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ABSTRACT

The propagation of fatigue cracks through carburized cases has
been studied in two high alloy steels at a constant stress
intensity range (AK) and at a constant cyclic peak leoad. The
crack propagation rates (da/dN) were significantly decreased in
residual compressive stress fields and increased in tensile
stress fields, A superposition model was used to interpret
these phenomena. We define an internal stress intensity factor,
Ki = éidi%’ where Si is the residual stress at a given point
and di is a distance characteristic of the internal stress
distribution, and the effective stress intensity becomes,

Ke = Ka + Ky, where Ka is the applied stress intensity. Values
of K, are interpreted to be equivalent to AK_, the effective
cyclic stress intensity factor, and used to predict the crack

propagation rates from experimental da/dN vs AK curves for the

unstressed material. A reasonably good fit was obtained using
measured values of Gi and a value of di = 11 mm (.43).
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EXPERIMENTAL
We have investigated the behavior of fatigue cracks
core in
14 Cr,
05 Cr,

progressing through a carburized case into a tougher
two steels, designated as M-50NiL (.13 C, 4.25 Mo, 4.
1.32 V, 3.49 Ni), and CBS - 1000M (.15 C, 4.49 Mo, 1.

0.39 C, 3.01 Ni). Compact tension specimens 6.1 x 6.35 x 1.3 cm
(24 x2.5 x 0.5 in) were selectively carburized as shown in
Fig. 1 to a depth of approximately 2.5 mm (0.100) in. in the

notch region, with a resultant carbon content of about 1 wt pct
was Rc 62 in the case and
the

at the surface. The maximum hardness

Rc 46 in the core. After carburizing and heat treating,

specimens were polished and the notch was sharpened by an

abrasive string saw which was used to introduce a cut 0.15 mm

wide by 1 mm deep. Fatigue cracks were initiated in a

servohydraulic tensile machine under load control at 50 Hz at
1 1

AK = 12 - 15 MPa-m? (11 - 14 ksi-in®?) and a minimum-to-maximum

ratio of AK, R = 0.1.
procedures have been reported elsewhere (1,2).

Details of the heat treating and test

Two types of experiments were run. In the first we propagated
of peak load 5960 N (1340 1bs).
Base line data of da/dN vs AK were obtained for the core

the cracks at a constant value

materials, using uncarburized heat treated specimens, and for
the case materials using through-carburized thinner compact
tension specimens, 0.65 mm (0.25 in.) thick.

2 and 3. The
properties of the case are very close to those of the standard
bearing steel, M-50 (.84 C, 4.20 Mo, 4.30 Cr, 1.00 V), and
these values of da/dN are included for comparison.

The base line data, da/dN vs AK are shown in Figs.

The crack propagation rates through the carburized M-50NiL and
CBS-1000M at AK =
of AK, the case is in the rapid fracture regime, but we see

l7MPa-m% are shown in Fig. 4. At this value

that the propagation rate is slowed significantly in M-50NiL
as the crack passes through the carburized region. Beyond the

carburized zone, at about 3 mm from the surface, the propagation

rates are those expected for the core material. The situation

carburized
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is different in CBS-1000M. The crack rate in the case is - % E wosoniL '0?
: . . . . : o £ - [ CBS-1000M
different in CBS-1000M. The crack rate in the case is higher = 3 - Constont peak load 5960 N (13401bs) g Constant peak load = 5960 N (1340 1bs) 0%
3 = E el s
than that expected for the case material, but da/dN also . P - zm o
» F _o® 2 <
approaches the rate expected for the core at a depth of 3 mm. : s o o s 10°¢3
. 2 S > s
10TF o 210 £
Crack propagation rates at a constant cyclic peak load are é F <467§ E E 7%
. . . - . [ 3 E T 107 S
shown in Figs. 5 and 6., In M-50NilL (Fig. 5), the fatigue crack- £ o6 corb i GEESEL AR z g . s
z E arburize °C. r = 106
propagation rate fell sharply in the case and stopped at o gizﬁ?dgﬁé dos® 3 q
% — .. . = r ; -85°C S 1078
AK = 13 MPa-m?, It was reinitiated by raising the load slightly : o ?nggedszvc 2 7 I s |
. . L. (S Refrigerated -85°C 10 e 8 0 1z 14 16
and the crack propagation was then continued at the original : T Tempered ~ 525°C x3  —0°® & Distonce from Surface, mm
s L
% - = 1 a [T S N S ST | . i i
- o Bl §e o il 0 L oo
load. In CBS-1000M (Fig.6) the crack slowed somewhat in the ’ K 2 Gninghfﬁe'%mm 8 Lk m,;éﬁgm4§¢§%gi%
case, but the effect was not as pronounced as in M-50NiL. ; i I'ﬂ“Te s L Alternating Stress Intensity, AK, MPa:m
] ] 12713 14 m|6n|aszozzyzi K)??z Figure 6. Fatigue crack propagation
Residual stresses were measured as a function of depth by an . Alternating Stress Intensity, &K, MPa-m through carburized
X-ray method and these are shown in Figs. 7 and 8. It is Figure 5. Fatigue crack propagation CBS-1000M at a cyclic
) ) ] . through carburized load with a constant
evident that residual compressive stresses were developed in M-50Nil at a cyclic load peak value, 5960 N,
the case of M-50NiL, but that the stresses in the case of ' with a constant peak (1340 1bs).
D 5 value, 5960 N (1340 1bs).
CBS-1000M were predominately tensile. :
DISCUSSION
It is apparent that the fatigue crack propagation rates have
been affected by the residual stresses and we consider a model S— [ ;
to describe these efforts. Nelson (3) has used a superposition +2001~ M-50 NiL £2901= {CB5=I000M
model wherein a stress intensity, Ki’ is used to account for the - —+20
effects of residual stress, and the resultant effective stress 5 +100}- 54100
) . . €F e &R
intensity becomes Ke = Ka + K> where Ka is the externally z E
applied stress intensity factor. Closure models were used to § op=oslem St T oz 2
P B
calculate K., but the values for the geometry used here have not % Coitiutized 9551C, 4Bhes 2
p i 3 Austenitized 1095°C H{-io 2 o Corburized 956°C,48hs —|~ 10
been calculated. Parker(4) has used another approach, defining Eﬂm e Y E_ioo ustenines 035
- - S empered 5 x 3
an effective value of the stress intensity ratio, e coseC —1-20 o oo -
Tempered 525°C x3
Re = Ko(min)/Ke(max), but this requires values of da/dN for 5= o J -200}-
e 3 L v L S W S W
various values of R, and these data are not usually available. Y 3 o 4 5 L E—— “
istance from Surface, mm ' ce from Sur . mm
Elber (5) has also used a superposition method for surface
fatigue cracks propagating through shot-peened sheets and shown Figure 7. Residual stresses in Figure 8. Residu?1 Ztégzi§§oéﬁ
that K, was negative for a depth extending just beyond the com- carburized M-50NiL. carburize .

"pression zone, and positive thereafter. Harris and Tetelman (6)
also used a superposition model to describe crack propagation in
a specimen to which side compressive load were used to arrest

a propagating crack. In the closure model used by Kim et al (7
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it was assumed that the residual stresses act perpendicularly
to the surfaces of the crack and that only the residual
stresses acting across the crack face can influence the stress
intensity. The residual stresses in the carburized case are
biaxial in planes normal to the direction of crack propagation,
thus introducing crack closure and crack arrest features in a
complex stress system. In our model we have used the
superposition approach and associated the internal stresses
with an internal stress intensity facto®, Ki’ which is added
to the applied stress intensity factor, Ka. Thus the net or

effective stress intensity, Ke’ becomes:

K = K_ + K. (1)
e a i
where, Ke = the effective stress intensity factor
Ka = the applied stress intensity factor, calculated

from the applied load P, the crack length, and
the specimen geometry

Ki = the stress intensity factor introduced by other
factors such as internal stress, side loads, etc.

We have visualized the internal stress intensity as arising
from the residual stresses in the unbroken ligament, in analogy
with the application of a side load as in the Harris and
Tetelman treatment (6). We assume that the internal stress

intensity in a given region is given by:

1
=

K, = 6,d, (2)
where, 6i = internal stress normal to the direction of
crack propagation
d. = distance characteristic of the pattern of

& internal stress distribution

In carburized cases, 6i, arises from thermal effects of phase
transformations in the case and core, and we suggest that di
is associated with the depth of the region which is carburized.
In these specimens, carbon has been added to a depth of about
5-6 mm, and we assume that the corresponding residual stress

patterns extend for a distance of about 11 mm. We thus have
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4 clothespin, Fig. 9, with an internal stress system O;. just
ahead of the notch, and extending over a distance, di = 11 mm
(.43 in). This is a simplified version of the side-load

geometry used by Harris and Tetelman.

We applied equation (2) using the residual stress pattern shown
in Figs. 7 and 8 for carburized M-50NiL and CBS-1000M and
calculated values of Ki as a function of distance from the
surface. In our convention, compressive stresses are negative
and thus result in negative values of Ki,We then calculated the
values of the effective stress intensity factors, Ke, as a
function of distance from the surface, using K, = 17 MPa-m”
(15,5ksi°in%) to correspond to the test run at a constant AKa

in fatigue crack propagation, we determined the corresponding
value of the crack propagation rate, da/dN, from the experimental
curves given in Figs. 2 and 3. For the first 1.5 mm of thecase,
where the carbon level was about 1 pct, the da/dN curve for the
completely carburized case was used., From 1.5 to 2 mm, the
curve for M-50 was used, and beyond that, the curve for the core
was judged to be most representative of the structure. The
calculated curves of da/dN are shown in Figs. 10 and 11 as a
function of the distance from the peak load and the measured
crack lengths, and K; was calculated from the residual stress
patterns as indicated. The effect of a residual stress of

90 MNm_2(13ksi) in compression on a crack with an applied stress
intensity, K = 13 MPanm%, is shown schematically in Fig. 1.
Comparisons with the observed values of da/dN are also shown

in Fig. 10 and 11.

The agreement with the observed values is good in that we have
reproduced the shapes of the curves for the tests at

AR = 17 MPa-m%, and at constant peak load, quite well.The minima
of the calculated curves are displaced, and this disparity is
influenced by two factors. The residual stress pattern in the
notch was not determined directly; it was inferred from data
which were taken from a flat surface which was carburized at the
same time. The location of the maximum compressive stress in
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the notch could thus have been somewhat different. But also,
we have not taken into account the redistribution of residual
stresses which takes place as the crack propagates through the
residual stress zone. It is probable that the compressive
residual stresses are pushed deeper into the specimen as the
crack propagates. For this reason, we have matched the calcu-
lated fatigue crack growth rates only for distances which are
small relative to the case depth, since redistribution of
stresses would certainly affect the validity of the calculation

at greater depths.
CONCLUSIONS

Our data indicate that it is possible to carburize a modified
high-speed steel (M-50NilL) to produce a combination of a hard
case and a tough core which can slow, and even stop, propagating
fatigue cracks. Considerable benefits are achieved by inducing
On the other hand,

the case on carburizing

residual compressive stresses in the case.
tensile stresses are induced in
CBS-1000M, and fatigue cracks are accelerated under these
conditions.

The effects of residual stresses on the fatigue crack propagation
rates are qualitatively predicted by an internal clothespin model
wherein the effects of residual stresses are introduced in terms

of an internal stress intensity factor, K.

i
the effective distance over which the

X .
c.d,?, where o, 1s
T L 1
the internal stress and di
internal stress acts.
K =
e
compressive (i.e. when o4

The net effective stress intensity factor,
K + Xy, is reduced when the internal stresses are

is negative) and a corresponding reduc-
tion in the fatigue crack propagation rate is observed. We have
is approximately equal to twice the total car-
(i.e., d; =

provide reasonably good agreement with the observed values of the

assumed that d;
buration depth, 11 mm; 0.43 in), and this appears to

crack propagation rates. We emphasize that the model is only
qualitative since the redistribution of stress in front of the

advancing fatigue crack has not been taken into account.
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