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INFLUENCE OF IMPURITY SEGREGATION ON TEMPER EMBRITTLEMENT 
AND ON SLOW FATIGUE CRACK GROWTH AND THRESHOLD 

BEHAVIOR IN 300-M HIGH STRENGTH STEEL 

* Robert O. Ritchie 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

Interactions between hydrogen embrittlement and temper embrittlement 

have been examined in a study of fracture and low growth rate (near-

threshold) fatigue crack propagation in 300-M high strength steel, tested 

in humid air. The steel was investigated in an unembrittled condition 

(oil quenched after tempering at 650°C)' and temper embrittled condition 

(step-cooled after tempering at 650°C). Step-cooling resulted in a 

severe loss of toughness (approximately 50 pet reduction), without loss 

in strength, concurrent with a change in fracture mode from microvoid 

coalescence to intergranular. Using Auger spectroscopy analysis, the 

embrittlement was attributed to the co-segregation of alloying elements 

(Ni and Mn) and impurity elements (p and Si) to prior austenite grain 

boundaries. Prior temper embrittlement gave rise to a substantial 

reduction in resistance to fatigue crack propagation, particularly at 

lower stress intensities approaching the threshold for crack growth (L'lK ). 
o 

-5 -3 
At intermediate growth rates 00 - 10 rom/cycle), propagation rates in 

* Now at Department of Mechanical Engineering, Massaehusetts Institute of 
Technology, Cambridge, MA 02139. 
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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-
5 

- 10-
6 

rom/cycle), embrittled material exhibited significantly 

higher growth rates, 30 pct reduction in thresholdl1K values and 
o 

intergranular facets on fatigue fracture surfaces. Near~threshold 

propagation rates (and l1K values) were also found to be strongly 
o 

dependent on the load ratio. The results are discussed in terms 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 

significance of crack closure concepts on this model is briefly 

described. 

.... .. 
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INTRODUCTION 

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 (eg. S, P,'Sb,.Sn,etc.) in grain boundaries when the 

steel is tempered in, or slowly cooled through, the range -300-550°C.
l 

The result of this embrittlement is generally brittle fracture along 

prior austenite grain boundaries, although intergranular fracture along 

ferritic boundaries can also occur.
2

,3 The loss in toughness can result 

primarily from two types of thermal treatments: i) tempering of 

as-quenched alloy steels in the range 300-450°C ("tempered martensite" 

, 4-6 
or "500°F" or "350°C" or "one-step temper" embrittlement), and 

ii) holding or slow cooling alloy steels, previously tempered above 

1-6 
650°C, in the temperature range 550-350°C (temper embrittlement). 

This "micro-pollution" of interfaces with impurities, resulting from 

such treatments, can also degrade other fracture properties in alloy 

steels. Resistance to fatigue crack propagation at high growth rates 

(> 10-
4 

mm/cycle) is often significantly reduced by prior temper 

embrittlement. involving the occurrence of brittle intergranular 

7 
cracking during fatigue striation growth. Creep rupture ductility 

has similarly been observed to be sever'ely impaired by the presence of 

impurities.
S 

The deterioration in fracture properties can be even more 

pronounced when environmentally-induced fractures, particularly those 

involving hydrogen, are conside'red. In commercial HY130 steel, for 

('xample, the susceptibilities to stress corrosion cracking in sulfuric 

9 10 
acid, and hydrogen-assisted cracking in gaseous hydrogen, are 
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significantly increased when the material is heat-treated to induce 

temper embrittlement. Similar effects have been seen with embrittled 

4340 steel tested in hydrogen
lO 

and hydrogen sulfide.
ll 

Clearly a 

strong interaction exists between hydrogen- and impurity-induced 

emorittlement. Both forms of embrittlement generally lower the grain 

boundary strength, increasing the tendency for intergranular fracture 

around prior austenite grains. The dependence on matrix hardness is 

similar in both cases, and, furthermore, the 'tramp' elements that 

lead to temper embrittlement through segregation to grainboundari~s 

also assist hydrogen-induced cracking by acting as re-combination 

11 
poisons for atomic hydrogen. 

The present study was instigated to examine the possibility of an 

effect of prior temper embrittlement on fatigue crack propagation in 

-5 -6 
humid air at extremely low growth rates « 10 - 10 mm/cycle) 

approaching the threshold stress intensity (t¥.. ), below which fatigue 
o . 

crack growth cannot be detected. A quenched and tempered high strength 

steel (300-M) was chosen for the investigation, since hydrogen 

embri ttlemen t has been generally regarded as the primary mechanism 

of environmental attack during fatigue crack growth in such steels in 

h f · 12 t e presence 0 mOlsture. 

-. 
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EXPERIMENTAL PROCEDURES 

The 300-M steel used for the study was 6faircraft-quality (vacuum-

arc remelted), received as hot-rOlled bar in the fully annealed 

condition. The composition 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 material was austenitized for 1 hr at 870°C and quenched into 

agitated oil, yielding a prior austenite grain size of 20 ~m. Subsequent 

tempering was perfOrmed at 650°C for one hour. One half of the material 

was oil quenched after tempering; the other half was taken through a 

step-cooling procedure of holding for progressively longer times at 

decreasing temperatures through the temper embrittlement range. The 

specific details of the two heat-treatments are shown schematically 

in Fig. 1. The resulting structures are hereafter referred to as 

unembrittled (oil quenched) and embrittled, (step-cooled) respectively. 

The loss in toughness which resulted from the embrittling treatment 

waS assessed using plane strain fracture toughness (K
1c

) tests at room 

temperature, using 25.4 rom thick l-T compact tension specimens. The 

K
1c 

value for the tmembrittled structure was found to be invalid with 

respect to A.S.T.M. standards, and accordingly an estimate was computed 

. . 1 d'· 1 d 13 uSlng an equl.va ent energy proce ure at maXlmum _ oa . A further 

estimate was derived by measuring an approximate J
1c 

value, at 

initiation of fracture,14 detected using the electrical potential 

1
. 16 

tee llllque. Uniaxial tens ile properties at ambient temperature were 
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performed using 25.4 mm gage length tensile bars, and cyclic stress-strain 

data determined from 12.7 TIm gage length bars, cycled under strain 

15 
control, using the incremental-step procedure. 

Fatigue crack propagation tests were conducted on 12.7 mm thick 

I-T compact tension specimens, cycled, with load control, on a 100 kN 

electro servo-hydraulic M.T.S. testing machine under sinusoidal tension 

at load ratios (R = K . /K ) of 0.05 and 0.70, where K and K . 
mln max max mln 

are the maximum and minimum stress intensities during each cycle. The 

cyclic frequency was maintained at 50 Hz. The test environment was 

laboratory air maintained at a constant temperature of 23°C and a 

constant relative humidity of 45%. Continuous. monitoring of crack 

16 
length was achieved using the e1e,ctrical potential method, capable 

of measurement to within 0.1 mm of absolute crack length, and of 

detecting changes in crack length of the order 0.01 mm. Numerical 

differentiation of crack length versus number of cycles data was 

employed to determine crack growth rates, the 'data being curve-fitted 

d 
. 7 

using finite difference and incremental-step polynomial proce ures. 

Threshold stress in tens ities for crack growth (L\K ) were calculated 
o 

in terms of the alternating stress intensity (L\K = K - K • ) at which 
max mln 

7 
no growth ~ould be detected within 10 cycles. Since the crack 

monitoring technique is at least accurate to 0.1 mm, this corresponds 

8 -10 
to a maximum crack propagation rate of 10- mm/cycle (4xlO in/cycle). 

To avoid residual stress effects, thresholds were approached u·sing a 

successive reduction in load (of not more than 10 pct reduction in 

K at each step) followed by crack growth procedure. Measurements 
max 

.. 

I 
J 
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were taken, at every load level, over increments of crack growth of 

1-1.5 mm, representing at least 100 times the maximum plastic zone 

size generated at the previous load level. Higher growth rate tests 

were performed under continuous c?nstant load conditions. Plane strain 

conditions*were maintained in all fatigue tests, except where K 
max 

exceeded 80 MPa~. 

The grain boundary chemistry of embrittled samples was analyzed 

using Auger spectroscopy to determine the presence and approximate 

concentrations of segregated impurities. Specimens were fractured at 

ambient temperature inside the Auger microprobe under a vacuum of 

~10-11 torr (10-
8 

Pa), and examined using a primary electron beam of 

500 lJm spot size. Scanning electron microscopy was employed to 

characterize the fracture morphology of all specimens. 

* Based on the criterion that Band 

specimen thickness, 'a' the crack 

a > 2.5 (K /0 )2, where B is the 
max y 

length and 0 is the yield strength. 
y 
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RESULTS 

The ambient temperature mechanical properties of the umembrittled 

(oil quenched) and temper embrittled (step-cooled) structures are 

shown in Table 1, where it can be seen that the step-cooling procedure 

does not lead to any significant loss of strength, measured under both 

monotonic and cyclic conditions. The cyclic yield stress is 20 pct 

lower than the monotonic value indicating characteristic cyclic 

softening of the 650°C tempered structures. Step-cooling does, however, 

give rise to reduced ductility and, more importantly, to a substantial 

loss in toughness with the fracture toughness being decreased by 

approximately 50 pct. The nature of the embrittlement is clearly shown 

in fractographs of broken K
Ic 

specimens (Fig. 2), indicating 100 pct 

microvoid coalescence in the unembrittled condition compared to 100 pct 

intergranular fracture along prior austenite 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 sputtering and Auger electron 

spectroscopy, indicated approximate monolaye.r coverage of Mn. P and Si 

(Fig. 4). Using appropriate calibrations (see Ref. 17 for details), 

;Ipproximate concentrations of the elements were found to be 6 atomic 

pet Ni, 4 atomic pet P and 8 atomic pct Si within the first few atomic 

layers on the grain boundaries (no Mn calibration was obtained). It 
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appears, therefore, that the severe loss in toughness in 300-M steel, 

induced by the step-cooling treatment, involves reduced cohesion at 

grain boundaries from the co-segregation 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/dN) with the alternating stress intensity (~) for 

load ratios of 0.05 and 0.70. It is clear that prior temper embrittle-

ment results in a significant reduction in resistance to fatigue crack 

propagation at both load ratios, particularly as the growth rate is 

reduced. 
-5 

At growth rates greater than -10 nun/cycle, the embrittled 

structure shows only marginally higher growth rates at both load ratios. 

Furthermore, increasing the load ratio from R = 0.05 to 0.70 does not 

result in significantly higher propagation rates in either structure. 

No major differences were observed in the fatigue fracture mechanisms 

in this region, with both structures exhibiting a transgranular ductile 

striation mode (Fig. 6), characteristic of martensitic, low alloy steels 

" d" h 7 at lnterme late growt rates. 

The largest effect of embrittlement on fatigue crack propagation 

-6 
behavior is seen at growth rates less than 10 nun/cycle, where the 

alternating stress intensity (~K) approaches a threshold value (~K ). 
. 0 

Growth rates in the embrittled structure become over an order of 

magnitude higher than in the umembri ttled structure. Furthermore, the 

value of the threshold ~K is significantly reduced by embrittlement, 
o 

from 8.5 to 6.2 MPa.Tn; at R = 0.05, and from 3.7 to 2.7 MPaim: at R = 0.70, 
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representing a reduction of almost 30 pct in each case. It is also 

noticable that growth rates are increasingly sensitive to the load 

ratio as the threshold is approached. Fracture surfaces in this region 

are shown in Fig. 7, .where it can be seen that, in embrittled" samples, 

significant amounts of intergranular fracture are present. The 

proportion of intergranular facets was found to vary with st.ress 

intensity, increasing from around 5 pct near 6K to approximately 
o . 

20 pct at 6K = 10 MPa/ffi (at R = 0.05) and then virtually disappearing 

above 6K 2:. 15 MPa/ffi (Fig. 8). No evidence of intergranular fracture 

could be detected at any stress intensity in unembrittled samples 

(Fig. 7a and 8a). 

It is thus apparent that prior temper embtittlement dm substantially 

reduce fatigue crack propagation resistance at low (near-threshold) 

growth rates in humid air, and that this lowered resistance is 

coincident with a transition from purely transgr"anular to an inter-

granular plus transgranular mode of fatigue fracture. 
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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°C, has been shown to result from a build-up of 

Ni, Mn, P and Si in prior austenite grain boundaries. The segregation 

of both alloying and impurity elements in this steel is consistent 

. h h f _1.... 1 d b G . 18 Wlt a recent t eory 0 temper ell~rltt ement, propose y uttmann 

17 19 20 
and experimentally verified by McMahon and co-workers. " Impurity 

elements, such as P, interact attractively with alloying elements, 

such as Ni andMn, but retain their mobility. Co-segregation of both 

alloying and impurity elements can thus take place to grain boundaries, 

where interface cohesion is reduced by the presence of the impurity 

elements. The presence of Cr can further promote this segregation,19 

* either by acting as a catalyst or by segregating itself. The kinetics 

of embrittlement in P-containing Ni-Cr steels has been shown to be 

consistent with equilibrium (Gibbsian) segregation
21 

of P, controlled 

by P diffusion, and co-segregation of Ni. Ni enrichment can further 

occur in grain boundaries since this element is rejected by Cr-rich 

carbides which grow in the boundaries during step-cooling. 
6

, 20 Moreover, 

there is now clear evidence of additional pre-transformation segregation 

of P in the austenitic phase, either prior to, or during quenching 

f 
... 22,23,3 

a ter austenltl.zatl0n. . The presence of significant amounts of 

,~ 

Chromium segregation results are ambiguous because of experimental 
difficulties with Auger spectroscopy. The difficulty in detecting this 
element in grain boundaries is due to interference from the oxygen peak 
and from Cr in Cr-rich boundary carbides. 19 
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Si in grain boundaries in the present steel suggests a possible 

embrittling effect from this impurity element. Several other authors 

have observed the segregation of Si
9

,10 and. suggested that it may act 

. 24 22 9 10 
to lower grain boundary coheslon, , " but the specific details 

of embrittlement by this element (if indeed it does cause embrittlement) 

remain to be determined. Hence, the temper embrittlement of 300-M 

steel, induced by step-cooling from 650°C, ap~ears to result from the 

co-segregation of alloying elements (Ni· and Mn) and impurity elements 

(P and Si) to prior austenite grain boundaries where P, and possibly 

Si, reduce cohesion sufficiently to cause 100 pet brittle intergranular 

separation and a corresponding severe loss in toughness. 

ii) Effect of Embrittlement on Fatigue Crack Propagation 

The magnitude of the effect of embrittlement on fatigue crack 

propagation has been found to be different for different ranges of growth 

rates. It is possible to characterize these ranges in terms of their 

dependence on the alternating stress intensity (M<), as shown 

schematically in Fig. 9. For the intermediate range of growth rates 

-5 -3 
(regime.B), where da/dN is typically between 10 -10 rom/cycle, the 

propagation rate can be expressed in terms of the Paris power law 

. 25 h h eqllat.lon, suc t at 

da 
dN 

(1) 

where 'c' and 'm' are scaling constants, and 'm' takes values typically 

between 2 and 4. In this range, the growth mechanism in steels is 

primarily striation growth, and propagation rates are largely 

. .. .. dId . ( ) 26,7,27 InsensItlve to mIcrostructure an oa ratIO mean stress . At 
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higher growth rates (regime c), where K approaches Kr ' the fracture 
max c 

toughness, superimposed 'static' fracture modes (ie. cleavage, inter

* granular and fibrous fracture) can occur during striation growth, and 

the propagation rate becomes markedly sensitive to microstructure and 

. 26 7 27 -5 -6 
load ratlO. " Similarly at low growth rates less than 10 - 10 

mm/cycle (regime A), where ~K approaches a threshold, ~ , a strong 
o 

dependence on microstructure and load ratio is again observed. The 

explantion for this dependence, however, is still a subject of some 

. . l' fl" . . b d on envl' ronmenta1 2 7 ,32,33 controversy, lnvo vlng con lctlng vlewpolnts ase 

28-31 
and crack closure concepts. 

The present study has examined the effect of prior temper embrittle-

ment on fatigue crack propagation behavior at lower and intermediate 

growth rates (regimes A and B) and, whereas it is clear that a strong 

effect exists in regime A, growth rates in regime B are far less affected. 

7 -4 
Previous research at high growth rates, greater than 10 mm/ cycle 

(regime C), has shown that prior temper embrittlement can severely 

reduce fatigue crack propagation resistance in this range. Here, brittle 

intergranular cracking occurs during striation growth in embrittled 

material because of its low toughness. This causes a substantial 

acceleration in growth rate compared to unembrittled material and, 

* Such fracture mechanisms are generally regarded as tensile stress-

controlled, or in the case of .fibrous fracture, controlled by the 

hydrostatic component of stress. Increasing the load ratio raises 

Kwith reslJect to &, and therefore leads to a greater contribution 
max 

from such modes and consequently increases the growth rate. The onset 

of "static mode-assisted" propagation in regime C is thus dependent 

on the toughness and occurs as K approaches Kr .7,27 . 
max c 

,-
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since intergranular cracking is a tensile stress-controlled mode of 

7 
fracture, growth rates in the embrittled steel become markedly sensitive 

to load ratio. 

At intermediate growth rates, however, the value of K is small 
max 

compared withK
1c 

and thus static fracture modes do not generally occur 

during fatigue crack propagation in this. regime. The loss in toughness, 

arising from embrittlement, is thus not so important in influencing 

growth rate behavior. The present investigation has shown that the 

mechanism of growth is similar in both unembrittled and embrittled 

samples, i.e. striation growth (Fig. 6) and this is consistent with the 

small influence of prior embrittlement observed. 
. 34 

Begley and Toolin 

similarly observed little influence of temper embrittlem~nton fatigue 

crack propagation in a Ni-Cr-Mo-V steel at such intermediate growth rates 

-5 -4 
(3X IO to 5xlO mm/cycle). Furthermore; the lack of a significant 

effect of load ratio on propagation rates in this region is consistent 

with a striation mechanism of growth. 7 ,26,27 

As the growth rate is reduced below 10-
6 

mm/cycle in regime A, 

however, the present results show i) a marked dependence of the growth 

r,lte on load ratio, and ii) that prior temper embrittlement leads to a 

severe deterioration in resistance to fatigue crack propagation (in 

the form of increased growth rates and a lower threshold), coincident 

with the occurrence of intergranula·r fracture in embrittledsamples. 

Effects of embritt.1ement and load ratio thus principally affect near-

threshold growth rates and are far less important at higher propagation 

rates in the intermediate range. These results can be interpretated in 
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terms of a model
27 

relating the contributions to fatigue crack growth 

due to i) embrittlement induced by impurity segregation (temper embrittle-

ment) and ii) embrittlement aris ing from the presence of hydrogen atoms, 

evolved from crack tip surface reactions with vapor in the moist air 

environment (hydrogen ernbrittlement). 

Model for Near-Threhold Fatigue Crack Growth 

Following Weiss and Lal,35 a model for fatigue crack propagation -

is considered based on the assumption that the crack advance per cycle 

(da/dN) represen ts the distance ahead of the crack tip where the nominal 

'stress exceeds a 'certain critical fracture stress (a
F
), such that 

da 

dN 
Q:! 
2 

(2) 

where p* is the Neuber micro-support constant representing' the effective 

* radius of the crack. For the limiting conditions of crack growth near 

the threshold, the local tensile stress (a ) must exceed a
F 

over a 
yy 

distance larger than p* and hence, at the threshold, Weiss and 1.a135 

propose da/dN = p*, viz. 

/$.. 
o 

/ i TIP* • a
F 

Since the presence of impurity elements in grain boundaries will 

(3) 

lead to a reduction in the cohesive strength, it can be considered that 

prior temper embrittlement lowers this critical fracture stress (a
F

) 

by an amount Lia
1 

due to impurities, thus 

,,< 

The significance of the p* parameter; and its relationship to micro-

structure, is described in greater detail in references 27 and 35. 
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In a moist air environment, cyclic stressing will lead to the 

production of chemically reactive surface at the crack tip, where 

atomic hydrogen can be evolved from water vapor by reactions
36 

of the 

type 

2H+ + 2e ~ 2H 

(4) 

(5) 

The stress gradient ahead of the crack tip then drives adsorbed hydrogen 

atoms into the lattice where they accumulate in the region of highest 

dilatation (the point of maximum hydrostatic tension) and further 

37 
lower the cohesive strength. If the reduction in cohe,sive strength 

due to hydrogen is taken as 6G
H

, then the combined influence of 

impurities and hydrogen effects (assuming initially, that they are 

simply additive) on fatigue crack growth can be represented by 

da 
dN 

= 
p* 
2 

where the threshold is given by 

6K 
o 

/lrrp*. (G - 6G - 6G) 
2 F I H 

F 11 " h d f M M h 1 10"" "bl <0 . oWlng t e proce ure o. c a on et a ., lt 1S POSS1 e to 

( 6) 

(7) 

derive expressions for the terms 601 and 60
B

. The reduction in cohesive 

strength due to impurities (601) can be related toa reduction (6y) in 
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grain boundary surface energy (Yo)' due to the presence of a solute, ie. 

o 
c 

where a is the theoretical cohesive strength. Based on the data of 
c 
38 . 10 

Hondros for P in a-iron, McMahon et al. estimate a ~OI of 30 pct, 

which, as they state, is a substantial reduction. 

The reduction in cohesive strength due to hydrogen (~aH) can be 

considered to be proportional to' the local concentration of hydrogen 

(8) 

in the region of maximum hydrostatic tension (~), and can be expressed 

by39 

aC 
o 

. exp (v.a) 
R T 

o 

(9) 

where C is the equilibrium concentration of hydrogen in the unstressed 
o 

lattice" a an unknown constant, V the partial molar volume of hydrogen 

in iron (2 cm
3
/mole), a the hydrostatic tension, R the Gas Constant, 

o 

and T the absolute temperature. Substituting an expression for the 

maximum hydrostatic tension (0),40,27 Eq. (9) becomes 

V 
~aH = aC 0 exp [R T (0 + 2a

l 
K )], 

o y max 

where a is the yield strength, K the maximum stress intensity of 
y max 

(10) 

h f · I d· 1 d . . 1 1 2.· -1/2 t e _at~gue _ oa ~ng cyc e an a
l 

an emp~r~ca constant equa to ~n . 

Utilizing the above eq nations it is possible to rationalize the present 

results for the fatigue crack propagation behavior of unembrittled and 

temper embrittled 300-M in moist air. Effects. of prior temper 
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embrittlement and load ratio are now considered in turn. 

i) Effects of Prior Temper Embrittlement 

It is clear that the reduction in cohesion due to the presence of 

impurities (~aI) should lead to higher crack propagation rates from 

Eq. (4), and this is consistent with experimental results in Fig. 5 

for near-threshold and intermediate growth rates. However, at near-

threshold growth rates, there will be a further reduction in cohesive 

strength due to the presence of hydrogen atoms (~aH)' This environ

mental effect will be less apparent (at a given frequency) as the growth 

rate is increased (i.e. at intermediate growth rates), since at higher 

crack velocities, there is insufficient'time for the permeation of 

atomic hydrogen into the crack tip region. Thus, one might expect a 

larger influence of prior temper embrittlement at near-threshold growth 

rates because of reduced cohesion from both impurities and hydrogen 

atoms, as experimentally observed in Fig. 5. This suggests a synergistic 

relationship between impurity and hydrogen effects, where the presence 

of the impurity atom in grain boundaries could raise the local 

concentration of hydrogen (C ), due to an attractive interaction 
o 

10 
between imp uri ty and hydrogen atoms. There is a further possibility 

that, at chemically active sites (eg. grain boundaries) on freshly 

exposed surface at the crack tip where hydrogen is initially adsorbed 

from the environment, the presence of impurity atoms in embrittled 

material can further raise the local value of C by retarding the 
o 

mb . f h d 11 re-co inatlon 0 atomic, y rogen. These effects are consistent 
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with higher fatigue crack propagation rates CEq. 6) and lower threshold 

values (Eq. 7) observed in embrittled material at near-threshold growth 

rates, and a much smaller influence qf temper embrittlement observed 

at intermediate growth rates. 

ii) Effect of Load Ratio 

. The reduction in cohesion due to hydrogenC~aH) is not merely a 

function of C but also dependent on the enrichment of hydrogen 
o 

concentration (~/Co) in the region of maximum dilatation ahead of the 

crack tip. This enrichment is a function of the magnitude of the 

hydrostatic tension (Eq. 9), which can be raised by increasing material 

strength, a *. or by increasing the maximum stress intensity, K 
y . m~ 

(Eq. 10). TIllis, as the load ratio, R, is raised, the corresponding 

increase in K C= ~K/l-R) leads to a greater local concentration of 
max 

hydrogen (C
H

) which reduces cohesion, and hence, to an increase in growth 

rate CEq. 6) and a decrease in ~K CEq. 7). Additionally, the effect 
o 

of a larger value of K is to raise the plastic stres"s gradient ahead 
max . 

of the crack tip. thus providing a greater driving force for hydrogen 

transport into the region of maximum triaxiality. Therefore, one expects 

an infl uence of load ratio on fatigue crack propagatiop, but because 

this influence arises from the environmental effect of hydrogen, 

* 27 r t h;18 hl'L'n shown e I sf'wlw r(' tha t higher ne;lr-threshol d fatigue crack 

prop;igafion r;JI:es and Jower threshold \?allleS result when the (cycLi.c) 

yit'ld strength of :IOO-M stp(d is raisc~d (Fig. U)), ilnd this is 

consistent w"ith an increasing susceptibility to hydrogen emhrittlement 

with jncrease in strength. 40 
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it should decrease i) at higher growth rates (regime B), when hydrogen 

diffusion ahead of the crack tip can no longer keep pace with the 

* crack velocity, and ii) at near-threshold growth rates for tests in 

inert environments. This is consistent i) with the present results 

(Fig. 5) which show the influence of load ratio to be considerably 

smaller at intermediate growth rates compared to near-threshold behavior, 

d ··) . h h d f B· d k 32,33 h" h " d' an 1.1.Wlt t e ata 0 eevers an co-worersw 1C 1n 1cate 

that the load ratio has a negligible effect on near-threshold grow.th 

ra tesmeasured 1:n vacuo. 
28-30 

Contrary to this, Paris and co-workers . 

have suggested that the nature of the environment has little influence 

on near·-threshol d behavior, based on tests in air and argon of 

unspeeifiedpurity. However,:it has been pointed out that the argon 

atmosphere used in the latter experiments was not sufficiently inert 

to remove all traces of moisture.
32 

Another interpretation of the influence of load ratio on low 

28-31 
fatigue crack growth rates has been proposed, based on the effect 

f k 
41 

o. crac closure. The concept of crack closure relies on the fact 

that, as a result of plastic deformation left in the wake of a growing 

fatigue crack. it is possible that some closure of the crack surfaces 

may occur during the loading cycle. . Since the crack is unable to 

propagate 'whiIe it re.mains closed, the net effect of closure is to 

,,; 

Load ratio effects can re-appear at even higher propagation rates 
(regime C) due to the occurrence of static modes of fracture during 
fatigue crack growth. 7 ,27 
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* reduce the applied t:¥.. value to some lower effective value (6K
eff

) 

actually experienced at the crack tip. As the load ratio is increased, 

the crack is assumed to remain open for a larger portion of the cycle, 

thus increasing the value of 6K
eff 

and hence the growth rate. This 

concept has been utilized to explain the effect of load ratio on near-

.28 29 
threshold growth in low strength steels, , . . 30 d 1 . 31 tltanlum an a umlnum 

alloys, but with little or no experimental verification. Furthermore, 

closure arguments cannot account for the fact that the effect of load 

ratio in steels is minimal at intermediate growth rates (regime B), 

where closure is equally likely to occur. Electrical potential 

measurements during the present investigation were unable to detect 

any crack closure near the threshold, except below the minimum stress 

intensity(K . ) of the loading cycle. Although these results cannot 
mln 

be regarded as conclusive; since measurements of fracture surface 

contact in air are likely to be masked by the presence of oxide scale, 

h h 1 · f· b . 42,43 h t ey are nevert e ess ln support 0 ,prevlous 0 servatlons t at 

closure is essentially a surface (plane stress) effect, having a 

negligible consequence on crack growth under plane strain conditions. 

This is further supported by the results of Shih and Wei ,44 which 

indicate that the amount of crack closure near the threshold (where 

plane strain conditions invariably are present) can be considered 

minimal. There is a further possibility that closure and environmental 

effects are interrelated, since the proportion of closure has been 

")'~ 

Applied ~K refers to the value of the alternating stress intensity 
computed from applied loads and crack length measurements. 
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observed to be influenced by the nature of the environmental species 

45-48 
present. . These results indicate, however, that the closure level 

h 
45-47 48 

in inert environments is greater t an (or at least equal to ) the 
". 

closure level in air. Since the effect of load ratio at low growth 

o h 11 0 h 0 0 32-33 0 1 0 k 1 rates 1S muc sma er 1n suc lnert env1ronments, lt seems un 1 e y 

that crack closure is primarily responsible for the marked dependence 

of near-threshold growth rates on the load ratio. 

It is thus concluded that although extensive data on the effect 

of environment and crack closure on near-threshold fatigue crack 

propagat ion are not available at this time, the present results on the 

influence of impurity-induced embrittlement and load ratio. can be 

usefully rationalized in terms of the contribution to fatigue crack 

growth in s-teels from the environmental influence of hydrogen. This 

can occur with fatigue loading at stress intensities less than the 

threshold for hydrogen-assisted cracking under monotonic loading (K
TH

) , 

because fresh surface at the crack tip, where atomic.hydrogen can be 

evol ved, is cant inually renewed by cyclic stressing. 
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CLOSING REMARKS 

It has been experimentally shown that temper embrittlement in 

300-M steel, induced by step-cooling, involves the build-up of both 

alloying (Ni and Mn) and impurity elements (P and Si) in prior austenite 

grain boundaries, and that this embrittlement can reduce resistance 

to fatigue crack propagation in moist air. The large effect on fatigue 

resistance at near-threshold growth rates, compared to the much 

smaller effect at intermediate growth rates,has been interpretated in 

terms of the interaction between segregated impurity atoms and hydrogen 

atoms e.volved from crack tip surface reactions with water vapor in moist 

air: The fact that a larger influence of prior temper embrittlement 

has been observed at lower growth rates, where there is likely to be 

a greater contribution from environmentally-assisted crack growth, 

suggests that the impurity-hydrogen interactions in this case are 

9 10 
synergistic, al though other authors' have indi cated that they may" 

be additive (from studies of hydrogen-induced cracking under monotonic 

loading). Precise resolution of this question requires i) evaluation 

of the potency of various impurities on hydrogen embrittlement compared 

* to temper embrittlement, il) in situ identification of impurities 

on environmentally-induced fracture surfaces, 50 and iii) assessmen t of the 

effect of impurity-induced embrittlement on fatigue crack growth 

'/,n 7Jaeuo. Similarly. verification of the proposed model for the effect 

--_. __ ... __ ... _-----_._-_.--_ .. , 
,'< 
[f the interactions are additive, then the ranking of the potency of 49 
various impurities will be identical for temper and hydrogen embrittlement. 
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of load ratio on near-threshold fatigue crack growth behavior based 

on the environmental influence of hydrogen must await more extensive 

-6 .. 
data on low fatigue crack growth rates « 10 rom/cycle) under carefully 

controlled inert atmospheres. In view of the conflicting resu1ts 30 ,32,33 

observed in such environments. experiments are required in both inert 

argon and high vacuum conditions. Finally. the influence of crack 

. 
closure on fatigue crack growth. parti.cu1ar1y under plane strain 

conditions and in various environments. needs further evaluation in 

the light of its significance to near-threshold behavior. 
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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°C, results in a severe loss of toughness (temper embrittlement), 

concurrent with a transition from 100 pet fibrous to 100 pet inter-

granular mode of fracture·, 

2) Based on Auger spectroscopy results, the temper embrittlement 

of 300-M steel is attributed to the co-segregation 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. 

-5 -3 
4) At intermediate growth rates (10 - 10 . mm/cycle) the effect 

of prior te.mper embrittlement is small. Propagation rates in both 

unembrittled and embrittled material are similar, and only weakly dependent 

on the load ratio, consistent with the striation mode of growth 

observed. 

-5 -6 
5) At near-threshold growth rates « 10 - 10 rom/cycle), 

embrittled material exhibits significantly higher propagation rates, 

-m pet n'dllctioll in thn'shold stress intt'nsity (/l.K ) values, and 
. 0 

intel-granular fact'ts on fatigue' fracture surfaces. Propagation rates 
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(and threshold values) are strongly dependent on the load ratio. 

6) Evidence of crack closure could not be detected near the 

threshold, except below the minimum stress intensity (K . ) of the 
mln 

loading cycle. 

7) The effect of prior .temper embrittlement is ascribed to the 

combined influence of hy~rogen atoms, arising from the moist air 

environment at low growth rates (hydrogen embrittlement), and 

segregated impurity atoms, both of which are considered to lower the 

cohesive stress for crack propagation. 

8) The effect of load ratio on crack propagation behavior is 

COllsis tent with the environmerr,tal influence of hydrogen at· 

low growth rates, and apparently inconsistent with crack closure 

concepts. 
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TABLE CAPTIONS 

Table 1. Ambient temperature mechanical properties of 300-M steel 

in the unembrittled and temper embrittled condition. 

'..{'.-
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Table 1. Ambient Temperature Mechanical Properties of JOO-M Stee1 in the Unembrittled and Temper Embrittled Condition. 

Code Austenitizing Temper Monotonic U.T.S. True Reduction KI Cyclic Prior 
Treatment Yield 1 (MPa) Fracture in Area (MPaTm) Yield Austenite 

Stress Strain (pct) Stress1 Grain 
(MFa) (MPa) Size 

_____ ~ ~ ____ ~_ (flm) 

umembritt1ed S700e (1 hr) 650°C (1 hr) 1074 1186 0.81 56 185
2 

861 20 
oil quenched oil quenched 152 3 

embritt1ed 
870°C (1 hr) 650°C (1 hr) 

1070 1179 0.73 52 79.6 858 20 
oil quenched step-coo1ed4 

I 
w 

1Yie1d stress measured by 0.2% offset. 
w 
I 

2Invalid Klc re.su1t, estimated using equivalent energy procedure at maximum load. l3 

3Invalid Klc result, estimated .using J Ic approach at initiation. 
14 

! 

4Step-coo1ingprocedure described in Fig. 1. 
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FI GURE CAPTIONS 

Fig. 1. Schematic representation of heat treatments employed. 

Fig. 2. Fracture surfaces from K
1c 

specimens showing a) 100 pct 

microvoid coalescence in unembrittledmaterial, and b) 100 pct 

intergranu1ar cracking in temper embritt1ed material. 

Fig. 3. Auger spectra from an intergranu1ar fracture surface of temper 

embritt1ed 300-M steel, immediately after fracture (upper curve) 

and after extensive Ar+ ion sputtering (lower curve). 

Fig. 4. Concentration profiles of segregated elements in temper 

embrittled 300-M steel, showing concentration distributions 

in regions adjacent to the grain boundary. 

Fig. 5. Variation of fatigue crack growth rate (da/dN) in moist air 

with alternating-stress intensity (M<) at R = 0.05 and 0.70 

for umembrittled and temper embritt1ed 300-M steel. t,K is the 
o 

threshold stress intensity below which crack propagation 

cannot be detected. 

Fig. 6. Ductile striation growth at intermediate propagation rates in 

a) unembrittled and b) temper embrittled 300-M steel. 

(LV{ = 30 MP arm , R = 0.05. Arrow indicates general direction 

of crack propagation). 

Fig. 7. Morphology of fatigue fracture at near-threshold crack growth 

r:lte8 at AI< = 9. ') MPa;;~ (R = 0.05) in 300-M steel showing 

a) ductile traosgranular mechanism in unembrittled material, 

and b) segments of intergranular fracture (1) in temper embrittled 

material. (Arrow indicates general direction of crack propagation). 

- '; 
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Fig. 8. Morphology of fatigue fracture at /::'K = 15 MParm (R=0.05) in 

300-M steel in a) unembrittled and b) temper embrittled material. 

(Arrow indicates general direction of crack propagation) . 

Fig. 9. Schematic diagram showing the primary fracture mechanisms and 

gssociated fatigue behavior consistent with the sigmoidal 

variation of fatigue crack propagation rate (da/dN) with 

alternating stress intensity (/::,K). /::'K is the threshold stress 
o 

intensity for crack growth, K the stress intensity at final 
c 

failure. 

Fig. 10. Influence of cyclic strength on the threshold for fatigue crack 

growth (/::'K ), at R=0.05 and 0.70, for quenched and tempered 
o 

300-M steel, showing additional effect of temper embrittlement, 

induced by step-cooling. 
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Fracture surfaces from Kr specimens showing a) 100 pct 
microvoid coalescence in Unembrittled material, and 
b) 100 pct intergranular cracking in temper embrittled material. 
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300-M ' ALLOY STEEL 

Austenitized at 870°C, 
-~ S% Si oil quenched, tempered at 650°C, 

step- cooled 
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Variation of fatigue crack growth rate (da/dN) in moist air with alternating 

(L1K) at R=O.OS and 0.70 for unembrittled and temper embrittled 300-1'1 steel. 
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XBB 7610-9634 

Fig. 6. Ductile striation growth at intermediate propagation rates in 
a) unembrittled and b) temper embrittled 300-M steel. 
(6K = 30 MPa~, R = 0.05. Arrow indicates general direction 
of crack propagation) . 
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XBB 764-3784 

Fig . 7 . Morphology of fatigue fracture at near-threshold crack growth 
rates at ~ = 9.S MPa/ffi (R=O.OS) in 300-M steel showing 
a) ductile transgranular mechanism in unernbrittled mate rial, 
and b) segments of intergranular fracture (I) in temper embrittl ed 
material. (Arrow indicates general direction of crack propagat ion) • 
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XBB 7610-9633 

Fig. 8. Morphology of fatigue fracture at ~K = 15 }Wa); (R=0.05) in 

300-M steel in a) unembrittled and b) temper embrittled material. 
(Arrow indicates general direction of crack propagation.) 
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at R=O .05 and 0.70, for quenched and tempered 300-M steel, showing addi tional effect of temper 
embrittlement, induced by step-cooling. 
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