOH
fol lowed by the 15% HNO 3 - l . 5 % H F , The Ti-8V---4Cr-
2Mo-2Fe-3A1 and Ti-15V-3Cr-3A1-3Sn alloys would
require two complete cycles of KO}I to acid for
uniform scale and contamination removal, but this
double KOH cycle is not unusual for ti tanium
materials. A choice between these two methods
would depend on equipment, process capability, etc.,
more than on alloys. The straight acid pickles
all gave spotty scale removal which resulted in
preferential attack and are not recommended .

B. GENERA L STUDIES

1. Foil Rolling Evaluation

The increasing use of honeycomb type materials
made it desirable to examine foil capabilities for
these three alloys. Beta alloys of the type repre-
sented here are excellent foil candidates because the
frequency of intermediate annealing required is much
lower than commercially available alph a and alpha-
beta alloys.

The materials available were not sufficient to
justify an attempt at rolling on a conventional foil
mill so the same 4 high laboratory mill used for the
lab simulated strip was used. Appropriate length
panels were cut from 0.050” gage laboratory and
sheet simulated strip. These were rolled directly
to 0.003” gage as individual panels without inter-
mediate annealing. Foil at 0.010 and 0.003” gages
was vacuum annealed , vacuum fas t cooled and flash
pickled . Longitudinal and transverse tensile
samples were tested which showed the following:
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Tensile
Properties

Gage , Test TS , YS , El ,
Alloy In. Dir. Ksi Ksi

Ti— 8V—7Cr—3Al—4Sn—lZr 0.010 L 131 128 15
“ T 134 130 11

0 003 L 120 115 3
T 131 129 6

Ti—8V—4Cr—2Mo—2Fe—3Al 0.010 L 129 125 13
T 130 125 15

0 003 L 120 114 6
“ “ T 124 120 4

Ti—l5V— 3Cr—3Al—3Sn 0.010 L 121 117 16
T 122 118 16

0 .003  L 121 116 4
T 121 119 7

Rolling capabilities and properties were comparable
to Ti—8Mo-8V-2Fe-3A1 alloy. Rolling of foil from
conventional alpha-beta type alloys like Ti-6Al—4V
requires intermediate annealing after a few per
cent of cold reduction which increased the oppor-
tunity for contamination and adds to cost, making
alpha-beta foil almost cost prohibitive .

2, Beta Transus Determinations

Determination of the beta to alpha beta tran-
sus of the type of alloy represented by the three
under study here is difficult. One of the aims of
the present program was to attempt to determine
this transus at an intermediate stage of processing.
In this case samples of the 3” thick sheet bar
were tried but without success.

Two approaches were used:

a) Overage and then by heating at incremen-
tally higher temperatures try to determine
the temperature for disappearance of the
dark structure associated with the alpha
precipitate .
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b) Solution treat well above the suspected
transus temperature and by 16 hour
heating at incrementally lower tempera-
ture determine the onset of alpha
precipitation .

The same basic problems were encountered with
both approaches , namely : The hot worked structure
does not age uniformly and is not readily recrys-
tallized . At the point where darkening from aging
could be completely distinguished from staining
or etching artifacts usually at ll5OF , t,he
material was obviously well below the transus.
On heating aged material the disappearance of the
aged structure was so gradual that a definite
temperature could not be established .

3. Density Determinations

Densities determined for the three alloys
were :

Density
Alloy Lbs.JIn.3

Ti—8V—7Cr—3A1—4Sn—lZr 0.173
Ti- 8V— 4Cr—2M o—2Fe --3Al 0.171
Ti—l5V—3Cr—3Al—3Sn 0.172
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SECTION V

SUMMARY AND DIS CUSSION

One of the aims of the present program was to determine
if one alloy was better than the other two. The results
of the present study showed:

1) All three alloys were producible by the three
processes examined.

2) All three alloys had phys ical and mechanical
properties which indicated structural potential
and a superiority to present commerc ially
available titanium alloy flat roll products
in a number of potential applications . The
higher density of the three alloys was offset
by improved properties for most of the
properties required of an aircraft structural
material.

3) Formability indices indicated that all three
were room temperature formable .

Recognizing then that all three alloys meet the general
aims of a strip producible material with lower cost poten-
tial for application in airframes, more critical comparisons
can be examined. Several approaches have been used for
comparisons of this kind. One such approach to an overview
is shown in Table 27 , where the critical properties eval-
uated are rated by discrete whole numbers 1, 2 , and 3 with
the lower number indicat ing superiority to the higher .
Normalizing the totals by dividing by the number of factors
considered would give a ranking as shown in the last column
with the Ti-8V---4Cr first choice and the Ti-15V-3Cr second.
This approach has its obvious shortcomings since, for
example , the large number of property tests may give a
greater impact on the results than they should receive in
view of the fact that all properties are considered within
acceptable limits for aircraft structural materials.

Since the object of this program was to select a low
cost formable titanium alloy sheet material, consider the
following factor  f i r s t :
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Normalized
Alloy Cost Processing Formability Total

Ti—8V—7Cr 2 4 8 1.4
Ti—8V— 4Cr 2 4 8 1.4
Ti—l5V—3Cr 3 2 6 1.1

This order of ranking of the alloys also reflects the
subjective rating from the metal producer and part fabri-
cator based on present results. The numerical ratings
exaggerate the difference between the alloys but any selec-
tion involves judgment factors , some of which are discussed
below .

A. COSTS

Cos ts are one of the most diff icult parts of this
study to z~ef ine at the present , and to try to project
these t~ some f u t u r e  date when a beta alloy would reach
a production status compounds the uncertainty manyf old .
The many potential uses and requirements described in
the Air Force - Industry Workshop report ~4) defy
categorization .

A projection of costs for cold rolled and annealed
flat roll product of the three alloys shows the
following :

0 .0 5 0 ” x36” x96 ” , 3rd Quarter 1975
Al1~ y~ Estimated Selling Price Ratio

Ti-8V-7Cr—3A1-4Sn-lZr 1.02
Ti-8V—4Cr-2Mo—2Fe--3A1 1.0 (base)
Ti—l5V— 3Cr—3Al—3Sn 1.16

This comparison does not take into account what is
apparently the more “ forgiving ” nature of the Ti—l5V— 3Cr-
3A1-3Sn alloy which would be expected to decrease the
1.16 somewhat. The mill production sequence considered
in this cos t comparison was :

Melt ingot
Forge slab
Conaition slab
Hot roll slab to coil
Anneal, descale and pickle coil
Overall grind
Cold roll
Final  anneal
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The Ti-l5V-3Cr-3Al---3Sn alloy could be considered more
“forgiving ” in both melting and the f ina l  anneal .  In
melting chromium and iron would have the greater segrega-
tion tendencies , and hence the low , 3 per cent , Cr in the
Ti-l5V-3Cr-3A1-3Sn alloy should give a more homogeneous
ingot than for the other two alloys where Cr is 7 per
cent in one and Cr 4 per cent and Fe 2 per cent in the
other.  The major -~ffect expected from improved ingot
homogeneity would be greater uniformity in aged proper-
ties.

At the finishing end of the production sequence the
Ti-l5V-3Cr-3Al-3Sn alloy was more readily recrystallized
at the f i na l  anneal than the Ti—8V--7Cr-3Al--4Sn-lZr and
Ti-8V-4Cr-2Mo-2Fe-3Al alloys. This factor should also
promote more uniform aged properties from the Ti-l5V-3Cr-
3Al—3Sn alloy .

Comparison of costs between aircraft parts formed
from currently available alpha-beta titanium alloys hand
mill sheet and continuously rolled strip from the three
alloys involves many uncertainties , e.g., volume of
usage , adaptability of product, uniformity of parts ,
f orming procedures, cleanup of formed, heat treated parts ,
etc. There appears to be little doubt, however, that a
continuous strip product which could be room temperature
formed with a minimum restraint and cleanup after final
heat treatment would offer cost reduction possibilities.

Comparison of projected beta alloy strip costs with
currently available Ti-6A1—4V hand mill sheet costs for
third quarter 1975 shows:

Projected Price Ratio
for Beta Alloy Strip

Gage ,In. to Ti-6A1-4V Sheet

0.030 1:5
0 .050  1:3.5
0 . 0 7 0  1:3

These selling prices are based on approximately 15,000-lb
quanti t ies  and are for sizes close to 36” x 96” . For
small quantities where continuous strip processing is not
practical, beta alloy flat roll product would cost more
than Ti-6A1-4V sheet alloy , of course.
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B. ME CHANICAL PROPERTIES

In the discussion to this point , mechanical proper-
ties of the three beta alloys have been disregarded.
Actually it was somewhat surprising to see the differ-
ences obtained in the thorough examination conducted ,
and these should be considered where a specific appli-
cation requires a particular property advantage .

1) The aged strength potential for 950°F was
higher for the Ti-8V-7Cr-3A1-4Sn—lZr alloy
than for the other two alloys. The com-
bination of 200 Ksi aged yield strength
with 6 per cent elongation is of interest.

2 ) At the 1050°F aging temperature the Ti— 8V-
7Cr-3Al--4Sn--lZr and Ti-8V-4Cr-2No-2Fe—3A1
alloys overaged more rapidly than the
Ti-l5V-3Cr-3Al-3Sn. For many production
cycles this would be a consideration .

3) Fracture toughness was highest for the
Ti-8V-4Cr-2Mo-2Fe-3Al alloy with the other
two about equal.

4) Crack growth rate, da/dn was practically
unaffected by salt water or directionality
for the Ti-15V-3Cr-3Al—3Sn alloy , where as ,
the other two alloys had crack growth
rates increased in salt water and showed
directionality effects .

In these comparisons the obvious differences between
alloys in the solution annealed condition must be con-
sidered.

Tensile Properties

Test UTS , IS , El , M m .  Bend
Alloy Dir. Ksi Ksi % ~/t Passed

Ti— 8V—7Cr L 123 119 23
T 126 125 20 3.2

Ti—8V—4Cr  L 121 119 23
T 122 118 22 2.5

Ti—l5V—3Cr L 109 106 25
T 112 109 23 2.5
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Equivalent annealed conditions could not be aimed for
in this study .

The question of comparison of the present alloys
with commercially available beta alloys such as Ti— 8Mo-8V—
2Fe-3Al, Beta C , Beta III, Ti-13V-llCr-3Al and other
grades cannot be fairly answered at this point. Pub-
lished property data on the commercial beta alloys is not
as complete as for  the present three alloys . The solution
annealed and the annealed and aged tensile properties
are comparable for all the beta alloys or could probably
be made comparable within the flexibility of the aging
treatments
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ABSTRACT

As one of the final phases of evaluation of three lower-cost,
formable , developmental beta titanium alloys on AFML Contract
No. F33615-74-C-5O63, the Columbus Airc raft Division of Rockwell
International conducted a room- temperature formability study on
0.050” and 0.100” sheets from each of the three alloys for the
TIMET Division of Titanium Metals Corporation of America. The
evaluation consisted of bend , joggle , hydropress and hydroform,
and dimpling tests under production fabrication conditions on
Ti-8V-7Cr-3A1-4Sn-lZr , Ti-8V-4Cr-2Mo-2Fe-3Al , and Ti-l5V-3Cr-3A1-3Sn
to establish the general level of formability and to determine ,
if possible , which alloy possessed the best room-temperature
forming characteristics. Excellent room-temperature formability
was provided by all three alloys which was considerabl y better
than that of currentl y used titanium alloys , such as Ti-6A1-4V.
Only minor differences were observed among the three alloys;
these were the result of variations in grain size and correspond-
ing levels of orange peel. On this basis , Ti-L5V-3Cr-3Al-3Sn
showed a very sli ght advantage with Tl-SV-7Cr-3A1-4Sn-lZr a close
second. Because of the excellent formability, this type of alloy
should be considered for applications at intermediate service
temperatures of 300—700F.

This study was performed as part of USAF Contract No. F33615-74-C-
5063 on Rockwell Sales Order No. 2377.
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1. INTRODUCTION

Three be ta ti taniu m shee t alloys were pro cessed by the TIMET
Division of Ti tanium Metals Corporation of America on U. S.
Air Force Con trac t No. F33615-74-C-5063 with the objective
of developing a lowe r cos t formable sheet material with good
high-strength aged properties.(1) As a f inal  phase of the
contract , i t was recorrinended that room- temperature formability
testing be performed on the three sheet alloys to determine
the forming l imi ts fo r this type of new a lloy and to es tablish ,
if possibl e, which of the th re e be ta compo s i t ions pos ses sed
the best room-temperature formability . Subsequent discussions
between TIMET , AFML , and the Columbus Aircraft Division of
Rockwell International resulted in a proposal from Rockwell
International to TIMET , date d 18 Jul y 1975(2) and acceptance
of th e proposal  by means of TIMET’s Purchase Order No. 16853
of 21 Au gust 1975.

Since it was recognized tha t the ma jor po tentia l applica tion
fo r thi s type of t i tani um al loy would be in aer ospac e , forma-
bi li ty tes ts were to be rela ted to the forming of ai rcraf t
parts. Consequently, the formabili ty evalua t ion was to
consis t of bend, joggle , hyd roform , and dimpling tests at room
temperature on two shee t gages of each alloy und er p roduc t ion
f abr ic at ion condi t ions to de termine the prac t ical forming
limits for each type of deformation and to establish , if
possibl e, which alloy-process condition possesses the best
forming ch aracteristics. This evaluation was conducted on
Rockwell Sales Order No. 237 , as part of USAF Contract No.
F33615-74-C-5063.

2. TEST PROCEDURES AND RESULTS
‘
2.1 Ma terials and Properties

Since one 0.050” shee t and one 0.100” sheet from each of the
three alloys were to be evaluated on this program , TIMET
selec ted material which had been hot rolled to 0.200” gage
and then cold rolled and annealed to either 0.050” or 0.100”.
Although other processing procedures and conditions were used
on other shee ts, as described in a p revious inter im report (1),
the combin at ion of hot and cold ro l l i ng was cho sen a s op t imum
for formability testing.

— 137—

FORM 351-F REV 4-73

— -— • - -~~~~- - -~~~~~~~ —‘ ‘ -~~~~
-—-•• - - —•~~~~~~~~~~



— t-—r~S ’ 
~~~~~~~~~~~~~~~~~~~~ 

‘
~~~~

‘ ‘ — -----— - ••- ‘ — -—-——---.— —-,---•——-- ‘ -—• - - —- -—.—,‘--— •-— -• —- - __ .  
~
__ .,_ -_. — - —. 

- -

0 Columbus Aircraft Division
Rockwell International

N R 75H-l62

Solut ion annealed tensile and bend properties of the six
36” x 30” shee t panels , as f urn ished by TIME T, are listed in
Table 1. Also included are springback angles for both 45 and
135° bends. Of special note is the relatively small spring-
back of 7-10° at an angle of 135°. The tensile properties
show a spread of onl y 2-5 ksi between Ftu and Fty, but at high
elongation values , and transverse min imum bend rad ii were
generally 2.5T or less. Microstructures of the six sheets
are shown in Figures 1 and 2 fo r the 0.050” and 0.100” panels ,
respectively. In both thicknesses the finest-grained , more
f u l l y recrystallized structure was provided by Ti-l5V-3Cr-3A1-3Sn
(Heat V-5O3l), while the largest grain size was exhibited by
Ti-8V-4Cr-2Mo-2Fe-3A1 (Heat V-SO3O).

Upon receipt from TIMET , the six 36” x 30” sheet panels were
visuall y examined and the thickness of each was measured
around the periphery (see Table 1 for thickness ranges).
Although each panel showed the remnants of surface be l t  grind-
ing, the subsequent acid pickling had rounded the grind lines
and left the surfaces free of any objectionable defects. No
material specification covers these experimental alloys , but
the sheet material did meet the flatness, surface finish , and
thickness tolerance requirements of Specification Mil-T-9O46.

A sketch of the layou t for cutting the specimens described in
reference (2) is shown in Figure 3. Originally an unused
11” x 36” piece was scheduled to be saved from each panel ,
but this was later utilized for additional hydropres s and
hydroform test specimens. During shearing and specimen prepar-
ation, oper ating pe rsonne l j udged that the six panels in the
solution annealed condition appeared to shear with somewhat
greater ease than currently used titanium alloys , such as
Ti-6Al-4V or Ti-6A1-25n-4Zr-2Mo, and were readil y deburred
and edge polished. Band saw cutting of the curved hyd ropress
test specimens also seemed to be easier than Ti-6Al-4V , although
no quantitative measure was made of blade wear or cutting speeds.
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2.2 Bend Test Procedure and Results

The 2” x 6” bend specimens were sheared , deburred , and edge
polished prior to press brake bend testing at room temperature
in a 45-ton Verson Brake Press utilizing male dies of various
ra d ii in conjunction with an open channel female die. In
each case , the depth of stroke of the male die was adjusted
to produce a 90° bend angle after springback. Test specimens
were cut to obtain bending in both directions (L and T) with
respect to the sheet roiling d ire ction ; a L bend is one in
which the bending force and outer-fiber tensile strain is in
the longitudinal direction , while a T bend is oriented 90°
from this .  In general , L and T specimens from each of the
six panels were bent at radii both smaller and larger than
the minimum so that a satisfactory minimum bend radius (MBR)
could be established. Both 2” and 6” wide bends were produced
and a l though  there  was little difference between the two, the
MBR was determined on the basis of 6” wide bends. Dur ing
testing, it was observed that there was considerably less
springback with these six sheets than is normally encountered
in cur ren t l y-used t i t an ium al loys , such as Ti-6A 1-4V. This
corresponds with the small springback measured at 1350 angles
by TIMET (see Table 1).

Male die radii were available in 1/32” increments and the
three 0.050” sheets were tested with die radii of 3/32” to
5/ 32” , while specimens from the three 0.100” panels were bent
around dies wi th a radius of ~ to 3/8”. Minimum bend radii
for each sheet in both directions are listed in Table 2 while
photograp hs of bend specimens at or near the MBR are shown in
Fi .ures 4 and 5 for the 0.050” and 0.100” materials , respec-
tivel y. As might be expected , “orange peel” deformation in
the larger grain size panels o f t e n made i t di f f ic u l t  to
determine the onset of cracking, even wi th 20X magnification
and dye penetrant inspection. Thus, the MBR values in Tables
4 and 5 do not r e f l e c t  s u b s t a n t i a l  d i f f e r e n c e s  among the three
a l l o y s , bu t  v i sua l  examinat ion did ind ica te  some v a r i a t i o n  a t
the same die radius. Except for the finest gra in  s i z e  sheet s
( T i - l 5 V - 3 C r - 3 A l - 3 S n ) ,  in which the MBR was about the same in
both directions, bendab ility was slightl y better in the L dir c-
t ion.
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Perhaps the most signIficant observation f rom this bend test-
ing is the ot~tstan ding bendab ility provided by these beta
alloys; i.e., MBR of 2.5T for the 0.050” sheets and 2.7 - 3.0 1
for the 0.100” material , compared to 4.5-5.0 T for Ti-ÔA1-4V
and Ti-6A1-2Sn-4Zr-2Mo , 4-5 T for Ti-8Mn , and 3.0-3 1 for
Ti-13V-llCr-3A1. Bendability of the three alloys (two gages)
is rated in descending order as f o l l o w s , althoug h the di ffer-
ences were not substantial* :

0.050” (2.5T) 0.100” (2.7—3.OT

Ti-l5V-3Cr-3A l-3Sn Ti-i5V-3Cr-3Al-3Sn
Ti-BV-7Cr-3Al-4Sn -lZr Ti-8V-7Cr-3A1-4Sn- tZr
Ti-8V-4Cr-2Mo-2Fe-3A 1 Ti-8V-4Cr-2Mo-2F e- 3A1

2.3 Joggle Test Procedures and Results

Joggling is a fo rming  process in which a por t ion of f l a t  sheet
or a brake formed angle part is recessed or offset to accommo-

date  a flush connection or provide for clearance witl other
par t s  in assemb ly. It is produced by two parallel bends in
opposite directions at the same angle as sliown in the sketch
below. Because the bends are close together , the same flange
w i l l  conta in  bo th shr ink  and s t r e t ch  areas  in close p rox imi ty
to each other. Severity of the joggle is measured by the joggle
l e n g t h - t o - d e p t h  r a t io , L/D , as illustrated below ; i.e., the
sma l l e r  the r a t i o , the more severe is the j ogg le( 3 ) .

~~~~~~~~~~ L~~~~~~
2

* Thec sli gh t  d i f f ~ r€ -n c ec based on variations in orange peel.
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Two major failures in joggling are cracking or s p l i t t i n g  at
the upper bend transition zone (“A” in the sketch) due to
excessive biaxial stresses in the “double bend” area, and
buckling in the web of the transition zone (“B” in the sketch) J
because of excessive compression and shear deformation.

Joggling can be performed in a variety of powered presses
us ing  e i t he r  f ixed  tool ing  or a d j u s t a b l e  un ive r sa l  tool ing in
which the joggle depth (D) and the jog~ie length or runout (L)
can be varied as required for different parts. The clip
metho d of j o gg l ing  was u sed for this program in which 90° V-
type male and female dies were utilized in conjunction with
two separate shims of varying thickness to obtain different
joggle depths and spaced to provide the desired joggle length.
Thus , cli p joggling provided the f l e x i b i l i t y  in vary ing  the
forming parameters necessary in a test program of this type.
A photograp h of the tooling is shown in Figure 6.

The 2” x 6” joggle specimens (see Figure 3) were sheared ,
deb u r r ed , and ed ge po l i shed p r io r  to t e s t i n g ,  and the 0.050”
samples were press brake bent 90 0 on a 5/32” die radius (3.0-
3.iT) to obtain bent angles 6” long. Orientation of the speci-
mens was such that the bending strain was in the transverse
d i r e c t i o n .  Several  of the 0. 100” samples were a lso bent 90 °
in a similar fashion on a 5/16” die rad ius  (3. lT) while the
remaining 0.100” tes t pieces were left as flat material. The
90 ° ang le 0.050” specimens were cli p joggled at room tempera-
ture starting at a joggle depth of 0.050” and a joggle length
of 0.25”, and increasing the joggle severity to a depth of
0.100” and a length of 0.187” (LID = 1.9). These data are
su mmarized in Table 3. V i s u a l  examina t ion  of the specimens
In dica t ed th a t t h i s  was n ea r th e jogg l i n g l i m i t  for the 0.050”
sheets , a l t hou gh c racking  or rejectable buckling was not
obtained*. For t h i s  th ick ness, dec reas i n g th e j ogg le length  to
less than 0.187” or inc reas ing  the dep th beyond 0.100” would
have produced an objectionable shearing action. Joggling the
0.100” angle  specimens was s t a r t ed  at  a dep th  of 0.100” and a
length of 0.375” , which produced satisfactory joggles (L/D =

3 . 2 - 3 . 7 ) .  However , nore severe j o g g l i n g  de fo rma t ion  could  not
be ob ta ined  because  of t o o l i n g  l i m i t a t i o n s  ( t h i c k e r  shims were
not av ai l a b l e )  and ~he inability to decrease the joggle length
w i t h o u t  excessive shea r ing .  A summa ry of these r e s u l t s  are
i n c l u d e d  in Table  3.

* N e a r  the  jo gg 1in ~ l im i t  b a s e d  on e x t - n t  of orange  pee l  and
m e t a l d e f o r m a t i o n .
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Since joggling limits could not be established on the 0.100”
bent angles, flat sheet specimens (0.100” x 2” x 6”) were
joggled on a press brake utilizing a double channel arrange-
ment with a 3/16” radius on the channel edges. A starting
depth of about 0.100” and a length of 0.250” were increased
in severity to a depth of 0.160” and a length of 0.250”
(L/D = 1.56), as surrinarized in Table 3. At this point , pro-
nounced “orange peel” had developed in Ti-BV-4Cr-2Mo-2Fe-3A1 ,
to a lesser degree in Ti-8V-7Cr-3Al-4Sn-lZr, and least in

• Ti-15V-3Cr-3A1-3Sn. However, actua l failure had not occurred ,
which was confirmed by dye penetrant inspection. The extent
of orange peel was directly related to the grain size of the
three 0.100” sheets illustrated in Figure 2.

Photographs of the most severe joggles in both the 0.050” and
0.100” sheets are shown in Figure 7. Except for differences in
orange peel (and grain size), which cannot be distinguished In
the photographs, there was little difference in joggling be-
havior among the three alloys. However, ultimate forming u n its
were not reached in most cases, primarily because of the ~xce 1-
lent joggling characteristics exhibited by these alloys and
the corresponding limitations in available tooling. The L/D
values for the 0.050” sheets of 1.9-2.0 compare quite favorably
with 1.7 for Ti-l3V-llCr-3Ai (the ori ginal beta alloy ) and are
considerabl y lower than approximately 5-6 for Ti-6Al-4V and
Ti-6A1-2Sn-4Zr-2Mo jogg led at room temperature.

2.4 Hydropress - Hydroform Test Procedures and Results

The hydropress or trapped rubber forming process relies entirel y
on the flow of rubber in a confined area to transmi t the press
ram force to the piece being formed. This rubber pad normally
serves as the female die and acts as a fluid to force the sheet
metal around the male die or form block. U~ of this process
offers the advantages of less costly tooling and the ability to
form seve ral small  par t s  at one time. I t  is u t i l i z e d  princ i pa l l y
for flang ing and for shallow recessed parts , and is suitable for

~~ foiming strai ght bends , channel sections , curved flanges , beads ,
• ribs , offsets , contours , and othe r similar features on predominantl y

flat sheet metal parts. A sketch of the hydropress rubber forming
process is shown in Figure 8.
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A shrink flange is a curved or convex flange in which the
radius of the blank is greater than the final radius of the
part. Forming such a flange results in shrinking the materiel
and as a result , buckles or wrinkles may develop which require
additional hand work or sizing to achieve the desired part
configuration. A stretch flange is a curved or concave flange
in which the radius of the blank Is smaller than the final
radius of the part. Forming such a flange results in stretch-
ing the material and as a result , cracking can occur or In-
comp lete forming may require additional hand work or sizing to
obtain the desired part configurati on. Forming aids are often
used in hydropress forming to increase the forming pressure
in critical areas and thus improve part definition and reduce
su bse qu en t hand fo~ ming . These a ids  can be le ad wi pers ,
wedge blocks , drawing rings , rubber pads , etc.

The trapped rubber forming process may be conducted either as
a single-action or double-action press operation. Single action
is a straight hydropress procedure shown in Figure 8 in which
the male tool and blank are supported on a stationary bottom
press platen and the trapped-rubber head is lowered over the
blank and tool wi th app lication of pressure (3). All of the
smaller specimens and a few of the larger ones in this program
were formed in this manner. In the double-action process
(tooling is illustrated at the right side of Figure 9), the
blank is clamped to the support plate by the rubber pad and
then the punch from the bottom is forced against the blank
which is formed into the rubber pad. With the edges of the
flanges “clamped” by the rubber and an increase in rubber pad
pressure , there is a drawing action which tends to reduce
buckles and wrinkles in the shrink flange. This procedure has
been termed drawforming or hydroforming and was used on several
larger specimens in this program.

For the initial hydropress testing in this program , speci mens
were cut for a small 3” tool radius with shrink flanges of
various heights to obtain several levels of shrink. Height
of the stretch flange was cut to represent a high degree of
stretch with plans for trimming the flange height as required
after the initial tests were completed. Tooling is shown in
Figure 10. Sample blanks were cut on a band saw, deburred ,
and the edges polished. Calculations for the level of stretch
and shrink are based on the radius of the blank and tool or
part radius (either 3” or 8” for this program), which involves
the flange heigh t, and are shown as follows :
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T

Following completion of hydropress tests on 3” radius specimens ,
the remainder of the 11” x 36” piece of material from four of
the six original sheets (see Figure 3) was utilized for 8”
radius specimens , most of which were draw formed. Although
these larger specimens were not part of the original evaluation ,
the additional testing was considered important in the overall
assessment of the formability of the three alloys.
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Test ing procedures for the straig ht hydropress specimens were
essentiall y the same as outlined previously in this section.
A 2700-ton Cincinnati Hy droform Press was used wi th a 25”
diameter rubber trap and a maximum forming pressure of 10,000
psi. A photograph of this press is shown in Figure 11. A
pressure of 6,000 psi was used for the 0.050” specimens with
a 3” tool radius; this was increased to 10,000 psi for the
0.100” samples and for each of the larger specimens (8” tool
radius) which were subjected to straight hydropress forming.
A maximum pressure of 6,000 psi was used on the larger draw
formed samples; this upper limi t was established because
permanent deflection of the unsupported flat plate tooling on
the lower platen did not pe rmit higher pressures to be utilized.

Results of hydropress forming the specimens with a 3” tool
radius are summarized in Table 4 which covers shrink levels
from 7 to 25 percent and stretch levels from 26 to about 29-30
percent. Photographs of most of the 0.050” test p ieces are
shown in Figure 12 and 13 (convex and concave si de s, respec-
tively). The stretch flange capability of all three alloys
at 0.050” gage was ou t s t and ing  in that  eac h was s t re tched
29-30 percent without failure. Only one stretch flange failed
(by splitting) and this was by positioning the bla nk on the
die to achieve about 50 percent stretch. The f~ ct tha t the
29-30 percent stretch f l ange  c a p a b i l i t y  exceeds the tensile
elonga tion values of 2 1-24 percent  (see Table  1) is attributed

H to the r e s t r a i n t  by the rubber  pad wi th  a d i f f e r e n t  stress
s t a t e  dur ing  forming than is present  in a tensile specimen.
Severe buckles were obtained in the shrink flanges at 20 per
cent shrink or greater. At 7-14 percent shrink the buckles
were more shallow and open , such tha t they could be hand worked
to achieve the desired configuration. A shrink leve l of 17
percent appears to be marginal regarding the ability to hand
work the flange. No significant differences were observed
among the three alloys other than variations in the degree of
“orange peel” discussed ptevious ly.

Improvement in the shape of the shrink flange of 0.050” material
b y us ing  a lead forming aid ( s h r i n k  f l a n g e  arc  wi th 3’ radius
to wipe down the flange during forming) is shown at the lower
left of Figure 14. As can be seen , the buckles and wrinkles
are shallower and more numerous than the severe buckles obtained
without a forming aid , ea ch at a shr ink  level  of 25 percent ,
and could be removed by hand working. Thus , the advantages of
using forming aids is obvious. Incomplete forming of flanges
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in 0.100” thick specimens (26 percent stretch and 25 percent
shrink) is illustrated on the right side of Figure 14, even
at maximum pressure of 10,000 psi. Al though the material has
the capability to be formed more completely than was achieved ,
the short flanges combined with the relatively small specimen
blanks did not provide sufficient area for effective app lica-
tion of forming forces.

Testing of large specimens (8” tool radius with a 0.250” radius
at the edges of the die) was conducted on the 11” x 36” pieces
(Figure 3) from the three 0.050”, sheets and one of the 0.100”
panels (Ti-l5V-3Cr-3A1-3Sn). Duplicate specimens were cut at
each of two flange heights , 1.0” and 1.5”, which are equivalent
to the following average levels of stretch and shrink:

• Flange Heigh t Stretch , 7. Shrink, 7,

1.0” 14.3 11.1
1.5” 23.1 15.8

~t should be noted that after band saw cutting, edges of the
blanks were deburred but were not polished , since observations
during the course of the program indicated a lack of sensitivity
to ed ge discontinuities by the three alloys.

Of the 16 specimens in this phase, 13 were draw formed at room
t emperature on the 2700-ton Cincinnati Hydroform equipment
(Figures 9 and 11) with a summary of the results listed in

~ahle 5. The last three samp le blanks (one 0.050” and two
0.100” wi th flange height of 1.5”) were formed wi th the same
ma l e di e , but in a s t ra ight hydropress operation. Seven of
these specimens are depicted in the photographs of Figures 15
and 16 showing the convex and concave sides , respectively.
Even at 15 percent shrink , the advantages of draw forming were
q u i t e  pronounced. As seen in Figure 16 , the shrink f langes
of both the 0.050” and 0. 100” specimens possessed minor buckles
or wrinkles  which could be removed by hand working, whi le  the
evere buckles in the 0.050” sample f ormed by s t ra igh t  hydro-

press are obvious (lower right corner of Figure 16). Stretch
f langes (237.) in the 0.050” sheet exhibi ted considerable
springback except in the middle of the flanges (Figure 16).
Much be t te r  s tretch flange de f in i t ion  was achieved in the
draw formed 0.100” spec imens , especially in the shorter 1.0”
flange (147, stre tch). Incomplete forming of the shrink flange
with some buckling was observed in the straigh t hydropress
formed 0.100” test piece , as shown in Figure 16. Two of the
0.050” draw formed specimens were re-run in a hydropress
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operation to determine if the wrinkles could be smoothed
ou t and the spr ingback in the stretch flange could be
reduced. However, no significant improvements were obtained ,
no doubt because of the prior work hardening from draw form-
ing.

Testing of the larger 8” radius specimens showed tha t draw
forming produced only minor buckling or wrinkling in the
15 percent shrink flanges , but resulted in some sp r ing back
in the stretch flanges of the 0.050” material. It also showed
that with the larger specimens and longer flanges , the 0.100”
sheet could be satisfactoril y draw formed wi th much less spri nt-
back in the stretch flange than exhibited by the 0.050” ma terial.
In both gages , draw forming provided much better part definition
than hydropress forming. As wi th  joggl ing, h y dro pr ess an d d r aw
forming showed essentially no differences amon g the three alloy s ,
although the room temperature formability of each was substanti-
all y better than currentl y-used al pha or alpha-beta titanium
alloys or the original beta alloy shown below:

Maximum Hydropress Forming Criteria*

Alloy** Stretch , 7, Shrink, 7,

Formable Beta Alloys 25 14
(current program)

Ti-6A1-4V 5 4

Ti-8Mn 10 5

Ti 13V-llCr-3A1 12 8

* Rockwell-CAD manuf acturing limit s .

** For ma te r i a l  th ickness  th roug h 0. 0 ’O-O .  (~ —~~(~~“

4 2.5 Dimpling Test Procedure and Results

Dimp l ing is a fo rming  process in which a s m ai l  r ecessed  con i c a l
flange is produced around a hole to accomod~~e flush-headed
fasteners. It is usuall y app lied to sheet material that is too
thin for countersinking. Sheets are almost always dimpled in
the condi t ion  they are to be used, since subsequen t heat treat-
ment could cause distortion and m isali inment of the holes.
Al so, titanium alloys are normally dimpled at elevated temper-
atures with heated dies or by means of resistance heating to
reduce forming pressures , sprlngback , and the chances for
cracking (3) .
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Ram coin-dimp ling is the most common process in which pressure
in excess of that required for forming the conical flange is
applied to coin the dimpled area and reduce the amount of
springback. Preparation for dimp ling consists of drilling a
pilot hole wi th a stub drill of a size applicable to aluminum
alloys and deburring with a deburring tool or countersink
cutter only to remove the material turned up by the drill at
the edges of the hole. Coin-dimp ling tools consist of a punch
pilot attached to the end of the male conical die with a
matched female counterpart. In dimp ling, the punch pilot is
positioned in the pilot hole for proper alignment and the die
assemb ly is clamped to the sheet. Th~ the major forming of
the recessed flange is conducted , followed by maximum pressure
to coin the flange and obtain any circumferential deformation
in the hole.

In this program , dup licate ~~ x 6” panels were sheared from
each of the six sheets (see layout in Figure 3) and on 1”
centers , six rows of pilot holes (4 rep licates In each row)
were drilled for dimpling. The first three rows were for
AN-426 rivet dimples (1/8”, 5/32” , and 3/16”) and the last
three rows were for AN-509 screw dimples (for threaded
fasteners) with No. 8, No. 10 and 1/4”fasteners , all with
100° fastener heads. Pilot hole sizes are included in the
data listed in Table 6. Manufacturing personnel noted that
drilling of these pilot holes appeared to be more difficult
than in Ti-6A1-4V. For example , three high-speed drills were
used in drilling 24 - 1/8” diameter holes in the 0.100” gage ,
because of tool wear.

Dimpling was performed in a 20,000 pound capacity C-frame
CP45OEA machine manufactured by Chicago Penumatic Tool
Company. Al though all the dimpling was done at room tempera-
ture , this machine is also equipped for hot dimpling. The

F- 0.050” material was dimpled first withou t any apparent diffi-
culty and then, surprisingly, the 0.100” sheet also dimpled
satisfactorily wi th only slightly higher forming pressures
than for 0.050”. Near maximum force from the dimpling machine
was required for all but the AN-426-4 and -5 rivet dimples ,
which required about 60 percent of capacity. AN-426-4 (1/8”)
rivet dimpling was attempted in the 0.100” sheet, but because
of severe seizing to the punch pilot , only three such dimp les
were formed , as shown in Figure 17 in the upper row on the
0.100” Ti-8V-7Cr-3Al-4Sn-lZr (lower left panel). Photographs
of the dimples in the six sheets are also shown In Figure 17.
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It should be noted that the dimple sizes selected covered a
desirable range of desi gn loads fo r ma tching the fas tener
sizes with sheet thickness for the 0.050” gage , but the smaller
dimp le sizes were a decided mismatch for the 0.100” material.
Thus, from a p rac tical des ign standpoint , all  th ree a l loys
dimp led quite satisfactoril y at room temperature in the solu-
tion annealed condition (sheet thicker than about 0.070” is
normally not dimp led; 0.100” material would oe countersunk).

Hole sizes were measured af ter dimpling and these d ata are
included in Table 6. Comparison of the dimple hole diameters
with thise of the starting pilot holes showed that as much as
16 percent circumferential elongation was obtained in the
AN-509-l/4” dimple in the 0.050” sheets. However, all of the
dimp led holes in the 0.100” panels were slightl y smaller than
the starting pilot holes indicating that there was insufficient
forming force available to achieve circumferential deformation
in the thicker material.

As stated earlier in this section , titanium alloys of necessity
are nearly always d imp led at elevated tempe ratures. Therefore ,
the fac t tha t these three be ta al loy s, even a t a th ickn ess of
0.100”, were satisfactorily dimp led at room tempera ture is
additional confirmation of their excellent formability. The
only difference among the three was the somewhat more pronouced
orange peel at the shoulder bend radius of the dimples In

1
3. SUMMARY AND CONCLUSIONS

As one of the final phases of evaluation of three lower-cost ,
formable , developmental beta titanium alloys on AFML Contract
No. F33615-74-C-5063, the TIMET Division of the Titanium Metals
Corporation of America contracted with the Columbus Aircraft
Division (CAD)of Rockwell International for CAD to condu t
room-tempe rature formability tests on solution annealed 0.050”
and 0.100” sheets from each of the three alloys to establish
the general level of formability and forming limits for this

• more-ductile type of titanium sheet material and to determine ,
if possible , which of the three alloys possessed the best room-
temperature forming characteristics. The three alloy composi-
tions are as follows:

Ti-8V-7Cr-3Al-4Sn-lZr
Ti -8V-4Cr -2Mo-2Fe-3Al
Ti-15V-3Cr-3A1-3Sn
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Formability tests at room temperature under production fabri-
cation conditions consisted of:

1. Bend tests (both long itudinal and transverse , 2” and
6” wide).

2. Joggle tests.

3. Hydropr - ss and hydrofo rm (shrink and stretch flanges).

4. D imp lIng tests.

In comparison with forming of Ti-bA 1-~ V and other currentl y
used titan i um alloys , the following observations and conclu-
sions were made:

Shearing and Cutting

Compared to Ti-6Al-4V , the three alloys appeared to shear
and cut by band sawing with somewhat .~reater ease. Deburr-
ing and ed i€ polishing were readil y accomplished. However ,
in drillin g pilot holes in the 0.100” sheets for dimpling,
greater tool wear was observed.

Rending

— 1. Exce 1ler~t room-temperature bend abi lity was provided by
all three alloys in both ~i~ e- . Minimum bend rad iu~
( M R R )  c~as 2.51 for the 0.050” sheets and 2.7-3.01 for
the fl.100” m a t eri al s , compared to -4.5-5.OT for Ti-6A 1-A ~ .

~.-5T for T~ -~~1n , and 3.h-3 .5T for Ti— 1 3V— ll C r -3A 1 (also
a het~ alloy).

2. A 1thou~ 1 there was little difference in bendability
- I ( ~~fl~~ the three alloys , the finest-grained materi al ,
Ti-l5 V -3C r-~ Al-3Sn , was rated the best and the
coare- t -~-r-i ined sheet , Ti-RV-4Cr-2Mo-2Fe -3Al , was

~uch-cd ~he least attr ac tiv c because of its “orange
pen ” ~fo r ~rd s u r f a c es. Except  f o r  the f i n e s t  ~~a ir .
s i z e  sh e e t~ of T i - i 5 V - 3 C r - 3 A l - 3 ~ n , in  which  bendab i l i t y
e a s  abo u t  t he  same in bo th  d i r e c t i o n s , MBR was sl Lh t l v
h e t t e r  in  t h e  l o nj t u d i n a l  t h a n  in the  t r a n s v e r s e
di -~ cti r.

F , H p r f t i .~h , 1ck  a f t e r  bendin g w is si~ nif icant 1 y less than
for ri-6A 1-4V .

—150—

E l ’ -1 ~‘~1—E  REV 4— 73

-—.. -

~ 

-- - ~~~~ - —~~~~~- - . -~~~~~~~



5 - • -~~~- - -~~~~~ -~~~~~~~- -- ~~~~~~~-- 
-
~~~~~~~~~~~~~~~~~~~~~ — • • -~~~~~~~ -, . •  -5---— -~~~~--~~~~ -~~~~-~~~~ -~~ -—

, ~~~ Columbus AIrcraft Division
Rockwell International

NR75H-162

JogglIng

1. Because of limitations in the size of available tooling
components , which prevented use of the mo.~t severe
joggling parameters , the ultimate joggle forming l imits
were not established for the six sheets. However, all
demonstrated extremel y good room-temperature joggling
characteristics substantiall y better than currentl y-
used titanium alloys. The only significant differences
among the three alloys were the variations in orange
peel which relate  to grain size, i.e., Ti-l5V-3Cr-3Al-3Sn
exhibited the least orange peel and Ti-8V-4Cr-2Mo-2Fe-3A1
displayed the most.

2. A joggle length-to-depth ratio , L/D (the smaller the
ratio the more severe the joggle) of 1.9 was obtained
in 900 angle specimens of the 0.050” sheets compared to
much la rger  L/D values of 5-6 commonly used as manufac-
turing criteria for Ti-6A1-4V and Ti-6Al-2Sn-AZr-2Mo
sheet joggled at room tempe rature.

Hy droforming

1. H y dropress  forming of smal le r  3” par t  rad ius  0.050”
specimens at room temperature resulted in exceptional
s t r e t c h - f l a n g e  deformat ion  c a p a b i l i t y  of 29-30 percent
stretch without any failure. Shrink flanges were
limite d to about 14 percent shrink to provide buckles
which were sufficientl y shallow and open that the
desired configuration could have been obtaine d by sub-
sequent hand working. These levels are considerabl y
hi gher than the 5-1 0 percent stretch and 4-5 percent
shrink permitted for Ti-ôA l-4V and Ti-8Mn. Limited
use of lead forming aids on a 25 percent shrink flange
showed that this is a promising technique for reducing
the buckling severity at high shrink values). Hyd ro-
press  forming  a t t emp t s  on thicker 0.100” m a t e r i a l  (3”
part radius ) resulted in incomplete forming.

2. Limited hydropress forming of larger pieces (8” part
radius) provided good stretch flange definition (23
percent stretch) in both thicknesses , but rather
severe buckles in the 15 percent shrink flange of 0.050”
material and somewhat open buckles in the 0.100” sheet.
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Draw forming in the hydroform process produced only
minor wrinkles in the 15 percent shrink flange, but
springback at the ends of the stretch flange was
obtained which was most pronounced in the longer 23
percent flange in the thinner 0.050” material. Thus,
in both gages, draw forming provided much b e t t e r  over-
all forming and part definition than straigh t hydropress
forming.

3. Essentially no differences were observed among the
three ailoys during hydropress or draw forming other
than the degree of orange peel in highl y deformed
areas , which is related to grain size v a r i a t i o n s .
These materials were not sensitive to edge discontinu-
ities as shown by the ability to deform in the presence
of a saw cut interruption at the edge of a few stretch
flanges withou t any failure, even though these edges
had only been deburred without any edge polishing.

Dimp l ing

Al though titanium alloys are almost aLways dimpled at
elevated temperatures and normally in thicknesses less than
0.070-0.080”-, it was demonstrated that all three alloys in
both gages could be satisfactoril y dimp led at room tempera-
tute for both rivet (1/8 to 3/16” diameter) and threaded
fasteners (No. 8 to 1/4!~ diameter) covering the range of
practical matching design between fastener and sheet sizes.
This represented as much as 16 percent circumferential
elongation at the dimple hole in e 0.050” material. The
only difference among the three alloys was the somewhat

F 
grea ter evidence of orange peel at shoulders of the dimples
in Ti-8V-4Cr-2Mo-2Fe-3A1.

This formability test program showed that the three beta alloys
in the solution annealed condition possessed excellent room-
temperature forming characteristics. Only minor differences
in formability were observed among the three alloys ; these
appeared to be the result o~ variations in recrystallized
(partial or complete) grain size and corresponding degree of
orange peel. On this bas is , Ti-l5V-3Cr-3A1-3Sn provided the

• least orange peel with Ti-8V-7Cr- 3Al-4Sn-lZr a close second.
It may be that with equivalen t grain size, even this minor

• difference among the three compositions would have disappeared .
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Al though Ti-l5V-3Cr-3A1-3Sn provided very slightly better
formability, such other considerations as differences in
fri~~t cost, processing, recrystallization and aging behavior,
and higher-strength aged properties may dictate that one of
the other alloys is optimum. Regardless , the outstanding
room-temperature forming behavior of this type of beta
titanium alloy shows that it should be considered for use in
the intermediate temperature range of 300-700F.
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TABLE 2

MINIMUM PRESS BRAK E BEND RADII
FOR 0.050” AND 0.100” BETA TITANIUM ALLOY SHEETS *

Nominal Test Die MBR(R/t),
Alloy Cage , In. Dir. (l) Radius , In. T(2)

Ti-8V-7Cr-3A l-4Sn-lZr 0.050 L 1/8 2.5
Ti-8V-7Cr-3Al-4Sn-lZr 0.050 T ~/8 2.5
Ti-8V-7Cr-3Al-4Sn-lZr 0.100 L 9/32 2.8
Ti-8V-7Cr-3Al-4Sn-lZr 0.100 T 5/16 3.1

Ti-SV-4Cr-2Mo-2Fe-3Al 0.050 L ~/8 2.4(3)
Ti-8V-4Cr-2Mo-2Fe-3Al 0.050 T 1/8 2.4(i)
Ti-8V-4Cr-2Mo-2Fe-3Al 0.100 L 9/32 2.9(3)
Ti— 8V-4Cr-2Mo-2Fe-3Al 0.100 T 9/32 2.9(3)

Ti-l5V-3Cr-3A1-3Sn 0.050 L 1/8 2.5
Ti-15V-3Cr-3A1-3Sn 0.050 T 1/8 2.5
Ti-15V-3Cr-3A 1-3Sn 0.100 L 9/32 2.~
Ti-l5V-3Cr-3A l-3Sn 0.100 T 9/32 2.

(I) Bending strain in relation to rolling direction.

(2) Minimum bend radius , T (die radius/sheet thickness), as
— determined by 20X magnification and dye pene trant inspection.

( 3)  Severe orange peel , but apparently no surface openings.

* Based on 54 bend tests.

I
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TABLE 3

SUMMARY OF DATA FROM MOST SEVERE ROOM-TEMPERATURE JOGGLING OF
0. 050” AND 0.100” BETA TITANIUM ALLOY SHEETS*

Cage , Jogg le Joggle
Alloy In. Depth , In. Length, In. L/D(1)

Ti-SV-7Cr-3Al-4Sn-lZr 0.050 0.090 0.187 2.0(2)
Ti-8V-7Cr-3A1-4Sn-lZr 0.100 0.114 0.375 3.2(3)
Ti-8V-7Cr-3Al-4Sn-lZr 0.100 0.160 0.250 1.56(4)

Ti-8V-4Cr-2Mo-2Fe-3Al 0.050 0.100 0.187 1.9(2)
Ti-8V-4Cr-2Mo-2Fe-3Al 0.100 0.100 0.375 3~ 7 (3 )
Ti-8V-4Cr-2Mo-2Fe-3A 1 0. 100 0.160 0 .250 l .56 (~~

)

Ti-l5V-3Cr-3Al-3Sn 0.050 0.100 0.187 1.9(2)
Ti-15V— 3Cr-3A1-3Sn 0.100 u.l03 O•3~5 3~7(3)
Ti-l5V-3Cr-3Al-3Sn 0.100 0.160 0.250 1.56(4)

(1) L/D is ratio of joggle length to joggle depth ; the lower
this ratio the more severe the joggle.

(2) Bent 90° at 3.01 radius prior to joggling. Value represents
near the limit in joggling deformation and tooling capability.

(3) Bent 90° at 3.11 radius prior to joggl ing. Value does not
represent limit in jogg ling deformation capability, but was
the most severe L/D ratio obtained wi th available tooling.

(4) Joggles on flat 2” x 6” specimens. Value Is near the limit
for joggling this 0.100” material.

* Data based on 33 joggle tests.

—157—

FORM 351-F REV 4-73



5-’- ~~~~~~—__ ‘- 5-—_ - -—-’ .5- .- —
~~~~~

-.- -- - — ---—- -—---------s_

, ~~~ Columbus Airc raft Division
Rockwell International

NR75H-l62

TABLE 4

SUMMAR Y OF ROOM-TEMPERATURE HYDROPRESS FORMING OF 3” RADIUS
SHRINK AND s-rRETCI-{ FLANGES IN 0.050” AND 0. 100”

BETA TITANIUM ALLOY SHEETS (1)

Hydroform Stretch Shrink Flange
Pressure 5 ~~~(2) Flange , ‘-~,(3) ‘I. Remarks

0.050”

6,000 26 7.7 4 or 5 very shallow buckles
F ,000 26 11 5 very shallow buckles
‘D ,OOO 26 14 4 or 5 shallow buckles

~,0O0 26 - 17 4 relative ly open buckles
6,000 26 20 3 or 4 pinched buckles
1 ,000 26 22.5 3 or 4 tightl y pinched buckles

~,OQ0 26 25 3 ti ghtly pinched buckles
• - i ~~ 30 25 4 ti ghtly pinched buckles

~.O00 50(4) 25 4 ti ghtl y p inched buckles

.000 26 25 3 ti ghtly pinched and cracked
buckles

0 26 25 Lead forming aid used ; 6
relatively open buckles

t~.1 OO” - -~~~~~~~~ i~~~ ’ . the  Th ree  A l l o y s

10 ,h G() 26 25 Onl y pa r t i a l  fo rming wi th
both flanges 30-45° instead
of 9O°

10,000 26 25 Stretch flange formed only
30°; 2 buckles in shrink
flange

(1) All thre alloys -i t  0.050” hydr-opress fo rmed  in nearly identical
fashion; rrCa rk s app ly to all 0.050” cateri al. Total of 33 tests.

(2) Forrnin ,~ conducted in 2=00-ton Cinc innati Hydroform press with
25” di oDe ter ran and maximum forming pressure of 10,000 psi.
Rad iu .~ on ed~ es of die for 0.050” was 5/32” and for 0.100” the
radiu s (s’.1I~ 5/16”

~3) All 26 and 30’/. stretch flanges exhibit ed no evidence of cracking
and conformed to the die with little or no springback.

( 4 )  Samp l e  b l a n k  of 0.050” Ti-l5V-3Cr-3Al-3Sn deliberatel y shifted on
die to a ch i -v hi ghcr level of stretch. A f t e r  fo rming ,  f l a n g e  h e i g h t
was e q u i v a l e n t  to 507, s t r e t ch  and f l a n g e  had completel y split open.
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TABLE 6

SUMMARY OF DATA FROM ROOM-TEMPERATURE DIMPLING
OF 0.050” AND 0.100” BETA TITANIUM ALLOY SHEETS(l)

Dril led Pilot Nominal Dimpled Circumferent ial
Dimpling Die, Hole Size Sheet Hole Dia., Elongation at
Type and Size and Dia., In. Gage, In. In. Dimpled Hole , 74(2)

Screw Dimples

AN- 509- 1/4”(3) #5 (0. 2055 ) 0.050 0. 238 16.0
AN-509- 1/4”(3) #5 ( 0 . 2 0 5 5)  0.100 0. 203 --

AN-509 #10 #24 (0.152) 0.050 0.169 11.2
AN-509 #10 #24 (0.152) 0.100 0.144 --
AN-509 ~~~~ #29 (0.136) 0.050 0.149 9.6
AN—509 #8(3) ~29 (0. ~~f) r.iOO 0.128 -—

Rivet  Dimples

AN—426 —6 ~
3
~ #11 (0 .191)  0 .050 0. 201 5.3

AN-426-6(3) -~1l (0.191) 0.100 0.189 --

AN— 426-5 #21 (0.159) 0.050 0.161 1.3
AN— 426— 5 ~21 ( 0 .  159) 0. 100 0. 157 - —
AN-426-4 0.125 0.050 0.128 2.4

AN-42 6-4 0 .125 0. 100 -- - -

(1) Within each gage , the three alloys dimpled in nearl y id entical fashion;
data app ly to all three alloys. Dimpling performed in 20 , 000 pound
capacity CP45OEA Chicago Pneumatic Machine.

(2) Dimpled hole diameters in 0.100” sheets were somewhat smaller than
p ilot hole diameters; therefore , no elongation at the ho le  was
obtained during dimp ling.

(3 )  N e ar  mxim ur- di-’p lin~ m a c h i n e p r e s s u r e  r e q u i r e d  for  bo th  shee t  t h i ckn e~~se C .
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FIGURE 1. AS-RECEIVED SOLUTI ON ANNEALED MIC ROSTRUCTURES OF THE THREE
0.050” SHEETS SHOWIN G REPRE SENT ATIVE GR A IN SIZE (LONGITUDINAL
SECTIONS).
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FIGURE 3. SPECIMEN LAYOUT FOR FORMABILITY TESTING
OF 0.050” AND 0.100” SHEETS
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