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Interactions between hydrogen embrittlement and temper embritt lement have been ex- 
amined in a study of fracture and low growth rate (near-threshold) fatigue crack propa- 
gation in 300-M high strength steel, tested in humid air .  The steel was investigated in 
an unembrittled condition (oil quenched after tempering at 650~ and temper embrittled 
condition (step-cooled after tempering at 650~ Step-cooling resulted in a severe loss 
of toughness (approximately 50 pct reduction), without loss in strength, concurrent with 
a change in fracture mode f rom microvoid coalescence to intergranular.  Using Auger 
spectroscopy analysis, the embrittlement was attributed to the cosegregation of alloying 
elements (Ni and Mn) and impurity elements (P and Si) to prior  austenite grain bound- 
ar ies .  P r io r  temper embritt lement gave r ise  to a substantial reduction in resistance to 
fatigue crack propagation, part icular ly at lower s t ress  intensities approaching the thres-  
hold for crack growth (~JQ). At intermediate growth rates (10 -5 to 10 -3 ram/cycle), pro- 
pagation rates  in both unembrittled and embrittled material  were largely similar,  and 
only weakly dependent on the load ratio, consistent with the striation mechanism of 
growth observed. At near- threshold growth rates (<10 -s to 10 -6 mm/cycle) ,  embrittled 
material  exhibited significantly higher growth rates,  30 pct reduction in threshold AKo 
values and intergranular facets on fatigue fracture surfaces.  Near-threshold propagation 
rates (and AK0 values) were also found to be strongly dependent on the load ratio. The 
results  are discussed in te rms  of the combined influence of segregated impurity atoms 
(temper embrittlement) and hydrogen atoms, evolved from crack tip surface reactions 
with water vapor in the moist air environment (hydrogen embrittlement). The signifi- 
cance of crack closure concepts on this model is briefly described. 

IT is well known that the toughness of Ni-Cr 
containing alloy steel can be severely reduced by 
the segregation and build-up of residual impurity 
elements (e.g. S, P, Sb, Sn, and so forth) in grain 
boundaries when the steel is tempered in, or slowly 
cooled through, the range ~300 to 550~ The re-  
sult of this embrittlement is generally brittle f rac-  
ture along prior austenite grain boundaries, although 
intergranular f racture  along ferr i t ic  boundaries 
can also occur.  2,3 The loss in toughness can result  
pr imari ly  from two types of thermal treatments:  i) 
tempering of as-quenched alloy steels in the range 
250 to 450~ (" tempered mar tens i te"  or "500~ ' '  or 
"350~ ' '  or "one-s tep t emper"  embrittlement), 4"~ 
and ii) holding or slow cooling alloy steels, previ-  
ously tempered above 650~ in the temperature 
range 550 to 350~ (temper embrittlement). ~-e This 
"micro-pol lu t ion"  of interfaces with impurities, 
resulting from such treatments,  can also degrade 
other fracture propert ies in alloy steels. Resistance 
to fatigue crack propagation at high growth rates > -4 . . 
( 10 mrn/cycle) is often sigmficantly reduced by 
prior temper embrittlement, involving the occurrence 
of brittle intergranular cracking during fatigue 
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striation growth. 7 Creep rupture ductility has sim- 
ilarly been observed to be severely impaired by the 
presence of impurities.a The deterioration in f rac-  
ture propert ies  can be even more pronounced when 
environmentally-induced fractures ,  part icularly 
those involving hydrogen, are  considered. In com- 
mercial  HY130 steel, for example, the susceptibili- 
ties to s t ress  corrosion cracking in sulfuric acid, ~ 
and hydrogen-assisted cracking in gaseous hydrogen, ~~ 
are  significantly increased when the material  is heat- 
treated to induce temper embrittlement. Similar 
effects have been seen with embrittled 4340 steel 
tested in hydrogen ~~ and hydrogen sulfide. ~1 Clearly 
a strong interaction exists between hydrogen- and 
impurity-induced embrittlement. Both forms of em- 
brittlement generally lower the grain boundary 
strength, increasing the tendency for intergranular 
f racture  around prior  austenite grains. The depend- 
ence on matrix hardness is similar  in both cases, 
and, fur thermore,  the ' t r amp '  elements that lead to 
temper embrittlement through segregation to grain 
boundaries also stimulate hydrogen absorption by the 
metal by acting as recombination poisons for atomic 
hydrogen, x2 

The present  study was instigated to examine the 
possibility of an effect of prior  temper embrit t le-  
ment on fatigue crack propagation in humid air at 
extremely low growth rates (<10 -5 to 10 -6 mm/cycle)  
approaching the threshold s t ress  intensity (AKo), be- 
low which fatigue crack growth cannot be detected. 
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Fig. 1--Schematic representation of heat treatments em- 
ployed. 

A quenched and t empered  high s t reng th  s tee l  (300-M) 
was chosen for the invest igat ion,  s ince  hydrogen 
e m b r i t t l e m e n t  has been genera l ly  r ega rded  as the 
p r i m a r y  mechan i sm of env i ronmen ta l  a t tack dur ing  
fatigue crack growth in such s tee ls  in  the p r e s e n c e  
of moi s tu re .  ~3 

EXPERIMENTAL PROCEDURES 

The 300-M s tee l  used for the study was of a i r -  
c ra f t -qua l i ty  (vacuum-a rc  remel ted) ,  r ece ived  as 
ho t - ro l l ed  bar  in the fully annealed  condit ion.  The 
composi t ion in  wt pct is  shown below: 

C Mn Cr Ni Mo Si S P V 

0.42 0.76 0.76 1.76 0.41 1.59 0.002 0.007 0.10 

The m a t e r i a l  was aus teni t ized  for 1 h at 870~ and 
quenched into agi tated oil, y ie lding a p r i o r  aus teni te  
gra in  s ize  of 20 #m.  Subsequent  t empe r ing  was 
pe r fo rmed  at 650~ for 1 h. One-hal f  of the m a t e r i a l  
was oil  quenched af ter  temper ing;  the other half 
was taken through a s tep-cool ing  p rocedure  of hold- 
ing for  p r o g r e s s i v e l y  longer  t imes  at dec rea s ing  
t e m p e r a t u r e s  through the t emper  e m b r i t t l e m e n t  
range .  The specif ic  deta i ls  of the two h e a t - t r e a t -  
ments  a re  shown schemat ica l ly  in Fig.  1. The r e -  
sul t ing s t r u c t u r e s  a re  he rea f t e r  r e f e r r e d  to as un-  
embr i t t l ed  (oil quenched) and embr i t t l ed  (step- 
cooled) respec t ive ly .  

The loss in toughness which r e su l t ed  f rom the 
embr i t t l i ng  t r e a t m e n t  was a s s e s s e d  us ing  plane 
s t r a i n  f r ac tu re  toughness (Kic) t es t s  at room t em-  
pe ra tu re ,  us ing  25.4 mm thick 1-T compact  t ens ion  

spec imens .  The Kic value for the unembr i t t l ed  s t r u c -  
ture  was found to be inval id  with r e spec t  to ASTM 
s tandards ,  and accordingly  an es t ima te  was com- 
puted us ing an equivalent  energy procedure  at maxi-  
mum load. 14 A fur ther  e s t ima te  was der ived  by m e a s -  
u r ing  an approximate  JIc value,  at in i t i a t ion  of f r a c -  
tu re ,  is detected us ing the e l ec t r i c a l  potent ia l  tech-  
nique.  Uniax ia l  t ens i le  p rope r t i e s  at ambien t  t em-  
p e r a t u r e  were  pe r f o r me d  us ing 25.4 mm gage length 
t ens i l e  ba r s ,  and cyclic  s t r e s s - s t r a i n  data de t e r -  
mined f rom 12.7 mm gage length ba rs ,  cycled under  
s t r a i n  control ,  us ing  the i n c r e m e n t a l - s t e p  p rocedure .  16 

Fat igue c rack  propagat ion tes t s  were  conducted 
on 12.7 mm thick 1-T compact  t ens ion  spec imens ,  
cycled, with load control ,  on a 100 kN e l e c t r o - s e r v o -  
hydraul ic  MTS tes t ing  machine  under  s inuso ida l  
t ens ion  at load ra t ios  (R = Kmin/Kma x) of 0.05 and 
0.70, where Kmax and Kmi n a re  the ma x i mum and 
m i n i m u m  s t r e s s  in t ens i t i e s  dur ing  each cycle.  The 
cyclic  f requency  was main ta ined  at 50 Hz. The tes t  
env i ronmen t  was l abora tory  a i r  main ta ined  at a con- 
s tant  t e m p e r a t u r e  of 23~ and a constant  r e l a t ive  
humidi ty  of 45 pct.  Continuous moni to r ing  of crack 
length was achieved us ing the e l ec t r i ca l  potent ia l  
method, 17 capable of m e a s u r e m e n t  to within 0.1 mm 
of absolute  crack length, and of detect ing changes in 
crack length of the o rder  0.01 mm.  N u m e r i c a l  dif- 
f e ren t i a t ion  of curves  of c rack  length vs number  of 
cycles  was employed to de t e rmine  crack growth 
r a t e s ,  the data being curve- f i t t ed  us ing f ini te  dif-  
f e rence  and i n c r e m e n t a l - s t e p  polynomial  p rocedure s .  7 

Thresho ld  s t r e s s  in t ens i t i e s  for crack growth (AKo) 
were calcula ted in t e r m s  of the a l t e rna t ing  s t r e s s  in-  
t ens i ty  (AK = Kma x - Kmi n ) at which no growth could 
be detected within 107 cycles .  Since the c rack  moni -  
to r ing  technique is accura te  to at leas t  0.1 mm, 
this  co r responds  to a ma x i mum crack propagat ion 
ra te  of 10 -8 mrn /cyc l e  (4 • 10 -1~ in . / cyc le ) .  To min i -  
mize  r e s idua l  s t r e s s  effects,  th resholds  were ap- 
proached us ing a success ive  reduct ion  in load (of 
not more  than 10 pct reduc t ion  in Kma x at each step) 
followed by c rack  growth p rocedure .  M e a s u r e m e n t s  
were taken, at every  load level,  over i n c r e m e n t s  of 
c rack  growth of 1 to 1.5 mm, r e p r e s e n t i n g  at l eas t  
100 t imes  the max imum plas t ic  zone s ize  genera ted  
at the p rev ious  load level.  Higher growth ra te  tes ts  
were pe r fo rmed  under  continuous constant  load con- 
di t ions  to yie ld  fatigue crack propagat ion r a t e s  
spanning six o rde r s  of magnitude.  P lane  s t r a in  
conditions* were main ta ined  in al l  fatigue tes t s ,  

*Based on the criterion that B and a > 2 5 (Kmax/Oy) 2, where B IS the speci- 
men thickness, a the crack length and oy is the yield strength. 

except where Kma x exceeded 80 MPa~mm. 
The gra in  boundary  composi t ion of embr i t t l ed  s a m -  

ples was analyzed using Auger  spec t roscopy to de-  
t e r m i n e  the p r e sence  and approximate  concent ra t ions  
of segregated  i mpur i t i e s .  This  was c a r r i e d  out by 
the late Dr .  H. Feng  of the NSF Mate r i a l s  R e s e a r c h  
Labora to ry  at the Un ive r s i t y  of Pennsy lvan ia .  Speci-  
mens  were f r ac tu red  at ambien t  t e m p e r a t u r e  inside 
the Auger sys t em under  a vacuum of ~10 -11 T o r r  
(10 -s Pc), and examined us ing a p r i m a r y  e lec t ron  
beam of 500 # m  spot s ize .  Scanning e lec t ron  mi -  
c roscopy was employed to cha rac t e r i ze  the f r ac tu re  
morphology of a l l  spec imens .  
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RESULTS 

The ambient temperature mechanical propert ies 
of the unembrittled (oil quenched) and temper em- 
brittled (step-cooled) s t ructures  are  shown in Table 
I, where it can be seen that the step-cooling pro- 
cedure does not lead to any significant loss of 
strength, measured under both monotonic and cyclic 
conditions. The cyclic yield s t ress  is 20 pct lower 
than the monotonic value indicating character is t ic  
cyclic softening of the 650~ tempered s tructures .  
Step-cooling does, however, give r ise  to slightly 
reduced ductility and, more importantly, to a sub- 
stantial loss in toughness with the fracture  toughness 
being decreased by approximately 50 pct. The nature 
of the embritt lement is clearly shown in fractographs 
of broken KIc specimens (Fig. 2), indicating micro-  
void coalescence in the unembrittled condition com- 
pared to intergrarmlar fracture along prior aus- 
tenite grain boundaries in the embrittled condition. 
Auger electron microscopy of freshly fractured 
embrittled samples, before and after extensive 
sputtering with Ar + (Fig. 3), revealed the presence 
of excess Ni, Mn, P and Si on the grain boundaries. 
Concentration profiles of these elements adjacent 
to the boundaries, obtained by successive sputter- 
ing and Auger electron spectroscopy, indicated that 
most segregation appears to be within a monolayer 
(Fig. 4). Using appropriate calibrations (see Ref. 
18 for details), approximate concentrations* of the 

*These concentratmns are not precise because SL P, and Mn peaks overlap w~th 
Fe ~nd Mo. 

elements were found to be 6 at. pct Ni, 4 at. pct P 
and 8 at. pct Si within the f i rs t  few atomic layers  on 
the grain boundaries (no Mn calibration was ob- 
tained). It appears, therefore, that the severe loss 
in toughness in 300-M steel, induced by the step- 
cooling treatment,  involves reduced cohesion at 
grain boundaries f rom the cosegregation of both 
alloying elements (Ni and Mn) and impurity elements 
(P and Si). 

The effect of this embrittlement on fatigue crack 
propagation in moist air  is shown in Fig. 5 in terms 
of the variation of crack growth rate per cycle (da/ 
&V) with the alternating s t ress  intensity (AK) for 
load ratios of 0.05 and 0.70. It is clear that pr ior  
temper embrittlement results  in a significant re-  
duction in resis tance to fatigue crack propagation at 
both load ratios,  part icularly as the growth rate is 
reduced. At growth rates greater  than ~10 -~ mm/  
cycle, the embrittled s tructure shows only mar-  

ginally higher growth rates  at both load rat ios.  
Fur thermore,  increasing the load ratio f rom R = 0.05 
to 0.70 does not result  in significantly higher pro- 
pagation rates  in either s t ructure.  No major differ-  
ences were observed in the fatigue fracture mecha- 
nisms in this region, with both s tructures  exhibiting 
a t ransgranular  ductile striation mode (Fig. 6), char-  
acter is t ic  of martensit ic,  low alloy steels at inter-  
mediate growth rates .  ~ 

-.,-. _-r ......... "~ "'. -" %.~, ,.--~"~llIl~. 

Y 

b "~ 

Fig.  2 - - F r a c t u r e  s u r f a c e s  f r o m  KIc  s p e c i m e n s  showing (a)  
100 pct  mic rovo id  coa l e scence  in unembr i t t l ed  m a t e r i a l ,  and 
(b) 100 pct  i n t e r g r a n u l a r  c rack ing  in t e m p e r  embr i t t l ed  m a -  
t e r i a l .  

Table I, Ambient Temperature Mechanical Properties of 300-M Steel =n the Unembrlttled and Temper Embrittled Conditton 

Austenitizing Monotomc YMd True Fracture Reduction m K1 c Cychc Y~eld Prior Austemte 
C o d e  Treatment Temper Stress,* MPa UTS, MPa Strata m Area, Pet (MPa-v/mm) Stress,* MPa Grain Size, ~m 

Unembnttled 870~ (1 h) 650~ h) 1074 1186 081 56 185t 86t 20 
Oll quenched Olt quenched 152. ~ 

Embnttled 870~ (t h) 650~ ( l h) t 070 1179 O 73 52 79 6 858 20 
011 quenched Step-cooled�82 

*Yield stress measured by 0.2 pet offset. 
tlnvahd Kxc result, estimated using equivalent energy procedure at maxtmum load) 4 
~Invabd K/c result, estimated using, JIe approach at initiation) s 
�82 Step-cooling procedure described m Fig. 1. 
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Fig. 3--Auger spectra from an intergranular fracture sur-  
face of temper embrittled 300-M steel, immediately after 
fracture (upper curve) and after extensive Ar § ion sputter- 
ing (tower curve). 

The l a rges t  effect of e m b r i t t l e m e n t  on fatigue c rack  
propagat ion  behavior  is seen  at growth r a t e s  less  
than 10 -~ m m / c y c l e ,  where  the a l t e rna t i ng  s t r e s s  in-  
t ens i ty  (AK) approaches  a threshold  value (zXKo). 
Growth r a t e s  in  the emhr i t t l ed  s t r u c t u r e  become over  
an o rde r  of magnitude higher  than in  the unembr i t t l ed  
s t r u c t u r e .  F u r t h e r m o r e ,  the value of the threshold  
~ o  is  s igni f icant ly  reduced by embr i t t l emen t ,  f rom 
8.5 to 6.2 MPa~mm at R = 0.05, and f rom 3.7 to 2.7 
MPa~mm at R = 0.70, r e p r e s e n t i n g  a reduc t ion  of a l -  
most  30 pct in each case .  It is  a lso  not iceable  that 
growth r a t e s  a r e  i nc r ea s ing ly  s ens i t i ve  to the load 
ra t io  as the th resho ld  is approached.  F r a c t u r e  s u r -  
faces in this reg ion  a re  shown in Fig.  7, where it can 
be seen  that,  in embr i t t l ed  samples ,  s igni f icant  
amounts  of i n t e r g r a n u l a r  f r ac tu r e  a r e  p r e sen t .  The 
propor t ion  of i n t e r g r a n u l a r  facets  was found to vary  
with s t r e s s  in tens i ty ,  i n c r e a s i n g  f rom around 5 pct 
nea r  AKo to approx imate ly  20 pct at ~ = 10 MPa~/-m 
(at R = 0.05) and then v i r tua l ly  d i sappea r ing  above AK 
2 15 MPa~/-m (Fig. 8). No evidence of i n t e r g r a n u l a r  
f r ac tu r e  could be detected at any s t r e s s  in tens i ty  in 
unembr i t t l ed  s amples  (Figs .  7(a) and 8(a)). 

It is thus apparent  that p r i o r  t emper  e m b r i t t l e m e n t  
can subs tan t i a l ly  reduce  fatigue c rack  propagat ion r e -  
s i s t ance  at low (near - th resho ld )  growth r a t e s  in humid 
a i r ,  and that this lowered r e s i s t a n c e  is  coincident  
with a t r a n s i t i o n  f rom pure ly  t r a n s g r a n u l a r  to an 
i n t e r g r a n u l a r  plus  t r a n s g r a n u l a r  mode of fatigue 
f r a c t u r e .  

DISCUSSION 

i) General Nature of Embrittlement 
in 300-M Steel 

The temper embrittlement of 300-M steel, induced 
by step-cooling after tempering at 650~ has been 
shown to result from a build-up of Ni, Mn, P and Si 
in prior austenite grain boundaries. The segrega- 
tion of both alloying and impurity elements in this 
steel is consistent with a recent theory of temper 
embrittlement, proposed by Guttmann ~ and experi- 
mentally verified by others, zs'ec-ee Impurity elements, 
such as P, interact attractively with alloying elements, 

such as Ni and Mn, but r e t a i n  the i r  mobi l i ty .  Co- 
segrega t ion  of both a l loying and impur i ty  e l emen t s  
can thus take place to g ra in  boundar ies ,  where i n t e r -  
face cohesion is reduced  by the p r e sence  of the im-  
pur i ty  e l emen t s .  The p re sence  of Cr  (and poss ib ly  
Si) can fu r the r  p romote  this  segregat ion ,  ~~ e i ther  
by ac t ing  as  ca ta lys t s  or by segrega t ing  themse lves .*  

*Chrommm segregatio~ results are ambiguous because of experimenta/dfffi- 
culttes w~th Auger spectroscopy. The difficulty m detecting this element m gram 
boundanes ~s due to interference from the oxygen peak and from Cr m Cr-rich 
boundary' carbides ~o 

The k ine t ics  of e m b r i t t l e m e n t  in P - c o n t a i n i n g  N i -Cr  
s t ee l s  has been shown z~ to be cons i s ten t  with equi-  
l i b r i um (Gibbsian) segrega t ion  of P, cont ro l led  by P 
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Fig. 4--Concentration profiles of segregated elements in 
temper embrittled 300-M steel, showing concentration dis-  
tributions in regions adjacent to the grain boundary. 
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diffusion,  and c o s e g r e g a t i o n  of Ni.  22 Ni e n r i c h m e n t  
can fu r t he r  o c c u r  in g r a i n  botmdaries~ s ince  th is  
e l e m e n t  i s  r e j e c t e d  by C r - r i c h  c a r b i d e s  which grow 
in the b o u n d a r i e s  du r ing  s tep-cool ing .6 ,  2~ M o r e o v e r ,  
t h e r e  i s  now evidence  of addi t iona l  p r e - t r a n s f o r m a -  
t ion  s e g r e g a t i o n  of P in  the aus t en i t i c  phase ,*  e i t he r  

*Certmn authors 2s,:6 have disputed the segregation of solute elements during 
austenitlzation, but their results pertmn to alloying elements, such as NI, and im- 
purity elements, such as Sb, rather than P, 

p r i o r  to, o r  dur ing ,  quenching a f te r  a u s t e n i t i z a -  
t ion.  ez'2%~ The p r e s e n c e  of s ign i f i can t  amounts  of Si 
in  g r a i n  b o u n d a r i e s  in the p r e s e n t  s t e e l  s u g g e s t s  a 
p o s s i b l e  e m b r i t t l i n g  ef fec t  f r o m  th i s  i m p u r i t y  e l e -  
ment .  S e v e r a l  o the r  au tho r s  have o b s e r v e d  the s e g r e -  
gat ion of Si  (Refs .  9, 10) and sugges t ed  tha t  i t  may  
ac t  to l ower  g r a i n  boundary  cohesion,~7,23,'% l~ but  the 
spec i f i c  de t a i l s  of e m b r i t t t e m e n t  by  th i s  e l e m e n t  
(if indeed  i t  does  cause  e m b r i t t l e m e n t )  r e m a i n  to be 
d e t e r m i n e d .  Hence,  the t e m p e r  e m b r i t t l e m e n t  of 
300-M s t ee l ,  induced by  s t e p - c o o l i n g  f r o m  650~ 
a p p e a r s  to  r e s u l t  f r o m  the c o s e g r e g a t i o n  of a l l o y i n g  
e l e m e n t s  (Ni and Mn) and i m p u r i t y  e l e m e n t s  (P and 
Si) to p r i o r  aus t en i t e  g r a i n  b o u n d a r i e s  whe re  P,  

Fig. 6--Ductile striation growth at intermediate propagation 
rates in (a) unembrittted and (b) temper embrittled 300-M 
steel.  (zSJf = 30 MPa~m, R = 0.05. Arrow indicates general 
direction of crack propagation). 

and p o s s i b l y  Si, r educe  cohes ion  suf f ic ien t ly  to 
cause  100 pc t  b r i t t l e  i n t e r g r a n u t a r  s e p a r a t i o n  and a 
c o r r e s p o n d i n g  s e v e r e  lo s s  in toughness .  

i i)  Effec t  of E m b r i t t l e m e n t  on 
Fa t i gue  C r a c k  P r o p a g a t i o n  

The  magni tude  of the  ef fec t  of e m b r i t t t e m e n t  on 
fa t igue  c r a c k  p r o p a g a t i o n  has  been  found to be d i f -  
f e r en t  fo r  d i f f e ren t  r a n g e s  of growth r a t e s .  I t  i s  
p o s s i b l e  to c h a r a c t e r i z e  these  r a n g e s  in t e r m s  of 
t h e i r  dependence  on the a l t e r n a t i n g  s t r e s s  in t ens i ty  
(AK), a s  shown s c h e m a t i c a l l y  in F ig .  9. F o r  the in-  
t e r m e d i a t e  r a n g e  of growth r a t e s  {Regime B), where  
da/dN i s  t y p i c a l l y  be tween  10 -5 to 10 -3 m m / c y c l e ,  
the  p r o p a g a t i o n  r a t e  can be e x p r e s s e d  in  t e r m s  of the 
P a r i s  power  law equat ion,  ~ such  tha t  

d~ = CZa(% [1] 

w h e r e  C and m a r e  s c a l i n g  cons t an t s ,  and m t a k e s  va l -  

Fig. 7--Morphology of fatigue fracture_at near-threshold 
crack growth rates at AK = 9.5 MPa~/m (g = 0.05) in 300-1Vi 
steel showing (a) ductile transgranular mechanism in unem- 
brittled material,  and (b) segments of intergranular fracture 
in temper embrittled material.  (Arrow indicates general 
direction of crack propagation). 
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ues typ ica l ly  be tween 2 and 4. In this range ,  the 
growth m e c h a n i s m  in s t ee l s  is  p r i m a r i l y  s t r i a t i on  
growth, and propagat ion  r a t e s  a r e  l a rge ly  i n s e n s i -  
t ive  to m i c r o s t r u c t u r e  and load ra t io  (mean 
s t r e s s ) ,  v'29'3~ At higher  growth r a t e s  (Regime C), 
where  Kma x approaches  Kic , the f r a c t u r e  toughness ,  
s u p e r i m p o s e d  ' s t a t i c '  f r a c t u r e  modes  (i.e. c leavage ,  
i n t e r g r a n u l a r  and f ibrous  f rac tu re )*  can occur  dur ing 

*Such fracture mechanisms are generally regarded as tensile stress-controlled, 
or in the case of fibrous fracture, controlled by the hydrostatm component of 
stress. Increasing the load ratio raises Kma x wzth respect to 2dr, and therefore 
leads to a greater contribution from such modes and consequently increases the 
growth rate. The onset of "static mode-assisted" propagation m regime C is thus 
dependent on the toughness and occurs as Kma ~ approaches Kle 7,30 

s t r i a t i on  growth, and the propagat ion  r a t e  b e c o m e s  
marked ly  s ens i t i ve  to m i c r o s t r u c t u r e  and load 
ra t io .  7'29'3~ S i m i l a r l y  at low growth r a t e s  l e ss  than 
10 -5 to 10 -6 m m / c y c l e  (Regime A), where  AK ap- 
p roaches  a threshold ,  AKo, a s t rong  dependence on 
m i c r o s t r u c t u r e  and load r a t io  is again  obse rved .  The 
explanat ion fo r  this dependence,  however ,  is s t i l l  a 
subjec t  of s o m e  con t rove r sy ,  involving conf l ic t ing 

Fig. 8--Morphology of fatigue fracture at AK = 15 MPa~m 
(R = 0.05) in 300-M steel in (a) unembrittled and (b) temper 
embrittled material. (Arrow indicates general direction of 
crack propagation). 

v iewpoints  based on env i ronmen ta l  3~ and c r ack  
c l o s u r e  concepts .  31-34 

The p r e s e n t  study has examined  the effect  of p r i o r  
t e m p e r  e m b r i t t l e m e n t  on fat igue c rack  propagat ion  
behav io r  at  lower  and i n t e r m e d i a t e  growth r a t e s  
(Regimes  A and B) and, w he rea s  it is c l e a r  that  a 
s t rong  effect  ex i s t s  in R e g i m e  A, growth r a t e s  in 
R e g i m e  B a r e  far  l e s s  affected.  P r e v i o u s  r e s e a r c h  v 
at high growth r a t e s ,  g r e a t e r  than 10 -4 m m / c y c l e  
(Regime C), has shown that p r i o r  t e m p e r  e m b r i t t l e -  
ment  can s e v e r e l y  r educe  fat igue c r ack  propaga t ion  
r e s i s t a n c e  in this range .  Here ,  b r i t t l e  i n t e r g r a n u l a r  
c rack ing  o c c u r s  dur ing s t r i a t ion  growth in e m -  
b r i t t l ed  m a t e r i a l  because  of i ts  low toughness .  This  
causes  a subs tan t ia l  a c c e l e r a t i o n  in growth ra te  com-  
pa red  to unembr i t t l ed  m a t e r i a l  and, s ince  i n t e r -  
g ranu la r  c r ack ing  is  a t ens i l e  s t r e s s - c o n t r o l l e d  
mode of f r a c t u r e ,  v growth r a t e s  in the embr i t t l ed  
s t e e l  become  marked ly  s ens i t i ve  to load ra t io .  

At i n t e r m e d i a t e  growth r a t e s ,  however ,  the value  
of Kma x is s m a l l  compared  with Kic and thus s ta t ic  
f r a c t u r e  modes  do not gene ra l ly  occur  dur ing  fat igue 
c rack  propagat ion  in this r e g i m e .  The loss  in tough- 
ness ,  a r i s i n g  f r o m  e m b r i t t l e m e n t ,  is  thus not so im-  
por tan t  in inf luencing growth r a t e  behav io r .  The 
p r e s e n t  inves t iga t ion  has shown that the m e c h a n i s m  
of growth is  s i m i l a r  in both unembr i t t l ed  and e m -  
b r i t t l ed  samples ,  i .e.  s t r i a t i on  growth (Fig.  6) and 
this  is cons i s ten t  with the s m a l l  inf luence of p r i o r  
e m b r i t t l e m e n t  obse rved .  Begley  and Toolin 3v s i m i -  
l a r ly  obse rved  l i t t le  inf luence of t e m p e r  e m b r i t t l e -  
ment  on fat igue c r a c k  propagat ion  in a N i - C r - M o - V  
s t e e l  at such i n t e r m e d i a t e  growth r a t e s  (3 • 10 -5 to 
5 • 10 -4 m m / c y c l e ) .  F u r t h e r m o r e ,  the lack of a 
s igni f icant  effect  of load r a t i o  on propaga t ion  r a t e s  
in this reg ion  is  cons i s ten t  with a s t r i a t i on  mecha -  
n i s m  o f  growth.  7'29'3~ 

As the growth r a t e  is  r educed  below 10 -6 m m / c y c l e  
in Reg ime  A, however ,  the p r e s e n t  r e s u l t s  show i) 
a m a r k e d  dependence  of the growth r a t e  on load 
ra t io ,  and ii) that p r i o r  t e m p e r  e m b r i t t l e m e n t  leads 
to a s e v e r e  d e t e r i o r a t i o n  in r e s i s t a n c e  to fat igue 
c r a c k  propagat ion  (in the f o r m  of i n c r e a s e d  growth 
r a t e s  and a lower  threshold) ,  coincident  with the oc-  
c u r r e n c e  of in te rg ranu lax  f r a c t u r e  in em br i t t l ed  
s a m p l e s .  Ef fec ts  of e m b r i t t l e m e n t  and load ra t io  thus 
p r inc ipa l ly  affect  n e a r - t h r e s h o l d  growth r a t e s  and 
a r e  far  l e s s  impor tan t  at h igher  propagat ion  r a t e s  
in the i n t e r m e d i a t e  range .  Such r e s u l t s  can be i n t e r -  
p r e t ed  in t e r m s  of c r a c k  c lo su re  concepts  al-34 a n d / o r  
env i ronm en ta l  f ac to r s ,  3~ although the expe r i -  
ments  conducted in the p r e s e n t  inves t iga t ion  do not 
p e r m i t  a d i r e c t  s epa ra t i on  of the contr ibut ions  f r o m  
these  two ef fec ts .  The work of Cooke e ta[ ,  36 however ,  
has d e m o n s t r a t e d  that the na tu re  of the env i ronmen t  
can have a marked  inf luence on n e a r - t h r e s h o l d  fat igue 
c r ack  growth r a t e s  in a s t e e l  (En25) s i m i l a r  to that  
examined  in the p r e s e n t  study. Thus,  desp i te  the ab- 
sence  of d i r e c t  e x p e r i m e n t a l  ev idence  for  an en- 
v i r o n m e n t a l  effect  on n e a r - t h r e s h o l d  growth in the 
p r e s e n t  s tee l ,  we shal l  p roceed  to examine  the na ture  
of a poss ib l e  env i ronmen ta l  inf luence on 300-M s t ee l  
in moi s t  a i r ,  and use this to r a t i ona l i ze  the mechan ica l  
and m i c r o s t r u c t u r a l  e f fec t s  obse rved .  In l a t e r  s e c -  
t ions,  an a l t e rna t i ve  explanat ion based  on c r a c k  
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Fig. 9--Schematic diagram showing the pr imary fracture me- 
chanisms and associated fatigue behavior consistent with the 
sigmoidal variation of fatigue crack propagation rate (da/dN) 
with alternating s t ress  intensity (AK). AK 0 is the threshold 
s t ress  intensity for crack growth, K c the s t ress  intensity at 
final failure. 

c l o s u r e  wi l l  be  inc luded .  The  d i s c u s s i o n  which fo l -  
lows of the  env i ronmen ta l  ef fec t  on n e a r - t h r e s h o l d  
fa t igue  c r a c k  growth  in 300-M s t e e l  i s  b a s e d  on a 
model ,  p r o p o s e d  by Ri t ch ie  38 for  high s t r eng th  s t e e l s ,  
r e l a t i n g  the con t r ibu t ions  to fa t igue c r a c k  growth 
f rom i) e m b r i t t l e m e n t  induced by i m p u r i t y  s e g r e g a -  
t ion  ( t empe r  e m b r i t t l e m e n t )  and i i)  e m b r i t t l e m e n t  
a r i s i n g  f r o m  the p r e s e n c e  of hydrogen  a toms ,  
evolved  f r o m  c r a c k  t ip  su r f ace  r e a c t i o n s  with vapor  
in the m o i s t  a i r  env i ronmen t  (hydrogen e m b r i t t l e -  
ment) .  

MODEL FOR NEAR-THRESHOLD 
FATIGUE CRACK GROWTH 

Fo l lowing  W e i s s  and Lal ,  39 a mode l  for  fa t igue  
c r a c k  p ropaga t i on  i s  c o n s i d e r e d  b a s e d  on the a s s u m p -  
t ion that  the  c r a c k  advance  p e r  cyc l e  ( d a / d N )  r e p r e -  
s en t s  the d i s t a n c e  ahead  of the  c r a c k  t ip  where  the 
nomina l  s t r e s s  exceeds  a c e r t a i n  c r i t i c a l  f r a c t u r e  
s t r e s s  (OF), such tha t  

da A K  2 p* 
- 2 '  [2]  

where  O* i s  the Neuber  m i c r o - s u p p o r t  cons tan t  r e p r e -  
sen t ing  the ef fec t ive  roo t  r a d i u s  of the  c rack .*  F o r  the 

*The sigmficance of the p* parameter and tts re|aUonshp to mlcrostructure, is 
described m greater detail in references 38 and 39. 

l im i t i ng  condi t ions  of c r a c k  growth n e a r  the t h r e s -  
hold,  the loca l  t en s i l e  s t r e s s  (ayy) mus t  exceed  o F 
over  a d i s t a n c e  l a r g e r  than p* and hence,  a t  the 
t h r e sho ld ,  W e i s s  and La139 p r o p o s e  d a / d N  = p*, v i z .  

= .o  �9 [31 

Since the p r e s e n c e  of i m p u r i t y  e l e m e n t s  in g r a i n  
bounda r i e s  wi l l  l ead  to a r educ t ion  in the cohes ive  
s t r eng th ,  i t  can  be c o n s i d e r e d  that  p r i o r  t e m p e r  e m -  
b r i t t l e m e n t  l o w e r s  th i s  c r i t i c a l  f r a c t u r e  s t r e s s  (OF) 
by an  amount  Aa I due to i m p u r i t i e s ,  thus  

da A K  2 p* [4] 
O ~  = ?T((Y F - -  AGI)2 2 ' 

} 
o 

r~  
i 
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Fig. 10--influence of cyclic strength on the threshold for fa- 
tigue crack growth (~0) ,  at R = 0.05 and 0.70, for quenched 
and tempered 390-M steel, showing additional effect of tem- 
per embrittlement, induced by step-cooling. 

v 

In a m o i s t  a i r  env i ronment ,  cyc l i c  s t r e s s i n g  wi l l  
l ead  to the p roduc t ion  of c h e m i c a l l y  r e a c t i v e  s u r -  
f ace  a t  the  c r a c k  t ip,  whe re  a tomic  hydrogen  can be 
evolved  f rom wa te r  vapor  by r e a c t i o n s  40 of the type  

Fe  +H20~-~ FeOH §  ++ 2e 

2H + + 2e ~ 2H. [5] 

The  s t r e s s  g r a d i e n t  ahead  of the c r a c k  t ip  then d r i v e s  
a d s o r b e d  hyd rogen  a t o m s  into the  l a t t i c e  where  they  
a c c u m u l a t e  in the r e g i o n  of h ighes t  d i l a t a t ion  (the 
point  of m a x i m u m  h y d r o s t a t i c  tens ion)  and fu r t he r  
lower  the cohes ive  s t r eng th .  41 If the r educ t ion  in co-  
he s ive  s t r e n g t h  due to hydrogen  is t aken  as  AGH, then 
the combined  inf luence of i m p u r i t i e s  and hydrogen  
e f fec t s  ( a s suming  i n i t i a l l y  that  they a r e  s i m p l y  a d d i -  
t ive)  on fa t igue  c r a c k  growth can be r e p r e s e n t e d  by  

da AK2 P* [6] 
~ /  = ?r(a F -- Aft I -- A a H )  2 2 ' 

where  the  t h r e s h o l d  i s  given by 

AKo = lip �9 (Or F -- Aft I -  A(YH). [7] 

Fo l lowing  the p r o c e d u r e  of McMahon e t  al,  z~ i t  i s  
p o s s i b l e  to d e r i v e  e x p r e s s i o n s  for  the t e r m s  Ao I and 
AaH. The r educ t ion  in cohes ive  s t r eng th  due to i m -  
p u r i t i e s  (Ao I) can be r e l a t e d  to a r e d u c t i o n  (Ay) in 
g r a i n  boundary  s u r f a c e  ene rgy  (Yo), due to the  p r e s -  
ence of a so lu te ,  i . e .  

O F - - A ~  1 -  A-Z) 1 / 2 y o  ' [8] 

whe re  ec is  the  t h e o r e t i c a l  cohes ive  s t r eng th .  B a s e d  
on the da t a  of Hondros  42 fo r  P in a - i r o n ,  McMahon e t  
at I~ e s t i m a t e  a Aa I of 30 pct ,  which, a s  they  s t a t e ,  i s  
a s u b s t a n t i a l  r educ t ion .  

The  r educ t ion  in cohes ive  s t r e n g t h  due to hydrogen  
(AffH) can be c o n s i d e r e d  to be p r o p o r t i o n a l  to the loca l  
concen t r a t i on  of hydrogen  in the r eg ion  of m a x i m u m  
h y d r o s t a t i c  t ens ion  (CH), and can be e x p r e s s e d  by 43 

, ' o n  : : . e x ,  

where  Co is  the equ i l i b r i um concen t r a t i on  of hyd ro -  
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g_en in the u n s t r e s s e d  l a t t i ce ,  ot an unknown cons tant ,  
V the p a r t i a l  m o l a r  vo lume of hydrogen  in i r o n  (2 cm3/  
mole) ,  ~ the  h y d r o s t a t i c  tens ion ,  Ro the Gas  Constant ,  
and T the abso lu t e  t e m p e r a t u r e .  Subs t i tu t ing  an ex-  
p r e s s i o n  fo r  the m a x i m u m  h y d r o s t a t i c  t ens ion  
C6), 44'~ Eq.  [9] b e c o m e s  

A(r H = CLCo exp ((ry + 2otlKmax) , [ lo] 

w h e r e  ay i s  the  y ie ld  s t r eng th ,  Kma x the m a x i m u m  
s t r e s s  in t ens i ty  of the fa t igue  loading  cyc le  and ~ an 
e m p i r i c a l  cons tan t  equal  to 2 in. -~n. U t i l i z ing  the 
above  equat ions  i t  i s  p o s s i b l e  to r a t i o n a l i z e  the p r e s e n t  
r e s u l t s  fo r  the fa t igue  c r a c k  p ropaga t i on  behav io r  of 
u n e m b r i t t l e d  and t e m p e r  e m b r i t t l e d  300-M in m o i s t  
a i r .  Ef fec t s  of p r i o r  t e m p e r  e m b r i t t l e m e n t  and load 
r a t i o  a r e  now c o n s i d e r e d  in turn .  

i) Ef fec t s  of P r i o r  T e m p e r  E m b r i t t l e m e n t  

It is  c l e a r  that  the r educ t ion  in cohes ion  due to the  
p r e s e n c e  of i m p u r i t i e s  (An I) should l ead  to h ighe r  
c r a c k  p r o p a g a t i o n  r a t e s  f rom Eq.  [4], and th is  i s  con-  
s i s t e n t  with e x p e r i m e n t a l  r e s u l t s  in F ig .  5 for  n e a r -  
t h r e s h o l d  and i n t e r m e d i a t e  growth  r a t e s .  However ,  
a t  n e a r - t h r e s h o l d  growth r a t e s ,  t h e r e  wi l l  be a 
f u r t he r  r educ t ion  in cohes ive  s t r e n g t h  due to the 
p r e s e n c e  of hydrogen  a t o m s  (AaH). Th i s  env i ron -  
men ta l  effect  wi l l  be l e s s  a p p a r e n t  (at a given f r e -  
quency) a s  the growth  r a t e  i s  i n c r e a s e d  (i.e. at  i n t e r -  
m e d i a t e  growth r a t e s ) ,  s ince  at  h ighe r  c r a c k  v e l o c i -  
t i e s ,  t h e r e  i s  insuf f ic ien t  t ime  for  the p e r m e a t i o n  of 
a t o m i c  hydrogen  into the  c r a c k  t ip  r e g i o n .  Thus ,  one 
would expec t  a l a r g e r  inf luence  of p r i o r  t e m p e r  e m -  
b r i t t l e m e n t  a t  n e a r - t h r e s h o l d  growth r a t e s  b e c a u s e  of 
r e d u c e d  cohes ion  f rom both i m p u r i t i e s  and h y d r o -  
gen a t o m s  as  e x p e r i m e n t a l l y  o b s e r v e d  in F ig .  5. 
Th i s  i n f e r s  a s y n e r g i s t i c  r e l a t i o n s h i p  be tween i m -  
p u r i t y  and hydrogen  ef fec ts ,  where  the p r e s e n c e  of 
the i m p u r i t y  a tom in g r a i n  b o u n d a r i e s  could r a i s e  
the  l oca l  concen t r a t i on  of hydrogen ,  due to an a t -  
t r a c t i v e  i n t e r ac t i on  be tween  i m p u r i t y  and hydrogen  
a t o m s J  ~ T h e r e  i s  a f u r t h e r  p o s s i b i l i t y  that ,  a t  
chemica l l y  ac t ive  s i t e s  (e.g. gra in  boundar i e s )  on 
f r e s h l y  exposed  s u r f a c e  a t  the  c r a c k  t ip where  hy-  
d r o g e n  i s  i n i t i a l l y  a d s o r b e d  f r o m  the env i ronmen t ,  
the p r e s e n c e  of i m p u r i t y  a t o m s  in e m b r i t t l e d  m a -  
t e r i a l  can f u r t h e r  r a i s e  the  l oca l  concen t ra t ion  of 
hydrogen  by  r e t a r d i n g  the r e c o m b i n a t i o n  of a tomic  
h y d r o g e n J  2 T h e s e  ef fec ts  a r e  cons i s t en t  with h igher  
fa t igue  c r a c k  p ropaga t i on  r a t e s  (Eq. [6]) and lower  
t h r e sho ld  va lues  (Eq. [7]) o b s e r v e d  in e m b r i t t l e d  
m a t e r i a l  at  n e a r - t h r e s h o l d  growth  r a t e s ,  and a much 
s m a l l e r  inf luence  of t e m p e r  e m b r i t t l e m e n t  o b s e r v e d  
at  i n t e r m e d i a t e  growth r a t e s .  

i i)  Effec t  of Load Ra t io  

The  r educ t ion  in cohes ion  due to hydrogen  (ACrH) i s  
not m e r e l y  a funct ion of Co but a l so  dependent  on the 
e n r i c h m e n t  of hydrogen  concen t r a t i on  (Ca/Co)  in the  
r e g i o n  of m a x i m u m  d i l a t a t ion  ahead of the c r a c k  t ip .  
Th i s  e n r i c h m e n t  is  a funct ion of the  magni tude  of 
the  h y d r o s t a t i c  t ens ion  (Eq. [9]), which can be r a i s e d  

by i n c r e a s i n g  m a t e r i a l  s t r eng th ,  c~y,* o r  by i n c r e a s -  

*It has been shown elsewhere a~ that higher near-threshold fatigue crack 
propagatmn rates and lower threshold values result when the (cyclic) yield strength 
of 300-M steel is raised (Fig 10), and this is consistent with an increasing suscept~- 
bdlty to hydrogen embrittlement with increase m strength. '~ 

ing the  m a x i m u m  s t r e s s  in tens i ty ,  Kma x (Eq. [10]). 
Thus ,  a s  the load r a t i o ,  R, is  r a i s e d ,  the c o r r e s p o n d -  
ing i n c r e a s e  in Kmax (= AK/1 - R) l eads  to a g r e a t e r  
loca l  concen t ra t ion  of hydrogen  (C H) which r e d u c e s  
cohes ion,  and hence,  to an i n c r e a s e  in growth  r a t e  
(Eq. [6]) and a d e c r e a s e  in ~dfo (Eq. [7]). Add i t ion -  
a l ly ,  the ef fec t  of a l a r g e r  va lue  of Kma x i s  to r a i s e  
the p l a s t i c  s t r e s s  g r a d i e n t  ahead  of the  c r a c k  t ip,  
thus p rov id ing  a g r e a t e r  d r i v ing  f o r c e  fo r  hydrogen  
t r a n s p o r t  into the r e g i o n  of m a x i m u m  t r i a x i a l i t y .  
T h e r e f o r e ,  one expec t s  an inf luence  of load  r a t i o  on 
fa t igue  c r a c k  p ropaga t ion ,  but b e c a u s e  this  inf luence  
a r i s e s  f r o m  the e n v i r o n m e n t a l  ef fec t  of hydrogen ,  i t  
should  d e c r e a s e  i) a t  h igher  growth r a t e s  (Regime B), 
when hydrogen  d i f fus ion  ahead  of the c r a c k  t ip  can no 
longer  keep  pace  with the  c r a c k  ve loc i ty ,*  and ii)  

*Load ratio effects can reappear at even higher propagation rates (regime C) 
due to the occurrence of static modes of fracture durmg fatigue crack growth. 7'3~ 

at n e a r - t h r e s h o l d  growth r a t e s  for  t e s t s  in i ne r t  
e n v i r o n m e n t s .  Th is  is  cons i s t en t  i) with the p r e s e n t  
r e s u l t s  (F ig .  5) which show the inf luence  of load 
r a t i o  to be c o n s i d e r a b l y  s m a l l e r  at  i n t e r m e d i a t e  
growth  r a t e s  c o m p a r e d  to n e a r - t h r e s h o l d  behav io r ,  
and ii)  with the da t a  of B e e v e r s  and c o w o r k e r s  36'~7 
which ind ica te  that  the load r a t i o  has  a neg l ig ib le  
ef fec t  on n e a r - t h r e s h o l d  growth  r a t e s  m e a s u r e d  in 
vacuo in an u n e m b r i t t l e d  En25 s t e e l  t e m p e r e d  at  
650~ 36 and in T i -6A1-4V.  37 C o n t r a r y  to th is ,  P a r i s  
and c o w o r k e r s  31-3~ have s u g g e s t e d  that  the na tu r e  of 
the env i ronmen t  has  l i t t l e  inf luence on n e a r - t h r e s -  
hold behav io r ,  b a s e d  on t e s t s  conducted  on lower  
s t r e n g t h  s t e e l s  (e.g. A533B) cyc led  in a i r  and a rgon  
of unspec i f i ed  pur i ty .  However ,  i t  has been  pointed 
out that  the a r g o n  a t m o s p h e r e  used  in the l a t t e r  ex-  
p e r i m e n t s  was not  su f f i c ien t ly  i ne r t  to r e m o v e  a l l  
t r a c e s  of m o i s t u r e .  3~ 

Ano the r  i n t e r p r e t a t i o n  of the inf luence  of load  
r a t i o  on low fa t igue c r a c k  growth r a t e s  has  been  p r o -  
posed ,  31"34 b a s e d  on the ef fec t  of c r a c k  c l o s u r e .  4~ 
The  concept  of c r a c k  c l o s u r e  r e l i e s  on the fac t  that ,  
a s  a r e s u l t  of p l a s t i c  d e f o r m a t i o n  left  in the wake of 
a g rowing  fa t igue  c r a c k  i t  i s  p o s s i b l e  that  s o m e  
c l o s u r e  of the c r a c k  s u r f a c e s  may  occu r  du r ing  the 
loading  cyc le .  Since  the  c r a c k  i s  unable to p r o p a g a t e  
whi le  i t  r e m a i n s  c losed ,  the net  effect  of c l o s u r e  i s  
to r educe  the app l ied  ~df value* to s o m e  lower  ef fec-  

*Apphed AK refers to the value of the alternating stress mtenslty computed 
from apphed loads and crack length measurements 

t ive  va lue  (z~d~ef f) a c tua l l y  e x p e r i e n c e d  at  the c r a c k  
t ip .  As  the load r a t i o  i s  i n c r e a s e d ,  the  c r a c k  is  
a s s u m e d  to r e m a i n  open for  a l a r g e r  po r t i on  of the  
cyc le ,  thus i n c r e a s i n g  the va lue  of AKef f and hence  
the growth r a t e .  Th is  concept  has  been  u t i l i zed  to 
exp la in  the effect  of load r a t i o  on n e a r - t h r e s h o l d  
growth in low s t r eng th  s t e e l s J  ~'3~ titanium~3 and 
a luminum 34 a l l oys ,  but with l i t t l e  o r  no e x p e r i m e n t a l  
v e r i f i c a t i o n .  F u r t h e r m o r e ,  c l o s u r e  a r g u m e n t s  can-  
not account  for  the fact  that  the effect  of load  r a t i o  
in s t e e l s  is  m i n i m a l  at  i n t e r m e d i a t e  growth  r a t e s  
(Regime B), w h e r e  c l o s u r e  i s  equa l ly  l i ke ly  to o c c u r .  
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E l e c t r i c a l  potent ia l  m e a s u r e m e n t s  dur ing  the p r e se n t  
inves t iga t ion  were unable  to detect  any c rack  c losu re  
nea r  the threshold,  except below the m i n i m u m  s t r e s s  
in tens i ty  (Kmi n ) of the loading cycle .  Although these 
r e s u l t s  cannot r ega rded  as conclus ive ,  s ince  m e a s -  
u r e m e n t s  of f r ac tu r e  su r face  contact  in a i r  a r e  
l ikely to be masked  by the p r e s e n c e  of oxide sca le ,  
they a re  n e v e r t h e l e s s  in suppor t  of p rev ious  o b s e r -  
vat ions  46'47 that c losure  is  e s sen t i a l ly  a sur face  (plane 
s t r e s s )  effect, having a much s m a l l e r  consequence 
on c rack  growth under  plane s t r a i n  condi t ions .  This  
is  fu r the r  supported by the r e s u l t s  of Shih and Wei, 48 
which indica te  that the amount  of c r ack  c losure  n e a r  
the threshold  (where plane s t r a i n  condit ions i nva r i -  
ably a re  p resen t )  can be cons idered  min imal .*  The re  

*It is perhaps useful to point out here that more recent results, discussed by 
McEvilyy suggest that the amount of closure may indeed be greater m the near- 
threshold regaon due to crack growth proceeding by a Mode lI (shear mode) 
process rather than by a Mode I (tensde opening mode) process so However, ex- 
tensive fractographm analysis of near-threshold fatigue crack propagation in the 
present steel revealed no ewdence of such a shear mechanism of growth. 

is a fu r the r  poss ib i l i ty  that c losure  and env i ronme n t a l  
effects a re  i n t e r r e l a t ed ,  s ince  the p ropor t ion  of 
c losure  has been observed  to be inf luenced by the 
na tu re  of the env i ronmen ta l  spec ies  p r e sen t .  51-$4 
These  r e s u l t s  indicate ,  however,  that  the c losu re  level  
in i ne r t  e n v i r o n m e n t s  is  g r e a t e r  than 5~-'~3 (or at 
l eas t  equal  to ~) the c losu re  level  in a i r .  Since the 
effect of load ra t io  at  low growth r a t e s  is  much 
s m a l l e r  in such ine r t  env i ronmen t s ,  35,3G it s eem s  un-  
l ikely that c r ack  c losure  is  pr imar i ly  r e spons ib l e  for 
the marked  dependence of n e a r - t h r e s h o l d  growth 
r a t e s  on the load ra t io .  

It is  thus concluded that although extens ive  data  
on the effect of env i ronmen t  and c rack  c losu re  on 
n e a r - t h r e s h o l d  fatigue c rack  propagat ion a re  not 
ava i lab le  at this  t ime,  the p r e s e n t  r e su l t s  on the 
inf luence of i m p u r i t y - i n d u c e d  e m b r i t t l e m e n t  and load 
ra t io  can be useful ly  i n t e rp r e t ed  in  t e r m s  of the 
cont r ibu t ion  to fatigue c rack  growth in  s t ee l s  f rom 
the env i ronmen ta l  inf luence  of hydrogen.  This  can 
occur  with fatigue loading at s t r e s s  in t ens i t i e s  l ess  
than the threshold  for h y d r o g e n - a s s i s t e d  c rack ing  
under  monotonic  loading (KTH) because  f r e sh  su r face  
at  the c rack  tip, where a tomic  hydrogen can be 
evolved, is  cont inual ly  renewed by cycl ic  s t r e s s i n g .  

CLOSING REMARKS 

It has been exper imen ta l ly  shown that t emper  e m-  
b r i t t l emen t  in  300-M steel ,  induced by s tep-cool ing ,  
involves  the bu i ld-up  of both a l loying (Ni and Mn) 
and impur i ty  e l emen t s  (P and Si) in  p r i o r  aus ten i te  
g r a in  boundar ies ,  and that this  e m b r i t t l e m e n t  can 
reduce  r e s i s t a n c e  to fatigue c rack  propagat ion  in 
mois t  a i r .  The large  effect on fatigue r e s i s t a n c e  at 
n e a r - t h r e s h o l d  growth r a t e s ,  compared  to the much 
s m a l l e r  effect at  i n t e rmed ia t e  growth r a t e s ,  has been  
i n t e rp r e t ed  in  t e r m s  of the i n t e r ac t i on  between 
segrega ted  impur i ty  a toms and hydrogen a toms 
evolved f rom crack  tip sur face  r eac t ions  with water  
vapor  in mois t  a i r .  The fact that a l a r g e r  inf luence 
of p r io r  t emper  e m b r i t t l e m e n t  has been  observed  at 
lower growth r a t e s ,  where  the re  is  l ikely to be a 
g rea t e r  cont r ibut ion  f rom e n v i r o n m e n t a l l y - a s s i s t e d  
c rack  growth, suggests  that the impur i t y -hyd roge n  

in t e rac t ions  in this  case a r e  syne rg i s t i c ,  although 
other  authors  ~'ln have indicated that they may be addi-  
t ive (from s tudies  of hydrogen- induced  c rack ing  
under  monotonic loading). The p r e se n t  r e s u l t s  offer 
insuff ic ient  evidence  to d i s t ingu ish  between these  
two pos tu la tes .  P r e c i s e  r e so lu t ion  of this ques t ion  
r e q u i r e s  i) eva lua t ion  of the potency of va r ious  im-  
pu r i t i e s  on hydrogen e m b r i t t l e m e n t  compared  to 
t emper  embr i t t l emen t ,*  ii) in situ ident i f ica t ion of 

*If the mteractmns are additive, then the ran~ng of the potency of vartous 
nnpurittes will be identical lbr temper and hydrogen embnttlement, ss 

i m p u r i t i e s  on e nv i r onme n t a l l y - i nduc e d  f r a c t u r e  s u r -  
faces ,  s6 and iii) a s s e s s m e n t  of the effect of i mpur i t y -  
induced e m b r i t t l e m e n t  on fat igue c rack  growth in 
vacuo. Simi la r ly ,  ve r i f i ca t ion  of the proposed model  38 
for the effect of load ra t io  on n e a r - t h r e s h o l d  fatigue 
c rack  growth behavior  based on the e n v i r o n m e n t a l  in-  
f luence of hydrogen must  await  more  extens ive  data 
on low fatigue c rack  growth r a t e s  (<10 -6 m m / c y c l e )  
under  ca re fu l ly  cont ro l led  i ne r t  a tmosphe re s .  In view 
of the confl ic t ing r e s u l t s  33'35'3~ obse rved  in such en-  
v i r o n m e n t s ,  exper imen t s  a re  r equ i r ed  in both ine r t  
a rgon  and high vacuum conditions.* F ina l ly ,  the in-  

*There may be an added comphcahon m the use of h~gh vacuum environ- 
ments as a means to remove environmental influences oI~ fatigue crack growth 
due to the possibihty of rewetding of fracture surfaces during crack propagation 

f luence of c rack  c losu re  on fatigue c rack  growth, 
p a r t i c u l a r l y  under  plane s t r a i n  condit ions and in 
va r ious  env i ronmen t s ,  needs fur ther  evaluat ion in 
the light of i ts  s ignif icance to n e a r - t h r e s h o l d  be-  
havior .  

CONCLUSIONS 

From a study of the effect of temper embrittlement 
on fracture and fatigue crack propagation in 300-M 
high strength steel, the following conclusions can be 
made: 

1) Step-cooling, as opposed to oil quenching, after 
tempering at 650~ results in a severe loss of tough- 
ness (temper embrittlement), concurrent with a 
transition from I00 pct fibrous to i00 pct intergranu- 
lar mode of fracture. 

2) Based on Auger spectroscopy results, the tem- 
per embrittlement of 300-M steel is attributed to the 
cosegregation of alloying elements (Ni and Mn) and 
impurity elements (P and Si) to prior austenite grain 
boundaries, where P (and possibly Si) are considered 
to reduce the cohesive strength. 

3) The effect of this embrittlement on fatigue crack 
propagation in moist air is to increase crack growth 
rates, particularly at lower stress intensities. 

4) At intermediate growth rates (10 -5 to I0 -a mm/ 
cycle) the effect of prior temper embrittlement is 
small. Propagation rates in both unembrittled and 
embrittled material are similar, and only weakly 
dependent on the load ratio, consistent with the stria- 
tion mode of growth observed. 

5) At near-threshold growth rates (410 -S to I0 -~ 
ram/cycle), embrittled material exhibits significantly 
higher propagation rates, 30 pct reduction in thres- 
hold stress intensity (AKo) values, and intergranular 
facets on fatigue fracture surfaces. Propagation rates 
(and threshold values) are strongly dependent on the 
load ratio. 
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6) E v i d e n c e  o f  c r a c k  c l o s u r e  c o u l d  n o t  b e  d e t e c t e d  

n e a r  t he  t h r e s h o l d ,  e x c e p t  b e l o w  t h e  m i n i m u m  s t r e s s  

i n t e n s i t y  (Krn in )  of  t h e  l o a d i n g  c y c l e .  

7) T h e  e f f e c t  of  p r i o r  t e m p e r  e m b r i t t l e m e n t  i s  i n -  
t e r p r e t e d  in  t e r m s  o f  t h e  c o m b i n e d  i n f l u e n c e  o f  h y -  

d r o g e n  a t o m s ,  a r i s i n g  f r o m  t h e  m o i s t  a i r  e n v i r o n -  

m e n t  a t  l o w  g r o w t h  r a t e s  ( h y d r o g e n  e m b r i t t l e m e n t ) ,  
a n d  s e g r e g a t e d  i m p u r i t y  a t o m s ,  b o t h  of  w h i c h  a r e  
c o n s i d e r e d  to  l o w e r  t h e  c o h e s i v e  s t r e s s  f o r  c r a c k  
p r o p a g a t i o n .  

8) T h e  e f f e c t  o f  l o a d  r a t i o  o n  c r a c k  p r o p a g a t i o n  

b e h a v i o r  i s  c o n s i s t e n t  w i t h  t h e  e n v i r o n m e n t a l  i n f l u -  

e n c e  of  h y d r o g e n  a t  l o w  g r o w t h  r a t e s ,  a n d  a p p a r e n t l y  
i n c o n s i s t e n t  w i t h  c r a c k  c l o s u r e  c o n c e p t s .  
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