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     12. Fraeture Toughness  Evaluation of  Low  and  Medium

             Strength Steels Based  on  the  Stretehed Zone

                Akio OTsuKA," Mbmber, Takashi MIyATA,"  Member,

                  Seiji NIsHIMuRA," Member  and  Noboru  KAsAI"*

         (From J,S.iV.A. faPan, Vel, 136,  Dec, I974,  Vol. I39,  J"ne J976  and  Vol. i42,  Pec, 1977)

                                   Summary

        Fracture  toughness  evaluation  based on  the deformation behavior  at  the  precrack  tip

     is discussed.

        In part I it is shown  that the stretched  zone  depth, as  well  as  CTOD,  is almost  con-

     stant  regardless  of the test  temperature  when  the  crack  initiates by  fibrous crack,  while,

     in cleavage  initiation, lt takes  various  values  between  the  above-rnentioned  value  and  almost

     zere  dependillg on  the test temperature  and  plastic constraint.  We  call  the yalue  oi CTOD
     at  fibrous crack  initiation 6i (which is about  the  same  value  as  2(SZD)  observed  on  the

     specimens  in which  the  crack  initiated by  fibrous crack)  and  the  fibrous-cleavage transition

     temperature  
in

 
fracture

 
initiation

 Tdi. It
 
is

 proposed  
to

 
define

 the toughness  of  low  and

     medittm  strength  steels  by  two  parameters  6i and  Ti.

        In part  II the  effect  of  strain  aging  induced  by preloading  on  toughness  oi  steels  has

     been  investigated. The  embrittling  effect  of this kind will  be  important  ln the  case  of

     preloading for stress  relief  or  proof  test, for instance. Accerding  to the test results,  SS41
     and  SM41A  show  considerable  amounts  oi embrittlement  due  to this type  of  strain  aging,

     while  in SM50C,  the effect of  aging  is hardly obseryed.

        Finally, in part  III the effects  ef  specimen  thickness  on  Ti are  investigated. Ti in-

     creases  with  increase in specimen  size  and  takes  upper  limiting value  Cplane strain  Ti)
     when  plane  strain  state  deyelops  around  the  notch  tip in the  midthickness  region.  This

     situation  is co]firmed  by  the  distribution of the stretched  zone  depth along  the precrack

     front. Plane  strain  Ti may  be  assumed  to be a  material  constant.  As the specimen  size

     requirement  to give this  plane strain  Ti, the formula

                                a, B, ur-a>o.412!tEi.
                                           ayR

     is proposed, where  a  is crack  length, B  specimen  thickness,  Wspecimen  depth, ai COD
     at  fibrous crack  initiation, E  Young's  Moclulus, av  yield strength  and  R  the ratio  of  yield

     strength  to ultimate  tensile strength.

                                        itiation is a  goocl criterion  for fracture initi-

  
Part I Fraeture  Toughness Eyaluation  ation  from  a  precrack.  Some  ambiguities,

             by  Ot and  Ti
                                        however,  still seem  to exist cencerning  the

                
'
 behavior of  the  

"crack
 tip COD"  (CTOD)1.1 Introduction

                                        during the  fracture process.
  It has already  been  pointed out  by several
                                          In the present study,  the  deformation be-
authorsiny`'  that  COD  at  the  fibrous crack  in-
                                        havior of  the  precrack tip under  the  increas-

 *Nagoya  University  ing load until  fracture was  investigated by

 
**

 Kobe  Steel Corp. mlcroscopic  observations  by SEM.
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Table1  Chemicalcompositions  ofsteels

Steel

LThickness

(as rolled)

  mmL/

Chemicalcompositions (%)

i
A  (JIS･SS41)
B  (JIS-SS41)
C (JIS-SM41A)
D  (JIS-SM50C)
E  (JIS.SM50C)
F (ASTM-A387B)
G  (JIS-SM58Q)
H  (HT8e)

1I
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s Ni

      O,O16O.020o.o3e

      O.021O,Ol7

      O.13O.O13

      O.02O.O14O.O09

 iO.O05
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Table  2Mechanicalpropertlesof  steels

Steel

A  (JIS-SS41)
B  (JIS-SS41)
C  (JIS-SM41A)
D  (JIS.SM50C)
E (JIS-SM50C)
F (ASTM-A387B)
G  (JIS-SM58Q)
H  (HT80)

 Yieldstrengthkgfmmz

/

2626233435365077,o.7.6.7

.1.o.7

'

Tensile
strengthkglmm2

39.843.946.752,25455.960.782.9

1/

Elongation
   %

l

1

42,423.042,732.73636.430,819.6

/

i

Reduction
 of  area

   %

  67,O

  73,4

  71.9

  77.5

  76.4

  70.8

V  Charpy
Test, vTrs

   
oC

ii

;'

 +5+12-8-38

-27-40-60

  The  stretched  zone  observed  at  the fatigue

precrack  tip ef  fractured specimen,  firstly,
noticed  by  Spitzig5', is considered  to be an

impertant parameter  which  represents  the  be-

havior of  the precrack tip of the specimen

subjected  to increasing load leading to frac-
    6N91

ture.

  In part I the  variation  o'f the  stretched  zone

width  with  temperature  was  investigated with

special  attention  to the fibrous-cleavage tran-

sition  in fracture initiation. Then  the  tough-

ness  evaluation  of  low and  medium  strength

steels  based on  the transition mentioned  above

was  considered.

1.2 Materialis, Specimens and  Experimental
    Procedure

  Chemical  compositions  and  mechanical  prop-
erties  of  steels  used  in the  experiments  are

shewn  in Tables 1 and  2 (which also  include

the  steels  used  in parts II and  III). In Fig. 1
are  shown  the three-point bend  specimens  used

in the tests. COD  values  measurecl  by  clip

gages  were  converted  to the crack  tip values

by using  rotational  fractor experimentally  ob-

tained  for specimens  of  each  size.  Stretched
zone  wridth  measured  by SEM  at 450 tilt angle
was  converted  to stretched  zone  depth, which

is denoted by  2(SZD)  (see Fig. 10), by  multi-

Fig, 1
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SteelB  22 44 22 176
SteelD  25 50  25 200

 Three-point  bend  specimens,  dimensions
 tn  mm
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plying VL2'. In parts II and  III stretched  zone

depth was  rneasured  directly at  90a tilt angle

as  shown  in Fig. 11 because this method  prov-
ed  to be more  suitable  to obtain  the values  of

S.Z.D. than  converting  from  S.Z.W., although

the  observation  of  SZW  at  450 tilt is suitable
for the observation  of  detailed structures  of

stretched  zone.

1.3 Results and  Discussion

(1) Stretched zone  formation underincreasing
    load
  The  stretched  zone  formation with  increase
in applied  load was  investigated by fracturing
the  specimens  in liquid nitrogen  after  off-

loading at  various  loads before fracture. An
example  of  the stretched  region  of  Steel A  is
shown  in Fig. 2.

Fig. 2 An  example  of  stretched  zone,  Steel A,
      -66ac

1,5

=Sl,Ong

£
 O.5

I=-P.:-tiEv:gP-L

             Cl･lp G,age CeD. mm

Fig. 3 Variation of load, stretched  zone  depth

      and  fibreus crack  length  with  clip  gauge

      COD,  Steel A,  three-point  bend  test
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  Figure  3 shows  loads, stretchecl  zone  depth
and  fibrous crack  length as  the function of

clip  gage  COD  at  240C and  
-300C.

 It is
seen  in this figure that the stretched  zone  is
forrned when  COD  attains  to a  certain  value

and  that the size of the stretched  zone  in-

creases  with  increase in COD  until  the  size

reaches  a  critical  value  at  which  fibrous crack
initiates. After the inltiation of  fibrous crack,
the  size  of  the stretched  zone  cloes not  change.

  It is also  interesting to notice  that  the re-

lations between the  stretched  zone  depth and

COD  are  independent of  ternperature, and  that
their  values  at  fibrous crack  initiation are  al-

most  independent  of  temperature,  too.

(2) Stretched zone  depth as  a  function of  test

    temperature

  Because the stretched  zone  depth does not

alter  after  the crack  initiation as stated  in the

previous  section,  the  stretched  zone  depth at
the instant of  fracture initiation can  be rmeas-

ured  on  the fracture surface  after  the  fracture

tests. The  stretched  zone  deptks at  the frac-
ture  initiation obtained  by  this rnethod  at

various  ternperatures are  shown  in Figs. 4, 5

and  6, for Steels A, B  and  D, respectively.

  It is seen  that  the notch  tip behavior until

iracture inkiation is divided into three  regions

according  to test temperatures,  as  shown  in
these figures. In the region  1 Eracture occurs

by fibrous crack  with  stretched  zone;  in the
region  2 fracture occurs  by cleavage  with

stretched  zone;  and  in the region  3 by cleavage

without  stretched  zone.  It is evident  from

 O:'t:'oecu
sE

gg･

 t
 !
 2
 P--
 in

    
             Temperature , 

ec

Fig. 4 Variation of  stretchecl  zone  depth and

      fibrous crack  length with  temperature,

      Steel A,  three-point bend  test
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Fig. 6 Variation of  stretched  zone  depth and

       fibrous crack  length with  temperature,

       Steel D, three-point  bend  test

these figures that  in the  regien  1 the 2(SZD)
is airnost  constant  regardless  of  test temper-
atures  and  almost  zero  in the region  3, while

in the region  2 it takes  various  values  between
the value  in the  region  1 and  zero.  In other
words,  the sizes  of the stretched  zone  followed
by fibrous crack  are  almost  constant  regardless

of  test temperatures, although  those  of  the

stretched  zone  followed by cleavage  crack

vary  largely with  test temperatures. It should
also  be noticed  that the stretched  zone  depth
in this case  is affected  not  only  by  tempera-

ture  but also  by  plastic constraint,  because
the  temperature  o £ the  fibreus-cleavage tran-
sition  in fracture initiation depends  on  plastic
constramt.

  Although  the results  on  Steels A, B  and  D
shown  in Figs. 4, 5 and  6 show  the similar

situation,  it is noticed  that, some  differences

Seiji NIsMMuRA  and  Noboru KAsAI

  exist  in the  temperatures  of  the fibrous-cleav-

  age  transition at  the crack  initiation (Ti) and

  in the amounts  2(SZD) at  which  fibrous crack
  initiation occurs.

  (3) Toughness  criterion  by 6i ancl  Ti

    Figure 7 shows  6,, 2(SZD), and  fibrous crack

  length as  a  function of  test temperature. It

  is noticed  that 5, shows  very  sharp  change

  in the temperature  range  around  Tdi (fibrous-
  cleavage  transition  in fracture initiation),

  namely,  if the temperature  decreases toward

'

Ti, 6, decreases very  sharply  and,  below  Ti,
itapproachesalmostzero. Anotherimportant

point on  fracture initiation behavior is that,

at  lower temperature  than Ti, iracture initi-

ation  and  unstable  fracture occur  simultane-

ously  at  CTODorti,, and,  at  higher tempera-
ture than  Ti, although  fracture initiates at

CTODt  tii, final iracture usually  occurs  at

much  1arger value  of  O, ti., as  shown  in Fig.
7, after  some  arnount  of  stable  crack  grewth.
  Based  on  these  characteristics  of  fracture
initiation from a  precrack, it seems  to be
reasonable  to take the service  temperature
and  seryice  load of  a  stee!  structure  so  that

they  may  be in the  range  of  higher temper-
ature  than  Ti and  lower load than  that  at

which  CTOD  reaches  6i.

  Accordingly, it would  be also  reasonable  to
define the toughness  of  steels  by two  parame-
ters 6i and  Ti. Although it is already  known
that 6i is almost  constant  independent  of

1,o

E-Eo,sor"di8o

Fig. 7

        Temperature  .  
"C

CTOD  at  unstable  fracture (be) and  stretch-

ed  zone  depth, 2(SZD), at  various  temper-

atures
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various  parameters, such  as  speclmen  size,

test temperature,  strain  rate  and  so  on,  the

characteristics  of  Td is not  so  clear.  On  this

problem, some  investigation, will  be made  in
part  III in this paper.
  It sheuld  be emphasized  that, from the  data
on  S.Z.D. as  shown  in Figs. 4r-6, ei and  Ti
may  be obtained  as  the  value  of  2(SZD)  at

fibrous crack  initiation and  as  the transition
temperature  from region  (1) to (2), respectively.

1.4 Conclusions

  1. The  stretched  zone  depth observed  on

the fracture suriace  2(SZD)  shows  the crack

tip COD  (CTOD) at  the fracture initiation.
  2. In the  case  of  fibrous crack  initiation
                                     ,

the values  of  CTOD  (6" and  2(SZD) are al-

most  constant  regardless  of  test ternperature,
specimen  geometries and  ether  parameters.
  3. In the  case  of  cleavage  fracture initi-

ation CTOD  and  2(SZD) take  various  values

between the value  at  fibrous crack  initiation
(6i) and  almost  zere.

 4. Toughness of  steels  will  be defined by
two  parameters  6i and  Ti, where  Ti is the
fibrous-cleavage transition  temperature  in
fracture initiation.

Low  andMediumStrength  Steels 127

Part II Effects of  Strain Aging  Induced  by

 Crack Tip Strain en  Fracture  Toughness

2.1 Introduction

 The  effect  of  strain  aging  induced by crack

tip strain  on  toughness was  investigated. If
the steei which  lncludes crack  (or crack-like
defect) is loaded to such  a  degree as  to induce
a  stretched  zone  at  the  crack  tip, the notch

tip region  will  be embrittled  by strain  aging

due  to the  large plastic strain  around  the
stretched  zone.  This kind of  embrittlement

may  occur,  for instance, on  preloading for
stress'relieving  or  proof test.

 Tests were  made  en  SS41, SM41A  and

SM50C.  They  were  chosen  for their variety

of  susceptibility  of  strain  aging.  Investigation
was  made  under  various  amounts  of  preloading
and  at  various  aging  time, with  special  atten-

tion  to the  behavior of  crack  tip deforrnation

(stretched zone)  leading to fracture initiation.

2.2 Materials and  Specimens

  Rimmed  steel  Steel A  (SS41), usually  with

large aging  effects,  was  mainly  used  in the
experiment  and,  for comparison,  killed steels
Steels C  ancl  D  (SM41A and  SM5eC)  were

also  used.  The  chemical  compositions  and

mechanical  properties are  shown  in Tables 1
and  2, respectively.  Although three-point

bend specimens  shown  in Fig. 8(a) were

mainly  used,  slow  bend  and  impact  tests were

also  made  on  Charpy-sized fatigue-cracked
specimens  shown  by Fig. 8(b).

(a) Measurement  of  COD

  Measurement  of  COD  was  made  by the  use

of  c]ip  gage  during all the  tests except  the

  Hl･
                t.1,F-
le-  s-

Steel B W a S

Fig.

Fig. 9

vtuo"

SteelA  ]2 30 15 120
SteelC  25 50 25 200

SteelD 10 3e 15 120

Ca) Three Point  Bend  Specimens

    g-,
  -･1ioL-

           
Ea,::?wU

k,ii:g-.'3
               o,z

Cb} Fatigue  Cracked  Charpy Specimens,
  Steel A

8 Specirnens, dimensions  in mm

DefinitionsOf Vb,Tes., Vlr,reloaa and  Vlr,tetai
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  (SZD)]+CSID)2trCOD at  fracture infitia:ien, write  2(SID),

  (SZD)1 and  {SZD)2 mean  the stretched  zone  depth  o･f the

  meting  posfitions on  upper  and  ]mfer  fratture  surfaces,

Fig. 10 Schematic  illustration of  the  stretched

       zone

impact tests. Measured values  by  clip  gage
(Vb) were  converted  to notch  tip value  (CTOD)
by the  use  of  rotational  factor obtained  by

preliminary tests. The  CTOD  of  the speci-

men  preloaded  and  reloaded  to fracture is ob-

tained as  shown  in I?ig. 9. Firstly, L,totai=
L,res.+Vb,reioad (where Vb,res.=::residual Vb
after  preloading, Vb,re]oad=increase in Vb dur-

                   Table  3 Aging  conditions
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(b) Measurement  of SZD

  Stretched zone  is an  important parameter
which  shows  the notch  tip behavior leading
to fracture initiation. In Parts II and  III
stretchecl  zone  depth was  rneasured  in the

way  as  shown  in Figs. IO and  11. The  meas-

urement  was  rnade  at  the points along  the

crack  front on  both upper  and  lower fracture
surfaces  at  every  lmm  except  2rnm  from
both sides.  An  example  of  SEM  photomicro-

graph  is shown  in Fig. 11.
(c) Experimental condition

  Conditions of  the experiments  made  in this

study  are  shown  ln Table  3. 0n  steel  A

(SS41), effects  of aging  time, arnount  of pre-
loading and  impact  on  toughness were  investi-

gated. The  amouts  of  preloading were  chosen

so  that a  certain  amount  of  stretched  zone  or

fibrous crack  may  be induced at  the  precrack
tip, The  details of  the conditions  are  given
in Table  3.

  In the case  of  steel  C  (SM41A), preload-
ing was  given by the  amount  to induce the

stretched  zone  depth of  44 gem, and  aging  to
500C  for 254 hours. Tests were  made  in the
temperature  range  which  includes ductile-
brittle transition.

  In the case  of  steel  D  (SM50C), the amount

of  preloacling  is about  the  same  as  in SM41A

(SZDor40ym), and  aging  times are  63, 254,
500 and  1000hours. Test  ternperature  was

-90QC,  which  is a little higher than the Ti
of  the specimen  with  no  preloading nor  aging

(-113eC). This  temperature  was  chosen  be-
cause  it was  expected  that  the  effect  of  em-

brittlement would  appear  most  pronouncedly
around  this temperature,  if embrittlement

occurs.

2.3 Results and  Discussion

2.3.1 Results on  SS41
(1) The  effect  of  aging  time  on  6.

  In Figs. 12 (aged at  200C) and  13 (aged at

50eC), the  effect  of  aging  time  on  critical

COD  (O.) is shown,  where  a. is the  sum  of

6..,. (residual COD  after  preloading) and  6e,reiead

(increase in COD  during reloading  to fracture).
In Fig. I2, circular  symbols  ancl  triangular

Lewand

2,

E['-Elsts

Medium  Strength  Steels l29

Fig. 12

E.xxt8

        Aging  Time  ,  hr,

Variation of  6.,totai with  aging  time,

Steel A, three-point  bend  specimen,  aged

at 200C, test temperature  -3e=C

 
 

 

 
1 

 
1.

 

Q.

    

                Aging Tfime ,  hr,

Fig. 13 Variation of fie,tots,i with  aging  time,

        Steel A,  three-point  bend specimen,  aged'

        at  500C, test temperature  -300C

symbols  show  the results  of  the unpreloaded

specimens  and  those of  preloaded  (fiorO.1mm)
specimens,  respectively.  These data show

that the toughness (o".) is reduced  markedly

by aging  at  20CC  for 1000hours  (Fig. 12) or

at  50eC  for 30 hours (Fig. 13). It is seen  that
S,'s in these cases  are  sometimes  almost  zero.

  It should  be noticed,  however, that the  yery

pronounced  embrlttling  effect of  aging  shown

in Figs. 12 and  13 is due  to the  fact that  the

test temperature  chosen  (-300C) was  between
Ti's in unpreloaded  and  unaged  condition

(-500C) and  those in preloaded and  aged

eondition  (-200C).
(2) The  effect  of  aging  time  on  fracture load

  In Fig. 14 the fracture stress  as  a  function
of  aging  tirne is shown  for the same  specirnen

as shown  in Fig. 13. Although the amount

of  the  maximum  reduction  in fracture load
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                Aging Time  , hr.

Fig. 14 Variation of nominal  fracture stress  with

       aging  time, Steel A, three-point bend
       specimen,  aged  at 500C, test temperature

        -30ec
                 '

induced by aging  is about  20%  in this case,

it will  be dependent on  specimen  size  and

geometry.
(3) The  effect  of  aging  on  the  test tempera-

    ture-6,  relation

  Figure  15 shows  the effects  of  the arnounts

of  preloading on  test temperature--fi,  relation

for the  specimens  aged  for 63 hours at  50"C.

In this figure it is seen  that  appreciable  in-

crease  in Td is induced by  the  aging  after

preloading of  fiorO.lmm  (SZDor40"m), al-

though  the effect  of  aging  is small  when  aged

after  fatigue precracking without  preloading.
(4) Effect of  strain  aging  in impact  test

  In this section,  the  embrittling  effect  of

I-Ests

1.o

O.l

  
-se

Fig. 15

7mm)

2ntm)

  
-60 -40 -20 D

      Temperature  ,  
Oc

Effect of  the  amount  ef  preleading  on

the  nc,ootai at  varieus  temperatures,  Steel

A, fatigue-cracked three-point bend  specl-

men,  500C, 63 heurs  aged

Seiji

E
 navN

NISHIMURA and  Noboru  KASAI
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O.1

Fig.

stralnas

 the  effect  of  aging  may

thanTests
 were  made  both by impact and  slow  bend

on  fatigue-cracked
  Asfor

 the comparison  between

pactthenotare

 shown  in Fig.
are

  Fromof
 aglng

bendthe100C,in

 Fig.

thement
 of  the Charpy-slzed specimen  seems  to be

too srnall  to evaluate  the effect  oi  embrittlement

by  aging.

  Another interesting point shown  in Fig. 16
is that the saturated  values  of  2(SZD) in both
static  and  impact tests are  the same  (=200 pm).
They  are  also  the same  as  the value  in three-

point bend  test. The  idea that tii will  be a

material  constant  has been confirrned  in this
case,  too.

(5) fic,totEiN2(SZD) relation

  Figure 17 shows  the  relation  between fia,tetai

    -12o -so -4o o 4o se

              Temperature  ,  
ec

 16'Effect  oi  the strain  aging  on  2(SZD)  at

    various  temperatures,  Steel A, fatigue-

    cracked  Charpy  size  specimen,  static  and
    -
    lmpact  test

-
 aging  in irnpact test was  investigated,

                   be larger in impact

 in static  as  pointed  out  by Burdekin.ii]

             Charpy-sized specimens.

 the toughness parameter, SZD  was  used

                     the results  of  im-

 tests and  those  of  static  tests, because
measurement  of  COD  in impact tests is
so  easy  as  in static  tests. The  results

            16. The  condltions  of  aging

shown  in Table 3 and  also  in Fig. 16.

    Fig. 16 it is realized  that the effect

 
'
 is larger in impact tests than in slow

 tests, but it is noticed  that in this case

increase in Ti in slow  bend  test is about

  which  is much  smaller  than that shown

    15. This  will be due  to the  effect  of

specimen  size.  In other  words,  the  liga-
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Fig, 17 2(SZD)  and  fibrous crack  length versus

       6c,tota] for various  test conditions  shown

       in Table  3, Steel A

(6res+Sc,reioad, where  6res=residual  b after

preloading,  6,.rei..d==a to fracture during re-

loading) ancl 2(SZD) in various  experimental

conditions.  They  include the  data ebtalned

by the tests made  in the  range  of  temperature
-196aC-"200C

 under  various  arnounts  of  pre-
loacling (fatigue precracking, stretched  zone,

stretched  zone  with  fibrous crack)  and  after

various  aging  time  (ONIOoo hours). It is no-
ticed in this figure that 2(SZD) takes  almost

constant  value  in the range  of  6.> 6i, (=200 ,um)

independent  of preloading, strain  aging,  or test
temperature  and,  in the range  of fi,<6i, the
relation  between 6. and  2(SZD)  is almost  linear

(approximately O.98 6.r2(SZD)).
2.3.2 Results on  SM41A

 In Fig. 18, the effect  of  strain  aging  is

1.

E-I･:..

 O.

Fig. 18

        Temperature, "c

Effect of strain  aging  on  6c,tatEi at  vari-

ous  temperature,  Steel C, fatigue-cracked
three-point  bend  specimen

=gs'Ueo"r

Steel

              Temperature

Fig. 19 Schematic  illustration of  the effect  of

       strain  aging  on  6or,tetai at  various  tern-

       peratures

shown  for the specimens  preloaded to induce
SZD  of  44 ptm and  aged  at  5eqC  for 254 hours.
It is shown  iR this figure that  Ti increased
by  about  17eC  by strain  aging.

  This  situation  is schematically  illustrated in
Fig. 19. The  effect  of  aging  appears  most

pronouncedly  where  the  test temperature  is
between the Ti in as-received  condition  (B)
and  that in aged  condition  (B'). At  higher
temperature  than  this (B'), 6. in aged  con-

dition approaches  to that in as-received  con-

dition very  rapidly.

2.3.3 Resntlts on  SM50C

  The  results  on  SM50C  are  shown  in Fig.
20. Tests on  aged  condition  were  made  on

2.0

E'z1,egvs

Fig. 20

e

.o E

  -'

  
tsig

 
ag

  g
  

'`tir

        Temperature,  
"c

Effect of strain  aging  on  6c,toLaz, Steel D,
fatigue-crackedthree-pointbendspecimen
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  20l

 

lf1:.
     o

                Agfing Tfime , hv,

Fig, 21 Variation of  the  Vickers  hardness of

       various  steels  (Steel A, C, D) strained

       20%,  with  aging  time,  aging  temperat"re:

       500C

the specimens  preloaded to induce SZD  of

4epm  and  aged  63,254,500 and  1000hours.
Although the tests on  specimens  in as-received

condition  were  made  in the  temperature  range

-150eCN-600C,  the  tests in aged  condition

were  made  at  -90DC,  the  temperature  a  little

higher than  Ti in the as-received  condition

(-113eC). This test temperature  was  selected

so  that fi, may  reflect  the  increase in Ti if any.
In the  results  in Fig. 20, however, the effect

of  aging  is hardly. observed.

2.3.4 IlardnessVlzriationsduetoStrainAging
  HardRess variations  with  aging  time  after

plastic straining  of  2096 are  shown  in Fig.

21. According to this result,  the hardening

by strain  aging  is largest in SS41, and  ap-

preciable hardening is observed  in SM41A,
too, but no  hardening is observed  in SM50C.

Thls  tendency  is almost  similar  to that  of

the  embrittlement  by strain  aging.  According

to this result,  the  degree of  the  ernbrittlement

by agirtg  may  be predicted by  hardness test

qualitatively.

2.4 Conclusions

  Effects of  the strain  aging  due to the  strain

around  the  crack  tip on  fracture toughness
have been investigated for several  structural

steels.  The  main  conclusions  are  as  follows:

  (1) Both  of  SS41  and  SM41A  show  con-

siderable  amounts  of  embrittlement  due to

strain  aging.  The  degree of  embrittlement,

however,  is larger in SS41  (increase in Tii

Seiji NIsHIMuRA  and  Neboru  KAsAl

  270C) than  in SM41A  (increase in Ti: 170C).

    (2) This kind of  embrittlementcould  occur

  in actual  structures  on  preloading for stress

  relief  or  for proof test, for instance.

    (3) In the  case  of  SM50C  no  effect  of  aging

  was  observed.

    (4) The  degree of  hardening  due to the

  strain  aging  shows  similar  tendency  to that

  of  the embrittlement  of  the  same  material,

qualitatively.

  Part  III Effects of  Specimen Thickness

        on  Ti and  Plane  Strain Ti

3.1 Introduction

  One  problem  when  Ti and  bi are  used  as

toughness criteria  is that, although  6i may

be regarded  as  a  material  constant,i-'4,i'2,i3)  Ti
is not,  but varies  depending  on  various  pa-

rameters  such  as  specimen  size,  loading rate

and  so  on.  It is known  that Ti increases with

the  increase in specimen  size,  and  this is an

important problem  when  we  want  to predict
the  behavior oi  actual  structures  from that  of

usual  small  speclmens.

  The  increase in Ti with  the increase in

specimen  size  will  be the results  of the  in-

creased  plastic constant  (amaxJ'rmax of  local

stress  in the notch  tip region)  due  to the in-

crease  in thickness. If so,  it will  be quite
natural  to suppose  that Ti will  take  the  upper

limiting value  for the  increase in specirnen

thickness (and other  geometries) when  the

plane strain  state  develops at  the  notch  tip

region  in the  midthickness  where  fracture
initiation occurs.  This upper  limiting value

of  Ti mentioned  above  (plane strain  Ti) may

be regarded  as  a  rnaterial  constant.

  In part  III, the  dependence  of  Tt on  speci-

men  thickness and  specimen  size  requirement

to give  the  upper  limiting value  of  Ti (or
Plane Strain Ti) will be discussed.

3.2 Materials, Specimens and  Experiment

  Steel,D (SM50C, 50mm  thick), Steel E

(SM50C, 25 rnrn  thick), Steel F (A387B), Steel

G  <SM58Q), and  Steel H  (HT80) shown  Tables
1 and  2 were  used.  The  fatigue-cracked,



The Society of Naval Architects of Japan

NII-Electronic Library Service

The  Society  ofNavalArchitects  of  Japan

              Fracture  Toughness  Evaluatien of

          
Fag:::st

 It
        1-- s -l

                         ll

       o pc3nm) Iii{:gi2sliinss
       

[===lii,Sf,
 l

           B Lil a S

           45 gO 45 360

           25 50 25 20D

           12,5 25 12.S 100
           10 25 12.5 100
           6 25 12,5 100

           3 25 12,S IOO

   Fig. 22 Specimens,  dimensions are  in mrn

three-point  bend  speclmens  used  in this stucly
are  shown  in Fig, 22. The  specimens  of  re-

duced thickness  were  machined  out  of  the part
of  the  midthlckness  of  the plate. Bend  tests

were  rnade  in the temperature  range  from  low

temperature  where  specimens  show  complete

cl･eavage  fracture to high temperature  where

specimens  show  fully ductile fracture. COD
was  measured  by clip  gage  and  it was  con-

verted  to the  crack  tip value  by the  use  of

rotational  factor which  was  obtalned  from  the

tests on  each  series  of  specimens  in the  same

way  as  in parts I and  II. After the  fracture
test, the  stretched  zone  depth was  measured

by  scanning  electron  microscope.  The  term

2(SZD) used  in Figs. 24 and  28-31  denotes the
sum  of  the  S.Z.D.'s on  the  mating  positiens
on  the  upper  and  lower fracture surfaces.

  The  measurement  oi  the  stretched  zone

depth by SEM  was  made  to check  the state

of  deformation (plane strain  or  plane  stress)  at

the notch  tip and  also to check  the values  of

bdi obtained  by clip  gage  and  rotational  factor.

3.3 Results and  Discussion

(1) Fibrous crack  initiation

  Figure  23(a) and  (b) show  the examples  of

the  relations  between  COD  (at the original

crack  tip) and  fibrous cracl<  length of  Steels
A  and  B, respectively,  for specimens  of  various

sizeS.  It is seen  in these  figures that  the  rela-

tionbetween  COD  and  fibrous crack  length is
independent of  the specimen  size,  which  means

that Oi (COD at  fibrous crack  initiation) is also

Lewand
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        1.0 1,2

                   COD  , mnt

                    (a)

   Fig. 23 COD  versus  fibrous crack  length

independent of  the  specimen  size.  Suchabe-
havior of  COD  is similar  for other  steels.  In
the  case  of  6 mm  thick  specimens  of  Steel A,
however,  the  relation  between  COD  and  fibrous
crack  length shows  the  tendency  to deviate
slightly  from  ether  specimens.

  The  values  ef  5e were  checked  by comparing

with  the values  of  2(SZD). Figure  24 shows

the  distribution of  2(SZD)  of  the  specirnens

in which  the fracture inltiation occurred  by

     O

   i,:  itp,,,,

     o

        P2smmgAT2.s."
         CSpecimen Thickness)

             (a) {b) {c)

Fig. 24 Distributien of  2(SZD)  along  the  crack

       frontfor  Steel E. 2(SZD)  is the sum  of

       the S.Z.D.'s at the rnating  positions.

        (a) 45 rnm  thick  specimen,  fibrous crack

        length:.:1.45mrn, (b) 25mm  thlck  specl-

        men,  fibrous crack  length=1.10mm,  (c)
        12.5mm  thick specimen,  fibrous crack

       length=O,9mm
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fibrous crack.  It is noticed  that the  distri-
bution of  S.Z.D. is essentially  uniform  along

the crack  front and  the value  of  2CSZD) is
verynear  to 6i. All the  ai's which  were  ob-

tained by the method  shown  in Fig. 23 were

checked  by comparing  with  2(SZD) observed

on  the specimens  fractured with  fibrous crack.

(2) Effect of  specimen  thickness  on  fibrous-

    cleavage  transition  temperature  in frac-

    ture initlatibn (Ti)
  In Figs. 25 and  26, some  examples  of  the

values  of  critical  COD  (a,, COD  at  unstable

fracture, which  occurred  at  the  maximum

load in the present series  of  tests) are  shown

for each  steel.  The  temperatures  at  which

o",=fii  in these  figures are  Ti's, where  the

fibrous-cleavage transitions  in fracture inlti-

atien  occurs.

  The  values  of  Ti obtained  from the results

of  steels  D-vH,  are  plotted in Fig. 27 as  the

function of  specimen  thicknes$.  It is seen  in
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Fig. 27 Variation of  Ti with  speci,men  thickness

       for various  steels,  
*Data

 from ref,  17

this figure that  Ti generally increases with  the
increase in specimen  thickness, although  it is
noticed  that  the  effect  of  thickness  on  Ti is
saturated  for the specimens  of  Steel G  thickner

than  25mm  and  the  specimens  of  Steel H
thicker than  10mm.  This behavior, Ti ap-

proaching the upper  limiting value  with  the

increase of  specimen  thickness, will  correspend

to  the  event  that  plastic constraint  approaches

the maximum  value  as  the result  of  the develop-
ment  of  plane  strain  condition  at  the  notch

root  in the midthickness  region,  where  crack

initiates. To  confirm  this vieW,  the  defor-
mation  around  the  notch  tip was  exarnined

by measuring  the distribution of  the  S.Z.D.
along  the  crack  front.
  Figures 28--31 show  the  distribution of  the
S.Z.D. of  the speclrnens  of  various  thickness

    O,4
            -7oec -73ec

  :/o,12, dikxa

     o

     kr4s.-  ks.4  L12,sJ
       {Specimen Thickness} MM

           Ca) [b) (c)

Fig, 28 Distribution of  2(SZD)  along  the crack

       front for Steel E. (a) 45mm  tkick  speci-

       men,  (b) 25 mm  thick specimen,  <c) 12,5

       mm  thick  specimen
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            (a) {b) (c}
Fig. 29 Distribution of  2(SZD)  along  the crack

       front for Steel F. The  specimens  shown

       in figures (a), (b) and  (c) are  indicated in
       Fig. 25 by  the  letters A, B  and  C, respec-

       tively.  (a) 45mm  thick  specimen,  (b)
       25 mm  thick  specimen,  (c) 12.5mrn  thick
          .
       speclmen

    O.3
       

-4ooe
   E
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   :t o.1 
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 4s,.,-  L2i,.-r" kTz-

       (Specimen Th'Tckness) 
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            {a} (b} (c}

Fig. 30 Distribution ei  2(SZD)  alo]g  the  crack

       front for Steel G. The  specimens  shown

       in figures (a), (b) and  (c) are  indicatecl ln

       Fig. 26 by  the  letters A, B  and  C, respec-

       tively. (a) 45mm  thick specimen,  (b)
       25 mm  thick specimen,  (c) l2.5m:n thick          .
       speclmen

           Steel  HCHT8e)

                -13BeC -138"C -13DqC

         2'1el",,."4[l,lil.L4[ll]L
             {Specimen 

6mm

 ･ Thickness)
               {a) Cb) (c)

Fig. 31 Distribution of 2(SZD) along  the  crack

       front for Steel H. (a) 25 mm  thick speci-

       rnen,  (b) 10 mm  thick spechnen,  (c) 6mm
       thick specimen

for Steel E, F, G  and  H  fractured below  the

ternperature Ti. If we  compare  Fig. 27 with

Figs. 28-31,  i't will  be noticed  that the S.Z.D.
of  the  specimens,  of  which  Tt takes the satu-

rated  value,  shows  flat distribution in the

region  around  the midthickness  as  will  be
seen  in the  case  of  25mm  thick and  45mm
thick specimens  of  Steel G  (Fig. 30) and  10

mm  thick and  25 mm  thick specimens  of  Steel
H  (Fig. 31), while  in the  case  of  other  speci-

mens  the  S.Z.D. shows  convex  parabolic dis-
tribution  and  there is no  region  of  flat clistri-
bution. From  these observations  it wM  be
reasonable  to suppose,  that if the plane straln

condition  develops at  the  notch  tip in the mid-

thickness  region,  Te takes saturated  value,

and  that, in the case  where  the plastic con-

straint is lower than  this state,  Ti shows

thickness  dependence and  S.Z.D. takes convex

distribution.

(3) Upper  Iimitingvalue of  Ti, planestrain Tt

  To  obtain  this saturated  yalue  of  Ti by ex-

perirnent, it would  be desirable if the  specimen

size  requirement  to obtain  plane strain  Ti be

given. If we  take  the  parameter 5iEfayBR
as  the  abcissa  and  take  the value  of  Ti as  the
ordinate,  the test results  show  the behavior as
shown  in Fig. 32. E  is Young's modulus,  ffy

yield strength,  B  specimen  thickness  and  R
the ratio  of  yield strength  to ultimate  tensile
strength  at the temperature  Ti.

  In the present study,  the phenomenon  of

saturation  in Ti is obseryed  on  Steels G  and

H. Then, from  Fig, 14, it may  be suggested,
though  not  conclusively,  that in the region

            tiiElavBR<2--4  (1)
Tt takes  the  saturated  value.

 A$  the  specimen  sizes  are  varied  propor-
tionally in the  present study  (although there

   e

  :zo
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are  some  exceptlon),  it would  be appropriate

to suppose  that the specimen  size  requirement

for plane strain  Ti will  be given by the  fol-
lowing  formula,

                         6iE

           
a,
 
B,

 
PV-a>O.4..ft

 (2)

where  a  is crack  length and  PV is specimen

depth.

  If we  write  eq  (2) in terms  of  L (values of

J at  the  initiation of  slow  tearing)  instead of
6i, the  following equation  is to be obtained,

by using  the relation  J=2ayai`:

          a, B, w-a>  -O;1- 
.k,ER

 (3)

where  according  to Robinseni5', A=1  for En
24 Steel (ay--1025MNfrn2) and  R=2.6  for En
32 Steel (av==275MN/m2). If Ti is obtained

on  the  specimens  which  satisfy  the  conditions

of  (2) or  (3), it will  be the  upper  limit of  Ti

(plane strain  Ti). It rneans  that, at  higher
temperature  than this fracture initiation from
a  precrack always  occurs  by fibrous crack

regarclless  of  the specimen  size  and  geometry.
This plane strain  Ti is supposed  to  be a  ma-

terial censtant.

  As  Sumpteri6] suggested  recently,  the geo-
metry  independence of  .11 (as well  as  6i) is

justified only  for the  case  of  failure by mi-

crovoid  coalescence  (fibrous fracture). It is
obvious,  according  to the above  cliscussion,
that  this requirement  of  microvoid  coalescence

will  be satisfied  for specirnens  of  any  size,

including a  very  large one  which  simulate

actual  structures,  if the ternperature is higher
than  plane strain  Ti.

  For  the safety  of  the structures  in service
from  unstable  fracture, it is important to
know  to what  extent  the temperature  T  ̀ will

increase due  to the plastic constraint  of  the

structure  which  is supposed  to be much  higher
than  that  of  usual  small  specimens.  For  this

purpose  it will  be reasonable  to use  the  upper

limiting value  of  Tt (plane strain  TD  men-

tioned  above.

  Frem  the  argument  made  above,  it may  be
said  that  the  lowest service  temperature  oi  a
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Fig. 33 Estimated  thickness  for plane strain  Ti

       irom  eq.  (2)

steel  structure  should  be higher than  plane
strain  Ti of  the  steel  used,  and  the  service

load should  be smaller  than  the  load at  which

CTOD  attains  a{.

  The  specimen  thickness  required  to give the

plane strain  Ti is given  as  shown  in Fig. 33,
by  plotting the relation  between B  ancl  ay

using  the  value  of  6i and  R  of  the steels  used

in this study.

3.4 Conclusions

  The  effects  of  specimen  size  on  the  transi-

tion in fracture toughness  of  low and  medium

strength  steels  have  been investigated. Main

conclusion  are  as  follows:

  (1) Td generally increases with  the increase
in specimen  thickness but shows  the tendency
to approach  some  limiting value.

  (2) This limiting  value  of  Ti (plane strain

Ti) is attained  when  the plastic constraint  at

the  notch  tip region  in the  midthickness  reaches

the  plane  strain  condition,  which  was  confirmed

from the distribution of  S.Z.D. along  the  crack

front, This limiting value  of  Ti (plane strain

Ti) will  be a  material  constant.

  (3) From  the view  of  the safety  of the

steel  structure,  the  lowest service  temperature
should  be higher than  plane strain  Ti of the
steel  used,  and  the  service  load should  be
smaller  than  the  load at  which  CTOD  attains

ti`'

  (4) The  specimen  size  requirement  to give
plane strain  Ti rnay  be given by the following
iormula.

                         tie'E

           
a,
 
B,

 
W-a>O-4i.R



The Society of Naval Architects of Japan

NII-Electronic Library Service

The  Society  ofNaval  Architects  of  Japan

             Fracture  Toughness  Evaluation  of

           Acknowledgement

 The  authors  would  like to thank  Mr.  T.
Yamada  (now at  Mutsumi  Industrial Ce.) for
his assistance  in experimental  work.

              References

 1) P. TERRy  and  J.T. BARNBy;  Determining

   Critical Crack Opening  Displacement for the

   Onset  of  Slow  Tearing  in Steels, Metal  Const.

   and  BriL  W.J., Vol. 3 C1971). pp. 343-345

 2) G.D.  FEARNEHouGH,  G.M.  LEEs, J.M. LowEs

   andR.T.  WEmER;  The  Role of  Stable Ductile

   Crack  Growth  in the  Failure of  Structures,

   Practtcal Application of i7Zractzare Mechthnics
   to Presswre  7essel Technology, (1971) pp.
   119-128

 3) R.F.  SMITn  and  J.F. KNoTT;  Crack  Opening

   Displacement  and  Fibrous  Fracture  in Mild

   Steel, ibid., pp. 65-75

 4) C.G. CHIppERFIELp,  J.F. KNoTT  and  R.F.

   SMITH;  Critical Crack  Opening  Displacement

   in Lew  Carbon  Steels, Conf. Book of  the 3rcl

   Int. Conf. Fracture, Munich,  (1973) Tei] II,

   I-233
 5) W,A.  S?ITzlG; A  Fractographic  Feature  of

   Plane-Strain Fracture  in O,45 C-Ni-Cr-Mo  Steel,

   Trans.  ASM,  Vol. 61 (1968) pp. 344-349

 6) J.P. TANAKA,  C.A. PAM?ILLo and  J.R, Low, Jr.;
   Fractographic  Analysis  of  the  Lew  Energy

   Fracture  of  an  Alurriinum  Alloy, ASTM  STP

   463 (1970) pp. 191-215

 7) K.  ScHwALBE;  Processes at  the  Tip  oiaCrack

   under  Continuously  Increasing  Loads, Coni.

   Boek  of  the  3rd Int. Coni. Fracture, Munich,

   (1973) Teil IV, III-515

Low  and  Medium  Strength  Steels 137

 8) D. ELmoTT;  Crack  Tip Processes Leading to

    Fracture, The  Practicae impldeations  qf  th'ac-
    ture Mechanisms,  The  Institution of  Metal-

    Iurgists, (1973) pp. 21-27

 9) D. BRoEx;  Correlation between  Stretched Zone

    Size and  Fracture  Toughnes$,  Eng.  Frac.

    Mech., Vol. 6 (1974) pp. 173-181

 10) J.F. KNoTT; Rundamentats  Qf liZi'acture Me-

    chanics,  Butterwerths  (1974), p. 157

 11) F.M.  BURDEKIN;  Fracture  Testing  of  WeJd-

    ments  in Structural Steels, Brit, Welding  J.,
    Vol. 15 (1968) pp,  268--275

 12) A. OTsvKA  and  T.  MIyATA;  Effects of  Plastic
    Constraint on  the Fracture  Mode  and  COD,

    Signifcance  qf Dopcts  in VVetded Struceures

    ed.  by T. Kdnazawa  and  A,S. Kobayashi,

    dniv. of Toleyo Press, (1974) pp. 292-307

13) S. KANAzAwA,  K.  MINAMI,  K, MIYA,  S. SATO

    and  I. SoyA; An  Investigation of Static COD

    and  Dynamic  COD,  J, Soc. Nav. Arch, Japan,
    Vol. 133 (1973), pp.  257-265  (in Japanese)
 14) D.J. HAyEs  and  C.E. TuRNER;  An  Applicatien

    ot  Finite Element  Techniques  to Post-Yield

    Analysis  ol  Proppsed  Standard  Three-Point

    Bend  Fracture  Test  Pieces, Int. Journal of

    Fracture, Vo]. 10 (1974), pp.  17-32

 15) J.N. ROBINsoN;  An  Experimental  Investigatien

    of  the Effect of  Specimen  Type  en  the  Crack

    Tip  Opening  Displacement  and  J-Integral
    Fracture  Criteria, Int. Jour, Fracture, Vol,

    12, No. 5 (1976), pp.  723-737

 16) J.D.G. SuMpTER;  The  Prediction of  Kic  using

    Jand  COD  frem  Small  Specimen  Tests, Metal

    Science, Vol. 10, Oetober  (1976), pp. 354-356

 17) Doc. JI-No. 57, JI-No, 73, JI-No. 74 (1977),
    Committee-JI, Japan Weld.  Eng.  Soc,


