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ABSTRACT 

A powder metal 1 urgical approach has been combined w i  t h  control 1 ed m i  11 
processing to  produce a highly uniform pla te  material su i tab le  fo r  s t ruc tura l  
applications. Preal loyed ELI T i  tani um 6A1-4V powder produced by the r o t a t i  ng 
electrode process was consolidated into b i l l e t  by hot i s o s t a t i c  pressing. 
The resulting b i l l e t  of uniform composition and random texture was then hot 
cross-rolled to  3cm thick plate .  Following ro l l ing ,  the plate  was given a 
beta annealing heat treatment to  maximize damage tolerance. The p la te  was 
characterized with respect to  metal1 urgical s t ruc ture ,  composition, texture,  
and room temperature mechanical properties. The resu l t s  of the study show 
tha t  a powder metal 1 urgy t i  tani  um mil 1 product possessing uniform macro- 
and microstructure i s  technically feas ib le  and exhibits t ens i l e  and fa t igue  
properties equivalent to  those of conventional ly produced i ngot-source 
wrought plate.  Fracture toughness i s ,  however, lower than expected. The 
lower toughness i s  shown to be associated w i t h  residual porosity i n  the par- 
t i c u l a r  plate  selected f o r  evaluation. 

INTRODUCTION 

Titanium mil 1 products have h i s to r i ca l ly  shown wide variabil  i t y  i n  
mechanical properties including dynamic properties such-as toughness and 
fatigue. Properties a r e  known t o  vary not only between materials from di f -  
fe rent  heats but a l so  between plates from the same heat o r  within the same 
plate.  Such va r i ab i l i t y  i s  due i n  par t  t o  compositional inhomogeniety w i t h -  
i n  the s t a r t ing  ingot tha t  pe r s i s t s  through subsequent processing. Other 
factors  contributing to  variabil  i t y  i n  properties include non-uniform temp- 
erature/deformation during ingot breakdown and ro l l ing  as  well as  inconsis- 
t en t  mill ro l l ing  schedules from plate  to  plate .  Changes i n  mill processing 
have been shown by Somer and Creager (1) and others to  exer t  a considerable 
e f f e c t  on resul t ing crystal  lographic texture and microstructure and hence 
mechanical properties. 

In v i k ~  of the progress made recently i n  controll ing thc mill processing 
and chemistry of titanium pla te  and sheet by Boyer and Bajorai t i s  (2 )  f o r  '. 
damage tolerant  applications,  i t  was considered timely to  combine the powder 

\,\: 

metal1 urgical route w i t h  control led mil 1 processing w i t h  the expectation and 
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obje i t i ' ve  o f  producing a h i gh l y  uni form p l a t e  m i  11 product  t o  demonstrate 
f k b i i b i l  i ty. This study was therefore  conducted t o  demonstrate the f e a s i b i l -  
i t y ' a n d  show the po ten t i a l  o f  the powder metal1 u rg i ca l  route t o  m i l l  products. 

The approach of t h i s ' s t u d y  was t o  consol idate s ta te -o f - the -a r t  p rea l loy -  
ed ELI grade Ti-6A1-4V r o t a t i n g  electrode powder by hot  i s o s t a t i c  pressing 
. into a 13.5 Kg b i l l e t  of uniform composition and random texture.  The b i l l e t  
was-then un i formi ly  hot  c ross - ro l led  - t o  3.cm t h i c k  p l a t e  using a laboratory  -... 
m i l l  and subsequently given a beta annealing heat treatment aimed a t  maxi- 
miz ing damage to1 erance. The r e s u l t i n g  p l a t e  was character ized w i t h  respect  
t o  metal 1 u rg ica l  s t ruc ture ,  composi t i on ,  texture,  and mechanical proper t ies  
i ncl  uding tens i  1 e, toughness, smooth fatigue, and f a t i gue  crack growth char- 
a c t e r i  s t i c s .  The resu l t s  .of  t h i s  study were then compared t o  e x i s t i n g  data 
f o r  convent ional ly  produced p l a t e  given the same heat treatment. A s i ng le  
plate,  produced using f i x e d  parameters dur ing cons01 ida t ion ,  r o l l  ing, and 
heat treatment was eval uated s ince funding 1 im i t a t i ons  prec l  uded a more 
extensive inves t iga t ion .  However, t h i s  study, a1 bei  t 1 i m i  t ed  i n  scope, i s  
considered adequate t o  show the h igh  po ten t i a l  o f  the powder me ta l l u rg i ca l  
approach t o  ti tan i  um m i  11 products. 

EXPERIMENTAL 

For t h i s  study,- wrought.bar st0c.k 2.5 inches i n  diameter-purchased t o  
MIL-T-9047 E, Composi t i o n  7 (ELI T i  -6A1-4V) speci f i c a t i o n s  was converted t o  
spher ical  powder by the we l l  known - r o t a t i n g  .e lectrode process (REP). The 
chemical composition o f  the s t a r t i n g  ina te r ia l  and the r e s u l t i n g  powder, be- . 

f o re  and a f t e r  consol idat ion,  i s  g iven i n  Table I along w i t h  appropr ia te  
comparative spec i f i ca t ions .  The processing steps used t o  produce p l a t e  
mater ia l  from powder are shown schemat ical ly  i n  Figure 1. The minus 325 
mesh powder was placed i n  a conta iner  fab r i ca ted  by GTA welding o f  .060-in. 
low carbon s tee l  sheet. The container a lso  had a seamless' s tee l  tube weld- 
ed t o  the top por t ion  f o r ~ f i . l f S n g  and evacuation. Vibratory load ing was 
used t o  achieve a tap dens i ty  o f  about 66 percent o f  theore t i ca l .  Evacuation 
and sea l ing was accomplished i n  an e l ec t ron  beam welding chamber. The seal- 
ed container was leak checked and then h o t  i s o s t a t i c a l l y  pressed a t  1 700°f 
f o r  4 hours a t  15 k s i  pressure. The consol idated b i l l e t ,  w i t h  the s tee l  
container mater ia l  i n t a c t ,  was then h o t  r o l l e d  from 1730°F using a 2-high, 
14-inch laboratory  m i l l .  Some 35 passes and 3 intermediate reheats t o  
1730 '~  w i t h  uniform cross-rol  l i n g  were conducted as shown i n  the r o l l i n g  
schedule o f  Table 11. Fol lowing r o l l i n g ,  the 1.25-inch t h i c k  p l a t e  was 
given a beta annealing heat treatment o f  1 9 0 0 ~ ~  f o r  20 minutes fo l lowed by 
a i r  coo l ing  t o  room temperature. A f t e r  heat  treatment, the p ro tec t i ve  s tee l  
container mater ia l  was s t r ipped  from the t i t an ium p l a t e  by a combination o f  
mechanical peel ing and d i sso lu t i on  j n  a n i t r i c  a c i d  bath. 

The r e s u l t i n g  t i t an ium p l a t e  was evaluated using the specimen l ayou t  
scheme shown . i n  Figure 2. Tens i le  specimens w i t h  a nominal gage leng th  of 
.I inch and a diameter of .25 inches were tes ted  per  ASTM E-8 procedures. 
The s t r a i n  r a t e  was .005 in./in./min through 0.2% y i e l d  and .10 in/min 
head speed therea f te r  t o  f a i l  ure. Smooth f a t i gue  t e s t i n g  was conducted w i t h  
a constant cross-section specimen o f  -25-in. diameter. Specimens were ma-.. 
chined using special  low s t ress  gr inding.  procedures developed by Metcut 
Research Associates Inc.  p r i m a r i l y  under A i r  Force sponsorship. Test ing 
per ASTM E466-76 was accomplished i n  the a x i a l  l oad  con t ro l  mode, an R r a t i o  
o f  0.1, a frequency o f  30, Hz, and a s inusoidal  wave form using a c losed loop 
servo con t ro l l ed  hydrau l ic  system o f  20 k s i  capaci ty.  Fracture toughness 
t e s t i n g  was accomplished per ASTM E 399-78 using the compact tens ion type 
specimen w i t h  a thickness, B, of.'1.21 inches. The t e s t  environment fo r  
toughness t e s t i n g  (and a l l  o ther  mechanical proper ty  t es t i ng )  was ambient 



labo-ra<ory a i r  a t  78 '~  and 53% re la t ive  humi,di ty.  A calibrated 60 kip hydrau- 
i c  . tehsi le  machine in conjunction with a load c e l l ,  c l i p  gage, and x-y p lo t t e r  
was,: used f o r  toughness testing. Fatigue crack growth r a t e  tes t ing was con- 
ducted per ASTM E 647-78T specifications using a calibrated rotating mass 
type Sonntag uni t  f i t t e d  with a 5:l load mu1 tip1 i e r  and a calibrated load c e l l .  
A constant force sinusoidal waveform of 30 H s  frequency with R= min./max.=.053 
was used fo r  t e s t  loading. Crack length measurements were made us,ing a 14X 
traveling microscope. Raw crack length versus number of cycles data were re- 
duced using the 7-point incremental polynomial method as  outlined i n  the c i ted  
ASTM specif icat ion.  Confirmatory KQ values were a l so  obtained from the crack 
growth r a t e  specimens the dimensions of which were 3.0 in. in depth, .0.75 i n .  
i n  thickness, 3.60 in. in height, and 3.75 i n .  in length. 

Mechanical Properties 

Tensile and toughness properties of the PM HIP Ti-6A1-4V plate  material 
of t h i s  study a re  presented in Figure 3. The as-rolled plate  t ens i l e  proper- 
t i e s  a re  those of an e a r l i e r  plate  processed almost ident ical ly  to the plate  
more extensively evaluated; however, the as-rolled plate was fu l ly  dense, 
t ha t  is, no residual porosity was shown. The reduction in  area was low i n  . 

one of the two specimens evaluated. The reason ' for  the anomalously low. duc- 
t i 1  i t y  will be discussed under metal 1 urgical properties . l a t e r  i n  t h i s  paper. 
Tensile properties of the beta annealed p la te  compare favorably to  those of 
the reference wrought plate,  exhibi t  high uniformity, and show 1 i t t l e .  direc+ 
tional i ty  except ducti 1 i ty. Fracture toughness was disappointingly low fo r  
a beta annealed material and also exhibited direct ional i  ty.  Since rol lang 
was accompl ished in  a uniform manner, t ha t  i s ,  the plate  was rotated 90 
a f t e r  each pass, directional i ty  e f fec ts  were unexpected. Smooth fat igue 
data are  shown in  Figure 4. The PM plate  material of t h i s  study compares 
qui te  favorably in fatigue to  tha t  of conventional wrought plate ,  par t icular-  
l y  i n  the high cycle region. Fatigue crack growth ra tes  in the PM plate  
are  considerably lower than the wrought p la te  counterpart as  shown in  Figure 
5. The two materials crackie.growth ra tes  tend to  converge a t  lower values 
of del ta  K ,  however. 

Metal 1 urgical Properties 

Before discussing the metallurgical aspects of the PM plate of t h i s  
study, a notable observation related to  consolidation of the powder should 
be mentioned. Virtually no d is tor t ion  of the container during consolidation 
was evident, only a reduction in  Jiniens ior~s  uniformly scaled to  the original 
dimensions of the container was observed. Figure 6 shows the as-consolidat- 
ed b i l l e t  which i s  merely a reduced version of the original container. Such 
uniform volume reduction during the HIP cycle i s  believed due to  several 
aspects of the canning techniques, namely, the select ion of low carbon s tee l  
material (low yie ld  strength),  the care i n  which the vibratory loading was 
conducted, and the lack of excess s t i f fen ing  material due to  the simple 
design of the container. 

The macrostructure of the PM plate  fo r  which full-range mechanical prop- 
e r t i e s  were obtained is  shown i n  the isometric view of Figure 7. Residual 
porosity is evident in both the transverse and longitudinal sections of the 
plate .  Even more s ignif icant  is  the observation t h a t  the porosity i s  elong- 
ated i n  the longitudinal reference direct ion of the plate ,  par t icular ly since 
uniform cross-roll ing was used during p la te  fabrication. Microstructures of 
the as-rolled p la tc  and a f t e r  beta annealing are  shown i r ~  Figure 8, parts  
C and D, respectively. Porosity i n  the as-rol led microstructure i s  d i f f i c u l t  
t o  observe and appears extremely f ine  b u t  somewhat a1 igned; however, a f t e r  



. the high temperature heat treatment, expansion and/or coalescence of the voids , 

occurred. Note the uniformity of s t ructure and the fineness of the pr ior  
'beta grains shown in Figure 7 and Figure 8, A and 6.  The scanning electron 
micrographs of Figure 9 show the pronounced e f fec t  residual porosity ( l e s s  
than 2% determined gravimetrically) has on toughness. Micrographs A and B 
show tha t  the residual porosity i s  directional and has a strong e f f e c t  on 
fracture surface appearance, t ha t  i s  f la tness  of f racture and hence the ex- 
ten t  of energy absorbtion. Micrograph A representing the TL oriented tough- 
ness specimen would be expected to  exhibi t  lower toughness due to  the afore- 
mentioned lesser  roughness of the surface. Note, however, t ha t  i n  the 

.precracked regions the vo.ids appear to  play a re la t ive ly  unimportant ro le  in 
fatigue, again th i s  observation i s  consistent with the good fatigue and f a t i -  
gue crack growth properties exhibited. Indeed, in  fat igue the voids may well 
have served as  cr.ack ar res te rs .  However, i n  the case of toughness and t ens i l e  
duc t i l i t y  any geometrical discontinuity such as a void increases the t rue 
s t r e s s  near the void surfaces, linkup i s  eas ie r  (see the micrographs o'f C 
and D, Figure 9 ) ,  and the e f fec t ive  cross-sectional area i s  reduced. The 
anomalously low duc t i l i t y  shown by a s ingle  tens i le  specimen from the as-rol l -  
gd plate is  explained by an internal tungsten inclusion as  exhibited in  
Figure 10. The source of the tungsten i s  presumably t h e  electrode used i n  
the :powder making process, 

CONCLUSIONS 

The feasi  bi 1 i ty of using the powder metal 1 urgical approach combined w i t h  
controlled mill processing to  produce a highly uniform plate  product has been 
demonstrated in  th i s  study. Mechanical properties compare qui te  favorably 
to those of conventionally produced plate  with the exception of toughness 
which was shown to  be d i rec t ly  related to  .residual porosity in  the par t icu lar  
plate selected fo r  'evaluation. The metallurgical s t ructure of the PM p la te  
i s  highly uniform as i s  the p la te  chemistry. The potential f o r  fur ther  dev- 
elopment i s  considered very good, par t icular ly i f  the blended elemental route 
to  low cost  titanium plate and sheet can be demonstrated and developed. The 
powder metallurgical approach to  mill products of fers  a number of opportuni- 
t i e s  f o r  improved and innovative materials such as ,  dual a l loys,  graded 
compositions, laminates, composites, dispersion strengthened high temperature 
sheet, and new al loy compositions without res t r ic t ion  due to  segregation of 
a1 loyi ng el ements . 
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SCHEMATIC OF THE POWDER METALLURGICAL ROUTE 
TO PLATE FABRlCATlQN 
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TENSILE AND TOUGHNESS PROPERTIES OF PM HIP 
Ti-6AI-4V PLATE 
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FATIGUE CRACK GROWTH RATE VERSUS AK FOR 
BETA ANNEALED Ti-6AI-4V PLATE 
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FIGURE 3, AS-CONSOLIDATED (HIP) TITANIUM BILLETS WITH STEEL 

OUTER JACKETS (CONTAINERS) STILL IN PLACE NOTE 
THAT THE BILLET SHAPES ARE NEARLY DISTORTION FREE, 



FIGURE 7. ISOMETRIC VIEW OF THE Pfl HIP TITANIUM PUTE ~ACROSTRUCTURE 
SHOMING A HIGHLY UNIFORN AND SMALL PRIOR   ETA GRAIN SIZE 
AND THE ALIGNNENT OF VOIDS IN THE LONGITUDINAL DIRECTION. 



FIGURE 8. PM H I P  TITANIUM PLATE WACROSTRUCTURES (A) AS-ROLLED AND 

(B) AFTER BETA ANNEALING AND, MICROSTRUCTURES (C) AS-ROLL- 
ED AND (Dl  AFTER BETA ANNEALING. ALTHOUGH SOME RESIDUAL 
POROSITY IS SHOWN IN THE AS-ROLLED ~~ICROSTRUCTURE (C), THE 
POROSITY I S  MORE PRONOUNCED AFTER A HIGH TEMPERATURE HEAT 
TREATMENT AS SHOWN IN (Dl . 



3 
FIGURE I& 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 'KI -tT, 

. RESPECTIVELY; (C) A HIGHER ~ ~ A G N ~ F ~ C A T I O N  OF (A) L O U T  

~ M M  BELOW THE TRANSITION LINE SHOWING VOID LINKING AND 

SOME EVIDENCE OF CRACKING BETWEEN VOIDS; (Dl A FAST 
FRACTURE REGION OF SPECIMEN KIC-TL RELATING THE UNDER- 
LYING f11 CROSTRUCTURE TO THE FRACTURE SURFACE. 



X-RAY DETECTOR 
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FIGURE 4 FRACTURE SURFACE .EVALUATION OF TENS I LE SPECIMEN TT-7 
EXHIBITING LOW DUCTILITY: (A) Low JYAGNIFICATION SEM 
OF THE FRACTURE SURFACE WITH THE FRACTURE ORIGIN SHOWN 
BY THE ARROW) (B) HIGHER MAGNIFICATION OF THE FRACTURE 
OK IG I N, CC)  CHARACTERISTIC X-RAY (f UNGSTEN M LINES) 
AREA SCAN OF (B). 




