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ABSTRACT

A powder metallurgical approach has been combined with controlled mill
processing to produce a highly uniform plate material suitable for structural
applications. Prealloyed ELI Titanium 6A1-4V powder produced by the rotating
electrode process was consolidated into billet by hot isostatic pressing.

The resulting billet of uniform composition and random texture was then hot
cross-rolled to 3cm thick plate. Following rolling, the plate was given a
beta annealing heat treatment to maximize damage tolerance. The plate was
characterized with respect to metallurgical structure, composition, texture,
and room temperature mechanical properties. The results of the study show
that a powder metallurgy titanium mill product possessing uniform macro-

and microstructure is technically feasible and exhibits tensile and fatigue
properties equivalent to those of conventionally produced ingot-source
wrought plate. Fracture toughness is, however, lower than expected. The
lower toughness is shown to be associated with residual porosity in the par-
ticular plate selected for evaluation.

INTRODUCTION

Titanium mill products have historically shown wide variability in
mechanical properties including dynamic properties such as toughness and
fatique. Properties are known to vary not only between materials from dif-
ferent heats but also between plates from the same heat or within the same
plate. Such variability is due in part to compositional inhomogeniety with-
in the starting ingot that persists through subsequent processing. Other
factors contributing to variability in properties include non-uniform temp-
erature/deformation during ingot breakdown and rolling as well as inconsis-
tent mill rolling schedules from plate to plate. Changes in mill processing
have been shown by Sommer and Creager (1) and others to exert a considerable
effect on resulting crystallographic texture and microstructure and hence
mechanical properties.

In view of the progress made recently in controlling the mill processing
and chemistry of titanium plate and sheet by Boyer and Bajoraitis (2) for
damage tolerant applications, it was considered timely to combine the powder
metallurgical route with controlled mill processing with the expectation and

DISTRIRUTION OF THIS. DOCUMENT 15 UKLIMETES
IV Ritial! i it ity DLl



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



objgétfve of producing a highly uniform plate mi1l product to demonstrate

ﬁéa§ibi]ipy. This study was therefore conducted to demonstrate the feasibil-
ity and show the potential of the powder metallurgical route to mill products.

The approach of this study was to consolidate state-of-the-art prealloy-
ed ELI grade Ti-6A1-4V rotating electrode powder by hot isostatic pressing
into a 13.5 Kg billet of uniform composition and random texture. The billet
was - then uniformily hot cross-rolled - to 3-cm thick plate using a laboratory...
mill and subsequently given a beta annealing heat treatment aimed at maxi-
mizing damage tolerance. The resulting plate was characterized with respect
to metallurgical structure, composition, texture, and mechanical properties
including tensile, toughness, smooth fatigue, and fatigue crack growth char-
acteristics. The results of this study were then compared to existing data
for conventionally producéd plate given the same heat treatment. A single
plate, produced using fixed parameters during consolidation, rolling, and
heat treatment was evaluated since funding limitations precluded a more
extensive investigation. However, this study, albeit limited in scope, is
considered adequate to show the high potential of the powder metallurgical
approach to titanium mill products.

EXPERIMENTAL

For this study,- wrought -bar stock 2.5 inches in diameter -purchased to
MIL-T-9047 E, Composition 7 (ELI Ti-6A1-4V) specifications was converted to
spherical powder by the well known votating electrode process (REP). The
chemical composition of the starting material and the resulting powder, be- -
fore and after consolidation, is given in Table I along with appropriate
comparative specifications. The processing steps used to produce plate
material from powder are shown schematically in Figure 1. The minus 325
mesh powder was placed in a container fabricated by GTA welding of .060-in.
Tow carbon steel sheet. The container also had a seamless steel tube weld-
ed to the top portion for.filling and evacuation. Vibratory loading was
used to achieve a tap density of about 66 percent of theoretical. Evacuation
and sealing was accomplished in an electron beam welding chamber. The seal-
ed container was leak checked and then hot isostatically pressed at 17009F
for 4 hours at 15 ksi pressure. The consolidated billet, with the steel
container material intact, was then hot rolled from 17300F using a 2-high,
14-inch laboratory mill. Some 35 passes and 3 intermediate reheats to
1730°F with uniform cross-rolling were conducted as shown in the rolling
schedule of Table II. Following rolling, the 1.25-inch thick plate was
given a beta annealing heat treatment of 1900°F for 20 minutes followed by
air cooling to room temperature. After heat treatment, the protective steel
container material was stripped from the titanium plate by a combination of
mechanical peeling and dissolution in a nitric acid bath.

The resulting titanium plate was evaluated using the specimen layout
scheme shown .in Figure 2. Tensile specimens with a nominal gage length of
1 inch and a diameter of .25 inches were tested per ASTM E-8 procedures.
The strain rate was .005 in./in./min through 0.2% yield and .10 in/min
head speed thereafter to failure. Smooth fatigue testing was conducted with
a constant cross-section specimen of .25-in. diameter. Specimens were ma-..
chined using special low stress grinding procedures developed by Metcut
Research Associates Inc. primarily under Air Force sponsorship. Testing
per ASTM E466-76 was accomplished in the axial load control mode, an R ratio
of 0.1, a frequency of 30 Hz, and a sinusoidal wave form using a closed loop
servo controlled hydraulic system of 20 ksi capacity. Fracture toughness
testing was accomplished per ASTM E 399-78 using the compact tension type
specimen with a thickness, B, of.’1.2] inches. The test environment for
toughness testing (and all other mechanical property testing) was ambient



laboratory air at 78°F and 53% relative humidity. A calibrated 60 kip hydrau-
ic tensile machine in conjunction with a load cell, clip gage, and x-y plotter
was,. used for toughness testing. Fatigue crack growth rate testing was con-
ducted per ASTM E 647-78T specifications using a calibrated rotating mass

type Sonntag unit fitted with a 5:1 load multiplier and a calibrated load cell.

A constant force sinusoidal waveform of 30 Hz frequency with R= min./max.=.053
was used for test loading. Crack length measurements were made using a 14X
traveling microscope. Raw crack length versus number of cycles data were re-
duced using the 7-point incremental polynomial method as outlined in the cited
ASTM specification. Confirmatory values were also obtained from the crack
growth rate specimens the dimensions of which were 3.0 in. in depth, 0.75 in.
in thickness, 3.60 in. in height, and 3.75 in. in length.

DISCUSSION OFZRESULTS

Mechanical Properties

Tensile and toughness properties of the PM HIP Ti-6A1-4V plate material
of this study are presented in Figure 3. The as-rolled plate tensile proper-
ties are those of an earlier plate processed almost identically to the plate
more extensively evaluated; however, the as-rolled plate was fully dense,
that is, no residual porosity was shown. The reduction in area was low in
one of the two specimens evaluated. The reason for the anomalously low duc-
tility will be discussed under metallurgical properties later in this paper.
Tensile properties of the beta annealed plate compare favorably to those of
the reference wrought plate, exhibit high uniformity, and show little direcs
tionality except ductility. Fracture toughness was disappointingly low for
a beta annealed material and also exhibited directionality. Since rollang
was accomplished in a uniform manner, that is, the plate was rotated 90
after each pass, directionality effects were unexpected. Smooth fatigue
data are shown in Figure 4. The PM plate material of this study compares
quite favorably in fatigue to that of conventional wrought plate, particular-
ly in the high cycle region. Fatique crack growth rates in the PM plate
are considerably lower than the wrought plate counterpart as shown in Figure
5. The two materials crackigrowth rates tend to converge at lower values
of delta K, however.

Metallurgical Properties

Before discussing the metallurgical aspects of the PM plate of this
study, a notable observation related to consolidation of the powder should
be mentioned. Virtually no distortion of the container during consolidation
was evident, only a reduction in dimensions uniformly scaled to the original
dimensions of the container was observed. Figure 6 shows the as-consolidat-
ed billet which is merely a reduced version of the original container. Such
uniform volume reduction during the HIP cycle is believed due to several
aspects of the canning techniques, name]y, the selection of low carbon steel
material (low yield strength), the care in which the vibratory loading was
conducted, and the lack of excess stiffening mater1a] due to the simple
design of the container.

The macrostructure of the PM plate for which full-range mechanical prop-
erties were obtained is shown in the isometric view of Figure 7. Residual
porosity is evident in both the transverse and longitudinal sections of the
plate. Even more significant is the observation that the porosity is e]ong-
ated in the longitudinal reference direction of the plate, particularly since
. uniform cross-rolling was used during plate fabrication. Microstructures of
the as-rolled plate and after beta annealing are shown in Figure 8, parts
C and D, respectively. Porosity in the as-rolled microstructure is difficult
to observe and appears extremely fine but somewhat aligned; however, after



_the iigh temperature heat treatment, expansion and/or coalescence of the voids

. > occurred. Note the uniformity of structure and the fineness of the prior

“beta grains shown in Figure 7 and Figure 8, A and B. The scanning electron
micrographs of Figure 9 show the pronounced effect residual porosity (less
than 2% determined gravimetrically) has on toughness. Micrographs A and B
show that the residual porosity is directional and has a strong effect on
fracture surface appearance, that is flatness of fracture and hence the ex-
tent of energy absorbtion. Micrograph A representing the TL oriented tough-
ness specimen would be expected to exhibit lTower toughness due to the afore-
mentioned lesser roughness of the surface. Note, however, that in the
.precracked regions the voids appear to play a relatively unimportant role in
fatigue, again this observation is consistent with the good fatigue and fati-
gue crack growth properties exhibited. Indeed, in fatigue the voids may well
have served as crack arresters. However, in the case of toughness and tensile
ductility any geometrical d1scont1nu1ty such as a void increases the true
stress near the void surfaces, linkup is easier (see the m1crographs of C

and D, Figure 9), and the effective cross-sectional area is reduced. The
anomalously low ductility shown by a single tensile specimen from the as-roll-
ed plate is explained by an internal tungsten inclusion as exhibited in

Figure 10. The source of the tungsten 1s presumably the electrode used in
the :powder making process.

CONCLUSIONS

The feasibility of using the powder metallurgical approach combined with
controlled mill processing to produce a highly uniform plate product has been
demonstrated in this study. Mechanical properties compare quite favorably
to those of conventionally produced plate with the exceptian of toughness
which was shown to be directly related to residual porosity in the particular
plate selected for evaluation. The metallurgical structure of the PM plate
is highly uniform as is the plate chemistry. The potential for further dev-
elopment is considered very good, particularly if the blended elemental route
to low cost titanium plate and sheet can be demonstrated and developed. The
powder metallurgical approach to mill products offers a number of opportuni-
ties for improved and innovative materials such as, dual alloys, graded
compositions, laminates, composites, dispersion strengthened high temperature
sheet, and new alloy compositions without restriction due to segregation of
alloying elements.
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'CHEMICAL COMPOSITION, WEIGHT PERCENT

. __MatertaL Conprrjon ~ 0 AV Fe € H H Y M
STARTING HROUGHT BAR J21 6.1 4.0 .15 .03 .022 .0052 <.005 -
: Stock-Ti-6A1-4V ELI
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NucLear METALS. INnC. -

AnaLysis
ConsoL1DATED PowWDER 12 : .0062
SampLe. Same Lor, .120
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ConsOLIDATED PLATE

Seecimen TT-1 ‘ 132 . 5.87 3.87..21 .019 .015 .0075 «<.001 «.02

Specien 17-3 . .138 5.89 3.88 .20 .020 .019 .0068 <.001 <.02
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ROLLING SCHEDULE FOR PM HIP TITANIUM PLATE

ML Gap PLATE PLATE
. RepuctioN  THICKNESS ReneaT No. & TemperaTURE (°F)
Pass PErR Pass (INCHES) Time (MINUTES) Just PRIOR
Numper(s)  (INCHES)  LasT Pass To_1730°F [o REHEATING
0 -- ’ 5.125 STARTING 1730
' BiLLET
-2 195 3.625 (1) 32 1500
13-23 125 2.25 . (2) 30 - 1400
24-29 - 125 . 150 (331 . 1400
30-33 .060 1.26 .
3y . 0200 - 1.24 1400
35 0 FLATTENING . Air CooLED
' Pass : -To R.T.

(A) BILLET ROTATED ‘90° BETWEEN EACH PASS THROUGHOUT ROLLING, E.G..
UNIFORM CROSS ROLLING. :



SCHEMATIC OF THE POWDER METALLURGICAL ROUTE
TO PLATE FABRICATION .
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MAXIMUM STRESS, X100, ksi
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TENSILE AND TOUGHNESS PROPERTIES OF PM HIP
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FATIGUE CRACK GROWTH RATE VERSUS AK FOR

BETA ANNEALED Ti-6Al-4V PLATE
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Ficure S

As-ConsoLIDATED (HIP) Titanium BiLLeTs WiTH STEEL
Outer JAckeTs (ConNTAINERS) STiLL IN PLACE. NoTE
THAT THE BiLLET SHAPES ARE NeARLY DISTORTION FREE.
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FiGure 7.

IsoMeTrIC ViEw oF THE PH HIP Titanium PLATE MACROSTRUCTURE
SHOWING A HIGHLY UNIFORM AND SMALL PRIOR BETA GRAIN S1zE
AND THE ALIGNMENT OF VoIDS IN THE LonGITuDINAL DIRECTION.
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ROLLED AND

FIGURE &

PM HIP Titanium PLATE MAcrosTRUCTURES (A) As

-RoLL-

MicrosTRUCTURES (C) As

(B) AFTER BETA ANNEALING AND,

ALTHouGH SoME RESIDUAL

ROLLED

D AND (D) AFTER BETA ANNEALIN
POROSITY 1S SHOWN IN THE As

THE

MicrosTRucTURE (C),

HEAT

Poros1TY 1s More PRONOUNCED AFTER A HiGH TEMPERATURE

TREATMENT AS SHown IN (D).
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Fieure 18,

SCANNING ELECTRON MICROGRAPHS OF THE FRACTURE SURFACES
oF FRACTURE TouGHNESS SpecIMENS: (A) AND (B) SHows

THE TRANSITION REGION FROM FATIGUE PRECRACKING TO RAPID
FRACTURE (INDICATED BY ARROWS) FOR Kic-TL AnD Kyc-LT,

| RespecTivELY; (C) A HIGHER MAGNIFICATION ofF (A) ABout

5mMm BELOW THE TRANSITION LINE SHOWING VOID LINKING AND
Some EviDENcE oF CRAcKING BETWEEN Voips; (D) A FasT
FRACTURE REGION OF SPECIMEN KIC—TL RELATING THE UNDER-
LYIinNG i11CROSTRUCTURE TO THE FRACTURE SURFACE.
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X-RAY DETECTOR
.

19
FIGURE\Q\ FRACTURE SURFACE ‘EVALUATION OF TENSILE SPECIMEN TT-7
ExHiBITING Low DuctiLiTy: (A) Low MaeNIFIcATION SENM
OF THE FRACTURE SURFACE WITH THE FRACTURE ORIGIN SHOWN
BY THE ARROW, (B) HIGHER MAGNIFICATION OF THE FRACTURE
Or1GIN, (c) CHARACTERISTIC X-RAYy (TunesTEN M LINES)
AREA ScaN oF (B).
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