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Fatigue Crack Propagation Behavior in Dual-Phase Steel
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(Submitted 27 January 1998; in revised form 15 September 1998)

The fatigue crack propagation in dual-phase steel was studied with the objective of developing ferritic-
martensitic microstructures via intercritical annealing and thermomechanical processing. It was found
that the changes in fatigue crack propagation rates and in the threshold stress intensity rangés 4, re-
sulting from microstructural variations, were directly related to tensile strength in the same manner that
was observed in other types of structural steels. It was also observed that the relationship between tensile
strength and fatigue crack propagation in intercritically annealed and thermomechanically processed
dual-phase steel was much the same as for conventional steels of similar strength level.
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1. Introduction i 103
Cr 0.14
The fatigue crack propagation rate has been shown in vari-Si 0.24
ous studies to depend on the stress intensity parameter, meg}}® 8-2‘5‘
stress, load ratio, and environment. Many of these measurer,, 0.20

ments were made in an intermediate crack growth region. How-
ever, more recent interest has been directed to crack ) ] ) ) )
propagation at very low stress intensities and to the determinaEach specimen is coded according to the treatment it was given
tion of thresholds for fatigue crack growth. (l.e., SOBQ78_O). The left number represents the amount of roll-
ing deformation, the center letters represent the cooling me-

ium used (BQ, ice-brine quenched; HWQ, hot water
(guenched; and OQ, oil quenched), and the right number repre-
sents the intercritical annealing temperature.

The most dramatic results on fatigue crack growth (FCG)
resistance of dual-phase steels were reported by Suzuki an
McEvily (Ref 1) and Minakawa et al. (Ref 2), who developed
two different microstructures in an AISI 1018 steel. One steel
was continuous ferrite matrix encapsulated islands of marten-
site (FEM), and the other was a continuous martensite constitu-2 .1 Heat Treatment for Mechanical Testing
ent with encapsulated islands of ferrite (MEF). It was reported
that the FEM microstructure had a lower threshikdvalue
and higher fatigue crack growth rate than the MEF micro-
structure. Wasynczuk et al. (Ref 3) and Suresh and Richie (Re
4) showed that the threshold values were unaffected by chang
ing the volume fraction of martensite from 35 to 48% and 32 to
58%, respectively. Geric and Drobnjak (Ref 5) also reported ot artensite and different microstructural morphologies. A
that the fatigue threshold value okAvas unaffected by vol- gyt semiautomatic point counter was used to determine the
ume fraction of martensite. Obviously, the influence of volume \,qjyme fractions of various constituents present. For each
fraction of martensite on the (near threshold) fatigue crack gpecimen, 1000 to 1500 points were counted at a magnification
propagation has not been fully investigated, and no quantitativegf 400 and 1000x
relationship to microstructural parameters has been reported so - Group |. The blanks, 6 mm thick, were intercritically annealed
far. at 780 °C for 20 min and quenched in ice brine or hot water (at 86

In this work, the influence of dual-phase microstructures °C) to produce 55 and 30% martensite, respectively.
with different morphologies and volume fractions of marten-  Group II. Blanks 12 mm initial thickness were heat treated
site on near threshold fatigue crack growth were studied. at 780 °C for 20 min, rolled to a 50% reduction, and quenched

in ice brine or oil to produce the same amounts of martensite
mentioned in group |.

In order to study fatigue crack propagation, blanks 6 mm
thick, 180 by 45 mm in area (for 0% reduction), and 12 mm
}hick, 130 by 45 mm in area (for 50% reduction), were obtained
from the original plates. These blanks were divided into four
groups for intercritical heat treatment (ICHT) and ther-
momechanical processing (TMP) to obtain different amounts

2. Experimental Work Group lll. Blanks, as in group I, were intercritically an-
nealed at 740 °C for 20 min to produce 30% austenite and then
The chemical composition (wt%) of steel used was: quenched in ice brine.
Group IV. Blanks with the same initial thickness as group Il
M. Sarwar, PAEC, Dera Ghazi Khan, Pakistan; aRd Priestner, were heat treated at 740 °C for 20 min, rolled to a 50% reduc-
Manchester Materials Science Center, Manchester, England. tion, and then quenched in ice brine.
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2.2 Fatigue Testing The stress intensity factor rangég, was calculated accord-

Threshold Stress Intensity Tests. The single edge-notchedng to the following relationship (Ref 7):

tension type of specimens were machined from the processed _

blanks for fatigue crack growth tests. Figure 1 (Ref 6) shows AK = AP/BM VT F(a)
the dimensions. The edge notch was spark machined. Both sur-

faces of each specimen were prepared by coarse grinding ofyhereq = a/W, and:

silicon carbide paper followed by polishing with 6 angrh
diamond paste.

The fatigue tests were carried out using an Instron electro-
hydraulic testing machine (Model 1255) (Instron, Canton,
MA). All tests were conducted under load control. The fre- WhereAP = applied load range By, — Ppyin B is thickness of
quency of testing was between 5 and 30 Hz, depending upoﬁhe specimenyis width of the specimen, andscrack length.
the crack growth rate. The wave form was sinusoidal. The
specimens were tested at room temperature in an ambient a
mosphere. The test load was parallel to the rolling direction.

Tests were conducted at load ratios,0R0.05, 0.3, and 0.5 ) _
(WhereR = i/ Oman- 3.1 Fatigue Crack Propagation

For the determination of the threshold stress intensity range, The intercritical heat treatments and thermomechanical
AKy,, a stepwisepK decreasing method was used. The crack treatments were selected to provide comparisons between high
initially grown 1 mm from the notch tip and load was then pro- and low martensite contents, between fibrous and nonfibrous
gressively decreased by approximately 10% of the current levelmorphologies of martensite, and between dissimilar contents
at each step. This procedure was followed until a stress inten-of epitaxial ferrite. Figure 2 indicates the microstructure of
sity range was reached (correspondingléédN = 4 x 10-10 dual-phase steel after intercritical annealing at 780 °C and
m/cycle), at which no detectable growth occurred. This stressquenching in hot water. It should also be kept in mind that dif-
intensity range was designated as the threshold |&¥g], ferent processing steps required to provide these comparisons
Once the threshold value was determined, the load was in-also varied the apparent ferrite grain size, the mean linear free
creased gradually until the termination of the test. path in ferrite between martensite particles, and the substruc-

The crack lengtha, was measured at both surfaces of the ture in the ferrite.
specimen, on one side by using a traveling telescope having an
eyepiece with an engraved scale. A sinate lens reflex (SRL)3.2 Effect of Martensite Content oAK (Threshold)
camera was used tc_) take photographs of the other surface of the Specimen 0BQ780 and 0BQ740 contained 55 and 31%
specimen, from which crack lengths were measured. martensite, respectively. Both specimens were brine quenched,
so the amount of epitaxial ferrite was virtually zero in each. Ta-
ble 1 indicates the threshold stress-intensity fadi ) was
almost the same, over the rangd&kdfom 0.05 to 0.5, for both
volume fractions of martensite. Direct comparison ofidddN

N N W

F(a) =1.212 — 0.23@ + 10.5%2 - 21.723 + 30.3%4

L3. Results and Discussion
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Fig. 2 Microstructure of dual-phase steel after intercritical an-
Fig. 1 Anillustration of orientation relationship of fibers with nealing at 780 °C and quenching in hot water. M, martensite; F,
the test specimen ferrite; and E, epitaxial ferrite
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versusAK data aR = 0.05 (Fig. 3) and 0.5 shows that at both ent work, in which the high-aspect ratio martensite particles

values ofR, within experimental error, martensite content had were oriented parallel to the stress axis, TMP did cékse

no effect on crack growth rate within the rang@&kfstudied. threshold to depend on martensite content, but only at the low-
The effect of martensite content in the TMP material was estRvalue.

also negligible at higlRr values. However, & = 0.05, crack

growth rates were significantly higher in the specimen with the 3 3 Effect of Thermomechanical Processing

lower martensite content. Direct comparison of the data in Fig.

4 shows that the curve of loda{dN) versus log4K) for lower

martensite content is parallel to that for the higher martensite

constant at all crack growth rates and is shifted along th&{og

axis toward lowefAK. Thatis, the thresholiK value increased than for notrolled material @& = 0.05, but was almost the

with the increase of the volume fraction of martensite. . . . .
. . ._same at a high value Bf Figure 5 shows the direct comparison
Wasynczuk et al. (Ref 3) investigated dual-phase steel iN Gt theda/dN versusAK data aR = 0.05

which a “lath” morphology of martensite was generated by in- Chen et al. (Ref 8) studied a 0.07% C, 1.46% Si, and 0.7 Mn

tercritical annealing of an initial martensitic microstructure at ¢4 containing different dual-phase microstructures produced
two different temperatures to obtain two volume fractions of by heat treatment, such that the volume fraction of the marten-
martensite. The “lath” morphology arose because the austenit&;jia was constant at 12%. They reported thahkgvalue aR
present at the intercritical annealing temperature grew between: g for material containing “lath” martensite before intercriti-
the original martensite laths; it was therefore unoriented. They ¢4 annealing was only slightly higher than for material con-
reported that the threshal value remained constantwiththe  taining ferrite/pearlite before intercritical annealing. The initial
variation of volume fraction of martensite. structure of lath martensite was fibrous martensite, but unori-
From the Wasynczuk work (Ref 3), it appears that increas- ented in the dual-phase microstructure. The present result is
ing the aspect ratio of martensite particles in dual-phase steelthat fibering of martensite parallel to the stress axis by ther-
but leaving them randomly oriented, did not resultAid momechanical processing raisal, but only slightly and
threshold becoming sensitive to martensite content. In the presonly at lowR value. It would appear that the effect of TMP was

Specimen 0BQ780 and 50BQ780 contained approximately
the same volume fraction of martensite. Both were brine
gquenched so the amount of epitaxial ferrite was virtually zero in
each. Table 1 indicates thsi, was higher for rolled material
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Fig. 3 Fatigue crack propagation ratels/dN) as a function of Fig. 4 Fatigue crack propagation ratels/dN) as a function of
stress intensity rang&K) at R= 0.05 for specimens 0BQ780 stress intensity rangék) at R= 0.05 for specimens 50BQ780
and 0BQ740 and 50BQ740
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not related particularly to the alignment of martensite fibers, tion of martensite, respectively, and each had approximately
but simply to the fact that the martensite was fibrous. This ef- 20% volume fraction of epitaxial ferrite. Figure 6 shows the
fect on fibrosity was approximately 50% martensite and was comparison ofda/dN versusAK data atR = 0.05. Figure 7

not maintained at approximately 30% martensite. Specimensshows that data for specimen 0BQ740 and 50BQ780 having
500Q780 and OHWQ780 contained 32 and 27% volume frac-30% volume fraction of martensite. Both of these specimens

Table 1 Fatigue crack propagation results

Volume fraction of martensite, Stress ratio, AK, MPam2at AK,, MPamt2at
Specimen code % R 4% 10-1%m/cycle 10-2m/cycle
0BQ780 55 0.05 7.5 7.6
0.5 4.0 4.8
50BQ780 48.9 0.05 9.7 10.0
0.3 6.0 6.8
0.5 3.8 4.0
OHWQ780 27 0.05 10.8 11.0
0.3 8.5 9.0
0.5 7.0 7.6
500Q780 32 0.05 8.5 8.5
0.3 7.2 7.7
0.5 5.6 5.9
0BQ740 30.7 0.05 7.9 8.5
0.3 6.5 6.5
0.5 4.6 5.3
50BQ740 294 0.05 6.0 6.5
0.3 6.5 6.6
0.5 5.8 5.8
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Fig. 5 Fatigue crack propagation ratels/dN) as a function of Fig. 6 Fatigue crack propagation ratels/dN) as a function of
stress intensity rang&K) at R= 0.05 for specimens 0BQ780 stress intensity rang&K) at R= 0.05 for specimens 500Q780
and 50BQ780 and OHWQ780
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were brine quenched, so the amount of epitaxial ferrite was vir-  In view of the present results, it may be that the general trend
tually zero. It can be seen from these figures that ther-is superficial. As described earlier, direct comparison of crack
momechanical processing redudsi, relative to intercritical growth data for specimens containing different martensite con-
heat treatment at approximately 30% volume fraction of tents but the same epitaxial ferrite content revealed no signifi-
martensite. It is also noticeable that the nonfibrous morphologycant influence of martensite contents. However, epitaxial
led to lower crack growth rates near the threshold level, but ledferrite appears to raigeKy,. Thus a specimen containing 30%

to higher growth rates for valuesad/dN above 168 m/cycle. martensite plus 20% epitaxial ferrite should have a higKgr
than one containing 50% martensite and no epitaxial ferrite. It

follows that when the data are plotted versus martensite con-
3.4 Effect of Epitaxial Ferrite Content 0AK (Threshold) ﬁgﬁi:r?slirt]eﬁg. 10Ky, will appear to decrease with increasing
Specimen 0BQ740 and OHWQ780 contained approxi- It is not known whether the data in literature can be ex-
mately similar contents of martensite but dissimilar contents of plained in the same way because the microstructures were not
epitaxial ferrite. Figure 8 directly compares tt&@dN versus categorized as carefully as in this study. However, very fast
AK data aR = 0.05. The curve for lower epitaxial ferrite con- quenching is needed to avoid epitaxial ferrite completely, and it
tent is parallel to that for higher epitaxial content at all crack is possible that in general for data reported previously, lower
growth rates and is moved along the Aigaxis toward lower martensite contents were accompanied by higher contents of
AK. This figure suggests that the presence of epitaxial ferrite in-€pitaxial ferrite.
creased th&K threshold. Similar behavior was also observed
for rolled materials, as shown in Fig. 9. 3.5 Effect of Strength on Ky,

Figure 10 showaKy, depended on the volume fraction of ~ The variation of threshold value with 0.2% proof stress and
martensite at the load ratio of 0.05. Data from Ref 2, 3, and 8 toytimate tensile strength, plotted in Fig. 11 and 12, respectively,
10 are also plotted with the present results for comparison. Thepgicate a general trend of an inverse dependena&gfon
general trend of the data suggests fiig}, decreases with an  material strength. The present results are in agreement with

increase of the volume fraction of martensite. previous data, also plotted in Fig. 11 and 12.
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Fig. 7 Fatigue crack propagation ratels/dN) as a function of Fig. 8 Fatigue crack propagation ratels/dN) as a function of
stress intensity rang&K) at R= 0.05 for specimens 0BQ740 stress intensity rang&K) at R= 0.05 for specimens 0BQ740
and 50BQ740 and OHWQ780
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4. Conclusions

High volume fraction of martensite increasedAlfg, only

for rolled material when the epitaxial ferrite was virtually
zero and only at a low value Bf TheAKy, value remained
constant with martensite content for not-rolled material. At
lower volume fraction of martensite, thermomechanical
processing reducedKy, the relative intercritical heat
treatment, at approximately 30% martensite.

The presence of epitaxial ferrite increasedkehreshold

for both rolled and not-rolled material. Thus a material con-
taining 30% martensite plus 20% epitaxial ferrite had a
higherAKy, value than one containing 30% martensite and
no epitaxial ferrite.

An inverse dependencedKy, on strength was observed.

Generally, the fatigue threshaK values were of similar
magnitude as for other structural steels of similar strength.
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