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FORWARD 

On March 28-29, 1966, the Norair Division of 
the Northrop Corporation sponsored a Titanium 
Symposium in the Hawthorne Memorial Center at 
Hawthorne, California. The primary objective of 
the symposium was to provide technical personnel 
of diversified disciplines with a working knowledge 
of titanium technology. The papers were designed 
to be of value to a nonmetallurgical technical 
audience as well as enlightening to those familiar 
with titanium technology. The format developed 
by Norair in conjunction with DMIC followed a logi- 
cal sequence of talks covering metallurgy, manu- 
facturing technology, and design of titanium parts 
for aircraft and aerospace applications. 

The secondary purpose of the symposium was 
delineated by Dr. R. L. Jones, Director, Research 
and Technology at Norair, in the symposium summa- 
tion. Dr. Jones called for a greater use of the 
interdisciplinary approach in aerospace design. 
Essentially the interdisciplinary approach calls 
for utilization of all required support technologies 
(materials, manufacturing, quality control, etc.) 
esrly in the conceptional design state rather than 
piecemeal after the design has been formalized. 

Because of the renewed and current widespread 
interest in titanium, the Defense Metals Informa- 
tion Center, in cooperation with Norair, has re- 
produced in this memorandum the thirteen lectures 
that were delivered at that symposium. This was 
done in the belief by DMIC that, for those new to 
titanium, this collection of papers offers a fairly 
simple yet comprehensive picture of titanium 
technology as it exists today, DMIC also believes 
that many of those who are already familiar with 
titanium can profit from a review of the recent 
developments which have occurred, particularly in 
the ar°as of corrosion behavior, forging, extrusion, 
forming, joining, and design, and which are 
summarized herein. 

In assembling these various manuscripts for 
publication, DMIC gratefully acknowledges the 
assistance of Dr. E. B. Mikus, Chief of Materials 
Research at Norair, who organized the symposium 
and acted as Symposium Chairman, and of B. G. 
Calfin, Metallics Research Branch at Norair, who 
served as Symposium Coordinator. DMIC is also 
grateful to the Northrop Corporation as well as 
to the individual lecturers and authors for their 
permission to publish these papers. A list of the 
individual contributors to this symposium is 
given below. 
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TITANIUM - YESTERDAY,  TODAY,  AND TOMORROW 

J. G. Louvier* 

What is the status of titanium today?    One 
does not have  to read the  technical metal journals 
to find out.    One has only to read the comics, and 
let "Dick Tracy"   inform one of titanium,  the ti- 
tanium space coupe and the titanium trade with Moon 
Valley.    Titanium has become a comic strip by-word. 
What better criteria could be found to establish 
titanium as one of  today's prime space age materials. 
However, do not be misled by this current popularity 
of titanium;   it is not a newly discovered element. 
A brief review of  the history and evolution of this 
metal appears warranted prior to expounding on its 
current status and future potential. 

HISTORY 

Titanium was first discovered in 1790,  ap- 
proximately 175 years ago,  as a constituent in 
black sand,  ilmenite,  by an English clergyman and 
amateur alchemist, William Gregory.    He called the 
element menachanite after the town Menachan near 
where  it was discovered.    However,  it was an 
Austrian, M. H. Klaproth, who in 1795 discovered 
the identical element while analyzing rutile and 
gave the element its present name of titanium, 
after twelve Greek mythical gods known as the 
Titans,  the earliest giants of the earth. 

Many minerals  contain  titanium, but only two 
are of prime commercial  importance,  ilmenite and 
rutile - the very minerals in which titanium was 
first discovered.     Ilmenite  is a combined iron- 
titanium oxide of varied composition, while rutile 
is titanium dioxide,  richer in titanium than  il- 
menite but generally diluted with other minerals. 
The important sources of ore  in North America are 
the Lake Allord district of eastern Quebec; Lake 
Sanford, New York;   Iron Mountain, Wyoming;  and 
Pablo Beach, Florida.    Titanium ores are also 
abundant,  of course,   in other areas of the world. 
In fact,  titanium ranks ninth among the elements 
in abundance  in the earth's crust, being exceeded 
only by oxygen,  silicon,  aluminum,  iron,  calcium, 
sodium, potassium,  and  nagnesium.    Thus,  titanium, 
far from being a rare element,  is actually quite an 
abundant one.    The difficulties encountered in pro- 
cessing the titanium ore'j  into metal have kept ti- 
tanium classified for sc long as a rare metal. 

Not until over a century after its discovery 
was the element titanium isolated from the com- 
pounds it so readily forms with such elements as 
oxygen, nitrogen,  and carbon.    Some have likened 
titanium to a "streetwalker"  because it will pick 
up anything and everything.    In 1910, M. A. Hunter 
in a General Electric Laboratory succeeded in ob- 
taining the first metallic titanium by the chlori- 
nation of the titanium oxide ore and the subsequent 
reduction of the titanium tetrachloride with sodium 
in an air-tight steel container.    Titanium remained 
a laboratory curiosity,  however; until 1946 when 
Dr. William J. Kroll,  under the auspices of the 

Senior Engineer, Materials Engineering, Norair 
Division of Northrop Corporation, Hawthorne, 
California. 
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Bureau of Mines, proved that titanium metal could be 
produced on a pilot-plant scale using a process he 
had been developing for a number of years  involving 
the reduction of   titanium tetrachloride with molten 
magnesium.    The product from this process is in a 
cinder-like form and is referred to as sponge. 
Du Pont advanced the Kroll process to a commercial 
scale and became the first producer of metallic 
titanium or titanium sponge for general sale in 
September of  1948. 

PRODUCTION 

The production of  titanium was enthusiasti- 
cally promoted by the government after World War II. 
As presented graphically in Figure  1,  titanium pro- 
duction increased steadily, as did the number of 
producers, until the peak year of  1957.    At this 
time. Defense Department curtailment of aircraft 
construction contracts and government subsidy re- 
sulted in a reduction of  titanium production from 
100 percent capacity to 6 percent capacity within 
a ö-inonth period.     Correspondingly, the number 
of producers dropped from a high of 25 to 6.    This 
recession did not alter the continuing steady de- 
crease in titanium prices. 
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The titanium industry survived  largely on its 
own merit from this depression period.    Production 
and use of mill products   increased steadily from 
this period until  they recovered and eventually 
surpassed the peak of   1957 while  continuing the 
reduction  In product costs.    Sponge costing approxi- 
mately $5 per pound  in  1953 was  being sold for 
$1.25 per pound  in 1965.    Percentage reductions in 
mill products were comparable, decreasing from-$25 to 
$50 per pound to $6 to $18 per pound depending on 
the product.    The shipments of mill products for 
1966 are expected to exceed  10,000  tons.    This 
quantity will be the result of  the efforts of two 
U. S.  sponge producers,  supplemented by 16 percent 
import, principally from Japan, and six mill pro- 
ducts producers.    The  Impetus  for this ever-rising 
production rate has been attributed to a combina- 
tion of   Improved technology,  reduced cost, and 
increased application. 

APPLICATION 

Practically all of the titanium produced is 
being used for defense requirements with civilian 
application increasing with decreasing cost. 

The largest current usage of  titanium and ti- 
tanium alloys as shown  in Table  1  is  in civilian 
and military jet engines,  accounting for 40 percent 
of  the  total production.    Titanium has been used 
in almost every jet engine  that, has been built. 
Jot engine components fabricated of titanium are 
compressor wheels, hubs,  shafts,   spacers, and blades. 

TABLE 1.    CONSUMPTION OF TITANIUM BY 
APPLICATION,  1963 to 1965 

Application 

Percent of Total Titanium 
Shipped in Year Specified 
1965 1964 1963 

Jet Engines 40 24 25 
(Includes Small  Per- 
cent Civilian) 

Aircraft Frames  (In- 30 46 36 
cluder. Small   Percent 
Civilian) 

Missile and Spacecraft        15 21 32 

Civilian 10 8 6 

Miscellaneous (Navy 5 11 
Vessels, Ordnance, 
Hardward, Experimental 

and engine skirts, as well as frames and skins are 
typical missle and space vehicle components fabri- 
cated of  titanium. 

Civilian usage of  titanium attained an all- 
time high  in  1965, requiring  10 percent of  the total 
production.    This 10 percent was consumed  in valves 
and pumps  for corrosive chemicals;   in wire  cloth, 
screens, and filter presses  for filtering equipment; 
in anodizing racks for electroplating;  and in heat 
exchangers,  condensers, and tank  linings whure cor- 
rosion may be a problem. 

MATERIAL CHARACTERISTICS 

The reasons for the increasing usage and 
application of titanium and titanium alloys are 
obvious upon consideration of  the material proper- 
ties versus the requirements  of  the aerospace, 
ordnance,  and chemical  industries,  the prime users. 
The characteristics of  titanium so essential  to 
these  industries and to their future progress aro 
numerous and are shown in Table 2 in comparison 
to 7075 aluminum and 4130  steel. 

TABLE 2.    COMPARISON OF  SOME BASIC  PROPERTIES 
OF Ti-6A1-4V TITANIUM,   7075 ALUMINUM 
AND 4130  STEEL 

Property 
Titanium 
(6A1-4V) 

Aluminum 
(7075) 

Stoel 
(4130) 

Density  (lbs/in.3) 0.161 0.100 0.283 

Elastic Modulus 
(psi  x I06) 

16.5 10.5 29.5 

Melting Temperature 
(degrees F) 

3020 1180 2795 

Coefficient of 5.5 12.5 6.5 
Linear Expansion 
(10"6  in./in./F) 

Thermal  Conducti- 
vity (Btu/hr/ft2/ 
F/Ft) 

Yield Strength 
Heat Treated 
(Typical  ksi) 

Strength to Weight 
Ratio (103 inch) 

Elastic Modulus to 
Weiaht Ratio 
{10° inch) 

155 

963 

102 

75 

70 

700 

105 

26 

160 

565 

104 

Aircraft frames,   including  fire walls, access 
doors,   stiffeners, doublers,  cowlings, and rip stop- 
pers run a close second to jet engines  in titanium 
usage,  requiring 30 percent of  the total production. 
In fact,  in 1964,  the percentage  consumption values 
for jet engines and airframes were approximately 
reversed, with airframes accounting for maximum 
usage. 

Missile and space vehicle application, a 
leader  in 1963,  is currently  third in titanium 
usage at 15 percent of  the total production. 
Rocket motor cases, oxidizer and fuel  tanks, rocket 
engine nozzles,  nozzle extensions, pressure vessels 

The density of titanium (0.161   lbs/in^)  is 
about midway between that of aluminum )C,100 lbs/ 
in.3)   and  steel  (0.286 lbs/in.3)  justifiably 
classifying the material  as a light weight metal. 
This low density in conjunction with the high 
strengths attainable results in exceptionally 
high  strength to weight ratios,  approximately 
double that of  steel having  an equivalent  strength. 
Strengths can be obtained ranging from 40,000 psi 
for commercially pure titanium to 200,000 psi for 
certain alloyed grades.    The  creep strength is 
superior to other light weight metals, with some 
titanium alloys retaining useful  strength for 
short periods at temperatures up to 800 F. 
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The  tensile modulus of elasticity,  an indi- 
cation of  stiffness,  ranges from approximately 
lb  to  18 x   10" psl,   and  is  considerably higher 
than that of  aluminum alloys (10.5    x  10^ psi)   but 
is only about l/2 that of steels (29.5 x  106 osi) . 
However,  again upon consideration of the  low den- 
sity,   the elastic modulus to weight ratio  is com- 
parable to  that of  the steel alloy. 

The coefficients of expansion and  thermal 
conductivity of  titanium alloys are much  lower 
than  that of either aluminum or steel alloys. 

The corrosion resistance of titanium is 
phenomenal,  being virtually immune to attack by 
salt water, marine and industrial atmospheres, 
and oxidizing solutions or acids.    This excellent 
corrosion resistance  is due largely to a  thin 
tenacious oxide film which forms on the surface of 
titanium.    However,  titanium can be attacked by 
strong reducing acids, and certain alloys are 
susceptible  to aqueous environmental cracking and 
hot salt-stress corrosion cracking. 

Probably one of the most important properties 
of  titanium,  and the  least emphasized or acknowledged 
is  its ability  to alloy readily with most metals and 
many of the non-metals.    This ability enables ad- 
justment of  the material characteristics  to meet 
explicit requirements, affording extreme versatility. 
The alloys are usually designated by the chemical 
symbol and  the percent of the major alloying element 
additions  such as:    Ti-6A1-4V, Ti-5Al-2.5Sn,  etc. 
An exception  is commercially pure titanium in which 
CP titanium is usually used preceded by the minimum 
yield strength in ksi of the specific alloy grade, 
i.e.,  40 CP titanium, 70 CP titanium.    Specific  types 
and quantities of alloying additions affect the 
phases present in the structure of  the metal.    This 
is manifested by three types of structures by which 
the alloys are classified: 

(1) Alpha - single phase, not heat treatable. 
Exemplary alloys are CP titanium and 
Ti-5Al-2.5Sn. 

(2) Alpha-beta - two phase, heat treatable,  the 
extent of heat treatment proportional to the 
ammount of beta, or second phase present. 
Ti-6A1-4V and Ti-6Al-6V-2Sn are typical  alloys. 

(3) Beta - single phase at room temperature, 
heat treatable to higher strengths than the 
other alloys, but not stable, particularly 
on extended exposure above 600 F.    Only one 

-   .       commercial alloy, Ti-13V-llCr-3Al. 

ALLOYS 

In  1954 only 6 alloy grades of titanium were 
produced, with this number increasingly consistently 
with the passing years,  to attain  19 by 1959 and 30 
by 1965.    However,  85 percent of  the mill products 
shipped in 1965 were composed of only three grades: 
Ti-6A1-4V, Ti-5Al-2.5Sn,  and unalloyed.    Of these 
three grades, Ti-6A1-4V accounted for 60 percent 
of  the production, with the remaining 25 percent 
being divided about equally between unalloyed and 
and Ti-5Al-2.5Sn.    As shown in Table 3,  this per- 
cent usage by alloy grades has followed this pat- 
tern with little deviation for a number of years. 
However,  the trend toward the use of higher strength 
titanium alloys  is now evident and is shown schemati- 
cally  in Figure 2.    A total of 8 grades,  3 unalloyed 
and the alloy grades Ti-5Al-2.5Sn, Ti-8Al-lMo-lV, 

TABLli 3.    TITANIUM SHIPMENIS BY ALLOY GRADE, 
196C  to  1964 

! 

ALLOY GRADE 

PERCENT OF TOTAL TITANIUM SHIPPED 1 
IN SPECIFIED YEAR                    j 

1964 1962 I960       | 

i 6AI-4V 60 65 60 

5AI.-2.5Sn 12 9 7          j 
UNALLOYED, 
3 GRADES 13 13 19 

1 OTHER 15 13 14           | 

Ti-6A1-4V, Ti-6Al-6V-2Sn,  and Ti-13V-llCr-3Al,  are 
used for about 90 percent of  the applications.    The 
material characteristics of  these grades are 
described below and  summarized In Table 4. 

The three unalloyed grades having minimum 
tensile yield strengths of 40 ksi, 5? ksl,  and 
70 ksi are actually alloys of titanium with oxygen. 
These commercially pure grades are all alpha phase 
and cannot be heat treated.    These grades afford 
the maximum formability, possessing the greatest 
ductility,  as well  as the best corrosion resistance 
and weldability.    They also,  of course, comprise 
the grades with  the  least strength.    The unalloyed 
grades are available in all  forms,  including seam- 
less tubing. 

The Ti-5Al-2.5Sn grade is also a non-hoat- 
treatable all alpha alloy,  but possesses moderate 
strength, approximately 35 percent greater than 
the strength attainable  in the 70 ksi unalloyed 
grade.    Creep resistance is superior since a high 
percentage of  its room-temperature strength is 
maintained at temperatures  to 800 F.    Formability 
it only fair to good, but it is one of the most 
weldable alloys.    Ti-5Al-2.5Sn is more susceptible 
to hot salt-stress corrosion than any of the other 
commercial alloys.    The alloy  is readily available 
in all forms except tubing. 

The Ti-8Al-lMo-lV alloy is one that is 
termed a near alpha or super alpha alloy;  the beta 
content for this alpha-beta alloy being too low to 
be of any practical value for heat treatment. 
However,  its     strength in the annealed condition 
is higher than for any other alpha alloy with cor- 
responding superiority in creep resistance.    The 
alloy is subject to an ordering reaction (a system- 
atic    repetition of  the atomic structure) when ex- 
posed to temperatures in the range of 900 F to 
1300 F and slowly cooled.    Strength is increased 
slightly at the expense of reduced fracture  tough- 
ness.    However,  fracture toughness after special 
annealing treatments, (e.g., duplex annealing, 
which eliminates the order structure),  is higher 
in proportion to its strength than that for any 
other alloy.    The  formability of the alloy is only 
fair, but weldability is good.    Unfortunately,  the 
alloy is one of the more susceptible to aqueous 
environmental cracking and to hot salt-stress 
corrosion. 

The Ti-6A1-4V grade and its stronger modifi- 
cation Ti-6Al-6V-2Sn are both alpha-beta alloys 
and, therefore,  are heat treatable.    The Ti-6A1-6V- 
2Sn alloy is heat treatable to higher strengths 
(180,000 minimum ultimate)  than any other alpha-beta 
alloy.    Weldability of Ti-6Al-6V-2Sn is considered 
poor and also somewhat inferior to Ti-6A1-4V. 
Formability of both alloys is fair in the annealed 
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FIGURE 2.    RANGE OF TITANIUM  AND TITANIUM-ALLOY YIELD STRENGTHS AND PERCENT USED 
IN AIRFRAME VERSUS TIME 

or so)"*iün-troated conditions, with Ti-6A1-4V 
considered the  superior of  the two alloys in this 
respect,    Ti-6A1-4V is available in all forms ex- 
cept tubing,  while Ti-6Al-6V-2Sn is available  pri- 
marily in heavy  sections such as plate,  forgings, 
and extrusions,    Ti-6Al-6V-2Sn sheet stock  is being 
produced in limited quantities,  and usage is ex- 
panding. 

TL-13V-1lCr-3Al  is  the only commercial  all 
beta alloy.    This alloy can be heat-treated  to the 
highest strength:: (over 200,000 psi ultimate)   of 
any cammercial   titanium alloy.    However,  the heat- 
Ireatod alloy has  limited stability on prolonged 
exposures above  600 F,  but  it does retain a high 
percentage of   its room-temperature strength at 
temperatures up  to 800 F.    This grade can be  formed 
readily before  aging.    The alloy  is weldable,  but 
the welds tend  to embrittle after aging and,   there- 
f ore,  the weldability   is  limited.    Fracture  tough 
ness  is considerably  inferior to other alloys and 
the  alloy   is  also  susceptible  to hot salt-stress 

corrosion.    The alloy  is available in all forms 
except tubing and with extrusions bein^ in limited 
supply. 

Other alloys  in considerable use, but to a 
lesser extent than  those described above,  are 
Ti-8Mn, Ti-4Al-3Mo-lV,  Ti-7Al-4Mo, and Ti-7Al-2Cb- 
ITa anong others, 

FORECAST 

The titanium used in making these alloys  is 
still produced by essentially the same procedure 
perfected in the  late  1940's by Dr. W. J. Kroll. 
The process, however,  has reached its economic 

limit and further reduction in  titanium raw metal 
or sponge cost depends on the development of a 
more efficient process.    Although recognized as 
not being an easy  task,   the industry is already 
attempting to improve  the situation. 

'it 
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AL;J.'Y TYPE 
HEAT 

THEATABILITY 

ULIIMATE 
STHENCTI! 
TYP.  ksi WELDABIUTY FORMABIL  IY 

COMPAKAIIVr 1 
ELHV.  TEMF. 
LEVEL F F iR 1 

GOOD STRENGTH 

Unall'jyoJ Alpha None 60- 
9b 

Excellont Excel lent 400 

5Al-2.5Sn 

_   , 
Alph None 130 Excellent Good BOO 

BAl-lMo-lV Near or 
super 
alpha 

Not practical 
Has  structural 
ordering 

140 
155 

Good Fair, 
Slightly 
less than 
6A1-4V 

900          j 

6A1-4V Alpha- 
Beta 

Fair Ann. 140 
H.T.  165 

Ann, Good 
H.T. Fair 

Fair (Ann. 
or ST) 

750           j 

6A1-6V-2E Alpha- 
Beta 

Good Ann. 155 
H.T.  180 

Poor Fair 750           j 

13V-llCr-3Al Beta Excellent Ann.  140 
H.T.  190 

Ann. Good 
H.T. 
Question- 
able,  em- 
brittles 
on aging 

Good  (Ann. 
or  ST) 

600 j 
(unstable j 
above)            ( 

New mills are being devploped tailored speci- 
fically  to the requirements of  the  titanium industry 
in order to attain increased production of more 
products with superior quality.    One major producer 
has already  initiated a continuous strip rolling 
mill  incorporating a continuous vacuum annealing 
furnace  capable of producing strip up  to 52 inches 
wide by 0,010 to 0.080 inch  thick.    The maximum 
circumscribing circle size (overall  size)  attain- 
able  in extrusions has  recently been expanded 
from 7  to 9  inches, with a further increase  in 
size to be expected as  larger extrusion presses 
are utilized.    Along with this increase in circle 
size,  the maximum extrudable  length has been ex- 
tended from 25-30 feet to 40-50  fett,  depending 
on the cross-sectional area.    Castings are not 
widely used and the availability  is   'ery limited. 
However,  recent developlments may change this 
status for the better. 

A low-temperature (400 F)   salt bath descaling 
process has been developed for removing tenacious 
high-temperature oxide scale.    Research is being 
performed to further reduce the descaling tempera- 
ture  and improve the process.    Coatings which inhi- 
bit scaling during elevated-temperature exposure 
in air,  and that may even terve the dual purpose 
of acting as a lubricant during hot forming, are 
being investigated intensively.    Their develop- 
ment would alleviate considerably the difficult 
descaling requirements. 

Improved production or fabrication technology 
results in lowered cost with increasing application, 
particularly by civilian users.    The civilian 
market is expected to increase in 1966 by as much 
as 50 percent.    New programs in hydrospace (deep 
submergence vehicles), desalination, and hardware 
are also expected to exert their influence.    The 
greatest potential for titanium application is 
again considered to be in airframe structures, 
with the total titaiium production, as mentioned 
previously, expected to exceed 10,000  tons in 1966. 

In conjunction with improved manufacturing 
technology, research is being constantly conducted 
to develop new alloys or treatments in order to 
remedy any adverse or undesirable characteristics, 
as well as to enhance or achieve essential proper- 
ties that may have been either inadequate or lack- 
ing.    Higher strength alloys will be available in 
the near future with strength-to-weight ratios 

increased from approximately 995 x 10^  to  1400 x 
103 and with improved elevated-temperature stabi- 
lity so as  to extend structural application from 
900 F  to  the  1100  to  1200 F range. 

New alloys are being developed to afford 
increased resistance to hot salt cracking,  notably 
the modification of  the Ti-7Al-2Cb-lTa  alloy to 
Ti-6Al-2Cb-lTa-ü.8Mo and the new high-strength 
alloy Ti-2Al-4Mo-4Zr.    The addition of 4Zr to the 
Ti-6Al-6V-2Sn alloy results in significant strength 
and ductility improvements, while the modification 
of Ti-5Al-2.5Sn alloy with 2.5V and  1.3Cb affords 
markedly  improved cryogenic properties down to 
-423 F.    Various thermal treatments are  also being 
investigated and developed which may alter the 
characteristics of  specific alloys sufficiently 
to make  them satisfactory with regard to  their 
heretofore unacceptable properties such as fracture 
toughness,  hot salt-stress cracking,  or aqueous 
environmental cracking. 

With  the titanium producer and researcher 
making obvious all-out efforts to meet the require- 
ments of  the designer and consumer,  and the con- 
sumer,  and the designer and consumer applying to 
the fullest extent those characteristics of ti- 
tanium which are so desirable, titanium should 
truly become the Titan,  after whom the metal was 
so aptly named, of  the space age materials. 
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BASIC TITANIUM METALLURGY 

Dr. E. L. Harmon» 

In order to present a reasonably representa- 
tive introduction to basic metallurgy in the short 
time allotted, we will only be able to cover se- 
lected high spots of the subject matter. 

Some of the more important characteristics of 
metals and alloys in general will be described, 
with particular reference to titanium. 

Let us consider the solidification of a 
metal from the melt. Usually several nuclei will 
start to solidify simultaneously as a molten metal 
is cooled. A given solid nucleus, or crystallite, 
will grow until It bumps Into another crystallite 
which Is growing from a different direction. When 
the metal has completely solidified, It will con- 
tain numerous crystallites, called grains, which 
are contiguous with one another. Within each 
grain all of the atoms will be arranged in a 
regular lattice-like array. This geometric pattern 
that the atoms tend to form when a metal solidifies 
Is known as its crystal structure or crystal lat- 
tice. The three most Important types for metals 
are: 

(1) Face-centered cubic 

(2) Body-centered cubic 
(3) Hexagonal close-packed. 

These are   Illustrated  in Figure  1. 

FACE CENTERED 
CUBIC 

BODY CENTERED 
CUBIC 

HEXAGONAL CLOSE 
PACKED 

THREE COKMON TYPES OF CRYSTAL STRUCTURE WITH 
SPHERES REPRESENTING ATOMS 

FIGURE 1. 

The term face-centered cubic arises from the 
fact that atoms are lecated at the corners of a 
cube and also at the center of each of the faces 
of the cube. Similarly, in the body-centered 
cubic crystal structure atoms are located at the 
corners of a cube and also one atom is located 
right in the center of the cube. The atoms in the 
hexagonal close-packed crystal structure are lo- 
cated at each of the corners of the hexagon. In 
addition, there is an atom in the center of the 
top face, one in the center of the bottom face, 
and three atoms within the hexagon located halfway 
between the top and bottom faces. There are pro- 
nounced differences between the hexagonal close- 
packed structure and both the body-centered cubic 

and face-centered structures. A cube, whether 
it is body-centered cubic or face-centered cubic, 
appears the same whether you are looking at it 
from one of the four sides or the top or bottom 
face. The appearance and the behavior of a hexa- 
gon, however, are highly orientation dependent. 
Crystallography of metals is a very complicated 
subject, and it is not the intent to go Into 
detail here. The important points to remember are 
two: first, there are important differences in 
the geometrical arrangement of atoms within the 
three different crystal structures; secondly, 
because of these geometrical differences, there 
are significant differences In the behavior and 
properties of one type of structure compared with 
another. As a general rule hexagonal close- 
packed metals and alloys are more difficult to 
deform than cubic metals and alloys, and their 
properties can be highly orientation dependent. 
Of the two cubic structure types, face-centered 
cubic is harder to deform than body-centered cubic. 

It is important to realize that these 
structures or unit cells do not exist within the 
metal as discrete little cubes or hexagons, as 
depicted here. Even the smallest recognizable 
grain or crystallite of solidified metal contains 
millions of atoms. However, these millions of 
atoms are arranged in an orderly, three-dimensional 
lattice-like array whose geometry at any point in 
the entire array, is characterized by one of these 
unit cells. This regularity and repetitive nature 
of the lattice is interrupted only at the boundary 
of the grain, where it meets another grain which 
started to grow from the liquid at a different 
point and with a different orientation. 

Now, let us look at what the crystal 
structures are for some of the common metals.  As 
shown in Table 1, aluminum and copper are each 
face-centered cubic, magnesium is hexagonal close- 
packed, iron Is body-centered cubic at tempera- 
tures up to 1650 F. Above this temperature, the 
iron atoms are not thermodynamically stable in 
the body-centered cubic arrangement, and a phase 
transformation occurs wherein the atoms rearrange 
themselves into a face-centered cubic structure. 
At still higher temperatures, above 2550 F, the 
body-centered cubic crystal structure again be- 
comes the most stable phase. The change from one 
phase to another that takes place within a metal 
at a certain temperature is known as an allotroplc 
transformation. Titanium also exhibits an allo- 
troplc transformation at about 1625 F. Below this 
temperature, the hexagonal close-packed (alpha) 
phase is stable, and above 1625 F, the body- 
centered cubic (beta) phase is stable. 

The occurrence of a phase transformation in 
titanium is very important and, as will be seen 
later, forms the basis for classification of ti- 
tanium alloys as alpha, alpha-beta, or beta types. 

Engineering Specialist, Research and Techno- 
logies, Norair Division of Northrop Corporation, 
Hawthorne, California. 
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METAL 

ALUMINUM 

COPPER 

MAGNESIUM 

IRON 

lAiiU: i. 
CRYSTAL STRUCTURE 

FACE-CENTERED CUBIC 

FACE-CENTERED CUBIC 

HEXAGONAL CLOSE-PACKED 

BCOY-CENTERED CUBIC (BELOW 1650 F) 
FACE-CENTERED CUBIC (BETWEEN 1650-2550 F) 
BODY-CENTERED CUBIC (ABOVE 2550 F) 

TITANIUM HEXAGONAL CLOSE-PACKED (ALPHA THASE) (BELOW 1625 F) 
BODY-CENTERED CUBIC (BETA PHASE) (ABOVE 1625 Fl 

Another very important characteristic of a 
motal is its ability to dissolve other elements. 
These other elements may go into "solid solution" 
in a metal in one of two ways! substitutionally, 
or interstitially, as shown in Figure 2. Solute 
elements which have about the same atomic size 
(within about 15 percent) of the solvent or base 
metal may form substitutional solid solutions if 
other factors such as electronegativity and valence 
arc favorable. That is, individual solute atoms 
replace individual solvent atoms in the original 
crystal structure, as illustrated in the figure for 
a body-centered cubic structure (which could be 
beta titanium, for example). As an example, zir- 
conium is very close to titanium in atomic size 
and the other factors are favorable. Therefore, 
titanium is capable of completely dissolving zir- 
conium and vice versa. Other elements, for which 
the factors promoting substitutional solid solu- 
tion with titanium are not quite so favorable, 
will dissolve in titanium only to a limited extent. 

SUBSTITUTIONAL AND INTERSTITIAL SOLID SOLUTIONS 
FIGURE 2. 

Elements which have a very small atomic 
size, such as carbon, nitrogen, oxygen, hydrogen, 
and sometimes boron, form interstitial solid so- 
lutions with metals. That is, these small elements 
are dissolved in the interstices, or vacant spaces 
which exist between the atoms in the crystal 
structure, as illustrated. The interstices in a 
body-centered cubic structure, such as beta ti- 
'tanium are not as large as the interstices in a 
hexagonal close-packed structure, such as alpha 
titanium. Therefore, one might expect (as is 
the case) that alpha titmium has a higher toler- 
ance for interstitial s such as carbon, oxygen and 
nitrogen than does beta titanium. 

One might ask the questicn, "How do we get 
elements into solution in a melal?" The usual 
way is to melt the metal, together with the al- 
loying elements, and let it cool down and solidify. 
Another method is to mix fine powders of the metal 
and alloying elements, press them together into 
intimate contact and hold the mixture at a high 
temperature below the melting point. At high 
temperatures, the atoms will diffuse among one 
another and effect essentially the same result as 

melting. 

The characterl'.tics of crystal structure, 
phase transformation and solid solubility loud to 
consideration of i-quilibrium phase diagrams.  An 
equilibrium phase diagram is essentially a map 
describing the quantities and compositions of the 
various phases present in an alloy at any tempera- 
ture, under equilibrium conditions.  It is an ex- 
tremely useful tool in understanding and predicting 
alloy behavior. We will confine our discussion to 
binary equilibrium phase diagrams, which are the 
simplest to understand and interpret. Binary de- 
notes that there are two elements involved, e.g., 
iron and carbon, or aluminum and copper. 

Two examples of equilibrium phase diagrams 
which have been very useful for many practical 
commercial applications are the iron-carbon and 
the aluminum-copper diagrams. The iron-carbon 
equilibrium diagram provides the basis for under- 
standing the strengthening of steel. The aluminum- 
copper equilibrium diagram explains the familiar 
phenomenon of age-hardening which occurs in many 
commercial aluminum alloys.  In the same way, 
equilibrium diagrams of titanium with various al- 
loying elements can be helpful in understanding 
and predictinc bei.avior and properties of com- 
mercial titanium alloys.  In a short while, we will 
present the various common types of equilibrium 
phase diagrams that are important to titanium al- 
loy technology, but first wo will present one 
particular diagram, of a simple type, for the 
purpose of illustrating what an equilibrium phase 
diagram tells us and how it can be used. Let us 
consider the titanium-vanadium system. Figure 3. 

f-BODY. CENTERED CUBIC 
• - HEXAGONAL CLOSE- PACKED 

'0 10 20 30 40 SO 60 70 N 90 100 
TITANIUM % VANADIUM 

FIGURE 3. 

We will start by discussing the behavior of 
titanium alone, then the behavior of vanadium 
alone, and then we will get into the significance 
of the diagram itself. Above 3150 F degrees 
titanium is liquid. As it cools down below this 
temperature, titanium solidifies into a body- 
centered cubic crystal structure called beta ti- 
tanium. Upon continued cooling this phase remains 
stable until a temperature of 1625 F is reached. 
As titanium is cooled below this temperature, 
the body-centered cubic structure becomes unstable, 
and the atoms rearrange themselves into an energe- 
tically more favorable hexagonal close-packed phase 
designated alpha titanium, which is stable at 
temperatures all the way down to absolute zero. 
Vanadium melts at 3300 F.  It solidifies into the 
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body-centered cubic crystal structure, also. How- 
ever, it does not exhibit a phase transformation as 
does titanium. 

Now, let us mix up powders or chunks of pure 
titanium and pure vanadium - In the proper propor- 
tions - so that we have an average composition of 
fifteen percent vanadium by weight. Let us heat 
this mixture up to a very high temperature, and 
melt It. Mext, we will slowly cool this mixture, 
or alloy, as it Is now more properly termed, and 
examine what happens to it. As we reach a tempera- 
ture just below the liquid line, solid particles 
with a body-centered cubic crystal structure will 
form within the liquid.  If, we stop cooling, and 
maintain the alloy at this temperature, it will 
never completely solidify.  It will consist of 
solid particles of less than 15 percent vanadium 
content in liquid of higher-than-15 percent 
vanadium content. Now, if we continue to cool, the 
solid particle- w'.ii  grow at the expense of the 
liquid until t,  liquid is all used up and the com- 
position of the solid is exactly 15 percent vana- 
dium.  Thus, we see that in an alloy, solldlflca- 
tion takes place over a range of temperatures, as 
compared with a fixed temperature in a pure metal. 

Now that the alloy is completely solidified, 
continued cooling produces no structural changes 
until we reach the alpha-beta, beta phase boundary. 
Ibis temperature Is called the beta transus tempera- 
lure for this alloy. 

As we cool below this temperature the body- 
entered cubic beta phase becomes supersaturated 

with titanium.  It needs to have more vanadium 
and loss titanium in it.  In other words, at the 
temperature designated by the upper dotted line in 
Figure 3, the beta phase would like to have the 
composition at Point ^0. The way it accomplishes 
this is to reject titanium-rich hexagonal close- 
packed alpha phase In the form of small particles 
■. r precipitates.  This alloy when it roaches equili- 
brium at this temperature will consist of alpha 
phase distributed uniformly within a matrix of beta 
phase.  The compositions of the two phases are given 
by the intersection of the temperature line with the 
respective phase boundary. The relative quantities 
of alpha and beta.depend upon how close the alloy 
composition is to the respective phase boundaries 
along the constant temperature line.  If we continue 
Cooling to a lower temperature, such as to the lower 
dotted line in Figure 3, and wait long enough for 
equilibrium to be reached, the quantities and compo- 
sitions of the two phases, alpha and beta, will ad- 
just themselves as prescribed by the equilibrium 
phase diagram. At this particular lower temperature, 
f r example, there will be considerably more alpha 
present, and correspondingly less beta phase, but 
the beta will be very rich in vanadium. 

The equilibrium diagram describes the quanti- 
ties and compositions of the various phases present 
in an alloy under equilibrium conditions.  It does 
not tell us anything about the time it takes to 
reach equilibrium. However, in general the higher 
the temperature the quicker an alloy goes to 
equililrium.  On the other hand, at low tempera- 
ture1 , if "iay take an extremely long time.  In 
titanium alloys, for example, below about 1000 to 
^OOC F, equilibrium is not attained within practi- 
cal time periods, even after times as long as sever- 
al -lays. The mechanism by which an alloy approaches 

equilibrium is through diffusion, a process by 
which atums rearrange themselves within the solid 
crystalline structure of the alloy. Diffusion 
is accelerated at high temperatures, where the in- 
creased thermal energy of the atoms makes it 
easier for them to migrate thr.iugh the crystal 
structure. 

Now, let us look a\.  what happens if, instead 
of cooling slowly, we were to quench the alloy 
rapidly from a temperature within the beta region, 
to room temperature. Provided the quenching were 
done rapidly enough, diffusion would not have time 
to take place, and the atoms would be "frozen" in 
their positiors. At room temperature, then, the 
alloy would Consist entirely of highly super- 
saturated body-centered-cubic beta phase, which 
would like very much to throw out some of the 
titanium atoms in the form of alpha phase and 
adjust its own composition to some higher vanadium 
content. This tendency for the beta phase to attain 
a lower energy state is so great that even at room 
temperature where diffusion is very sluggish, we 
can notice an increase in the hardness of the alloy 
after a few days. This increase in hardness 
(known as age hardening, or just aging) reflects the 
first step in the quest for equilibrium. It is 
caused by precipitation of extremely small particles, 
rich in titanium, which are the precursors of the 
hexagonal close-packed alpha phase. 

We can increase the magnitude and rate of 
this precipitation and related hardening by re- 
heating the quenched beta phase to some moderately 
elevated temperature, e.g., 800 F. In order to 

attain a desired hardness level, the aging time 
and temperature must be carefully selected. Aging 
at too high a temperature or for too long a time 
causes coalescence of the fine alpha particle 
which cause the hardening. As a result of this 
coalescence, the alpha particles become bigger, 
but there are fewer of them. Since the hardness is 
more dependent on the number of particles than on 
their size, coalescence is accompanied by softening 
or "overaging". This behavior is basically identi- 
cal with that of aluminum alloys with which most 
of you are familiar. 

In practice, a titanium alloy is usually 
not quenched from the beta region and aged, but 
it is held at a high temperature (slightly below 
the beta transus temperature) to allow some alpha 
to form in equilibrium with a richer alloy content 
beta. Quenching from this intermediate temperature 
permits subsequent aging of the supersaturated 
higher alloy beta without any appreciable reaction 
of the "primary" alpha which was formed at the 
high temperature. This procedure normally results 
in better mechanical properties. 

Now, if we had selected a 10 percent vanadium 
alloy instead of a 15 percent vanadium alloy, and 
rapidly quenched it, we would have observed dif- 
ferent behavior. In this case, also, diffusion 
would not have time to occur, but in this alloy 
the beta phase is even more supersaturated with 
titanium, that is, the vanadium content of the 
beta is even farther away from equilibrium as com- 
pared with 15 percent vanadium. For this reason, 
during the rapid cooling process, when the alloy 
reaches about 900 F, the body-centered-cubic beta 
phase becomes mechanically unstable and transforms 
by a shearing process to a crystal structure in a 
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lower '■ncrgy condition, in this case the hexagonal 
closo-packod phase. Since raind cooling prevented 
dilfusion, this hexagonal close-packed phase will 
(intaln 1U percent vanadium. A look at the oquili- 

brium diagram shows that at room temperature, 
the hexagonal ' close-packed alpha phase should only 
contain about 3 percent vanadium.  Thus, we 
now have supersaturated alpha, or what is comnionly 
designated alpha prime. This alpha prime wants 
to got rid of its excess vanadium by precipitating 
small particles of vanadium-rich beta and will do 
so, upon aging, in a manner analogous to super- 
saturated beta, as described before. This shear 
transformation, which occurs upon quenching the 
beta phase in alloys containing less than lb percent 
vanadium, is called a martensitic transformation 
because it resembles tho martensitic transformation 
in iron-carbon alloys, which is the basis for the 
strengthening of steels. 

All right, now we have covered quite a bit of 
territory in discussing this equilibrium diagram. 
The purpose was to expose you to some of the con- 
cepts and terminology that, you will hear later on. 
The important points to remember are: First, the 
equilibrium diagram describes the quantities and 
comp sitions of the various phases present in an 
allo\ under equilibrium conditions.  Secondly, we 
very rarely have, or want, equilibrium conditions. 
However, the basis of all heat treatment is the 
tendency of an alloy to proceed toward its equili- 
brium condition.  If we are clever, we take ad- 
vantage of this tendency by letting the alloy go 
as far as will result in a condition that is useful 
to >JS. 

The titanium-vanadium equilibrium diagram is 
representative of a particular type of titanium 
diagram called beta isomorphous, which is one of 
the three most common types. These are shown in 
Figure 4 and are partial diagrams in that they de- 
pict only the solid phases, and the titanium-rich 
regions. First in Figure 4c it will be noted that 
alloying elements of the beta-isomorphous type 
tend to stabilize the beta phase at lower tempera- 
tures. Other alloying elements, besides vanadium, 
which form this type of diagram are molybdenum, 
columblum,and tantalum. There are other alloying 
elements, such as manganese, iron and chroniurr 
which also stabilize the beta phase to lower tempera- 
tures. Equilibrium diagrams of titanium with these 
alloying elements are called beta eutectoid type 
diagrams. These diagrams are characterized by the 
fact that titanium forms a stable intermetallic 
compound with these elements at compositions inter- 
meeli*te between pure titanium and the pure alloying 
element. The term eutectoid refers to Point Q) 
on the equilibrium diagram in Figure 4b.  An alloy 
of this composition when slowly cooled from the 
single phase beta region will decompose at tempera- 
tures just below this eutectoid temperature to 

form two phases, alpha, and the intermetallic com- 
pound, here designated TiX. The main difference 
between beta eutectoid and beta isomorphous type 
alloys is that during heat treatment, the presence 
of the hard intermetallic compound must be considered, 
as well as tho presence of alpha and beta. The 
third common type of titanium equilibrium diagram 
is called alpha peritectoid. Alloying elements that 
form this type of diagram with titanium are called 
alpha stabilizers, that is, they raise the tempera- 
ture region and broaden the composition range over 
which alpha is stable. Aluminum, tin, several rare 
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FIGURE 4 

earth elements, and the interstitials - carbon, 
oxygen, and nitrogen - fall into this category. 
The term peritectoid refers to Point ^p on the 
equilibrium diagram in Figure 4a. The peritectoid 
reaction occurs in a manner opposite to that of 
a eutectoid reaction. That is, as temperature is 
lowered, two phases which are in equilibrium 
at temperatures above the peritectoid temperature 
will react with each other to form a single phase 
which is stable at lower temperatures. 

The equilibrium dia 
have all been for binary al 
commercial titanium alloys 
different elements besides 
the behavior of complex all 
and explained by simple equ 
certain limits. Any of the 
alloys may be classified as 
beta, or beta alloys depend 
phases are present in the c 
normally used. 

grams we have discussed 
leys. However, most 
contain at least two 
titanium. Nevertheless, 
oys can be interpreted 
ilibrium diagrams within 
important titanium 
either alpha, alpha/ 
ing upon which phase or 
ondition in which it is 

So far, we have discussed crystal structure, 
solid solution, phase transformations and the 
equilibrium diagram as the basis for heat treatment 
of metals and alloys. Now, let us consider the 
strength and deformation of metals and alloys. 

Figure 5 is a cross section through a per- 
fect metal crystal. The circles represent individual 
atoms in the plane of the cross section. 

Suppose, for example that this ideal crystal 
containing no imperfections were to be sheared with 
a uniform movement of all the atoms in the top half 
across all the atoms in the bottom half, each atom 
being pushed over the atom beneath at the same time. 
The shear stress necessary to cause this movement 
of one atomic distance can be calculated from the 
elastic shear modulus. This calculated stress is 
about 1000 times the observed shear stress for 
yield in a real metallic crystal. This tremendous 
discrepancy can be accounted for by the fact that 
the crystal structure of metals is not perfect. 
There are two major types of imperfections found 
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DEFORMATION OF PERFECT CRYSTAL 
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in all metals and alloys, vacancies and dislocations. 
A vacancy or missing atom, in the crystal lattice is 
particularly effective in aiding diffusion. Thus, 
we can visualize an adjacent atom "popping into" 
the vacancy, and leaving behind it another vacancy, 
which is then filled by the next atom, which in 
turn creates a vacancy, and so forth. In this man- 
ner, atoms can move around rather easily within the 
solid, crystalline structure. 

The second important type of imperfection is 
a dislocation. The simplest type of dislocation, 
and the easiest to visualize is an edge type as 
shown in Figure 6. Again, this represents a cross 
section through a metal grain. The circles repre- 
sent individual atoms in the plane of the cross 
section. The extra row of atoms causes a disloca- 
tion in the lattice. These dislocations are pro- 
duced by stresses and impurities which are present 
during solidification of a crystal from the melt. 
In effect, an extra plane of atoms is jammed part 
way into the otherwise regular crystal lattice. The 
strains produced in the vicinity of this dislocation 
are such that it requires only a small shear stress 
to "pop" the dislocation over into the next row of 
atoms, and then into the next row, and so forth, 
until the entire top half of the crystal has moved 
one atomic distance over the bottom half, as shown 
in the right hand side of Figure 6. In this 
manner, the discrepancy between observed yield 
strength and the yield strength calculated assum- 
ing a perfect crystal can be explained. 

EDGE DISLOCATION 
IN A CRYSTAL 

"SLIPPED" CRYSTAL 
AFTER APPLICATION 
OF SHEAR STRESS 

FIGURE 6 

The following analogy may help you to 
visualize how dislocations make it easier to deform 
metals. Assume you have a large heavy rug in your 
living room, which is not centered properly. It 
is off to one side by about one foot. If you were 
to grab it by an edge and try to pull it to center 
it, you would probably need three people to help 
you. On the other hand, if you were to create 
a ripple in the rug on the opposite edge, you could 
easily push the ripple across the floor, and when 
the ripple had traversed the rug, the rug would 
have traversed the floor. 

Because metals deform by movement of dis- 
locations, and since we cannot, in a practical way, 
remove all dislocations, if we want to strengthen 
metals we must find a way to hinder the movement 
of dislocations. There are basically two ways to 
hinder the movement of dislocations; (l) place a 
foreign object in the path of the dislocation or 
(2) create an array of other dislocations, whose 
strain fields interact with the dislocation and 
prevent it from penetrating. For the first method 
of strengthening the foreign object might be a 
precipitated or dispersed second phase, or it 
might be a dissolved alloying element which doesn't 
fit too well in the parent lattice and creates a 
strain field in the vicinity which prevents the 
dislocations from getting through. The second 
method of strengthening is what we use when we 
cold work or strain harden a metal or alloy. Cold 
working generates large numbers of dislocations 
which then act as effective barriers to movements 
rf other dislocations, so that a higher stress is 
then required to produce a given amount of deforma- 
tion. These methods of strengthening are illu- 
strated in Figure 7. 
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riGUME  1.       SCHEMATIC ILLUSTRATION OF METHODS USED TO STRENGTHEN METALS 

FIGURE 7 

When a severely cold-worked metal is 
gradually heated to elevated temperatures, the 
dislocations within the crystal structure become 
more mobile and tend to move away from each other. 
As they do this, small regions which are relatively 
free of dislocations will be formed. These 
regions, because they are thermodynamically more 
stable than the surroVinding dislocation-dense 
areas, will gradually consume their surroundings 
and grow at their expense. A number of these 
relatively dislocation-free areas will form and 
grow simultaneously until they consume all of the 
original cold-worked areas. The new crystallites 
or grains will be as soft and as free of disloca- 
tions as the original undeformed metal. This 
process is called recrystallization, and the 
temperature at which it takes place is called the 
recrystallization teti serature. In titanium this 
temperature is about 1000 F. 
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Let. us now review briefly what has been 

covered so far. 

First, metals solidify from the molten state 
in a regular geometric crystal pattern. The three 
most common types of metallic crystal structure are 
fee, bee,and hep. iome metals, including titanium, 
undergo what is known as an allotropic transforma- 
tion. That is, these metals exist in more than one 
crystal structure, depending upon temperature. In 
the case of titanium, at low temperatures, the hep 
alpha phase is stable, while at temperatures above 
1625 F, the body-centered-cubic beta phase is 
stable. 

Metals possess the ability to dissolve other 
elements in what is known as solid solution. There 
are two types of solid solutions« substitutional, 
in which the dissolved elements are approximately 
the same size as the dissolving element, and inter- 
stitial, in which the dissolved elements are con- 
siderably smaller than the dissolving element. An 
equilibrium phase diagram describes the amount and 
composition of the various phases present in an al- 
loy system, at any given temperature under equili- 
brium conditions. Although we seldom use alloys in 
the equilibrium, or lowest energy, condition, we do 
take advantage of the tendency of an alloy to ap- 
proach equilibrium, and we let it go as far as 
necessary in order to produce the properties which 
we desire. Usually heat treatment involves a 
quenching step which produces a supersaturated 
structure. This supersaturation provides the driv- 
ing force for subsequent aging reactions which can 
produce substantial strengthening in many alloys. 

There are three common types of titanium equilibrium 
diagrams, beta isomorphous, beta eutectoid, and 
alpha peritectoid. The first two types are formed 
by alloying elements which stabilize the beta phase 
of titanium, while the third type is formed by al- 
loying elements which stabilize the alpha phase. 
Commercial titanium alloys, depending upon the type 
and quantity of alloying elements, may consist either 
of alpha, a mixture of alpha and beta phases, or of 
beta alone, and they are designated accordingly. 

Numerous imperfections exist in what would 
otherwise be perfect metallic crystals. One type 
of imperfections, lattice vacancies, contribute 
significantly to diffusion of metal atoms within 
the solid crystal structure. Another type of im- 
perfection, dislocations, provide the mechanism 
by which metals deform, and explain the discrepancy 
between the actual strength of a metal and the 
theoretical strength calculated on the basis of 
perfect crystals. Metals may be strengthened by 
impeding the movement ^f dislocations, e.g., by 
adding appropriate alloying elements, or by pre- 
cipitating a hard second phase. Another way of 
impeding the flow of dislocations is to create an 
array of other dislocations. This may be ac- 
complished by cold working. The effects of cold 
working can be removed by heating the metal above 
a certain temperature, called the recrystallization 
temperature. A metal which is worked at tempera- 
tures above the recrystallization temperature, works 
very easily and the metal remains soft and malleable. 
This process is called hot working and is used to 
get metals into desired shapes and sizes. 
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TITANIUM PROCESS METALLURGY 

W. H. Heil* 

INTRODUCTION 

Some of the combinations of properties that 
make titanium an attractive structural material, as 
well as give It its excellent corrosion resistant 
characteristics, combine to make the refinement of 
the ore to finished mill product an elaborate, diffi- 
cult operation that must be carefully controlled 
and performed on specialized equipment. This Is 
true In the reduction of the titanium oxide to the 
raw metal and In the mill processing operations. 
The single most Important fact to remember In the 
processing of titanium and the one characteristic 
that makes It difficult to produce Is the fact that 
titanium Is a reactive metal. This means that at 
any temperature of 1100 F or over (the higher the 
temperature the more rapid It, occurs), titanium 
will soak up oxygen from the atmosphere. This 
oxygen In turn seriously Impairs the useful proper- 
ties of the metal. It Is necessary In the reduction 
and melting of titanium to use temperatures con- 
siderably over 1100 F ',o  that other protective 
means such as working In vacuums or under Inert 
gas blankets are required. Mill processing or hot 
working of the metal at temperatures up to 2000 F 
is normally done In air with the oxygen damaged 
surface being subsequently removed by mechanical 
or chemical means. 

This talk will be broken down Into three 
basic areas of processes as follows: 

(1) Reduction of the ore to the metal 

(2) Blending, alloying and melting of the raw 
metal Into alloyed Ingots 

(3) Mill processing and heat treatment. 

REDUCTION 

There are currently two major titanium metal 
producers In this country. These are The Titanium 
Metals Corporation of America and Reactive Metals, 
Incorporated. Both producers use a reduction pro- 
cess known as the Kroll process. This process Is 
named after Dr. William A. Kroll, who first de- 
veloped this process In 1928. The process consists 
of first converting the TIO2 to a T1C14 and then 
reducing the TlCl^. with metallic magnesium or 
sodium. 

Titanium Is an abundant metallic element In 
the earth's crust, but generally It occurs com- 
plexed with other metallic elements. Figure 1 Is a 
beach scene In Australia where the mineral rutlle 
(Ti02) Is found, as beach sands with purities in 
excess of 95 percent TIO2. Figure 2 Is a flow 
chart of the reduction operation. 

* Technical Service Engineer, Titanium Metals 
Corporation of America, Los Angeles, California. 

" 

FIGURE  1 

TITANIUM REDUCTION 

RUTILE COKE 

_1 
MAKE UP Clj 

I CHLORINATION 

MAKE UP 
MAGNESIUM 

i 
I 

CRUD^ T,CI4 

t 

CHLORINE 

PURIFICATION 
SOLIDS 

REMOVAL 

REDUCTION 

PURET1G4 

MAGNESIUM 

M9CI2 
MAGNESIUM 
RECOVERY 

I 

BOREC CHIPS 

CRUSHING 

T- 
CRUSHED CHIPS 

LEACHING 

T" 
LEACHEO SPONGE  L_ 

TEST AND 
INSPECT 

SPONGE LOT ASSIGNMENT 

FIGURE 2 

The first step in the reduction process con- 
sists of Introducing the rutlle ore Into a large 
chlorlnator unit along with a controlled amount of 
carbon In the form of coke and chlorine gas. An 
exothermic reaction results in this operation, 
and bath temperature remains at the red heat level. 
The titanium In this operation Is reduced from 
the oxide and removed as a gaseous titanium tetra- 
chlorlde {TICI4). This titanium tetrachloride 
vapor, along with the vapors of the other chlori- 
nated Impurities such as Iron, vanadium, and 
silicon, are then condensed to a liquid form. In 
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the liquid form the titanium tctrachloride can 
then be separated from the other chlorideG by a 
series of distiilatlons. 

From this point the pure liquid titanium 
tctrachloride Is introduced into a solid steel 
reactor pot that has been charged with magnesium. 
In this operation, carried on at red heat, the 
metallic magnesium reduces the titanium tetrachlo- 
ride to elemental titanium, and in turn the result- 
ing liquid magnesium chloride can be drained off 
and recycled through electrolytic cells. This 
recovers magnesium and chlorine, which in turn 
are then recycled through the operation. This 
operation is a batch operation; and when all the 
magnesium has been consumed, the reactor pot is 
full of a spongy porous titanium mass. The whole 
reactor vessel is then removed, the welded-on top 

is removed, and the titanium mass on the inside is 
removed on a large boring mill. A picture of this 
reactor vessel is illustrated in Figure 3. The 
resulting raw titanium, which is called sponge, 
Contains a fairly large quantity of entrapped mag- 
nesium and magnesium chloride left over from the 
eduction operation. This sponge is then crushed 
to give it a common particle size as well as to 
open some of the closed areas to make the entrapped 
magnesium and magnesium chloride available for re- 
moval . 

FIGURE 3 

At this point the crushed sponge is intro- 
duced into a large leaching tank, and the magnesium 
and magnesium chloride are removed through leach- 
ing with an aqua regia acid solution. I would at 
this time like to point out that containing an 
acid solution like aqua regia is no easy task. 
Figure 4 represents TMCA's solution to this contain- 
ment problem and it is to be noted that the con- 
tainer is made up of commercially pure titanium. 
It is the largest titanium vessel ever fabricated 
and is 8 feet in diameter, 66 feet Ic.ig and weighs 
20 tons. The now-pure sponge is then completely 
washed and dried and assigned to individual sponge 

13 I 

FIGURE 4 

lots for production control as well as quality 
control reasons. At this point chemistry, hardness, 
particle size, etc., are all examined; and in 
addition, control samples are X-ray inspected, 
magnetically inspected, and visually inspected. 
The sponge is now ready for assignment to the 
melting operation. 

Scrap Recycle 

I would like to regress a minute and discuss 
briefly how we prepare our scrap for recycle since 
I am sure many of you wonder why there is such a 
limited market for titanium scrap for remelting. 
In the first place, TMCA does not buy scrap. 
Enough is generated within our own company to 
satisfy the limited scrap recycle allowed in melt- 
ing. In addition, by recycling our own scrap we 
are allowed complete control over the separation 
of alloys and contaminated metal. 

Figure 5 is a flow chart of the scrap re- 
cycle operation. First the scrap must be reduced 
to a particle size that is common with the sponge 
and master alloy. To do this the large pieces 
such as billet and bar ends, plate sections, etc., 
are first overall pickled to remove heavy oxygen 
contamination. Next they are introduced into a 
large reactor, heated, and hydrogenated. With 
the hydrogen level high enough the metal is suffi- 
ciently embrittled to break up in conventional 
crushing equipment and the correct particle size is 
achieved. This crushed scrap is then inspected 
and tested in a manner similar to the sponge and 
assigned to individual scrap lots for assignment 
to melting. As mentioned before, TMCA limits the 
amount of scrap that may be included in the melting 
operation. 
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BLENDING. ALLOYING AND MELTING OF THE RAW 
METAL INTO ALLOYED INGOTS 

The individual makeup for titanium ingot is 
composed of three basic elements as noted in 
Figure 6. 

(1) The major element is the sponge for which 
we have just described the reduction process. 

(2) Master alloy additions to obtain the de- 
sired chemistry of the alloyed grades, such 
as Ti-6A1-4V. For this particular alloy 
we use a master alloy addition that is 
composeo of 60 percent aluminum and 40 per- 
cent vanadium. 

(3) Recycled scrap additions. 

Titanium melting process is known as the 
consumable electrode melting process. This opera- 
tion is carried on under vacuum and consists of 
melting a sponge or a metal electrode by passing 
an electric arc between the electrode end and a 
water-cooled copper crucible. The titanium elec- 
trode is thus slowly consumed by the arc with the 
molten metal falling into the molten pool lying 
in a skull of solidified titanium in the copper 
crucible. The surrounding vacuum prevents the 
molten titanium from recombining with the normal 
components of an air atmosphere and in addition 
outgasses any hydrogen, residual magnesium, and 
chlorine from the sponge product. To convert the 
sponge product, master alloy, and scrap addition to 
this electrode, known as a sponge electrode, in- 
dividual lots of carefully weighed and blended 
sponge, master alloy, and scrap are introduced into 
an electrode shaped cavity and compacted on a 
large press. The pressing pressures are such that 
the whole mass is mechanically bonded together. 
Several of these compacts are then welded together 
into what is known as the sponge electrode. This 
sponge electrode is then introduced into the 
melting furnace, a vacuum is drawn, and the initial 
melt commenced. 
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FIGURE 6 

After the initial melt the primary metal ingot 
is removed from the crucible and the outside surface 
is conditioned free of its skull, or impurities, 
that migrate to the outside. When the skull has 
been removed, this primary melt, now known as a 
metal electrode, is recharged into a slightly 
larger consumable-electrode vacuum-arc-melting 
furnace and is remelted into the final ingot con- 
figuration. After removal from the crucible the 
ingot is conditioned by lathe turning the outside 
diameter; it is sampled top, middle, and bottom, 
from drillings in the surface, for complete chemi- 
cal analysis; and lastly, it is ultrasonically 
inspected for any evidence of pipe or voids. At 
this point if the chemical analysis is within 
prescribed limits and the ingot is of sound 
characteristics, it is transmitted to the mill for 
mill processing into the final mill product. 
Figure 7 shows a field of typical titanium ingots 
ready for mill processing. These particular ingots 
are 28 inches in diameter by about 5 feet long and 
weight a nominal 7000 pounds. 

MILL PROCESSING 

Mill production of titanium is still based 
upon equipment inherited from the steel industry. 
The basic equipment, such as rough rolling mills 
and forging presses, are the same as that which 
can be found in a steel plant. However, this is 
where the similarity stops and the requirements 
for the associated equipment, such as heating 
equipment, finishing equipment, and the tools for 
the necessary quality control, are all more 
specialized. 

It is because of these areas that the econo- 
mics of production, as well as the quality of the 
product, are compromised whenever titanium is pro- 
cessed in a basically steel working plant. Look at 
the record. Initially all titanium mill products 
were produced on steel working equipment with a 
quality level that would be completely unacceptable 
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FIGURE 7 

at today's standards. As the titanium industry 
grew and specialized titanium processing equipment 
was introduced, improvements in both quality and 
economics of production were evident. In fact, 
currently the bulk of titanium mill products are 
produced by two mills, both of which have titanium 
as the only or the major product. That is TMCA and 
RMI. 

The need and imrortance of this specialized 
equipment is dramatically illustrated in Figures 
8 and 9. The old furnace (Figure 8) has a length 
limitation of 156 inches and could only accommodate 
charges of up to 3000 pounds.  Also, the batch 
annealing cycle required about 18 hours and yielded 
an oxidized surface on the titanium which necessi- 
tated conditioning of the annealed product. The 
new furnace (Figure 9) has unlimited length capa- 
bility (handles coils), has no weight or time 
limitations since it handles coils continuously, 
and maintains a bright surface requiring no further 
.surface descaling and conditioning. One more 
illustration of old and new is afforded by com- 
parisons of Figures 10 and 11. Flyure 10 shows 
the hot cross rolling mill which was previously 
used for finish rolling of all alloy sheet and 
plate. This mill has width and length limitations 
of approximately 48 x 144 inches and minimum as- 
rolled thickness of approximately 0.030 inch. It 
also has limited gauge and flatness control and 
rolls a product that is hot (1400 to 1900 F) and 
as a result requires expensive removal of contami- 
nated metal. In addition again this is an indivi- 
dual (batch) type operation which you will recognize 
as an inherently expensive operation. 

FIGURE 8 
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FIGURE 9 

FIGURE 10 
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FIGURE 11 

Compare this v.'ith the mill shown in Figure 11. 
This is a Sendzimir (Z) mill which continuously 
cold rolls sheet product up to 48 inches wide 
with 1/2 AISI gauge tolerance, excellent flatness, 
and thicknesses down to 0.010 inch. This type of 
rolling coupled with the continuous vbcuum anneal 
line is the ultimate in rolling a flat roll product 
for there is precise thickness control and no open 
air operations from thicknesses of 0.070 inch and 
le« that result in scale and contaminated metal 
which subsequently has to be removed by grinding 
or pickling. This equipment, the Z mill, and 
the continuous vacuum anneal furnace are currently 
in production on commercially pure titanium as 
well as the Ti-13V-llCr-3Al and Ti-5Al-2.5Sn alloys. 
3y year end this process should include the Ti- 
6A1-4V and Ti-8Al-lMo-lV alloys and all these grades 
may be rolled down to 0.010 inch thickness. 

With this background I will get into the 
actual mill processing outline that converts the 
raw ingot to the finished mill product. Figure 12 
is a flow sheet of the conversion of ingot to the 
various mill products. You will note that thir 
same flow sheet could be representative of a steel 
product. 

Bar, billet, and wire may all be classed in 
the same category since they all con;ist of draw- 
ing a symmetrical cross section (ingot) down to 
billet, bar, or wire. 

Look first at the forging billet processing 
that will account for well over 50 percent by 
weight of the total titanium mill shipments. 
This operation consists of the necessary number of 
heating and press forging operations to reduce the 
ingot diameter to that of the finished billet size. 
Initial heating is from temperatures in excess of 
the beta transus (1900 to 2000 F) to facilitate 
breakup of the large as-cast grains while keeping 
surface cracking at these grain boundaries at 
a minimum. Once the as-cast grains are refined, 
then temperatures below the beta transus may be 
employed to further the macro and microstructural 
grain refinement. Finish forging is to a size 
X/A  to l/2 inch oversize to allow surface contami- 
nation and forging defects to be subsequently 
removed by lathe turning on rounds or overall 
surface grinding on squares, octagons, rectangles, 
etc. The finished conditioned billet may then be 
ultrasonically tested for internal defects, 
checked for hydrogen or oxygen pickup, and ac- 
ceptance tested. The acceptance test consists 
of forging a representation sample of the billet 
stock and annealing or heat treating and testing 
it in a manner mutually acceptable to both the 
mill and the forging customer. 

Wh^n smaller sizes are required (common 
mill terminology defines a bar product as having 
a cross section of 16 square inches or less and 
a width to thickness ratio of 5 or less), rolling 
is the commoni/ accepted method of production. 
That is, a forged billet 4 to 8 inches square is 
then hot rolled out to the finish bar size and, 
in a manner similar to billet, the outside con- 
taminated skin is ground or acid pickled off. 
Small round bar stock is also the starting point 
for the wire product which consists of drawing, 
either cold or hot depending on grade, from 5/l6 
inch down to 0.010 inch diameter or any inter- 
mediate size. 

MILL PRODUCTS 
n 1 --  
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•re the wrought shapes of material supplied to the end user. Like steel, titanium is sup- 
plied as sheet, strip, plate, bar, forging billet, wire, extruded shapes, pipe, and tubing in a 
variety of unalloyed and alloyed grades. 

.«..-* »-. 

(Utm ontAtiONi 
tvmmmm "*»• ■m CM «•« MM <mu 

u IB nt m torn ^*      ^^"^ 

•—a 

MOOMMO HI 

a ..»—+—.♦-., 

MOOMNC      ■ —♦! 

a }-.- 

•G-t—t- 

CONt»IUOlrt HOT Mtl ^ 

Ml» Ot tOKI 

m-' 
IITIUSION    tTbuOHllMHO *MU CM 

mn imiCM ITtMOHTIMHO 

MWUTI)        coMMMCuuT mm MO MIO» 

HAMUH IWNMC 

FIGURE 12 

«     , ■•"  . 

'V 1*1    ,. ! " 

■ 

■ ■' '■ ■'1''' ':"■" "'■■(,''' I -f-". ^'.■, 1-.'"'.' 



'mn^mtw 

■. . ■.^Wy^w.-s-/»«-«,,.«^««!!!^^ «5'W«»!»!«»^'' ■ ■mm*"*w ■ ' •■w*mmm ■:■■; 

17 
Sheet, strip, plate, and foil ir. the next 

gonoral category of mill products, which are 

comm'Jnly referred to as flat roll products. By 
mill terminology, sheet refers to a flat roll 
product from 0.000 to 0.1870 inch thick and 21 
Inches or over In width.  Strip Is the same as 
shc-ft except widths are less than 24 inches. 
Plate Includes tnicknesses 0,1875 inch and over, 
and over 10 inches in width, with width to thick- 
ness ratios over 0 to 1. Any product 0.005-inch- 
thlck and under Ls classed as foil. 

The general processing of sheet and plate 
prtducts includes the hot rolling or pressing 
of Ingot to sheet bar slabs. From these slabs 
Individual bars are cut and subsequently hot 
cross rolled to sheet and plate products on the 
type of hand mills shown in Figure 10.  It is 
this typo of processing that is responsible for 
the production of all titanium alloy sheet and plate 
for the past 15 years. Limitations of this type 
of rolling are obvious and have been previously 
commented on. As product thickness decreases in 
the sheet ranges, process difficulties increase 
proportionally in a hot-rolled product. All hct- 
rollod sheet products at TMCA less than 0.100 
inch thick are finish rolled inside welded steel 
packs. This thicker total pack allows rolling 
individual sheets to lighter gauges while main- 
taining better control over gauge and flatness. 

However, in spite of these methods, the lower 
thickness as hot rolled is approximately 0.030 
inch. To produce lighter thickness sheet product 
by this method the excess metal must be ground or 
acid pickled off. These excessive metal losses, 
compounded with increased handling, heat treating, 
and hydrogen pickup problems dictate the higher 
prices and the more limited availability of these 
light gauges. 

Following the hot-rolling operation the 
individual sheets are annealed and/or heat treated 
depending on the requirement. They are then over- 
all belt ground to remove the hot-rolling and heat- 
treating defects, and finally they are pickled in 
HF-HNO3 type baths to remove grind lines, complete 
the removal of all oxygen contamination and to in- 
sure that they meet the required thickness. From 
5 to 10 mils of thickness is removed in these con- 
ditioning operations. Normal testing of the 
finished sheet includes tensile, bend, and hydro- 
gen analysis. 

My general discussion of sheet products has 
been restricted to the annealed condition. When 
we talk of a solution-treated (ST) or solution— 
treated-and-aged (STA) product, we are compounding 
fhe processing problems. The problems are related 
to the high temperatures used in the solution 
treating operation and the thermal shock that 
occurs in water quenching these products from the 
1600 to 1750 F temperature range. The latter of 
these two problems is the more severe since besides 
making the solution treated product commercially 
unattractive because of the poor flatness it also 
compounds the mill processing problems in removing 
the scale and contamination that occurred in solu- 
tion treating. Again the lighter the sheet thick- 
ness the more serious become both the flatness and 
contamination problems. Aging eases the above 
problems somewhat in that the normal aging tempera- 
tures of 1100 F will partially reflatten the sheet 
and tend to simplify the finish conditioning 
operations. 

Also of current concern ti TMCA Is the com- 
patibility of the water quenching operation with a 
Continuously rolled strip product.  At this lime 
I see no way to perform this water quenching 
operation and retain the advantages of the strip 
product. 

Recently there has been interest in large 

size plate products. These products are possible 
In many sizes by conversion on several large steel 
plate mills. Widths of 80 to 100 Inches and lengths 
of 400 to 500 Inches have been produced and one of 
the limiting factors hero Is ingot size availability. 
Normal ingot size Is 7000 pounds, although capabi- 
lity exists to produce larger heats. Figure 13 is 
an example of a large titanium plate product. 

FIGURE 13 

Foil products in titanium are available in 
the CP grades, but this product remains in its 
infancy. The production of a high-quality strip 
product down to 0.010 inch thickness, as indicated 
before, will open one door to a quality foil pro- 
duct. The proper specialized mill processing 
equipment is the other key for this product.  In 
this respect it is similar to titanium wire products 
and again the processing problems are compounded 
because of the large surface to volume ratio of 

both products. 

CONCLUSION 

The titanium industry is only 16 years old 
and we are currently going through some radical 
processing changes that have been dictated by in- 
creased product requirements. Complicating these 
changes in processing is the fact that specialized 
processing equipment is necessary and often has to 
be designed from scratch for the particular opera- 
tion. In reviewing the processing operation itself 
the single most important factor to re.iiember is 
that titanium is a reactive metal and must be 
treated accordingly. 
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THE MICROSOOPY OF TITANIUM 

Dr. F. A. Crossley* and R. E. Herfert** 

INTRO DU CTION 

In the previous papers, a working knowledge 
of metallurgy in general, and also certain facets 
of titanium metallurgy were presented. In this 
paper, we will attempt to show you the fundamental 
physical characteristics of titanium. We are con- 
cerned with the means available to the metallurgist 
for discovering or determining the constitution 
and the structure of tltanlum-base alloys. 

In the phase diagrams presented In previous 
papers, no characterization as to microstructure 
was presented. Our paper will give a phase re- 
lationship as to microstructure and then directly 
relate it back to the phase diagram. It Is the 
overall purpose of this discussion to show some of 
the inherent changes In titanium during alloying 
and processing and its affect on microstructure. 

Thus presented, with a limited knowledge of 
some of the ramifications of physical structures 
of titanium and soma of its alloys, the following 
papers on particular problems of joining, working, 
machining, and designing should present more merit. 

First, we ühould probably define what micro- 
structure is. In order to do this, we must first 
show a rela^'on to crystal structure. Dr. Harmon's 
paper showed the basic crystal structures present 
in titanium. Let us, for a moment, review these. 
Here we see (Figure 1) the face--.entered cubic 
structure typical of aluminum, body-centered cubic 
structure typical of beta-titanium, and the hexa- 
gonal close-packed structure of alpha-tltanlum. 
The small structures are called the unit cells. 
These unit cells define the most basic characteris- 
tics of a metal. 

Titanium is similar to steel in that it can 
occur in two allotropic forms. It occurs either as 
a body-centered cublu or a hexagonal unit cell. 
These are called, respectively, beta-titanium and 
alpha-titanium. In the alpha alloys, pure tltcnium 
for example, beta is never found except at high 
temperatures. In alpha-beta alloys, a mixture oc- 
curs and, in beta alloys, only the body-centered 
cubic form appears. In the cubic form, the cell 
edges are Isotropie; that is, equal in all directions. 
In the case of alpha-titanium, since it is a hexa- 
gonal structure, this is not true. Two different 
dimensions are required. The base dimension is 
different from the height; In other words, the cell 
dimensions are anisoti-oplc. It is apparent that 
the orientation of these unit cells within a forging 
or sheet material would greatly affect Its strength 
properties. 

When we take a combination of these unit 
cpllr, as during the solidification from a melt, we 
assimilate what we call a single crystal or a 

• Senior Metallurgist, IIT Research Institute, 
Chicago, Illinois, 

•• Engineering Specialist, Materials Research, 
Morair Division, Northrop Corporation, 
Hawtliorne, California. 
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FIGURE 1 

single grain. It only has orientation in two di- 
mensions, mainly width and height. Structural 
materials are not single crystals. They are what 
we call multi-grained systems, each grain being of 
one orientation and consisting of a series of 
these small unit cells. Numerous small grains are 
present in different orientation. A series of 
these small unit cells go together to make up a 
single grain. A series of these grains then make 
up a structural component, as seen in Figure 2. 
We are going to focus our attention on the inter- 
mediate stage between the unit cell and the 
structural member; the microstructure of the poly- 
grained component. This science of studying 
microstructure is called metallography. In order 
to perform a metallographic examination on a metal, 
the following steps are followed: 

(1) The specimen is carefully sectioned by 
sawing or cutting from the structure. 

(2) It is then mounted in a thermo-melting 
plastic for ease of handling. 

(3) Then, the sample surface is polished until a 
mirror finish is obtained, using SIC and/or 
abrasive diamond polish, 

(4) The sample is ready for etching, which brings 
out grain detail. 

In order to study these aspects, certain special 
Instrumentation Is necessary. These are X-ray 
diffraction, optical microscopy, electron micro- 
scopy, and electron microprobe analysis. 

X-ray diffraction is used to tell the precise 
nature of the cell; i.e., its dimensions or the 
relative amounts of different structures in one 
matrix. For example, the amount of alpha and beta- 
titanium in an alpha-beta alloy or the stress 
states, or distortion In the unit cell. 

' m l mm': 
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FIGURE 2 
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In order to examine microstructure, we will 
use the optical microscope with magnification up 
to 2000 times and the electron microscope with 
magnification up to five million times. Grains 
smaller than the wavelength of visible radiation 
cannot be resolved by light microscopy. They can, 
however, be examined with the aid of an electron 
microscope. If we think in terms of wavelength, 
visible radiation could be considered this wide, 
infrared wavelength would be slightly greater, 
but the wavelengths concerned with electron radia- 
tions are only small fractions of these lengths. 
This enables the high magnification. Since images 
are formed from interference of wavelength, the 
shorter the wavelength the higher the resolution 
and thus magnification. 

The greater part of this discussion will be 
devoted to optical microscopy because it is our 
most used and most convenient of metallographic 
techniques. 

Dr. Crossley will discuss the factors in- 
fluencing microstructure and optical-microscopy 
studies. Then I will discuss electron-microscopy 
studies of titanium microstructure. 

the bcc high-temperature allomorph, and compounds. 
With a single exception, the compounds are associ- 
ated with eutectoid beta a.'iitions.  The exception 
is the first intermediate phase in the Tl-Al 
system. (The weight of evidence indicates this 
to be Ti Al.) Figures 3, 4, and b show micro- 
graphs of an all alpha, an all beta, and an alpha 
plus beta plus compound alloy, respectively. Tie 
compound in Figure 5 is TiFe precipitated from 
the hypereutectoid beta phase during the furnace 
cool from 1700 F. The microstructures shown in 
Figures 3 and 4 are equiaxed as a result of re- 
crystallization of the cast structures. Alloys 
containing alpha can only be made equiaxed by re- 
crystallizing below the beta transus temperature. 
Cooling of such alloys through the beta transus 
temperature results in transformation products that 
are usually acicular in character. Such a structure 
is illustrated by Figure 6. The acicular microstruc- 
ture is variously called: basket weave, Widman- 
statten, transformed beta, transformed alpha, and 
simply acicular. 

A less commonly encountered transformation 
structure is so-called "serrated" alpha. To the 
writers' knowledge this occurs only in unalloyed 
titanium and alpha alloys. A microstructure typic al 
of serrated alpha is shown in Figure 7. The name 
derives from the irregular or serrated character of 
the grain boundaries. The serrated structures are 
formed by "massive" transformation. This is a 
process of very rapid, diffusionless growth, in 
contrast to Widmanstä'tten transformation which 
involves diffusion. (The massive transformation 
differs from martensitic transformation in that 
there is no shape change or surface relief.) 

The discussion of nonequilibrium phases 
res' Iting from intentional alloying is better 
de.erred to the section dealing with the in- 
fluence of thermal treatments on microstructure. 

FACTORS INFLUENCING MICROSTRUCTURES* 

Alloying 

Microstructural characteristics arise from 
the following; (l) alloying, (2) casting, (3) 
working, and (4) heat treating. Let us first con- 
sider alloying. The lecture on phase diagrams 
brought out that alloying elements may be classi- 
fied into four basic groups determined by the type 
of phase diagrams they form with titanium. These 
are complete tniscibility, alpha stabilizers, iso- 
morphous beta stabilizers, and eutectoid beta 
stabilizers. The eutectoid beta stabilizers may 
h» xiivided into two subgroups depending upon the 
rate of eutectoid decomposition. Binary alloys of 
silicon and copper have such rapid eutectoid de- 
compositions that compound formation 's not suppres- 
sed by air cooling. Silicon and cofi» ■ are therefore 
called fast eutectoid or compound fo;" rs. At the 
other end of the scale manganese proc; .. ;s such a 
sluggish beta that dscompositlon does . ot occur in 
hundreds of hours at temperatures below the eutectoid 
decomposition temperature. Other elements which form 
eutectoid-type systems with titanium (such as chro- 
mium, iron, and nickel) lie between these extremes. 

Equilibrium phases occurring in commercial 
titanium alloys due to intentional alloying are« 
alpha, the hep low-temperature allomorph, beta. 

Unintentional alloying or impurities also 
produce phases, or microconstituents, in titanium 
alloys. The common impurities are carbon, hydrogen, 
iron, nitrogen, and oxygen. While carbon in ex- 
cess of O.ID percent* can result in the presence 
of titanium carbid», the carbon content in com- 
mercial alloys is usually below this level. How- 
ever, carbides may be expected in titanium castings 
made in graphite molds. Titanium hydride can be 
found in some commercially pure or unalloyed grades 
of titanium since hydrogen solubility at room 
temperature is less than 100 ppm and may be less 
than 10 ppm. However, alloying additions commonly 
employed in commercial practice increase the 
solubility of hydrogen. As a consequence of this 
and of the tolerance limits imposed, titanium hy- 
dride is not usually observed in commercial alloys 
except under special conditions of alloy composi- 
tion, hydrogen content, high stress, and the 
presence of a notch. In such cases hydrogen con- 
tamination at some stage in the further fabrica- 
tion of the mill product is usually a factor. 

Iron as an impurity causes the occurrence of 
small particles of beta phase in commercially 
pure titanium or alpha alloys (such as A-110AT, 
Ti-5Al-2.5Sn). In alpha-beta alloys iron dissolves 
in the beta phase and loses its identity as a factor 
affecting the microstructure. 

* Lecture presented by Dr. F. A. Crossley. 
* All compositions are on the basis of weight 

percent. 

ir- 

■■■■:'■ ■«!* : 

^ 



.■«f.---mmifmimMmmW«-^-fi ̂ mmmillmmmmm*****^'''   * 

20 

N 22769 X2b0 

FIGURE 3.       UNALLOYED TITANIUM;   1300 F -   I HOUR* 
EQUIAXED a.     POLARIZED LIGHT. 

N 25813 X100 

FIGURE 6,*    ACIOJLAR a (LIGHT   PLATES)   ■♦   g (T1-821, 
Ti-8Al-2Cb-lTa;  MILL. ANMEALED). 

N  22777 X100 N 30106 X250 

FIGURE 4,       METASTABLE  B ALLOY;   1300 F  -   1 HOUR* 
EQUIAXED B-     (B120VCA, Ti-13V-liCr- 
3A1) . 

N 6518 X1000 

FIGURE b. a +  B +  COMPOUND STRUCTURE.    Ti-6Al-6Fe: 
1700 F  -   1  HOUR,  FURNACE OOOLED TO 
1100 F  AND HELD 24 HOURS»   [a +  B (be- 
tween a grains)  + TiFe (particles  in 
boundaries),J 

■'    hlchant:    SCpercent HF,  20 percent HNO3,  60 per- 
cent glycerin.    (The designations HF 
and HNO3  refer  to   standard  concentrated 
solutions  of   these  acids  of  49 percent 
and 70  percent,   respectively.) 

Figure  8  shows  a micrograph of  commercially 
pure   titanium (li-')'jA).     The  resolvable  second- 
phase particles  occurring at grain corners and 

FIGURE 7.*    SERRATED a.     (Ti-8.4A1;  2000 F - 4 
ilOUR-IBQ) . 

N  13811 X500 

FIGURE 8.*    UNALLOYED TITANIUM;    1470 F - 1   HOUR  - 
WATER QUENCHED,     a +  P  (RESOLVABLE GRAIN 
BOUNDARY  PHASE)  + TIM  (ACICULAR  i HASE) . 
b AND TiH DUE TO IMPURITIES OF  IRON AND 
HYDROGEN,   RESPECTIVELY. 

*    Etchant:     20 percent HF,  20 percent HFO3,  60 
percent glycerin. 

grain boundaries are beta due primarily to the  im- 
purity  iron, and the acicular microconstituent, 
appearing to emanate from grain boundaries,  is 
titanium hydride. 
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I 

Because of their high solubility in titanium 
in relationship tu their tolerance limits in com- 
mercial alloys, nitrogen and oxygen are not aosoci- 
ated with the occurrence of microconstituents ex- 
cept as they influence kinetics of precipitation 
reactions. Oxygen and nitrogen speed up the pre- 
cipitation of alpha from alpha-beta alloys heated 
above their beta transus and cooled through their 
transformation ranges. This effect is illustrated 
by Figure 9, which shows initiation of beta to 

alpha transformation for a series of Ti-llMo alloys 
of oxygen contents from <0.02 to 0.55 percent. 
Also, an acicular phase has frequently been ob- 
served in metastable beta alloys cooled rapidly 
from temperatures high above the beta transus. 
This phase tends to come out in subgrain boundaries 
as shown in Figures 10 and 11. This acicular pro- 
duct is associated with high oxygen and nitrogen 
content. This phase is apparently alpha.^' 

Casting 

Microstructural features that may result from 
melting and casting operations derive primarily 
from segregation. Occasionally, or perhaps rarely, 
insoluble inclusions of molybdenum may be en- 
countered. 

Working 

Ingot breakdown may be by forging, rolling, 
or extrusion. Microstructural features that may 
result from primary fabrication are the distribution 
of segregation, or of impurity phases, and preferred 
orientation such as may occur in rolled strip. 

Secondary fabrication, such as hot and cc'ld 
forming operations, is applied to parts varying 
in size or thickness from heavy forgings to thin 
sheet. 

Let us consider the microstructural changes 
wrought by hot-working alpha-beta alloys. Such 
alloys in the as-cast state have the acicular 
structure shown in Figure 6. When this structure 
is worked at temperatures below, but close to, the 
beta transus it is progressively converted to an 
equiaxed microstructure in the manner suggested by 
the series of micrographs in Figure 12. It appears 
that nuclei of alpha form and grow into equiaxed 
grains at the expense of the beta matrix (see 
Figure 12a). At some point as working continues, 
beta grains as well as alpha grains are nucleated 
and eventually an equiaxed alpha-beta structure 
results, as shown by Figure 12c. Since these 
^spgcimens were air cooled from the forging tempera- 
ture, the grains which were all beta at temperature 
transformed to acicular alpha in a beta matrix. 

Alpha-beta allovs containing high aluminum 
content do not readily recrystallize. Hot working 
substantially below the beta transus temperature 

produces a sequence of microstructures as sug- 
gested by the micrographs in Figure 13. Under 
these conditions transformation from acicular to 
equiaxed proceeds differently than as described 
above. Upon working, the alpha plates grow, and 
colonies rotate in the direction of working. When 
sufficient work is introduced, recrystallization 
begins with the nucleation of alpha and beta grains, 
the microstructures exhibiting a progressive 
spheroidization of the beta phase. Low-temperature 
hot working produces very small grain size as 

i*.v,.,v..   .. i »SMa~iimtiam>uimmf"-n 
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FIGURE 9. 

10 
Tim« In Mmult« 

COMPARISON OF CURVES FOR  INITIATION 
OF  VISIBLE TRANSFORMATION  IN Ti-llMo 
ALLOYS WITH VARIOUS OXYGEN OONTENTS» 

N 8365 X750 

FIGURE 10.  ß WITH MICROOONSTITUENT WHICH AP- 
PARENTLY IS o. (Ti-10Mo-10V; 2010 F 
24 HOURS - AC.)* 
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N 22028 X250 

FIGURE 11.  ß WITH MICROOONSTITUENT WHICH AP- 
PARENTLY IS a.  (B120VCA, Ti-13V-llCr- 
3A1.)* 

Etchant: 20 percent HF, 20 percent HNO3, 60 per- 
cent glycerin. 
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FIGURE   12. 0-6 ALLOY  (Ti-7Al-3Mo) .     CHANGE  IN 
MICROSTRUCTURE FROM WIDMANSTATTEN, OR 
ACICULAR, TO EQUIAXED WITH  PROGRESSIVE 
FORGING REDUCTION AT   1800 F. 
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FIGURE   13.» a-fct ALLOY  (Ti-7Al-3Mü).     CHANGE  IN 
MICROSTRUCTURE FROM WIDMANSTATTEN, OR 
ACICULAR, TO EQUIAXED WITH PROGRESSIVE 
FORGING REDUCTION  AT   1650 F. 

Etchants    20 percent HF,  20 percent HNO'3, 
60 percent glycerin. 

22 
inüicateU by Figure 13c. Comparison of Figure'., 12 
and 13 Indicates that cunr>iderably more reduction 
mu'jt be accomplished at the lower temperature in 
order to achieve primary recrystallization during 
hot working. However, unrecrystallized structures 
containing sufficient work readily recrystallize 
upon solution heat treating at temperatures and 
for times usual in commercial practice. Figures 
12 and 13 suggest the wide variation in micro- 
structures that may obtain in a forging when there 
is wide variation in reduction from one point of 
it to another.  It should be borne in mind that the 
microstructure developed by working depends not 
only upon the temperature out of the furnace and 
the amount of reduction, but also the size of the 
workpiece in relation to the work tools; that 
is, the amount of heat extracted from the workpiece 
during fabrication. 

Heat Treatment 

Stress-relief anneal, generally in the 
temperature range from 1000 to 1400 F, does not 
usually cause a change in the microstructure of 
titanium alloys. Annealing of worked alloys at 
higher temperatures causet recrystallization and 
grain growth and, in the case of alloys consisting 
of more than one phase, causes redistribution of 
the phases present. A final heat treatment above 
the beta transus will reproduce the acicular micro- 
structure. As may be inferred from the above dis- 
cussion of the conversion from acicular to equiaxed 
microstructure by hot working, high-temperature 
anneals below the beta transus produce little 
change in coldwork-free acicular structures beyond 
coarsening of the plates. 

Grain growth above the beta transus is very 
rapid; and heating above the beta transus in- 
variably produces a very coarse prior beta grain 
size. A fine beta grain size can be produced only 
by subjecting material to high deformation rates 
just above the beta transus, for example, by ex- 
trusion. The fineness of the acicular product is 
determined by the rate of cooling, the width of 
the alpha plates increasing with decreasing cooling 
rate as shown by Figure 14. 

Employment of temperatures between those used 
for stress relief and the beta transus is usually 
for the purpose of solution heat treatment prepara- 
tory to age hardening. Age hardening of commercial 
alloys is based upon precipitation of alpha from 
beta. Alloys containing small additions of beta 
stabilizers or weak beta stabilizers (such as Ti- 
8AI-IM0-IV or Ti-6A1-4V, respectively) must be 
rapidly quenched from high in the alpha-beta field 
in order to retain beta. More heavily beta stabi- 
lized alloys (such as Ti-7Al-4Mo) have good harden- 
ing response upon air cooling. Solution heat 
treatment of alpha-beta alloys for hardening pur- 
poses is never done above the beta transus because 
of the unfavorable effects this has on mechanical 
properties. Figure 15 shows micrographs of an 
alpha-beta alloy (Ti-7Al-3Mo) in the solution 
heat treated and in two aged conditions. 

An all "beta" (actually metastable beta) al- 
loy would be aged from a solution heat treatment 
in the beta field. Micrographs of a metastable 
beta alloy in two aged conditions are shown in 
Figure 16. These may be compared with the solution 
annealed condition of the metastable beta alloy 
shown in Figure 4. 

-i^L-_^_ 
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FIGURE   14.       INFLUENCE OF HEAT TREATMENT ON THE 
WIDTH OF  a PLATES  IN  ACICULAR a-p 
ALLOY  (Ti-7Al-3Mo)* 

N 14053 
(b) 

X7W 

Solution hut trutod ISOO'r- 
l hr-W). <i + ntainod s («•- 
Jntlty phM*). 

Structure at Uft <|«I lOOO'r- 
24 hr-AC.  a + undtrigtd B. 

f 

■ um 
(c) 

X750 

FIGURE  15. 

Solution hut trutod «ad t*i 
I500*r-1 hr-KJ,  l0W*r-24 hr- 
AC. a 4 ovamtod 0. 

INFLUENCE OF HEAT TREATMENT ON 
EQUIAXED a-H  ALLOY (Ti-7Al-3Mo)* 

Etchant: 20 percent HF, 20 percent HNO3, 
60 percent glycerin. 

N 20166 xiooo 

AR»d »00'P-20hr. « ♦ «i ♦ a. 

SIOM 
(k) 

A«<d  1000'F-2O hr,   1-   .. 

FIGURE   16.       AGED CONuIT IONS OH MLTASTABLE  ß ALLOY 
(B120-VCA,  Ti-13V-llCr-3Al)« 

The wide range of microstructures  that can  be 
achieved  in a single alloy by  the  combined effects 
of  hot working and heat treatment  is   indicated by 
Figures   17  and  18.     These  figures  show  the  same 
microstructures at magnifications of   100X  and 500X, 
respectively.    Actually,  these micrographs repre- 
sent minor compositional  variations  on  the  basic 
composition Ti-7Al-2Cb-lTa,   but these   -light compo- 
sitional  variations  are  of  no  significance   in  terms 
of  the  point  illustrated.    The  Ti-7Al-2Cb-lTa alloy 
is a predominantly alpha alloy.    In such alloys  the 
amount of beta-stabilizing additions  is  limited 
either to improve high-temperature creep resistance 
or to permit weldability.    A combination of  two 
sub-beta  transus rolling  temperatures  and  several 
solution annealing temperatures above  and below the 
beta transus produced microstructures ranging from 
coarse-grained acicular alpha-beta   to   incompletely 
recrystallized, essentially  all alpha.    Figures 
17  and   18  show,  from  left  to  right  and  from top 
to bottom,   a  progression  of  microstructures  as 
followsi     (A)  coarse-Qrained acicular alpha-beta, 
(B)   fine-grained acicular alpha beta,   (C)   fine- 
grained acicular alpha beta  plus blocky alpha,  (D) 
acicular alpha beta  plus equiaxed alpha,   (E)  acicular 
and  unrecrystallized  alpha  beta  plus equiaxed alpha, 
(F)  equiaxed alpha plus unrecrystallized acicular 
alpha plus beta,  (G)  equiaxed alpha beta,  (H) equi- 
axed alpha,  (I) equiaxed plus unrecrystallized alpha, 
and  (J)  equiaxed plus unrecrystallized alpha. 

In order to round out  this review of micro- 
structural varieties  in titanium alloys,   let us 
consider  the products  resulting  from quenching 
from above  the beta  transus  a  series of binary 
alloys  involving a beta-stabilizing addition.    The 
variation   in hardness  of  the  quench  products  of  such 
a  series  of  alloys   is  shown  schematically   in Figure 
19.    The diagram indicates the structures  that are 
associated with the various hardness   levels.    The 
sequence with  increasing beta  stabilizer  content  is 
as  follows:     alpha plus  alpha prime/alpha  prime/ 
alpha  prime plus beta  plus  beta prime/beta  plus 
beta prime/beta. 
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FIGURE   17.     REPfifiSEiJATIVE MICROSrRUCIURES 

(Original  magnification XlOO). 

K'^lÄLt: v ■ * 

FIGURE   1«.     SAME MI CRC STRUCTURES  AS  FIGURE   17 AT 
HIGHER MAGNIFICAIIÜN 

(Original   magnification   XbOO). 

£*a'a' a'*ß*ß'ß*ß'   ß 

I               '       '        ' 

Amount   Beta   Stabilizer—» 

FIGURE   19.     SCHEMATIC REPRESENTATION OF  RELATIVE 
HARDNESS  AND MICROSTRUCTURAL CONSTI- 
TUENTS RESULTING FROM QUENCHING FROM 
Uli: HEIA  IIIAMIUM BINARY   ALLOYS OF PRO- 
GRESSIVELY  HIGHER BETA  STABILIZER CON- 
1ENI. 

Alpha prime  and beta prime  are  nonequi1ibrlum 
pha'ie'-..     The  former  is  the  result  of  diffusion lev , 
or shear,   transformation,  and  is,   therefore,  a mar- 
tensltic product.     It is hexagonal, with a   lattice 
parameter differing  from that of  equilibrium alpha 
due   to  supersaturatlon.    A typical  alpha  prime 
mlcrost.ructure  is  shown  in Figure  20. 

N 7613 X250 

FIGURE 20. MARTENSITIC, OR a', MICROSTRUCTURE 
PRODUCED BY WATER QUENCHING Ti-7Mo 
ALLOY FROM 1800 F* 

Beta prime, also called omega phase, does not 
always occur among the quench products of binary 
beta-stabilized systems. That is, it can be sup- 
pressed in the quench products, but can form upon 
low-temperature aging of the beta retained by 
quenching.  In such cases the sequence after alpha 
prime is; alpha prime plus beta/beta. Although 
beta prime cannot be suppressed by rapid quenching 
of some alloys it is, apparently, a nucleation and 
growth product. It is a transition phase between 
metastable beta and equilibrium alpha. It Is sub- 
microscopic and, therefore, is not discernible by 
optical microscopy. Its presence is indicated by 
an abnormally high hardness associated with a 
structure that appears to be retained beta, and 
confirmation may readily be obtained by X-ray dif- 
fraction.  Its structure may be indexed as cubic 
with the lattice parameter being about three times 
larger than that of bcc beta. It is coherent with 
the matrix and is associated with brittleness . 
Metastable beta in which beta prime is suppressed 
by quenching may form martensite when subjected to 
cold deformation. 

Alpha-beta alloys cooled from above the beta 
transus transform to alpha by nucleation and growth 
unless cooling is sufficiently rapid to suppress 
such transformation to temperatures below the mar- 
tensite start temperature, in which case shear 
transformation occurs. Therefore, the kinetics of 
transformation can be characterized by conventional 
time-temperature-transformation, i.e., TTT charts. 
Such charts are usually determined for conditions of 
isothermal quenching from above the beta transus. 
The products of such transformation are acicular 
and are unlike the microstructures usually en- 
countered in commercial alloys. Micrographs of a 
Ti-7Mo alloy at various stages of isothermal trans- 
formation are shown In Figure 21. 
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FIGURE 21.    MICROGRAPHS OF Ti-7Mo ALLOY   ISO- 
THERMALLY  TRANSFORMED AT  1290 F 
(700  C) 

Fast beta eutectoid additions are not made 
to titanium alloys  in  sufficient amounts for a 
compound phase to be produced under the conditions 
of their recommended usage.    However,  for the sake 
of  completeness,  micrographs  of  alpha-plus- 
compound structures  are  shown  in Figures 22 and 23. 
Figure 22  shows Ti5Si2   in  the  boundaries  between 
coarse acicular alpha plates.    Figure 23 shows an 
equiaxed structure of Ti2Cu in an alpha matrix. 
The distributions of Ti^Siß and Ti2Cu resulted 
from the eutectoidal decomposition of  the beta 
phase of prior Widmanstatten and equiaxed alpha- 
beta structures,   respectively. 

Unless precautions are  taken, oxygen or 
hydrogen contamination,   or both, may occur during 
heat treatment.    Hydrogen pickup may occur in de- 
scaling or pickling operations  if recommended pro- 
cedures are not followed.    Heating titanium alloys 
in air at temperatures above  1200 F produces en- 
richment of the surface  layers  in oxygen.    Since 
oxygen is an alpha  stabilizer,  this causes an in- 
crease in the relative amount of alpha just below 
the surface  in alpha-beta alloys.    This condition 
is callsd "alpha case",  and may be observed by 
optical microscopy as  shown by Figure 24.    To avoid 
detriment to mechanical properties surface  layers 
should be removed to a depth in excess of the 
alpha case.    As pointed out in earlier discussion 
(refer to Figure  9),  oxygen accelerates  transforma- 
tion altering times and temperatures of  the nose 
of TTT curves.    Consequently,  oxygen contaminated 
material may give unexpected results when given a 
conventional heat treatment. 

It is possible to pick up hydrogen  in cer- 
tain (taboo)   operations - for example,  pickling  in 
reducing acids such as HF or H2S0^ - in amounts 
sufficient to be readily detected by optical 
microscopy.    Because of  the high diffusion rate of 
hydrogen in titanium even at room temperature, 
removal  of surface  layers  in such cases will 
probably not be enough.    The hydrogen may be re- 
moved by annealing at temperatures above  1200 F 
under dynamic  vacuum. 

N 7508 X750 

FIGURE 22. a 1- O0MPOUND Ti^Sio.    CONDITION PRIOR 
10 EUTECTOID DECOMPOSITION WAS ACI- 
CULAR a +  P.  (Ti-6Al-lSi;   1560 F  - 3 
HOURS -  AC.)* 

N  11582 X750 

FIGURE 23. cr+ COMPOUND Ti2Cu. CONDITION PRIOR 
TO EUTECTOID DECOMPOSITION WAS EQUI- 
AXED a + &. (Ti-6Al-3Cu; 1560 F - 4 
HOURS -  AC,   1020  F - 24 HOURS - AC.)» 
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FIGURE 24. OXYGEN CONTAMINATION DURING HEAT 
TREATMENT PRODUCED AN a CASE, i.e., 
a  PRECIPITATE IN P AT SURFACE OF A 
METASTABLE 0 ALLOY (B120-VCA, T1-13V- 
llCr-3Al)* 

* Etchant: 20 percent HF, 20 percent HNO3, 
60 percent glycerin. 
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MHTALLOGRAPH IC MEANS 

Optical Microscopy 

Optical microscopy because of its ease and 
convenience is the general-purpose metallographic 
tool. It is no less useful in titanium metallurgy 
than for other metal systems.  In fact, because the 
crystal lattice of the low-temperature allomorph, 
alpha, is anisotropic, more information can be 
obtained from optical microscopy than in the case 
of bcc or fee metal-base alloys if one includes 
examination under plane polarized light as well 
as the more generally used bright field illumina- 
tion. Once the relationship between microstructure 
and mechanical properties is established for a given 
alloy, optical microscopy is the first-line tool 
of investigation for seeking the reason(s) for ab- 
normal mechanical properties. Optical microscopy 
can give information on the following: fineness 
and distribution of alloy phases, chemical homo- 
geneity, presence and distribution of impurity 
phases, surface contamination, and quality control 
in fabrication and heat, treatment. 

Examination under plane polarized light is 
useful for differentiating between optically active 
alpha and non-opticaily active beta. It may be 
noted that alpha grains oriented with the basal 
plane (which is Isotropie) in the plane of polishing 
will behave like uniaxial crystsls; that is, they 
will not show optical activity when rotated under 
plane polarized light.  Also, it should be noted 
that not all metallurgical microscopes equipped with 
polarized light provide essentially plane polarized 
amounts of oiliptically or circularly polarized 
light. Metals with uniaxial crystal structures 
Mich as fee or bee give complete extinction at all 
rotational positions under plane polarized light 
provided the surface is properly pre-ired so that 
it Is free of films, flowed metal, or submicro- 
scopic etch pits. When the polarized light contains 
significant components of circularly or ellipti- 
cally polarized light, Isotropie crystals will not 
give complete extinction. However, they may be 
distinguished from anisotropic crystals by the fact 
that they do not "flash" under rotation. Examina- 
tion under polarized light is best done with 
specimens in the'unetched condition, as free from 
surface effects and features as it is possible to 
produce. For this purpose final surfacing by 
eleetropolishing is preferable to mechanical 
polishing. 

In many cases grain size of alpha or pre- 
dominantly alpha alloys is more reaJily determined 
from the polarized light image than from the bright 
field image. Also, the prior beta grain size of 
acieular structures of such alloys may be more 
readily discerned by viewing under polarized light. 
A qualitative estimate of the degree of preferred 
orientation in alpha or predominantly alpha alloys 
may bo made by observing the number of grains that 
simultaneously flash when the specimen is rotated. 
An example of how polarized light may be used to 
assist in the interpretation of microstruetures 
is given by the two micrographs in Figure 25. 
Figure 25a shows the bright field image of a 
specimen of Ti-7.1A1 alloy cold worked and annealed 
at 1470 F for 200 hours.  The specimen was electro- 
polished but not etched.  The bright field image 
indicates that two phases are present. However, it 
may be noted from the polarized light image of the 
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FIGURE 25. MICROSTRUCTURE OF a  ALLOY (Ti-7.1A1; 
1470 F - 200 HOURS - IBQ) IN THE 
UNETCHED CONDITION AS SEEN UNDER 
BRIGHT FIELD AND POLARIZED LIGHT 
ILLUMINATION. 

same field that several grains of each of the ap- 
parent phases of the bright field image are encom- 
passed in a region of the same orientation - that 
is to say, within a single grain as seen by 
polarized light. This can only mean that the 
specimen is single phase and that the bright field 
image is the result of chemical heterogeneity 
established somewhere in the working or thermal 
history of the specimen. This heterogeneity was 
not completely eliminated by the final heat treat- 
ment. In this case, the material was vacuum 
annealed in the alpha-plus-beta phase field in 
order to remove hydrogen prior to cold working. 
During the vacuum annealing treatment two phases 
were present, alpha and beta; however, the beta 
transformed to alpha upon cooling. Since no 
significant diffusion of aluminum occurred during 
cooling, the transformation product alpha and 
the equilibrium alpha differed in aluminum content 
by an amount equal to the separation between the 
boundaries of the alpha-beta field, i.e., about 
2.5 percent. After cold working this compositional 
difference did not prevent the migration of grain 
boundaries during the annealing treatments. 
Therefore, a microstructure results which gives 
bright field and polarized light images that 
apparently do not agree. It is the polarized light 
image that presents the true state. 

Segregation may be evaluated by solution 
annealing just below the beta transus. The ratio 
of alpha to beta or the absence of alpha gives 
a qualitative evaluation of the degree and distri- 
bution of chemical heterogeneity. 

One must be very cautious in preparing 
titanium specimens for microscopic examination, 
beginnini-j with cutting of a specimen from the bulk 
material. Cutting may be done by sawing or 
abrasive cut off. Titanium, particularly alpha, 
is susceptible to working effects (twinning). 
Since working effects may extend significantly 
below sawed surfaces, care must be taken to remove 
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sufficient rmterial in rough grinding to expose 
unaffoctod material. The abrasive cutting of ti- 
tanium generates cunsiderable heat. Therefore, 
liberal cooling fluid should be provided so that 
the risk of altering the microstructure through 
thermal effects is minimized. 

Consideration must be given to the method 
of mounting specimens in relation to the structures 
to be viewed. Heating effects in the use of 
thermosetting mounting mr ----"rials may cause altera- 
tions in the microstruc+ure. For example, if 
hydride distribution i; of interest, heating may 
cause solutioning and precipitation in a different 
configuration; or metastable retained beta may 
start to age. If there is any suspicion that heat- 
ing effects may alter the structure of interest, 
then the specimens should be left unmounted or 
mounted in a room-temperature setting material. 

r.. 
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FIGURE 26. Ti-^V-O^tle; 1650 F - 1 HOUR - WQ, 
570 F - 24 HOURS - AC. LEFT:  POOR 
SPECIMEN PREPARATION, FLOWED SURFACE 
AND OVERETCHED. RIGHT: REPOLISHED 
TO REMOVE FLOWED SURFACE AND PROPERLY 
ETCHED* 

I 

Because of  the difficulty in preparing sur- 
faces  free of flowed metal, electropolishing  is 
frequently employed as  the final polishing step. 
Although  it  is possible to prepare surfaces  free 
of  flowed metal by alternating mechanical polish- 
ing with etching or by mechanically polishing and 
etching  simultaneously by wetting the cloth with a 
suitable agent,  structures should be judged with 
a very critical eye.    If there is any  suspicion 
that the  image  is erroneous or misleading,  then 
repolish forthwith.    Figures 26 and 27 give 
examples of unsatisfactory micrographs  together 
with satisfactory micrographs of the same speci- 
men.    Figures 26a    and 27a    show micrographs which 
appear "true"  and,  therefore,  acceptable.    However, 
they  lacked clarity.    Therefore,  the  specimens 
were repolished and etched to produce  the micro- 
graphs  shown in Figures 26b and 27b, which are very 
clear  indeed.    This  lesson can bear repeating;  be 
wary of microstructures which lack clarity.    The 
less authentic micrograph resulted from a combina- 
tion of flowed metal on the surface of the 
polished  specimens and overetching in the attempt 
to remove  the flowed metal.    Although Figure 26a 
appears  to be underetched, attack of some of  the 
TiBe (or Ti^Beo)   particles indicates that etching 
was  sufficient. 

There should be a constant awareness  that in 
general what we accept as the microstructural  fea- 
tures of a specimen are merely reflections of 
the manner in which the polished specimen has been 
chemically attacked-by the etchant employed.     In 
cases of certain titanium-base compositions, 
composition of the etchant can have a profound in- 
fluence on the  image produced,  as illustrated by 
Figure 28.    The  same  specimen is represented  in 
both micrographs.    The micrograph in Figure 28a 
resulted from etching with freshly prepared 20 
percent concentrated HF, 20 percent concentrated 
HN0„,  and 60 percent glycerine, and gives con- 
vincing evidence  that a fine uniformly distributed 
precipitate is present.   On the other hand, the 
micrograph  in Figure 28b resulted from etching 
with a solution of 2 cc concentrated HF, 6 cc con- 
centrated HN0„,  and water to make 100 cc,  and gives 
not the least suggestion of the presence of a pre- 
cipitate.    On     le basis of Crossley's recent in- 
vestigation of  the titanium-rich end of the Ti-Al 
equilibrium diagram,  the single-phase  structure  is 
the  "true" one.v^)    Because of the high concentra- 
tion of  acids,  the glycerine-base etchant is 
faster acting than the aqueous-base etchant. 

FIGURE 27.       Ti-4V-0.75Be;   1380 F - 24 HOURS - WQ, 
1100 F - 24 HOURS - AC.    LEFT:     POOR 
SPECIMEN PREPARATION,  FLOWED SURFACE 
AND OVERETCHED.    RIGHT;     REPOLISHED 
TO REMOVE FLOWED SURFACE AND PROPERLY 
ETCHED* 
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FIGURE 28. EFFECT OF ETCHANT OOMPOSITION ON 
STRUCTURE PRODUCED IN AN a ALLOY 
(Ti-7.8A1;   1650 F - 48 Hours -  IBQ. 

*    Etchant:     20 percent HF, 20 percent HNO3, 
60 percent glycerin. 
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Apparently the  precipitation effect Is caused by 
the development of a  profusion of etch pits.    That 
this etchant does not usually have  this effect  is 
Indicated by the number of micrographs presented 
herein which  involved Its use.    Perhaps  the etch 
pits are  sites of clustering or some type of  pre- 
preclpitatlon phenomenon.    If  this be  the case, 
then the clean micrograph  is to be preferred as 
being more representative,   for such zones would be 
submicroscopic, 

Overetching is a common tendency in titanium 
microscopy.     It  is recommended that initial etching 
time be not greater  than 5 seconds.    If examina- 
tion should  indicate   that more etching time  is 
desirable,  then proceed cautiously.    However,  deep 
etching of such  severity  that would normally be 
considered overetching can serve a very useful 
purpose.    It has been found that particles of  the 
embrittling phase TI3AI (maximum dimension about 
1  \i.)  occurring  in experimental alpha alloys con- 
taining sufficient aluminum can be revealed bv 
deep etching.    Figures 29 and 30 show particles  of 
TI3AI   in  the grain  boundaries of Tl-Al alpha alloys. 
Swabning with Kroll  etch, 2 percent HF,  6 percent 
HNO3, aqueous solution,  for 30  to 60 seconds 
brings out  the Ti3Al  particles. 

Figure 31a  shows what appears to be a pre- 
cipitate phase  In an alpha alloy containing tin 
(Tl-5.2Al-2.5Sn;   1290  F  - 500 hour - IBQ»). 
Actually the  fine particles were electrochemlcaily 
displaced from the Kroll etchant.    The particles 
can be removed by  Immersing in nitric add;  how- 
over,  this  leaves pits at the particle sites. 
Figure 31b show<;   the  same specimen re-electro- 
po 11 shed and etched by swabbing for 60  seconds 
with 0.5 percent HF,   1.5 percent HNO3,  balance 
saturated  aqueous   solu'.lon  of  citric  add, 
followed by swabbing for 60 seconds with saturated 
citric add solution.    The citric add suppresses 
electrochemical deposition,  but does not entirely 
elimincita  It;  consequently, post-etch swabbing 
with saturated citric add  solution  Is necessary 
to  remove   traces  of   spurious precipitate.     Im- 
mersion  In  the etch  solution rather than swabbing 
results in considerably more  than trace amounts 
of precipitate.    The citric add apparently holds 
tin - the  supposed precipitate - In solution by 
iorming a  complex   ion.     Finally,  an  alpha alloy 
containing  tin which   Is  believed  to have TI3AI 
present  Is  shown   in  Figure  32. 

28 

IBQ -   Ice-brine  quench. 

N 29906 X1000 

FIGURE 29.      PARTICLES OF ^Al   IN GRAIN BOUNDARIES 
OF a ALLOY  Ti-4.7A1 STRESS AGED AT 
1020 F  -   1000 HOURS - 5000 PSI* 

FIGURE 30. 

■      ■ 

FIGURE 31. 

I 

N 30032 X1000 

PARTICLES OF Ti3Al IN GRAIN BOUNDARIES 
OF a ALLOY  T1-8T7A1  ANNEALED 1290 F - 
500 HOURS -  IBQ* 

Ti-5.2Al-2.5Sn  a ALLOY ANNEALED; 
- 500 HOURS  -  IBQ 

1290 F 

(a)  Etching by  immersion in Kroll 
solution for 30 seconds resulted in   . 
electrochemical deposition of particles 
believed to be  tin.     (b)  Same specimen 
after re-electropolishing and etching by 
swabbing for 60  seconds with 0,5 percent 
HF,  1.5 percent HNO„,  balance  saturated 
aqueous  solution of citric acid,  followed 
by swabbing for 60 seconds with saturated 
citric acid solution to remove traces of 
electrochemically deposited precipitate. 

*    Etchant:    Kroll etch applied for 30  to 60 
seconds. 
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N  30233 X1000 

FIGURE 32.     Ti-7.6Al-2.6Sn ALLOY ANNEALED:     111C F 
-  1000 HOURS -   IBQ.     ETCHED BY  SWAB- 
BING FOR 60 SECONDS WITH 0.5  PERCENT HF, 
1.5 PERCENT HNO ,  BALANCE  SATURATED 
CITRIC ACID SOLUTION,   FOLLOWED BY  SWAB- 
BING FOR 60 SECONDS WITH  SATURATED 
CITRIC ACID SOLUTION.     Ti   Al   PARTICLES 
IN BOUNDARIES OF a GRAINS. 

ELECTRON MICROSCOPY* 

Now that you have examined the microstructure 
of  alpha,  alpha-beta,  and beta-titanium alloys by 
optical microscopy, why do we need to use  the 
electron microscope?    As you will  recall,   the 
optical microscope can only resolve  to the  limit 
of visible  light.    This is still  1000's of atoms 
in size.    If you recall the unit hexagonal cell 
of  alpha titanium described previously,  it would 
take  10 raised to the power of 23 the number of 
those unit cells to make up just one cuuic  inch of 
titanium. 
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In titanium alloys, the electron microscope 
is more capable of studying the micro-micro range 
of unit structure. These would include aging 
effects, interstitial effects, martensite trans- 
formations, deformation studies, and other submicro- 
scoplc phenomena, such as the precipitation pheno- 
menon. 

The electron microscope has a theoretical 
resolving power approximately 1000 times greater 
than the optical microscope. Therefore, its 
usefulness lies in the realm of microstructural 
constituents of fineness beyond the resolution 
capabilities of the optical microscope. As a 
matter of comparison, let us examine the basic 
construction of the microscope as compared to the 
optical microscope. In Figure 33 we see the op- 
tical path in both systems. In the optical micro- 
scope, magnification is obtained from optical 
glass lenses; while in the electron microscope, 
the lenses are electromagnetic coils focusing in 
and out in concentric circles. The wavelength of 
the electron source is 0.01's of an A, whereas 
Jhe optical microscope is limited to 2000Ä - 3000 
A. In Figure 34 we see the actual Hitachi electron 
microscope. 

""^SSms, 

Lecture presented by R, E. Herfert, 

FIGURE 34 

Basically, there are two approaches to study- 
ing the microstructure of titanium with the electron 
microscope. Lower magnification studies, <50,000 
times on bulk samples, are performed with the use 
of replicas. A specimen which has been properly 
polished and etched by conventional metallography 
may be replicated by methods described in Figure 
35. A liquid plastic coating is laid on the 
specimen in question. After hardening, it is 
carefully removed. It is then shadowed at an angle 
with a metal to a thickness of 50 A to 75 A and 
then coated with carbon to 200 A thickness for 
support. Actual oxides may be used or even- direct 
carbon as replicas. In both of these cases of 
carbon and oxide replicas, it is necessary to 
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FIGURE 35 

dissolve away the matrix by etching, thus de- 
stroying the sample. To iilustrate this, the 
following microstructures were obtained from 
plastic replicas. First let us review the optical 
microstructure of unalloyed, commercially pure 
titanium (Figure 36). In the equiaxed grain 
structure, we observe only grain boundaries and 
grain configuration. This particular slide shows 
the effect of thermal treatment in and near the 
beta transus. The same microstructure under the 
electron microscopy is shown in Figure 37. The 
structures and symmetrical patterns which are 
observed are a result of the etching effect of 
acids en the grain. This is a result of the 
particular crystallographic orientation of the 
grain. The alpha alloys, such as commercially 
pure titanium shown here, offer very little other 
than such etching effects microstructurally. The 
alpha dlloys containing beta offer more characteris- 
tic changes since phase transformation as well as 
orientation effects are present. Figures 38 and 
39 show low magnification optical photographs of 
the Ti-8Al-lMo-lV alloy heated above the beta 
transus and below. The electron microscope, 
affords a good view of the two structures of the 
super-alpha Ti-8Al-lMo-lV alloy (Figure 40). Note 
the beta particles on each photomicrograph. The 
matrix is alpha-titanium. The difference in par- 
ticle appearance is related to processing variables 
during rolling. Note the martensitic structures 
within the grain. 
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5000X  Krolls Etchai.t Two Stage Replica 

FIGURE 40. MICROSTRUCTUHE OF DUPLEX-ANN-: ^LED 
Ti-8Al-lMo-;V. 

We ha've already seen the super-alpha alloy 
ri-8Al-lMo-lV microstructure and the alpha-titanium 
microstructure. What happens as we diffusion bond 
those metals together?  In Figure 41 we see the 
Ii-SAl-lMo-lV at the top with the characteristic 
alpha and beta struct' re.  The beta stabilizing 
elements have now diffused into the alpha titanium 
creating beta particles as shown.  The original 
"lumpy" structure of Upha titanium is L,till 
evident. 

, Ti-8-1-1 

FIGURE 41. MICROSTRUCTURE OF DIFFUSION-BONDED 
Ti-8Al-lMo-lV AND ALPHA TITANIUM 
INTERMEDIATE. 

How do we know the beta-stabilizing elements 
molybdenum and vanadium have moved into the inter- 
face? We use a tool which has come into existence 
in the past 3 to 4 years called an electron 
microprobe. This instrument is an electron micro- 
scope which uses the electron beam to create 
secondary radiation from the sample characteristic 
of the elements present. This secondary X-ray 
radiation is then dispersed into wavelengths 
typical of each element present. The intensity 
of this radiation is proportional to the amount of 
the element present. This beam can be focused 
down to a 0.5 p. (4/100,00.0 inch, or 40 micro- 
inches) spot and thus be able to chemically analyze 
microstructural details. As an example of its 
use (Figure 42), we can now see how the joined 
area may be analyzed. It is apparent here how 
the two beta-stabilizing elements have dispersed 
around the interface. 

Another very important area where the elec- 
tron metallography method is very useful is 
studying the heat-affected zones in weldments. 
Figure 43 shows a series of photographs taken 
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■FIGURE 42.  ELECTRON MICROPROBE ANALYSIS OF 
DIFFUSION-BONDED 1i-8Al-lMo-lV PURK 
TITANIUM IMTERMEDIATE 

Fusion Zone 

FIGURE 43. MICROSTRUCTURE OF Ti-8Al-lMo-lV FUSION 
WELD. PARENT METAL P-  FUSION ZONE 
(85 v  INCREMENTS) 

from the parent metal througl the hsat-affected 
zone (HAZ) into the fusion zone of a fusion weld 
in the Ti-SAl-lMo-lV alloy. Hero can be seen 
the transformation of alpha plus beta to aci- 
cular alpha and transformed beta. You will 
recall from the previous figure, transformation 
was initiated in the inside of the particles. In 
Figure 44 (in a spot weld) w? see transformation 
initiated from the outside of the particle in- 
ward. These transformations are not discernable 
at optical microscopy levels. 

The super-alpha alloy Ti-8Al-lMo-lV was 
originally considered to be a major material fcr 
applications on the SST. This was mainly due to 
its high-temperature creep properties. However, 
as studies proceeded on this material, an em- 
brittling phenomenon was encountered. This was 
evidenced by a change in microstructure after 
long-thermal exposure. Figure 45 shows the micro- 

structures resulting from long-time at tempera- 
ture exposures. Note the transformation of alpha 
initiating inside the beta particles. This is 
shown to be much moie dramatic in the next 
Figure, 46. The transformation product actually 
has a very fine needle-like structure. Simul- 
taneously with this process, a different mechanism 
is reacting; that is, a precipitation or a nu- 
cleation of a super-lattice phase TiaAl. This 
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(4) (5) 

FIGURE 44. M1CR0STRUCTURE OF Ti- 
WELDED PARENT METAL— 
(8b n   INCREMENTS) 

Fusion Zone 

8AI-IM0-IV SPOT- 
—»FUSION ZONE 

This brings our discussion to the last ap- 
plication of electron microscopy; that is, trans- 
mission electron microscopy. Here an actual 
specimen of the bulk0material is thinned down to 
a thickness of 1000 A to 5000 A, a few micro 
inches, by chemical etching or electrolytic thin- 
ning. The electron beam is actually passed 
through the structure and resulting patterns are 
obtained which are a result of the electrons 
interacting with imperfections in the crystal. 
Here magnification can extend into several million 
times. In fact, most recent work has shown a re- 
solution down to two atoms thickness, 2.4 A. 

The resulting microstructure for an aluminum 
specimen deformed in tension is shown in Figure 47. 
Notice the dislocation network. It is fairly 
regular and appears to be forming networks which 
are called subgrains.  In the case of titanium, 
this is far from the situation present. The 
complexity of the deformation mechanisms in an 
HCP metal makes interpretation of the dislocation 
processes very complex. 

As Duplex Annealed 
1000 hxs 600 F 
Parent Metal 

1000 hrs 700 F 
Parent Metal 

Heat-Affected Zone Heat-Affected Zone 

FIGURE 4rj. MICROSTRUCTURE OF Ti-8Al-lMo-lV SPOT 
WELDED - 1000 HOURS  THERMAL TREATMENT 
PARENT METAL »HEAT-AFFECTED ZONE 

FIGURE 46.  MICROSTRUCTURE OF DUPLEX-ANNEALED 
Ti-8Al-lMo-lV PLUS 1000 HOURS AT 700 F 

will be discussed in more detail a little later. 
These two reactions found by high magnification 
microscopy studies are believed to account for the 
embrittlement. 

Figure 48 shows the transmission microstructure 
of pure alpha titanium,,. Note the obscurity of any 
substructure; a few loop dislocations are evident, 
only. Note here the speckling appearance. This 
was identified as TiH, picked up during electro- 
lytic thinning, and identified by diffraction. 
This is not a desired situation. This particular 
sample had also been deformed in tension. 

FIGURE 48. TRANSMISSION MICROSTRUCTURE OF PURE 
«-TITANIUM 

■ ■ .' PO 
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Transmission studies of the super-alpha 

alloy Ti-8Al-lMo-lV show a wealth of microstructural 
detail, all of which are not necessarily relatable 
to dislocation processes. Figure A')  shows the 
structure of a super-alnha Ti-8Al-lMo-lV alloy 
duplex annealed. A beta particle is shown in a 
matrix of alpha. Note the unresolvable dislocation 
structure. The striations in the beta particle 
are felt to be the result of the alpha—v beta 
transformation. 

Kr"•-/%#:' vl 
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a«*if^i m*»     ***    ... H-n.^i MV 
FIGURE 49. Ti-SAl-lMo-lV DUPLEX-ANNEALED THINNED- 

PERCHLORIC ETHANOL, ETHYLENE GLYOOL - 
200 F, 20-2b  VOLTS DIRECT CURRENT 

Along with the capability of viewing the 
microstructure at high magnification, the electron 
microscope offers a diffraction capability similar 
to the X-ray diffraction techniques. It is possi- 
ble by selected area electron-diffraction techniques 
to single out microconstituents and identify them. 
This means was used to identify the embrittling 
TijAl phase occurring in the Ti-8Al-lMo-lV alloy. 

Figure 50 shows the martensitic structure 
found in selected grains of the same alloy. It 
appears that in areas like this along the plate- 
lets, TißAl forms. This is better seen in Figure 
51. These data, I believe, corroborate Dr. 
Crossley's findings during metallographic examina- 
tion. 

FIGURE 50. Ti-8Al-lMo-lV DUPLEX ANNEALED 

FIGURE 51 

Transmission microscopy of a beta-titanium 
alloy (Ti-13\/-llCr-3Al) shcvs dislocation ar- 
rangements of fine-clustered disorder unlike any 
seen in the simpler aluminum systems. This is 
shown on Figure 52. 
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FIGURE 52 

SUMMARY 

To summarize, it should be apparent that 
microstructurally, there is a vast difference 
between the reactions found in titanium as com- 
pared to aluminum. 

( l) The microstructure of alpha alloys, alpha- 
beta alloys, and beta alloys present indi- 
vidual characteristics. 

(2) Alloying, fabrication, and thermal treat- 
ment greatly affect the microstructure of 
titanium alloys. 

(3) Preparation of titanium specimens for 
metallographic examination is critical as 
to sectioning and polishing. 
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(4) The use of specialized lighting techniques, 
such as polarized light, is essential In the 
microscopy of titanium. 

(5) Titanium is highly susceptible to hydrogen 
and oxygen contamination. 

(6) Electron microscopy is necessary to obtain 
micro-micro ranges of differences in 
titanium microstructure. 

(7) Dislocation arrangements In titanium are 
not as easily explained as those In aluminum. 

It Is evident that the control of micro- 
structure during forming, machining, welding, 
corrosion, etc.. Is extremely Important. New 
technologies must be obtained which will furnish 
the wealth of Information now available for 
aluminum to titanium technology. 
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THE OORROSION RESISTANCE OF TITANIUM 

H. B. Bomberger* 

Titanium is best known for its high strength- 
to-weight ratio and other attractive mechanical 
properties. The resistance of the metal to cor- 
rosion is also outstanding but less widely known. 
Titanium and its alloys have been tested and used 
extensively for about the past 15 years in a great 
variety of aerospace, marine, and chemical applica- 
tions and, unlike experience with the other mater- 
ials of construction, failure by corrosion is es- 
sentially unknown except in the harshest environ- 
ments.! 1>2) 

The purpose of this memorandum is to discuss 
titanium's corrosion properties and limitations 
with special reference to aerospace and marine 
applications, 

GENERAL OORROSION RESISTANCE 

The corrosion resistance of titanium, unlike 
that of most metals, can be defined within rather 
simple limits. The unalloyed metal appears to be 
completely resistant to all natural environments 
including seawater, body fluids, fruit, and vege- 
table juices. Metal exposed continuously to 
seawater for about IB years has undergone only 
superficial discoloration. Wet chlorine, molten 
sulfur, most organic compounds (including acids 
and chlorinated compounds) , and most oxidizing 
acids have essentially no effect on the metal. 
The metal is used extensively in hot-salt solutions 
including chlorides, hypochlorides, sulfates, and 
sulfides, and for handling wet chlorine gas, and 
nitric acid solutions. 

On the other hand, hot concentrated low-pH 
chloride salts (such as boiling solutions of 30 
percent AICI3 and 70 percent CaC^) are corrosive. 
Also, warm or concentrated solutions of HC1, H2SO4, 
H3PO4, and oxalic acid are damaging.^) in 
general, all acidic solutions which are reducing in 
nature tend to be corrosive to the metal unless 
the solutions contain inhibitors. Also, the most 
powerful oxidizers, including anhydrous RFNA and 
90 percent H2O2, attack the metal. Exposure to 
liquid and gaseous oxygen can result in ignition 
of the metal under impact. lonizable fluoride 
compounds, such as NaF and HF, activate the surface 
and can cause rapid corrosion. Dry chlorine gas is 
especially harmful. The metal has limited re- 
sistance to air at temperatures above about 1200 F 
and deposits of chlorides and hydroxides can ac- 
celerate the rate of oxidation. 

Welding does not appear to have a signifi- 
cant effect on the corrosion resistance of un- 
alloyed titanium, as noted in Table 1. 

PASSIVATION AND INHIBITION 

Interestingly, most solutions, except those 
containing soluble fluorides, can be inhibited by 
the presence of even small amounts of oxidizing 
agents and heavy metal ions. Thus, we find that 
titanium is used in certain industrial process 
solutions, including HC1 and HQSO^ which would 
otherwise be corrosive. Nitric and chromic acids 
and dissolved iron, nickel, copper, and chromium 
salts are especially effective inhibitors, as indi- 
cated in Figure 1. Attack by RFNA and chlorine 
gas can be inhibited by a small amount of water. 

Titanium metal is inherently active but 
forms a thin oxide film which offers the unusual 
protection observed. This film is not fully pro- 
tective under reducing conditions, in very powerful 
oxidizing environments, or in the presence of 
fluoride ions. However, the stability and integrity 
of this film is improved substantially by inhibi- 
tors. Metallic ions and oxygen from the air ap- 
parently absorb on the titanium surface,(4) whereas 

TABLE 1. RESISTANCE OF UNALLOYED TITANIUM TO BOIL- 
ING SOLUTIONS 

Solu- Weight  Corrosion Rates in Mils Per Year 
tion  Percent  Non-Welded As-Welded 

W 

A1C13 20 nil^ 

CaCl2 20 0.6 
40 nil 

FeC13 20 0.7 
40 0.7 

NaCl 20 nil 
40 nil 

ZnCl2 20 nil 
40 nil 
60 nil 

'»3 10 0.9 
20 
30 
40 
50 
60 
70 0.7 

nil 

nil 
nil 

nil 
nil 

nil 
nil 

0.5 
0.8 
0.8 

1.7 
2.5 
5.7 
3.3 
4.8 
3.0 
2.1 

(a) 48-hour tests in 500 mil of solution. 
(b) Significantly higher values have been reported 

elsewhere. 

* Manager, Product Development, Reactive Metals, 
Incorporated» Niles, Ohio. 
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2000 

i. 1500 

> 1000 

• H2S04 . 350C (Golden, et al) 

XHCI,350C (Golden, et al) 
o Anodized Ti, R.T. (Ma and Peres) 

^xHCI 

40 60 
Acid , Wt. % 

Flsure 1   Commercial  Ti in Acids With and Without Additions 

TABLE 2 

CMVANI.C COUPLE TESTS WITH UNA1X0YED TITANIUM IN SEA WATER AT HALF TIDE AND IN SEA AIR6 

1 Matoiial-, 
Coupled 
to Titanium 

After 369 Days at Half Tide8 After 56 Months in Sea Aira     | 

Uncoupled Area 7xTi Area 1/7 xTi Uncoupled Area 7xTi Area l/7xTi] 

FS-1 Magnesium 65. lb 920.c Lost 0.88e I.17e 3.52e 

Alclad 24S-T3 0.23 0.89 Lost 0.055 0.213 0.291  j 

52S-1/2 H OAb* 0.75 4.60 0.085 0.036 0.81   1 

Alclad 75S-T6 0.63 0.83 Lost 0.053 0.079 0,393 

Copper 0.58 0,94 2.00 0.085 0.135 0.241   | 

Mild Steel 8.60 12.20 12.90 6.13£ 9.82f Lost   j 

Monel 0.07 0.06 0.13 0.015 0.020 0.032   j 

Inconel Nil Nil Nil 0.003 0.003 0.003   | 

302 Stainless 0.0A4 0.008 0.096 0.008 0.009 0.002 

316 Stainless Nil Nil Nil 0.004 0,003 0.006 

'corrosion rates in mils per year after exposures at Kure Beach. 
Exposed 44 days. 

^Exposed 2 days. 
Exposed 193 days. 

^Exposed 3 years and 160 days. 
Exposed 1 year. 
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exposure to otrong oxidizing conditions (such as 
nitric acid, air at moderately hiqh tcmooraturcc 
and anodic treatments), promote resistance through 
growth of the oxide film.  Dissolved oxygen is an 
important inhibitor in mildly reducing or hot 
chloride solutions but if its supply is restricted 
as in deep crevices, crevice corrosion may occur. 

GALVANIC OORROSIÜN RESISTANCE 

Titanium does not suffer from galvanic cor- 
rosion except In certain powerful chemicals which 
are highly corrosive to the metal. In fact, con- 
tact with more noble metals has, in all practical 
cases, a very desirable effect. This effect is 
fundamentally the same as th«3 application of a 
small positive EMF since it promotes anode polari- 
zation and oxide film growth and integrity. 

Titanium can, however, affect the corrosion 
resistance of other materials with which it may 
be in contact.  Salt spray tests conducted for 
100 and 200 hours on titanium and titanium alloys 
joined to 2S and 248 aluminum, HK31 and AZ31B 
magnesium, mild steel, 410 stainless, 17-7PH 
stainless, and Monel indicate that titanium has 
slightly less tendency to promote galvanic corro- 
sion of these materials than 18-8 stainless. This 
experience with 18-8 grades should be a useful guide 
for titanium. In most cases the commercial alloys 
Ti-8Mn, Ti-6A1-4V, Ti-5Al-2.5Sn, and Ti-4Al-4Mn were 
similar to or had less galvanic effect than unal- 

loyed titanium.^' 

In common salt solutions, seawater, and 
certain acids titanium does not have an Important 
effect on most inactive metals, but it can ac- 
celerate corrosion of the less resistant metals. 
For example, unalloyed titanium has been used suc- 
cessfully for years in contact with the 18-8 type 
steels in hot nitric acid. Table 2 gives data 
observed by the writer and coworkers on galvanic 
couples after long exposures to marine environ- 
ments. These data indicate that titanium has very 
little effect on the performance of Monel, 
Inconel, 302 stainless, and 316 stainless in 
seawater and sea air during long exposure times,,,% 
but more active metals may corrode more rapidly. 

EFFECT OF ALLOYING 

The development of titanium alloys for cor- 
rosion resistance has been limited largely to 
chemical applications since alloys for structural 
applications appeared to have adequate resistance 
to the environments. As noted later, however, 
some of the higher-strength alloys are affected by 
"the environment. 

In general, alloying does not appear to have 
any adverse effects on the general corrosion re- 
sistance of titanium to natural environments and 
most mild chemicals. Certain elements do, however, 
reduce resistance to the most aggressive conditions. 

tantalum.  A few data on these materials are shown 
in Table 3 and briefly illustrate the wide applica- 
tion ranges possible through alloying. 

SEAWATER EMBRITTLEMENT 

As noted earlier, titanium has a reputation 
for being highly resistant to seawater,  however, 
a special test developed recently by Brown at the 
Naval Research Laboratory shows that certain alloys 
containing sharp notches or defects causing high 
stress concentrations, lose resistance to fracture 
on exposure to seawater/7^  This behavior appears 
to be similar to the failures of high-strength 
steels in liquid environments reported by Stieger- 
wald.'- ^ Interestingly, this phenomenon does not 
seem to occur on sheet products lighter than about 
0.050 inch. 

The significance of this phenomenon on 
service performance is questionable in view of the 
excellent performance record of titanium alloys. 
Alloys, including Ti-8Mn and Ti-5Al-2.5Sn, found 
recently to exhibit this phenomenon have been em- 
ployed successfully in aircraft, without known 
failures, during the past 10 years.w,10)  Ap- 
parently, the conditions required to demonstrate 
the effect have not been encountered in service. 

Laboratory tests involve exposing cracked- 
plate specimens, under three-point loading or as a 
cantilever beam, in air and in an aqueous environ- 
ment until failure occurs. Sheet specimens can be 
prepared in a similar manner but are usually tested 
under uniaxial loading. First, the specimens are 
usually notched and then stressed under a cyclic 
load to initiate a small fatigue crack to about 25 
percent of the specimen depth. Machined notches, 
with a root radius of 0.002 inch or less, have 
also been used effectively. Predetermined static 
loads are then applied for long periods of time or 
until the specimens fail. Figure 2 shows the 
stress intensities sustained by Ti-6A1-4V after 
a non-optimum heat treatment. A ratio less than 
one for the failure stress in the liquid over the 
failure stress in air indicates an environmental 
effect. Characteristic fractures also indicate 
whether or not the fracture mechanism is influenced 
by the environment. Figure 3 illustrates a typical 
fracture. In this case Ti-7Al-2Cb-lTa plate, in a 
sensitive condition, was tested by three-point 
loading in ASTM synthetic seawater.''') The 
corrosion-enhanced fracture has a characteristi- 
cally rougher surface than those achieved by 
fatigue or plane-strain fracturing. 

A number of commercial and experimental alloys 
have been tested to determine their behavior in sea- 

water. A general summary of these data, given in 
Table 4, shows that some of the alloys are sensi- 
tive to seawater and others are unaffected. A more 
detailed study has shown that behavior of a given 
alloy depends on (l) the composition and (2) the 
processing history of the material. 

Two basically different concepts have been 
employed to improve the resistance to nonoxidizing 
acid solutions. The one method involves the addi- 
tion of a small amount of a noble metal which then 
forms low over-voltage cathode areas on the sur- 
face. These areas promote local cell action and 
anodic polarization.  The other concept involves 
the addition of substantial amounts of a more 
corrosion-resistant metal such as molybdenum or 

In general, high aluminum contents were 
found to promote and additions of molybdenum and 
vanadium to decrease the sensitivity to seawater 
and other aqueous solutions.  For example, the 
alloy Ti-7Al-2Cb-lTa is quite sensitive to seawater 
embrittlement but a modification of the alloy to 

Ti-6Al-2Cb-lTa-0.8Mo resulted in a material unaf- 
fected by seawater. Furthermore, thermal cycling 
and lengthy exposures within the temperature range 
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TABLE 3.    NOMINAL CORROSION RESISTANCE OF TI1ANIUM AND CERTAIN TITANIUM ALLOYS 

Solution.  Wt.X Temperature 

CORROSION RATES  IN MILS PER YEAR" 

Unalloyed Titanium Ti-.2Pd Ti-30l1o    1 

25% NaCl Boiling Nil NU NU 

25X AICI3 Boiling 2.000 1 NU 

30X FeClj Boiling 1 Nil 5 

5X HCI Boiling 1,100 7 NU 

20X HCI R.T. 25 4 NU 

201 HCI Boiling 5,000 770 5-10 

20X HCI +  IX FeClj Boiling 110 115 1.500 

5X H2S04 Boiling 1,900 20 NU 

40X H2S04 R.T. 65 9 NU 

40X H2S04 Boiling 13,000 2-10 

40X H2S04+lX Fe2(S04)3 Boiling no 90 750 

651 HNO3 R.T. NU NU NU 

65X HNO3 Boiling 2-20 25 50 

10% Oxalic 212 F 3,500 A ,800 1.5 

48-hour tests In 500 mil of solution. 

too- 
S2 

I \Z60 

20 
.Of 

rr~              Am 

O   A/R   FA/LURE 
O    SEA   WATER FAILURE 
-i»   NO   FAILURE 

— ■  

O 

HEAT    TREATMENn 

L 

4 HOURS, 1450 Fi  FC 

>0^       SEA WATER 

m 
O 

O* 

J 10 100 
TIME,  HOURS 

ipoo    lOpOO 

FIGURE 2.       EFFECT OF TIME ON FAILURE STRESS INTENSITY OF SENSITIZED 
Ti-6A1-4V      .675-INCH PLATE 
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TYPICAL FRACTURE SURFACE OF A SUSCEPTIBLE 
MATERIAL TESTED IN SEA WATER 

Fatigue Crack 

TABLE 4 

GENERAL EFFECT OF SEA WATER ON ANNEALED TITANIUM ALLOYS9»   10 

INSENSITIVE SENSITIVE 

Unalloyed Titanium Ti-.32 Oxygen 

Ti-7Al-2.5Mo Ti-7Al-2Cb-lT« 

Ti-6Al-2Cb-lTa-.8Mo Ti-BAl-lMo-lV 

Ti-5Al-2Sn-lMo-lV Ti-5Al-2.5Sn 

Ti-6A1-4V Ti-8Hn 

Ti-4Al-3Mo-lV 
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of about 900 to IMO F tend to promote sensitivity. 
Thus, we find that an alloy which Is rat.,er 
insensitive, such as ri-6Al-4V, can be made sensi- 
tive by abnormally hing treatments In this tempera- 
ture range.  Al .1 , sume of the sensitive alloys 
such as Tl-7Al-2Cb-iIa can be rendered Insensitive 
by solution annealing at high temperatures (1700 
to 18bü F) and cuoling rapidly through the sensi- 
tizing region.  This general concept is Illustrated 
In Figure 4. Work Is underway to explain the 
mechanism and establish detailed time-temperature- 
transition diagrams for the important alloys so 
seawater sensitivity can be avoided.C'^ Speci- 
fic data, illustrating the important influence of 
thermal history, are given in Table b. 

40 

AR£A 

OF 

INSENSirMTY 

AREA     OF 

INCREASING 

SENSITIVITY 

TIME 

There are good reasons to believe that the 
area of sensitivity, shown in Figure 4, corresponds 
to an embrittling reaction In the titanium-aluminum 
system, as suggested by Crossley and Carew.vH) 
This embrlttlement Is believed to result from the 
development of an ordered structure or the forma- 
tion of a TI3AI compound. The tendency for the 
reaction to occur clearly increases with the alumi- 
num content, whereas molybdenum and vanadium de- 
crease this tendency, presumably, by decreasing 
the diffusion rate of the aluminum. This mechanism 
does not, of course, explain the sensitivity noted 

in the Tl-8Mn and Ti-0.32 oxygen alloys. Apparent- 
ly their behavior aiso results from an inherent 
Instability but may occur by a different mechanism 

than that promoted by aluminum. 

HOT-SALT OORROSIüN 

Several years ago a discovery was made in 
the laboratory that titanium and titanium alloys 
can be damaged by halogenated compounds at tempera- 
tures above ^00 F.  Chloride salts and especially 
scdium chloride, were found to be the most trouble- 
some agents.  Residual salts on the metal were 
found to pit the surface or even crack certain 
alloys under high tensile loads. This phenomenon, 
like the problem of seawater embrittiement, has 
been observed only in laboratory tests and not in 
actual service applications. Cracking of titanium 
parts has been encountered by fabricators, however, 
in stress-relieving operations when vapors of 
chlorinated hydrocarbon cleaning fluids were not 
completely removed from part enclosures. This 
latter problem was promptly corrected. 

Since the original finding that hot halo- 
genated salts are damaging to titanium, the pheno- 
menon has been studied very extensively. While 
much has been learned about the reaction, relative 
susceptibility, and related variables, it is 
generally agreed that the laboratory tests do not 
simulate service conditions well nor predict field 
performance. Cycle tests, used to partly simulate 
service conditions are, apparently, less damaging 
than the normal static tests.^13'^4' 

ricou 4. awnAL tmer or nocutuc ina A» TBvmiuu 0« 
iu-utm itMmvm or tmiiwc man 

iwtumct or nuna HUTO»« ON IIA UTB msxTivm' 

Pailur« ScrMi 

Alloy Pl.t.* TrMtMnt'' 

•t Crtck «oot.  Ul ittut   taclo 

••v/».tr In Air In IM VAttr 

11-8*1-Uto-IV 1430 P 267 233 .H 
(.(00" Thick) 1550 r VA 22] .90 

uoo r 250 237 1.00 
1(50 F iM 231 1.00 

Tl-iAl-«V 1300 1 217 IM .13 
(.W ttlck) uoo r 242 204 .14 

1730 r IM 290 1.00 
i(3a r 2)3 2)3 1.00 

PUt« UcUu« cr»ck«d And c«at«d A« cAntiUvcr b«A«. 

b 
On« hour AC CA^orACuro And Air coolAd. 

The extent of damage by salts is directly 
related to the temperature, exposure time, and 
tensile stress level. The processing history, 
alloy composition, salt composition, and other en- 
vironmental conditions also have important ef- 
fects.^2) Figure 5 illustrates the general in- 
fluence of temperature on susceptibility to damage 
of annealed Ti-6A1-4V sheet coated with sodium 
chloride. Temperatures and stress levels greater 
than those indicated by the solid line can result 
in increasingly noticeable corrosion and stress- 
corrosion damage. General corrosion becomes pre- 
valent at the highest temperatures when the metal 
is in contact wich chloride salts. 

The position of the curve in Figure 5 can 
vary with the quality of the product but even more 
with the alloy grade. The relative resistance of 
Ti-4Al-3Mo-lV, Ti-6Ai-4V, and Ti-8Al-lMo-lV has 
been reported in this order with the last alloy 
being the most susceptible to salt damage at ele- 
vated temperatures.^^'■'■4' 
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FIGURE 5.  SALT CORROSION RESISTANCE OF ANNEALED 
Ti-6A1-4V SHEET 

A few data are given in Table 6 which indi- 
cate the importance of the processing history em- 
ployed.  This particular heat of bar product as 
mill annealed displayed unusually good resistance 
to salt on testing at temperatures up to and in- 
cluding 800 F. However, a 24-hour treatment at 
1050 F, and shorter treatments at 1800 F and 1700 F 
produced a very sensitive condition. The micro- 
structure of this material was fine grained and 
was not changed significantly by the 1050 F treat- 
ment. Studies with an electron microscope, however, 
indicated slightly less beta in the aged samples.('2) 

We also know that some re-distribution of alloying 
elements occurred by diffusion; and this apparently, 
resulted in the sensitive condition. The basic 
cause for the sensitivity to salt may thus be the 
same as that involved when the alloy becomes sen- 
sitive to seawater. 

Work on the Ti-13V-llCr-3Al alloy has shown 
that this material can be readily sensitized to 
crack in dilute hydrochloric acid and hydrochloric 
acid vapor.  In this case, a good correlation of 
sensitivity with the processing time-temperature 
parameter was demonstrated/12' Work on Ti-8A1- 
IMo-lV and Ti-5Al-2.bSn has shown that sensitivity 
to salt corrosion can be decreased by solution 
annealing these grades at about 1840 and IßOO F, 
respectively. 

TABLE 6 

MECHANICAL PROPERTIES OF Ti-6A1-4V ALLOY BAR 

1               TENSILE PROPERTIES AFTER 
CREEP TEST CREEP T EST 

Reduc- 
Ultimate 0.27. Elon- tion Visual 

Plastic Tensile Yield gation in Salt 
Nad Temp. Time Load Strain Strength Strength in 1   in. Area Pene- 

Sample8 Condition Coatb (0F) (hr.) iKsi) a) (KsO (Kst) _(%) w trat ion 1 

1 k hr.   1450 F,  AC No .-.. 0 167.0 155.5 17.0 52.7   
1       2 h hr.   1450 F,  AC No   0 — 168.2 156.5 17.0 54.2   
1       3 k hr.   1450 F. AC Yes 550 312 90 0.32 183.6 151.4 13.0 51.9 None      j 

4 % hr.  1450 F,  AC Yes 650 312 65 0.40 183.6 160.7 14.0 51.4 None      1 
1      5 k hr.   1450 F,  AC No 750 50 -40 0.40 180.7 1.62.5 14.5 48.8        1 

6 h hr.   1450 F, AC Yes 750 50 40 0.24 179.7 165.9 15.5 50.2 None 
7 ^ hr.   1450 F,  AC Yes 750 200 40 0.72 173.6 162.9 13.0 52.8 None      1 
8C 4; hr.   1450 F,  AC Yes 750 300 50 0.70 182.5 168.9 13.0 44 .3 None 
9 ^ hr.   1450 F,  AC No 800 50 30 0.56 180.1 169.1 13.0 52.0   

10 k hr.  1450 F, AC No 800 50 30 0.48 179.8 171.0 14.0 50.3       1 
-11 k hr.  1450 F,  AC Yes 800 50 30 0.27 180.2 168.9 16.0 50.4 None      ! 
12 k hr.   1450 F,  AC Yes 800 50 30 0.30 181.7 170.3 14.0 51.0 None 
13 24 hr.   1050 F,  AC No   0 --   167.3 160.6 15.5 47.3   
14c 24 hr.   1050 F,  AC Yes 750 300 50 1.6 169.6 160.9 0.0 1.2 Deep 
15 k hr.  1500 F,  AC Yes 750 300 50 0.38 168.7 150.5 17.0 48.5 None 
16 % hr.   1600 F,  AC Yes 750 300 50 0.69 169.8 149,0 5.0 5.6 Slight 
17 k hr.  1650 F,  WQ 

+8 hr.  950F,  AC 
Yes 750 300 50 0.37 136.9 0.0 0.8 Deep 

18 k hr.  1700 F,  WQ 
+% hr.  1400F,AC 

Yes 750 300 50 0.58      ! 147.0 146.5 1.0 4.3 Deep 

All samples from same 0.5-inch bar, tested as 0.250 inch round tensile coupon after heat treatments. 

NaCl applied as thick slurry with brush prior to creep tests. 

cSamples 8 and 14 were adjacent in oiiginal bar. 
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This work shows that the susceptibility to 

hot-salt corrosion, as well as to seawater em- 
brlttlement, Is Influenced considerably by pro- 
cessing and, therefore, should be controllable. 

Surface coatl 
damaqe, may also of 
salt corrosion. Du 
of aluminum, nickel 
further development 
nlckul and electrol 
were too porous to 
dipped aluminum off 
the titanium alloys 
zinc coatings appll 
appeared to be comp 
porous. The protec 
appears to be dlffe 
barrier and Is bell 
nature/ 12) 

ngs, although vulnerable to 
fer a good means for controlling 
ctlle metal plates, consisting 
, and zinc show promise for 
. Flame-sprayed aluminum and 
ess nickel plates, however, 
offer good protection. Hot- 
ered protection when It covered 
completely. On the other hand, 

ed by flame spraying or dipping 
letely protective even when 
tlve mechanism In this case 
rent from that  of a physical 
eved to be electrochemical in 

A better understanding of the salt-corrosion 
mechanism may also offer important information on 
its control. It is now generally agreed that 
oxygen is required in the reaction of titanium and 
chloride salts because the reaction cannot proceed 
in a good vacuum. Moisture may also have an effect 
since higher reaction rates were reported in moist 
air than in dry air. The composition of the re- 
action product varies with time but consists pri- 
marily of titanium dioxide and traces of sodium 
oxide and titanate, and titanium dichloride.\ ^2,13) 
Theoretical calculations and experimental evidence 
also Indicate that chlorine gas and hydrochloric 
acid are also small but important intermediate pro- 
ducts of the reaction. The sodium oxides and 
titanium chlorides are not really detected because 

of the small amounts Involved and their Instability. 
This Is especially so in moist air. Titanium 
chloride readily reacts with oxygen and moisture 
In the air. In the first case, chlorine gas Is 
liberated and. In the second case, hydrochloric 
acid. Both of these products when hot and dry are 
highly corrosive to titanium and very readily 
crack the sensitive alloys. They react immediately 
to produce more unstable titanium chloride. Thus, 
the writer believes, the reaction process becomes 
cyclic and a small amount of sodium chloride can 
do considerable damage by this means. 

Objections voiced about this proposed 
mechanism are (l) that the chlorine and hydrogen 
chloride gases are not readily detected and (2) 
that they do not cause damage on material removed 
from the immediate area. However, since the re- 
action occurs at the salt-metal Interface, and 
since both the dry chlorine and hydrogen chloride 
gases react rapidly with the metal, the concentra- 
tion and volume of these active gases available at 
any given time must always remain very small and 
localized. An alternate theory was advanced that 
the products of reaction are titanium dichloride and 
sodium hydroxide and that the latter material 
promotes the damage. While the thermodynamics may 
support such a conclusion, it is not possible for 
an acidic salt and a strong base to form simul- 
taneously and coexist. 

Thermodynamics suggest a large number of 
possible reactions. A few of the most interesting 
and least complicated ones, based on known require- 
ments and observed products, are given in Table 7. 

TABLE 7 

STANDARD FREE ENERGY CHANGES FOR POSSIBLE REACTIONS 
IN THE SALT CORROSION OF TITANIUM 

MO. 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 

12 
13 
14 

15 
16 
17 
18 

REACTION 

Tl (s) + 2NaCl (•) + V>2(g) - TlCl2(s) + NajOC«) 
TiClaCs) + Na20(8) -  T10(8) + 2NaCl (s) 
Tl(») + V^Cg) =• T10(») (Sum of 1 and 2, also 7 and 9) 

TKs) + 2NaCl(8) + 02(g) » TIC12(8) + Na202(8) 
TiCl2(8) + Na202 (a) - Ti02(a) + 2NaCl(8) 
TUa) + 02(g) " T102(8) (Sum of 4 and 5, alao 8 and 9) 

TiCl2(8) + V)2(g) *  T10(8) + Cl2(g) 
TiCl2(8) + 02(g) - T102(8) + Cl2(g) 
TKaJ + Cl2(g) - TlCl2(a) 
2T10(a) + Cl2(g; - TlCl2(a) + T102(8) 
TiCl2(8) + H20(g) - 110(8) + 2HC1 (g) 

TKs) + 2NaCl(s) + 02(g) + H20(g) 
Tl(s) + 2NaCl (s) + VMS) + H20(g) 

- T102(») + 2HC1 (g) +Na2.0 (s) 
- T10(8) + 2HCl(g) + Na20(«) 2^ 

TKs) + 2HCl(g) - TIC12(8) + HjU) 

2Tl(s) + 2NaCl(8) + 1.502(g) - TlC^a) + Na^lOjU) 
2TK8) + 2NaCl(8) + 202(g) - T10(8) + Na^tOj (s) + Cl2 (g) 
2TKs) + 2NaCl(8) + 2.5 02 (g) - T102(8) + Na2Ti03(8)-t Cl2 (g) 
T102 (s) + 2NaCl (s) + V)2 (g) - Na2Tl03 (s) + Cl2 (g) 

ftF (KCal) 

-MO- 

- 11.0 
-101.4 
-112.5 

- 47.0 
-156.7 
•203.7 

• 7.5 
■ 98.7 
•105.0 
• 83.8 

0.0 

•102.3 
11 
60 

-460.7 
-468.2 
-559.4 
-152.0 

134Q F 

+ 9.0 
-110.3 
-101.3 

- 32.0 
-150.5 
-182.5 

- 13.9 
- 94.2 
- 88.3 
- 68.3 
- 6.5 

- 79.2 
+    2.0 
- 48.3 

-214.5 
-227.4 
-308.6 
+ 56.3 
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Large negative free-energy values indicate a 
strong t.   .y for a specific reaction to proceed 
to the rl ,  .  These data and experience indicate 
that the net effect of salt at high temperatures 
is to accelerate oxidation of the metal to Ti02, 
as indicated primarily by reactions 3 and 6. Other 
important reactions, involving key intermediate re- 
action products, are numbered 1, 7, 8, 9, 12, and 
14. 

rosio 
acid, 
of ti 
high 
sures 
would 
site. 

possi 
such 

(1) 

(2) 

(3) 

(4) 

(5) 

The proposed formation of intermediate cor- 
n products, such as chlorine and hydrochloric 
may be an important consideration in the use 
tanium alloys in high-speed aircraft. At 
velocities, and especially at the low pres- 
at high altitudes, such gaseous products 
tend to escape very rapidly from the reaction 
Thus, salt damage to a sensitive alloy may 

bly be curtailed or not experienced under 
service conditions. 
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TITANIUM  ALLOY  STRUCTURAL FORGINGS - STATUS REPORT   1966 

Jamer. E, Coyne» 

INTROÜUCTION 

This  is eGsentlally  a progress report of   the 
state-of-the-art of  forging titanium and its alloys. 
Let me first state   that titanium alloys are quite 
forgeable.    By   this it  is meant they are  shaped 
into engine, missile,and airframe hardware   in  to- 
day's production  forging equipment, hammers, and 
presses.    The evidence which substantiates  this 
statement is  the   large number of  jet engine and 
missile components plus the growing  lists of 
structural parts  that have been produced in the 
last 10 years. 

There  are many shapes classified and sold as 
forgings.    Figure   1  illustrates  the various  types 
of forgings.     It  is evident from  the information 
presented  in this   illustration that the greater 
the degree of  sophistication the greater the num- 
ber of  tools (die   sets)   employed.     The  state  of 
the art in titanium forging has not reached  the 
no-draft design yet but I  am confident it. will  come 
with increased usage of  titanium in airframe 
structural hardware. 
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FIGURE 1.    TYPES OF FORGINGS 

MECHANICAL  ASPECTS 

Figure 2  is  an example of how a large  struc- 
tural  component would be made and gives some  idea 

*   Manager, Metallurgical  Development and Evalua- 
tion, Wyman-Gordon Company, Worcester, Massachu- 
setts« 

of what it takes  to deliver a  finished forging  in 
any alloy.    Sketched here   is  the  forging  sequence 
for making a  130 pound,   1400  square  inch plan-view- 
area aluminum bulkhead forging. 

0 /£,'Preblocner-First Closed D''-Shape       '•.^J^ixfi- 

B-B 

FIGURE 2. FORGING SEQUENCE FOR ALUMINUM 
BULKHEAD FORGING 

This business of defining forgeability can 
become quite complex and involved. The forging 
engineer in considering forgeability is concerned 
with (l) the energy required to plastically deform 
a piece of forging stock into a shape and (2) the 
amount of plastic deformation the alloy can with- 
stand without cracking. You, as users of our pro- 
ducts, might describe forgeability as what it costs 
to get a shape which meets some property specifica- 
tion. 

A comparison of the forgeabil 
alloys with the other alloys folli 

titanium 

Ratings o/ Alloy Families With Respect 
To Forgeability 

(1) Aluminum 

(2) Carbon and low-alloy steels; e.g., 4340 

(3) Die steelj e.g., D6ac 5 percent Cr 

(4) Stainless and PH stainless steels 

(5) Titanium; e.g., Ti-6A1-4V, Ti-6Al-6V-2Sn 



(6) Iron-nickel bases e.g., A-286, Inco 901 

(7) Super iron-nickel; e.g., Inco 718, Udimet 
630 

(8) Nickel base; e.g., Wa&paloy, Renfc 41 

(9) Super nickel base; e.g., Udimet 700, Astroloy. 

In the above list, the degree of forgeability de- 
creases from top to bottom. However, you will note 
as we discuss this subject of forging titanium that 
there are no sharp boundaries differentiating one 
alloy forging from another and in some instances, 
some titanium alloys are as forgeable as alloy 
steels. 

The increased emphasis on titanium as a 
major structural alloy has introduced new problem 
areas. They are: 

(1) The size of the hardware desired: Components 
ranging up to 4,000 inch'^ in plane-view area 
are being considered. 

(2) The degree of sophistication desired: Our 
customers want and ultimately expect titanium 
forgings delivered with the same sophistica- 
tion as the aluminum forgings which they are 
now using in subsonic airframes. 

(3) Service life required: New aircraft are re- 
quiring service lives of up to 30,000 hours. 
This means reliability beyond present-day 
standards. 

(4) Alloys involved; Like every other alloy 
family, some titanium alloys have better 
forgeability than others: therefore, the 
alloys selected for use can present a 
problem. 

Until recently, most of the titanium forged 
has been in rather simple shapes. Compressor 
wheels, rings, and shaft-type forgings, Figure 3, 
have been supplied the jet-engine builders. The 
hemisphei'cal shapes. Figure 4, have been supplied 
the missile builders. The factors the forging 
engineer must consider in making a specific shape 
are listed below; 

(1| Forgeability 
Geometry 

(3) Plan-view area 
(4) Die limitations 
(5) Metallurgical requirements 

- -       (6) Economics 

Forgeability as stated previously encompasses 
the energy needed to deform an alloy plus the 
tendency of the alloy to crack while being deformed. 
You have learned from previous papers that titanium 
alloys have a low temperature phase called alpha 
and a high temperature phase called beta. You 
have beer, told that titanium alloys are structure 
sensitive and there has to be a proper balance of 
the a and &  phases to achieve satisfactory me- 
chanical properties. To achieve the proper struc- 
ture, the forger of titanium hardware is limited on 
just how hot he can heat a piece of stock prior to 
forging. This limits the top of the temperature 
range a forger can us in processing a specific al- 

Ab 
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loy.    The bottom of  the  forging range   is determined 
as  the  approximate  temperature  at which  the  alloy 
will  rupture with any appreciable deformation. 

Table  1 rates  the titanium alloys for forge- 
ability.     The pressure  requirements  here  are  for 
press  forging.     Approximately 50  percent more 
energy  should be added to  these figures for hammer 
forgings as  titanium alloys are strain-rate  sensi- 
tive.    This characteristic of titanium alloys is 
shown  in Figure 5. 
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IWAl-ltMo Alph»-Bet* 1680 - 1825 Oood 
Tl-lJV-UCr-SAl BtU 1600 • 1800 85 -100 Buellnt 
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Yielii Slrenjth« of Ti-(A1-4V and Ti-BAl-IMo-lV in Forging >1 
Two Strain Ratet 

FIGURE  5 

Here the yield strength of two  commercial 
alloys, Ti-6A1-4V and Ti-8AI-lMo-lV are plotted 
with respect to temperature.    If  forged at 1775 F, 
(50 F below the a+ g/p transus)  Ti-6A1-4V ha; a 
yield strength of about 6,00J psi  at a strain 
rate of 5 in./in./min.    At 1700 F  (70 F  lower)   the 
yield strength is doubled.    Ti-8Al-lV-lMo alloy 
at  1850 F (50 F below the a+ 6/iS  transus)  has 
approximately  the same yield strength;  however, 
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«t 1775 F (75 F lower) the yield strength is about 
three times that at 1850 F. Close to this tempera- 
ture Ti-8Al-lV-lMo also becomes quite crack sensi- 
tive. Since both alloys are strain-rate sensitive, 
and we know that strain rates in hammer forging 
(greater than 2000"/"/mir\,)ate greater than press 
forging (20-40 in./in./min.), it is easy to under- 
stand why the Ti-8Al-lV-Mo alloy is more difficult 
to forge than Ti-6A1-4V. The forger also knows 
that in the case of Ti-8Al-lMo-lV not only does the 
flow stress of the alloy increase significantly as 
the temperature decreases, but the tendency to 
cracking increases markedly. This explains the 
more restricted forging or working range for one 
alloy as compared to another. 

It is Important then in forging titanium al- 
loys to select the proper forging temperature and 
to make maximum use of this heat by keeping heat 
loss to a minimum. One might ask why not increase 
forgeability by going to higher temperatures and 
expanding the forging range? Today, we are re- 
stricted by certain specifications from using 
higher forging temperatures; for example, there 
are some specifications controlling our processing 
which read as followsi "Parts are subject to re- 
jection if forged within 50 F of the a + ö/ß 
transus". If just 25 F were added to the forging 
range it would be quite beneficial. This would in- 
crease the range where yield strength is low and 
the material is not as sensitive to strain rate 
besides being less sensitive to cracking. There 
are reasons, certainly, for such restrictions, one 
being to insure against overheating and producing 
a coarse grained, fully transformed structure 
which may be brittle under some conditions. 
Figure 6 shows the percentage of primary alpha 
present in Ti-6A1-4V with respect to forging 
temperature and a + ö/ß transus. Material forged 
to have 5 to 10 percent primary alpha in the 
microstructure had tensile properties equivalent 
to material forged at lower temperatures with a 
greater amount of primary alpha present in the 
microstructure. These data are shown in Table 2. 
Revision in this type of specification is in 
order for some alloys. The engine or airframe 
builder could still demand a structure which was 
not fully transformed but it would be the responsi- 
bility of the forging house to meet this require- 
ment while taking advantage of f e relief given. 
It would certainly require bettei quality control 
within the forging houses. 

itoo ITOO 
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FIGURE 6 

TABLE 2. TENSILE PROPERTIES (70 F) OF Ti-6A1-4V PAN- 
CAKES FORGED AT VARIOUS TEMPERATURES 

0.2» t.S. U.T.S. K.. R.A. 
torcln« Tnwtturt f mtmna (K8I) iSiL JL J- 

l6li' T 57 ll&.O 150.2 12.5 33.8 
ITOO" r U lUB.O 151..2 12.5 29.9 
1725' t 36 U2.lt 15U.8 13.0 31.9 
1750" t 26 IW.O 11(8.0 12.5 1*0.1 
1785* r 18 139.0 l>t9.0 11..0 37.0 
1805' t 11 Ikl." 153.3 13.0 33.2 
1825* r 5 lltl.o 150.3 12.0 30.5 
law* r 0 138.0 1U8.0 6.0 10.1 

Tnawu      - 1830' r 

ant TiMt -1300' r (2) A.c. 
( l)   Forging  temperature range 
(2) Susceptibility to cracking 
(3) Sensitivity to strain rate. 

So far, it has been established that the 
titanium alloys exhibit various degrees of forge- 
ability based on« 

TABLE 3.    FORGING DESIGN - TITANIUM ALLOYS 

Table 3 lists general information regarding 
forging design allowances which can be used as a 
guide. In using this information, one must con- 
sider the alloy being forged. 

Parameter tos 
Blocker Conventional Close Tolerance 

Medium Small Large Medium Small Medium Smal 1 

Minimum Draft Angle,   5   to 7    b 5 5 5 3   to 5   3  to b    3 
degrees 

Minimum Web Thickness, 0.75 to 1.0  0.62 to 0.75 0.62       0.62 to 0.75 0.50 to 0.62 0.25 to 0.38 0.25 to 0.31 0.20 
Inch 

Minimum Rib Width,    O.M to 1.25 0.75 to 1.00 0.62 to 0.75 0,62 to 0.75 0.50 to 0.62 0,31 to 0,50 0.25 to 0.3B 0.19 to 0.25 
inch ^ 

Minimum Corner Radius, 0.44       0.35       0.31 to 0.38 0.31        0.25 to 0.31 0.16 to 0.25 0.12 to 0.19 0.12 
inch 

1.00 to 2.00 1.00 to 2.00 0.88 to 1.50 1.00 to 1.50 0.88 to 1.00 0.75 to 0.88 0.38 Minimum Fillet Radius 1.00 
inch 

Machining Cover, 0.38 
Inch 

Die  Wear/Surface, 0.25 
Inch 

Thickness Tolerance, 0.38 
Inch U) 0.03 

Length Tolerance, 0.03 
in/ft  (i) 

Straightness,   Inch 0.25 

0.31 

0.19 

0.25 
0.03 
0.03 

0.25 

0.25 

0.12 

0.25 
0.03 
0.03 

0.19 

0.25 

0.12 

0.25 
0.03 
0.03 

0.19 

0.12 

0.12 

0.12 
0.03 
0.03 

0.09 

0.09 

0.09 

0.09 
0.03 
0.03 

0.06 

0.03 

0.25 

0.03 

0.03 

0.04 

0.01 
0.03 

0.03 

Note i target > *.00 square Inch Medlumi 100 to 400 square Inch Smalli < 100 square inch 

-; 
1   ., 

. 
■   fl-: ■;■■. 

' h 

■ ■ 

--Ü: 



47 

METALLURGICAL ASPECTS 

Let us now review the metallurgical aspects 
of making titanium forgings. This includes achiev- 
ing the desired mechanical properties with the 
greatest degree of reliability. One factor which 
has already been demonstrated is that titanium al- 
loys are strain-rate sensitive. They are also 
structure sensitive. It is important to note that 
the forging procedure has a significant effect on 
microstructure. 

Microstructure is affected by: 

(1) Forging temperature selected and the 
subsequent working operations 

(2) Cooling rate after forging 

(3) Post-forge heat treatment. 

If the forging is not given a solution treatment 
after the forging operation then a post-forge an- 
neal in the 1300 to 1500 F range for most c» + |s 
alloys will have very little effect on the micro- 
structure. It essentially was established in the 
forging operation. The following microstructures 
are considered significant: 

FIGURE 7 

The microstructure shown in Figure 7 is considered 
by many to be an ideal structure for the average 
a t js, (e.g., Ti-6A1-4V) . The primary alpha (the 
white areas) are quite small, round, and well 
dispersed. 

It is entirely possible to produce the 
microstructures shown in Figure 8 by processing 
in the a + ß field. These structures would be 
considered acceptable, but they are less desirable 
affll for certain applications would result in lower 
service life: 

FIGURE 8 

The  all  beta  alloy,  Ti-13V-llCr-3Al,   is 
definitely  affected by process history.     This al- 
loy   is  extremely  structure   sensitive.    Relatively 
low forging temperatures are nteded  in processing 
this alloy.    This   is  necessary  in order  to create 
sufficient  lattice distortion  to  influence  the 
subsequent aging reaction.    The microstructures as 
observed  in  the electron microscope  of  a  properly 
and  improperly processed Ti-13V-llCr-3Al  forcing 
are   shown  in Figure 9. 

m*. IO.OOCI Mm. 10,0001 

FIGURE  9 

The alpha precipitate in the properly pro- 
cessed material is quite dispersed where as the 
precipitate in the improperly processed material 
is lined up in the same direction. The effect of 
these microstructures on mechanical properties is 
shown in Table 4. 

TABLE 4. MECHANICAL PROPERTIES OF THE TI-13V- 
llCr-3Al ALLOY AFTER PROPER AND 
IMPROPER PROCESSING 

IMPRMlHUr PHOCMSB) 

Y. S. 
(KSI) 

U.T.8. 
(KSI) 

EL. 

-L 
R.A. 

R/T 

mCMCUD 
CHAS« 

159.8 
l63.lt 

160.0 
165.8 
171.8 

2.0 
2.5 
2.5 

1.0 
3.9 
2.1» 

260-300 

FRORRLI PROCBSEI 

161.0 
166.0 
162.0 

170.5 
175.0 
169.5 

5.7 
5.7 

7.8 21* 
28 
22 

360 •   ItlO 

This alloy should be of considerable im- 
portance. It is the only production titanium alloy 
that has the capability of achieving 11)0-160 ksi 
yield strength in section sizes exceeding 4 inches 
in diameter. It is not as tough an alloy as Ti-8A1- 
IV-lMo, Ti-6Al-6V-2Sn, and Ti-6A1-4V but it can be 
made reasonably tough by proper processing. 

PRODUCTION HARDWARE 

Let us now review what is being supplied in 
the way of titanium forgings other than jet engine 
and missile hardware. Titanium rotor hubs weighing 
approximately 77b pounds are being supplied on a 
production basis. This is a Ti-6AI-4V forging. 
Data are given in Figure 10. 
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FIGURE  10 

Titanium landing wheels have been made from 
the T1-6A1--4V and Ti-7Al-4Mo  alloys.    Roll  test 
data from both alloys has been reported  to be very 
good.    Data are given in Figure  11. 
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FIGURE 11 

In my opinion the best example of a complex 
forging is the Ii-6A1-4V engine support mount 
shown in Figure 12. Little, if any, machining is 
done by our customer on this part except for the 
drilling of attaching holes. After forging, this 
part is etched to remove the oxygen enriched alpha 
^ase produced in the heating and forging operations! 
It is used by our customer in the most part with 
forged and etched surfaces.. This family of forg- 
ings have picked up the name "poodl_> dogs". 

FIGURE 13. BULKHEAD FORGING 

in heavy sections there is a reduction in strength 
particularly in those alloys which are solution 
treated and quenched, prior to aging, in order tc 
achieve high strengths (150-180 ksi yield strength). 

THE FUTURE 

With respect to what can be expected in the 
not too distant future in the way of forged hard- 

ware, there are several avenues of approach. The 
most promising and the most natural to explore is 
the possible use of higher forging temperatures. 
This means actually forging in the p field and 
producing microstructures which are not generally 
considered acceptable by present-day standards. 

Figure 15 is the best illustration that I 
can present which will show the significant effect 
of increased temperatures. The forgir1 ^n the left 
was forged above the & transus, the fo^iig on the 
right at normal titanium forging temperatures, that 
is about 70 F below the ji transus. 

FIGURE 12. Ti-6A1-4V ENGINE SUPPORT MOUNT 

Another fine example of a titanium forging is 
the bulkhead forging shown in Figure 13. This 
forging is supplied on a production basis in 4340 
steel.  In the same dies, designed for alloy steel, 
we have already forged the Ti-6Al-6\/-2Sn and Ti- 
SAl-lMo-lV alloys. It could be concluded that for 
many shapes the more forgeable tit3nium alloys 
(e.g., Ti-6A1-4V, Ti-6Al-6V-2Sn) can now be sup- 
plied to the same refinement now being purchased 
in the alloy steels. 

This demonstration piece (Figure 14) is an 
experimental shape which we use to really evaluate 
the forgeability of a potentiallv good structural 
alloy.  It has heavy sections, thin ribs and webs, 
and is a real tost for any alloy.  The information 
given in Table 5 lists the tensile properties of 
eight (8) different titanium alloys in this shape 
including several new alloys. You will note that 

For the past 2-1/2 years, we have b^en 
experimenting with ß forging. Some striking 
data has been generated. Not only do we see better 
forgeability but mechanical properties are not as 
adversely affected as was originally estimated. 

The following data compares the properties 
of a + p and JJ forged Ti-6A1-4V: 

Yield Reduction 
Forging Strength,      El ongation » in Area, 

Temperature ksi oercent - percent 

1775 F 142 14 38 
1900 F 140 

Notch 
Tensile 

13 25 

Forging Strength, 
Temperature ksi K] 

40 

c 

1775 F 200 to 50 
1900 F 200 60 to 70 

Before this type of forging practice can be 
utilized considerably more experimental work is 
needed. Most of our work has been associated with 
the Ti-6Al-4\/ alloy and results have been most 
encouraging. Other alloys need to be explored. 
Though there does not appear to be a significant 
reduction in most of the mechanical properties by 
which we rate most metals, little is known about 
the effect of fatigue. We encourage further in- 
vestigation In this area and, to be truthful, know 
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TENSILE  FHOPERTIES OF TITANIUM ALLOY  STRUCTURAL FORCINGS 

0.2 % Ultimate 0.2 % Ultimate 
— 

Yield Tensile Reduction Yield Tensile Reduction 
Strength, Strength, Elongation, of Area Strength ,     Strength, HI ongation. of Area, 

Location ksi ksi % % Location ksi ksi % % 

T1-5A1- 2.5Sn - 1350 F  (2)   AC Hyl tte  51*- - 1650  F  (1)   AC + 930 F  (24) AC 

1 122.8 131.7 11.0 25.0 1 173.6 187.2 14.5 41.4 
2 131.6 144.5 14.0 28.0 2 173.0 189.0 12.5 38.2 
3 124.8 133.3 14.0 35.0 3 167.8 185.4 12.5 36.3 
4 125.8 135.6 18.0 29 .C 9 171.4 184.8 12.0 35.7 
5 122.4 133.0 14.0 28.0 10 169.6 183.0 12.0 38.8 
6 120.3 130.5 14.0 27.0 
7 117.3 128.5 16.0 27.0 
8 117.0 130.1 15.0 22.0 

Ti- 6A1-4V  (0.1 3^ O2) Ti-6Al-6V-2Sn 
1750 F  (1 )   WQ + 1000 F  (4)   AC 1675 F (1)   WQ + 1050 _F_ (4)  AC 

1 147.0 159.0 13.0 37.0 1 188.0 199.5 7.5 29.0 
2 146.0 158.2 13.8 35.7 2 189.1 200.9 8.0 24.2 
3 147.8 160.0 13.8 43.5 3 185.8 198.0 12.0 31.5 
4 136.0 151.0 13.0 37.0 4 159.5 172.3 11.0 27.3 
5 130.0 144.8 13.5 40.5 5 153.0 166.2 11.0 22.5 
6 127.8 144.0 10.0 25.1 6 146.6 161.2 13.0 28.7 
7 129.6 143.8 10.0 24.5 7 148.9 161.3 10.0 38.5 
8 124.0 142.0 6.5 18.8 8 153.0 166.8 8.0 23.3 

T l-SAl-lV-lMo Ti-13V-llCr-3Al   -  1335 F (1)   AC, + 
1650 F  (1) AC + 1100 F (8)   AC 1450 F  (1/2)   AC.  + 900 F  (15)   AC 

1 137.5 143.4 18.0 29.4 1 171.8 182.0 3.5 7.8 
2 144.1 152.7 17.0 35.4 2 166.8 178.0 6.0 8.6 
3 139.9 151.7 21.0 35.4 3 170.0 181.0 5.0 7.8 
4 120.9 132.1 12.0 17.1 4 171.8 182.0 3.5 7.8 
(J 116.2 126.8 8.0 24.9 5 165.0 176.0 5.0 6.2 
6 113.6 126.2 14.0 18.5 6 166.0 176.0 4.0 8.6 
7 117.9 130.5 12.0 15.2 7 163.2 174.0 4.0 4.7 
8 116.8 128.1 8.0 14.2 8 163.0 174.0 6.0 12.2 

IMI-679 Ti-6A1 -6V-2Sn-3.5Zr- •ICu-lFe 
1650 F  (1) AC + 930 F (24)  AC 1550 F (1)   WQ + 1050 _F_ (4)  AC 

1 135.0 152.0 17.0 48.0 1 196.6 212.6 5.0 10.8 
2 133.4 149.0 16.5 48.0 2    • 205.6 214.4 5.0 14.4 
3 137.7 153.8 16.0 45.7 3 202.8 212.4 5.0 9.3 
4 132.0 148.4 15.5 41.7 4 197.0 209.4 4.5 11.6 
5 128.0 144.0 15.0 40.1 5 175.6 190.4 5.5 12.2 
6 125.2 141.0 15.0 41.4 6 170.0 191.8 8.C 23.7 
7 126.0 142.6 14.0 38.8 7 172.6 188.2 7.0 16.0 
8 126.8 143.0 13.0 37.0 8 174.2 187.2 6.0 20.3 

*   Ti-4Al-4Mo-4Sn-0.5Si. 
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FIGURE 14.    TEST LOCATIONS AIRFRAME  STRUCTURAL FORCINGS 
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FIGURE 15 

that only through your cooperation through mutual 
test programs can we advance in this area, 

NEW ALLOYS 

There are many new alloys on the horizon. 
The recently introduced British alloy,  IMI-679, 
is an example (composition, Ti-2.2bAl-l lSn-b7.r- 
lMo-0.2Si).    This  alloy was one evaluated in the 
Wright Field sponsored Heavy Section Forging 
Evaluation Program conducted by Lockheed.    In full- 
scale dynamic testing,  this alloy  failed in 
270,000 cycles whereas  the Ti-6Al-6V-2Sn and 
Ti-6A1-4V alloys forged  in the  same design failed 
in   IbO.OOO and  160,000  cycles,   respectively. 

There are modifications of Ti-6Al-6V-2Sn 
called the Margolin-Farrar alloys which have 
tensile yield strengths  of   190,000   to 200,000 psi 
with reasonably  good ductility  (7  percent). 

For service temperature 
Ti-6Al-2Sn-4Zr-2Mo and Hylite 
Ti-3Al-6Sn-5Zr-2Mo-0.5Sij are 
tion. These alloys have good 
and do not show any adverse e 
temperature and stress in 150 
alloys might be of use in cri 
of our fjture aircraft. It i 
familiar with them. Both all 
able. 

s  of  800  to  1000 F, 
60   ( composition, 
worthy  of  considera- 
fracture  toughness 

ffect of exposure  to 
hours tests.    These 

tical areas in some 
s  time now to become 
oys  are quite forge- 

TITANIUM-ALLOY  FORGING POSTS 

The cost of  forgings  is  affected by many 
factors and accurate and simple generalizations 
are not fea'ible.     It is readily apparent from 
earlier coniinents  that a sophisticated,  close 
tolerance forging with thin sections and minimum 
draft will cost more on a per  pound basis than a 
bulky,  heavy section,  blocker  type forging with 
large draft angles. 

vA I 
#1 i 
i 

FIGURE 16 

the 300 pound forging will sell for fewer dollars 
per pound. For example Number 2, if two forgings 
are produced in the same material to the same de- 
sign type and both weigh 200 pounds, but one is 
a straight wing spar with relatively constant 
cross-sectional area and the other is a curved 
bulkhead fitting with varying cross-sectional 
areas, then the straight wing spar will sell for 
fewer dollars per pound because it receives less 
processing. 

As design sophistication is increased more 
work is added to produce less shipped weight and 
the effect of these factors becomes more pro- 
nounced on the cost per pound. Thus, the range 
of costs becomes wider as shown. 

The figures on this chart include standard 
operations such as product testing, ultrasonic 
inspection and heat treatment, but do not include 
such operations as rough machining, chem-milling, 

X-ray, or other special processing. The figures 
also do not include tooling charges which are 
quoted separately and are even less amenable to 
simple generalization. 

It should be emphasized that caution must be 
used in applying any rule of thumb or average 
value for forging costs. What appears to be a 
minor difference between two forgings may actually 
require a significant difference in processing, 
with an attendant difference in cost. Specific 
parts require specific analysis and estimates. 

In order to provide at least some approxi- 
mations for cost of titanium-alloy forgings, our 
Sales Department has prepared the following 
chart for the a + & alloys in normal production. 
Figure 16. 

It will be noted that a range of cost is 
shown for each categury and that this range becomes 
wider as the degree of sophistication increases. 

A number of factors are involved here. For 
• 'xample Number 1, if two forgings are produced in 
the same material to the same design type and 
requiring the same processing steps, but one 
weighs 100 pounds and the other 300 pounds, then 

SUMMARY 

We must conclude that most of the titanium 
alloys are quite forgeable. It is apparent that 
considerable sophistication can be achieved in 
design providing adequate tooling is used. There 
are several avenues which offer considerable 
promise for further refinement, among th^se are 
ß forging. However, exploration in this area will 
be wasted effort unless coordinated with the air- 
frame builders. 

'1 
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TITANIUM EXTRUSION - STATUS REPORT 1966 

J. J, Shaw» 

The airframe industry and the extrusion in- 
dustry have been partners for many years. The 
growth and development of one has led to the growth 
and development of the other. As recently as 25> 

years ago, aluminum extrusions were limited to 
small angles, tees and channels for airframe ser- 
vice, and minor trim moldings for automotive and 
architectural applications. As the requirements 
for aluminum aircraft components grew so did the 
capability of .the extrusion industry. The alumi- 
num extrusions available today are supplied in 
thinner sections of greater circle size and of 
more complex configurations and offer the de- 
signer greater structural efficiency. An example 
of this change is the integrally stiffened wing 
skin panels which have replaced spar sections and 
built-up wings employing sheet and rive'ing. It 
is reasonable to say that the present generation 
of high-performance aircraft are possible only 
because of these advances in aluminum extrusion 
capabilities. 

The airframe industry today is making a major 
transition from aluminum to the use of titanium, 
stainless steels, and other metals. The capabili- 
ties that the extrusion industry has offered for 
aluminum are now desired in these other materials. 
The efficiency of design offered by the extrusion 
process will be more important with these materials 
than with aluminum due to their higher initial 
cost and the high cost of secondary operations. 

The basic extrusion process offers many 
advantages over other forms of working in aluminum, 
and in the materials you seek today. These ad- 
vantages of the extrusion operation are best 
described by considering the alternate methods of 
supplying raw material for airframe structural 
components. Alternate methods considered are 
machining from rolled bar or rolled shapes, and 
sheet forming. 

The primary advantage of extruded shapes over 
those produced from rolled bar is the minimizing 
of machining due to the supply of a section more 
closely approaching that of the desired aircraft 
part. This is illustrated in Figure 1. 

Here we see an extruded "Tee" section, the 
rectangular bar from which a similar shape could 
be produced, and the mountain of machined chips 
generated in producing this similar configuration. 
This illustrates the tremendous saving of time, 
money, and material that extruded shapes offer over 

FIGURE 1. BAR. EXTRUSION, AM) CHIPS 
*Chief Metallurgist, Special Metals Division, Har- 
vey Aluminum Canpany, Torrance, California. 

this alternative method of shape pioduction. The 
ability to produce a raw material configuration 
more closely approximating that of the desired air- 
craft part has an additional advantage in that the 
material may be purchased in the solution-treated 
or solution treated-and-aged condition without 
serious property sacrifices due to the heat treat- 
ment of more massive than necessary sections. 

Another method of producing shaped structural 
members is sheet forming. Sheet forming will not 
produce sections of nonuniform cross sections, 
such as angles with legs of unequal thickness, or 
filleted "Tees", which may be required for 
structural efficiency, unless welding or other 
joining methods are used. Tin fabrication of shapes 
by welding increases problems of contamination, 
and generally requires tedious and expensive in- 
spection operations to insure structural integrity. 

Shapes similar to those produced by ex- 
trusion could be produced by rolling, but only 
when significant tonnage - not poundage - is 
required in order to amortize the high initial 
tooling cost of a structural mill. Extrusion, 
with its relatively low tooling cost is unique 
in its ability to provide limited runs (and all 
aircraft requirements would be limited runs to a 
structural mill), in complex design?, with a mini- 
mum of cost.  It is also doubtful if the surface 
of a structural mill product, with its problems of 
rolled in mill scale, would approach that now 
available in extruded shapes. 

Prnd'iction     ! i I .tiuuitralloy extrusion 
starts with the ;     Uon of a double vacuum melt 
ingot, as shown In iigure 2. These titanium in- 
gots, are 24 inches in diameter and have a 
a nominal weight of 4,200 pounds each. 

These ingots are heated to forging tenipera- 
ture, soaked through, and forged. Our 1500 ton 
press, used for this operation, is shown in Figure 3. 

The product resulting from the forging 
operation is shown in Figure 4. These are r.cminal 
9-l/2-inches-round rough-forged extrusion billets. 



FIGURE 3.  FORGE PRESS 

FIGLRE 4.  FORGED BILLETS 

These billets are then cut to a desired 
length, turned, and faced off. The product of this 
operation is shown in Figure 5. 

The turned billots are then placed In an Ln- 
duction heater and brought to extrusion temperature 
Figure 6 shows a 60-cycle induction unit used for 
this heating. 

FIGURE 6.  INDUCTION HEATER 

The hot extrusion billet is then transferred 
to the press container. Figure 7 is a view of the 
container end of our 3850 ton extrusion press. 

FIGURE 7.  PRESS QDNTAINER AND RAM 

The press ram, shown in the left center of 
Figure 7, then comes forward, forces the billet 
into the conLainer, and then, with continuing 
pressure, forces the titanium throuqhlihe die. 

The die end of the extrusion press, with the 
die slide forward, and the tooling exposed, is 
shown in Figure 8. 

At this point, depending upon alloy and 
specification, extrusions follow one of two paths. 
Extrusions of those alloys and specifications 
which require hot straightening, are heated to the 

FIGURE 5.  EXTRUSION BILLETS 
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FIGURE 8.     EXTRUSION PRESS AND   TOOL PACKAGE 

required  temperature  in a walking beam furnace. 
The  entrance  end of  this  furnace   is   shown  in 
Figure 9.    This  is a flat-flame roof  fired furnace, 
capable of handling a 28 foot length.    The dis- 
charge end of this furnace and a  100-ton stretch 
straightening unit,  is shown in Figure  10.    The 
ability  to discharge from the furnace directly 
onto  the ctraightener bed, allows precise control 
of   initial  straightening temperature. 

FIGlfiE  10.     HOT STRETCH STRAIGHTENER 

FIGURE 9.    WALKING BEAM FURNACE 

These extrusions of alloys or  specifications 
which allow or require cold straightening,  are 
straightened as shown in Figure  ll.„.Jhis unit is 
a 300  ton stretch straightening uniH..''   Other 
straightening units, with up to  1500  tons capacity, 
are  available. 

Some extrusions,  again depending upon alloy 
and specification, are annealed prior to shipment. 
Our 80-foot-roller hearth annealing  furnace  is 
shown in Figure  12. 

»»ättaö'tesÄws..-**;««»-" 
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FIGURE 11.    COLD STRAIGHTENER 

FIGURE  12.    ROLLER HEARTH FURNACE 
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Figur«;   13 shows  a production   lot of  extrusions 
which  have  been pr icessed  to  this point.    These 
have been straightened and arinealed but have  not 
yet been descaled.    The descaling operation  Is 
performed by   Immersing the extrusion  In molten 
salt and shocking with a cold water quench or,   for 
those alloys or heat-treat conditions which would 
be detrimentally affected by this  treatment,  by 
mechanical blasting.     In any case,   the descaled 
extrusion Is now pickled to remove  any high oxy- 
gen alpha case.    Figure  14 Is a view of our pickle 
house, and Figure  It) shews a bundle of extrusions 
leaving the pickle house on their way  to final 
inspection. 

FIGURE  13.     EXTRUSIOMS NOT YET PICKLED 

F1GLRE  15.    PICKLED EXTRUSIONS 

This  process   is  substantially   the  same  for 
titanium as   it   is   for  softer metals.     Some of   the 
technology  developed  in   the extrusion of   these 
softer metals   is   transferable  to the production  of 
titanium shapes as  long as  the major difference, 
temperature    and   its effects,   is remembered. 
Because of   its higher resistance   to deformation  at 
a  temperature,   titanium requires either much higher 
extrusion pressures or much higher extrusion 
temperatures   than  aluminum.    Since  to  extrude  at 
a   low temperature would require  tool   loading  in 
excess of   the  strength of   the  tooling materials  now 
available,   the  titanium extruder  is  forced  to 
depend upon heating the material to a  temperature 
at which  its resistance  to deformation   is  low 
enough  to  allow extrusion  at pressures within  the 
capability  of  available  tool materials. 

FIGURE   14.    PICKLE  HOUSE 

The necessity of heating titanium to high 
temperatures has   two effects.    The first  is  that 
titanium extrusions are worked at temperatures  above 
the beta   transus,   and  therefore,  have   a  beta-worked 
microstructure.    The second effect is on surface 
condition.    The high chemical reactivity of ti- 
tanium at elevated  temperatures  requires  that  it be 
protected during  heating and extrusion  from contact 
with air,   the  container,  and the tooling.    The 
method  of  protection we use  is effective,  but   is 
not now and perhaps nevt-i  will  be perfect.    This 
imperfect protection results  in reaction between 
the titanium and air and  in  the welding of  the 
extruded  surface   to  the   tooling.    This  galling   is 
vhat gives  a   titanium extrusion  its  characteristic 
surface.     Such  a  surface generally  requires  further 
preparation  prior   to being put  in  service   in  an 
airframe.    This  surface  preparation   Is  generally 
accomplished by pickling,   to remove   the  high oxy- 
gen alpha  case,   followed by machining.     Some work 
on   Improving  surface  finish by drawing has been 
accomplished.    Real   improvement of extrusion  sur- 
faces will not  take place until  tool materials 
are available which allow  lower  temperatures   to 
be used. 
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Lx iru'iinns arc  currt-'ntly produced  from the 
full  range ui   avaiLablu   tllanlum alloy...    Production 
quantities have been [induced  in Ti-6A1-4V,  li-bAl- 
2.'y3n,   Ii-HAl-iMo-lV,  and   1 i-(!Al-6V-2Sn.     Fhest 
can  be obtained  in  the  annealed or  in  the heat- 
treated  condition;,.     Some  of   the   cross  sections 
which  have  been  commercially produced  are   illus- 
trated   in Figure   16.    More   recent  and   larger  cross 
sections  are  shown   in Figure   17.     Full-length 
alloy  titanium extrusions arc shown in Figures  18 
and   19. 

FIGLRE 16.    DISPLAY BOARD 

FIG IRE  17.     NEW SHAPES 

FIPURE  18.  FULL-LENGTH nNGLE WITH LEGS OF  UNEQUAL 
THICKNESS 

«7 

FIGLRE 19. FULL LENGTH MH" 

While extrusions of these alloys can and are 
being produced, the sections that are fabricated 
must be properly designed for balance and appropri- 
ate techniques applied in regard to die design and 
lubrication or else the results shown in Figure 20 
wi11 be obtained. 

The initial titanium extrusions produced in 
the United States were fabricated on extrusion 
presses of approximately 2,000 tons capacity. Work 
has now progressed to the point where production 
is routine on 4,000 ton presses and available from 
presses of 12,000 ton capacity.  The use of this 
larger equipment has advanced extrusions to the 
point where shapes of circle size through 9 inches 
are routinely available. The use of this larger 
equipment also permits the production of longer 
extrusions. Titanium extrusions of over 60 feet 
and a total weight of 700 pounds have been produced. 
Actually the size and length limitation is not 
that of the extrusion process but the availability 
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FIGURE 20. TORN-UP EXTRUSION 

of finishing equipment to handle, heat treat, and 
process the lengths that can be produced. The 
current practice is to cut the extruded length into 
several lengths of approximately 12 to 20 feet for 
finishing and delivery to the customer. 

Since titanium ex 
elevated temperatures, 
are similar to those su 
duced by other hot-work 
not bo compared to thos 
operations. Typical to 
are on the order of ± 0 
ducible tolerances vary 
complexity and overall 
surface may contain tea 
hot-worked surface, to 
inch. 

trusions are produced at 
their surface and tolerances 
rfaces and tolerances pro- 
ing operations and should 
e produced by cold-finishing 
lerances on extruded sections 
.020 inch. The actual pro- 
as a function of shape 
length. The extruded 

rs and seams, typical of a 
a depth of 0.005 to 0.015 

Titanium extrusion today stands at the 
position of the aluminum extrusion industry approxi- 
mately 25 years ago, when it was on the threshold 
of large-scale production for the airframe in- 
dustry. The process has proven itself adaptable 
to the extrusion of all classes of titanium alloys 
and,therefore, should meet any advancement in alloy 
development that may come about. The characteris- 
tics of the extrusion process are such that it 
might enable the fabrication of alloys that would 
not be fabricable by other methods and, therefore, 
offers greater latitude in alloy development. 
The techniques developed have shown themselves 
applicable to the smallest presses and to the 

largest presses that are available for the fabri- 

cation of aluminum. This includes the large 12,000 
ton extrusion presses. This large equipment today 
is fully committed to meet current aircraft needs 
for aluminum extrusions.  Hie future advancement nf 
titanium into longer, more massive sections of 
greater circle sizes is dependent upon greater 
availability of this equipment or on the building 
of additional presses. We feel that the future 
will require and justify new equipment in this 
area. An example of the advancements in aluminum 
technology that could also be repeated in titanium 
is shown by Figure 21. 

FIGURE 21. PANEL 

This figure 
the smaller piece 
years ago requirin 
massive integrally 
feet in width and 
feasible today for 
same general confi 
of that illustrate 
the advancements a 
necessary equipmen 

illustrates the conversion from 
and bit technology of several 
g assembly, to the extrusion of 
stiffened sections from 2 to 3 

in lengths up to 75 feet. It is 
us to produce shapes of this 
guration representing 40 percent 

■d. The technology exists and 
re dependent upon obtaining 
t. 

A trend in the design of titanium extrusions 
has been a movement towards more complex and larger 
cross sections, in longer lengths. Advancements 
in these areas will certainly be forthcoming with 
greater production of titanium shapes and its 
attendant improvement in production techniques and 
control of variables. In the past, most of our 
production was intended for test programs, in the 
recent past toward prototypes, and I think we all 
hope in the near future, production airframe re- 
quirements. 
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CRITICAL ASPECTS OF FORMING TITAIIIUM ALLOYS 

W. W. Woo:! and R. E. Goforth* 
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INTRODUCTION 

Because of  titanium's outstanding  strength« 
to-weight ratio,  elevated-temperature properties, 
and corrosion resistance,   it  is enjoying a promi- 
nence  in the metal   industry today.    This has not 
always been the  case;    the titanium industry has had 
its ups ana downs.    In the early fifties,   it was 
called our next magic metal.    Its early growth was 
limited,  however,  by lack of  fabricating and proces- 
sing knowhow and equipment necessary to release  it 
from some of  its limitations.    In the mid-fifties, 
titanium was said to be the greatest fiasco in 
metallurgical history.    The big cutback  in military 
aircraft in 19?8 plunged  titanium's .nil 1-product 
consumption 50 percent.    That  same year,   its for- 
tunes began to  rise because of  space-age require- 
ments.    Titanium mill-line shipments are expected 
to top 10,000 tons in 1966.    According to Titanium 
Metals Corporation of America,  military airframes 
consume 39 percent of titanium production,  jet 
engines    24 percent,  missiles and  space equipment 
21  percent,  civilian jet aircraft 8 percent, 
corrosion-resistant equipment 7 percent,  and hydro- 
space equipment 1  percent.    As can be  seen from 
these  statistics,  the titanium industry is highly 
dependent upon the sophisticated aerospace  industry. 

The development of new metals is not without 
its problems.    The history of metals technology is 
mainly one of conflict«    needs versus means of ful- 
fillment.    In general,  metallurgists develop materi- 
als that  satisfy certain present or anticipated re- 
quirements,  and then hand the problem of  actually 
making hardware over to manufacturing.    The prob- 
lems of welding,  machining,  and forming are many 
times  formidable and must be  solved by a cooperative 
effort between metallurgists and manufacturing 
engineers. 

Today,  the titanium Industry's technological 
efforts are concentrated on four main areas« 
(1)   perfecting heating and  new vacuum and inert-gas 
shielding techniques used to isolate hot titanium 
from damaging effects of air,   (2)  improvement of 
titanium ductility - strength ratio for the high- 
strength alloys (up to 260,000 psi), (3) alloy 
development in search of a  superior titanium alloy 
to extend upper temperature limits to 1200 F,  and 
(4) matching of existing metalworking equipment 
and methods with the metal's machining and forming 
capalpility. 

The marriage between titanium and existing 
fabricating equipment has been very successful. 
Much of the work to date involving titanium is 
contracted for on a short-run basis,  thus preclud- 
ing the development of equipment designed specifi- 
cally for the metal.    Forming can be performed 
successfully by most standard processes, but the 
equipment must be modified  for hot-forming and hot- 
sizing and provide the necessary atmosphere pro- 
tection.    In the next few years, because of the 
tremendous increase in requirements, major pieces 
of equipment will   be designed and built primarily 
for the processing and  fabrication of titanium and 
other high strength-high temperature materials. 

♦Chief and Research Engineer,  respectively, Manufac- 
turing Research & Development,  LTV/Aerospace 
Division, Dallas,  Texas. 
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It is the purpose of this paper to present 
some of the effects of external material variables 
such as temperature, pressure, and forming velocity 
(strain rate) on the formability of various titan- 
ium and other high-strength alloys. Much of the 
information summarized here is based on data generat- 
ed by Ling-Temco-Vought under three Air Force con- 
tracts,U»2»3) which had the general objectives of 
providing a source of formability information for 
many of the new alloys and serving as a guide in the 
development of future forming equipment. 

THEORETICAL FORMABILITY ODNCEPT 

Forming technology has developed to such a 
complex state that scientific analysis rather than 
trial-and-error and past experience is required to 
solve many of the present-day problems. One of the 
problems that has gained prominence in the aerospace 
industry is that of measuring the forming character- 
istics of various materials by some simple means 
short of the production process itself. This was 
brought about by the increasing demand to produce 
complex shapes from newly developed high-strength, 
high-temperature metals and alloys. Also, the 
long lead times normally required to develop fabri- 
cation capabilities are out of the question in 
modern-day industry. Under an Air Force contract, 
AF 33(616)-6951, "Theoretical Formability",(Da 
concept of predicting formability limits based on 
geometric parameters, mechanical properties, and 
forming process was developed. Predictability 
equations were developed for several conventional 
forming processes and basic part shapes. The forma- 
bility index is that property or combination of 
properties determined from simple uniaxial tensile 
tests which correlates to the limiting geometric 
parameters of the material and process, A summary 
of these indices is given in Table 1, The primary 
modes of failure in sheet-metal forming are splitting 
and buckling. Splitting is the result of stretch- 
ing and/or bending and buckling is due to compres- 
sive stresses in excess of the critical. In general, 
splitting limits are a function of the materials 
maximum elongation (e) or strain in simple tension 
and buckling limits are a function of the ratio of 
the modulus of elasticity (E) to the yield stress 
(Sjy), These general properties affecting forma- 
bility are given for several materials at room 
temperature in Table 2. As can be seen from these 
data, the titanium alloys have relatively low values 
at room temperature. Although tungsten has a high 
buckling index, its brittleness precludes deforma- 
tion at room temperature. 

ELEVATED-TEMPERATURE EFFECTS 

A limited amount of titanium forming may be 
performed at room temperaturej however, hot forming 
is usually preferred and much more widely used. 
Formability is greatly improved when performed at 
elevated temperature.  This is illustrated by the 
typical temperature effect on titanium properties 
and the resulting increased formability indices at 
elevated temperature shown in Figure 1. At room 
temperature, the buckling and splitting index are 
low to medium, whereas at elevated temperatures, 
they are both relatively high. 
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TABLE  I.    APPLICATION OF FORMABILITY INDICES 
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TABLE 2.    PROPERTIES AFFECTING FORMABILITY 

vstk-n itoM1 la TuntiUn 
T1-8A1. 
IMo-lV 

T1-13V- 
llCi>3Al 

I1-6A1- 

1 10.6 31.6 59 16 1U.8 15 Jt 

»TT 50 100 220 135 U5 120 

V*n 212 316 26« U9 110 US 

€ .19 .30 .10 .16 .10 

R.T. 

FIGURE 1. FORMABILITY CHARACTERISTICS FOR TYPICAL 
TITANIUM ALLOY 

Hot sizing Is also necessary in order to 
eliminate residual stresses and springback and pro- 
vide dimensional control. Structurally, residual 
stresses must be eliminated because of reduced 
properties due to the Bauschinger effect and al -.0 to 
reduce stress-corrosion problems. Hot forming and 
sizinq are often accomplished in a single opera- 
tion using one setup of tools. In other cases, 
preformed parts (formed at room temperature) are 
final hot sized in a separate die and by another 
piece of equipment. 

The theoretical formabllity concept was ex- 
tended to include elevated temperature due to the 
importance of, and the advantages gained by, "hit 
forming". This was accomplished under Air Force 
Contract AF 33(657)-10823, "Advanced Theoretical 
Formabllity". Tensile tests were conducted for a 
variety of materials, including Ti-8Al-lMo-lV and 
Tl-13V-llCr-3Al, at temperatures up to 3000 F for 
some materials. Formabllity indices were then 
plotted versus temperature in order to determine 
the optimum forming temperature. Forming limit 
curves established in the first contractU) were 
then theoretically determined for ten conventional 
processes. Brake forming, linear stretch forming, 
and deep drawing limits were then verified experi- 
mentally. Some of these results will be presented. 

Brake Forming 

The formabllity index In brake forming Is the 
maximum corrected elongation measured over 0.25-inch 
gage length ( «Q 25 corrected^ on a simPle tension 
test. The correction is based on a measured lateral 
contraction (ew)o.25 1° order to compensate for the 
difference in stress condition that occurs in sim- 
ple (uniaxial) tension as compared to the plane 
strain state in bending. 

^Vo.25 corr. (Vo .ISA 
•25 ^LW 

25 

25 
(1) 

where. 

(«J L'0.25 corr. = formabllity index 

(«j) „ = true strain measured across frac- 
U*^D  ture in longitudinal direction 

over a 0.25-inch gage length (ten- 
sion test) 

^0.25 
true strain measured across frac- 
ture in the transverse or width 
direction over a 0.25-inch gage 
length. 

This index plotted versus temperature is shown 
in Figure 2 for the following materials»    Ti-13V- 
llCr-3Al, Ti-8Al-lMo-lV, AM-05G (preclpitatlon- 
hardenable semiaustenitic  stainless steel),  and 
A-286 (austenitic stainless steel).    A substantial 
increase occurs in the 1200 F to 2000 F range for all 
four materials.    There is a 64 percent increase in 
brake formabllity of Ti-13V-llCr-3Al between 1200 
and 2000 F, and a 160 percent i    rease for Ti-8A1- 
IMo-lV.    This clearly indicate?  .he benefits of 
brake forming in the upper te'iperature regime. 

T^ie formino ' curves for two of the ma- 
terials are showr Figure 3.    The minimum bend 
radius-to-thicknt.o ratio (R/t)  has been significant- 
ly •         r-ri wlVi the addition of temperature (2000 F). 
^                     .ion of the curve (constant R/t)  at the 

: 
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higher bend angles correlated with the formablllty 
Index («0.25 corrected) and the following equation 
re suited i 

R/t 2e 
e    0.25 corrected.^ 

(2) 

Stretch Forming 

The forming limit curve for linear stretch 
forming Is Illustrated schematically in Figure 4. 
Ffillure occurs by either splitting or buckling, 
depending upon the geometric parameters involved. 
Predictability equations developed analytically 
and established experimentally(l) are given for 
each i-rea of the curve.    The splitting index was 
found to be the 2-inch gage length elongation in 
simple tension.    No correction was necessary, 
since the  stress state on the linear stretched 
part was found by actual measurement to be very 
close to simple uniaxial  tension. 

Parts with geometric parameters (h/t,  h/R) 
that plot above curve (ab)  in Figure 4 will fail 

l.Ot 

Present hot forminE and 
■  stress relievinR temp, of .-<*, 
Vnost titanium alloys j/iiiii 

R.T.     UOO 800   ■"      1200 

Temperature   **? 

1600 2000 

FIGURE 2. BEND FORMABILITY INDEX VERSUS TEMPERA- 
TURE 
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BOCDJNO RATIO (h/t) 

FIGURE 4.    TYPICAL FORMING LIMIT CURVE IN LINEAR 
STRETCH FORMING HEAT-OUT ANGLES 
AND CHANNELS 

f ,     i.^..:,.»».*«       ■■- 

by splitting. The curve 's defined by Equation 3 
shown on the schematic graoh. Elastic buckling oc- 
curs when a part plots tc ihe right of curves (be) 
and (cd). The buckling index was found to be the 
ratio of the clastic modulus (E) and the tensile 
yield strength. Equations 4 and 5 which are also 
shown in Figure 4 define the buckling limit curves. 

The splitting index {^2,0)  in linear stretch 
forming which also happens to be the same in sheet 
stretch forming is plotted versus temperature for 
several materials in Figure 5. As was the case for 
brake forming, a significant increase in formability 
occurs in the 1200 to 2000 F range for three of the 
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FIGURE 3.    MINIMUM BEND RATIO (R/t)  VERSUS BEND 
ANGLE 
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VERSUS TEMPERATURE 
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materi*alsi    Tl-13V-llCr-3Al, AM-3bO, and Ti-8A1- 
IMo-lV,    A-28^ har. a gradual  decrease  In fonnabil- 
ity from arnbirnl  to  1000 F,  a  somewhat  'harper 
decrease  from 1000 to 1500 F,  and  a rather steep 
increase  from 1500 to 2000 F.    The  total  result  is 
only slight  increase  in formability of *-286 at 
2000 F,  as compared  to room temperaturet    In fact, 
A-28C' has excellent  forming  characteristics at 
very low temperatures,^'-' 

The bucklinii  index  ( E-,/S™ )   plotted  versus 
temperature  is  shown  in Figure 6.    Here again, 
there  is a  significant increase  in the 1200 to 
2000 F range.    Forming limit curves  for Ti-13V- 
ilCr-3Al  and Ti-8Al-lMo-lV at  room temperature  and 
2000 F are  shown in Figure 7,    The  increased  forma- 
bility is significant and  again clearly indicates 
the benefits of  forming  in the upper temperatuie 
regime. 

Deep Drawing 

The  forming limit curve  for deep drawing  is 
illustrated in Figure 6.    The  index for fonrnbility 
in  tills process was found  to be a complex function 
of   the normal  compressive buckling ratio  (FC/SCY) 
times the tensile-yield to compressive-yield ratio 
(^Ty/Scy).    The reasoning  for this  index is  seen 
to be  guite   simple by  first  realizing  that  the 
stability of   the  flange during drawing is a func- 
tion of  Ec/SCY»  however,   the tensile  strength  in 
the cylindrical  portion of  the cup determines the 
ability of  the   flange  to  be  drawn  and  the  compres- 
sive  flow stress  in the  flange determines the 
relative ease  for  the  flange  to be drawn.    The  re- 
sult  is that the higher EQ and  S-j-y and  the lower 
SCY,   the better  the   formability,   i.e.,   the higher 
the  index  (Ec/Scy)(Sjy/Scy),  the greater will  be 
the  formability.    For elastic buckling,  h/Rb = 
[{EC/SCYKSJY/SCY),  and  for plastic buckling, 

•h/t =  f (EQ/SQY) (SJY/SQY).     The   index plotted  versus 
temperature   is  shown  in Figure 9.     A tremendous 
increase in deep-draw forming limits occurs in the 

1000 

0 R.T.     hOO 800 1200        1600 2000 

Temperatur«   0F 

FIGURE 6.    BUCKLING FORMABILITY INDEX  IN LINEAR 
STRETCil FORMING  VERSUS TEMPERATURE 

1000   to  1600 F  ranqe   for   the   two  titanium alloys. 
Optimum forming occur', at bOO F  for AM-3b0 and at 
1000  F  foj   A-286.    Forming  limit  curves  for Ti-13V- 
llCr-3Al  and  Ti-8Al-lMo-lV at ambient and 1600 F are 
shown  in Figure  10. 

Summary      a 

The benefit of  forming  titanium in  the upper 
temperature regime  is clearly  indicated and the 
development of eguipment and/or tooling  to  take ad- 
vantage of this effect is  needed.    Significant  in- 
creases  in  formability  occur  in  the  1200  to 2000 F 
range  for the  titanium alloys  studied.    Critical 
temperature points for the two titanium alloys  are 
given  in Figure  11.     Contamination  in   the   form of 
continuous oxidation  and gas absorption  is a real 
problem at elevated  temperature,   especially above 
1200  F.    This  necessitates  strict  atmosphere 
control   of   the  part.     Also,   forming  above   the  beta 
tiansus  temperature  generally necessitates  a  re- 
float  treatment,  subsequent  to   the   forming  process 
for  the  heat-treatable  beta  and  alpha-beta  alloys. 

In order to prevent metallurgical damage  sush 
as  constituent melting  in the grain boundary,  a 
limit of 0.75 times  the melting  point lias been gen- 
erally accepted.    For titanium,   this  is  about 
2250  F. 

Potential  hot-forming methods and develop- 
ments  needed  are  outlined   in T.<ble  3. 

PRESSURE  EFFECTS 

The Guerin rubber forming process has been used 
for several  years in the aircraft industry for single- 
action shallow recessing and flanging operations. 
Some of the rubber forming presses go to 5000 to 
7000 tons'  capacity.    Pressures obtained can be 
increased by either using a larger capacity press 
or a  smaller pad container.    Normal  operating pres- 
sures for the Guerin process are in the 2000-psi 
range.    The rubber-bag  forming  technique  is a modi- 
fication of the Guerin process  and  is designed to 
utilize direct hydraulic pressure.    The presses 
are designed for pressure up to 10,000 psi, which 
is  substantially higher than the Guerin process. 

For flexible die double-action deep-drawing 
operations,  the  hydroforming,  marform,   and  hi-draw 
techniques are used.     These processes utilize male 
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FIGURE 7. FORMING LIMIT CURVES FOR LINEAR STRETCH 
FORMING HEEL-OUT ANGLES AND CHANNELS 
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| OPTIMUM FORMING RANGES 

FIOJRE 11.    CRITICAL TEMPERATURE  POINTS FOR TWO TITANIUM  ALLOYS 

TABLE 3.    TEMPERATURE CONSIDERATIONS 

POTEOTIAL HOT FORMIKG METHODS DEVELOPMENT NEEDED 

Heating of Part Tooling Material 

Radiation Steel (100010 

Resistance High Grade Cast Iron (11*00°?) 

Induction Nickel Alloys (2100^') 

Heating of Tool Ceramic (SOOOt) 

Integrally Heated Dies Atmosphere Control of Part 

Resistance Heating Heating Methods 

Furnace Heating Insulation Methods 

Beating of Equipment 

Hot Platen Presses 

Hot Fluid 

Hot Fluidized Solid 
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puncher, workiny  against either a diaphragm or  solid 
rubber,   and with movement of  the blank  rectrictcd 
as it is held between the rubber and blank holder. 
Pressures, go up to lb,000 psi  over a 2f.-inch- 
diameter container. 

Because of the increased 
strength alTfryt in the aerospa 
pressure requirements have nee 
In order to evaluate the effec 
ing, the pressure limitations 
were analyzed under Air Force 
7314, "Sheet Metal Forming Tec 
materials for part definition, 
springback. 

Part Definition 

usage of high- 
ce industry,  forming 
essarily increased, 
t of pressure in form- 
in rubber forming 
Contract AF 33(65-)- 
hnology",  for several 
shrink flanging,  and 

The effect of rubber forming pressure on part 
definition is  shown in Figure 12 for Ti-13V-llCir- 
3A1  and  17-7PH stainless steel.    For these typical 
high-strength alloys,  it can be seen that current 
production limits of 10,000 psi are inadequate. 
In order to obtain a reasonable value of 3t free 
form radius for the 0.063 gage material,  a pres- 
sure of 50,000 psi is required.    For this reason, 
the high-strength alloys are virtually ruled out 
for current production rubber forming,  except for 
the very thin gages. 

Shrink Flange Forming 

The effect of shrink flange limits for vari- 
ous pressures is given in Figure 13 for 17-7PH and 
2024-0,    It is  shown,  for a fairly severe radius 
of curvature R of 10 inches,  the maximum 17-7PH 
flange  that can be formed with 10,000 psi is 0,6 
inch;  whereas for the larger radius of  30 inches, 
it is 1.8 inches.    For this reason,  flanging of the 
high-strength alloys on the rubber press is general- 
ly limited to the larger radii of curvature on the 
order of 25 to 30 inches.    More  severely curved 
parts have to be formed on matched dies.    In con- 
parison,  it is shown that the same parts requiring 
40,000 psi for 17-7PH require only 10,000 psi for 
aluminum. 

Springback 

The relationship between pressure and  spring- 
back for three materials and two gages is shown in 
Figure 14 for rubber pad forming.    It is indicated 
that pressure has a critical  influence on spring- 
back.    Material properties have an even greater 
influence on springback, which is directly related 
to the ratio of the tensile yield to modulus, 
"S-pJ/E.    At 10,000 psi, the springback values for 
0,0:'0-gage Ti-6A1-4V,  Ti-13V-llCr-3Al,  and 17-VPH 
are I7,  15,  and 6 degrees, respectively.    At 
50,000 psi, the values are 13, 12, and 4 degrees. 
Beyond 50,000 psi,  little gain can be made on 
springback.    The reduction in springback reduces 
the effort required in tool development and  finish 
forming. 

these high pressures.    Other high-pressure  proceises 
sui-h as  static gas and  fluid  forming  techniques 
should also bo evaluated for potential  use.    An out- 
line of   the  potential  high-pressure  forming methods 
and the developments needed is given in Table 4, 

VELOCITY EFFECTS 

The  Space Age has ushered  in many new forming 
processes.    The most important being the high- 
velocity processes such as explosive, electromagne- 
tic,  electrohydraulic,  pneumatic-mechanical,  and 
explosive gas forming.    Under Air Force Contract 
AF 33(657)-7314,   "Sheet Metal  Forming Technology"/2) 
the effect of  forming velocity on various materials' 
ductility was  studied. 

Most materials are very applicable  to high- 
velocity forming as long as it is performed below 
a critical  velocity above which the material   be- 
haves in a britlle manner.    A number of materials 
exhibit a  significant increase  in ductility with 
forming velocities to 700 ft/sec,  well  into the 
nigh-explosive  forming range.    Figures 15 and 16 
illustrate the effect of velocity in dome  forming 
and tube bulging for  three materials.    The curves 
illustrate the significant improvement in uniform 
elongation for titanium over static forming values. 
However, titanium has a relatively low critical 
forming velocity in the lower range of high- 
explosive forming.    Critical  impact velocity ef- 
fects are  such that even at elevated temperatures, 
titanium alloys must be formed in the low-explosive 
velocity range. 

An outline of the potential high-speed form- 
ing nethods and developments needed is given in 
Table 5. 
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Summary 

The increased need for components of titanium 
alloys,   superalloys, high-strength steels,  and re- 
fractory alloys results in the need for higher form- 
ing pressures.    For this reason,  conventional  rub- 
ber forming presses will decrease in usage due to 
insufficient pressure capabilities.    Advanced con- 
cepts in rubber forming will be required to provide 
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TABLE 4.  PRESSURE CONSIDERATIONS 

POTENTIAL HIOH PRESSUFE FORMING METHODS 

Room Temperature Forming 

Water 

Air 

Solid (Rubber) 

Elevated Temperature Forming 

Hot Fluid (Molten Metal) 

Inert Gas 

Fluidited Solids (Sand) 

t 

EBVELOPKEKT NEEDED 

High Pressure Press Systems 

Tonnage to 100,000 Tons 

Pressure to 50,000 psl 

Temperatures to 3000^ 

Sealing Methods 

Safety 

Material Behavior of Equipment 

Effect of High Pressure on Rubber 

Corrosive and Other Damaging Effects 

of Hot Fluids 

Insulation Methods 

TABLE  5.    HIGH-SPEED-FORMING CONSIDERATIONS 

1             POraraiAL HIGH-SPEEO-PORMIMO METHODS DEVELOPMENT NEEDED                           i 

1     Explosive Mechanized Press to 10 Foot Diameter               | 

1     Capacitor Discharge Cycle Time of 5 Minutes                                1 

1      Combustible G-is Closed System                                                   i 

1      High Temperature High Pressure to 50,000 psi                         1 

1     Combinations of these Versatile (Form Variety of Part Shapes) 

Good Safety Features                                      | 

Semi-Mechanized System to 50 Foot Diameter    1 

Open System                                                       1 

Cycle Time of 1 Hour                                    1 
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THE MACHINING OF TITANIUM 

C. T. Olofson* 

INTRODUCTION 

Tviis presentation concerns the machining of 
titanium.    Subjects closely allied with this method 
of fabricating include: 

Costs 
General machining requirements 
Planning operations 
Safety 
Machinability characteristics of titanium 
Specific machining processes. 

The previous papers have shown that titanium 
and many of its alloys possess exceptional  proper- 
ties  and characteristics.    This metal not only has 
aq-excellent strength-to-weight ratio but also has 
good hot strength and unusual corrosion resistance. 
While these  qualities promote  strength and reliabil- 
ity at supersonic flight speed temperatures, they 
also complicate the machining situation. 

Fifteen years ago,  titanium was considered 
to be very difficult to  machine.     Subsequent re- 
search and experience, however,  have progressively 
improved this  situation.    This improvement has re- 
sulted from gradual refinements in tool materials, 
machine tools,  tool geometries,  and cutting fluids. 

COSTS 

The  strength and chemical  reactivity of ti- 
tanium and its alloys introduce many additional 
requirements during processing and fabrication. 
The result is certain increased costs associated 
with airframe fabrication and assembly, but not 
necessarily all costs.    Very little comparative 
information on titanium/aluminum machining costs is 
available.    Cost ratios are difficult to establish, 
and they can vary between machining operations and 
among investigators. 

Machining titanium usually takes more time 
than machining conventional materials because of 
lower metal removal rates.    On the basis of a sur- 
vey of different fabricators,  and based on equal 
volumes of m^tal removed, different machining 
operations performed on Ti-8Al-lMo-lV appear to 
require an overall range of 1.2  to 3.5 times the 
number of manhours needed for a similar aluminum 
part.    Specific ratios of different machining 
operations taken from the NASA publication,   "Machin- 
ing and Grinding of Titanium",*•■ are shown in Table 
1. 

These ratios are not necessarily valid where 
a titanium part of one design is substituted for 
an aluminum part of another design to perform the 
same function at a savings in weight.    Furthermore, 
before these ratios can be converted to labor costs, 
items such as complexity factors and learning 
curves should be taken into consideration.    Finally, 
let us not forget the cost of titanium itself.    It 
is relatively expensive when compared with aluminum. 

TABLE 1. 

♦Research Metallurgist, Metalworking Division, 
Battelle Memorial  Institute, Columbus, Ohio 

■»•"■"Machining and Grinding of Titanium and  Its Alloys", 
NASA Technical Memorandum TMX-53312,  NASA/George 
C. Marshall  Space Flight Center,  Huntsville, 
Alabama (August 4, 1965). 
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ESTIMATED DIRECT-LABOR-HOUR RATIOs(a) FOR 
MACHINING SIMILAR TITANIUMvb) AND 
ALUMINUMVC) AIRFRAME DETAILS^) 

Machining      Ti to Al Manhour Ratio(e) 
Operation    Probable  Minimum   Maximum 

Turning 
Drilling 
End Vllling 
Straight Milling 
Profile Milling 
Hole Preparation 

1.7 to 1 
2.6 to 1 
2.7 to 1 
1.2 to 1 
1.6 to 1 
3.5 to 1 

1 to 1 
1.3 to 1 

2 to 1 
1.1 to 1 
1.5 to 1 

2 to 1 

3 to 1 
2.7 to 1 
3.3 

2 
to 1 
to 1 

1.8 to 1 
4.5 to 1 

Overall Machining  2.7 to 1  1.5 to 1   3.5 to 1 

[a] 
(b) 
(c) 
(d) 
(e) 

Machining and setup times expected in 1970-1975. 
Ti-8Al-lMo-lV alloy. 
2000 and 7000 series aluminum alloys in 1964-1965. 
A production of 100 airframes is assumed. 
Ratios do not reflect the rates of improvement 
that could occur for aluminum by 1970-1975, 

It is well known and it was cited in previous 
papers that precautions must be taken in processing 
titanium to exclude the interstitial elements - 
oxygen, nitrogen, and hydrogen. Consequently, 
processing costs are higher. The basic material 
costs of titanium mill products are high with pric- 
ing increases found for increasing alloy complexity 
and increasing mill product sophistication. For 
example, unalloyed titanium bar or billet is con- 
siderably less expensive than Ti-8Al-lMo-lV flat- 
rolled product. These factors must be taken into 
consideration when reviewing the costs of machining 
titanium and in making cost comparisons between 
titanium and other materials, 

GENERAL MACHINING REQUIREMENTS 

In view of the high material cost of titanium, 
the first important requirement in fabrication is 
to think in terms of minimizing scrap. Closer super- 
vision and inspection are required in the machining 
of titanium than in the machining of aluminum or 
stainless steel to prevent scrap, and to assure that 
all possible precautionary measures are being taken 
to eliminate errors in cutting methods and in handling 
the machined parts. Minimizing scrap helps to meet 
tight schedules and tight budgets. 

A proper cutting environment is necessary to 
minimize scrap. This means high-quality, heavy- 
duty machine tools,which are snug, well lubricated, 
and in good condition, are essential for machining 
titanium. Since titanium is notch sensitive and 
sensitive to vibration, special setups are required 
to eliminate chatter. The tool, the work, and the 
machine setups must be rigid. There should be a 
minimum overhang between the tool support and the 
work to eliminate, or at least minimize, tool de- 
flection. Strong, sharp cutting tools are re- 
quired. Care must be taken to prevent any rubbing 
of the tool against titanium during the cutting 
operation, because this causes rapid heat build up 
and galling. Appropriate feeds, speeds, and depths of 
cuts must also be used. Titanium is particularly 
sensitive to cutting speeds, because its rate of 
heat transfer is low, and high temperatures can 
build up in the tool if high speeds are used. 
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Finallv,   suitable cutting  fluids,   selected  primari- 
ly  for  their cooling ability,  arc eir.ential, 
tlitritp  amine  solutions,  potassium nitrite?  '-olutions, 
soluble  oil   mixtures,  and  r.ulfurized  oils  are  all 
used. 

In general,  chlorinated  fluids and  solvents 
should  not be used on alloys  if  alternate  non- 
chlorinated liquids are available.    This is duo to 
the  possibility of encountering chloride  stress 
corrosion of   the  part  if  residual   chlorides  remain 
on  its  surface,  and   the  part  is   subjected   to   sub- 
sequent  heating.    Where  chlorinated   cutting  fluids 
are  used,   these  should bo removed promptly,   for 
example,  by using methyl  ethyl  ketono,  popularly 
known ar MEK. 

Titanium must be  handled  carefully   "in house" 
and  tlurinq  shipment to prevent nicks and  scratches. 
It   is  also  a  qood   idea  to  stress  relieve  parts 
after  certain  machining operations.   This  applies pri- 
marily to  turning operations,  and  to parts which 
have   sharp corners. 

Care also must be take 
of titanium during machining 
has a low modulus of elastic 
for example, has a modulus o 
mill ion psi. The modulus of 
half that - or lb million ps 
for the some machining force 
deflect about twice as far a 
Back-up blocks are sometimes 
Low-melting filler materials 
may be cast around especiall 
strengthen them during machi 
away  after  the  operation  is 

n to minimize deflection 
operations,   since   it 

ity.     Stainless   steel, 
f  elasticity of  29 
titanium  is  about oae- 

1.     This means  thaJ". 
applied,  titanium will 
stainless  steel. 

used   to  minimize   this. 
such  as  Wood's  metal 

y  flimsy  parts  to 
ning,   and  then melted 
complete. 

PLANNING OPERATIONS 

C'loro   supervision  and  inspection  are  needed  to 
prevent  scrap,  or to facilitate early removal  of 
'crap.     Another  important  step  in minimizing   scrap 
is   to  assure   the  dissemination  of  necessary informa- 
tion  to the  machinists,  including  all   specialized 

' utting  requirement:,  proper  tools,   recommended 
feeds,   speeds,  depths of   cuts,   coolants,  etc.    The 
operation  sheet-or planning  paper   should  be   clearly 
marked   "Titanium" to call attention  to  this  special 
material which requires special  machining and hand- 
ling.    The  sheet  should  include the  part name,  part 
number,  and  the titanium alloy involved.    The machin- 
ing opioration  such as  turning,  profile milling,  etc., 
also   should  be  designated.       All   pertinent   information 
concerning machine  settings,   tool  materials,  and 
leometry,   and   any  special   instructions  for  the  opera- 
tor  should he  listed.    Special   instructions,   for 

■ xample,  might require   that the   tool   be examined 
for   flank wear,  or  the drill   for  corner wear after 
so  many minute'   of  operation,   or  that  the   part might 
have   to bo   stress  relieved  after  certain  machining 
operations.    The  planning  systems  and  procedures 
used   must   insure  that  the  operation   sheet  accompanies 
the  parts  to each machine  involved,   so  that   the   super- 
visor and operator will have  all   the  required  infor- 
mation  needed   to make   satisfactory  parts, 

SAFETY 

The handling and  storage of   titanium chips is 
important,   since  under certain  conditions   those 
canstitute  a  fire hazard.    Good  housekeeping  is 
essential   around  the machines,   since   a  hot  chip could 
possibly leave   the  tool  and  ignite other chip:   in 

the area.     Accumulated  chips should be  placed  In 
closed  metal  container', and stored outside.    Care 
should   be   taken   to assure   that  chips  are   not mixed 
with oil-soaked  sludge,  oily rags,  or other materi- 
als  susropi ible  to  spontaneous combustion. 

The grinding operation can also be hazardous 
from a   fire   standpoint.     filanium dust,   is much  more 
flammable  and explosive   than the larger  size chips 
resulting  from other machining operations.    Con- 
siderable   sparking may accompany  grinding.     I Itanium 
should  never be ground dry.    A suitable  grinding 
fluid   should  always be  used,  and  extra  coolant  lines 
should  be   available  to   quench out   sparking  as   soon 
as   it  occurs.    Water-base grinding  fluids  are   safer 
for the  grinding operation, and  sparking can be 
minimized  by low wheel   speeds.    The recommended grind- 
ing  speeds  are  1800  to 2000  feet  per minute   for  ti- 
tanium as  compared  with 6000  f0°t  per minute  for 
steel. 

Coolant build  up around  machines   should  be 
avoided.     Sodium or potassium nitrite  which  is used 
in  some  water-base  coolants  is an   unstable   compound 
and can be  a hazard if  the solid material   is allowed 
to accumulate around the machines  from coolant 
evaporation.    Here  again,  good  housekeepino  is 
important. 

Fire  extinguishers  suitable   for metal   fires 
should be   readily available.    Gand  and   special 
proprietary compounds which put  out metal   fires  by 
smothering  are  recommended. 

In  regard  to toxicity,  titanium metal   is  con- 
sidered   to  be  physiologically  inert;  however,   the 
dust resulting from certain titanium machining 
operations may be  placed in ttie nuisance  category. 
The metal   itself   is not harmful   to the  health in 
the   same   sense  as  toxic  metals  like beryllium. 
Any dermatitis or other  skin disorder encountered 
by  the  operator  in machining titanium would  prob- 
ably originate  from the cutting oils rather than 
from the  titanium. 

MAC'IINING CHARACTERISTICS OF TITANIUM 

The   four basic  considerations  for  classifying 
metals  as  to machinability are   (l)   true  machinability 
Which  relates  to  the ease of metal   removal,   (2)   abra- 
siveness,  or the  tendency of the metal  to wear or 
abrade  tools;  (3)   reactiveness which causes galling 
or  seizing,   and   (4)   finishability,   or the  ease  with 
which a good  chip and a fine surface can be  pro- 
duced. 

The  abrasiveness of a nptal  can be   (l)   inherent, 
as a result of a metal's original  hardness,   (2)   in- 
duced,   through strain hardening,  or (3)   caused by 
abrasive  inclusions  in the metal.    Titanium is a 
strong  metal   -  as   strong  as some   steels.     However, 
contrary to  some  popular opinions,   it does not  strain 
harden  as  rapidly  as does  stainless  steel.     Titanium 
can bo abrasive to tools due to abrasive   inclusions 
such as  oxides.     However,   such  inclusions  are  en- 
countered only rarely.    The principal  reason for 
tool wear  in machining  titanium is the relatively 
high  strength of   the  material  over  a wide  temeprature 
range. 

It  has  been previously  pointed out   that   titan- 
ium will   alloy with almost anything.    During machin- 
ing,   titanium  is extremely reactive   to  all   tool 
materials  at cutting temperatures,  and  this leads 
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to a   tendency to gall  and   seize on  tools.    During 
machining operations,   titanium combines with  the 
tool   at   the hot  cutting edge  to  form a  hard,   brittle 
compound which spalls off.    For example,  during  an 
end  milling operation,   each rutting edge of the 
cutter may  lorm this brittle  coating during the 
first cut.    As the  tool  rotates and each cutting 
edge bites further  into  the work,   the coating may 
spall  off taking part of  the tool  cutting edge 
with  it. 

Ideally speaking,  excellent  finishes in the 
range of 20 to 30 microinches rms  should be possi- 
ble with titanium.    This meta1   forms a continuous 
chip with no built up edge on the  tool,  and the  chip 
separates cleanly.    This  should produce  a good 
finish,   characteristic of  a Type 2  chip,  and charac- 
teristic of  strong metals  such as  titanium. 

True machinability of a metal   is generally 
associated with the basic  strength and ductility 
properties of the metal.    However,  other factors 
are  involved,  and  as mentioned previously,  the  real 
criterion is ease of metal  removal.    Pure copper, 
for example, might be expected to have a hiah 
machinability rating,   since  it has very little 
strength; however,  during machining,  copper becomes 
"gummy" at the tool  interface because of high duc- 
tility and build up on the edge of the tool.    This 
interferes with the removal  of  metal  and accordingly, 
copper has a very low rating in the machinability 
spectrum.    On the other hand,  leaded brass, a 
coppei- alloy, has an excellent rating. 

The true machinability rating indicates a 
comparative rate  of metal  removal  that can be 
achieved in a machining operation at constant tool 
we?r as compared with a standard metal  of known 
machinability.    AISI B1112 steel  has been selected 
in industry as a  standard  and assigned a rating of 
100.    This particular alloy is well known for its 
ease of machining,   since  it has been resulfurized 
to make it suitable for  screw machine production. 
This rating system indicates that other metals 
rated at 100 would be equally machinable as B1112 
steel,    A rating of 200,  as shown for leaded brass, 
in Table 2, means that the metal  can be machined 
at  twice the rate of machining B1112 steel.    If, 
for example, B1112  steel  can be turned at a cutting 
speed of 180 feet per minute using 0.009-inch  feed 
per revolution and  a 0.1-inch depth of cut; and  if 
this results in 0.015-inch wear land on a carbide 
tool flank in one hour,  then leaded brass can be cut 
at twice the rate or 360 feet per minute, to obtain 
the  same rate of tool  wear with the  same feed  and 
depth of cut.    For a rating of 60,  as shown for 
1Q45-steel,  this system means that 1045 steel  can be 
cut at only 60 percent of the  speed used for B1112, 
Other conventional  metals rated  in the table  are 
AISI 4340 steel   (annealed)  at 45,   and AISI Type 302 
stainless steel  at 35,    Unalloyed titanium is rated 
at 40,  or a little better than Type 302 stainless 
steel.    The titanium alloys shown  are  all rated 
considerably lower than stainless  steel.    The tough- 
est titanium alloy to machine is the all-beta alloy, 
Ti-13V-llCr-3Al, with a rating of only 16. 

Several  of the properties of titanium noted 
previously contribute to its low rating in the 
machinability spectrum.    Excessive cutting tempera- 
tures develop at the tool/chip interface due to the 
metal's low specific heat and its low thermal  con- 
ductivity.    Temperatures up to 1800 F can develop 
with carbide tools,  and up to 1000 F with high-speed 

69 
iABLE 2.     T1TAI1IUM MACHINABILITY RATINGS COMPARED 

WITH OTHER METALS 

Titanium All jy Conventional Metals 
Metal l'a ting Metal Rating 

Unalloyed Titanium 40 Brass,   loaded 200 
Ti-8Mn 25 B1112  Steel 100 
Ti-4Al-4Mn 22 1045 Steel 60 
Ti-r.Al-4V 20 4340  Steel 45 
Ti-13V-llCr-3Al 16 fype 302  stainl ess      35 

steel  tools.    Titanium is a light metal  having a 
combination of properties which tends to confine the 
heat to  the tool-chip interface.     It is possible 
to get a rod hot chip of titanium from the  turning 
operation  if  the machine  is run  fast enough,  and 
if  no coolant is 'jsed.    The other properties affect- 
ing titanium machinability are chemical  reactivity 
and relatively low modulus of elasticity.    Both 
contribute   to the difficulties experienced in 
machining  titanium and  affect machinability ratings, 

SPECIFIC MACHINING PROCESSES 

The machine and  tool  requirements  for turning, 
milling,  drilling,  and tapping titanium are  sum- 
marized in Table 3,    The requirements are discussed 
separately as follows: 

As previously noted, he 
machine tools, in good condit 
for machining titanium. This 
be strong, snug, well lubrica 
and free from vibration. Whe 
sufficient power and rigidity 
to keep the tool moving at it 
speed. The tapping operation 
with extra sensitivity, since 
when used on titanium. 

avy-duty,  high-quality 
ion should be used 
means that  they should 

ted,  "overpowered", 
n the tool takes a cut, 

should be available 
s required cutting 
requires machinery 
taps are easily broken 

Three types of tool  materials used  for machin- 
ing titanium are (l)  the  stellite or cast alloy type, 
(2) the carbides,  including the cast iron grades, 
C-2, C-3,   and C-4,  and  (3)  the high-speed  steel 
grades,  T-5,  T-15,  and M-10.    The T-5 and the T-15 
are cobalt grades for high-speed steel.    The molyb- 
denum high-speed steel, M-10,  is used in drills and 
taps for titanium.    The high-speed  steel  tools can 
be used for tool-chip interface  temperatures up to 
1000 F. 

In addition to the  regular high-speed tools 
and brazed carbide tools,  a new type called "throw 
aways" seems to work very well  for turning titanium. 
These are  small insert-type tools with multiple cut- 
ting edges.    They   are   clamped in tool holders of 
specific  rakes, and when a cutting edge is worn out, 
the insert is rotated to its next cutting edge and 
cutting is resumed.    The insert is discarded when 
all cutting edges are used up. 

A multi-tooth,  helical  type tool is preferred 
for the milling operations including peripheral, 
face,and end milling.    The tool  should have as many 
teeth as the chip space will  allow for smooth cutting. 

A heavy-duty stub drill  is used for rigidity 
in drilling titanium.    Both low helix and high helix 
types are used, and they usually are ground with a 
crank-shaft type point. 

■ 
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TABLE 3.     REQUIREMENTS FOR MACHINING TITANIUM 

Description 
Operation 

Item Turning Milling Drilling Tapping 

Machine tool Strong, over 
powered, 
vibration free 

X X X Lead  screw 

Sensitive ~ - — — X 

Tool materials Carbide C-2 
Carbide C-3 
Carbide C-4 

X X Deep holes — 

High speed steel X X X X 
T-5,  T-15, 
M-10 

Tool  types   Throwaways, Multitooth Heavy duty Chip-driving 
brazed, helical. stub. spiral  point 
regular face, end helix, 

crankshaft 
point 

Tool design Rake angles +{finish) 
±(rough) 

Not critical Low or high 
helix 

+6 to +10 

Lead angles Use Use — — 
Relief angles 70 10° loo 3° 

Set up Work   support Minimum Close to Support Support thrust 
rigidity overhang table thrust 

Steady rest Back-up block — — 
Follow rest Filler metals — -- 

Tool  overhang Minimum Minimum Short drills Short taps 

Cutting -- Cut on dead Climb mill Drill  to size 
techniques center 

Feed,   in. Positive To 0.020 To 0.015 To 0.009 — 

Cut depth, — To 0,250 To 0.100     
in. 

Speed,  ft./min High  speed 
steel 

To 170 To 110 To 50 To 50 

Carbide To 300 To 190 To 200 — 

Cutting Sodium nitrite. X _• __ __ 
fluids five  percent 

Soluble oil. X X X — 
lt20 

Sulfurized X X X — 
chloronated 
oil 

Lithopone paste —— "~ ■" X 
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A chip driving,   spiral  point tap is used for 

tapping titanium.     Special   precautions must be  taken 
in relieving taps as they are easily broken when 
working with titanium. 

Tool geometry including rake angles,  lead 
angles, and relief angles are important in specific 
machining operations.    Positive rakes are used al- 
most exclusively for finishing operations in turn- 
ing; however, both positive and negative rake angles 
are used with carbide  tools for rough turning cuts. 
The rake angles do not seem to be too critical  in 
milling  since a wide variety of  rake angles are 
used successfully with titanium.    Both low and high 
helix angles are used in drilling.    Positive rake 
angles of six to ten degrees are used for tapping. 

Lead angles are normally used in turning and 
milling.    This angle provides a longer cutting edge 
which distributes the heat of cutting and gives 
longer tool life. 

Relief angles on tools used for titanium are 
a little higher than those  used  for more convention- 
al metals,  because,   as mentioned before,  it  is im- 
portant for the tool not to rub on titanium since 
this would cause galling and seizing.   On the other 
nand, if the angle were too large, the tool would 
break more easily.    A seven degree relief  angle  is 
used in turning,  ten degrees for milling and drilling 
and only three degrees for the more critical 
operation - tapping. 

Tool and work set-up rigidity is extremely 
important in machining titanium.    There should be a 
minimum overhang of both tool and work to prevent 
deflection and rubbing.    In a turning operation, 
the work should be placed in the lathe chuck in such 
a manner as to minimize overhang, and to support 
the work close to the cjtting tool.    Steady rests, 
follow rests, or back-up blocks should be used to 
help support long pieces.    In milling, the cut should 
be made close to the table for maximum support, 
and back-up blocks should be used if needed.    Es- 
pecially flimsy parts may be reinforced with low 
melting filler materials which are cast around the 
part and later melted away after the machining 
operation is complete.    For drilling and tapping, 
the work piece  should be  supported at the point of 
thrust,  and short drills and taps should be used. 

Positive feeds should always be used for 
cutting titanium.    Once a cut is started it should 
be continued.    The tool  should not be allowed to 
stop, or to dwell  in the cut.    In turning,  the cut 
is made on dead center.    In milling, climb milling 
is recomnfended.    Since the milling cutter tends to 
pick up a titanium chip on its cutting edge,  this 
chip may fuse fast and then break the cutting edge on 
its second pass as mentioned previously.    In climb 
milling,  the cutter takes a deep cut as it enters 
the work, but picks up only a thin chip at the exit 
of the cut.    This minimizes the damage to the tool. 
However,  sturdy machine tools which can take a heavy 
load without deflecting are required for climb 
milling.    Care  should be exercised to retract the 
cutter from the work at the end of a milling cut. 
In drilling, the operator usually should not attempt 
to drill a small hole and then enlarge it.    The hole 
is drilled to size the first time, and once the drill 
is started the operation should not be interrupted 
until the hole is completed. 

Feeds,  speeds,  and depths of cuts are 
critical in machining titanium.    The general rule is 
to use a heavy feed and a low speed.    In turning, 
feeds up to 0.020 inch per revolution are used 
for rough cuts.    Feeds up to 0.012 inch per tooth are 
used in milling, depending on the operation.    In 

drilling and end milling,  the  feed depends on the 
tool  diameter and  is usually limited  to maximums 
of 0.015 inch per revolution  and 0.006 inch per 
tooth,  respectively. 

As shown in Table 3, depths of cuts are limited 
with titanium to a maximum of 0.250 inch in turning 
and 0.100 inch in milling. 

ipeeds are very important in machining opera- 
tions and depend on the type of to '1  used and the 
material being cut.    For example, when turning 
unalloyed titanium, high-speed steel  tools may cut 
at 12b feet per minute and  carbide tools at better 
than 300 feet per minute.    Titanium alloys must be 
cut at considerably lower speeds.    When face milling 
unalloyed titanium,  speeds up to 150 feet per minute 
can be used with high-speed  steel   tools,  and up to 
400 feet per minute with carbide  tools.    Since heat 
is confined at the drill point in the drilling opera- 
tion,  speeds must be reduced below 80 feet per minute 
for high-speed steel  tools,  and  to 200 feet per 
minute  for the carbides. 

Cutting fluids for machining titanium are 
selected primarily for their cooling ability. 
Three types of fluids are generally used.   Both the 
five percent sodium nitrite water solution and the 
1:20 soluble oil-water solution are   used and have 
excellent cooling properties.    The third type used, 
sulfurized chlorinated oil, does not have quite the 
cooling ability but does supply more lubricity. 
This type is used at lower speeds.    A lithopone 
paste, on a heavy sulfurized mineral oil, can be 
used for tapping. 

SUMMARY 

Problems in machining titanium originate 
from three basic  sources«    high cutting tempera- 
tures,  chemical  reactions with tools,  and a rela- 
tively low modulus of elasticity.    Unlike steel, 
titanium doe-, not form a built-up edge on tools, 
and this behavior accounts for the characteristi- 
cally good surface finishes obtained even at low 
cutting speeds.    Unfortunately,  the lack of a 
built-up edge also increases the abrading and 
alloying action of the thin chip which literally 
races over a small tool-chip contact area under 
high pressures.    This combination of characteris- 
tics, and the relatively poor thermal conductivity 
of titanium results in unusually high tool-tip 
temperatures. 

Titanium's strong chemical reactivity with tool 
materials at high cutting temperatures and pressures 
promotes galling and tool wear. 

Mechanical problems result from titanium's 
relatively low modulus of elasticity, half that of 
steel.    The low modulus coupled with high thrust 
forces required at the cutting edge can cause 
deflections in slender parts.    Distortion of that 
kind creates additional heat, because of friction 
between the tool and workpiece;  and creates problems 
in meeting dimensional  tolerances.    Because of 
differences in thermal  and mechanical properties, 
titanium parts may "close in" on steel drills, 
reamers, and taps. 

These difficulties can be minimized by follow- 
ing machining recommendations for titanium.   When 
proper techniques are employed, machining of titanium 
is not an unusually difficult or hazardous operation. 
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WELDING OF TITANIUM ALLOYS 

K. C. Wu* 

INTRODUCTION 

The joining of metals Is a most important 
consideration in the manufacture of structure for 
aircraft. It is quite:common for metallic joints 
to be the limiting link in the structure from a 
mechanical properties viewpoint, especially from a 
fatigue endurance consideration. Frequently, the 
metallic members of a structure can be designed to 
an optimum configuration on the basis of maximum 
strength at minimum weight and with optimized physi- 
cal stability, only to find that strength, weight, 
or stability considerations at the joints impose 
penalties. On this basis, the importance of metal- 
lurgical joining processes is readily appreciated. 
The importance of choosing the optimum joining method 
because of manufacturing cost effectiveness con- 
siderations, is apparent. In Figure 1, the numerous 
methods available to the joining specialist are 
shown. 
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TORCH TRAVEL 
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FIGURE 1 

Welding is a major joining process for fabri- 
cation of structural aircraft members.    The most 
cofimonly used welding processes for titanium alloys 
are inert-gas metal-arc welding and resistance spot 
welding. 

In the arc welding processes, the arc is es- 
tablished between an electrode (consumable or non- 
consumable)  and the workpiece b>   ionization of the 
shielding gas using either direct current or alter- 
nating current.    The welding current is supplied by 
an appropriate power supply,  generator, or rectifier. 
A molten pool  is formed under the moving arc and 
resolidifies behind it.    Thus,  a welded joint is 
formed.   Filler metal  is used either as a consumable 
electrode or added into the molten pool through a 
feed mechanism for the nonconsumable electrode 
process.    An arc fusion welding setup is schematic- 
ally shown in Figure 2. 

A photograph of typical  equipment used for arc 
fusion welding is shown in Figure 3.    Note the inert- 
gas trailing shield in the photo which must be used 
in the welding of reactive metals such as titanium. 
This will be discussed in detail later.    A cross 
section of a butt weldment in titanium flat-rolled 
product formed by an arc  fusion welding operation is 
shown in Figure 4. 
♦ Senior Engineer,  Materials Research, Northrop 

Corporation, Norair Division, Hawthorne, California. 

TUNGSTEN ELECTRODE 

SHIELDING GAS 

TRAILING SHIELD 

WELD BEAD 

MOLTEN POOL 

TIC WELDING PROCESS 

FIGURE X  INERT GAS SHIELDED ARC WELDING PROCESS 

FIGURE 2 

! 

FIGURE 3 

FIGURE 4 

Resistance welded joints are formed by re- 
sistance heating at the faying surface due to the 
existence of contact resistance and application of 
electric current. The fusion zone  is located be- 
tween the sheets (or plates) and is not visible 
except in section. It can be formed as an individual 
spot (spot welding) or overlapped spots (seam weld- 
ing) depending upon the joint design. A schematic 
drawing of a spot welding machine is shown in 
Figure 5, 
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FORCE WELDING PROCESSES 

TRANSFORMER 

WORK 
PIECE 

FIGUR1-;  5.     SCHEMATIC DRAWING OF SINGLE-PHASE AC 
RESISTANCE SPOT-WELDING PROCESS 

A  photograph of  typical  equipment  for spot 
welding   is  shown   in Figure 6,    The  power  supply  for 
resistance  welding  can be  single-phase   AC,   three- 
phase   frequency  converter, or  three-phase  rectified 
DC current.    An  electronic  sequencing  device   is  an 
integral   portion of  a modern resistance welding 
machine.     A cross   section of  a  typical   spot weld 
in  titanium alloy  is  shown in Figure  7. 

The  selection of  a welding process depends 
on  the  material,   joint geometry,  material   thick- 
ness,   accessibility,   and distortion  and  weight  con- 
siderations.    In general,  arc  fusion welding  is 
used   to  make  butt  joints and resistance  welding   is 
for lap joints. 

FIGURE 6 

FIG Welding 

Inert-Gas  Shielding 

Wl 
process, 
molten po 
the use o 
the  sheet 
for this 
titanium 
bead rema 
length of 
diffuse  i 
brittle  t 
million a 

n welding titanium alloy, with the TIG 
shielding gas  is required,  not only  for  the 

■ ol   but  also  above   the  hot weld  bead   through 
f  a   trailing   shield  and  the  back   side of 
by using back-up shielding.    The  reason 

is  that  (1)   the  thermal   conductivity of 
alloys is relatively low and  the weld 
ins hot,  above 1C00 F,  for a  significant 
time  and  (2)   the  interstitial  elements 

nto  titanium raoidly above  1000  F  and em- 
itanium even when only a  few parts  per 
re   present. 

FIGURE 7 

The  flow rate of   the  shielding gas depends on 
the other welding parameters.    The backup gas flow 
rate  should not be  sc  high that it causes  the  forma- 
tion of  a  concave  weld  bead on  tho  root  side.    The 
gas flow rates of the  torch and trailing  shields 
should   be  adjusted individually according  to  nozzle 
size,  nozzle-to-work distance,  trailing  shield con- 
struction,   and,  particularly,  travel   speed  such that 
no turbulence  occurs  in  the  shielding gas.    For 
titanium welding,  both  argon and helium are  used. 
Argon has a higher atomic weight than helium (40 
versus 4);   therefore,   argon  shielding  is less 
affected by  air currents  in the welding  area.     When 
the electrode-to-work distance   is held constant, 
an argon arc  is of lower voltage than helium due  to 
the difference  in ionization potential;  that   is, 
for a given arc length and amperage,  an argon arc 
produces less  heat than  helium.    Therefore,   helium 
is more advantageous   for welding thick materials 
which require deep heat penetration. 

Electrode  Geometry 

Tungsten has high electrical  resistivity and 
low thermal  conductivity.     In order to have  a con- 
stant electrode-tip-to-work distance  for a  certain 
arc voltage,  the  distance  that the electrode  pro- 
trudes  from the  collet,   called  the electrode 
extension,  has to be kept constant.    The  influence 
of electrode geometry  on the  shape of  the  weld  bead 
has been demonstrated by Savage and his associates.^/ 
A blunt tip causes arc wandering, while a  sharp 
tapered tip increases voltage drop, current density, 
and,  in turn,  causes tip melting.    The desired tip 
geometry depends on the welding variables.     In gen- 
eral,  a spherical  tip or 60° to 120° included  angle 
with approximately a 0,020  inch diameter flat  at the 
tip is acceptable. 

Back-Up Bar Materials 

For a given set of welding parameters,   the 
cooling rates  in a weldment are controlled  pri- 
marily through  the  selection of the proper back-up 
bar material.     The cooling rate required  for titanium 
weldments depends on the type of titanium alloy em- 
ployed.    Therefore,   selection of proper back-up bar 
material   should  not be  neglected.    For  instance,   a 
fast cooling rate  increases the amount of   alpha- 
prime,  which  re-luces   toughness in a Ti-8Al-lMo-lV 
weldment.^   '     In  this  case,   a  slow cooling  rate   is 
preferred  in order to  retain fracture   toughness. 
A slow cooling rate may be achieved by using  a back- 
up bar having low thermal  conductivity,   such as 
stainlaes  steel.     On  the  other hand,  the   titanium 
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alloy T1-6A1-4V requires a rapid cooling rate  for 
tho beii subsequent aging response,  suggesting the 
use of a high thermal  conductivity material  for 
the back-up bar,   such as copper. 

The cooling rate may be  further reduced by 
manipulating the welding parameters to give a high 
energy input and/or by using a preheat. 

Energy Input and Thermal Cycle 

To cause the melting and  flow of the metal 
during welding,  energy,  in the  form of heat, has 
to be delivered to the  joint.    The electrical 
energy of  the arc is converted into kinetic energy 
in the form of  high-velocity free electrons and 
positive  ions that bombard the workpiece and  create 
heat.    Tliis heat,  called  the energy Input,  is 
measured in  joules per Inch,    Energy Input  is a 
(unction of the welding variables and is as follows: 

Energy   Input = E x  I  x 60 
 U  Joules per inch 

where 

E is the voltage In volts 

I is the current in amperes 

ELECTRODE 

T, > T, > T, 

(A) ISOTHERMS IN A THIN SHEET 

ELECTRODE 

Vis the  travel   speed in inches per minute. 

[he energy input  is also a ccntrolllng factor  for 
the heating and  cooling rate;   in a weld,  thereby 
affecting  the  solidification parameters,  transforma- 
tion products,  residual  stress levels,  and mechanical 
properties. 

(B) ISOTHERMS IN A THICK PLATE 
Tl * Tj > T3 

FIGURE 8.    TYPICAL TEMPERATURE DISTRIBUTION IN 
WELDED PLATES 

The metal   surrounding the joint serves as a 
■heat sink during welding.    Therefore, the cooling 
rate  in a  thin  sheet  (a  small  heat sink)  is slower 
than that in a  thick plate (a large heat sink)  for 
the same energy  input. 

The temperature gradient from the fusion zone 
to the base metal  In a weldment varies in direct 
proportion to  the diffusivity of the material.     The 
thermal diffusivity for titanium alloys (0,091  en?/ 
sec)  is approximately one-half that of low-carbon 
stcc'   (0.208 cm2/sec)j  therefore, the temperature 
gradient when welding < ' -.anium alloys is much 
smaller than  that  for low-carbon steel.    The tem- 
perature distribution in a typical welded plate  is 
sketched in Figure 8.^"^ 

ISOTHERMS 

HEAT SOURCE 

T, > T2 > T3 > T4 

A. STATIONARY HEAT SOURCE 

The  shape of the  isotherms changes with the 
travel  speed.    Figure 9 shows the isotherms for a 
stationary heat  source  and  for a moving  source.    As 
the travel   speed of  the heat source Increases,   the 
temperature gradient ahead of the source  increases 
and the  temperature gradient behind the  source 
decreases. 

The  thermal  cycle experienrod at various 
locations  in the weld heat-afferted zone is a func- 
tion of distance  from the heat source,  thermal 
diffusivity of   the material,  energy input,  etc.V^) 
fhi' results of   a mathematical  analysis of  the  therm- 
al  characteristics of a weld heat-affected  zone 
yielded  the   following relationship: 

I-To =  f(s,d)    Energy  Input    x at factor 
AUUU 

ISOTHERMS 

HEAT SOURCE 

T, > T2 > T3 

B. MOVING HEAT SOURCE 

FIGURE 9.    ISOTHERMS  PRODUCED BY STATIONARY AND 
MOVING HEAT SOURCES 
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wiiere, 

T = temperature  (0R)  at  any 
point a distance,  d,   from 
the arc 

To = initial  plate temperature 
(oR) 

f{E,d) = a mathematical expression 
which i function of time 
and distance 

Energy Input = in Joules per inch 

Preheat Factor = 1   (no preheat)  or greater 
(with preheat) 

A typical  thermal  cycle in the heat-affected 
zone  is shown in Figure 10.    The  greater the dis- 
tance  from the  fusion line,  the lower the heating 
rate,  cooling rate,  and peak temperature.    Also 
shown is the microstructural change  in a Ti-8Al-lMo- 
IV weld heat-affected zone due to  the different 
thermal  cycles experienced. 

Resistance Spot Welding 

Contact Resistance 

In resistance  spot welding,  the heat which 
actually produces fusion is generated at the faying 
surface due to resistance heating.    Microscopically, 
the  metal   surface has hills and valleys and a thin 
layer of oxide.    The metal-metal   contact,  even under 
force,  is limited to small areas.    When welding 
current passes through these contact points from 
one  sheet to another, the restricted current passage 
increases the electrical resistance,  as shown in 
Figure 11.     In this manner, then,   resistance heat 
causes melting at the faying surface and forms the 
weld.    Applying the electrode force or chemical 
pickling, which increases contact area,  therefore, 
reduces contact resistance. 

INKirtCI 

-  HIGH CUMENI  OENSIIT 

IOW CUMIN! 
OINSITY 

FIGLRE 11. POINT CONTACT IN A METAL-METAL UONTACT 
SURFACE 

Surface  Treatment 

The contact resistance can be reduced either 
mechanically or chemically.    Brushing with a 
stainless-steel wire brush can produce  an acceptable 
surface  condition  (about 100 microhms).    However, 
for a large surface area, chemical  cleaning is most 
efficient,    A commonly used pickling solution for 
titanium allocs contains 30% HNO-,  (70 percent 
concentration), 2% HF (49 percent concentration, 
and 61% water. 

The effect of pickling time on contact resis- 
tance  for Ti-8Al-lMo-lV is shown in Figure 12,    For 
practical  reasons, a one-minute pickling time was 
used in the Titanium Producibility Program.(2)    The 
strength of the pickling solution decreases with 
use.    Therefore,  the pickling time should be in- 
creased as the  solution strength decreases in order 
to obtain the required contact resistance over a 
period of time of solution use.    The efficiency of 
the pickling solution can be restored by adding an 
adequate amount of HF. 

The  contact resistance is normally not very 
consistent  from point-to-point on the same  surface. 
In order to obtain reproducibility  in weld  quality, 
luw contact resistance is required.    For titanium 
welding,  the  surface condition is critical,  not only 
because of the desire to maintain consistency of 
weld  strength, but also because of  the nugget em- 
brittlement caused by solution of  surface oxides. 

WILD HAZ MICIOtTIUCTUtl 

Since titanium has high affinity for oxygen, 
the contact resistance increases with  increase  in 
storage time after pickling.    This effect is shown 
in Figure 13,    It is recommended,   therefore,  that 
welding be conducted immediately after picKling to 
obtain consistently reproducible welds and to avoid 
the necessity for recleaning. 
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FIGURE 10 

12 3 4 
Pickling Time, minute« 

FIGURE 12. EFFECT OF PICKLING TIME ON CONTACT RE- 
SISTANCE AND METAL LOSS (Ti-8Al-lMo-lV) 
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Wropptd in kroft pop«r 

FIGURE  13. 

Exposure Time After Pickling 

EFFECT OF  EXPOSURE TIME  AND ENVIRONMENT 
ON CONTACT RESISTANCE OF  TITANIUM SHEET 

Electrode Geometry 

Electrodes serve th 
maintain proper position 
conduct the welding curre 
heat away from the workpi 
copper alloys or tungsten 
high-alloy copper or tung 
electrodes have high wear 
and electrical conductivi 
the low-alloy copper elec 
give high thermal and ele 
Wear resistance of the el 
in the weld are the basis 
materials   for a  particula 

ree  functions:  (1)  they 
of the workpieces;  (2)  they 
nt;  and  (3)   they conduct 
eces.    They are made of 

copper composites.    The 
sten-copper composite 
resistance and low thermal 

ty.    On the other hand, 
trodes wear easily and 
ctrical   conductivity, 
ectrode  and heat balance 
for selecting electrode 

r welding application. 

The electrode geometry influences  the nugget 
size and electrode  indentation.    A domed electrode 
tip is recommended  since the  spherical   shape mini- 
mizes  the  alighment problem and  concentrates   '.he 
welding current.    The  spherical   radius of the dome 
controls  the electrode indentation  ana limits  the 
'.ize of   the nugget.     In order to obtain a "plug" * 
failure   (thai  is,   failure  around  the nugget rather 
than  through it  in  tension-shear  and  normal   tension 
tests),   the diameter of  the nugget  should be  at 
least  four times  the  sheet thickness.     This is found 
from the   relationship obtained  by equating 

not  {circumferential  area of  the nugget = 

Tp2  (surface area of  the nugget). 
4 

Then  D -  4t 

D  is  the minimum diameter of   the nugget, 
in inches 

t  is  sheet  thickness,   in inches. 

The radius of the domed tip is determined by 
the permissible indentation when the electrode tip 
diameter produces an optimum size of wold nugget. 

Electrode  Force 

Electrode  force  is employed to make intimate 
contact between the weld sheets by breaking up the 
oxide   film  and  causing plastic  deformation at  contact 
points  in  the faying  surface.    As a general  rule,  the 
required electrode   force   is proportional   to the 
strength, and thickness of material   to be welded  and 

t Ime .     A 
ucos in in imuit 
I ion a ni 1 Wi'l 
led rode lor z 
on, and shoe L 
s  early into r 
ele c fro ie 

o re- is then 
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.(5) 

inversely proportional Ln I lie welding 
properly selected electrode force prod 
amount of indentation and sheet separa 
optimum welding current range, iligh c 
causes excessive distortion, Indentati 
separation. Low electrode force cause 
face expulsion and pitting between the 
and workpiece. The proper electrode f 
selected based on other welding para ie 
requirements, 

Wjldjng Time 

In  resistance  welding,  welding   time   is measured 
in cycles,  defined  to be one-sixtieth of  a   second. 
The  initial   fusion   is  obtained within  the   first 
half-cycle  as  stated  by Kouwenhoyen  and   Little.' 
During  this  half  cycle,   contact resistance  decreases 
to  a  minimum value.     As welding  current  continuously 
flows through the  specimen,  the nugget   propagates 
and   the  temperature  of  the  specimen increases.    The 
resistance   in   the  specimen  raises  slightly due  to 
increase   in   temperature.    Welding  time  also   increases 
with   increase   in  sheet   thickness.     Short  welding 
times give less heat dissipation and,   therefore, 
higher  thermal   efficiency.     This  is  particulary 
true  when a  high conductivity  material   is  welded, 
such  as  aluminum.    However,   a  short welding   time 
does not necessarily indicate an optimum welding 
schedule.     Since  it  requires a certain  amount of 
heat to make  a weld,   the  shorter the welding time 
used,   the  higher the  welding current nee.'ed.     In 
order to keep the molten metal  from expelling when 
using a high welding current,  a high electrode 
force  is required.    However,  it has previously 
been shown  ttiat a high electroc'j  force  tends  to 
increase distortion.    An optimum set of welding 
parameters  is obtained by using the appropriate 
electrode  force, welding time,  and a wide  range 
of welding currents that do not noticeably affect 
joint  strength. 

WELDING METALLURGY OF TITANIUM ALLOYS 

The welding process produces a furion  zone 
and a heat-affected zone.    The fusion zone  is a 
result  of melting under  the  arc and  is  a  continuous 
arc casting process with the base metal  acting as a 
"mold".     The   portion  of   the   "mold" adjacent  to  the 
fusion  zone which  is  exposed  to the  welding   thermal 
cycle  and   is   "heated  treated"  in  a  relatively  short 
time  is defined as the heat-affected zone.     The 
maximum or  peak "heat  treatment"  temperatures  in    - 
this  zone  vary exponentially with the  distance  frctfn 
the  fusion line.     The microstructure  in the   fusion 
zone  is dependent upon  the mechanics of  solidifica- 
tion and   the   influence  of  thermal  cycles.     The 
microstructure  in the heat-affected zone results 
from the  initial  microstructure and weld  thermal 
cycle. 

The metallurgy of  the  following titanium 
alloys will  be discussed:    Ti-bAl-2.bSn,  Ti-SAl-lMo- 
IV,  Ti-6Al-6V-2Sn,  Ti-6A1-4V,  and Ti-13V-llCr-3Al. 

Weld-Fusion Zone 

A pure metal  solidifies entirely at one tem- 
perature.     In an alloy,   solidification occurs over 
a range of  temperatures.    These phenomena can be 
illustrated by using a binary eutectic phase diagram 
as shown in Figure 14. 

If  metal   A contains none of metal  B,  metal  A 
solidifies entirely at Tj.    An A-base  alloy containing 
X% of B begins  to solidify at T2 on cooling.     At this 
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Composition 

FIGURE  14.    TYPICAL BINARY  EUTECTIC PHASE DIAGRAM 
OF ELEMENTS A AND B 

instance,   solid phase a containing 32% of B precipi- 
tates  from the liquid.    As the  alloy cools slowly 
to T3,  the composition of the  o-phase adjusts by 
diffusion from 32 to 33.    At the  same time,  the 
composition of the liquid changes along the liquidus 
to C at T3.    At this temperature, T3,  the remaining 
liquid  solidifies and contains the or and  & phases. 
The composition of the a and  P phases are Xi and X2, 
respectively.    If the cooling  rate  is rapid, diffu- 
sion in the  solid a-phase will  not be extensive 
enough to allow the composition of the cr-phase to 
reach 33;  rather, the composition a'3 will be ob- 
tained.    The faster the cooling rate,  the greater 
is the deviation in composition from equilibrium 
conditions. 

The cooling rates inherent to a welding 
process are,  in fact,  far from equilibrium condi- 
tions.    This is one of the  reasons why segregation 
is always more severe in the weld-fusion zone than 
in a normalized material.    Since the number of 
components in a commercial  titanium alloy is more 
than two,  it  solidifies in a more complex fashion 
than the example cited above.    Fortunately,  in 
titanium alloys, the solid  solubility of major alloy- 
ing elements,  such as aluminum and vanadium,  is 
fairly high.    Therefore,  severe  segregation in the 
fusion zone of ti-.,anium alloys is seldom experienced. 

Solidification in the  fusion zone is due to 
the loss of heat by conduction through the cold base 
metal.    The direction of crystal  growth during 
solidification in the fusion zone is opposite to the 
direction of heat dissipation.    The  solidification 
front coincides with the isotherm of  the  solid 
ifcqutd interface (isotherms shown previously in 
Figures 8 and 9^.    Crystal  growth in  the fusion zone 
is three dimensional; i.e.,  from the  surrounding 
base metal  toward the centerline of the fused metal 
and in the direction of the moving arc.    The morphol- 
ogy (physical appearance) of the growing crystal  is 
controlled by the degree of  constitutional  super- 
cooling,  temperature gradient,  and rate of growth. 
Within the fusion zone produced by the arc welding 
process,  a columnar structure  is usually found 
growing in from the heat-affected zone to the center 
of the fusion zone.    In the fusion zone of a resist- 
ance spot weld    a similar columnar structure is found, 
but,  in  some materials, equiaxed    grains can be found 
at the center of the  fused metal.    However, equiaxed 
grains are not found in titanium-alloy spot welds. 

«*>. 

Formation of the equiaxed grains is due to the 
high concentration of  lejected  alloying elements being 
pushed ahead of  the growing grains.    The high 
concentration of   solute, along with the proper 
temperature gradient,  causes a high degree of  con- 
stitutional   supercooling which,   in turn,  increases 
the  rate of nucleation of the  solid.    The high 
rat" of nucleation creates numerous nucleation sites, 
thereby forming smaller, equiaxed grains. 

Large,  elongated grains  in a fusion zone are 
undesirable because of  the increased concentration 
of grain boundary impurities    and,  possibly, 
directional  properties.    Attempts to refine  these 
large grains through mechanical  vibration and mag- 
netic  stirring have been used  in  the welding of 
titanium alloys.    It was found that grain refinement 
by magnetic  stirring improved strength and ductility 
in the fusion zone of Ti-13V-llCr-3Al  welded in the 
aged condition,(6) 

Numerous theories have been postulated  for 
the  solidifcation mechanisms of  pure metals.    How- 
ever,  these theories have not been extensively 
applied toward improving the microstructure  and 
mechanical  projierties in the fusion zone of the 
titanium alloys. 

We.H Heat-Affected Zone 

As mentioned above, the heat-affected zone is 
a result of a short-time heat  treatment caused by 
the welding heat conducted from the  fusion zone.    The 
duration of  this  "heat treatment" is rather short, 
when compared to a nominal heat treatment,  ranging 
from seconds (resistance welding processes)  to 
minutes (arc-welding processes).    The peak tempera- 
ture of the welding thermal cycle in this zom de- 
creases exponentially with the  increase in distance 
from the fusion line.    The heating and cooling rates 
increase with increasing peak temperature and, 
in turn, decrease with increase  in distance  from the 
fusion line.    As a result, the  final  microstructure 
varies from the fusion line to  the unaffected base 
metal due to the different time-temperature effects 
of the thermal cycle.    Since mechanical properties 
are  structure sensitive, the mechanical properties 
in the heat-affected zone change gradually from the 
fusion line to the unaffected base metal,    A photo- 
micrograph of the weld heat-affected zone of Ti-8A1- 
IMo-lV and the typical welding thermal cycles ex- 
perienced in the various areas in this zone have 
been shown in Figure 5, 

TITANIUM WELDMENTS 

Most of the titanium alloys have been welded 
by using the TIG and resistance  spot welding 
processes.    The MIG process has been used for welding 
p^ate, one inch or thicker.'75    The  submerged arc 
welding process is seldom,  if ever, used in the 
United States, but its use is not uncommon in 
Russia.(8/ 

Lewis, et al,  studied the effect of vanadium, 
manganese,  and aluminum additions in iodide and 
sponge titanium on the mechanical properties of 
weldments produced with the manual  TIG welding 
process.W    it was concluded that the addition of 
alloying elements Improved the  strength but de- 
creased notch toughness and bend ductility in welds 
of  these alloys.    The notch toughness and bend 
ductility were  lower In sponge  titanium welds than 
iodide titanium welds due to the higher oxygen and 
carbon content of the former. 
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Fusion welding of Tl-5Al-2,l3Sn does not  pres- 

ent mechanical  property problems,   clnce  the ductil- 
ity in this alloy is excellent.    The resistance 
spot welding schedules  lor Tl-5Al-2.5Sn of 0.062- 
inch-thlck  sheet was established/^)     p)ie  tension- 
shear and normal-tension strengths under the op- 
timized welding conditions were  5750 and 1250 lbs, 
respectively.    The ductility ratio was 0.21. 

Welding development of Ti-BAl-lMo-lV has been 
conducted extensively throughout the  aerospace 
industry and Government agencies.    In the TIG process, 
filler wire of  similar composition was normally 
used for this alloy.    The nctch-tenslon strength 
(Kt - 7.5)  in the  fusion    zone of 0,C60-inch sheet 
with matching  filler wire was superior to   that 
in the base metal   (157.7 versus 155.9 ksi.)/11^ 
By using Ti-75A filler wire  for welding of 0.060 
inch  sheet,   the room temperature  subsize V-notch 
impact  strength was increased from 1300 in.-lb per 
square  inch  for matching  filler wire to 1900 in.- 
1b per square  inch  for the Ti-75A wire.    The 
heterogeneous welding technique not only improved 
not^h  touohness  in 0.060-inch TIG weldments,  but 
also ex'-VJ^d the  fatigue life  in spot wolds. 
Wien Ti-    f  was added to the  spot-weld nugget by 
placing a 0.003  inch  foil  in the joint,  the  fatigue 
life  in the single- and three-spot  specimens was 
at  least doubled. 

The  spot-weld  strengths in 0.060-inch  rheet 
were 4550 lbs for tension-shear and 101C lbs for 
normal-tension when tested at room temperature. 
The tension-shear and normal-tension  strengths were 
increased about 10 percent by using Ti-75A inter- 
mediate  foil. 

Wu and Krinke^^)  also conducted residual 
stress measurements In Ti-8Al-lMo-lV spot welds, 
the effect of  the welding schedule and  spot  spacing 
on the  residual   stress and the effect of residual 
stress on fatigue life.    The results indicated that 
decreasing  the  spot  spacing  from 1.5 to 0.5 inch 
increased residual   stress and reduced fatigue  life. 

Stress-corrosion ^nd thermal-stability tests 
were also conducted in that investigation. Alter- 
nate heating and  salt-water spray did not cause 

cracking.    The effects of  salt-spray  stress-corrosion 
tost',  and  thermal  exposure were  a decrease   in 
tension-shear strength for  spot welds and an increase 
in tensile  strength and decrease of eionijat.ion of 
TIG-wel Jed   specirrv-ns.    Ordering was  a  result of 
both tost enviromnents  for both types of  specimens, 
Stres ,-corrosion  cracking was  found only in spot 
welds exposed  in hot salt at 500 F fo*- 1000 hours, 
as shown in Figurt   15. 

Spot welding  schedules  for Ti-8Al-lMo-lV in 
other sheet thicknos- •■   have been established.^) 
It was reported thai    iifficulti'js were not encoun- 
tered in welding Ti-8Al-lMo-lV,    However,   the duc- 
tility ratio (normal-tension  strength/tension-shear 
strength)  could not meet military specifications 
for thicknesses up to 0.062  inch.    It was also  indi- 
cated that  spct-welded asse'nblies of  the Ti-8Al-lMo- 
IV alloy had the best  short-time elevated-temperature 
properties, 

TIG welding of  the aforementioned alloy, .vds 
conducted by Mitchell   and  Day.^   '    Good  creep 
resistance was found  in welded Ti-8Al-lMo-lV sheet. 
Notch-tension strength was higher than the unnotched 
tension strength in the weldment of all  throe alloys 
tested. 

Weldability of Ti-6A1-4V is claimed to be good. 
However,  cracking was  found  in 2-inch-thick weldments 
with matching filler wire.'-'--1'    By using  preheat and 
an int-, rpass temperature of  175 F,  cracking was 
eliminated.    When commercially pure titanium filler 
wire was used,  no cracks were  found even without 
preheat.    One-inch-thick Ti-6A1-4V plate was re- 
portedly welded by using the manual  short-arc 
process, with matching filler wire and 75 percent 
helium and 25 percent argon  shielding gas.'^) 
Manual TIG welding'^-7'  was used to weld 0.025-inch- 
thick Ti-6A1-4V sheet for rocket-motor case with 
matching filler wire,    although the hydrostatic  test 
standard was met,  porosity could not be eliminated. 

Daley and  Hartbower (18) reported that a 100 
percent tensile  joint efficiency at an ultimate  ten- 
sile  strength of 150 ksi and 10 ft-lbs V-notch 
Charpy impact energy at -40 F could be obtained  in an 
automatic TIG-welded Ti-6A1-4Y welded fusion zone 
with matching  filler wire.^"' 

FIGURE 15.   STRESS-CORROSION CRACKING IN Ti-8Al-lMo-lV SPOT WELD EXPOSED IN HOT  SALT AT  600 F FOR  1000 HOURS 
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The effect of  Interstltlals on the mechanical 
properties of Ti-6A1-4V weldments was  studied.^0) 
The  results  indicated that the  properties of the 
base alloy were not impaired by oxynen contents of 
0.20 percent on   nitrogen contents of 0,10 percent. 
Hydrogen up to 150 parts per million did not appear 
to have a marked embrittling effect. 

Resistance  spot welding  schedules for 0.035 
to 0.093-5 nch-thick Ti-6A1-4V were established.!21'22' 
The  resulting data were  comparable to recommenda- 
tions for similar gages of  stainless steel.    The 
in-machine  post-weld heat treatment increased the 
ductility ratio and was considered to be a practical 
operation for quench-and-age type alloy. 

The weldability of Ti-6Al-6V-2Sn is the lowest 
of all titanium alloys discussed.    Fusion-zone 
cracking can be eliminated by using coimercially 
pure titanium filler wire.    However, ductility is 
gained only at the expense of the tensile  strength. 
The real  problem of welding this alloy is in the 
heat-affected  zone.    In addition to the remedial 
method discussed in the preceding  section,  improved 
joint design would help to eliminate heat-affected 
zone cracking. 

A 100 percent joint efficiency and good duc- 
tility can be obtained in an annealed Ti-13V-llCr- 
3A1  weldment.!2^)    Since the  strength in this alloy 
is developed by aging,  the annealed Ti-13V-llCr-3Al 
is not very attractive from the  point of view of 
strength/weight ratio.    Post-weld solution annealing 
lowered ductility due to precipitation,   possibly 
alpha,  in the grain boundaries.    Aging after weld- 
ing reduced tensile ductility considerably.    It 
was concluded that various combinations of sequences 
of welding,  aging, cold work,  flash anneal,  and 
magnetic  stirring could improve  the tensile ductility 
in the weld by a certain degree, 

SUMMARY 

Most of  the titanium alloys can be welded with 
all welding processes without much difficulty. 
Since  titanium alloys are relatively easily con- 
taminated and embrittled by solution of interstitial 
elements,  cleaning and shielding  should be care- 
fully employed. 

Titanium alloys are used for either high- 
strength applications and/or high-temperature  serv- 
ice.    For high-strength applications,  the joint 
efficiency cannot be used as the.'sole criterion for 
judging weld quality since the toughness is also of 
great importance.    The fusion-zone properties can 

•be'lmproved by adding dissimilar filler metals and 
the heat-affected zone properties can be adjusted 
by knowing the continuous cooling transformation 
kinetics.    Post-weld heat treatment could improve 
ductility, but in some cases,  it presents practical 
problems.    For high-temperature applications, 
microstructural stability is of primary importance. 
The heat input from the welding process has an 
accumulative effect on the thermal exposure which 
causes microstructufal  instability.    In addition to 
this,  residual   stress distribution in a weldment, 
particularly in a thick member,  should be evaluated 
because it may accelerate the reaction of stress- 
corrosion cracking. 
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DIFFUSION BUNDING AND BRAZING 

R,  R.  Wells* 

DIFFUSION BONDING 

It has been stated that solid-state diffusion 
bondments are as strong as the base alloy. In 
reality, this strength is seldom realized in the 
fabrication of aerospace structures. Why? The 
answer lies in the knowledge that the joint strength 
is dependent upon the number of voids which remain 
after the bonding process. Let us look at some of 
the details of making these joints, then return to 
the above question. 

Figure 1 illustrates the voids which are 
present at two "smooth" surfaces are brought into 
intimate contact. Note that the hills or surface 
asperities come in contact first. A light force 
deforms these hills to rapidly increase the surface 
contact area. However, the effect of successive 
incr'-mental increases of force decreases as the 
total contact area increases (Figure 2). This 
results from the change in stress per unit area as 
the contact area increases per unit increase in 
force. Forces large enough to cause complete 
surface contact result in deformed base alloy 
(Figure 2). 

FIGURE 1 

FIGURE 2 

Temperature is used to aid atom interchange 
across the contact areas, and in the case of titan- 
ium, to dissolve the surface oxides at temperatures 
in excess of 1400 F. In addition, increases in 
temperature lower the yield strength of the base 
alloy, and if raised sufficiently, allow creep to 
occur in the base alloy. The latter two processes 
allow further surface deformation, thus increasing 
the total surface contact area. The approximate 
effect of temperature is shown in Figure 3, 

♦Senior Engineer, Materials Research, Northrop 
Corporation, Norair Division, Hawthorne, 
California. 
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FIGURE 3 

Increasing the diffusion bonding time results 
in additional creep deformation of   the base alleys, 
and if  an intermediate  is used,  additional atom in- 
terchange between alloys  (Figure 4).    Now, let us 
return to the question of why many solid-state 
diffusion-bonded joints are not perfect.    Roll  bond- 
ment products may have perfect bonds due to the 
large  pressures used resulting in deformation of the 
entire  structure.    However,  in fabricating aerospace 
structures such as honeycomb joints,  deformation 
cannot be tolerated.    As high pressures cannot be 
utilized,  there is a tendency to "ither creep the 
parts together with small deformations or settle for 
voids,  thus accepting a poorer joint.  Frequently,  a 
near perfect, that is voidless joint,  can be achieved 
by recrystallizing the base alloy (Figure 5).    Un- 
fortunately, while this joint has base-alloy strength, 
it is usually undesirable to recrystallize the 
titanium-base alloy.    For example,   in the case of 
alpha-beta titanium alloys,  recrystallization results 
in a loss of fracture toughness.    Thus,  in either 
of the  above cases,  the  joint does not  have the 
desiied combination of  strength,  ductility, etc. 

FIGURE 4 

FIGURE 5 
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For the above reasons, most investigators 

have used Intermediate materials for forming solid- 
state Ulffusion bondments,     A good Intermediate must 
deform to fill all voids and be compatible with the 
base alloy.    As the service conditions may dictate 
high temperatures, high  stresses,  and long exposure 
times, then the intermediate joint must be creep 
resistant.    This poses a diffusion problem,  since 
the intermediate must exhibit a low yield strength 
to affect a sound joint and later the intermediate 
is required to exhibit a high yield strength in 
order to produce a joint having a high lap-shear 
strength.    With titanium alloys,  the compatibility 
factor is also quite important due to corrosion and 
stability problems. 

The best solid-state diffusion bonding inter- 
mediate for titanium alloys which has been investi- 
gated at Northrop is pure titanium.    At the bonding 
temperature of 1700 to 1800 F,  the pure titanium is 
softer than the base alloy;  therefore,  it deforms 
and fills the voids without deforming the base 
alloy.    Diffusion cycles can then render a composi- 
tion change to produce a  satisfactory joint.    How- 
ever, base-alloy properties are not developed by 
this joining technique. 

Practical  limitations applicable to solid- 
state diffusion bonding of foil-gage titanium sand- 
wich panels arei 

(1) Close tolerance  machining of core 

(2) Close  fit up required of all component 
parts 

(3) Low creep strength resulting in crushed 
core if careful control not exercised 

(4) Requirement of long time at temperature 
to achieve joints,  thus adding to costs. 

A technique for forming corrugated-type sand- 
wich panels with excellent bonds has been developed 
and patented by Battelle Memorial  Institute.    This 
process involves placing steel  shapes in what is to 
be the open area of the  fintl  titanium panel  (Figure 
6).    After hot rolling in a rolling mill, the steel 
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Exploded View of Roll-Welded Pack 
Ready for Hot Rolling 

FIGURE 6. 

is etched away leaving the  open  corrugated  • t rui lure. 
The advantages are: 

(1) Capability of  making  certain  types o) 
sandwich  panel   material r, 

(2) High-integrity joints. 

Disadvantages arei 

(1) Cost of etching the  steel  away 

(2) The process is limiti  I  to  shapes in which 
the acid may reach the  steel   in orfer to 
remove it. 

COMVENTIONAL BRAZING OF TITANIUM 

The conventional  process of brazing  invotwi 
the use of  an alloy with a melting point below  that 
of  the  material  being brazed.    The liquid braze 
alloy must  "wet" the material  and flow along the 
capillary joints.    Wetting  is illustrated  in 
Figure 7.    On the left is a liquid which tends to 
ball  rather than wet the material  as shown on the 
right.    This is similar to water on a waxed car. 
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FIGURE 7 

Once a braze alloy has been found which melts, 
wets, and flows satisfactorily, mechanical and 
physical-property data may be generated. 

Investigators have been searching for good 
brazing alloys for titanium alloys for approximate- 
ly 15 years. Despite articles such as "It is Easy 
to Braze Titanium"(a) which appeared in 1953, the 
search for braze alloys continues today. 

The best braze alloy developed to date for 
titanium is based on the silver-5 aluminum composi- 
tion. This alloy flows on titanium at 1790 F. Ad- 
vantages of this alloy are that it is available in 
foil form and works satisfactorily for many applica- 
tions. Disadvantages are its high cost, weight, 
and lack of salt stress-corrosion resistance. 

THIN-FILM DIFFUSION BRAZING OF TITANIUM 

A process for thin-film diffusion brazing of 
titanium alloys has been developed at Norair. This 
process depends upon the formation of small quanti- 
ties of liquid which behave as a braze alloy. Sub- 
sequent diffusion then drastically alters the alloy 
composition, resulting in a metallurgical compati- 
ble titanium joint. The process is a combination 
of diffusioa bonding and conventional brazing. The 
general details of this process may be illustrated 
by viewing a simple eutectic phase diagram 

(a) Meridith, H. L., "It is Easy to Braze Titanium", 
American Machinist, 97 (March, 1953). 
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(Figuro  8).     Initially,  a thin layer of  Element B 
is deposited on the titanium surfaces to be joined. 
Titanium component parts are assembled,   light 
pressure  is applied,  and they are placed in an inert 
or neutral  atmosphere to protect the titanium. 
The parts are  then heated above the eutectic  tem- 
perature. 

PERCENT 

FIGJRE 8 

As seen on the phase diagram,  the Element B 
and the  titanium interdiffuse prior to the eutectic 
temperature to  form a  solid-solution alloy of 
titanium and Element B.    This occurs due to the 
chemical  gradient present.    After sufficient solid 
diffusion occurs,  eutectic compqsition,  liquid, 
metal  is formed.    This liquid wets and flows much 
as a braze alloy, thus forming a liquid  in+erface 
between the titanium components.    Since the  chemi- 
cal  gradient still  exists, diffusion between the 
Ti-B eutectic alloy and titanium continues. 
Eventually,  solidification occurs.    With additional 
holding time,   solid-state diffusion    ontinues. 
This process requires that the components be diffu- 
sion treated until   the desired final  composition is 
reached  in the joint. 

The  above  treatment has now generated a B- 
containing, beta-phase titanium joint.    Controlled 
cooling transforms this B-containing beta titanium 
to alpha-phase titanium and compounds (Figure 9). 

FIGURE 9 

Advantages of this process are low-cost braze 
material,  light weight, extremely high strength, 
thermal   stability,  and  stress-corrosion resistance. 

Disadvantages are  the close  fit-up requirements and 
control of  the  intermediate content needed. 

COMPARISON OF JOINING SYSTEMS 

One difference  between these three joining 
systems becomes apparent when it is desired to 
form "Tee" joints  such as honeycomb core to face 
sheets (Figure 10).    Note the large fillet associa- 
ted with conventional  brazing and the complete lack 
of fillets with diffusion bonding.    The  fillet size 
is a significant factor in these joining systems 
inasmuch as low-strength joining material  requires 
a large fillet to produce a strong joint.    While 
large fillets aid  in distributing stress, especially 
with regard to fatigue,  they also add considerable 
weight to the  structure  (Figure 11).    From the 
fabrication viewpoint,   the  smaller the fillet  size 
the tighter must be tne  fit up. 
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DIFFUSION 

BONDED 

FIGURE 10 

L- 

NOKTUOND ITHtH-FILM »ONOEO) 

4 

o.ooi    e.eio o.oio 

SKIN TMlCKWrss, INCHES 

FIGURE  11 

mm 

u «.1« 4 
, ■ -'   '■'    -vm ■ 

J 



^■i 

«*   :•'■ ■ -  - 

{I  .     MtüK *   •'*•    •*■'■•"■'.■*■.<:•■ 
, „„r-T.i-•■• '      ■ » 

HA 

Another comparison amono the three  systems  ic 

lap strength as a  function of  temperature  (Fujure 
12),    These  curves  show the  relative   strength levels 
for the  three  methods of  bondin'j  titanium.    Note   the 
Aq-Al  braze  alloy  is not  as   strong  as  the   thin-film 
bond.    However,  this  strength difference may be 
overcome by utilizing larger fillets or overlaps. 
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FIGURE 12 

Comparison of  the  resistance  to stress corro- 
sion is  yet another  indicator of   the  relative 
merits of these systems.    These tests were performed 
by stressing  th?   specimens  in NaCl   at 600 F,     Each 
type of  joint was  loaded   to  33  percent of   the  yield 
strength at 600 F,     The  Ao-Al  brazed  specimens 
failed  after only  16B hours   in   the hot  salt.    Micro- 
structure   studies   showed  general   corrosion  surround- 
ing all   of  the braze  areas,    Specim3ns which did  not 
fail  were   then  tested  at  room  temperature.    Figure 
13  shows the  decrease   in lap-shear  strength due  to 
the effects of   stress corrosion. 

200 ' 400 

EXPOSURE TIME, MMU 

FIGURE  13 

Neither   the   solid-state  diffusion-bunded  nor 
ths   thin-film-bonded  specimens  failed  alter ')00 
hours'   exposure.    These  specimens were  then  tested 
in lap-shear.    The   test  results   indicated  slight 
changes ,n  the joint,  strength.    Normal   scatter 
probably accounts   for  the  differences  in  st.ren ith. 

The  advantage  of  the  thin-film bonding  proce; r 
for  fabrication of   titanium honeycomb  should be 
fairly obvious.     Therefore,   let  us   take  a closer 
look  at  the  properties  and   advantages of  this 
joining method. 

Two  types of  tests were  performed  in order 
to establish the applicability of  this joining  sys- 
tem to  titanium honeycomb.    The   first  test was  used 
to establish  thermal   stability of  thin-film bonds 
with  regard   to long-time   service-temperature ex- 
posures.    After preliminary tests  indicated  that the 
system was  relatively stable  at  1000 F,   it was de- 
cided to conduct further tests at 1000 F,    Therefore, 
a   series of  lap-shear  specimens were  prepared,   sealed 
in argon,  and exposed  at 1000 F  for  times of  100  and 
1000 hours.    Figure  14  shows  the   small  decrease   in 
strength  as a   result  of   these exposures. 
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FIGURE 14 

Secondly,   assurance  was  needed  that the   thin 
film did not degrade  the  titanium  sheet with  respect 
to  fracture toughness.    Once  again,   preliminary 
tests were  conducted before  the  fracture-toughness 
evaluations were made.    A series of bend  specimens 
were  tested at temperatures of  -320, 465,  and 7ib F. 
These  specimens were loaded with the thin-film- 
coated  surface in tension.    While the bend angle 
was less than that of Ti-8Al-lMo-lV,  the results 
indicated that the material  did possess ductility 
of the  same order as TIG weldments.    Finally,   sheet 
Ti-3Al-lMo-lV alloy Aias thin-film processed and 
tested in notched and uÄnotched tension.    These 
results (Table 1)   show that the thin-film-coated 
sheet exhibited notch toughness approaching that of 
duplex-annealed  Ti-8Al-lMo-lV.    In fact, had it 
been possible to cool the test specimens faster, 
the  toughness values might have been equal. 

Salt stress-corrosion susceptibility of this 
joining system has been evaluated at 600 F.    Those 
tests have  indicated  that the  salt   stress-corrosion 
properties  are  slightly better than  the Ti-8A1- 
IMo-lV duplex-annealed alloy. 
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TABLE 1 

NOTCHED NOTCHED 
UNNOTCHED YIELD    UNNOTCHED ULTIMATE 

0.020 INCH DUPLEX 
ANNEALED T.-8-1-1 I.I 

0.010 INCH NORTIBOND 
Ti-8-1-1 1.05 

0.020 INCH MILL 
ANNEALED Ti-8-1-1 0.85 

0.93 

THIN-FILM-BONDED HONEYCOMB  PANELS 

There are  several tests which can be conducted 
in order to determine honeycomb panel  properties, 
A few of  these tests are described below,  along with 
a description of the test panels, 

A. Panel Configuration 

Ti-8Al-lMo-lV face  sheets, 0,010 inch thick 
Ti-75A titanium core, 3/16-inch cell  x 0.0015- 

inch foil x l/2-inch thick 

Density: Theoretical component density plus 
0.00352 lbs/ft2 of panel  or 1,6 
g/ft2 of panel 

B. Core Shear Test 

Performed as plate  shear test at room 
temperature 

Value      354 psi 
Failure by core shear 

C. Beam Flexure Test 

Test beam simply supported on 8-inch span 
loaded with 2-point ram. 

Test Co re Shear, Face Sheet Stress, 
Temp. F DSi DSi 

RT 300 89,900 
450 166 49,800 

Failure by core shear 

D.    Peel Test 

Note: 

Vertical peel conducted at room temperature 
Load 29 in.lb/3 in. width 
Failure in core 

Acoustic Fatigue 

Tested 6 in, x 9 in. x l/2-in. panel at: 
1-1/2 hr at 170 DB 

16-1/3 hr at 173 DB 
100 hr at 176 ÜB 

No failure 

No failures occurred in the joints during any 
of the above tests. 

The most extensive honeycomb testing was per- 
formed by compressively loading the core (flatwise 
compression) or the face sheets (edgewise compres- 
sion). These results are shown as a function of 
temperature in Figure 15. Edgewise compression 
specimens tested below room temperature failed due 
to core failure near the yield strength of the face 
sheets indicating an optimum design. However, as 

FIGURE 15 

the test temperature was increased to room tempera- 
ture,  the  failures occurred below the yield  strength 
of the face  sheets by face-sheet buckling into the 
core. 

Based upon the above data, comparisons of 
several  types of panels were made.    Figure 16 shows 
a strength-to-density plot comparing thin-film- 
bonded titanium, adhesively bonded aluminum,  and 
brazed steel  panels between 75 and 600 F.    Thin face 
sheets were used as this is the realm of maximum 
usefulness for the thin-film-bonding system. 
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SUMMARY 

Three methods of joining titanium sandwich 
panels have been described here: 

(1) Solid-state diffusion bonding 
(2) Brazing 
(3) Thin-film diffusion brazing. 

Of these,  the authors believe that the thin- 
film diffusion-brazing process appears to be the 
most applicable to the fabrication of titanium 
honeycomb panels.    Furthermore, comparisons of thin- 
gage titanium panels with aluminum show that by 
proper application,  thin-film-bonded titanium panels 
could be used to reduce the weight of an airframe 
by replacing aluminum components. 

4 
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ADHESIVE BONDING OF TITANIUM 

S. R. Breshears* 

INTRODUCTION 

Adhesive bonding of load-carrying structures 
has been in common use in the United States since 
1946, and has been proven as an effective and 
efficient means of joining two met-1!  surfaces to 
form a strong structural  bond.    Examples of ad- 
vantages of  adhesive bonding in aerospace applica- 
tions are discussed in the following  sections. 

Adhesive bonding oi  metal-to-metal  laminates 
or stiffeners or splice plates in shear webs 
permits increased tension field allowable  stress, 
compared to a riveted  stiffener design since effec- 
tive skin and web panel width is reduced.'1^      By 
this method, wrinkles in the skin or web pane] 
will progress only to the edgos of the stiffener 
flanges rather than to the riveteo lines  in the 
btiffener flanges.    Within limits, the full  tensile 
strength of primary tension skins can be developed 
with bonded splices because reduction in cross- 
section area does not occur as in rivet and bolt 
holes.    Bonding of  splice plates and doublers 
results in a reduction of weight since the loads 
are transmitted as shear stresses. 

The ability to fabricate structural  components 
from sandwich composites also offers  important com- 
petition to integral  machining and chemical milling 
of slabs.    The adhesive-bonded honeycomb-sandwich 
construction offers high panel  stiffn*ss-to-weight 
ratio and at a cnst approximately ten times lower 
than the cost of comparative brazed panels.    With 
proper selection of skin thickness and core cell 
size,  the  allowable buckling  stress of the  sandwich 
panel  can be made equal  to, or slightly greater 
than,  the  compressive  yield  stress of the facing 
material.    The primary buckling  strength of a  sand- 
wich panel   is higher than *hat of an equivalent- 
weight  stringer-skin panel because the compressive 
stress is carried by the entire skin rather than by 
the  stiffener  in a locally unbuckled  skin. 

Adhesive  bonding of  sandwich constructions 
can greatly increase  fatigue life by providing 
(1)  a more even  stress distribution in the  struc- 
ture,   (2)  better local   support for the  skins,  and 
(3) because of  the visco-elastic nature of the 
adhesive,  reduce the amplitude of the exciting 
forces at the  interfaces between the more  rigid 
metals. 

The use of adhesives in aircraft can improve 
the aerodynamic  characteristics of the flight 
vehicle as follows: 

(1) Bonded sandwich provides excellent 
support for sheet skins,  resulting  in 
smooth surfaces and reduced waviness 

(2) Bonding permits increased stiffness 
and improved definition of trailing 
edges 

(3) In semimonocoque construction, bonded 
stiffeners make possible  smoother and 
truer contours free from local deforma- 
tions and wrinkles 

^Senior Engineer, Materials Research,  Northrop 
Corporation,   Norair Division,  Hawthorne,  California, 

(4)    In lightly loaded components,  bonding 
permits light designs with less deflec- 
tion. 

Fundamentally,  adhesive bonding permits the 
assembly of complex parts and  structures from 
relatively small  numbers of  simple-to-produco 
details.    With properly designed fixtures and with 
versatile equipment  such as autoclaves,  presses, 
and control ovens,  large assemblies can be  fabrica- 
ted with fewer operations.    Cost figures available 
from large production users of adhesives show 
approximately 40 percent savings in manhours per 
square  foot of adhesive-bonded structures as com- 
pared to conventional  attachments.^)    Probably 
the largest manufacturing economy from use of  ad- 
hesive bonding  is the  ability to control  and pro- 
duce a small  or large quantity of bonded parts in 
the  same basic equipment. 

The major advantages of using adhesive bonding 
in aircraft are  summarized belows 

(1) Large weight savings for equal  stiffness 

(2) Increased damping characteristics,  re- 
sulting in increased fatigue life 

(3) Ability to seal off liquids, gases, 
and pressurized compartments 

(4) Improved aerodynamic characteristics 
through  smoothness of exterior  surfaces, 
i.e.,  rivets are eliminated and surface 
waviness  is reduced 

(5) Low material and manufacturing costs 

(6) High contact area  for attachment 
and load  transmittal 

(7) Excellent thermal  insulative properties 

(8) Improved  acoustical  resistance and 
reduction of noise levels within vehicle 

(9) Adaptability to  form complex composite 
structures 

(10)    Greater resistance to corrosion attack. 

ADHESIVE BONDING OF TITANIUM - 
THE GENERAL CASE 

Advanced design studies of Mach 3 supersonic 
aircraft  indicate  that wing and fuselage  surface 
temperatures will  range from 600 F at the leading 
edges to about 450 F in other areas.    The metal 
selected to meet these temperature regimes  is titan- 
ium because of  its high strength-to-weight ratio at 
elevated temperatures.    To adhesively bond titanium 
subjected to these  temperatures,  an adhesive 
capable of withstanding temperatures of 600 F for 
1000 hours and 450 F for much longer time periods, 
say 30,000 hours,  is required. 

The  state of the art in adhesive bonding 
consists of aluminum bonded with adhesives which 
are  subjected  to a maximum of  about 250 F for long 
periods of  time.    With the advent of  the Mach 3 
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aircraft,  new technology must be developed  to bond 
titanium metals with newly developed high- 
+ pmperature  adhesives.    The  technologies to be 
developed include: 

(1) Titanium surface treatments 

(2) High-temperature adhesive development 

(-0     Application and bonding of  high- 
temperature adhesives 

(4)    Testing of adhesively bonded  structures 
at elevated temperatures. 

Titanium Surface Treatments 

Titanium can be readily cleaned and etched 
preparatory to bonding by solvent cleaning  and 
hydrofluoric  acid-nitric acid etching.    However, 
the clean titanium surface oxidizes very rapidly 
even after an adhesive or adhesive primer has been 
applied to the  surface, dried,  and/or cured.    The 
resulting oxide film acts as a release agent, there- 
by causing complete adhesive  failure.    To  prevent 
this rapid oxidation,  a conversion coating or other 
protective coating must be applied to the titanium 
surface.    The  coating must prevent oxidation, 
must 1     hard,  must be  stable in all environments, 
and must adhere  tenaciously to the titanium metal. 

Numerous conversion coatings are  available 
that will protect titanium metal  from further 
oxidation and present a surface  suitable  for bond- 
ing.     The best conversion coating evaluated in 
this: laboratory consists of a phosphate-fluoride 
treatment.      A chromic acid-fluoride  coating rates 
as a close  second. 

In addition to the conversion coatings, a 
controlled oxide surface presents an excellent sur- 
face lor bonding.    The oxides of titanium are 
numerous and range in color from a white  to straw 
color,  gold,  green, various shades of  blue to 
purple,  and  finally black.    These oxides can be 
formed by (1)  heat, (2) anodic treatments,  and 
(3)  chemical  treatments.    The oxides formed by 
heat have not given good adhesive bonds,  whereas 
those  from certain anodic and chemical treatments 
have been very successful.    The best chemically 
formed oxide  is the black oxide via a proprietary 
chemical  treatment.   This treatment can provide 
a complete  spectrum of oxide colors, but only the 
black oxide gives satisfactory bonds.    Lap-shear 
strengths 50 percent higher than those attainable 
by.th« phosphate-fluoride method have been ob- 
tained. 

Adhesive Development 

To be useful' as a high-temperature  structural 
adhesive,  a material must have both chemical  and 
phase  stability.    Chemical   stability by definition 
includes (l)  resistance to thermal and oxidation 
degradation,   (2) no chemical  change within the 
material  as a result of chemical  reaction with 
fillers, carriers, and by-products, or unreacted 
starting materials,  and (3)  inertness to metal 
surfaces.    Phase stability is required to provide 
continuing  strength at elevated temperature,  since 
a phase change upon high-temperature exposure will 
show a generally undesirable variation in physical 
properties. 
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Decomposition of organic  polymers serving as 

binding resin',   for adhesives at elevated tempera- 
tures  is a  complicated process consisting of 
(1)  thermal  deg.-adation,  (2)  reaction of  the poly- 
mers with the  surrounding environment  (atmosphere 
and adherent   surface), and (3)  reaction of   the 
polymer with additives within the bulk adhesive 
structure. 

Thermal  Degradation lAechanisms 

Thermal  degradation is a rate process depen- 
dent upon the temperature.    For degradation 
processes,   the decomposition is assumed to be a 
first-order chemical  reaction! 

A-*-B + C + D + ... (1) 

The rate can be described by the expression: 

•ir=-kCA (2) 
where 

C = concentration of Reactant A 

t = time elapsed 

k = degradation rate constant. 

Separation of the variables and integration of 
Equation (2) becomes 

InC. = -kt + constant . (3) 

By normalizing the  concentration term,  it  is possi- 
ble to convert Equation (3)  to a  form suitable  for 
describing any degradation or loss phenomenon as 
a first-order model 

In(l-R) = -kt + constant (4) 

where 

(l-R) = fraction of tensile  strength or weight 
remaining after time t 

R = fraction of tensile  strength or weight 
lost during time t 

k = degradation rate constant 

t = time elapsed. 

Since  thermal degradation is a rate process depen- 
dent upon the temperature, degradation rates can be 
correlated  satisfactorily as a function of  tempera- 
ture by an expression of the Arrhenius type 

-üE 
log.-k = -jrs- + constant (5) 

where 

k -   first order rate constant for degradation 
üF = activation energy 

R = universal  gas constant 
T = temperature in degrees absolute. 

Experimental  data are correlated by plotting 
k versus l/T(0R).    Wh?n carried out on semi-log 
paper,  the  plot of loy k versus l/T is a  straight 
line, which makes  the plot additionally useful   for 
extrapolating the degradation into data outside 
of the  ranges for which experimental  values have 
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88 
been obtained.    By tfiis method,   it  is convenient 
to obtain  short-term aging data of  adhesives  at 
elevated temperatures,  and then,  by extrapolation, 
obtain the  long-term aging life at lower tempera- 
tures.    An example of this are the plots in 
Figure  1  of  the aging data for 422J and Imidite 
B50 adhesives (data  from Tables 1  and 2). 

TfNMLILOUIUTI, k VtMUSI/T 

FIGURE 1 

TABLE   1.     AGING DATA - SHELL 422J ADHESIVE  IN AIR, 
LAP-SHEAR SPECIMENS 

F 
Exposure, 

' hrs 
Tensile, 

psi 
k 

%/hT 
Refer- 
ence 

On _A1 uminum 

:'rj0 0 
4380 
8760 

(6 
(12 

no) 
mo 

2000 
1500 

)   1350 
0.0064 
0.0045 

5 

IbO 0 
4380 
8760 

1700 
400 
200 

0.0333 
0.0244 

5 

400 0 
200 

1700 
1400 0.095 

6 

'iCO 0 
200 

It 00 
600 0.490 

6 

On  17-7P1! Stainless S'eel 

3'JO 0 
1000 

1870 
1302 0.036 

7 

400 
2'. 'J 

2200 
1800 0.10C 

6 

500 0 
10 

1900 
1000 1.280 

6 

TABLE 2. AGING DATA -  IMIDITE 850 IN AIR, PH15-7Mo 
STAINLESS STEEL LAP- SHEAR SPECIMEN; 5 

Temp, Exposure, Tensil ä» k Refer- 
F hrs psi %/hi ence 

350 0 
2000 
4000 
5000 

2685 
2930 
3367 
2910 0.0015 

8 

400 0 
500 

1000 
4000 

2570 
3585 
2817 
1825 

0.0486 
0.0145 

8 

500 0 
240 
500 

1250 
1500 

2690 
2590 
2650 
1480 

955 
0.078 
0.098 

a 

600 0 
65 

100 
150 

2895 
1190 
1293 

396 

1.370 

1.320 

8 

700 0 
8 

16 
24 

2405 
1580 
1235 

750 

5.250 
3.080 
6.230 

8 

Effect of Oxygen on Degradation 

It has been reported that the major cause of 
strength losses of high-temperature-  adhesives  in 
air is the air-oxidation of the organic material 
within the  adhesive bond.'-V^J     Data presented   in 
these references  for the aging of high-temperature 
adhesives on I7-7PH stainless steel  under nitrogen 
and  in air at 600 F are  comparable with data gener- 
ated for the  aging of similar structural 'adhesives 
under 0.1 atmosphere absolute total  pressure on 
PH15-7Mo stainless steel.    These data are listed 
in Table 3  for AF31, Metlbond 311,  and  Imidite 850. 
A comparison of  the tensile  strengths versus aging 
time for Metlbond 311  and Imidite 850 and the 
degradation rates of Imidite 850 in air at 1.0 and 
0.1  atmosphere are plotted in Figures 2 and 3, 
respectively. 

»«moonoHeiivn - tmcr or onctH 

IOC       im      «a 
HC.ittACINOtTMf 

FIGURE 2 

- •      —--   '■ 



■^s^* 

■y 

TENSILE LOU RATC, k, VDtSUS I/T FOR IMIOITC 
IM ON S/t AT VARIOUS AIR PRIUURH 

J 

i 

FIOURE 3 

89 
steel   at elevated temperature  is much  inferior to 
its  performance on aluminum or  titanium with a con- 
version coating,  as data in Tables 4 and  J and 
Figure 4 indicate.    The very marked  difference  in 
the performance of the  same adhesive-:, on aluminum, 
stainless steel,  and titanium,   strongly indicates 
that  certain metal   surfaces have  an  important 
catalytic effect on the deterioration of organic 
mate.rials at elevated temperatures  in air, 

TABLE  4,    AGING DATA FOR 422J IN  Alh  ON ALUMINUM 
AND STAINLESS STEEL^10) 

Material 
Temp, 

F 
Exposure, 

hrs 
Tensile, 

psi 

2024-T3 

17-7PH 

bOO 

500 

0 
100 

0 
100 

2400 
1100 

2400 
400 

TABLE  5.    AGING DATA FOR  IMIDITE  850   IN AIR ON 
STAINLESS STEEL AND TITANIUM^8) 

Material 
Temp, 

F 
Exposure, 

hrs 
Tensile, 

psi 

TABLE  3.    LAP-SHEAR TENSILE DATA FOR HIGH- 
TEMPERATURES ADHESIVES - EFFECT OF 0.1 
ATMOSPHERE AIR ON  PH15-7Mo  STAINLESS 
STEEL 

Expo- TensiJ e Strength, 
Temp, sure, PSi Refer- 

Adhesive - hrs 1.0 atm 0.1  atm ence 

AF31 ■S00 0,167 .. 654 9 
200 — 540 
500 — 588 
1000 — 1400 

600 0.167 -- 508 9 
200 — 202 
500 -- 149 

Me tl bond 500 0,167 1340 806 9 
311 200 720 1208 

1000 530 1210 

600 0,167 1240 703 9 
200 720 1158 
500 ~ 278 

Imidite 400 0,167 2318 2318 8 
850 4000 1825 3472 

10,000 — 3184 

500 0,167 2202 2202 8 
1000 1600 3080 
3000 — 2219 
5000 — 1670 

Contact 3atalvt] c Effect of Metals 
on Degra dation 

For organic resins in contact with stainless 
steels  and titanium in air,  a contact catalytic 
effect occurs which serves to greatly increase the 
degradation rate.    In general,  the aging perfor- 
mance of a structural  adhesive  in air on stainless 

PH15-7M0 500 0 
500 

1000 
1500 

Ti-8Al-lMo- 500 0 
IV 500 

1000 
1500 

2200 
2657 
1600 
955 

2008 
2195 
2280 
2034 
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Adhesive  State  of  the  Art 

A review and evaluation of the available 
high-temperature resistant adheslves  indicates 
that adheslves meeting supersonic aircraft require- 
ments are available.    These adheslves are formu- 
lated from organic polymers containing the aromatic 
and/or heterocycllc  ring systems possessing high 
resonance energy.    (The epoxy or epoxy-phenolic 
types will not meet SST requirements.)    Three 
aromatic or heterocycllc polymer types presently 
being used in high-temperature adheslves are 
(1)  polybenzimldazoles, (2)  polypyromellitimides, 
and (3)  modified polyphenyl  ethers (see Figure 5). 
Lap-shear tensile  strengths before and after aging 
at »levated temperatures are given in Table 6 for 
Imidite 850  (a polybenzimidazole),  FXM-34B-25 (a 
polypyromellitimlde),  and PPE 27A (a modified poly- 
phenyl  ether).    A plot of  tensile strength versus 
temperature  for these adheslves is shown in 
Figure fey while an Arrhenius plot of degradation 
rates is given  in Figure 7. 

HIGH TEMPERATURE RESIN TYPES 

MM ntfOAiwe AMCtim LAP-MM VIM« TCMKRATURE 

1*1   POLYSCsZlMiOAZOLet 

ixfr-cn \ 

PCLY^.JIi 

tO:: 
woaPiEo POLYPMENYL ITHMS 

FIGURE  5 

TABLE 6.    LAP-SHEAR TENSILE  STRENGTHS FOR HIGH- 
FEMPEHATURE ADHESIVES ON TITANIUM(8) 

Temp,    Exposure,     Tensile,  psi  
F hrs Imidite 850    FXM-34B-25    PPE 27A 

RT 0 2130 2570 2940 

400 0 
4000 

1789 
2683 

2278 
1623 

1100 
1480 

500 0 
2000 

2008 
1807 

1758 
1916 

1283 
1057 

600 0 
300 

1672 
155 

1192 
1815 

1248 
943 

TABLE 7.    STORAGE STABILITY OF PPE  ADHESIVE^8) 

Adhesive Lap-Shear Tensile,  psi» 
Storage RT             450 F        600 F 

0 2715          1198            827 
1  yr 2940           1290            940 

1 
5 - 
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■» 
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FIGURE 7 

The polyimide types have the best thermal  stability, 
the modified polyphenyl  ethers are slightly less 
stable,   whereas the polybenzimldazoles are con- 
siderably less stable.    The polyimides and modified 
polyphenyl ethers are expected to meet SST require- 
ments for life while the polybenzimldazoles will 
not. 

The polyimides and polybenzimldazoles cure 
by condensation;  the polyimides condense out water 
to form the cyclic imide ring, while the poly- 
benzimldazoles condense out either ammonia and 
water or phenol and water to extend the chain length 
to high molecular weight.'   In both cases, the 
volatiles exceed 10 percent by weight.    These quan- 
tities of gases evolved in cure  prevent bonding of 
completely  sealed honeycomb-sandwich panel  struc- 
tures and generally leave a foamed bond area.    The 
modified polyphenyl ethers emit about 2 to 4 percent 
by weight of volatiles In cure and present no 
problem in bonding of sealed honeycomb-sandwich panels. 



^—ql 

1 - 

91 
Adhesive Application and Bonding 

Adhesive 

Normally, adhesives are  supported on a glass 
scrim cloth or other similar weave of glass cloth. 
The glass cloth generally is recognized as being 
sufficiently inert and of no value to the adhesive 
except as a carrier.    The carrier does act as a 
shim during the application cycle, and provides 
a fairly direct means of maintaining consistent bond 
thickness. 

The multi-strand-filament structure of glass 
cloth may afford a means for moisture and oxygen 
to diffuse into the adhesive along the axes of the 
glass fibers by capillary action    and may aid in 
degradation of the adhesive.    In addition,  the 
large differences in thermal expansion coefficient 
between glass and organic polymers generate    high 
stresses in the glass/polymer interface during 
temperature cycling.    This could cause microcracks 
to form in the glass/adhesive  interface,  thus 
weakening the adhesives. 

For these reasons, monofllament cloth made 
from metal,  preferably aluminum or boron,  or from 
a heat-resistant polymeric fiber,  is suggested as 
a  replacement for glass cloth as the carrier.    The 
monofllament metallic cloth would be free of the 
wicking tendency and of large differences in ther- 
mal expansion between adhesive and carrier. 
Another possible  means to eliminate the wicking 
tendency is via complete removal  of a carrier 
cloth.    The adhesive formulation could be applied 
directly to the metal   skins and core by spray, 
painting,  or roller coating.    These techniques 
would reduce the weight of the adhesive,  allow 
for easy and rapid application,  and would provide 
a protective coating to the nietal bonding sur- - 
faces after they have been cleaned and treated. 

Bonding 

Bonding with high-temperature adhesives may 
require the use of hot bonding presses or metallic 
air bag pressure chambers if cure temperatures 
higher than about 375 F are required.    Preliminary 
evaluations of the three adhesive types indicate 
that the polyimide and modified polyphenyl ether 
types can be cured sufficiently at 375 F to main- 
tain bond integrity during post-cure handling and 
during post-cure cycles.    Normally, these two 
adhesive types will require post-cure at 500 F for 
a few (8 to 12) hours to obtain maximum strength. 
The polybenzimidazoles require cure temperatures 

"up* to 600 F,  and therefore, will require the special 
high-temperature bonding fixtures. 

Types of Bonds 

The types of bonds and materials expected to 
be bonded in supersonic aircraft are titanium 
metal  and titanium alloys, high-temperature resis- 
tant glass-reinforced plastics, and perhaps,  stain- 
less steel.    Coiiioinations of these materials in- 
clude (l) metal-to-metal,  (2)  metal-to-metal core, 
(3) metal-to-olass plastic core,  (4) glass plastic 
laminate-to-glass plastic core,  and (5) glass 
plastic laminate-to-glass plastic laminate.    Types 
of bonds will include (l) Tee,  (2) honeycomb sand- 
wich,  (3)  interlocking,  (4) butt,  (5) hat section, 
(6)  core  splice, and  (7)  lap shear. 

Mfi0- *#(ft«Äa*aökJ»***Ä'' -w*fc'r- 

Testing of  Adhesives and Bonded  Structure:. 

Before  an adhesive can be qualified  for use 
in  supersonic  aircraft,  its strength  properties 
under various conditions and aging life under these 
conditions must be known.    Testing of  simple lap- 
shear in thermal environments and after exposure to 
thermal  aging will give a fairly reliable measure 
of the  adhesive  strength and life  under pure  ther- 
mal environments.    The effects of moisture,   salt 
corrosion,  jet  fuels,  and lubricating oils on 
adhesive properties can likewise be determined 
by lap-shear tests. 

The most critical tests for high-temperature 
adhesives will be their ability to maintain strength 
and integrity while stressed at elevated tempera- 
tures,  and perhaps, while subjected  to  some of  the 
environmental  conditions listed before.    Additional- 
ly,  the adhesive will have to withstand fatigue 
under cyclic  thermal  exposure.    Tests  suggested to 
evaluate these conditions are creep-rupture  tests at 
elevated temperature and under environmental  expo- 
sure,   and fatigue tests after thermal  aging.     The 
thermal aging may reduce strength properties and 
increase adhesive brittleness,  so that fatigue 
failjre occurs prematurely. 

Other tests required to qualify an adhesive 
are strength properties of honeycomb sandwich 
panels under tensile,  shear,  peel,  corrpressive, 
and acoustic  stresses before and after thermal 
and environmental exposures.    Adhesives passing 
these tests will then be used to fabricate proto- 
type structures for specialized tests and to 
generate design data for supersonic aircraft appli- 
cations. 

SPECIFIC ACTIVITY  IN  THE ADHESIVE 
BONDING OF TITANIUM 

Titanium Surface Treatments 

Treatment of titanium surfaces for bonding 
has been evaluated by comparison of lap-shear 
tensile strengths before and after thermal  aging 
and exposure to salt spray and water atmospheres. 
The best surface treatments representing each of 
three types of treatment are listed in order of 
preference: 

(1) Chemical oxidation - proprietary 
treatment resulting in black oxide 

(2) Chemical conversion coating - phosphate- 
fluoride 

(3) Anodic oxidation - proprietary treatment. 

Adhesive Development 

Research and development of a high-temperature 
resistant adhesive system suitable  for application 
in supersonic aircraft has been actively pursued 
over the past 4 years.   The research and develop- 
ment work at Northrop Norair has resulted in a 
modified polyphenyl ether adhesive  (PPE 27A) with 
the properties listed in Table 6.    This adhesive has 
no storage problems, that is,  it has been  stored at 
ambient conditions between brown kraft paper for 
over a year and still has strength properties iden- 
tical  to those obtained initially  (Table  7). 
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The adhesive  is characterized  further by 

(1) low amount of  volatiles (2  to 4 percent) emitted 
during cure,   (2)  low fusion or flow point,  220 to 
250 F, which permits good wetting and filleting 
during cure,   (3)  moderate cure  temperatures,  37b F, 
for 6 hours plus post-cure at 500 F for Ö to 16 
hours, and  (4)  the  adhesive has adequate  strength 
and thermal  stability to meet supersonic aircraft 
applications (see Table 6). 

Bonding of Honeycomb Panels 

Large  prototype panels have been  fabricated 
from (1) titanium skins and titanium core,  and 
(2) from titanium skin, glass-reinforced core, and 
glass-reinforced laminate.    Additional  panels will 
be fabricated as above and tested for various 
strength properties before and after aging and for 
acoustic fatigue before and after aging.    The 
panels are  to be  fabricated so that they are com- 
pletely sealed.    Only by using an adhesive which 
emits low volatile content in cure  is this possible. 
Panels so  fabricated will be tested nondestructive- 
ly  for integrity of bend before mechanical  property 
testing. 

(4)     Ind.   Eng. Chem.,  Prod. Res.  & Dev.,   1   (2), 
96  (June,  1962). 

('j)    Symposium on Structural Adhesives,   Picatinny 
Arsenal,  Wiley and Company (1961). 

(6) Publication SC 60-112 (Revised),  Shell 
Chemical Company. 

(7) WADC TR  56-320   (1956). 

(8) Northrop Corporation, Norair Materials Re- 
search Group, Hawthorne, California. 

(9) "High Temperature Adhesives, Screening PhaF^" 
Report NOR 60-367, Northrop Corporation, 
Norair Division, Hawthorne, California 
(December, I960). 

(10) WADC TR 53-126, Part III (March, 1956). 
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TITANIUM FASTENERS 

L. H. Stone* 

The majürlty  of   the  fasteners  employed   in 
the aerospace  Industry today  consist of nuts and 
bolts,  screws,  pins,  rivets,  blind bolts,  and 
blind rivets.    Mechanical  fastening provides a 
means for joining dissimilar metals, heavy  sections, 
and components not amenable to the high tempera- 
tures required  for diffusion bonding, brazing, 
and welding.    These  joints are produced with rela- 
tively simple tools,   little or no jigging,  and can 
bo disassembled  if  need be. 

Titanium fasteners offer several advantages 
over steel and aluminum fasteners  currently being 
used in the aerospace industry.    The obvious 
weight savings of  titanium over steel fasteners 
is readily apparent.    Titanium fasteners possess 
higher strengths  than aluminum fasteners.     In 
addition,  titanium fasteners  exhibit excellent 
corrosion resistance,  far greater fatigue  life, 
and can be used at higher elevated temperatures 
than aluminum fasteners. 

The attributes of titanium fasteners were 
realized as early as  1953 when the B-52 SAC bomber 
was  fabricated with thousands of  titanium fasteners. 
In  later years,  the  B-58,  satellites, and missiles 
employed titanium fasteners mainly  for the weight- 
savings advantage  afforded. 

Titanium fasteners are  available in several 
alloys as shown  in Table I.    Fasteners made from 
the off-the-shelf  alloys are  available on short 
notice since the majority  of  fasteners have  been 
fabricated with these alloys.    Fasteners made 
from the alloys  in the middle  category are available 
on a semi-production basis.     IMI-679 alloy  is being 
experimentally evaluated for fastener applications. 
Even though some of  the alloys  in  the middle classi- 
fication exhibit higher strength and better creep 
properties than Ti-6Al-4\/,  the Ti-6AI-4V alloy is 
being considered for the new generation of air- 
craft because of user confidence on present-day 
flying hardware. 

TABLE  1.    TITANIUM FASTENER AVAILABILITY 

Off  the Shelf Semi-Production Experimental 

Pure titanium 
Ti-6A1-4V 
Ti-4Al-4Mn 
Ti-7Al-4Mo 

Ti-8Al-IMo-IV 
Ti-6Al-6V-2Sn 
Ti-7AI-12Zr 
Ti-lAl-8V-5Fe 
Tl-13V-llCr-3Al 

IMI  679 
(Ti-2.25A1- 
llSn-5Zr- 
IMo-0.2Si) 

The advantages that titanium fasteners offer 
over other materials are only realized when sound 
quality control measures are observed during the 
manufacturing processing sequence, Table 2.     In- 
coming material must be qualified with respect to 
chemistry, roundness,  surface  condition, metallur- 
gical soundness,  and hot headability.    The first 

step in the fabrication of a titanium fastener, 
the hot heading operation,  is the most critical 
from a reliability standpoint.    The heading tempera- 
ture and strain rate must be closely controlled to 
achieve the proper microstructure and grain flow 

»Engineer, Materials Research,  Norair Division, 
Northrop Corporation,  Hawthrone, California 

TABLE 2.     PROCESSING SEQUENCE FCR  THE MANUFACTURE 
OF TITANIUM FASTENERS 

Material Qualification 

Fabrication 
Hot Heading 
Machining 
Heat Treating 
Roll Threads 

Fastener Qualification 
Metallurgical 
Mechanical 

in  the head.    Since hot heading is done in air, a 
machining operation is necessary to remove oxygen 
contamination.    After hot heading and machining, 
heat-treatable alloys are heat treated  in an argon 
atmosphere to eliminate contamination.    The final 
operation in the case of threaded fasteners is the 
thread rolling operation. 

Finished fasteners are futher qualified by 
metallurgical and mechanical analyses.    Metallurgi- 
cal  analysis consists of a microstructural evalua- 
tion of the head and shank  regions.     In addition, 
threaded fasteners are examined for evidence of 
cracks,  laps, and  seams in  the threaded area. 
Hydrogen content of  the bead is determined by 
vacuum extraction  techniques. 

Mechanical  testing  qualifies the fasterer 
from a design standpoint.    Fatigue  life,  shear 
strength, and ultimate tensile strength is estab- 
lished as a final  quality-control measure. 

Titanium fasteners,  once qualified, have 
many end uses.    Pure  titanium rivets are bucked or 
squeezed at room temperature much the same as their 
aluminum counterparts.    However,  titanium alloy 
rivets may crack  and  split under the deformation of 
squeezing or bucking,  thus  swaged collars of alumi- 
num or steel are sometimes employed to facilitate 
using titanium alloy rivets  to make joints.    On the 
other hand,  titanium alloy rivets can be driven 
hot.    However, this  technique is still  in the 
experimental stage.    For threaded fasteners, the 
galling problem can be severe.    To alleviate gall- 
ing,  thread lubricants or stainless steel nuts can 
be employed.    Thread anodizing has proved to be 
an effective way to alleviate galling also. 

Titanium fasteners offer several advantages 
over competitive joining techniques for titanium. 
There  is no distortion,  oxygen contamination,  or 
loss of heat-treated mechanical properties due to 
the extra heat input required for metallurgical 
joining.    Joining with titanium fasteners offers a 
simple,  reliable,  and relatively inexpensive tech- 
nique for joining titanium configurations.    The 
fastener industry has experience to offer to the 
aerospace industry due to the reliability of ti- 
tanium fasteners as typified by a decade - plus of 
service on the B-52. 
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DESIGNING WITH TITANIUM 

R. E. Pearson* 

INTRODUCTION 

This paper presents a very brief discussion 
on the design application of titanium and its alloys 
to aircraft and aerospace structures. Unfortunate- 
ly, hard and fast rules or simple antidotes cannot 
be legislated or substituted for good old common 
sense and ingenuity in titanium design. However, 
some guides and rules must be established to sug- 
gest the practical aspect of titanium design. 
These design suggestions and guides will be com- 
bined with their ictual application on typical air- 
craft hdrdware to show what potentially can be 
accomplished if certair factors are recognized. 
Essentially a 20 percent reduction in structural 
weight may be achieved using titanium in lieu of 
steel and/or aluminum. This significant reduction 
In weight which represents an improvement in air- 
craft performance may be obtained with competitive 
economics. 

GENERAL DESIGN CONSIDERATIONS 

The preceding papers have pretty well estab- 
lished the desirability of titanium alloys for air- 
craft structures. From an engineering viewpoint 
comparisons of strength-weight ratios, fatigue 
efficiency, fracture toughness, corrosion resistance, 
and thermal behavior have made this readily apparent. 
However, to understand the application of titanium 
to component or system design, the designer must 
appieciate the basic reasons for selectior- of the 
structural material. Generally, more than one 
structural material will perform a specific task. 
Therefore the designer must select a material 
which will provide best performanc-.' for least end- 
item cost. This economic factor may be in the 
form of a lower initial cost, but usually initial 
cost plus operational costs must be consiaered. 
Economic advantages may be realized in using 
titanium alloys for aircraft structures because of 
their better strength-weight ratio when compared to 
steel or aluminum structural alloys. For example. 
Figure 1 shows a significant reduction in the 
structural weight of a typical supersonic trans- 
port (SST) through use of titanium alloys. The 
regenerative effect of structural weight reduction 
is apparent in the much larger reduction in the 
aircraft gross weight. The smaller engines re- 
quired, which use less fuel, still further reduce 
thi? structural weight. In the example considered, 
a gross weight reduction in excess of 100,000 
pounds has been realized over a comparable alumi- 
num or steel aircraft which has the same payload 
range. This weight reduction and the improved 
fuel mileage combined with better fatigue perform- 
ance, corrosion resistance and reduced maintenance 
will result in a lower total system cost over the 
projected life of the aircraft. However, the 
initial investment cost may be slightly higher 
than a comparable steel or aluminum airplane. 
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Staff Assistant, Titanium Technology, The 
Boeing Airplane Company, Renton, Washington. 

BASIC DESIGN REQUISITES 

The first step that a designer must take 
before attempting to use titanium for a specific 
application is an analysis of what job or function 
the part must perfcrm. After the function has 
been defined, material alternates must be assessed 
for compatibility with the task. 

Titanium and its alloys are more sensitive 
to proper design applications than most structural 
alloys because of the relatively high cost of the 
raw material and related processing. However, if 
used properly, titanium can be structurally and 
economically superior to the best aluminum and 
steel alloys in many applications. The designer 
specifying titanium must recognize the overall 
effect of this material in the conceptual design 
state to successfully obtain the desired design 
and cost effectiveness. One sure way to invite 
high costs without realizing improvements in 
structural efficiency is to substitute titanium 
into a design calling for aluminum or steel. The 
result is a higher end-item cost with little or 
no weight saving or product improvement to offset 
the higher raw material and processing costs on 
a total system cost basis. 

If the analysis of component function and 
design requisites suggest titanium to be a 
desirable material, the items listed in Table 1 
should be carefully considered in the design 
application to ensure a high degree of structural 
efficiency and competitive economics. 

(1) The proper titanium or titanium alloy 
in its optimum raw material form for a 
specific job should be used for the part. 
The part should not be made of titanium 
when lower cost materials would do an 
equal or better job. 

(2) Part design should maintain extensive raw 
material utilization. A large percentage 
of the purchased raw material should be 
found in the end item, not in a scrap 
barrel as chips or excess trimmings. 
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TABLE  1 

Basic Requisities Of Titanium Design 

1. SELECT OPTI MUM RAW MATERI AL TYPE AND FORM 

2. MAINTAIN EXTENSIVE RAW MATERIAL UTILIZATION 

3. USE MATERIAL STRENCTH EFFICIENTLY 

4. USE SIMPLIFIED CONCEPT - COMPATIBLE WITH MATERIAL 

LIMITS AND PROCESSING CAPABILITIES 

5. OBTAIN GOOD COST EFFECTIVENESS 

(3) Strength of  the material should be used 
efficiently. 

(4) Detail parts and complete design must be 
compatible with processing requirements 
and manufacturing capabilities.    The designer 
must avoid complex forming and   machining 
operations and marginal manufacturing 
operations by  following simplified design 
concepts well within the physical  limits 
of  the material and its processing methods. 

(5) Minimum reduction  in weight of 20 percent 
compared to aluminum or steel structure 
must be achieved in weight sensitive appli- 
cations.    The finished part must be producible 
at a practical dollar/pound of finished 
weight to be economically competitive with 
alternate materials. 
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These items 
that a designer mu 
apply titanium to 
be aware of  the in 
structural efficie 
bility of the basi 
mill product shape 
the manufacturing 
importance. 

constitute the major factors 
st comprehend to successfully 
structure design.    He must 
fluence of these factors on 
ncy and end-item cost.    Compati- 
c structural concepts with the 
s,  the processing methods,  and 
technology is of paramount 

SELECTION OF RAW MATERIAL TYPE AND FORM 

The designer must acquire enough basic 
knowledge of mill production methods, mill pro- 
cessing limitations,  current and future product 
availability,  and mill product cost factors to 
intelligently design parts from titanium using 
the best mill product shapes available at the 
lowest cost.    He must become familiar with 
available material forms,  projected technology 
iaprcvement,  and the  influence of material  shape 
and size on cost.    For example, Figure  2 shows 
the current price structure for titanium alloy 
sheet with respect to additional costs incurred 
by increasing width for various gagps.    The 
cost of 48-inch wide material  is 15 to 50 percent 
greater than the cost of 36-inch wide material, 
depending on gage.    A severe cost penalty is 
also incurred,  particularly in thinner gages. 
Merely changing from 0.012 to 0.010 gage will add 
50 percent to raw material cost.    Similar compari- 
sons can be made for other extra features such as 
length.    Thus,  it can be seen that these factors 
can significantly affect end-item cost. 

Effect Of Sheet Width And Gage On 
Material Cost - Titanium Alloys 
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Products such as extrusions should also be 
evaluated from the cost standpoint. If machining is 
required for weight control or for stress distri- 
bution, precision or warm drawn extrusions should 
not be used because the additional processing 
costs cannot be justified. As i  rule the simplest 
mill product form that will produce the part will 
show a product improvement through lower rejection 
rates and lower procurement and processing costs. 

Another important factor in design is alloy 
selection. In choosing an alloy, the designer 
should consider strength, ductility, ease of 
processing, weldability, and cost. For instance, 
high cost alloy grades should not be used where 
minimum gage or part stiffness rather than strength 
are controlling factors in design. Instead, com- 
mercially pure unalloyed grades should be con- 
sidered. This would hold true for parts of honey- 
comb construction (such as the control surface 
tab shown in Figure 3) , control brackets, and pump 
housings. 

Outboard Ailaron Tab 

FIGURE 3 

The cost of titanium raw material has dropped 
appreciably in the last decade as indicated by 
the data shown in Figure 4. This price decline 
has stemmed from improved melting technology and 
mill processing methods jnd increasing volume. 
Although additional price reductions are antici- 
pated as usage increases and strip conversion of 
alloy sheets becomes a reality, raw material costs 
of titanium will always be an important considera- 
tion because of the exacting process necessary for 
raw material production. 
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FIGURE 4 

MATERIAL UIILIZATION 

Material utilization constitutes another 
significant item in titanium design.    The total 
concept of design tooling, material procurement, 
planning, and processing must be aimed at raw 
material conservation   to be economically competi- 
tive with other  structural materials.    This  facet 
starts with ensuring material procu'oment compati- 
bility with the  design.     For example:    providing 
stock  coils of  varying gages  and widths will  reduce 
excessive waste  in  length and width  trimming. 
This compatibility,  combined with  stringent 
material  issuance control  can  significantly  im- 
prove material utilization. 

Next,  the designer should carefully consider 
the  effect of processing methods  on material 
utilization.    For example;    excessive machining 
will  result in high end-iten   cost due  to high 
labor costs  involved  in removing ey-.ess material 
and  to  the increased raw material  cost for the 
unused weight.    The  direct  impact of  processing 
methods is illustrated  in the following simplified 
cost  study. 

Figure b shows  a  forging weighing approximate- 
ly  100 pounds.    The  finished part shown in Figure 6 
weighs 20 pounds.    The raw material  cost of  this 
forging at $8.00 per pound will equal $800.    Pro- 
cessing cost at $15 per pound removed will be 
$1200    [ 15 x (100 - 20)].    When a  10 percent non- 
recurring tooling factor is added to these costs 
the  end-item cost  is  $2200 ($800 +   1200 - $2000; 
+   10 percent - $2200)   for a 20 pound part or $110 
per pound.    If  the material  utilization were  im- 
proved through proper design to 50 percent the 
forging would weigh    only 40 pounds for the same 
20 pound part.    The forging cost would now be $400 
(assuming $10.00/lb for improved definition)   and 
the machining cost would be only $300 ($15 x 20). 
Tooling costs will  be  $70     [  10  percent x ($400 + 
$300)].    Total part cost would  then be $770,  or 
$38.50 per pound.    This  simplified example il- 
lustrates the point.     Similar examples can be 
cited for  nonjudicious   use of material in forming 
and skin stiffener sculpturing. 

'Several processes are available to a de- 
signer to improve material utilization; such as 
fusion welding,  resistance welding,  adhesive 
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FIGURE  6 

bonding,  and diffusion bonding.    Awareness of the 
material utilization  factor combined with ingenuity 
are  the most effective  tools at the designer's 
disposal.    However, he must be careful to avoid 
loss  of practical perspective  in this area.    Some- 
times,  increased material costs are  a better choice 
than additional processing costs with  less structur- 
al  efficiency. 

UTILIZATION OF MA1ERIAL STRENGTH 

Utilization of material  strength is primarily 
a design-oriented function.    Early  attempts to 
design titanium components resulted in little or 
no weight saving compared to aluminum structure, 
particularly in applications designed by minimum 
gage considerations,  compression loading, or 
sonic  fatigue resistance.    The higher strength of 
"i>,e material resulted in thinner sections for 
a given  load and thus,  column and panel  stability 
became a very important aspect of  the design. 
However,  as titanium design technology was develop- 
ed,  a consistent weight advantage existed for any 
given part over comparable aluminum designs, when 
full  utilization of  the material  strength was made. 
One method makes use of  thin honeycomb structure 
incorporating titanium face plies combined with 
aluminum or plastic cores to provide sheet stabi- 
lization.    Figure 7  shows a   flap rib embodying 
this type of design - the face skins are 0.005 
gage  titanium bonded to a  3/l6-inch-thick aluminum 
core.    This part is 30 percent lighter than the 
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Forming practice in design should avoid 
complex dio-formod parts and multiplicity of small 
details in 1avor of simple brake or Yoder-formed 
parts in combination with stretch and creep form- 
ing. Although titanium has excellent ductility, 
parts requiring full utilization of this property 
for processing should be avoided to ensure a low 
part rejection ratio. Figure 9 illustrates an 
effectively formed leading edge honey omb access 
panel. The inner pan is normdlly an aluminum 
hydropressed part; the comparable titanium part 
is merely brake-formed using fiberglass reinforcing 
at the corners to avoid hot-forming and hot-sizing 
requirements. 

FIGURE 7 

production aluminum part. Use of weldtrusions, 
plastic filler, and aluminum core has plso resulted 
in a less expensive part because of full material 
utilization and simplified processing. Construction 
details of the part are shown in Figure 8. 
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FIGURE 8 

PROCESSING COMPATIBILITY 

By  far the most important factor in titanium 
applications  and one which defines the  success or 
failure  of  the part is the design ingenuity which 
ensures that the part is compatible with each pro- 
cessing and manufacturing requirement. 

Titanium, more  so than most structural alloys, 
is particularly sensitive  in this area.    The de- 
signer must have an acute awareness of processing 
methods and their effect on manufacturing.    Alloy 
selection,thermal heat-treat requirements,  stress 
relief,  flatness requirements, and cleaning can 
have-a profound effect on processing costs and 
design practicality.    The designer should avoid 
difficult machining practices such as small dia- 
meter pocket end milling,  indiscriminate tolerance 
control,  and small  coiner and fillet radii.    Ma- 
chining preference  should favor peripheral milling 
or face milling to allow fast stock removal rates 
for low cost machining.    Fillet radii  should be as 
large as practical with a generous negative 
tolerance to allow full  cutter utilization when 
regrinding. 

FIGURE 9 

Thermal processing requirements for various 
heat-treat conditions must be understood to main- 
tain compatibility with manufacturing processing 
capability.    Thermal treatment should be used with 
the broadest processing tolerance which will pro- 
duce an acceptable part.    For example:    formed 
ribs, clips,  and stiffeners are rarely designed 
to fracture  toughness considerations or stringent 
strength requirements.     If  these parts are  to be 
made of Ti-8Al-lMo-lV material, a heat-treat 
option of mill anneal,  duplex anneal or any 
variation between should be provided.    This per- 
mits use of a broad thermal band between 1100 and 
1500 F with no critical control rate cooling. 
A similar situation exists with other titnnium 
alloys.    By contras'.,   specific heat treatments 
such as duplex  ar-nesling require very stringent 
temperature and fooling rate control which im- 
poses severe manuiacturing limitations on equip- 
ment,  tooling,   and processing flexibility. 
Generally,  the base raw material should be the 
same heat treat as the finished part to reduce 
thermal treatment time for simple forming stress 
relief. 

When processes such as fusion or resistance 
welding are used,  care must be exercised in the 
design and plafining phase to ensure that the 
composite assemblies are compatible with stress 
relief and subsequent cleaning requirements.     In 
some cases this may require use of mechanical 
fasteners in  lieu of welding to allow assembly. 

SUMMARY AND OONCLUSIONS 

Weldtruslon Is a  term used to describe a shape 
manufactured by fusion welding strips of 
material  together to form the required con- 
figuration. 
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In summarizing the   thoughts discussed,   the 
following facts are apparent as requisites of good 
titanium design.    The designer musti 
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(1) Strive for good material utilization. 

(2) Strive for manufacturing simplicity 
through understanding and apprecia- 
tion of manufacturing methods, limita- 
tion;, and problems. 

(3) Utilize the material strength efficiently. 

(4) Continuously and effectively apply value 
engineering using and integrating all 
disciplines available. For example; the 
cost analyst is an excellent aid in 
achieving competitive economics. He can 
point out areas of high cost which may 
be eliminated or substantially reduced 
through good design. 

Basically, designing of titanium components 
requires practical and continuous application of. 
value engineering by the designer to achieve 
favorable cost effectiveness. A dollar per pound 
value must be assigned to structural components, 
and the designer must evaluate the proposed designs 
before proceeding to ensure compatibility with the 
total end-item. 

An evaluation of a good prospective titanium 
design should show a 20-percent weight improve- 
ment over comparable aluminum or steel design. 
If it does not, the material strength is not being 
utilized effectively, and other design concepts 
should be considered. 
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Titanium Wing Box 

FIGURE 10 

■  m 
Ducted Engine Cowling 
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Primary  structure  such as fuselage sections, 
wing panel?,,  and beams having relatively high end 
loading will not vary greatly from aluminum con- 
struction used  in  today's aircraft (possible ex- 
ceptions include some replacement cf mechanical 
fasteners with resistance welding and/or dif- 
fusion bonding).    A typical example of  this  type 
oi   structure   is  shown in  the photograph of  the 
wing torque box (Figure  10).    However, as end  load 
decreases,   titanium's greater strength compared 
to al'-iminum results  in skin gages which are  less 
itable.    This  then requires more extensive use of 
honeycomb and bonded construction for sheet stabi- 
lization  to realize the  inherent weight saving  in 
the materials.    The engine cowl shown in Figure  11 
is a typical example of  this type of construction. 

FIGURE 11 

In the final analysis the use of any new 
structural material must be substantiated by a 
product improvement.    The design using titanium 
must improve the engineering function or economics 
cf the prod,u.Gt-to" justify its use.    The goal must 
be - th-c test part for the least total cost. 
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