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Abstract: in order  to elucidate  the fraeture precess in high-ternperature lowLcycle fatigue of  a cast Ti-34wt.%Al with
lamellar structure  artd  to derive the Eife law ef  srnooth  specimens,  the behavior ofinitiation and  growth of  microcracks is
observed  in detail. The results  obtained  are  surnrnarized  as  fo11ows, (1) Microcracks, which  originate  from easting defects
at atid/or beneath the specimen  surface,  begin to iniltiate at less than 15%  of  the failure life. (2) [[he transgranular
microctacks grow perpendieularly to the stress  axis  and  transversely to the lamellar boundaries. They are  neither  blocked

nor decelerated by the grain boundary. (3) Although  the growth rate  of  micTocracks has a  1arge scatter,  the average  rate

coincides with the fracture mechanics  law which  is characterized by the relationship between the crack growh  rate.  de,2iN;

and  the fatigue J-integral rarrge, zLll  (4) The crack  initiating at the earliest  stage  ofmany  distributed cracks  tends to grow
up  to be a  main  eraek  for the fai1ure, (5) lhe fatigue life of smooth  specimens,  AO is successfu11y correlated with Afiie -

parameter which  is derived by integrating fracture rneehanics  law ofdbew  vs, zL4rrelation.
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1. INTRODUCTION

  Because  of high relative strength  and  heat resistance,

the TiAl  intermetallic compound  is one  of  the most

promising materials  for high ternperature use, Especially, a

deep interest is taken in a  TiAl with y+{x2 lamellar
stmcture,  as  it possesses superior  mechanical  properties
[l,2], Although tensile or compressive  properties have

been investigated on  the TiAl  [l-5], it is more  important  to

understand  the mechanism  and  mechanics  of  fatigue
failure at high temperatures in terms of  practical ase.

However, few studies  have been conducted  on  the fatigue

behavior at high temperatures [6-ll]. The  authors  have

investigated the fatigue behavier of  a cast Ti-34wt.%Al

such  as failure lives [12,13] and  macrocrack  growth
including creep  effect f14] at high temperatures as well  as

room  temperature.

  The objective  of  this paper is to investigate the fracture

process of  the cast  TiAl  in high-temperature low-cycle
fatigue (LCF) and  to derive its 1ife Iaw. As it has been ctear
that the initiation and  growth of  microcracks govern  the
LCF  fracture of  metallic  materials  in general, a fbcus is put
on  the characteristics  of  microcracks paying attention  to

the microstructural factors such  as the effect of  casting

defects, lamellar boundaries and  grain boundaries.

2. EXPERIMENTALPROCEDURE

The material  tested is a  polycrystalline Ti-34wt.%Ai of

which  chemical  composition  is listed in Tahle l. It was
cast into a  columnar  ingot in argon  gas by the plasma-skull
melting  process. Grains grew from the circumference  to

the center  in the ingot during the solidification  se that the
elongated  grains were  formed as schematically  iliustrated
in Fig.1. The average  grain sizes are 3mm  in the growth
direction and  350pm  in the transverse one,  respectively.

Neither heat treatment nor  HIP (Hot Isostatic Press)
treatment is applied  but it is tested as･cast, The lamellae
composed  of  y-phase (TiAl) and  ct2-phase  (TiiAi) are

formed in the grains, being perpendicular to the grain
growth direction as  shown  in Fig.2. The inspection on  the
venical  cross sectien  reveals  that the material  contains  2.5
small  casdng  defects per area  of 1mm2  in average  and  99%
of them are  smaller  than 30pm  in the diameter, The
smooth  round  bar specimens,  of  which  shape  and  size  are

shown  in Fig.3, are  cut  from the circurnference  near  the
ingot surface  so that their axis  are  nearly  para11el to the
lamellar boundaries.

  The strain-controlled  push-pull fatigue tests are carried

out at 1073K in air by means  of  a closed-1oop,

electrohydraulic  servo-controlled  fatigue testing machine

with an  induction heating device, The  strain is measured
by attaching  the tips of  extensometer  to the specimen

surface  in the gage length of  10mm.  The  four tests are

conducted  under  a triafigular strain  waveform  with the
strain rate of  1.09Us at different total strain  ranges  as  listed
in Table 2, Since the time-dependent deformation scarcely
takes place in the present tests, the creep  does not  affect the

Received August 28, 1996

37

NII-Electronic  



The Society of Materials Science, Japan

NII-Electronic Library Service

The  Society  ofMaterials  Science,  Japan

Mitsuyoshi TsuTsuMI, Ryuichi OHTANI,TakayukiKITAMURAand  Shin-ichiTAKANO

fatigue hacture,

  Test 2 is interrupted at the interval of  overy  100 qy¢les
and  the oxide  film on  the specimen  surface  is carefu11y
removed  by diamond paste for the observation  of

microcracks. The  number  and  the length of  cracks  initiated
on  a fixed area  (300mm2) are measured  by means  of  an

optical microsoope.  The cracks  shorter  than 20ym  are

excluded  from the observation  because it is diliicult to
distinguish them from  the remaining  oxide  film. The  grain
boundaries and  lamellae aie  revealed  by the chemical

etching  before and  after the test in order  to identify the
origin  of  cracks  and  the path of  their growth, The fracture
morphology  is chserved by means  of an  optical mieroscope

and  a  scaming  electron  microscope (SEM) after the tests,

3. EXPERIMENTAI,RESULTSANDDISCUSSION

3.1. Strain Range vs  Number  of  Cycles to Failure

  Figure 4 shows  the fatigue life. As the TiAl  is rather

brittle comparing  with  heat resistant steels, the total strain
range,  AE}, is compesed  of  a small  amount  of  the plastic
strain rnnge,  ztop. The ratio of  Afi to Ae  is listed in Table 2,
The fai1ure of  specimens  is brought about  by transgranular
cracks  which  grow perpendicular to the stress axis  as

displayed in Fig.5, The characteristics  of  microcracking
and  their relation  to the fatigue life are discussed in the
fo11owing sectioms,

Table 1. Chemical composition (wt,%).

MaterialalCN o H Ti
Ti-34wt916Al335N33,6O.OlO,oo3No.oosO.11o--O,114O.oo21NO,oo27Bal,

Fig.2. ]vficrostmcture of  the material  tested.

54

ir-li!-)i
----- -:-

g(a)
 Specimen A

            (b) Specimen B

Fig.3. Shape and  size of  specimens  (dimensions in mm).

Tahle 2, Test conditions.
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Fig, 1. Schern;itic illustration of orientation  of grain growth
   and  lamellar formation.
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3.2. lnitiationofMicrocracks

   Figure 6 shows  a typical fetiture ofa  microcrack at the

initiation, The dark spot  at the center  is a casting  defect

from which  the crack  originates. All cracks obseived

initiate from  the defects. Although the defect is not  always

detected on  the specimen  surface  for some  cracks, carefu1

polishing of  the surface  after the test reveals a  hidden
defect inside the specimen. The size and  location of  defects
which  yield the crack  initiation are examined  for 50 sites,
which  are  sampled  at random,  Removing every  a  few
microns of  surface  by  polishing, the shape  of  the defect is

measured  by means  of  a microscope and  the three-
dimensienal shape  is reconstructed.  The diameter and  the
depth from the surface  are summarized  in Fig.7. The

diarneter is defined as  the maximum  length perpendicular
to the stress axis, and  the depth is determined as the
distance between the center  of  defect and  the original

surface, It is found from  Fig,7 that the cracks  initiate from
not only  1arge defects but also  smal1  ones.

   On  the other  hana  al1 cracks  initiate from the defect

whose  depth is smaller  than 20  pm  as shown  in Fig.7. The
crack  initiation from the defects deeper than 30 pm  cannot

be confirmed  by the other  inspection on  the longitudinal
cross  section  of  al1 the specimens  failed, Thus, the depth
rather  than the size is an  important factor for the cra ¢k
initiation. In other  words,  the less constraint  of  the
deformation at the free surface  enhances  the fatigue

fracture. The main  crack  which  grow up  to the largest
crack  at the failure initiates from a  defect of the diameter of
25 pm  on  the smbce  (see solid symbols in Fig.7).

   It has been reported  that the ftacture along  the lamellar
bouiidary is easy  to occur  in this type of TiAI [15].
However, such  a lamellar delamination is not recognizod

in this fatigue condition  because the lamellae in the present
specimens  are nearly  parallel to the stress axis.

   Figure 8 shows  the change  in crack  density, which  is

Fig.5. Morphology of  smhce  cracks  at A() (Test 2).
    Stress axis  is yeni ¢ al.
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Fig.6. A  crack  initiated from a  defect (Test 2),
    axis  is yerticai.
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defined as the nuinber  of  cracks  per unit  area  on  the
specimen surface,  The microcracks begin to initiate from
very  early stage  of  fatigue life. The  first one  appears  at  100

cycles, which  is less than 15%  ef  life. The main  crack,

which  brings about  the failure of  the specimen,  comes  from
the incipient crack  ameng  al1 cracks  ebserved.  Tlie density
incieases monotonically  as the cycle ificreases, and  it
reaches  O.7mm'2 at the final failure, It is found that the
crack  density is larger as the (plasdc) strain range  is larger
and  the material is more  ductile for some  heat resistant
steels [16,17]. For example,  a  type 304 stainless steel

exhibits  a high crack  density of  over  5mrn'2 in LCF  regime,

It can  be said  that the LCF  damage is characterized  by the
surface  cracking  with temperal and  spatial distributions.

As compared  with ductile steels, however, the present TiAl
permits a  smaller  amount  of  cracks,  which  might be
attributed  to the restriction of  the plastic strain and  the lack
of the ftacture toughness.

 3.3. GrowtbofMicrocracks

   Figure 9 shows  typical growth curves  of  microcracks,

 Since the crack  density is lew as shown  in Fig,8, most  of

 the microcracks grow without coalescence.  Thcy gTow
 continuously  whiie  breaking the lamellae transversely.
Figure 10 shows  a  magnified  view of  the crack,  which

displays a zigzag feature accompanied  with partial
delarnination along  the lamellar bounclaries. Temporaiy
arrests in the growth shown  later might be attributed to the
change  of  growth direction at  the lamellar boundaries. In
the previous stady,  the authors  conducted  room

temperature (RT) fatigue of  the same  TiAl [I2,13], which

was  rnore  briule at RT  than at 1073K. The microcracks in
the RT. fatigue were  accompanied  with more  di$tinct
delamination than these in the present high temperature
fatigue, whereby  the crack-tip  branching occurred

frequentiy in the early  stage  of  microcrack growth,
   Figure 11 shows  the morphology  of  initiation and

growth process of  a  microcrack. The hatched part in the
sketches show  the casting  defect. The  crack  grows
smoothly  as shown  in Fig.9. It is net  arrested  at the grain
boundary which  is indicated by a broken line in the
sketches  ofFig,11,  It has been reported  that the growth of
microcrack is often  affected  by grain boundary  [18].
However,  the grains of  the present material  arc so large
and  the microcracks encountering  grain boundaries
become so  long that the cracks  break through the grain
boundaries without interruption by the increasing stress

intensity  at the crack  tip. Thus. neither  grain boundaries
nor  lamellar boundaries drastically deceleTate the
microcrack growth,
  Figure 12 shows  the crack  growth rate, dhxfdN; as a

function of  the half crack  length, c, for all cracks  observed,

where  c  is the crack  length measured  at the specimen

surface.  Although  the growth rate disperses for an  equal

ptgE=ny-b'z8"EU
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      Number  of  eycles  IV; cycle
Fig.8. Change in crack  density (Test 2).
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Fig.9. Typical crack  growth curves  (Test 2).

Fig. tO. Feature of  a microcrack  growing transversely to
    the lamellae (Test 2). Stress axis  is venical.
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Process of initiation and  growth of a microcrack (Test 2)

value of c, it tends to converge  to a  narrow  band as the
cracks  become 1arge, The fiuctuation diminishes because
the stress intensity for a iong crack  overcomes  the
disturt)ance due to the microstmcture [17].
   It was  found in the preyious study  that the gro"th rate
of  a macrocrack,  of  which  half length was  over  2mm  was

correlated  with the fatigue J-integral range,  A4e [14], Here,

zLee is derived en  the basis of  a Ronlinear  ftacture
mechanics  concept,  and  it represents  the intensity of stress

range  in the vicinity of  the crack  tip in the elasto-plastic
fatigue conditions  [17, 19-21]. The value  of zt2)r fora srnall
crack  in a homogeneous infinite body is evaluated  by

        ivf =2irfLf,  (A9Y' +"2+fll f(n) 
A.edtf"

 ]c, (1)

where,  M:r is the correction  factor for crack  shape,  Aais the
stress  range,  ri& is the elastic strain range,  rifi is the

plastic strain range,  n  is the stress exponent  of  non-time-

dependent plastic deformation andAn)  is the function ofn.
Assuming  that n=  5.4 and  the crack  is a semi<i  rcular  shape,

iL{i 
=O.506,

 then zLLt is calculated  for the microcracks
shown  in Fig.12. Figure 13 shows  the relationship  between
AJI? and  dbmu. The  experimental  results  for the through
macrocrack  [14] are also  plotted by solid symbols for

comparison.  The  growth rate  for thc microcracks distribute
around  the dbau-iLlk macrocrack.  Thus, the average

growth rate of  microcracks is represented  by the same
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ftacture mechanics  law, The relation  is formulated as law [22, 23].

dbldN=CrALr'V, (2) (Apv})mr N, =a, (5)

where  q  and  nlf  are the material  constants, and  thcy are
determined from the results of  macrocrack  growth tests at
1073K as  8,5× 10" and  2,O, respectively,  with dbldiV in
m/cycle  and IL5F in kN7m.

3.4. riX?-Parameter

  By  integrating Eq.(2) from c.  to qt; where  co and  cif are

the crack  lengths at the initiation and  at the failure,
respectively,  the following is obtained.

trde

where

and

 -- AutSs         n+1
APP;r

 
"
 2 
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 2x
            ffa]AaAaP
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(6)

(7)

gN,=
 Jli3 ctN  , (3)

where  IV} is the crack  initiation life. Substituting Eq,(2)
into Eq.(3),

Nl
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=

 [g[27at(Jldc
         .(4)
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 ]c]
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The ANPPJt -parameter has a dimension in the strain energy
and  correlates  directly with iLOras

iLLr =  2XMLrA¢ c  . (8)
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Since the main  crack  initiates at the very  early  stage  of  life
in this study, the crack initiation life, ?Vl･, cart approximate

to zero. Therefore, Eq.(4) leads to the following fatigue life
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Fig.I3. Relationship between growth rate and  fatigue J-
    integral range.

Qf is a constant  when  co  and  cif are  determined and  jLdZr is
fixed,

  Figure 14 shows  the.{Lelationship between dAPP'Jff and  ?V)r
where  the values  of  APP;t for the circular  symbols  are

eyaluated  by substituting  the measured  stress range  and
strain  ranges  (see Table 2) into Eq.(6), The fatigue lives
are linearly correlated  well  with the A'PVP;e -pararneter in the
log-log plot, The stTaight  line in Fig. 14 is not  a best fit of
the circular  symboIs  but shows  the predicted relation  on
the basis of  Eq.(5), where  co  aiid ty are  assumed  as 10"m
and  lmm,  respectively, based on  the experimental

observation  of  microcracks,  Figure 14 indicates that the
predicted relation corresponds  considerably  well  with the
experimental  results in not  only  Test 2 (for specimen  B)
but also Tests 1 and  3 (for specimen  A), The effect of
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Fig. 14. Relationship between APPSe parameter and  fatigue
    life. The line shows  the prediction on  the basis of

    Eq.(5).
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specimen  size can  be negligible  because the life law, Eq.(5),
is insensitive to the value  of  gfi The  good  correspondence

confirms  the validity of  the life law of  LCF  in rather  brittle
materials  as well  as ductile steels and  alloys reported

previously [22, 23].

  On  the other  hand, the predicted life for Test 4 is
shorter  than the actuai  one,  In this case  no  crack  is
observed  at the interruption at 5xl06 cycles, This means
that the crack  initiation life in the TiAl camiot  be
negligible  at lewer strain range  in high cycle  fatigue just
the sarne  as  the case  of steels.

4. CONCLUSIONS

  The  characteristics  of  microcracks in a  cast

intermetallic compound,  Ti-34wt.%Al, composed  of  the

y+oL2 lamellar stmcture,  were  investigated under  high

temperature LCF  conditions  in order  to elllcidate  the
failure mechanism  and  mechanics.  The results obtained

are  sumrnarized  as fo11ews;

(1) The microcracks initiate from the cast  defects at andlor

beneath the surface,

(2) The  incipient crack  appears  on  the specimen  surface  at

less than 15%  of  the fatigue life. It grows up  to a  main

crack,  which  brings about  the fallure.

(3) Most  microcracks grow rather  continuously  after the
initiation while  each  of  them  shows  an  individual
dillrcrenoe in the growth rate  due to the microstructural
effect.  Altheugh  some  of  them are arrested  temperarily at

the lamellae and  the grain boundaries, thcy break through
the barrier soon.
(4) The  growth rates of  microcracks scatter around  those  ef

macrecracks  which  are correlated  wel;  with the fatigue J-

integral range.  As the microcrack grows, its rate converges
to the fracture mechanics  law represented  by the
relationship  between crack  growth rate  and  fatigue J-
integrai mmge  for the macrocrack.
(5) Integrating the ffacture mechanics  law, Afip -parameter

is derived as  a  goveming parameter of  fa-ti.. gue life, ?L): The
predicted fatigue lives derived by the APPie =AV,  relation  are

in good correspondence with the actual ones,  The life

prediction based on  the crack  growth law is found to be
valid  for present TiAl.
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