UNCLASSIFIED

10 291 400

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED




NOTICE: When government or other drawlings, speci-
flcations or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
gupplied the sald drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



- .
-~ ~S

<
L=< i
ﬁ;ri
(FLOP
=N

" ..
C.'i;'...}

&y
Ced o
<

CATALO

(3 -/~ L

TECHNICAL REPORT "

A STUDY OF WELD HEAT-AFFECTED ZONES
IN THE TITANIUM - 6Al-6V-2SN ALLOY

BY
RICHARD E. LEWIS

P —
SUNIPSSNS—

KEH-CHANG WU

SEPTEMBER 1962

B R

WVT-1]-6218====

291 400

U.S. ARMY WEAPONS COMMAND
WATERVLIET ARSENAL

RESEARCH & ENGINEERING DIVISION

WATERVLIET NEW YORK




—~

g

!

*patpuas sainpasoid 3uife aya

sem Jurwroysuery 1o Sutwioy sseyd jo
oy *sanbruyoag orydeadosotwoioyd pue
3TI33WN{OA UDTIdEBITIIp Aex-Y A] saIpnys

:..n m::-—o.*
UU:Omvm>”
sisdjeue
@a9m FuT

*pe1pnis saiapadoad Furfe a2yl ur punoy

sem Surwioysuell 10 Surwioj aseyd @ jo I2UsSp1IAD
oy *sanbruyssi oirydesSosdtworoyd pue sisdieue
STI33uUn[OA UOIIJeIfIIp Ael-Y Aq S3Tpnis alam Fur

izays: uodn p . ¢ pue o T , 0 pue ‘duryoos uo

0 — Q‘ﬁ=a 0 — ¢f Surtajoaur sarjrsdoad ut ssHueyo

drsned swstueyssy -Fuide pue Suriesii uorTIN|Osad
10 SpIEmIslje SIUIWIERIJI) m:m%m Aq paiarod

=31 9¢ 30U p[nOd YIIym Y15uUdI3s IS[1SU3d] paydqjou

pue yi8usays uUmmE« UI $33S0] 313495 pssned

rumv:ou uodn g . ¢ pue g+ 0 ,o pue ‘Gurqood uo

0 — g PUB 1 — o Burayoaut sarjaadosd ur safueyo
fidisned swstueyody *SurSe pue Suriressy uoranjosax
10 spiemlazje siuawiearl FuiSe Aq parsson

=21 2q 10U pnod YoTysx Y3fusx3s S[ISuUD3 payd3oU
pue LUMEUHUW 1o%e E.m. ur WUMWOH 2IIAIS vaJN..v

. T aw sre e .

‘paIpnis ssanpadosd Jurie ayy ur punoj
sem Burwioysuesy 10 Sulwioj aseid @) o sduspras
Oy *sanbruysey diydeidosdrwozoyd pue s 1sk]2ue

J1113WnT0A UOTIDeRIJIIp Aei-Y Aq sar1pnys

:

T~ PUE 3 o Butatoaut satiisdoad uv
d1sned swsiueyody *Surde pue Suriesan UOLIN[ 0SS

s13m Fur

ﬁumo;wu uodn g _ o pue 7 | p' 3, pue ‘Aurjoos uob

saiueyd

10 sSplemlalje siudwiessl Aurse Lg psisaocy
-9 °q 1ou pinoo LU«.M.S Lu%;t,—uu" tﬁm,ﬁ:.\.u pPaysiou

pue yaBusays 3oec

E.m :m ..J.A.vf,m"an dIIASY muw.r..ﬂﬁc

‘peipnis sainpasoad Buife aya

ses Sutwioysuerl 3o Sutwioj aseyd m jo
ON ‘*sanbruysan uM;awuwcuuMEOuc:a pue
dTIj2wn[OA UOTIdeIIfTp Ael-y Aq sarpnis

’

pue yiBusiys 3ow

0 T.Q pue x . 7 3urajoaur sarjradoid ut
drsned swstueyody +Huife pus Suriesir uorinjosax
0 spxealsiye sjuawleasy Suide Aq paasacoy

-1 8q 30U pnoY suﬂms y38usI3s 2]1sU3]l paysjou
W1 Ul S3SSO| alaaas pasned

s cee.

ut punoj
3ousprasz
stsdyeue
9I3m Sut

Fiesysx uodn p . Q pur Q - 0+~ D pue ‘Butjood uo

safueyo



pairurIfup
u013AqTIISIQ

uoT128l}
-3tp Ami-y

uoyjRWIO)SUBLY
CRR

3893
1sedut Adzey)

suoz p9lodayjye
-3%3Y4 PIRA

AoTly ugg
“AS-TVS T

3T IISSVYTIONA

Ly me A « o

poaTwtyug
u0T3INqTIISI]

uot13oBIX}
-31p Aei-y

uo T3 BUIOFSURI ]
g~

15313
12edwt Adieyn

suoz pa3dajyje
-1e3y plop

AoV ugg
~A9-1V9 11

QITAISSYTONA

(43A0)

31 noy3 e JuIpyem !{eidw Iseq paFe pue paiewsiy
uoiynyos ur ssauyInoa Julureqrds ur I03dey JEIIUS
~N[JUT ISOW dY3 SEBM 1IVIYIIJ °sUCIITPUOD wcﬁw~w3
snotlea JOy SIUCZ PaI1dIJFe-1eay 3yl ul ssauysnoy
JUBINSSI FUTIWISIp 03 pawrofaad sem Apnis sty

*3U0Z pR3dsjFe-3eay oMu ut fiurjyoean 103 Lousp
-ua1 FuclI3s e PISOYISTP AOY[E £IYI {YITa adus1aad
-xa JuTp[oa yjenueWw AIeurtwr[aly °J,0f- 3 AJ1ous
yoedut yojou-p Adieyp °*sqy - "1F ) pue ‘sale uy
uorjonpax jusdozad gy ‘uorielucys qusdsiad ;7 yitm
¢1sd 9p0 ‘081 @a0qe sy3Bud1ys pletlh [nyesn o1 aqe
F1e33y qeRYy ST yoIym padofaaap A13UB033 sem »oHdm
wnruelra odA1 easq-eydie yidusaas-y3iy msu y

j3odsy pearjisseyoun *saandry |7 pue
soded ¢y ‘z9eT Isquerdag ‘gTz9-II-JAW ‘oN 3lodey

nyg Sueyn-ysy pue
staa Y pIeydty Aq XOTIY UST-A9-IVY - WNINVLIIL
FHL NI SINOZ @d10344v-L¥dH ATd4 40 AQAUS ¥

*A °N “33T[Aalljey ‘jeudsay I3T[AI33ey
*Q) UEIESIDY — T T T (Y

W s Tracas pora e ..

(44A0)
171 1oyl Sulpids !{eildw 3seq pade pue paledry
yotinjos utr ssauydnoz Juruieasdxr ul I03de] [eIIUD
-n{Jur 3sow 2Y3 sem 3EIYaLd ‘SUOIITIpuOd Fulpom
SNOTI®A 30J SOUOZ PIIDIJFe-1EdY Yl Ur sssuydnoy
Juel[NSaI SUTWILISIP 031 pawicjlad ses Apmays siyj
*auoz paldajyje-ieay 9yl ur SFuryoeas 1oy Aduap
-us3 Suoals e pasolISIP Aoy[e $1YI YyIta 2ouaiiad
-x2 Surpiam yenuew Ayeurwi{aig ‘g, 0%~ e KBisud
jouwdwy Yysjou-p Adieyy *sqy - *13 ] pue ‘esae ur
uo13onpas quad1ad gy ‘uoriefuole uadiad ; y3jIa
¢1sd g0Q ‘081 240qe sy3:dusxys pia3l4é [nyasn 03 3[qe
. jes13 383y st yorys pado[sasp A{Iudd3x seam Loyye
wniuey1y 9dAl ezsqg-eydye yasusris-yJ1y mau y

310d3y patyisseydu( *saxnBty 17 pue
seded gy *Z96T 12qweiddg ‘STZ9-II-LAM ‘ON 2l0day

ny Sueyny-yay pue
stwa] *'F preyory Aq ZOTIV USZ-A9-IV9 - WIINVLIL
FHL NI S3ANOZ Q3ILD3IAAV-LVIH dTdM 40 XANLS V

"k O°N ‘391TAI93my ‘[eU9SIY 39T[AJIIEY
srommsm———— 20N BOISSRVOY T - TTT

paarurup
uoTINqiIisIq

uor33eiy
~1rp Aer-x

ﬂOmﬁ&EHmeﬁdkH
§en

1833
1oedut Adzey)

FuoT ﬂouOOMMD
-3E9y P34

Ko11y usZ
-A9-TV9 L

AATJISSYTIONN

. PN P

paarufup
ﬂOMUJﬂMkUﬂMD

5OMUUﬂkM
1P Aea-y

ﬂO«UdEhOMﬂ:NhF
ge-n

1§31
1oedut Adreyn

Iuoz ﬂUuUGHNG
-1e2y pyay

AoyTy ugg
-A9-TV9 Tl

QIIAISSYIONND

(43A0)

3T Inoyita Suriplam ![eisw Iseq pade pue pajealiy
yoTIn]es Ut ssauydnol Suilurelal UT Iojdey Jerjua
-n[JUT 150W aYa SEA IBIYIIJ °*SUOTL3Ipucd Buipyom
snotleA JOJ Sau0z paidafye-3eay Iyl UI ssauydnog
JUB3I[NS2Y BUTWISYIPp 03 powsojied sem Apnis siyp

*au0z pajdayye-ieay oMu utr Surjyaead Joy Lousp
-usy Supils e pISOYOSIP AOyTe STYI YITa ddusTI>d
-Xa JUIP[OM [enuew AJeEUIWI]IId °J,0%- e AFious
1oedur yojqou-p Adxey) °*sqy - 3y | pus ‘edsye ui
morzonpsr juedrad g] ‘morieSuoy’d jusdisd ; yarm
¢ 1sd oo g1 @aoqe sy2Budils pI3IL nyssn o3 Iyge
ﬁumauu 3Bay ST yorys padoyaasp »Wu:ouvu sem AoyTe
wntue3rl ad£1 ey2q-eydye y3Susxys-ydiy mdu y

yxodey patyusseyaun °*saxndiy g pue
safed ¢ ‘7961 I2queidss ‘g1Z9-TI-IAM 'ON 3T0day

ny Suey)-ysy pue

stsa] Y pIeyoty 4q LOTTV USZ-A9-IVY - WAINVLIL
JHL NI SINOZ Q3ILOIJAV-LVIH GTIA 40 AJALE V

*X °N ‘3sTlAazejep ‘[RUSSIY 13T(AIITEN

oOZ EOﬂMMUUQ< l..Q<

-

.- v - - . L. .. . -

(43A0)

3T InOYlIm Huyplom {[ejaw aseq pafe pue psjesiy
yot1lnyos Ur ssauydnol Jurure3zsI Ul IO3dej [BIIUS
-n{FUT 1SOW Y3 Sem IeBYIIJ °SuUOIITpuod Furpyem
SnOTIeA IO sauoz paidajje-ieay 9y ut ssauydnoy
1Ue3[ASSI JUTWISISp 01 pawiojiad sem Apmis siyl

*Juez paidejje-1eay ng uy Juryoexd 103 Aouap
-usq Suoxls e p3ISO[ISIP AOT[E SIYI Y31Is |dustaad
-x3 Surplem [enuew AJeutwI[ald ‘4 G}~ 1B ASIsud
1oedwt yoaou-p Adiey) °*sqy - 33 ] pue ‘esre ur
worjoupal juadniad gy ‘uorieduoya 3usdiad ) y3Ia
t1sd 000081 240qe sy3dusiis plati [nyaIsn o3 ayqe
12331 1e3Yy ST yorym padoyaaap »mu:uoou sea Aoyie
untuel 1l add1 eidgq-eydye yizusxas-ySiy mau y

q30day peryisse[oup °*saind1y [z pue
sefed gy ‘z9g1 Taquweddag ‘gyzg-[I-LAM “ON 31I0day

ng dueyn-yoy pue
Stwa °F pleyory A9 XOTIV USZ-A9-TIV9 - WIINVLIL
HHL NI SINOZ (IIDI44V-LVIH 4T JO AAMLS V

‘KON f12TTAaI938y ‘Teuasay 13TTAISEy
|—-—-——-——— -0\ uoTSssaody Qv




TECHNICAL REPORT »ri-=

A STUDY OF WELD HEAT-AFFECTED ZONES
IN THE TITANIUM - BA1-6V-2SN ALLOY

BY
RICHARD E. LEWIS

KEH-CHANG WU

SEPTEMBER 1862

WVT-11-6215

U.S. ARMY WEAPONS COMMAND
WATERVLIET ARSENAL

RESEARCH & ENGINEERING DIVISION
WATERVLIET NEW YORK




ASTIA AVAILABILITY NOTICE

Qualified requestors may obtain copies of this report from
ASTIA,

DISPOSITION

This report will be destroyed by the holder when no longer
required.

The findings in this report are not to be construed as an
official Department of the Ammy position.




A STUDY OF WELD HEAT AFFECTED-ZONES IN THE TITANIUM - 6A1-6V=-2Sn ALLOY

Abstract Cross-Reference
Data

A new high-strength alpha~beta type titanium alloy was Ti HAA1-HV-
recently developed which is heat treatable to useful yield 2Sn Alloy
strengths above 180,000 psi, with 7 percent elongation, 16
percent reduction in area, and 7 ft. -lbs. Charpy V-notch Weld heat-
impact energy at -40°F., Preliminary menual welding experi- affected mone
ence with this alloy disclosed a strong tendency for cracking
in the heat-affected zone. This study was performed to Charpy impact
determine resultant toughness in the heat-affected zones for <tagt
various welding conditions. Preheat was the most influential
factor in retaining toughness in solution treated and aged x -8
base metal; welding without it caused severe losses in impact 1Transformation
strength and notched tensile strength which could not be re-
covered by aging treatments afterwards or resolation treating XY-ray dif-
and aging, Mechanisms causing changes in properties involving fraction
p —~a and 8 —» ¢’ on cooling, ande’ - a + 8 and S - a
upon reheating were studies by X-ray diffraction volumetriec
analysis and photomicrographic techniques. No evidence of w
phase forming or transforming was found in the aging pro-~
cedures studied.

DO NOT REMOVE THIS ABSTRACT FROM THE REFORT




CONCLUSIONS

1. Toughness in the weld heat-affected zone of the Titanium - 6Al-6V-
25n alloy is sharply decreased when manually welded without preheat.

2. Aging of manual welds in this alloy, made without preheat, does not
help recover toughness in the weld heat-affected zone most critical area.

3. Preheating this alloy to 500°F permits a maximum retention of
toughness in manual welds performed on heat-treated tase metal.

4. Re-solution treating and aging a manual weld, made without preheat,
does not help recover toughness in this alloy at all, but decreases toughness
even more.

5. The technigue of quantitative phase analysis of ¢ +a’' and A
by X-ray diffraction integrated intensities is most helpful in determining
mechanisms of formation and decomposition of phases present,

6, Micrographic analysis of structures present in this alloy is only
partially helpful for determination of phases present and possible toughness
properties in the weld heat-affected zone.

7. The Rensselaer Polytechnic Institute synthetic specimen technique
is readily adaptable to mechanical and physical metallurgy investigations of
weld heat-affected zones in titanium alloys.
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INTRODUCTION

In this investigation the alloy studied was the Ti - 6A1-6V-25n
(Fe, Cu) composition, developed by New York University for Watertown Arsenal
Laboratories,! whiah is capable of reaching 180,000 psi (0.1 percent offset)
minimum yield strength with 7 percent minimum elongation, 16 percent minimum
reduction in area, and 7 ft, -lbs. minimum impact strength at -40°F, A lack
of detailed knowledge of the behavior of this alloy, when welded, has pre-
vented several fabricators from using the alloy. Lack of information on
welding this alloy Brevented its selection for prototype third stage Minuteman
rocket motor cases.“ Cracking of a Davy Crockett bracket made of this alloy
was attributed by one investigator to be due to gaseous contamination in a
tack weld being subsequently dissolved into the fusion zone by a weld pass.3
Later another investigator showed the susceptibility of this alloy to weld
thermal cycles,h wherein a specimen of Ti - 6Al-4V thermally cycled to2400°F
had a maximum free bend angle of 17 degrees, whereas the Ti - 6A1-6V-2Sn
alloy broke at 2 degrees,

Military interest in high strength titanium is well established.
Specifications 5~7, have continuously been upgraded to make use of the advan-
tageous properties of titanium alloys and establish minimum standards for
material supplied, The Ti - 6Al-6V-25n alloy is considered to have an im-
portant role in meeting specification requirements at the 170,000 - 180,000
and 180,000 - 190,000 psi (0.1 percent offset) yleld strength levels in bar,
billet, forgings, and extrusions. Meetings between Army producers and sup-
pliers have emphasized potential usefulness of the alloy8. The interest in
deveiloping optimun welding procedures therefore follows,

The Rensselaer Polytechnic Institute synthetic technique for producting
weld heat-affected zone test specimens was chosen, 9510 Application of this
technique to weld heat-—affected zone studies has been demogstrsted for the
6A1 - 4v10, T4 - 150 ALl, 4 Cr - 2Mo and the 7 percent Mn!< alloys of
titanium., Existing weld thermal cycle data for 1/4 —inch Ti - A55 plate was
obtained for use in this study.13 Reference 11 concluded that thermal data
was applicable to low alloys of titanium as well as to pure titanium which
cbviated recording of weld thermal cycles in the 6A1 - 6Y-23n alloy.
Properties studied were Charpy V-notch impact strength, Vickers (30Kg.)
hardness, and notched (Ky = 5,5) tensile strength. Photomicrographs at
260 X were obtained as were volume amounts of alpha plus alpha-prime and
beta phases in the specimens. The latter results were obtained by X-ray
diffraction technique,

O0BJECTIVE

The purpose of this investigation was to determine the properties in
the weld heat-affected zones of a very high strength alpha-beta type
titanium alloy and determine the effect of weld variables and heat-treatment
on these properties.




MATERIAL

The alley studled in this investigation was prepared by Titanium Metals
Corporation of America., Starting bar stock 2 1/4-inches square was hot
rolled square to oval to square, etc,, reducing 13 tc 17 percent per rolling
pass, Temperature of the bar at the beginning of rolling was 1700°F and
1400 to 1600°F at the finish. 140 feet sach of 1/4-inch round and 1/2-inch
square bar was produced this way. Chemical analysis was as follows:

Weight Percent
Element Heat No. M-G520 Required
AL 5.6 5.2 - 5.8
v 5.4 5.2 - 5,8
Sn 2.0 1.7 - 2.3
Fe 0.51 0.5 - 0.9
Cu 0.28 0.2 - 0.5
¢ 0.026 0.05 max.
O - 0.1785 0.10 - 0,19
Hy 0,008 0.01 max,
N, 0.016 0.01 - 0,035

After the bars were rolled, they were pickled, then solution treated
at 1650°F for 1/2 hour, water quenched, aged at 1000°F for 4 hours, and air
cooled, The following resultant mechanical properties were determined by

Titanium Metals Corporation of America:

—— P




Value

easured ‘
Froperty Min, 1/2-Inch | 1/4~IncH
Specified # Square Round

Yield Strength (.1 percent offset) 170,000 psi 188,000 171,000

Yield Strength (.2 percent offset) - 193,000 178,000
Ultimate Tensile Strength - 205,000 183,000
Elongation in 2-inches 7 percent 7 13
Reduction of Area 1) percent 15-20 40
V-notch Charpy impact at -40°F 7 ft.lbs, 12 -

# Military Specification, WA-PD-76C(1), 12 March 1956

Charpy Venotch impact tests were also performed for the as-received
(Solution treated and aged) 1/2-inch square bar after receipt from the
supplier and disclosed a value of 9.3 ft.lbs. at ~LCPF, average of three
specimens, This impact strength was used in all the graphs. It should also
be noted that the Mil. Spec.5 used for acquisition of this material was
superseded by new Mil. Specifications.6’7

SPECIMEN PREPARATION
Impact Specimens

The 1/2-inch square bar stock, as received, was cut into specimen
blanks 0,420~inch square and 2,80-inch long. Thermoccuples were then
percussion welded at the mid-point, after which thermal cycling in & time-
temperature controller was performed. Standard V-notch Charpy bars were
machined from each thermally cycled blank, locating the notch in the center
of the peak temperature zone produced at the mid-section. A uniform amount
of material was removed from each side of the blank to produce the .394-inch
dimensions. See figure 1,

Notched Tensile Specimens

The 1/4-inch round bar stock, as received, was cut into lengths of
4,0-inches long. Thermocouples were affixed at mid-point and the specimen
blanks were then thermmally cycled to produce the desired microstructure for
select points in the weld heat-affected zone. After thermal cycling, notched
tensile bars were machined as shown in figure 2, The geometry for the notch
was determined from H. Neuber's datal# and for an assumed stress concentration
factor of 5.5, It did not appear feasible to go to higher values of stress




concentration for this size bar and minor diameter without endangering test
results reliability.

After themal cycling, some specimens were heat-treated in a controlled
atmosphere furnace, and then finish machined as above,

Metallographic Specimens

Specimens for X-ray diffraction analysis, photomicrography, and hardness
measurements were prepared from as-received and thermally cycled 1/2-inch
square bars by sectioning each specimen at right angles to the longitudinal
axis., The thermally cycled specimens were sectioned 1/32-inch past the
thermocouple (peak temperature) control point. Mounting of the sections was
in lucite. Each mounted specimen was then used for appropriate X-ray, photo-
microseony, and hardness measuraments after 1/64 to 1/32-inch was removed by
a wet sanding wheel and appropriately polished or etched.

METHOD OF PROCEDURE

Impact Test

The microstructures at select points in the weld heat-affected zone
were duplicated in the center of the 1/2-inch square specimen blanks using
an improved version of the time~temperature controller developed at
Rensselaer Polytechnic Institute.? This apparatus resistance heats the
specimen clamped between water cooled copper Jaws; the specimen, plus Jaws,
foming the secondary loop of a welding transformer. Electronie control of
the time~temperature cycle was obtained by a thermal history programmer and
a feed-back temperature sensing circuit using a thermocouple percussion
welded to the outside surface mid-point of the specimen which was in turn
centered between the clamping jaws, Platinum - platinum/10 percent rhodium
thermocouple wires, ,01 g-—inch diameter each, were used for maximum dependa-
bility to above 2400°F,1> It was found that the two wires had to form a
Junetion with the specimen surface, such that, the plane established by the
two wires leading immediately into the junction had to be at right angles to
the longitudinal axis of the specimen, Deviation from this caused transient
voltages to be induced in the thermocouple circuit other than from thermo-
electric effects, causing errors to be produced in the temperature sensing a
and control circuit. Proper positioning of the thermocouple permitted main-
tenance within + 5°F of the programmed temperature-time cycle.

An optimum clamping distance of 0,80-inch between the copper jaws was
found, Larger clamping distances prevented the mid-point along the specimen
from cooling as fast as programmed, due to the limiting rate of heat con-
duction in the bar from this mid-point to the copper jaws, Smaller clamping
distances other than optimum, progressively narrowed the width of the uniformly
heated mid-range along the specimen, thus making sectioning and location of
notch at mid-point all the more critical,

Impact tests were performed by the Watertown Arsenal Materials Properties
and Testing Laboratory using a Mouton 217 ft.-lb, impact testing machine.
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A series of impact specimens were thus produced for symthetic weld
thermal cycles having peak temperatures of 1400, 14600, 1800, 2000, 2200,
and 2400°F representing 25,000 joules per inch energy input (typical for
manual welding of 1/4-inch titanium plate at 5 inches per minute welding
speed) and based on existing F(s,d) data and 80°F initial plate temperature,!3
See figure 3 for typical weld thermal cycles used.

A series of impact specimens were also themally cycled to 2400°F peak
temperature and subsequently aged at §00, 1000, 1100, and 1200°F, each for
1/2, 2, and 4 hours aging time, Aging was done in an electric furnace, argon
filled, and preheated to the desired temperature. Specimens were permitted
to heat on the fire-brick hearth. After aging for the desired time, ths
specimens were removed from the furnace and cooled in argon to room tem—
perature.

The synthetic weld thermal cycle was &also determined and specimens
produced for 24L00°F peak temperature, 25,000 joules per inch energy input,
and 500°F initial plate temperature (preheat). Some specimen blanks ex-
periencing 2400°F peak temperature for the weld thermal cycle based on
25,000 Joules per inch and 80FF initial plate temperature were subsequently
solution treated at 1650°F for 2 hours, water quenched, then aged at 1100°F
for 4 hours and air cooled,

Notched Tension Test

Round specimen blanks, 1/4=-inch diameter, were thermal cycled in the
same manner as the impact specimens. As-cycled specimens were produced for
1400, 1600, 1800, 2000, 2200, and 2400°F peak temperatures, Aging treatments
of 900, 1000, 1100, and 1200°F for 1/2, 2, and 4 hours were investigated.
Specimens for the 500°F preheat, 2400°F peak temperature cycle were pro-
duced, as were re-solution treated and aged specimens. The notched tensile
bars were then tested in a Riehle tensile testing machine, model FS-60, using
flat wedge grips ard a crosshead veloclity of ,005 inches per minute. Ioad at
failure was recorded, There was no measurable reduction in area for these
specimens,

Microstructure and Hardness Measurement

Specimens for microstructural analysis were polished on a 600 grit wet
wheel, followed by three lapping wheels using 20 to 1 u diamond paste pro-
gressively, and then followed by C.3 p Alundum on the lastl}apping wheel,
The surface was etched lightly with Margolin's "R" etchant™' and then re-
polished on the lapping wheels. The "R" etchant composition used was:

13 ml - 10 percent Benzalkonium Chloride
35 ml -~ Ethyl Alcohol

40 ml - Glycerine

10 ml -~ 50 percent Hydrofluoric Acid

and was found to be much easier to control and avoid excessive grain boundary

10




attack and scattered pitting as compared to a variety of the HF - HNO3 base

etchants, After repolishing, the surface was etched again by swabbing once
every 3 to 8 seconds, As this alloy studied was high in alpha and alpha-
prime, etching was repeated until the alpha-prime became well developed and
alpha phase started to delineate. A standard metallograph was then used to
make photomicrographs at & magnification of 260 diametsrs.

Hardness was determined for each speclimen using a Vickers hardness
tester at 30 kg. load and a reflex-type direct measuring optical system.
An average of five readings was made to determine the reported hardness.

X-Ray Analysis

Metallographic methods of phase analysis of titanium alloys generally
are subject to much error. The Ti - 6A1-6V-25n alloy was especially diffi-~
cult to define metallographically due to the low (10 to 30) percentage of
beta phase present, Point counting and linear analysis was not applicable
accurately because of the difficulty of resolving the beta microconstituents
metallographically, Polarized light techniques had been applied to attempt
to identify the anisotropic alpha phase from the isotropic beta phase, but
alpha exhibited changing birefringence due to orientation, This meant that
only portions of alpha refracted at any one rotational angle, never 100 per-
cent. Also, the alpha crystal would exhibit no birefringence when its c-axis
was parallel to the surface illuminated,

Averbach and Cohen had defined the application of X-ray diffraction
procedures for retained austen%e quantitative a.na.lys:ts.18 Later studies by
Lopatal9 and Averbach, et al,,“Y disclosed the applicability of the same
technique to quantitative phase analysis of titanium and its alloys and
accuracies and errors associated with the technique. Lopata'!s technique was
rather closely followed in this study with some minor improvements, A slower
goniometer sweep rate of 1/8 degree per second was used, A standard 50 kv
Norelco diffractometer with goniometer attachment was operated at 45 kv and
18 ma. A copper target provided CuK ; radiation. The CuK g radiation and
titanium fluorescence was reduced by a diffractometer discrimination attach-
ment. A one-degree divergence, ,006~inch wide receiving, and no scatter
8lit were used,

The recorder scale was set to have the most intense peak, (1011)g
employ the full height of the in-line strip chart, plotting intensity vs,
angle directly. The first three diffraction planes of alpha phase and the
first diffraction plane of beta phase were studied, These occurred over the
range of 34 to 42° 2 0 Bragg Angle. The (10I1), and (110); diffraction
peaks were specifically selected from prior experience basedﬁ on the large
intensities obtained and the low error involved in the presence of moderate
amounts of preferred orientation., The integrated intensities of the peaks
selected were obtained by measuring areas under each peak with a compen-
sating polar planimeter. These areas were substituted into the equation:

K a T
b 1-1f

"
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where: K = 1,41 (the ratio of the integrated intensity of the (110)g peak
of a pure beta specimen to the integrated intensity of the (1011), peak of
a pure alpha specimen); a = the area measured under the (1Oll), peak; b =
the area measured under the (110), peak, and £, is the volume fraction of
alpha (plus alpha-prime) phase present. This can be further simplified to
the form:

fao =

1+X
where X = % » terms previously defined.

Errors of less than 3 percent are possible, with this technique, if
suitable care is taken in specimen preparation, curve fitting, and area
plotting. Both mechanical polish and electropolish techniques were compared
and for the procedures used with a difference of less than 3 percent. The
peaks selected for study overlapped and therefore individual areas for each
peak had to be obtained by extrapolating the (110)g peak to background,
assuming symmetry of this peak existed. Some skewness of the peak (1011)4
was observed, probably due to a slight difference in lattice parameters
between alphe and alpha-prime (martensite) caused by differences in alloy
content, This prevented using the (1011), peak symmetrical extrapolation
for area separation from the (110) 3 peak as the degree of skewness did vary,

_ The effect of preferred orientation was minimized by selecting the
(lOll)a plane for computation. ILopata studied preferred orientation in the
Ti - 6A1-4V alloy by obtaining X-ray patterns from six sides of a pentagonal
specimen, and found the pyramidal plane reflection varied only sliéhtly and
was less than the basal or prismatic plane reflection variations,!

Other errors associated with primary and secondary extinction and change
in the value of atomic scattering factor with alloying, although present,
were determined negligible.

RESULTS AND DISCUSSION

Effect of Peak Temperature on Properties

Impact strength dropped off rapidly as peak temperature of the thermal
cycle increased. Figure L summarizes this effect., 4 volume of the base
material in the heat-affected zone reaching peak temperatures above 1600°
will have lower impact properties than the base metal, This low impact zone
has a depth of about ,080-inch from the fusion zone - heat-affected zone
interface when welding is performed in one pass with 25,000 joules per inch
energy input and the 1/4-inch thick plate is initially at 80°F. The 2200 -
2,00°F peak temperature zone is most important which is just adjacent to the
fusion zone and has an impact strength of only 5 1/2 to 6 ft. lbs. at -4C°F,
Results over the whole testing temperature range of ~40°F to +80°F, shown in
figure 5, reveal poor impact strength at any temperature for 2200 and 2400°F
of peak temperature thermal cycles,




The 1400°F peak temperature thermal cycle raised the as-received impact
strength somewhat, apparently due to over-aging.

Figure 6 shows the results of notched tensile tests, Notched tensile
strength after the 1400°F thermal cycle was lower than before cycling, and ;
with increase in peak temperature, the notched tensile strength progressively ‘
decreased more, being only 70 percent of the as-received strength for the |
2L,00°F cycle, Thus, when the plate was welded without preheat, a large amount
of the notch tenslle strength was lost in the entire heat-affected zone.

Hardness was lower for thermal cycle peak temperatures up to 1800°F,
and above that temperature the hardness increased, being about 10 percent
higher at 2400°F, Figure 7 summarizes these data.

Thus properties are generally affected one way below and another way
above a peak thermal cycle of 1800°F, The exception was notched tensile
strength which was always lower after thermal cycling than before, regardless
of peak temperature.

Effect of Peak Temperature on Microstructure

Figures 8, 9, and 10 show microstructures before thermal cycling and
after each peak temperaturs themmal cycle. It appears that very fine alpha-
prime existant in the as~received condition (solution treated at 1650°F for
1/2 hour, water quenched, aged at 1000°F for 4 hours, air-cooled) is being
transformed into very fine alpha and beta on heating to 1400 and 1600°F.

The large alpha platelets appear to get smaller and the small alpha platelets
disappear upon heating to 1400°F and higher. This would be a diffusion type
transformation of alpha to beta.

The equilibrium transformation disgram is approximated by figure 11 from
Rausch's data?! and one would expect to elevate the beta transus upon heating
rapldly and suppress it upon rapid cooling. Cooling from 1400 and 1600°F
peak temperatures did not appear to be fast enough to form acicular alpha-
prime, at least any that was resolvable. However, some of the beta would be
expected to transform by nucleation and growth to alpha. The overall result
would be that there was less alpha plus alpha-prime after heating and cooling
than before. The X-ray diffraction studies confirmed this, as seen in figure
32, This figure is not capable of indicating what amount of alpha-prime trans-
formed to alpha for these thermal cycles, but figure 9a and b encourage the
view that a significant amount did,

Thus, some alpha~prime transformed to alpha, and some alpha transformed
to beta so that the total amount of beta increased for the 1400 and 160CPF
pealt thermal cycles. This explains the observed increase in impact strength,
decrease in notched tensile strength, and decrease in hardness.

Upon heating to 1800°F, the same changes occurred, but upon cooling
some cf the beta was transforming to alpha-prime as well as very fine alpha,
due to the relatively high cooling rate., Flgure 12 shows that hardly any




change in the total amount of beta took place as a result of the thermal
cycle. Hardness didn't change appreciably, nor did impact energy at -40°F,
Above testing temperatures of ~10°F, an improvement in impact strength
occurred, Notched tensile strength was still lower after cycling, but higher
than for the 160C°F themmal cycle,

Heating to 2000, 2200, and 2400°F by thermal cycling certainly betanized
most, if not all, the alpha-prime and alpha existing before. As peak temper-
ature went up, the cooling rate also increased, thus forming more alpha-prime
on cooling as well as alpha., The overall effect was to have more grain growth
occur during the cycle, less beta retained, and more alpha-prime form upon
cooling., Thus, impact strength continued to drop off, notched tensile
strength dropped more, and Vickers hardness increased more as 2400°F peak
temperature was approached in the thermal cycle.

Effect of Aging on Thermal Cycled Properties and Microstructure

As mentioned before, specimens for aging were first thermally cyecled to
2,4,00°F peak temperature representing welding conditions of 25,000 joules per
inch energy input and 80CF initial plate temperature. Isothermal transfor-
mation characteristics for this alloy were not established.

Effect of aging on properties in Ti - 6A1-6V-25n welds has only been
partially investigated by others<2,23 and is not complete. Effect of aging
on properties in other alpha-beta titanium alloys has been studied by many.
Pronounced age hardening occurring in very short times was a puzzle to many
early investi,gators2A - 28 yho observed it.

This later proved to be the omega phase unresolvable by metallographic
techniques but observable?9 by select X-ray diffraction techniques. However,
figure 13, hardness vs. aging time shows no sudden change within the first
hour that indicates presence of w. In fact, over long aging times there are
no strong trends except that the higher peak temperatures do cause more of a
decreass in hardness with time. Figure 14 helps to explain this. Upon
heating to any aging temperature below the Beta transis and holding iso-
thermally, two reactions are competing: one is o’ — o + B, and the other is
B = o, both of which are diffusion reactions. From O to 1/2 hour at 900 and
1000°F, the B - areaction appears to dominate, and after 1/2 hour the
o' - ¢ + g reaction appears to dominate. What makes the hardness data
appear insensitive is that one reaction increases hardness and the other
decreases hardness, s¢ the apparent hardness may change very little if both
reactions do occur.

On heating from room temperature to 1100°F, the balance between the two
above reactions was such that by 1/2 hour there was hardly any change in
beta phase volume. After 1/2 hour, beta volume increased as the ¢’ - a + 3
reaction dominated. On heating from room temperature to 1200°F, the volume
percent of «¢ + o’ decreased from 85.3 percent as the a' — a + 8 reaction
dominated. Then, after 1/2 hour, the reaction, B8 - a , was forming more
total alpha phase, Similar behavior in other alloys had also been observed,30-37
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Impact energy generally suffered as a result of any aging time or
temperature, Figure 15 shows this behavior., The reason for this is not
well substantiated, even by the microstructures shown in figures 16, 17, 18,
and 19. Whatever it is that happened, it occurred within the first half hour

of aging.

The notched tenslle data are shown in figure 20 and also are not
readily explainable., Notched tensile strength increased within the first
1/2 hour of aging from 161,000 psi to 176,000 - 197,000 psi. After four
hours the same range of notched strength prevailed, although minor trends
were noted.

Effect of Preheat on Properties and Microstructure

The specimens thermally cycled to 2400°F for 25,000 joules per inch
energy input and 500°F initial plate temperature disclosed remarkable im-
provements over non-preheated specimens as expressed by impact strength, and
notched tensiles strength., The microstructure is shown in figure 2la and
discloses much more beta present than before, even though alpha-prime pre-
dominates. Figure 12 shows 32.2 percent beta present after cycling, instead
of 14,8 percent, This is more than a 100 percent increase in beta retained
upon cooling. The hardness, figure 7, is far below the unpreheated specimen
at 2400°F; notched tensile strength is much improved, figure 6, over the non-
preheated specimen, Impact strength is even better than the 2000CF peak
temperature specimen without preheat, and rises very fast at testing temper-
atures above 20°F, Retention of the larger amount of beta upon cooling is
undoubtedly due to the longer time at high temperature, and slower cocoling
rates, This can be seen in figure 3.

The data for this effect of preheat are certainly the most significant
optimistic trends in this entire study.

Effect of Re-Solution and Aging Treatment on Properties and Microstructure

Re-solution treatment and aging of the specimen cycled to 2400CF peak
temperature did not change the impact strength and notched tensile strength
decreased by about 7 percent.Vickers hardness increased by about 5 percent
and amount of & + o' gdecreased by about 1.3 percent., The microstructure,
as shown in figure 21, is very fine alpha comprising 84 percent by velume in
a beta matrix comprising 16 percent by volume. The results discourage this
treatment entirely as a technique to recover properties in as-welded
structures,

15




SUMMARY

Welding of all of the ultra-high strength titanium alloys by econven-—
tional techniques can detrimentally influence the properties in the heat-
affected zone. The routine problem is to determine how "best" to control
the welding variables to optimize retention of strength and not lose tough-
ness of the base metal,

A clear understanding of the kinetics and mechanisms of transformations
involved in the weld heat-affected zone will most directly help investigators
know: (a) why certain changes took place, and (b) how best to control the
undesired changes from taking place when welding very high strength material.
Techniques used in this investigation can also help others solve weldability
problems in many other alloys, concisely and directly,

The encouragement gained in this study by using high preheat, certainly
indicates further study of the effect of this preheat on properties in the
rest af the heat-affected zone, Other preheats might also be studied for
the same reason,

The time interval from O to 30 minutes for aging at 900 to 1200°F, if

studied in increments, would disclose actual rates of transformations
occurring in very short times in the heat-affected zone structures,

16




IMPACT SPECIMEN BLANK

THERMOCOUPLE

UNIFORMLY HEAT-TREATED ZONE

FEDERAL STANDARD
CHARPY V-NOTCH SPECIMEN

FIGURF. 1. CHARPY V-NOTCH IMPACT SPECIMEN
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FIGURE 8.

AS-RECEIVED MICROSTRUCTURE
260X ‘R’ ETCHANT
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(c) 1800°F

{(b) 1600°F

(a) 1400°F

(R’

AS THERMAL CYCLED TO PEAK TEMPERATURES INDICATED

260X

FIGURE 9.
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(c) 2400°F

(b) 2200°F

(a) 2000°F

AS THERMAL CYCLED TO PEAK TEMPERATURES INDICATED
‘R* ETCHANT
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FIGURE 10.
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(¢) 4 Hours

{b) 2 Hours

{(a) 1/2 Hour

KBI

THERMAL CYCLED TO 2400°F PFAK TEMPERATURE AGED AT 900°F, AIR COOLED, AGING TIME INDICATED
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(c) 4 Hours

{b) 2 Hours

(a) 1/2 Hour
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THERMAL CYCLED TO 2400°F PEAK TEMPERATURE AGFD AT 1100°F, AIR COOLED, AGING TIME INDICATED
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FIGURE 18.




(c) 4 Hours

(b} 2 Hours

(a) 1/2 Hour

INDICATED
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THERMAL CYCLED TO 2400° PEAK TEMPERATURE AGED AT 1200°F AIR COOLED, AGING TIM
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FIGURE 19.
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