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ABSTRACT

An influence of the surface heat treatment on the GSN

422660 carbon cast steel, which is equivalent to the

German GS-60 steel (DIN 1681), with a various content

of Al on fatigue crack growth rates and threshold va-

lues of physically long cracks was studied. The

microstructure is the most important factor, which

determines the fatigue crack growth mechanism and re-

sistance. Oxide debris on the crack faces reduce sig-

nificantly the threshold values.

INTRODUCTION

The surface heat treatment is a widely used method in

many engineering applications for an improving of

mechanical properties of machine parts. An increase

of the surface strength results in a better wear re-

sistance, fatigue strength,etc. But in the case of

a presence of surface or near surface crack like de-

fects, which may occur especially in castings, anot-

her problem appears: i.e. if machine parts are variably

loaded, the fatigue crack growth resistance of such
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defects. In such cases the surface heat treatment may

have a detrimental effect on fatigue strength values,

if the growth of defects becomes a dominant factor.

An influence of a microstructure on fatigue pro-

perties, especially on the crack growth, has been

studied for various materials during last years. The

significant role of the microstructure in the near

threshold fatigue crack growth region is well known.

On the other hand, a systematic knowledge of this

problem still does not exist. The fatigue crack

growth process is localized in the plastic zone,

which is a very small region, especially in the

threshold conditions; it is mostly of the same order

as microstructural units. Moreover, the microstructu-

re of real technical materials is a too complex system.

Changes of the microstructure by the heat treatment

are often associated with changes in monotonic

strength and yield strength, which result in diffe-

rences of the plastic zone size. This is another fac-

tor affecting the crack growth resistance.

A dependence of the crack growth properties of

the low-alloy carbon steel on three types of microst-

ructure, tempered martens!te, two-phase structures of

martensite-bainite and martensite- ferrite, was stu-

died in [1]. The martensitic structure was of the

worst crack growth resistance. The lowest crack

growth rates were measured in the martensitic - fer-

ritic structure. But in this work, the effect of

microstructure was combined with that of strength,

because the strength of the three materials was sig-

nificantly different. A similar problem was studied

in [2]: the crack growth resistance of three types of

steel with different structures and different mono-
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tonic mechanical properties. The lowest crack thres-

holds were found out in a very high strength bainitic

steel, medium values in a ferritic - pearlitic high

strength steel and the highest values in a low

strength, low carbon steel. Washida et al. [3] desc-

ribed an influence of various grain sizes on the fa-

tigue crack threshold of the 0.45 % carbon steel. The

authors explained an increase of the threshold value

in the case of coarser structure by the roughness in-

duced crack closure. Putatunda [4] conducted a re-

search of an influence of material strength on crack

growth properties and closure in the medium carbon

alloy steel AISI 4130. Although yield strength values

were more than twice different, the difference of the

threshold values was vary small. A greater difference

was found in the stable crack growth region. In fact,

not only the effect of strength was studied in this

work, but also the effect of microstructure, because

the high strength material was heat treated, with

a martensitic-bainitic structure, in a difference

with the second one, which was annealed, having

a pearlitic-ferritic structure.

The CSN 422660 carbon cast steel, which is che-

mically equivalent to the German GS-60 steel accor-

ding to DIN 1681, is a typical material used for en-

gine castings, such crankshafts, gears etc., which
.j

are high-cycle loaded and which should be surface

treated to improve the wear resistance. An experimen-

tal research of the influence of the surface heat

treatment to the crack growth properties was made to

find out results, which are used for an evaluation of

the size of acceptable defects or to take a decision

on the treatment conditions.
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Experimental measurements were carried out on two

melts with a different content of Al and residual

Aires. The steel was of the following chemical compo-

sition (in weight %) - table 1.

Table 1 Chemical composition of the CSN 422660 steel

c
0.44

Mn
0.70

Si
0.45

P
0.020

S
0.018

Cr
0.06

The Al content was as follows:

Melt A: Altot = 0.071 %, Aires = 0.043 %

Melt B: Altot = 0.216 %, Aires = 0.160 %

Both the melts were in two states after the different

heat treatments 1 and 2 - table 2. Big casts were

used for the treatment 1 in a difference with the se-

cond case, when directly fatigue specimens were trea-

ted.

Table 2 Two different heat treatments

Treatment
1
2

Annealing
900°C/5 h
880<>C/0.5h

Cooling
Oil
Water

Tempering
600°C/4.5 h
620°C/0.75h

The microstructure of the melt Al, as well as of

the most specimens of the melt Bl, was of the typical

normalized type with pearlite and ferrite. The volume

content of ferrite was 13.4 % (Al) and 13.5 % (Bl).

Casts from the melt Bl partially contained mostly

bainite besides pearlite and ferrite, but this baini-

tic islands were not present in some specimens of Bl.

The microstructure of both the re-treated melts (A2,

B2) was of the type of tempered martensite and baini-
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te, in the melt B2 a little finer then in the A2

melt. Mechanical properties (ultimate tensile

strength UTS, yield strength Oy and hardness HV 10)

of all the four groups were similar:

Al - UTS = 787 MPa, Oy = 504 MPa, HV 10 = 243 + 12,

Bl - UTS = 766 MPa, Oy = 497 MPa, HV 10 = 250 + 16,

A2 - HV 10 = 255 + 9 and B2 - HV 10 = 256 + 11.

The UTS and Oy values were not determined for

re-treated specimens A2, B2.

Fatigue crack growth measurements were conducted

on the SCHENCK PHG machine with the constant frequen-

cy 50 Hz, using three point bend specimens loaded

with the asymmetry R = 0.05 in the laboratory air

conditions (temperature 20 - 30°C, relative humidity

40 - 80 %). Specimen dimensions were W = 25 mm

(width) and B = 10 mm (thickness). Crack lengths were

measured optically by a microscope on both sides of

specimens and using a DC potential method [5]. The

threshold values were measured by the load shedding

method with the loading amplitude reductions of 5

- 7 % in last steps. The threshold measurements were

carried on till cracks grew more than 0.02 mm in the

period 10* cycles. The crack growth rates were measu-

red under the constant-amplitude conditions, accor-

ding to the ASTM standard [6]. The crack growth rate

values were numerically calculated using the three

point polynominal method. The stress intensity factor

values were calculated according to the formula in

[7]. The crack growth and threshold measurements were

carried out on four specimens of the melts Al, Bl and

on three specimens of the melts A2 and B2 (the thres-

hold values of the melt A2 only on two specimens).
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EXPERIMENTAL RESULTS AND DISCUSSION

The values of the threshold stress intensity factor

range j Kth of all specimens are on the fig. 1. The

mean values (in MPa ml/2) are: Al - jKth =10.9 +

0.5, A2 - jKth = 7.80 + 0.04, B2 - jKth = 9.0 + 0.6.

The mean threshold value for the specimens Bl contai-

ning partially bainite is jKth = 9.1 + 0.3, the spe-

cimen with the pure pearlitic-ferritic structure has

the threshold value jKth = 10.8 MPa ml/%. The results

of the crack growth rate measurements are shown in

fig. 2.

A difference between materials with the

pearlitic-ferritic and the martensitic-bainitic

structures is the most distinct feature of the crack

growth properties, especially in the near threshold

region, but also in the stable crack growth region up

to JK = 30 MPa m i / % . The crack growthrates correspon-

ding to the high JK values above 40 MPa m1/z are

practically identical for all groups of the material.

No significant differences are between the melts with

the different content of Al. The threshold values are

connected with the near threshold properties: the

highest values in the case of the pearlitic-ferritic

structure. But the threshold values are even more

sensitive to microstructure differences. The value

jKth = 10.8 MPa ml/? of the specimen Bl without bai-

nitic islands corresponds with the values of the spe-

cimens Al very good, in a difference with other spe-

cimens Bl containing bainite, threshold values of

them being similar to the values of the re-treated

melt B2.

Another dependence, not very expressive, follows

from the fig. 2: a decrease of the threshold values
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Fig. 2 A total diagram of fatigue crack growth rates
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with the hardness, i.e. with the yield strength, in

specimens with the same microstructure. This depen-

dence is not clear only in the material Al, due to

the high spread of values and the small interval of

hardness. Such a dependence was not described in the

previous literature mentioned in the Introduction

section. The changes of strength were always connec-

ted with the microstructure changes. This dependence

means, that both the plastic zone size, determined by

the yield strength, and the microstructure in this

zone affect the crack growth mechanism.

A SEM fractographic analysis was carried out on

the crack faces of all materials. It provided infor-

mation of different crack growth mechanisms. An im-

portant effect is a higher roughness of the material

with the ferritic-pearlitic structure in comparison

with the martensitic one in the threshold and the

near-threshold regions (fig. 3). The roughness is

supposed to be responsible for the crack closure,

which may significantly influence the effective

stress intensity factor range and so the growth rates

and the threshold values. A confirmation of this hy-

pothesis would be meaningful, because the closure ef-

fect does not explain the differences in the thres-

hold values of materials with different structures in

various steels, such as in a dual phase martensitic

steel [8] or in a ferritic-austenitic steel [9]. Fur-

ther effect, which may influence the threshold valu-

es, is the fretting oxidation. Oxide debris in the

threshold regions were visible on all crack surfaces

as black "beach markings" and they are apparent also

on the SEM photographs. A thicker layer of oxide deb-

ris in the case of the material B2 in comparison with

the A2 one (fig. 3) may cause a little higher thres-
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hold values of this material. The fretting oxidation

in the material B2 was so forceful, that oxide debris

were pushed out of the crack to the specimen sides

during the slow crack growth, and they caused a gra-

dual crack growth retardation in the last load shed-

ding step, up to the crack arrest. A crack closure

measurement might confirm hypotheses of the oxide

closure effect on the crack growth properties.

A detailed fractographic analysis with a high

magnification showed a different crack growth micro-

mechanism in the near-threshold region in various

structural elements in the pearlltic- ferritic mate-

rial. Striation mechanism was typical for the ferri-

tic phase in a difference with the pearlltic phase,

where no striation appeared (fig. 4). The growth

mechanism is less determined by the microstructure in

the medium rate region of the stable crack growth

(JK = 25 MPa ml/2), striation appear in both the pha-

ses, but it is deformed in the pearlitic phase, ac-

cording to the direction of the carbidic particles.

In the high growth rate region, the striation mecha-

nism is dominant, with secondary cracks. A different

mechanism worked in the martensitic material: no

striation, but very fine secondary cracks in the

threshold region and nets of deep secondary cracks in

the higher growth rate regions.

The distinct striation on the ferritic islands

involves to evaluate the microscopic crack growth

rate, i.e. the crack increments per one cycle. A com-

parison of the microscopic and the macroscopic rates

in one of the specimens with the pearlitic-ferritic

structure is shown on the fig. 5. Especially in the

near-threshold region, the microscopic rate is signi-
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Fig. 5 A comparison of the micro- and macroscopic

rates in the P-F specimen (melt Al)

ficantly higher, more than one order, than the macro-

scopic one. It means, that one stria in the ferritic

island corresponds to more than ten loading cycles.

We can deduce a hypothesis of the growth mechanism

under these conditions. The pearlite phase, which is

a composite material from the microscopical point of

view, is of a higher strength than the ferritic phase

and it limits the plastic deformation of the ferrite

in the plastic zone. After the cyclic hardening du-

ring several cycles of a plastic deformation, the

pearlite particles break and the strength as well as

the plastic deformation are transferred to the neigh-

bour ferritic islands. This deformation increase cau-

ses an appearance of crack microincrements per ever

cycle in the ferrite islands up to their gradual rup-

ture.
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The significance of the oxide-induced closure

effect can be documented by a measurement of the

threshold value of a crack filled by a silicone oil.

The threshold value in the melt A2 (martensitic

structure) JK = 3.4 MPa mi/% is more than twice lower

than that in the air. The difference is markedly

greater than in the case of a lower strength bainitic

steel, where the threshold range in the silicon oil

was JK = 5.7 MPa m'/ * in comparison with the 7.7 MPa

mi/% in the air [10]. No oxide debris were apparent

on crack faces in our case. This result is very Im-

portant for practical applications, because many

parts made from this steel work in oil environments.

CONCLUSIONS

An influence of a different microstructure of the CSN

42 2660 carbon cast steel (GS-60 according to the DIN

1681) with a different content of Al after different

heat treatments on the fatigue crack growth properti-

es and the threshold values in the case of the cons-

tant amplitude loading with the asymmetry R = 0.05

and the frequency f = 50 Hz was studied using three

point bend specimens. Three types of a microstructure

occured in two melts: a pearlitic- ferritic structu-

re, a bainitic structure combined with

pearlitic-ferritic regions and a structure of tempe-

red martensite. The mechanical properties of all

groups of the material were similar. The main results

can be summarized as follows:

The most important factor affecting the

near-threshold properties, especially the threshold

values, was the taicrostructure. The threshold values

of the pearlitic-ferritic material were significantly
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higher than those of the martensitic material. The

material with the combined bainitic and

pearlitic-ferritic structure was of similar properti-

es as the martensitic one. The microstructure did not

affect the crack growth properties in the high growth

rate region.

The oxide debris were apparent in the threshold

regions of crack surfaces of all specimens, but the

fretting oxidation was the most forceful in the mar-

tensitic material, especially in the melt with a hig-

her content of Al, with the finest microstructure. No

fretting oxidation arose in the silicone oil environ-

ment, where the threshold values of the martensitic

material were more than twice lower than those in the

air. The higher roughness of the crack surface of the

pearlitic - ferritic material in comparison with the

martensitic one is supposed to be another factor af-

fecting the crack growth properties.

The striation mechanism is dominant in the stab-

le crack growth region of the pearlitic-ferritic ma-

terial. No striation, but nets of secondary micro-

cracks appear in the martensitic material.
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