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

Interactions between hydrogen embrittlement and temper embrittlement 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°C) and temper embrittled
condition (step-cooled after tempering at 650°C). Step-cooling resulted in a severe loss
of toughness (approximately 50 pct 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 cosegregation of alloying
elements (Ni and Mn) and impurity elements (P and Si) to prior austenite grain bound-
aries. Prior temper embrittlement gave rise to a substantial reduction in resistance to
fatigue crack propagation, particularly at lower stress intensities approaching the thres-
hold for crack growth (AK,). At intermediate growth rates (107 to 10 mm/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° to 107° mm/cycle), embrittled
material exhibited significantly higher growth rates, 30 pct reduction in threshold AK,
values and intergranular facets on fatigue fracture surfaces. Near-threshold propagation
rates (and AK, 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 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°C.* The re-
sult of this embrittlement is generally brittle frac-
ture along prior austenite grain boundaries, although
intergranular fracture along ferritic boundaries

can also occur.’”® The loss in toughness can result
primarily from two types of thermal treatments: i)
tempering of as-quenched alloy steels in the range
250 to 450°C (‘‘tempered martensite’’ or *‘500°F’’ or
¢350°C”’ or ‘‘one-step temper’’ embrittlement),*
and ii) holding or slow cooling alloy steels, previ-
ously tempered above 650°C, in the temperature
range 550 to 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
(>107* mm/ cycle) is often significantly reduced by
prior temper embrittlement, involving the occurrence
of brittle intergranular cracking during fatigue
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striation growth.” Creep rupture ductility has sim-
ilarly been observed to be severely impaired by the
presence of impurities 2 The deterioration in frac-
ture properties can be even more pronounced when
environmentally-induced fractures, particularly
those involving hydrogen, are considered. In com-
mercial HY130 steel, for example, the susceptibili-
ties to stress 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.” 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
fracture around prior austenite grains. The depend-
ence on matrix hardness is similar in both cases,
and, furthermore, the ‘tramp’ 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.*?

The present study was instigated to examine the
possibility of an effect of prior temper embrittle-
ment on fatigue crack propagation in humid air at
extremely low growth rates (<107 to 107 mm/ cycle)
approaching the threshold stress 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 tempered high strength steel (300-M)
was chosen for the investigation, since hydrogen
embrittlement has been generally regarded as the
primary mechanism of environmental attack during
fatigue crack growth in such steels in the presence
of moisture."

EXPERIMENTAL PROCEDURES

The 300-M steel used for the study was of air-
craft-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 h at 870°C and
quenched into agitated oil, yielding a prior austenite
grain size of 20 pm. Subsequent tempering was
performed at 650°C for 1 h. One-half of the material
was oil quenched after tempering; the other half
was taken through a step-cooling procedure of hold-
ing for progressively longer times at decreasing
temperatures through the temper embrittlement
range. The specific details of the two heat-treat-
ments are shown schematically in Fig. 1. The re-
sulting structures are hereafter referred to as un-
embrittled (oil quenched) and embrittled (step-
cooled) respectively.

The loss in toughness which resulted from the
embrittling treatment was assessed using plane
strain fracture toughness (Kj,) tests at room tem-
perature, using 25.4 mm thick 1-T compact tension
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specimens. The Kj. value for the unembrittled struc-
ture was found to be invalid with respect to ASTM
standards, and accordingly an estimate was com-
puted using an equivalent energy procedure at maxi-
mum load.! A further estimate was derived by meas-
uring an approximate Jj,. value, at initiation of frac-
ture,’® detected using the electrical potential tech-
nique. Uniaxial tensile properties at ambient tem-
perature were performed using 25.4 mm gage length
tensile bars, and cyclic stress-strain data deter-
mined from 12.7 mm gage length bars, cycled under
strain control, using the incremental-step procedure.®
Fatigue crack propagation tests were conducted
on 12.7 mm thick 1-T compact tension specimens,
cycled, with load control, on a 100 kN electro-servo-
hydraulic MTS testing machine under sinusoidal
tension at load ratios (R = K in/Kmax) of 0.05 and
0.70, where Kmax and K jn 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 con-
stant temperature of 23°C and a constant relative
humidity of 45 pct. Continuous monitoring of crack
length was achieved using the electrical 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 dif-
ferentiation of curves of crack length vs number of
cycles was employed to determine crack growth
rates, the data being curve-fitted using finite dif-
ference and incremental-step polynomial procedures.’
Threshold stress intensities for crack growth (AK,)
were calculated in terms of the alternating stress in-
tensity (AK = Kmax — Kmin )} at which no growth could
be detected within 107 cycles. Since the crack moni-
toring technique is accurate to at least 0.1 mm,
this corresponds to a maximum crack propagation
rate of 10°® mm/cycle (4 x 10™° in./cycle). To mini-
mize residual stress effects, thresholds were ap-
proached using a successive reduction in load (of
not more than 10 pct reduction in K .4 at each step)
followed by crack growth procedure. Measurements
were taken, at every load level, over increments of
crack growth of 1 to 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 constant load con-
ditions to yield fatigue crack propagation rates
spanning six orders of magnitude. Plane strain
conditions* were maintained in all fatigue tests,

*Based on the criterion that Banda >25 (Kmaxloy)l, where B 1s the speci-
men thickness. a the crack length and 6y, 1s the yield strength.

except where K 5% exceeded 80 MPavm.

The grain boundary composition of embrittled sam-
ples was analyzed using Auger spectroscopy to de-
termine the presence and approximate concentrations
of segregated impurities. This was carried out by
the late Dr. H. Feng of the NSF Materials Research
Laboratory at the University of Pennsylvania. Speci-
mens were fractured at ambient temperature inside
the Auger system under a vacuum of ~107"* Torr
(107® Pa), and examined using a primary electron
beam of 500 um spot size. Scanning electron mi-
croscopy was employed to characterize the fracture
morphology of all specimens.
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RESULTS

The ambient temperature mechanical properties
of the unembrittled (oil quenched) and temper em-
brittled {step-cooled) structures 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 stress is 20 pet lower
than the monotonic value indicating characteristic
cyclic softening of the 650°C tempered structures.
Step-cooling does, however, give rise 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 embrittlement is clearly shown in fractographs
of broken Ky, specimens (Fig. 2), indicating micro-
void coalescence in the unembrittled condition com-
pared to intergranular 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 eleciron 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 concentrations are not precise because S, P, and Mn peaks overlap with
Fe and Mo.
elements were found to be 6 at. pct Ni, 4 at. pct P
and 8 at. pct 8i within the first 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 from the cosegregation of both
alloying elements (Ni and Mn) and impurity elements
(P and Si).

The effect of this embrittlement on fatigue erack
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 (AK) for
load ratios of 0.05 and 0.70. It is clear that prior
temper embrittlement resulis in a significant re-
duction in resistance to fatigue crack propagation at
both load ratios, particularly as the growth rate is
reduced. At growth rates greater than ~10~° mm
cycle, the embrittled structure shows only mar-

ginally 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 pro-
pagation rates in either structure. No major differ-
ences were observed in the fatigue fracture mecha-
nisms in this region, with both structures exhibiting
a transgranular ductile striation mode (Fig. 6), char-
acteristic of martensitic, low alloy steels at inter-
mediate growth rates.’

Fig. 2—Fracture surfaces from K. specimens showing {a)
100 pet microvoid coalescence in unembrittled material, and
(b) 100 pct intergranular cracking in temper embrittled ma-
terial.

Table I. Ambient Temperature Mechanical Properties of 300-M Steel in the Unembrittied and Termper Embrittted Condition

Austenitizing Monotoni Yield True Fracture Reductionm Ky Cyche Yield Prior Ausienite
Code Treatment Teraper Stress.* MPa UTS, MPa Strain mArea Pet {MPaym)  Stress.* MPz Grain Size, um
Unembrittled  870°C{1 h) 650°C (1 hy 1074 1186 081 56 185’{ 861 20
Ol quenched  Onl quenched 152%
Embnttled 870°C (1 b} 630°C {1 h) 1070 1179 073 52 796 858 20
Oil quenched  Step-cooled$

*Yield stress measured by 0.2 pet offset.

TInvald Ky, result. estimated using equivalent energy procedure at maxumum load.*
tinvahd Ky, result, estimated usmg, Jy, approach at mitiation. !

ﬂStep-cooiiﬁg procedure described in Fig. 1.
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The largest effect of embrittlement on fatigue crack
propagation behavior is seen at growth rates less
than 10~° mm/ cycle, where the alternating stress in-
tensity (AK) approaches a threshold value (AK,).
Growth rates in the embrittled structure become over
an order of magnitude higher than in the unembrittled
structure. Furthermore, the value of the threshold
AK, is significantly reduced by embrittlement, from
8.5 to 6.2 MPavm at R = 0.05, and from 3.7 to 2.7
MPavm at R = 0.70, representing a reduction of al-
most 30 pet in each case. It is also noticeable that
growth rates are increasingly sensitive to the load
ratio as the threshold is approached. Fracture sur-
faces 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 stress intensity, increasing from around 5 pet
near AK, to approximately 20 pct at AK = 10 MPavm
(at R = 0.05) and then virtually disappearing above AK
2 15 MPavm (Fig. 8). No evidence of intergranular
fracture could be detected at any stress intensity in
unembrittled samples (Figs. 7(a) and 8(a)).

It is thus apparent that prior temper embrittlement
can substantially reduce fatigue crack propagation re-
sistance at low (near-threshold) growth rates in humid
air, and that this lowered resistance is coincident
with a transition from purely transgranular to an
intergranular plus transgranular mode of fatigue
fracture.

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 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.’®**®* Impurity elements,
such as P, interact attractively with alloying elements,
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such as Ni and Mn, but retain their mobility. Co-
segregation of both alloying and impurity elements
can thus take place to grain boundaries, where inter-
face cohesion is reduced by the presence of the im-
purity elements. The presence of Cr (and possibly

Si) can further promote this segregation,” either

by acting as catalysts or by segregating themselves.*

*Chromium segregation results are ambiguous because of experimental diffi-
culties with Auger spectroscopy. The difficulty in detecting this element in gran
boundanes 1s due to interference from the oxygen peak and from Crin Cr-rich
boundary carbides *®

The kinetics of embrittlement in P-containing Ni-Cr
steels has been shown™ to be consistent with equi-
librium (Gibbsian) segregation of P, controlled by P
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diffusion, and cosegregation 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.>** Moreover,
there is now evidence of additional pre-transforma-
tion segregation of P in the austenitic phase,* either

*Certain authors®®® have disputed the segregation of solute elements durnmng
austenitization, but their results pertam to alloying elements, such as Ni, and m-
purity elements, such as Sb, rather than P.
prior to, or during, quenching after austenitiza-
tion.”>*"* The presence of significant amounts of Si
in grain boundaries in the present steel suggests a
possible embrittling effect from this impurity ele-
ment. Several other authors have observed the segre-
gation of 8i (Refs. 9, 10) and suggested that it may
act to lower grain boundary cohesion,?”****° put 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,
appears to result from the cosegregation of alloying
elements (Ni and Mn) and impurity elements (P and
Si) to prior austenite grain boundaries where P,
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Fig. 6—Ductile striation growth at intermediate propagation
rates in {a)} unembrittled and (b) temper embritiled 300-M
steel. (K =30 MPavm, R = 0.05. Arrow indicates general
direction of crack propagation}.
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and possibly 8i, reduce cohesion sufficiently to
cause 100 pct 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 dif-
ferent for different ranges of growth rates. It is
possible to characterize these ranges in terms of
their dependence on the allernating stress intensity
(AK), as shown schematically in Fig. 9. For the in-
termediate range of growth rates (Regime B), where
da/dN is typically between 10~ to 10°° mm/cycle,
the propagation rate can be expressed in terms of the
Paris power law equation,” such that

da _
S = cak™, (1]

where C and m are scaling constants, and m takes val-

Fig. 7—Morphology of fatigue fracture at near-threshold
crack growth rates at AK = 9.5 MPavVm (R =0.05) in 300-M
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 typically between 2 and 4. In this range, the
growth mechanism in steels is primarily striation
growth, and propagation rates are largely insensi-
tive to microstructure and load ratio (mean
stress).”»*>»* At higher growth rates (Regime C),
where Kyax approaches K., the fracture toughness,
superimposed ‘static’ fracture modes (i.e. cleavage,
intergranular and fibrous fracture)* can occur during

*Such fracture mechanisms are generally regarded as tensile stress-controlled,
or 1n the case of fibrous fracture, controlled by the hydrostatic component of
stress. Increasing the load ratio raises K, 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 m regtme C 1s thus
dependent on the toughness and occurs as K,y approaches Kj, ™°

striation growth, and the propagation rate becomes
markedly sensitive to microstructure and load
ratio.”**»* Similarly at low growth rates less than
10 to 10®° mm/cycle (Regime A), where AK ap-
proaches a threshold, AK,, a strong dependence on
microstructure and load ratio is again observed. The
explanation for this dependence, however, is still a
subject of some controversy, involving conflicting

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).
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viewpoints based on environmental®*®’**'*¢ and crack
closure concepts.”~**

The present study has examined the effect of prior
temper embrittlement 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. Previous research’
at high growth rates, greater than 10™* mm/cycle
(Regime C), has shown that prior temper embrittle-
ment can severely reduce fatigue crack propagation
resistance in this range. Here, brittle intergranular
cracking occurs during striation growth in em-
brittled material because of its low toughness. This
causes a substantial acceleration in growth rate com-
pared to unembrittled material and, since inter-
granular cracking is a tensile stress-controlled
mode of fracture,” growth rates in the embrittied
steel become markedly sensitive to load ratio.

At intermediate growth rates, however, the value
of Kmax is small compared with Kj. and thus static
fracture modes do not generally occur during fatigue
crack propagation in this regime. The loss in tough-
ness, arising from embrittlement, is thus not so im-
portant in influencing growth rate behavior. The
present investigation has shown that the mechanism
of growth is similar in both unembrittled and em-
brittled samples, i.e. striation growth (Fig. 6) and
this is consistent with the small influence of prior
embrittlement observed. Begley and Toolin®" simi-
larly observed little influence of temper embrittle-
ment on fatigue crack propagation in a Ni-Cr-Mo-V
steel at such intermediate growth rates (3 X 10™ to
5 x 10™ mm/cycle). Furthermore, the lack of a
significant effect of load ratio on propagation rates
in this region is consistent with a striation mecha-
nism of growth.”>?%:%°

As the growth rate is reduced below 10®° 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 growth
rates and a lower threshold), coincident with the oc-
currence of intergranular fracture in embrittled
samples. Effects of embrittlement and load ratio thus
principally affect near-threshold growth rates and
are far less important at higher propagation rates

in the intermediate range. Such results can be inter-
preted in terms of crack closure concepts®*™ and/or
environmental factors,’>**’* although the experi-
ments conducted in the present investigation do not
permit a direct separation of the contributions from
these two effects. The work of Cooke et al,36 however,
has demonstrated that the nature of the environment
can have a marked influence on near-threshold fatigue
crack growth rates in a steel (En25) similar to that
examined in the present study. Thus, despite the ab-
sence of direct experimental evidence for an en-
vironmental effect on near-threshold growth in the
present steel, we shall proceed to examine the nature
of a possible environmental influence on 300-M steel
in moist air, and use this to rationalize the mechanical
and microstructural effects observed. In later sec-
tions, an alternative explanation based on crack

METALLURGICAL TRANSACTIONS A
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closure will be included. The discussion which fol-
lows of the environmental effect on near-threshold
fatigue crack growth in 300-M steel is based on a
model, proposed by Ritchie® for high strength steels,
relating the contributions to fatigue crack growth
from i) embrittlement induced by impurity segrega-
tion (temper embrittlement) and ii) embrittlement
arising from the presence of hydrogen atoms,
evolved from crack tip surface reactions with vapor
in the moist air environment (hydrogen embrittle-
ment).

MODEL FOR NEAR-THRESHOLD
FATIGUE CRACK GROWTH

Following Weiss and Lal,* a model for fatigue
crack propagation is considered based on the assump-
tion that the crack advance per cycle (da/dN) repre-
sents the distance ahead of the crack tip where the
nominal stress exceeds a certain critical fracture
stress (op), such that

da = AK._Z. P (2]
dN  7mo¥% 2’

where p* is the Neuber micro-support constant repre-

senting the effective root radius of the crack.* For the

*The sigmificance of the p* parameter and 1ts relationshp to microstructure, 1s
described in greater detail m references 38 and 39.
limiting conditions of crack growth near the thres-
hold, the local tensile stress (oyy) must exceed o
over a distance larger than p* and hence, at the
threshold, Weiss and Lal® propose da/dN = p*, viz.

AKg = gﬂp* cop. [3]

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 em-
brittlement lowers this critical fracture stress (oz)
by an amount Aoy due to impurities, thus

da __ AR 0" (4]
dN ~ mlop - Aop)? 2
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and tempered 300~M steel, showing additional effect of tem-
per embrittlement, induced by step-cooling.

In a moist air environment, cyclic stressing will
lead to the production of chemically reactive sur-
face at the crack tip, where atomic hydrogen can be
evolved from water vapor by reactions™ of the type

Fe + H,O = FeOH"' + H' + 2¢
2H' + 2¢ = 2H. [5]

The stress gradient ahead of the crack tip then drives
adsorbed hydrogen atoms info the lattice where they
accumulate in the region of highest dilatation (the
point of maximum hydrostatic tension) and further
lower the cohesive strength.*’ If the reduction in co-
hesive strength due to hydrogen is taken as Aoy, then
the combined influence of impurities and hydrogen
effects (assuming initially that they are simply addi-
tive) on fatigue crack growth can be represented by

da _ AK*® _p [6]
dN ~ nlop - Aoy — Aoy 2’

where the threshold is given by

AKy = gﬂp* : (op — Aop — Aoy). [7]

Following the procedure of McMahon ef al,” it is
possible to derive expressions for the terms Aoy and
Aoy. The reduction in cohesive strength due to im-
purities {Acgy) can be related to a reduction (Ay) in
grain boundary surface energy (yo), due fo the pres-
ence of a solute, i.e.

_—MA_,}/)l/2, [8]

OF—AGIEGC< Yo

where o, is the theoretical cohesive strength. Based
on the data of Hondros® for P in ¢-iron, McMahon ef
al*® estimate a Agy of 30 pet, which, as they state, is
a substantial reduction.

The reduction in cohesive strength due to hydrogen
(Aoy) can be considered to be proportional to the local
concentration of hydrogen in the region of maximum
hydrostatic tension (Cy), and can be expressed by™

V-5
Aoy = aCy = aCo - exp (7{7-), (9]
where C, is the equilibrium concentration of hydro-
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gen in the unstressed lattice, o an unknown constant,

V the partial molar volume of hydrogen in iron (2 cm®/

mole}, o the hydrostatic tension, R, the Gas Constant,
and T the absolute temperature. Substituting an ex-
pression for the maximum hydrostatic tension
(@),** Eq. [9] becomes

-V

Aoy = aCo eXp[RoT (oy + Zaleax)] , {10}

where oy is the yield strength, K,,,x the maximum
stress intensity of the fatigue loading cycle and «; 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 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 (Acy) should lead to higher
crack propagation rates from Eq. [4], and this is con-
sistent 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 {Aoy). This environ-
mental effect will be less apparent (at a given fre-
quency) as the growth rate is increased (i.e. at inter-
mediate growth rates), since at higher crack veloci-
ties, there is insufficient time for the permeation of
atomic hydrogen into the crack tip region. Thus, one
would expect a larger influence of prior temper em-
brittlement at near-threshold growth rates because of
reduced cohesion from bofh impurities and hydro-
gen atoms as experimentally observed in Fig. 5.
This infers a synergistic relationship between im-
purity and hydrogen effects, where the presence of
the impurity atom in grain boundaries could raise
the local concentration of hydrogen, due to an at-
tractive interaction between impurity and hydrogen
atoms.' There is a further possibility that, at
chemically active sites (¢.g. grain boundaries) on
freshly exposed surface at the crack tip where hy-
drogen is initially adsorbed from the environment,
the presence of impurity atoms in embrittled ma-
terial can further raise the local concentration of
hydrogen by retarding the recombination 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 (Acn) is
not merely a function of C, but also dependent on the
enrichment of hydrogen concentration (CH/ 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
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by increasing material strength, oy,* or by increas-

*It has been shown elsewhere®?® that higher near-threshold fatigue crack
propagation rates and lower threshold values result when the (cyclic) yield strength
of 300-M steel is raised (Fig 10), and this 1s consistent with an increasing suscepts-
bility to hydrogen embrittlement with increase n strength.*
ing the maximum stress intensity, K,y (Eq. [10]).
Thus, as the load ratio, R, is raised, the correspond-
ing increase in Kmax (= AK/1—R) leads to a greater
local concentration of hydrogen (Cy) which reduces
cohesion, and hence, to an increase in growth rate
(Eq. [6]} and a decrease in AK, (Eq. [7]). Addition-
ally, the effect of a larger value of K, 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, 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)

*Load ratio effects can reappear at even higher propagation rates (regime C)
due to the occurrence of static modes of fracture during fatigue crack growth. ™
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,
and ii) with the data of Beevers and coworkers®:>
which indicate that the load ratio has a negligible
effect on near-threshold growth rates measured in
vacuo in an unembrittled En25 steel tempered at
650°C,* and in Ti-6A1-4V.”" Contrary to this, Paris
and coworkers®™™* have suggested that the nature of
the environment has little influence on near-thres-
hold behavior, based on tests conducted on lower
strength steels (e.g. A533B) cycled in air and argon
of unspecified purity. However, it has been pointed
out that the argon atmosphere used in the latter ex-
periments was not sufficiently inert to remove all
traces of moisture.*

Another interpretation of the influence of load
ratio on low fatigue crack growth rates has been pro-
posed,** based on the effect 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 occur during the
loading cycle. Since the crack is unable to propagate
while it remains closed, the net effect of closure is
to reduce the applied AK value* to some lower effec-

*Apphed AK refers to the value of the alternating stress intensity computed
from applied loads and crack length measurements
tive value (AK o¢) 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 AK ¢ and hence
the growth rate. This concept has been utilized to
explain the effect of load ratio on near-threshold
growth in low strength steels,* ' titanium® and
aluminum®! alloys, but with little or no experimental
verification. Furthermore, closure arguments can-
not 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.
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Electrical potential measurements during the present
investigation were unable to detect any crack closure
near the threshold, except below the minimum stress
intensity (Kumin) of the loading cycle. Although these
results cannot regarded as conclusive, since meas-
urements of fracture surface contact in air are

likely to be masked by the presence of oxide scale,
they are nevertheless in support of previous obser-
vations*>* that closure is essentially a surface (plane
stress) effect, having a much smaller consequence
on crack growth under plane strain conditions. 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 invari-
ably are present) can be considered minimal.* There

*It 1s perhaps useful to point out here that more recent results, discussed by
McEvily,* suggest that the amount of closure may indeed be greater i the near-
threshold region due to crack growth proceeding by a Mode If (shear mode})
process rather than by a Mode I (tensile opening mode) process 5° However, ex-
tenswve fractographic analysis of near-threshold fatigue crack propagation in the
present steel revealed no evidence of such a shear mechanism of growth.
is a further possibility that closure and environmental
effects are interrelated, since the proportion of
closure has been observed to be influenced by the
nature of the environmental species present.”™*
These results indicate, however, that the closure level
in inert environments is greater than®™® (or at
least equal to®) the closure level in air. Since the
effect of load ratio at low growth rates is much
smaller in such inert environments,*’* it seems un-
likely 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 are not
available at this time, the present results on the
influence of impurity-induced embrittlement and load
ratio can be usefully interpreted in terms of the
contribution to fatigue crack growth in steels 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 (Kq) because fresh surface
at the crack tip, where atomic hydrogen can be
evolved, is continually renewed by cyclic stressing.

CLOSING REMARKS

It has been experimentally shown that temper em-
brittlement 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
interpreted in terms of the interaction between
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 contribution from environmentally-assisted
crack growth, suggests that the impurity-hydrogen
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interactions in this case are synergistic, although
other authors®'® have indicated that they may be addi-
tive (from studies of hydrogen-induced cracking
under monotonic loading). The present results offer
insufficient evidence to distinguish between these

two postulates. Precise resolution of this question
requires i) evaluation of the potency of various im-
purities on hydrogen embrittlement compared to
temper embrittlement,* ii) in sifu identification of

*If the 1nteractions are additive, then the ranking of the potency of vartous
impurities will be 1dentical for temper and hydrogen embnttlement.>®

impurities on environmentally-induced fracture sur-
faces,”® and iii) assessment of the effect of impurity-
induced embrittlement on fatigue erack growth in
vacuo. Similarly, verification of the proposed model*®
for the effect of load ratio on near-threshold fatigue
crack growth behavior based on the environmental in-
fluence of hydrogen must await more extensive data
on low fatigue crack growth rates (<107° mm/ cycle)
under carefully controlled inert atmospheres. In view
of the conflicting results®>**'* observed in such en-
vironments, experiments are required in both inert
argon and high vacuum conditions.* Finally, the in-

*There may be an added complication in the use of high vacuum environ-
ments as a means to remove environmental influences on fatigue crack growth
due to the possibility of rewelding of fracture surfaces dunng crack propagation
fluence of crack closure on fatigue crack growth,
particularly under plane strain conditions and in
various environments, needs further evaluation in
the light of its significance to near-threshold 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°C, results in a severe loss of tough-
ness (temper embrittlement), concurrent with a
transition from 100 pct fibrous to 100 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 to 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 stria-
tion mode of growth observed.

5) At near-threshold growth rates (<10~ to 107°
mm/ cycle), embrittied material exhibits significantly
higher propagation rates, 30 pct reduction in thres-
hold stress intensity (AK,) 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) Evidence of crack closure could not be detected
near the threshold, except below the minimum stress
intensity (Kn ) of the loading cycle.

7) The eifect of prior temper embrittlement is in-
terpreted in terms of the combined influence of hy-
drogen atoms, arising from the moist air environ-
ment 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 consistent with the environmental influ-
ence of hydrogen at low growth rates, and apparently
inconsistent with crack closure concepts.
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