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Focussed on Crack Paths
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ABSTRACT. An inhomogeneous distribution of non-metallic inclusions can result from the steel casting process.
The aim of the present study was to investigate the damaging effect of an inhomogeneous distribution of non-
metallic inclusions on the crack extension behavior. To this end, the fracture toughness behavior in terms of
quasi-static J-Aa curves was determined at room temperature. Additionally, dynamic fracture mechanics tests in
an instrumented Charpy impact-testing machine were performed. The fracture surface of fracture mechanics
specimens was analyzed by means of scanning electron microscopy.

It was shown that an inhomogeneous distribution significantly affected the path and, therefore, the plane of
crack growth. Especially clusters of non-metallic inclusions with a size of up to 200 um exhibited a very low
crack growth resistance. Due to the damaging effect of the clusters, the growing crack was strongly deflected
towards the cluster. Furthermore, crack tip blunting was completely inhibited when inclusions were located at
the fatigue precrack tip. Due to the large size of the non-metallic inclusion clusters, the height difference
introduced by crack path deflection was significantly larger than the stretch zone height due to the crack tip
blunting. However, the crack path deflection introduced by a cluster was not associated with a toughness

increasing mechanism. The dynamic loading (K ~10°MPam*’s™") did not result in a transition from ductile
fracture to brittle fracture. However, the crack growth resistance decreased with increased loading rate. This was
attributed to the higher portion of relatively flat regions where the dimples were less distinct.
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INTRODUCTION

materials [1, 2]. As a result of the steel casting process, clustering of non-metallic inclusions can occur [3].

The damage evolution during ductile fracture consists of void nucleation, void growth and void coalescence [4]. Void
nucleation is caused by failure of the particle/matrix interface or by fracture of the patticle [5]. The latter mechanism is
observed at relatively well-bonded inclusions. Here, cracking within the particle occurs perpendicular to the highest
principal stress. The void nucleation rate increases with inclusion size but is unaffected by an increased level of stress
triaxiality [6]. In contrast, void growth is accelerated by hydrostatic tensile stresses and by larger inclusions [6]. Finally,
void coalescence can take place by necking of the material between the individual voids. Depending on the void size and

I t is well-known that non-metallic inclusions have a detrimental effect on the deformability and toughness of metallic

326



4’4‘
(4 S. Henschel et alii, Frattura ed Integrita Strutturale, 34 (2015) 326-333; DOI: 10.3221/IGF-ESIS.34.35

the relative position of different voids, void sheets can be formed [6]. This process is characterized by strain concentration
in a band between voids [7]. Hence, the macroscopic strain is relatively small.

In addition to the inclusion characteristics size and volume fraction, the size distribution and, therefore, the distance
distribution is an important microstructural parameter. According to [8], a uniform distribution of the formed voids leads
to a minimum of strain to fracture. This result from numerical calculations is attributed to the spacing between the voids,
which are relatively small in a uniform distribution. According to [8], the higher ductility of a non-uniform void
distribution is explained by a suspended void coalescence. The void coalescence is suspended until sufficient void growth
is achieved in the remaining material. On the other hand, a locally higher content of porosity leads to strain localization
and, consequently, to fracture in this region [9].

In the transition range, an increase of loading rate results in a decrease of fracture toughness [10]. In the upper shelf
regime, the opposite relation is found [10]. An increased loading rate promotes the void nucleation [11]. The void growth
rate is reduced with increasing loading rate. This correlates with the increased yield strength and decreased work hardening
rate at higher loading rates [11].

According to [12], strain localization is promoted in a material with inhomogeneities. The consequence of such strain
localization during a dynamic fracture test is adiabatic heating in the plastic zone in front of a crack [13].

The aim of the present paper is the characterization of the damaging effect of an inhomogeneous distribution of non-
metallic inclusions. To this end, crack initiation and growth was studied under conditions of quasi-static as well as
dynamic loading. Clustering of non-metallic inclusions was investigated by means of fractography. Furthermore, the effect
of non-metallic inclusion clusters on the formation of the crack path is discussed.

MATERIALS AND METHODS

Investigated steel
n this study, the quenched and tempered cast steel G42CrMo4 (DIN EN 10293, 1.7231) was tested. Non-metallic
I inclusions were intentionally added to the metallic melt. This was achieved by a "contaminating filter" in the casting
gate coated with loose alumina particles. After contamination, the melt flowed through the actual metal melt filter,
which was utilized to clean the melt. This cleaning filter was characterized by its functionalized surface. Information about
the coating of the contaminating filter and the cleaning filter is shown in Tab. 1. Details of the filter manufacturing
process can be found in [14]. The chemical composition of the casting plates is given in Tab. 2.

Cast Contaminating filter Cleaning filter

A ALO; (0-200 pm) —
B AlgOs (0—200 },Lm) Ale3—SiOz (N[ulhte)
C ALO3 (0-200 pm) ALO;3

Table 1: Coating of the contaminating and cleaning filter. Substrate: Al,O3-C.

Cast C Cr Mo Mn Ni Si Al S P Fe

A 0.41 0.90 0.24 0.78 0.21 0.53 0.09 0.007 0.011 bal.
B 0.43 0.92 0.25 0.79 0.22 0.54 0.09 0.007 0.011 bal.
C 0.42 0.98 0.25 0.80 0.22 0.53 0.09 0.009 0.018 bal.

Table 2: Chemical composition (in wt.%) of the casting plates determined by glow discharge optical emission spectroscopy.

The machined samples were austenitized at 840 °C in a vacuum, followed by quenching in a stream of He. Tempering was
performed at 560 °C in a Nz atmosphere. Fig. 1 shows the microstructure of the material that consisted of tempered
martensite.
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Figure 1: Microstructure of the investigated steel: tempered martensite.

The inclusion distribution was analyzed for polished cross sections utilizing the software Particle Inspector (Olympus).
Small inclusions located in a group were considered as one inclusion cluster. Details of the mathematical procedure are
given in a previous paper [15]. The inclusion size distribution is given in Tab. 3.

Size class (um) Cast A Cast B Cast C

2-5 988 1635 773
5-10 180 159 136
10-20 51 77 74
20-60 47 89 52
> 60 6 9 0

Table 3: Inclusion size distribution (inclusions/mm?).

Fracture mechanics tests

The materials resistance against crack initiation and growth under quasi-static loading conditions (K = 2 MPav/m/ ) was
determined according to ISO 12135 [16]. The single specimen unloading compliance technique was applied. Pre-cracked
and side-grooved specimens (ao/ W = 0.5, Bn/B = 0.8) were tested in a servo hydraulic universal testing machine. Single
edge-notched bend specimens (L x I x B = 120x20x10 mm?3) were loaded in three-point bending (5/IW = 4). Periodical
unloadings during the test enabled the calculation of the unloading compliance from the crack opening displacement.
Hence, the crack length was determined for each unloading step. The plastic part of the energy U, was used to determine
the ] integral at the different stable crack extensions Aa:

=Kf(1—v2)+ 20, Aa

J 1=
E By(W —a,) 2(W —a,)

©)

Tests under dynamic loading conditions (K ~8...9-10* MPavm / s) were performed in an instrumented Charpy impact-

testing machine. The low-blow technique was applied. Multiple specimens (L x " x B = 55x10x10 mm?) were subjected
to different initial velocities of the impact tup. Hence, different amounts of stable crack extension Az were achieved. The
force signal was derived from the elastic deformation of the instrumented tup. The velocity and the deflection of the
sample were determined by a laser system (Polytec OFV-525). This system utilizes the Doppler Effect, i.e. the frequency
and phase modulation of the laser light by the velocity and the displacement, respectively, of the sample in laser beam
direction. The laser beam direction was equivalent to the load line. The ] integral was calculated with Eq. (1).
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Irrespective of the loading rate, the final crack length after the test (¢ = 4o + Aa) was marked by heat tinting. Finally,
breaking open of the specimens enabled the measurement of a9 and @ by means of light microscopy.

Fractography

Fracture surfaces were investigated by means of scanning electron microscopy (SEM) with secondary electron contrast
and energy dispersive X-ray diffraction. The beam tilting mode of the SEM (MIRA3 XMU, TESCAN) enabled the
determination of the fracture surface topography in 3D [17]. Hence, the crack tip blunting process was characterized by
the parameters stretch zone width (SZW) and stretch zone height (SZH).

RESULTS AND DISCUSSION

Loading rate dependent crack initiation
ig. 2 shows the crack growth resistance curves for the different casts under quasi-static and dynamic loading
F conditions.
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Figure 2: Static (a) and dynamic (b) crack growth resistance curves. No significant difference between different casts due to scattering.
Open symbols represent the calculated cutves of the type: ] =4 + B (Aa)“.

At both loading rates, no significant difference between the different casts was observed. Furthermore, the scattering at
the dynamic tests was larger than at quasi-static loading. This was attributed to the testing of multiple specimens under
dynamic loading conditions. The increase of loading rate by approximately four orders of magnitude did not result in a
considerable deterioration of the toughness behavior. However, a slightly lower toughness was observed at small crack
extensions. Furthermore, the slope of the crack growth resistance curve was slightly larger under the dynamic loading
conditions. The low sensitivity of the material to the increase of loading rate was attributed to the superposition of two
effects: the embrittlement due to the higher strain rate [18] and the decreased flow stress due to adiabatic heating within
the plastic zone [19]. These observations are in accordance with Krabiell and Dahl [10], who observed only a slight effect
of the loading rate on the fracture toughness at ambient temperature in the case of a quenched and tempered steel.

Fracture surfaces

Fig. 3 shows the blunting of the crack tip in a region with low inclusion content. The blunting of the precrack was
characterized by an intense plastic deformation. Due to the very low content of non-metallic inclusions in this region, void
nucleation was inhibited. However, the surrounding area exhibited non-metallic inclusions that nucleated voids.

It can be seen in Fig. 3 that the relatively large amount of non-metallic inclusions in the lower right part of this figure lead
to a considerable deviation of the crack path from its original plane. Hence, the agglomeration of non-metallic inclusions
favors the crack path deflection at the expense of a minimum area of the fracture surface.

Non-metallic inclusion clusters in the vicinity of the fatigue crack tip resulted in considerable crack path deflection as
shown in Fig. 4. Furthermore, crack tip blunting was only observed at regions of the fatigue crack tip that had a distance
of at least 50 um to the inclusion cluster. The deflected crack path was characterized by a neatly flat appearance. This
observation can be explained by a shear zone which developed between the original crack (evolved from the fatigue crack)
and the voids which formed at the inclusion clustet. These voids coalesced and formed a crack in front of the main crack.
It was assumed that these cracks connected analogously to the void sheet mechanism. Hence, no additional void
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nucleation was necessary and the strain was localized in a narrow shear zone. Such an effect of non-metallic inclusion
clusters was also already observed in the case of tensile loading [20]. In that study, the shear zones were analyzed by means

of thermography. Consequently, these zones were detectable by a local increase in heating rate due to localized
deformation.

RS

Inclusion cluste

Figure 4: Large non-metallic inclusion cluster directly at the fatigue crack tip. a) Cast A, b) Cast B, dynamic loading.

The amount of crack path deflection was measured by means of stereoscopy enabled by the beam tilting of the SEM. Fig.
5 shows the blunting of the precrack and the deflection due to the non-metallic inclusions.

The observations revealed that crack path deflection superposed the crack tip blunting. The amount of superposition
depended on the distance between the inclusion cluster and the fatigue crack tip. Line 1 in Fig. 5b exhibited an intense
crack tip blunting due to the distance of approximately 100 um between the fatigue crack tip and the cluster. In contrast,
line 2 in Fig. 5b exhibited a considerable smaller crack tip blunting due to the smaller distance between the fatigue crack
tip and the inclusion cluster. Hence, the characterization of the amount of blunting by the measurement of stretch zone
width and stretch zone height can result in erroneous values if only one fracture surface is analysed.

The formation of a shear zone and the crack path deflection was a consequence of the inclusion clusters near the crack
tip. Hence, the local decrease of toughness due to the non-metallic inclusions was the reason for the crack path deflection.
The crack path deflection, therefore, was not assumed to increase the toughness.

Locally advancing crack fronts can also be found in other materials with non-metallic inclusion. Dynamic loading of a
similar G42CrMoS4 in [21] resulted analogously in an inhomogeneous crack front development. Consequently, the crack
tip was locally unloaded, which caused an interrupted crack growth. The surrounding material was further loaded and
exhibited crack initiation and growth at higher loads.

330



0
% S. Henschel et alii, Frattura ed Integrita Strutturale, 34 (2015) 326-333; DOI: 10.3221/IGF-ESIS.34.35

20 T T T T T ]
-1
—=2
0 Crack path |, 3|
€ ) deflection
3 Crack tip
=20 blunting T
ey
2
2 4ol ]
-60 | i
0 50 100 150 200 250
b) Position / ym

Figure 5: Crack path deflection was considerably larger than crack tip blunting. Cast A, dynamic loading. a) Fracture surface, b) Height
profile of the lines shown in a).

Effect of loading rate

Dynamic loading affected the appearance of the fracture surface. Two typical fracture surfaces are compared in Fig. 6.

Figure 6: a) Ductile fracture surface, Cast A, static loading; b) flat appearance of ductile fracture surface, Cast C, dynamic loading.

It was observed that the material failed by ductile fracture at both loading rates. However, the dimples in Fig. 6b appeared
to be flatter than in Fig. 6a. The inclusion content was nearly equal at that position. Furthermore, it was observed that not
only Al,Os inclusions but also MnS inclusions influenced the damage evolution. The MnS inclusions found in the regions
of the relatively flat fracture surface had a diameter of approximately 5 um. However, the majority of the small dimples
exhibited no measureable non-metallic inclusions. This was attributed to void initiation at small carbides.

CONCLUSIONS

ntentional addition of non-metallic inclusion was utilized to study the effect of an inhomogeneous inclusion
distribution on the formation of the crack path. The effect of clustered non-metallic inclusions was demonstrated in
the case of a high-strength cast steel G42CrMo4. The main conclusions can be drawn as follows:

e  Clustered non-metallic inclusions significantly affected the crack path. The inclusion clusters promoted the formation
of a crack at the weakest point of the cluster. Hence, the main crack was deflected towards the crack in the inclusion

cluster.
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e Crack path deflection was not considered as a toughness increasing mechanism in the present material. The
additionally formed fracture surface due to the crack path deflection did not compensate the detrimental effect of the
inclusions regarding toughness.

e The slightly lower crack growth resistance during dynamic tests was attributed to a larger amount of flat-dimpled
regions. However, the increase in loading rate by five orders of magnitude did not result in brittle fracture.
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