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ABSTRACT

Az ane of the most significant metzllurgics] advances aver the last thirty years, microatloyed
(MA) steels have been developed s an economical replacernent for the madisonal quenched and
ternpered (Q&T) sieels, However, the application of these steels is sull limited in seale, Onge
main obsacle delaying a wide accepiance cf these steels is the lack of systematic and
comprehensive research an their fatigee and fracmre propertics. This paper provides &n
mverview of the research conducred an fatigue and fracture behavior of thess malerials
including low and high cycle fangue. crack propaganon, and fracture toughness. In (his
Process, comparison of MA sieels with the convennional Q&T seels iz cmphasized.
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INTRODUCTION

Microalloved {MA} steels, can be defined as basically a carbon op carbon-manganese stesl or
CVER A convennonal low allow steel, o which a smiall amoune of nﬁcrmlh::yin; elements have
been added. This additian js usually abooy 0.1% i tatal and can be singly or in combinaticn 1o
ohiain the desirable Properties economically. The microzlloving elemenis often used are
vanadium (v}, nicbium (B, dtamvium (TH) or riuminivm (Al) and their role{s) can be one or
maze of the following: erain refinement, precipiration strengthening, critcal lemperature
adjusiment in thermomechanical processing, and scavenging carbon and nitrmgen. In MA sieels
tarbon is no longer viewed 2s g basic strenpthening siement, but rather increasingly as an
impurity element due to s demrmimental effect on weldabilicy, formabnlity and fracrure
woughness.

Basically there are two driving forees behind the development and applicatons of MA stecls:
cast savings (betier properties 2t lower Cosis by elimination of costly hear meatment processes)
and properties enhancement for more siringent fahrication and service demands such s
formabilicy, weldability, and the resistapce o fraciure, fatigus and corrosion. While
considerable efforts have been expended on opr MUTNG morclonic and impact properties af MA
siels, investigations on fadgue and Fracture performince have been very limited in scale. It js
the iment of this PApEr o review the exisdng lirerarure on fatgue and facture resistance of Ma
steels as & significant and econarmieal class of materizls, replacing the traditionul Q& T steels.
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FATIGUE RESISTANCE

Several research groups (Engineer et al., 1987; Nomura et al., 1989; Kuratomi et al., 1990)
have conducted experimental studies on fatigue performance of smooth and notched rotating
bending specimens, comparing performance of V-treated forging steels with the Q&T grades.
It has been commonly concluded that with notched specimens, the MA steels exhibit higher
fatigue endurance values than the Q&T steel. However, with regards to smooth specimens,

experimental results are not consistent as can be seen in Table 1.

Table 1. Smooth and circumferentially notched fatigue strengths
of MA steels compared with the Q&T steels.

Steel Composition Hardness Fatigue limit (MPa;
(Wt %) (HRC) smooth  notched

(Nomura et al., 1989)

SVd-steel 0.24C-0.248i-1.45Mn- 22.3 (Air Cooled) 470 241
0.0598-0.37Cr-0.13V

SAE 1055 0.55C-0.18Si-0.76Mn- 22.7 (Q&T) 439 225
0.14Cr

(Kuratomi et al., 1990)

S53vC 0.53C-0.228i-0.76Mn- 28.0 (Air Cooled) 331 333
0.15Cr-0.10V

S40C 0.40C-0.22Si-0.76Mn- 28.2 (Q&T) 456 233
0.15Cr

Studies on strain-controlled fatigue behavior of flat MA steels were carried out by Landgraf
(1977) and later by Bhat (1984). Landgraf found that in the high cycle fatigue (HCF) region,
ghe two MA §tcel grades ip the study (SAE QSOX and SAE 980X) offered a substantial
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Fig. 1. Comparison of strain-controlled fati gue behavior of two
MA steels and other grade metals (Landgraf, 1977).

Bhat compared the fatigue resistance of three SAE 980X steels produced by three different MA
compositions (Nb, Nb-V, and Nb-V-Si), and concluded that the .Nb-V;SI stqcl had better
fatigue performance than the Nb-V or the Nb steel in the entire fatigue life regim, as can be
seen from Fig. 2.
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Fig. 2. Strain-life curves for three MA steels (a) Nb steel; (b) Nb-V steel;
and (c) Nb-V-Si steel (Bhat, 1984).

Notch effects on fatigue behavior of MA steels were also investigated by Landgraf (1977) and
Bhat (1983). Fatigue notch factors were determined for each material with a theoretical stress-
concentration factor of 2.5. It was observed that the notch sensitivity increased with increasing
strength, and that the notch was less sensitive in the LCF region as compared to the HCF
region, as can be seen in Fig. 3.
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Fig. 3. Fatigue notch factor for two MA steels as a function
of fatigue life (Bhat, 1983).



Strain-conmolled fatigue tests were alsg carced oup on Ma, forging stecls by Farseni and
Blarasin (1938}, Babuy ctal. (1987, and Davies o1 al. (1987}, It was cormmonly concleded thar
the Mo families of steels, MA and LT, exhibir a similar fatgne behaviar for the endie fatgme
life range, Howerver, the width of the scarer band for MA steels was fonnd 1o be considerably
greater than that for Q&T steels, With regards 1o the perfformance in the HCF region,
comparizon af the fatigue limir 15 ulumate strength ratios revealed that for g ETven lensile
strength, the mtos for MA sieels were waually lower than or cloge those for Q&T steels {for
which the ratia is around 0.3}, bur markedly differed from one grace to another, Bahy gt al.
(1987 resied eight different ¥pes of MA sweels and four T steels, and found that the fatigye
Life af MA steel family follows the sime r=lationship w hardness as QET steels, They also
performed axial fatigue 12515 on cin::.um'n:r:nliaily notched specinens wigh a theoretical stress
concentrtion factor of 2.9 in the 0¥ 1o 107 cycle fife regim. Based on their Limited fatigue teg
results they concluded that the notched farigue behavior of the V-modified §AE 154] steel ig

Fatigue behavigr of cold-rolled MA, sigels Was examined by Yy er al (19900 and Holt and
Charpenter (1984), Significane cyelic seltening was observed in both studics. Cyelie yield
strengrhs and fargue srengths at 06 cyeles were found 1o increase with 'mc:r:as:'ng the eold
work, whereas the shom life fatigne smength was somewhat lower, Nowch sensituviry of the
cold-rolled grades of 2 SAR 45X (Nb-hased) M4 steel was reponed 1o he higher than thar of
the equivalent hot-rolled sies| CYu er al,, 1950}, However, tie notched specimen fatigue
strength only slightly increasad by the cold processing.

Comparative fatigue tests have alug been conducted on Fombanents made of bath MA and Q&T
steels, such as bolrs iHeritier er al, 1984; Mamik; e al., 1987), crankshafis (Hashimato er al,
1982; Kneller, 1987: Cline and MeClain, 1987, connaecing rods (Kurgmmi et al, 1990, front
axles (Gunnarson e al,, 1987, and SEETINE knuckles (Osuzw er al, 1986; Gunnarson et al.,
1987: Blarasin and Farserd, 1959) aj fesults show that the MA forged components have
about equivalent, and in some cases better fatigoe Srerath compared to Q&T ferged parts in
both the low and high cycie fatigue lifg regims. These rmsyles indicate the Promising
applications of MA steels for forging products, even for Iummative safety crities] parts. Taking
advanmge of the fact that ca ARECing rods made from MA sicels exhibited 2 Tabigne limir which
was 25% higher than those made from Q&T mrades, Kuratomi et 5], (1990 successfnlly
developed a light-weight connecting rod by USINE a MA step] resulting in a 10% weight
reduction,

FATIGUE CRACK PROPAGATION aND THRESHOLD REHA VIoR

Fatigue crack Propagation (FCP) ang threshold bekavior of MA steels have received e
alention to date, thongh (hege Broperties become imare essential with the increased acopnon of
these steels. It iz diffioyly W draw general conclusions on the FOP of MA siecls based on the
limited armount of daga available. Howewver, phservations presehted by several researchers
TepTEsent a good beginning for the esearch an FCP aspects of thee materials.

Compared 1o the QT prades ar simifar frength levels, MA sizpls were found 1o have an
equivalent AKy value by Farsetti and Hlarasm 19E8), and Hentzberg and Gondenan (1977},

OWEVET, At the infermedig e and high AKX levels, somewhat higher crack ZTOwTh rates were
associated with MaA steels. This iz dye 1o the Iower ductiiity angd toughness of MA sepls, Alsa,
while considerahie FCP anisotropy usually exists in Q&T steels, only 4 siight effect of
Specitnen orientation Appears in MA prades due 1o sy lide shape conmrol achieved by rear earth
metal addition {Herzberg and Goodenow, 19773,

‘emperature on the aczr-threshold fangue behaviar of twa N peased MA sieels and corclhuded
that an increase in grain size, g decrease in B-rato (down 1o 1) or in WESHNE Iemperature
lowers FCP rates and Fuses AKg, Yan er gl [1989) examined fhe cifec: of eg lemperaters on

the FCP behavior of a V-treated MaA steel. They found the FCP rate 1o devrease when the
Imhr, l.':P'cm-'.-a dropped down to 4 certain value (-4 C in their ests), and then mlm:ase" m;nit
lowering tempemnmre in the intermediate and high AK levels. This ahservation i5 reflec

Fig. 4, and can alsa be obuained by interpreting the test results presented by Esakinl et al.
(1984). Possible explanations for this b:havicr_cnn be given based on the cornbined urﬂuI;nDE
of vield smength, toughness, crack branching, crack closurz, and dislocation sul el

mechanisms.
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Fig. 4. Fatgue crack Fropagation re as a funcrion of 1ot
EmBeranine (Yan et al , 1959)

lnvestigation of the FCP retardation in MA sreels was carfied out by Drew and Thompson
[1985), It was observed thar crack growth recardadon was of a shorter doration and lcss
CXLENSivE in a2 C-Mn-Nh-V MA steel, than in a C-Mn grade. This can be explained in erms of
the higher vield srength and the lower ductility aszociated with the MA steels. Hoth vield
strengih and ductility have 2 strong influence on plastic zone size and magnitude of crack bp
Blunting, Tzou snd Ritchie {1985), and Thomas (1987) examined FCP in d'l.!al-phasc (o
steels containing a low carbon content {less than 0.1%:) and found excellent resistance o FCP
especially approaching the threshold region dus o the microsirucural characteristics of DP
sieels.

along pearjte/ferrie intertaces (Herrzberg and Goodenaw, 1977), Commparizon of the fange
I'ra:ﬁg.;:i :unrf‘s.ce features of MA sreels wigrh those of Q&T sreals indicates that in MA sreels,
fatigur cracks propagaee a rather short distance followed by a predominanthy brirde fracture, In
Q&T steels on the other hand, fatigse cracks grow through a large portion of the CIDSE section,
leading 1o dimplad ruptare. This mayv not be surprising due ro the bower fracrure toughness of
MA steels. However, striations were shill ohserved on MA steel fatigue frcture surfacee
{Hertzberg and Goodenow, 1977), ard compared well with sredictions hased on Bates ang
Clark relationship which gives striations spacines az BIAKE)Z

FRACTURE TOUGHNESS

To evaluate toughness af MA Steels, Babw et al (1957} pedormed a series of CVN impact pests,
three-point bend tesrs, chevron-slouesd 3!-.nr[-n-uj_|-:st_.r;, and drop-weight tests. To obtain plane
STain fracture twughness, Kic, shom rod test which iz a relativelw INEXDENSIVE 1=5] was used,
with good verifjad correlation with values g: medsured by the ASTh standard E300 using
COmpact tension (CT) specimen. They concluded thar current MA steels are probably



inappropriate for those applications which require the ability to yield in a controlled manner. In
two other studies (Farsetti and Blarasin, 1988; and Aadland et al., 1987), fracture toughness
was evaluated using the J-integral approach with small CT s ecimens. Results from Farsetti
and Blarasin indicate that the room temperature Kic values og) the MA steel (M3) and the 900
MPa class Q&T steels to be equivalent, at about 103 MPa (m)172, Hertzberg et al. (1977) have
used CT specimens to obtain plane stress fracture toughness, Kc, based on the R-curve test
method. Their comparative tests indicate that the Kc values for the Q&T steel in the
longitudinal direction is superior to that of the MA steel. However, the MA steel proved to be
superior in the transverse direction. Leep et al. (1987) conducted instrumented charpy impact
tests on 1045V MA steel and attempted to correlate the charpy test results with fracture
toughness in order to provide a basis for estimating fracture toughness from either standard or
fatigue-precracked charpy specimens. They found the defined dynamic fracture toughness of
this MA steel to vary between 57 and 79 MPa (m)172, in the temperature range of 23 to 77 C.

Fracture toughness of ferrite-pearlite MA steels have been generally found to be in the range of
50 to 85 MPa (m)1/2, compared with 80 to 120 MPa (m)!72 for heat-treated alloy steels.
Consequently, the critical crack size is smaller in MA steels compared to the heat-treated low
alloy steels. However, Kic values increase to above 100 MPa (m)!2 in bainite or
predominantly bainite-contained MA steels (Farsetti and Blarasin, 1988; Heitmann and Babu,
1987), which is comparable with values from 900 MPa class Q&T steels. This results in an
increase in the allowable critical flaw size and provides more tolerance in detecting flaws in MA
steel components.

Fractographic examination of fracture facets (Babu et al., 1987; Hertzberg and Goodenow,
1977; Heitmann and Babu, 1987) indicates that the fracture mechanism in MA steels is
cleavage, with coarse cleavage appearance in ferrite-pearlite microstructures, and finer cleavage
facets with dimpled rupture in bainite microstructures. In contrast, the Q&T steels exhibit a
ductile fracture mechanism with large shear lips. Crack jumping behavior (Babu et al., 1987)
and pop-in phenomenon (Hertzberg and Goodenow, 1977) have also been observed in fracture
testing of MA steels which are characteristics of materials with predominantly a cleavage
fracture mechanism.

SUMMARY AND CONCLUSIONS

Property comparison studies of MA and Q&T steels indicate that MA steels are a promising
class of materials to replace the Q&T grades with a high potential for significant cost savings.
Great efforts have been made in enhancing the fracture toughness of MA steels. However,
studies on fatigue and fracture characteristics of these materials are limited in number and
scope.

Overall, in the last three decades, especially in recent twenty years, international research
activities on the control and evaluation of mechanical properties of MA steels have laid a good
foundation for further improvements and optimization of their properties. However, the fatigue
and fracture behavior of these materials are not yet well understood. Therefore, research on the
fatigue and fracture aspects of these materials is essential, particularly since MA steels are
rapidly becoming widely adopted as replacements for the traditional Q&T steels.

REFERENCES

Aadland, J. A,, J. I. Qureshi, and A. W. Pense [1987], "The fracture toughness behavior of
ASTM A737 Grade B and Grade C microalloyed pressure vessel steels,” WRC Bulletin 322,
pp. 14-22.

556

i "Design for
Babu, P. B., D. R. Gromer, D. J. Lingenfelser, and G. P. Shandley [1987], ' gn |
fracture resistance in microalloyed steel components,” In Fundamentals of Microalloying
Forging Steels [Krauss, G., and Banerii, S. K.], pp. 389-423, Metallurgical Society of AIME,
Warrendale, PA, USA.

Bhat, S. P. [1983], "Notch fatigue strengths of several high-strength low-alloy sheet steels,”
SAE Technical Paper 830174.

Bhat, S. P. [1984], "Influence of composition within a grade on the fatigue properties o
HSLA steels,” In HSLA Steels: Technology and Application [Korchynsky, M.], pp. 579-591,
ASM, Metals Park, OH, USA.

Blarasin, A., and P. Farsetti [1989], "A procedure for the ratonal choice of mi(_:roalloyed steels
for automotive hot-forged components subjected to fatigue loads,"” International Journal of
Fatigue, Vol. 11, No. 1, pp. 13-18.

Cline, R. S., and J. McClain, 1987, "Evaluation of med@um carbpn microalloyed steels for
crankshaft applications,” In Fundamentals of Microalloying Forging Steels [Krauss, G., and
Banerji, S. K.], pp. 339-349, Metallurgical Society of AIME, Warrendale, PA, USA.

Davies, T. D., N. J. Hurd, P. E. Irving, and D. Whittaker [1987], :'Fatigue 'and mac_hinability
performance of air cooled forging steels,” In Fundamentals of Microalloying Forging Steels
[Krauss, G., and Banerji, S. K.], pp. 435-460, Metallurgical Society of AIME, Warrendale,
PA, USA.

Drew, M., and K. R. L. Thompson [1985], "Fatigue crack propagation in offshore structural
steels,” In High Strength Low Alloy Steels [Dunne D. P., and T. Chandra, T.}, pp. 276-280,
University of Wollongong, Wollongong, N.S.W., Australia.

Engineer, S., B. Huchtemann, and V. Schuler [1987], "A review of th_c devclqpment qnd
application of microalloyed medium-carbon steels,” In Fundamentals of Microalloying Forging
Steels [Krauss, G., and Banerji, S. K.], pp.19-37, Metallurgical Society of AIME,
Warrendale, PA, USA.

Esaklul, K. A., W. W. Gerberich, and J. P. Lucas [1984], "Near threshold fatigue behavior of
HSLA steels,” In HSLA Steels: Technology and Application [Korchynsky, M.], pp. 565-577,
ASM, Metals Park, OH, USA.

Farsetti, P., and A. Blarasin [1988], "Fatigue behavior of microalloyed steels for hot-forged
mechanical components,” International Journal of Fatigue, Vol. 10, No. 3, pp. 153-161.

Gunnarson, S., H. Ravenshorst, and C. M. Bergstrom [198’{'], "Experience with forged
automotive components in precipitation hardened pearlitic-ferritic steels," In Fundamentals of
Microalloying Forging Steels [Krauss, G., and Banerji, S.K.], pp. 325-338, Metallurgical
Society of AIME, Warrendale, PA, USA.

Hashimoto, H., Y. Serino, Y. Aoyama, and K. Hashimoto [1982], "Nonheat-treated
vanadium alloyed steel crankshaft,” SAE Technical Paper 820125.

Heitmann, W. E., and P. B. Babu [1987], "Influence of bainite in the microstructure on tensile
and toughness properties of microalloyed steel bars and forgings,” In Fundamentals of
Microalloying Forging Steels [Krauss, G., and Banerji, S. K.], pp. 55-72, Metallurgical
Society of AIME, Warrendale, PA, USA.

Heritier, B., P. Maitrepierre, J. Rofes-Vernis, and A. Syckaert [1984], "HSLA steels in wire

rod and bar applications," In HSLA Steels: Technology and Application [Korchynsky, M.],
pp. 981-989, ASM, Metals Park, OH, USA.

557



H:nzb:rg, R W, and B, H. Goadenow [1977], "Fractore wughiess and hrigupa_ack
Propagation in hat-rolled microailoyed swel,” [n Microalloying 75 [Korchymsicy, M ], pp- 303-
315, Union Carbide Corp., Mew York, NY Usa.

Holt, . M., and p. 1 Charpentier [1984), "Effect of cold forming an the strain-cantrolled
fahgue propertes pf HSLA sreel sheers.” In HELA Steels: Technology and Application
K:rchynsky. ML pp. 200-222 ASM. Metals Park, OH, USA.

Kneller, D. 1, 1. [1287), "Optimization of microalloyed stesls in view of using smand cast
material for drop forgings on the automotive industry,” In Fundamenals of Microalloying
Forging Sieels [Krauss. .. and Banerji, §, K|, FP. 425434, Memllurgical Society of AIME,
Warrendale, PA, Usa,

Kuratomi, H., M. Uchino, Y. Kurebayashi, K Namiki, and s, Sugiura [1990],
"Developmen: of lighrweight connecting mod based on fatigue resistance analysis of
micrcaﬂnyn:l steel™ SAFE Technical Paper o5y,

Landgraf, B, w. [L77), "Fatigue behaviar of microalloyed steels,” In Microalloying 75
{Korchynsky, M., pp. 498-502, Union Carbide Corp., New York, NY, USA.

Leep. M., D, E. Matlock, and G, Kranss [1987], “Comrelation of the charpy test 1o fracmre
mechanics in g vanadium modified 1045 steel ™ In Fundamentals of Microalloying Forging
Stecls [Krapss, G, ang Banerji, 5.1, pp. 113-15], Metaillurgical Society of AIME,
Warrendale, PA, USA.

Mamiki, K., g Isokawa, and T. Kapg [1987), "Microalloyed steel wire for automative
fasteners,” In Fundamentals of Mi::mallu:.-—]ng Forging Steels [Kraoss, G., and Banerji, §.
K.l pp. 321-537, Metallurgical Society of AIME, Warrendaje, PA, Usa,

Nomura, [, Y. Kawase, ¥, Wakjk;dn. il Maeda, 5. Yasuda, and H. Ishikawa | 19897, "High

wughness microalloved steels for vital antomotive parrs * SAE Techmical Pager BS0511.

Osuzu, H., T, Shiraga, K. Tsujimura, ¥, Shiroi, ¥, Taniguchi, and K. Kido [1985],
‘Application of microalloved sieels o achieve high toughness in hoy forsed COMpOnents
Aol further heay treatment,” SAE Technical Paper 860131,

Thomas, G, [1987], “Design of dugj Phase steels for bars ang rods," In Fundamentals of
Microalloying Forging Steals [Krauoss, G., znd Banerji, 5. K ], PP. 305-520, Metallurgical
Sociery of AIME, Warrendale, PA, US4 :

Tzou, I, L, and k.0, Ritchie [1985], "Fatigue crack Prapagation in a dual-phase plain-carbon
steel,” Scripra Metallurgica, Vol 19, No. 8, pp. 751-7355

Yan, W, B..M. 1 Ty ZZHolx Liy, and X, H. Ty [1989], "Farigue crack growth
behavior of HSL A stee] a low tersperamee " In Proceedings of 7th Internanonal Conference on
Fracrure, vni, 4, pp. 2645-2650, Pergamon Press, Oncfiord, UG,

Yu. M. T, D, L DuQuesnay, and T, H. Topper [1990), "Fatigue behavior of 3 cold-rolled
5.;5 Grade 945% HSLA steel " Journal of Testing and Evaluanron, Vol 13, No. 4, pp.274
=280,



User
Rettangolo


