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ABSTRACT

The effects of shot peening on fatigue of both blended elemental and
prealtoyed Ti-6AlI-UV powder compacts were studied.  Low intensity (6N
and 12H] shot peening was not successful in closing surface porosity in
the blended elemental material.  Faligue strengih improverent resulted
from shot peening despite the fact that fatigue crack initialion occurrad
at surface and near-surfoce peres as was the case for unpeened material,
High intensity  (10-12A} shot  peening followed by recrystallization
annealing produced a desirable surface microstructural condition in the
preatloyed material; hewever, the faligue strength was lower than for the
unpeened condition.  Fractography and metatlegraphy were performed to

aid in understanding of the influence of shot peening on fatigue crack
initiation mechanisms,
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Titaniur alloy powder metallurgy (PM) technotogy has matured o a
siate of availaliiity of commerciai products for aerospace and otlher
industrial apphications (Parsons, 1983}, Prices and properties of such P
products are now competilive with articles produced by conventional ingot
metaliurgy {IM] technology {Froes, 1980; Eylon, 1383). Titanium alloy B
technology  is subdivided into two major areas:  Prea 2 which

provides fully dense compacted materials with mechanical properties equal

10 or excecding those of corresponding conventional M materials and
Blanded Elemental {BE} PM which provides compacted materiais with good
Static strength properties {Andersen, 1581) hut somewhat lower fatigue
strength than these of corresponding conventional (8 materiais,  Both
prealloyed and BE Ti-6Al-8Y materials were emploved in this study.

The overail obieclive in this wark was 1o empley shot peening as &
possible means for improving fatigue sirength of PM Ti-8AI-4V materials.
Because of different  inherent  micrestructural  festures  arising  from
nrocessing, the purpeses for and implementation of shot peening were
different for the BE and prealloved Ti-8AI-8Y materials.

The objective in work performed on the BE Ti-6Al-UV was Lo
determine  whether she! peening  would close  surface  porosity  and,
therelyy, improve fatigue strength.  The motivation for this s that BE
technoiogy offers a means to produce iow cost componenis because low
cost powder fsponge fines} is used with fow cost processing by cold
pressing and sintering {Froes, 1980},  Also, production of close-to-net
shape components eliminates much costly machining and finishing attendant
with components produced by M [Eylon, 1988); however inherent residual
poresity currently limits application of BE materials (o components wherein
fatigue resistance is not of critical concern.  Surface and near-surface
porosity have been identified as the main factors resulting in jow fatigue
sirength in BE relative to 1M materials {Froes, 19831},

The objective in wark performed on the prealloyed Ti-6AI-0V was 1o
determing whether shol peening pius subsequent thermal treatment would
produce s surface microstructure superior in fatigue resistance to ihe
bulk  microstructure since the bulkk migcrostructure containg  lenticular
alpha-phase platelets which are undesirable for fatigue crack initiation
resistance.  The motivation for this was the observation in previous work
that  Ti~6Al-4Y  micrastructures  tending toward  equiaxed  primary
aipha-phase platelets exhibit better fatigue crack initiation resistance thar
those with lenticular alpha {Kerr, 1976; Eylon, 19781, The pessibility of
such microstructural modification by shet peening io plastically deform
surface layers followad by recrystallization annealing offered z polentially
attractive means Lo improve fatigue strength,
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MATERIALS AND PROCEDURES

Cold pressed and sintered BE Ti-6Al-4V compacts were produced By
Imperial Clevite, Inc. High cycle fatigue specimens with threaded ends
and  cylindrical gage sections of 5 mm (6,2 in,}  diameter x 31 mm
{1.25 in.} leng were machined from the compacts. The subseqguent
processing of the fatigue specimens is indicated in Table 1. The baseline
condition represents finish machining by gentle grinding and longitudinal
polishing with successive grades of SiC abrasive papers down to 600 grit.
Vacuum siress reliel {620°C/2 hr) was performed on some of the shot
peened specimens to check whelber any fatigue improvement in shot
peched  specimens  over baseline was the result of possible surface
structural alferations or residual stresses,

The prealioyed Ti-6Al-8V rmaterial was compacted by Colt Crucible
Corporation from rotating electrode process {(REP) powder, High cycie
fatigue specimens of the same geormetry as for BE Ti-6AI-0V  were
machined from the compacts.  The subsequent processing of the fatigue
specimens is shown in Table 1I.  The baseline condition represents the
same finishing, grinding, and polishing procedures as employed for BE
Ti-6Al-BV specimens.  As mentioned previeusly the shot peening followed
by recrystallization annealing [925°C/2 hr, slow cool}l was performed 1o
determine whether lhe resulting surface microstructural modification would
improve fatigue resistance,

Faligue testing was performed axially on servoe-hydrauiic universal
test systems al room temperature in ambient air under constant foad
amphitude triangular waveform cycling at a frequency of 5 Hz with a load
ratio, R, of 0.1, The BE Ti-6AI-4V specimens were tested at various
maximuem stress levels 1o produce S-N curves representing each condition.
Because of the relatively smalt number of preafloyed Ti~6AI-4V specimens
avallable for study, two specimens in each condition were tested all at a
maximum stress level of 550MPa {B0ksi}, After fatigue testing all fracture
surfaces were examined by scanning electron micrescopy (SEM) to study
the nature of crack initiation sites. 'SEM was alse empioyved to examine
the external surfaces of specimens, In addition, optical metallographic
examinations were performed on selected specimens,

RESULTS AND DISCUSSION

Fatigue S-N curves for the BE Ti~6Al-4V materfal in various
cenditions are shown in Figure 1, The data representing the baseline
condition {gently ground and polished} were found te be in agrearernt
with data from previous work (Froes, 19380; Andersen, 1981: Froes,
1981},  Both the 6N and 12N shot peened conditions generally exhibited
higher fatigue strength than the baseline condition with the 12N shot
peening  condition  exhibiting  higher fatigue strength than the &N
cendition,  On the other hand, the two shot peened plus stress refieved
conditions exhibited lower fatigue strength than the baseline condition.
This finding indicates that the fatigue stirengih improvement from shot
peening is the result of compressive residual siresses in the surface
layers as found previously {Koster, 1981). Further support for  this
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argument  arises  (rom the  observation  of  greater fatigue sirond
improveront with the higher (128] shot peening intensity over the lower
{6M) shot peening iniensily.  Measurement of residust stresses was net
included in the scope of this wori,

Despite the definite indication of a favorable infleence of residus
stresses  in surface  layers orr faligue  strength, 1 Tractographic
evaluation of the specimens revealed that a clear majority of specimens
failedd as o result of surface crack iniftiation,  Alse, crack indtiation i
mearly alf specimens was associated with surface or near-surface pores
reqgarciess of  surface  condition. Fractographic  observations  ara
surmarized in Table . A lypical exemple of fatigue crack initiation
from a surface pore is shawn in Figure 2,

Comparison of photomicrographs in Figures b and Ic indicote that
shot peening induced ne surface micrestructural alterations heyond slight
surface plastic deformation.  The shol peening did, however, tend to
close surface porosity as may be seen in Flgure 3. Figure 3a illustrotes
the baseline condition with roughly spherical surface pores,  Figure b
depicts the 6N shot peened condifton with partially closed surface porosity
while Figure 3¢ depicts the 12N shot peened condition with nearly fully
ciosed surface porosity.  As noted above, despite this observed influence
of shot peening on closure of porosity, fatigue crack initiation in shot
poened specimens still accurred principally at surface or near surface
pore ocations,

The stress relief thermal treatment (207C72 hrl after shol peening
appeared to qgive rise to merphological surface changes.  As ilustrated in
Figure 3d, no evidence of deformed surface pores remained after stress
relief,  This may e the result of focatized recrystaliization andlor nore
heating. Fractographic chbservations  {Table NI} indicated  that  eariy
fatigue crack progression in shot peened plus stress relieved specimens
was associated with subsurface pores,  Miorographs of a section normal to
a fatigue crack shown in Figure 4 indicate that such cracks initiated at
surface aipha grains in what sppears to De a shear across ithe grains.
Some of these cracks appeared to link with near-surfzce pores resulling
in crack tip biunting,

Whiie the inlended purpose of shot peening  the BE  Ti-tAl-0V
materia! was to close surface porosity, ihe intended purpose of  shot
peening  the prealloyed Ti-6A-6Y  material woas to produce  sufficient
surface plastic deformation which would promote  reorystailization upon
subsequent thermal treatment (925%C/7 hr, slow cool).  As may be noled
from  Figure 2, the &M and 12W  shot peening produced  very  little
delectable plastic deformation in BE material. Subseguently, 11 was found
that shot peening of the preslloyed Ti-6AI-0V material atl high intensity
[10-124} followed by the recrysiailization anneal thermal ifreatment woutd
resuit in formation of a recrystalifzed surface layer of the order of
20-30um i depth.  The appearance of such 2 layver is iHustrated by the
Horograph in Figure 5. Note the presernce of roughly equiaxed alphs
grains near the surface as conrtrasted with the lenticular alpha piateleis
more than 30uem from the surface.  In the absence of ¢ther influences,
e.g., residuasl stresses, the surface microsiructure s considered to be
more resistant to fatigue crack initiatien than the bulk.
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Fatigue resuits for thoe preafleved Ti=6A1-0Y material are presented
irr Tabie |V, Comparisons  among  conditions  lead {0 the  following
nirservalions:

(Y1 The 10-12A shot peebed condition (Mo, 20 resulled o jower
faticzue life tharn the beseline condition (Mo, 1) despite the presured
favorabie residuai sire

25 induced by shot peening,

(21 Longitudinal  polishing  sufficient  to remove  visible  surface
roughness after shot peening (Mo, 4) restored faligue life 1o at ieast
the baseline level, This and the previeus observation are conzistent
with previous work [Mahajan, 1980) in which 0t was indicated that
surface damage from  14-12A shot  peening  fowered  the faticgue
strengite of Ti-8A1-I5n-4Zr-20o material. 11 should aiso be noted
that the 18-12A shot peening intensity is above the 6-8A intensity
tevel commoenty employed for shot peening Ti-8ALLSY components in
the aerospace  industry. Despite  thiz  knowiedge, the  10-12A
intensity  was  ermloved in the current work hecause thoe  H-4A
intensity level did not produce sufficient surface plastic deformations
lo give a uniformiy present recrysiailized surface laver afler thermai
treatment .,

{3} Hecrystallization annealing  (9259C72 hr,  wvacuum, siow  cool],
after shot peening [Conditians 3 and €} after shot peening and
polishing  {Condition 51 and after baseline grinding  and poiishing
(Condition 7} resuited In much  fower fatigue strongth than the
baseline condition.  Apparently, 1he removal of comprossive residual
slresses resuiting from shot peening s muck more detrimental to
fatigue resistance than ig the intended favorable imfluence of surface
microsiructural alteration.  in view of the limited guantity of data,
rot toe much should be made of difference in fatigue life amoeng
thase conditions; however, a ranking in doscending order of fatigue
life {Conditien 7,  Condition 5, Cendition 3, Conditien 61 does
support  the argument of influence of surface damage  [in the
presumed absence of residual strosses) on the resulis,

SEM fractography revesled that surface fatigue crack initiation fod
occuread in sl prealloyed Ti-6A1-0Y PM specimens regardless of condition.
A wypical  fracture  initiation  sHe iz shown  in Figpure %a. Showrs  in
Figure &b is the appearance of lhe shot peened surface adjacent o the
fracture origins.  The much greater surface roughening and delormation
assaciated with T0-12A chot peerning of the prealloyed PA Ti-6AI-0V than
with 6N ar 12N shot peening of the BE PM Ti-8A1-8YV may be seen by
comparing Figure &b with Figures 3b and 3c.

The averall objective in this work was to employ shot peening as a
possible mears  for improving  fatigue stronglth in BE and  preslioyed
Ti-0A-UY  compacted  materials. I the BE material shot peening was
emploved specifically in an attempt to cl surface porosity which s
responsible for early crack initiation. In 2 praalloved material, shot
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peening  plus 3 recrysiallization  thermal  tlreatment  wis  empleyed  to
produce o surface layer with a microstructure of equiaxed alpha grains.,

Specific Tindings from BE material were:

{11 Shot peening at 6N and 1IN intensities resulted in partial
closure of surface porosity and in improved fatigue strength relative
to unpeensd material.

(27 Despite fatigue strength improvement, Tatigue crack iniiation
peened material stili occurred al surface and near-surface poresity.

{31 Thermal stress relief at 62090 afler shol peening appeared to
Foat surface poresily: however, fatigue strength was lowered relative
to shol peencd and unpeened material,

Specific findings from preatloyved material were:

(11 Shot peening at 10-1ZA intensity followed by recrystallization
annealing at 925°C produced a surface layver of eqguiaxed aipha graing
about 20-30um in thickness,

(2} Despite lhe microstructural modification, fatigue life after shot
peening and recrystallization annealing was degraded relalive to the
unpeenad condition,

{3) Shetl peening at 10-1ZA intensity lowered fatigue fife slightly
relative to the unpeened condition.  Pelishing te remove surface
roughness from shot peening restored fatigue life to at deast the
same lovel as the unpeened condition,

{8} Fatigue crack initiation occurred at specimen surfaces Tor all
conditions,
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TABLE I, BE Ti-6Al-4Y Specimen Conditions

Condition Almen Thermal Stress
No, Intensity” Relief Condition
1 - - Basecline
2 6N - 6N shot peen
3 128 - 12N shot peen
4 6N 620°C/2 hr
{vacuum) 6M shot peen + siress relief
5 12N 620°C/2 hr
{vacuum) 12N shot peen + stress relief

1009 coverage, 5110 hardened steel shot.

TABLE ., Prealloyed Ti-6Al-4V Specimen Conditions
Condition Almen Recrystallization b
Mo. Intensity” Anneal Condition”
1 - - Baseline
2 10-12A - 10-12A shot peen
3 10-12A 925°C{2 hr (vacuum} 10-12A shot peen + RKx
anneal
4 10-12A 925°C/2 hr {vacuum} 10-12A shot peen + polish
+ Rx anneal
5 5-7C 925°C/2 hr {vacuum} 5-7C shot peen + Rx
annea!
6 10-12A - 10~12A shot peen + polish
7 - 925°C/2 hr [(vacuum]) Baseline + Rx anneal

#125% coverage, 5110 hardened steel shot,

b . .
Rx denetes recrystallization.
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TABLE HI. MNature of Fatique Crack Initiation

in Ti-6Al-4V BE PM Specimens

" Micro- Near c

Number of Pare” Contaminant structural Surface Surface”

Cond Specimens  Initiation Initiation Initiation Initiation Initiation
No. Examined Mo. (%) Mo, (%) Mo, [%) Ne., (3} Nao.  [%}
1 8 8 {100} - - 7 (88} i {123}

i & 7 (88} 1 (12} 6 {75) 2 £25)
3 G B {100) - - 3 {50) 3 {50}
sl B 8 {100) - - 7 (88) i {12}

5 7 6 (86) 1 {14) - - 4 (57) 3 {3}
TOTAL 37 35 [gu) 1 {3} 1 {3y 27 (73] 10 {27}

a . I
Includes also pores with contaminants,
b, . .

No relation to pore or contaminant,

fa )
10 to 160 microns below surface.

TABLE IV, Prealloyed Ti-6AlI-4Y Fatigue Results

{550MPa maximum stress, B = 1)

Condition a

Na. Condition® Cycles to Fracture

1 Baseline ;2.500,0(}0:;1

2,500, 000"

? T0-12A shot peen 1,569,000

1,238,000

3 16~-12A shot peen + Rx annegl ol 500

42,500

Yy 10-12A shot peen + polish LI:‘,SOO,GOOE

2,500,000

5 16-12A shot peen + polish + Rx anneal 48,700

89,500

& 5-7C shot peen + Rx anneal 38,300

33,400

7 Baseline + Rx anneal 78,100

541,400

& . B
“Rx denotes recrystallization.

Specimen did not fraciure; test terminated after indicated number of load
cycles,
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Figure 1. Fatigue S$-N curves for BE Ti-6AlI-4V,
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Figure 2. SEM photographs of fracture surface (a) and optical
photomicrographs of BE Ti-6AI-4V; (b) unpeened; (c) shot peened, 12N.
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q E Ti-6A1-4V fatigue specimens.
(b)) shot peenad, 6N; (¢) shot peened, [ZN;
peened, 6N plus stress relief (6720°C/2 hr.)
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Figure 4. SEM photograph of section Figure 5. SEM micrograph of

normal to small fatigue crack in BE metallographic section of

Ti~6Al-4V specimen. prealloyed Ti-6Al-4V showing
recrystallized surface after 10-12A
shot peening and annealing.

Wi 100 -

Figure 6. SEM photograph of fracture surface (a) and adjacent external
shot peened surface (b) of prealloyed Ti-6Al-4V fatigue specimen.




