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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 betweén.hydrogén embrittlemenf and temper embrittlement
have been examined in a study of fractﬁre and low grdwth rate (near—
thresﬁold) fatigue crack propagation in 300-M high strength steel, tested
iﬁ humid air. The steel was investigated in an uﬁembrittled condition
V(Oil quenched after tempering at 650°C):and temper embrittled condition
(step-cooled after tempering at 650°C). Step-cooling resulted in a
sevére loss of toughness (approximately 50 pct reduction), without loss
in,étrength, concurrent with a change in fracture mode from microvoid
coaléscence to intergranular. Using Auger spectroscopy analysis, the
embrittlement was attributed to thé co-segregation of alloying elements
(Vi and Mn) and impurity elements (P and Si) fo prior austenite grain
boundaries. Prior temper embrittlement gave rise to a substantial
reduction in resistance to fatigue crackvpropagation,‘particularly at
lower stress intensities approaching the threshold for grack growth (AKO).

At intermediate growth rates (10'_5--10_3 mm/cycle), propagation rates in

* ,
‘Now at Department of Mechanical Engineering, Massachusetts Institute of
Technology, Cambridge, MA 02139.



both unembrittled and embrittled material were largely similar, and
.only weakly dependent on the load ratio, consistent with the striation
mechanism of growth ébserﬁed, At near—£hreshold;growth rates
(<>10_5--10—6 mm/éycle), embrittled material exhibited significantly
higher growth rates, 30 pct reductiop in thresholduAKo values and

intergranular facets on fatigue fracture surfaces.  Near-threshold

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

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

combined influence of segregated impurity atoms (temper embrittlement)
and hydrogen atqmé, evolved from crack tip surface reactions with water
vapor in the moist air environment (hydrogen embrittlement). The
significance of crack closure conéepts on this model is briefiy

described.
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INTRODUCTION

It is well known that the toughness of'NifCr containing alloy steel
can be severely reduced~by‘thé segregation and build-up of residual
impurity elements (eg. S, P, Sb, .Sn, etc.) in grain boundaries when the
sééel is fempered in, or slowly cooled through, the range ~300—550°C.l
The fesult of this embrittlementvis‘generally brittle fracture along
prior austenite grain boundaries, although intefgranulaf fracture along

? The loss in toughness can result

ferritic boundaries can alsd occur.
primarily fiom.two types of thermal treatments: i) tempering of
as-quenched alloy steels in thevrange 300-450°C ("tempered martensite"
or "500°F" or "350°C" or "one-step temper" embrittlement),4_6 and
ii) holding or slow cooling allo& steels, previousl& tempered above
650°C? invthé temperature range 550-350°C (temper embrittlement).l—6
This "micro—pollution" of interfaces with impurities, resulting from
such treatments, can aléo degrade other fracture properties in alloy
stééls.. Resisténce to fatigue crack propagation at high growth rates
&4 10—4 mm/cycle) is often significantly reduced by prior temper
embrittlement, invoiving the occurrence of brittle intergranular
cracking during fatigue striation growth.7 Creep rupture ductility

haé similarly been observed to be'severély impaired by the presence of
impurities.8 The deterioration in fracture properties can be even more
ﬁtonounced when environmentaily-induced fractures, particularly those
involﬁing_hydrogen, are considered. .In commercial HY130 steel, for

cxample, the susceptibilities to stress corrosion cracking in sulfuric

0
acid,9 and hydrogen-dssisted cracking in gaseous hydrogen,l are



significantly increased when the materiai is heat—treated to induce
feﬁper embrittlement. Similar effects have been seen with embrittled
4340 steel tested in hydrogenlo and hydrogen sulfide.l; Clearly a
stfohg interaction exists between hydrogen- and imphrity—induced
embrittlement. Both forms of embrittlément generally lower the grain
boundary strength, increasing the tendency for intergranular ffacture
around prior austenite grains; The dependence on matrix hardness is
similar in both caseé, énd,»furthermore,'the 'trampf_eleﬁents that
lead to temper embrittlement‘through segregation to grain‘boundafigs
also assist hydrogen-induced cracking by acting as re—combination
poisons for atomic hyd;ogen;ll

The present ;tudy was instigated to examine the possibility of an
effect of prior temper embrittlementvon fatigue crack propagation in
humid air at extremely low growth rates (< 10_5-10_§ mm/cycle)
approaching the threshold stress inténsity (AKO), below whic§ fatigue
crack growth cannot be detected. A quenched and tempe;gd high strength
steel (300-M) was chosen for the investigafion, since hydrogen
embrittlement has been. generally regardéd as the primary mechapism

of environmental attack during fatigue crack growth in such steels in

. . l
the presence of moisture.
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EXPERTMENTAL PROCEDURES

The 300-M steel used for the study was df aircraft—quality (vacuum-
arc'remelted), received as hot-rolled bar in the fully annealed

condition. The composition in wt. pct. is shown below:

C Ma 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 matefialvwas austenitiéed for 1 hr at 870°C and quenched into
agitated_oil, yielding a prior austenite grain size of 20 um. Subsequent
tempering was performed at 650°C for one hour. One half of the material
was' 0il quenched after tempering; the other half‘was taken through a |
step-cooling procedure of holding for progressively 1onger times at
decreasing temperatures through the temper embrittlement range. The
specific details of fhe two heat-treatments are shown schematically
in Fig. 1. The resultihg'structures are hereafter referred to as
unembrittled (oil quenched) and'embrittled'(step—cooled) respectively.

The loss in toughﬁess which resulted from the embritfling treatment
was assessed using plane strain fracture toughness (KIc) tests at room
temperaturé, using 25.4 mm thick 1-T compact tension specimens. The
‘ 'KIé value for the unembrittled structure was found to be invalid with

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

13-

using an equivalent energy procedure at maximum load. A further

- value, at

estimate was derived by measuring an approximate JIc

e 14 , . ,
initiation of fracture, detected using the electrical potential

. 16 L . . .
technique. Uniaxial tensile properties at ambient temperature Were



performéd using 25.4 mm gage 1ength tensile bars,_and cyclic Stress—strain
data determinéd from 12.7 m gage length.bars; cycled under strain |
control, using the.incremental-stgp procedure.15

1Fatigue crack‘propagapion tests were coﬁducted on 12.7 mm thick
1—T'compact‘tension épecimens, cycled, with ioad 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_._
are the maximum and minimum stresé intensities during each cycle; The
cycelic frequency was méintained aﬁ 50 Hz. Thebfest envirqnment was
laboratory air maintained at a constant temperature of 23°C and a
constant relative humidity of 457%. Cbntiﬁuous_moﬁitoring of crack
length was achieved using the elgcffical potential method,16 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 cycleé data was
employed to determine érack growth rates, the data being curve-fitted
using finite difference and incremental-step polynomial procedureé.

Threshold stress intensities for crack growth (AKO) were calculated
in terms of the alternating stress intensity (4K = Kmax-'Kmin) at which
no growth could be detected within 107 cycles. Since the crack
monitoring technique is at least accurate to 0.1 mm, this corresponds
to a maximum crack propagation rate of 10_8 mm/ cycle (4><10_lo in/cycle).
To avoid residual stress effects, thresholds were apprdached using a

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

nax at each step) followed by crack growth procedure. Measurements

-~
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were taken, at evefy 1oad.le§el, over increments of crack gfowth of
1-1.5 mm, repreSenting at least 100 times the maximum plastic zoﬁe

size generated at the previous load level. Higher growth rate tests
were perfermed under continuous constant load conditions. Plane_etrain
conditionékWere maintained in all fatigue tests, except where KmaX
exceeded 80 MPavm. _

.The gfain boundary chemistry of embrittled samples was analyzed
usingvAuger spectroscopy to de;ermine the presence and approximate
concentrations of segregated impurities. Specimens were fractured at
ambient temperature inside the Auger micfoprobe under a vacuum of
“10_11 torr (10—8 Pa),vand examinedvusing a primary electron'beam of
500 um spot size. Scanning electron microscopy was emﬁloyed‘to

characterize the fracture morphology of all specimens.

* ' ' 2 .
Based on the criterion that B and.a > 2.5 (Kmaxlcy) , where B is the

specimen thickness, 'a' the crack length and»Oy is the yield strength.



RESULTS

The ambient temperature_mechaniéal proﬁerties of the umémbrittled
(0il quenched) and tempef embrittled (step-cooled) structures are
showﬁ in Table 1, where it can be seen that the step-cooling procedure
does noﬁ lead to any significant loss of strength, meésured under both
monotohic 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 doés, however,
give rise to reduced ductility and, more importantly, tb a substantial
loss 1in touéhness with the fracture tdughness being decreased by
approximately 50 pct.‘ Ihe néture of the embrittlement is clearlyvshown

in fractographs of broken K specimens'(Fig. 2), indicating 100 pct

Ic
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 suécessive sputtering énd Auger electron
spectroscopy, indicated approximate monolayer coverage of Mn, P and Si
(Fig. 4). Using appropriate calibrations (see Ref. 17 forAdetails),
approximate concentrations of the elements were found to be 6 atomic
pct Ni, 4 atomic pct 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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appeafs, therefofe, that thé severe loss in toughness in 300-M steel,
indﬁged by the speﬁ—cooiing treatment, involves reduced cohesion af
grain boundaries from the co-segregation of both alloying elements
(Ni Qnd 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 &ariétion of crack growth
rate per cycle (da/dN)'with the alternating stress intensity (AK) for
load ratios of 0.05 and 0.70. It is clear that prior témper embrittle—‘
ment results in a significant reduqtion in resistance to fatigue crack
kpropagation at bofh load ratios, partiéularly.as the growth rate is
reduced. At growth rateé greater than ~10”5 mm/cycle, the embfittled
structure shows only marginally higher growth rates at both load ratios.
Furfhermore, increasing the load ratio from R = 0.05 to 0.70 does notv
result in significantly higher propagation rates in either structure.
No major differences were observed in the fatigue fractﬁre mechanisms
‘in this region, with both structureé exhibiting a transgranular ductile
striation mode (Fig. 6), characteristic of martensitic, low alloy steels
at intermédiate growth fates.7

The_largest effect of embrittlement on fatigue crack propagation
Behévior is seeﬁ at growth rates leés than 10”6 mm/cycle, where the
aiternating stress intensity (AK) approaches a threshold value (AKO).
Growth rateé in the embrittled structure become over an order of
magnitude higher than in the umembriﬁtled_structure. Furthermore, the
vvalue of the threshola AKO is significantly reduced by embrittlement,.

from 8.5 to 6.2 MPa/m at R = 0.05, and from 3.7 to 2.7 MPavm at R = 0.70,
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representing a reduction of almost 3b'pcf in each case; It is also
nOtiéablevthat growth rateé are increasingly éensitiVe to the load
ratio.as the threshold is approached. Fracture surfaces in this region -
are shown in Fig. 7, where it can be seen tﬁat, in embrittled samples,
significant ambunts of intergranular_fractﬁre afe presenf:f ’The
proportion of intergranular facets was found to vary with stress
intensity, increasing from around 5 pct near AKo-to'app?oximately

20 pct at XK = 10‘MPaV§;(at R = O.QS) and then virtually disappearing
above AK 215 MPa/m (Fig.'8).. No evidence of intergranular‘frécturév
could be detected at any stress intensity in unembrittled samples:
(Fig. 7a and 8a).

It is thus apparent that prior temper embrittlement can substantially
reduce‘fatigue crack propagation resistance at low (near—threéhold)
growth rates in humid air, and that this lowered resistance is
coincident with a transition from purely transgranular 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‘st¢el, induced by step-éooling
after tempering at 650°C, has been shown to fesult from a build-hp of
'Ni, Mn, P and Si in prior austenite.grain bounddries. The segregation

of both alloying and impurify elements in this stéel is consiétent
with a'recent theory of'temper émbrittlement, prépésed by Gt.'lttmann18
and experimentally verified by McMahon aﬁd co—wOrkers.17’19’20 Imppfity
‘elements, such das P, interact attractively ﬁith alloying elemehté,

such as Ni and Mn, but retain their mobility. Co-segregation of both
alioying and impurity elemeﬁts céﬁ 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,
either by acting as a cétalyst or by segregating itself.* The kinetics
of émbrittlement in P-containing Ni-Cr steels has been shown to be
consistent with equilibrium (Gibbsian) segregation21 of P, controlled
by P'diffusion, and co-segregation of Ni. Ni ehrichment can further
occur in grain boundaries since this,eiemént is rejected.by Cr-rich

3

carbides which grow in the boundaries during step-cooling. Moreover,

there is now clear evidence of additional pre-transformation segregation

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

22,23,3

after austenitization. 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.
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Si in grain boundaries in the present steel suggests a possible

embrittling effect from this impurity element. Several other authors

9 .
10 and suggested that it may act

24,22,9,10

have observed the Segregation of Si

to lower graih boundary cohesion, 5ut tﬁe épecificldetails
.of embrittlement by this element (if indeed it does cause embrittlement)
remain to be determingd. Hence, theltemper embrittlement of 300-M .7
steel, induced by step—cooling from.650°C,_appears to result from the
co-segregation of alloying elements (Ni and Mn) and impurity elements

(P and Si) to prior austénite graiﬁ boundaries where P,‘and possibly

Si, reducé cohesion sufficiently to cause 100 pct brittle intergraﬁular

separation and a corresponding severe loss in toughness.

ii) Effect of Embrittlement on Fatigue Crack PrOpagation 

‘Thé magpitpde of the effect of embrittlement on fatigqe crack
propagation has been found to be different for different ranges of growth
rates. I; is possible to characterize these rangesAin terms of their
dependence on the alternating stress intensity (AK), as shown
séhematically in Fig. 9,_.For the intermediate_range of growth rates
(regime. B) , where da/dN is typically between 10—5—10_3 mm/cycle, the
propagation réte can be expressed in terms of the Paris power law
equation,25 such that

da

:ﬁ\f CAKm ) (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 gfowth, and propagation rates are largely

26,7,27

insensitive to microstructure and load ratio (mean stress). At
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higher growth rates (regime C), where Kma# approaches K the fracture

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

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

the‘ﬁropagation rate becomes markedly sensitive to microstructure and

load ratio.26’7’27 Similarly at low gfowth rates less than 10--5--10_6
mm/cycle (regime A),vwhere MK approaches a threshold, AKO, a strong
dependence on microstructure and load ratio is again observed. The
expiantion for this debendence, however, is still a sﬁbject of some

' 27,32,33

controversy, involving conflicting viewpoints based on environmental
and crack closure concépts.zs—31

The present study has examined the effectbof prior temper_embrittle—
ment on fatigue crack propagation behavior at lower and intermediate
groﬁth‘ratés (regimes A and B) and, whereas it‘is clear that a strong
effept exists in regime A, gfowth-rates in regime B are far less affected.
Previous research7 at high growth rates, greater than 10“4 mm/éycle
(regime C), has showﬁ that prior temper embrittlement can severely
reduce fatigue crack proﬁagation 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,

b

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

Kma with respect to AK, and therefore leads to a greater contribution
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 Kmax approaches KIc' ’ :
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..since intergraﬁular craéking.is a tensile streSs-coﬁtrolled mode of
fracture,7 gfthh ra£es in'thé‘embrittled‘steel becomé markedly sensitive
to load ratio. - |

At intermediate growth rates, however, -the value of KmaX is small

compared with K and thus static fracture modes do not generally oceur

Ic
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

' R . - : : . 34
small influence of prior embrittlement observed. Begley and Toolin
similarly observed little influence of temper embrittlement on fatigue
crack propagation in a Ni-Cr-Mo-V steel at such intermediate growth rates

5

(3x10 ~ to 5X10—4 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
rate 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 gréwth rates and a lower threshold), coincident
with the occurrence of ihtergfanulat fracture in embrittled Saﬁples{'
Lffects of émbritt]gment and load ratio thus principally affect near-
threshold:growth rates and are far 1ess important at higher propagation

rates in the intermediate range. These results can bé interpretated in

.
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.terms of a modél27 relating the contributions to.fafigue crack growth

due to i) embrittlement induced by impurity segregation (temper embrittle—
ment) and ii) embrittlement arising from the presence of hydrogen atoms,
evolved from crack tip surface reactions with vapor in the moist air

environment (hydrogen embrittlement).

Model for Neér—Threhold Fatigue Crack Growth

’ Followiné Weiss and Lal,35 a model for fatigue crack propagation -
is considerea based on the assumption that the crack advance per cycle
(da/dn) represents.the distance ahead of the crack tip where the nominal

'stress exceeds a‘certain critical fracture streSS'(OF), such that

Qﬁ..= égf._ Px | ' (2)
dN ﬂgZ 2 2
F

where px is the Neuber micro-support constant representing the effective
% - .
radius of the crack. For the limiting conditions of crack growth near

the threshbld, the local tensile stress (ny) must exceed OF over a

distance larger than p* and hence, at the threshold, Weiss and ‘I..al35

propose da/dN = p*, viz.

AR =V é-'rrp* 0 ; _ (3)

o} 2 F

Since the presence of impurity elements in grain boundaries will
lead to a reduction in the cohesive strength, it can be considered that
prior temper ewbrittlement lowers this critical fracture stress (OF)

by an amount AC, due to impurities, thus

1

* . . .
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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da AKZ' ' p* o K '
&N - T 22 ¢ | )
T - A : : o .
(GF AOI) :
In a moist air enviroﬁment, 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 reaétion836 of the

type

14

Fe.+ H20

2uT + 2e

FeOH+ + H+ + 2e

1+

20 . | | | )

The stress gradient ahead of the crack tip_then drives adsorbed hydrogen
a;oms into the lattice where they a;cumulate in the region of highest
dilatation (the point of maximum ﬁydrostatic ténsioﬁ) and further
lower the cohesive strength.37>_If the reduction in cohesive strength
aue to hydrogen is taken as Ac,, 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 _ AK2 ' p% _ o 6
—d—N—_ 2_—2—., ()
W(OF - AGI - AOH)
where the threshold is given by
AK = V-é TP* -+ (oF - AOI - AOH) . (7

o 2

Following the procedure of McMahon et al.',10 it is possible to

derive expressions for the rerms Ao_ and AOH. The reduction in cohesive .

I

strength due to impurities (AOI) can be related to a reduction (AY) in



OO0 U600 a73 )

- grain bouﬁdary7sqrfa¢e energy (YO), due to the presence of a solute, ie.

1/2

. by - |
Op = AcI =0, (r - 70—) . _ (8)

where Oc is the theoretical cohesive strength. Based on the data of
38 . , : ' 10 ", ' '
Hondros™ for P in a-iron, McMahon et al.” . estimate a AOI of 30 pct,
whiéh, as they state, is a substantial reduction.
The reduction in cohesive strength due to hydrogen (AOH) can be
considered to be proportional to the local concentration of hydrogen
in the region of maximum hydrostatic tension (CH)’ and can'be'expfesséd

by39

_ _ . V-0 ‘
AOH = acy = qu exp ( ) s 9)

where Co is. the equilibrium conqentration of hydroggn iq the unstressed
lattice, o an unknown constant, V the partial molar>vblume of hydrogen
in iron (2 cm3/mole), o thé hydrostatic tension, Ro the Gastdnstant,
and T the absolute temperature. 'Substituting an expressionvfor the

40,27

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

o A |
AQH B OLco exp [RbT (Oy + 20Ll Kmax)] ? (10)

where Oy is the yield strength,‘KmaX the maximum stress intensity of
Lo - o ‘ . -1/2

the fatigue loading cycle and 0y an empirical constant equal to 2 in. .

Utilizing the above equations 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 Cohesiqn due to the presence of
impurities (AOI) should lead to highervcrack pfopagation rates from
Eq. (4), and this is consistent with expérimental results in Fig. 5
for neér—threshold and intermediate growth rates. HOﬁever, at near-
threshold growth rateé, there will be a further reduction in cohesive
strength due to the presence of hydrogen atoms (AdH). ‘This environ-
mental effect will be less apparent (at a given frequency) aé the growfh
rate is increased (i.e..at intermediate growfh rates), since at higher
crack velocities, there is insufficient time for the permeation of
atomic hydrogen into the crack.tip region. Thus, oﬁe might expect a.
larger influence of.prior temper embrittlement at near-threshold growth
rateé because of ?educed cohesién from both impurities aﬁd hydrogen
atoms,.as experimentaliy observed in Fig. 5. This suggests a synergistic.
relationship between impurity and hydrogen effects, where the presence
of ﬁhe impurity atoﬁ in grain boundaries could raise the local
concentration of hydrogen (Co), due to an attractive interaction
between impurity and hydrogen atOms.lO There is a further possibility
that, at chemically-active sites (eg. gréin boundarieé) 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 CO by retérding the

o . . 11 . ,
re—-combination of atomic hydrogen. These effects are consistent



. with higher fatigue crack propagation rates (Eq. 6) and lower threshold
values (Eq. 7) observed in embrittled.material at near-threshold growth
rates, and a much smaller influence of temper embrittlement observed-'

at intermediate growth rates. .

ii) ‘Effect of Load Ratio

_The reduction in cohesion due to hydrogen-(AOH) is not merely a
function of CO but also dependent on the enrichment of hydrogen
concgptra?ion'(CH/Co) in tﬁe region of maximum dilatation ahead of the
Crack tip._ This enrichment is a fungtion of the magnitude of the
hydrostafic tension (Eq. 9); which can be raised by increasing materialv
s;rength, Oy*, orvby increasing the maximum,stress-intensity,'KmaX

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

AK/1-R) leads to a greater local concentration of

1

increase in K (
: “max

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

rate (Eq. 6) and a decrease in AR (Eq. 7). Additionally, the effect

of a larger value of Kmax is to raise the plastic stress gradient ahead

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

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

an influence of load ratio on fatigue crack propagation, but because

this influence arises from the environmental effect of hydrogen,

[t has been shown elsewhcrc27 that highér near-threshold fatigue crack
propiagation rates and lower threshold values result when the (cyclic)
yield strength of 300-M stecl is raised (Fig. 10), and this is
consistent with an increasing susceptibility to hydrogen embrittlement
with increase in strength.”
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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 gfowth'rates for tests in
ivert environments. This is.consistent i) with the present results
(Fig. 5) which shbw the inflﬁende of load ratio to bé éonsiderably»
smaller at intermediaté growth rates compared to near-threshold behavior,
and ii) with the data of_Beeyérs and co—worker832’33'which indicate
that the'load_rétio has a negligible effect -on near-threshold growth
rates measured in vacvo. Coﬁtrary to tﬁis, Paris and co—wofkerszszO
have suggested that the nature of the environment has little influence
on near-threshold behavior, based on tests in air and argon of
uhspecifﬁed'purity.. However, it has been pointed out that the argon
atmospﬁere used in the latter experiments was not sufficiently inert
to remove all traces of m&isture.

Another interpretation of the influence of load ratio on low

fafigue crack growth rates has been proposed,zs_Bl

based on the effect
5 v 41 e ) '
of crack 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 occutr during the loading cycle. "Since the crack is unable to

propagate while it remains 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.’: '
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)

- reduce the appligd AK value* to some lower effective‘valug (AKeff
actually experienced at the crack tip. As the load ratio is increased,
the érack is- assumed to réﬁain épen for a larger portion of the cycle,
thﬁs increasing‘the value of AKeff and hence the growth rate. This

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

28’29_titanium30 and aluminum’

threshold growth in low strength steels,
alloys, but with little or no experimental verification. Furthermore,
closure arguments cannot éccount_for'the‘fact that the effect of load
ratio'in stéels is minimal at intermediate growth rates (regimé B),
“where tlosure is equally_likely to oécur. .Electrical potential
measuremehts during the present invéstigation were unable to detect
any crack closure near tﬁe threshold, except below the minimum stress
iﬁténsity.(Kmin):of the‘loading cycle. Although these results cannot
be regarded as conclusive; since measurements of fracture surface
contact in air are likely to be masked by the presence of oxide scale,

42,43 that

they are nevertheless in support of previous observations

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

negligible consequence on crack growth under plane strain conditions.
A . . b4 .

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

45-47 48

in inert environments is greater than {(or at least equal to- ) the

closure level in air. Sincé the effect of load ratio at low growth
rates is much smaller in such inert environments,Bzf33 it seems unlikely
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
propagation aré not available at this time, the present results on the
influence of impurity-induced embrittlement and load ratio can be
usefully rationalized ih terms of the contribution to fatigue crack
growth in steels from the:environmental‘influence of hydrogen. This
‘can.occur with fatigue loa&ing at stress intensities less than the
threshold for hydrogen-assisted cracking under monotonic loading (KTH),
begause'freéh surface at the crack tip, where atomic‘hydrogen'can be

evolved, is continually renewed by cyclic stressing.

e



CLOSING REMARKS

It has been éxperimentally shown tﬁat'temper embrittlement in
300-M steel, induced by step—cooling, invqueélthe bﬁild—gp of both
ailoying (Ni and Mn) and impurity elements (P and Si) in prior austenite
grain bounda;ies,,and that this embrittlgment can reduce resistance
to fatigue crack propagation in moist‘air. The large effect on.fatigue
resistance at neaf-threshold groﬁth rates, compared to the much
smaller‘efféct at interﬁediate'growﬁh ratés,has beep.interpretated in
terms of the iﬁteraction bétween segregated impurity atoms and hydrogen
atoms evolved 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 contributioﬁ froﬁ environmentally-assisted crack growth,
suggests - that the impurity-hydrogen interactions in thié case are

?

s 0 .
synergistic, although other authors have indicated 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
* " . . ‘ . 3 . . 3 3

to temper embrittlement, 1i) Zm situ identification of impurities

, . ' 50 ...
on environmentally-induced fracture surfaces, and iii) assessment of the

effect of impurity-induced embrittlement on fatigue crack growth

in vacuo. Similarly, verification of the proposed model for the effect

D

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

on thé environmental influence of hydrogen must‘await more extensive
data on low fatigue crack growth rates (< 10_6 mm/cycle) ﬁﬁﬁer carefully
controiled inert atmoSpherés. In view of fhe conflicting results30’32’33
obéerved in such eﬁvironments, exﬁeriments‘are feQuiréd in both inert
argon ahd ﬂigh vacﬁﬁm conditions. Finally, theJinflﬁénce of crack
closﬁre on fétigue crack growth: particuiérly under plaﬁe strain
conditions and in Various’environménts, needs furthéf evalﬁatioﬁ'in

the'light of its'significance to near-threshold behavior.
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CONCLUSIONS

From é study éfvthe efféét of temper embritfléﬁéﬁt on fréctufe and
fatigﬁé c;ack propagation in 300-M high strenéth steel, the fdllowing
conclusions can be made:

1) Step-cooling, as opposed to oil'queﬁching, after tempering at
650°C, résulté in é severe loés of toughness (teﬁper embrittlement) ,
concurrent Qith a transition from 106.pct fibrous to 100 pct inter-
granulaf modé of fraéture.

2) Based on Auger spectroscopy results,mtﬁe temper embrittlement
of 300-M steel is attributed to.the co-segregation of alloying elements
(Ni and Mn) and impurity elements (P and éi) to prior austenite grainv
boundaries, where P'(and possibly Si) é?e considefed to.reduce the
cohesive strength.

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

4)‘At intermediate growth rates (10“5 - 10_; 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 striation mode of growth
observed.

5) At near-threshold growth rates (< 10-5 - 10"6 mm/cycle),
embrittied material exhibits significantly higher propagation rates,
jU pet reduction in threshold stress intensity (AKO) values, and

intergranular facets on fatigue fracture surfaces. Propagation rates
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(and threshold valueé) are strongly dependent on the léad ratio.

,6) Evidence of crack closure could not be detéctéd ﬁear the'
threshold, egcept bglow the minimum spfess intgnsity (Kmin) of #he
loading cycle.

7)1The‘efféct‘of prior temper embrittlement is asg;ibéd to‘the
combined influence. of hydrogen-atoms, ar;sing‘from the moist air
envirdnmgnt at low growtb tafgs (hydrogen_embritplement), and
segregatéd impurity atoms, both of which are considered_to lower the
cohegivg stresglfor cragk propaga;ion;b_' | |

581 The effect of load ratio on craék prppagation behavior is
cousistent with phe environmental influence of hydrogen at-
low growth rates, andrapparently inconsistent with crack closurg

concepts.
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TABLE CAPTIONS

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

in the unembrittled and temper embrittled condition.



Table 1. Ambient Temperature Mechanical Properties of 300-M Steel in the Unembrittled and Temper Embrittled Condition.

Code Austenitizing - Temper - Monotonic - U.T.S. True Reduction Ky . Cyclic Prior

Treatment Yield (MPa) ‘Fracture in Area (MPa?E) Yield Austenite
' " Stress’ Strain (pet) ' Stress! -Grain
(MPa) A - . (MPa) Size
- - (pm)
umembrittled 870°C (1 hr)  650°C (1 hr) 1074 1186 0.81 . 56 1852 861 20
0il quenched 0il quenched : , 1523

870°C (1 hr) -650°C (1 hr)

embrittled 0il quenched step—-cooled

1070 1179 . 0.73 Y 79.6 858 20

-sg—

lyield stress measured by 0.2% offset.

2

“Invalid Ky, result, estimated using equivalent energy procedure at maximum load.13
3Invalid Ki. result, estimated using Jj. approach at initiation.

/,
4Step—cooling‘procedure described in Fig. 1.




Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
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FIGURE CAPTIONS

Schematic representation éf heat'treatments\empIOyed.

Fracture surfaces from KIC specimens showiné a) 100 pct
microvoid coalescence in uhembrittled‘matérial, aﬁd b) 100 pct
intergranular cracking in temper embrittled material.

Auger spectra from an intergranular fracture surfaée of temper
embrittled 300-M steel, immediately aftef fract;fé (upper curve)
and after éxtensive Ar+ ion sputtering (lower curve).
Concentration profileé of segregated elements invtemper
embrittled 300-M steel, showing concéntrétion distributions

in regions adjacent to the grain boundary.

Variation ofvfatigue crack growth rate tda/dN) in'moist air
with alternating;stréss intensity (AK) at_R = 0.05 and‘0.70

for umembrittled and temper embrittled 300—M’ste¢1. AK& is the
threshold étress'intensity below which crack pfopagation

cannot be detected.

Ductile striation_growth at intermediate propagation rates din .
a) unembrittled and b)‘temper.emﬁrittléd 300-M_steél.

(AK = 30 MPa/;, R = 0.05. Arrow ihdic&teé general direction
of crack piopagation). -

Morphology of fatigue fracture at néar-threshold'crack,growth
rates at AK ; 9.5 MPa/m (R = 0;05) in éOO—M steel showing

a) ductile transgranular mechaniém in unémbrittléd material,
and b) segmentsvof intérgranular fracture (I) in temper embrittled

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



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

Fig. 9. Schematic diagram showing the primary fracture mechanisms and
associated fatigue behavibé conéiétent with the sigmoi@al
variation of fatigue crack propagation rate (da/dN)'with
alternating‘stress intensity (AK) . AKO is the threshold stress
intensity for crack grgwth, Kc the stress intensity at final
failure.

Fig. 10. Influence of cyclic strength on the threshold for fatigue crack
growth (AKO), at R=0.05 and 0.70, for quenched and tempered
300-M steel, showing additional effect of temperbembritplement,-

induced by step-cooling.
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UNEMBRITTLED
Quenched and Tempered

870°C, Ihr -

650°C, I hr

Y

~oil quench oil quench

EMBRITTLED |
Quenched, Tempered and Step-cooled

8707, I hr

650, Ihr .
595°C, | hr
540°C, |5hr
525°C.30hr
' 495°C,48 hr

STEP-COOL

oil quench : air cool
‘ XBL 769-7522

Fig. 1. Schematic representation ot heat treatments employed.
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Fig. 2. Fracture surfaces from K specimens showing a) 100 pect
; : . LG p :
microvoid coalescence in unembrittled material, and
b) 100 pct intergranular cracking in temper embrittled material.



immediately after fracture (upper curve) and after extensive Ar

| | l I [ fe T 1
300-M Austenitized at 870°C, oil quenched
Tempered at 650°C, step-cooled
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XBL768-7277
Fig. 3. Auger spectra from an intergranular fracture surface of temper embrittled 300-M steel,

ion sputtering (lower curve).
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Mig. 4. Concentration profiles of segregated elements in temper embrittled
300-M steel, showing concentration distributions in regions
adjacent to the grain boundary.
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Variation of fatigue crack growth rate (da/dN) in moist air with alternating stress intensity

(LK) at R=0.05 and 0.70 for unembrittled and temper embrittled 300-M steel. AR
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Fig. 6. Ductile striation growth at intermediate propagation rates in
a) unembrittled and b) temper embrittled 300-M steel.
(AK = 30 MPav/m, R = 0.05. Arrow indicates general direction
of crack propagation).
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Morphology of fatigue fracture at near-threshold crack growth

rates at AK = 9.5 MPav/m (R=0.05) in 300-M steel showing

a) ductile transgranular mechanism in unembrittled material,

and b) segments of intergranular fracture (I) in temper embrittled
material. (Arrow indicates general direction of crack propagation).



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



Primary Mechanisms
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Schematic diagram showing the primary fracture mechanisms and associated fatigue behavior
consistant with the sigmoidal variation of fatigue crack propagation rate (da/dN) with
alternating stress intensity (AK). AK is the threshold stress intensity for crack growth,
KC the stress intensity at final failuFe.
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Fig. 10. Influence of cyclic strength on the threshold for fatigue crack growth (AK.),

at R=0.05 and 0.70, for quenched and tempered 300-M steel, showing addltlonai effect of temper
embrittlement, 1nduced by step-cooling.
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