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Ductile Fracture of Carbon Steels: A Review 
J. Pospiech 

This paper presents an extensive survey of literature on the theory of deformation and failure of inhomo- 
geneous materials. Literature concerning deformation and fracture of carbon steels also is reviewed. 
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1. Introduction 

THE best utilization of deformability in cold-working proc- 
esses translates into increased production, full use of available 
equipment capacity, and reduction of interannealing operations 
(Ref 1). 

In order to know the deformability of materials such as 
steels, one must know the mechanisms involved in deformation 
and fracture of nonhomogeneous materials, as well as the plas- 
tic fracture criterion. This requires use of metallographic ex- 
amination techniques. 

2. Theory of Deformation of Nonhomogeneous 
Materials 

2.1 Nucleation of Voids 

This work utilized the theories of elasticity and plasticity 
covering the range of deformation and failure of nonhomo- 
geneous materials. It is usually assumed that such materials 
consist of a matrix having good plastic properties and second- 
phase particles embedded in the matrix that either deform elas- 
tically or do not deform. Consider the deformation of such a 
composite system. The properties of the matrix and the second- 
phase particles are different (for example, they have different 
elastic constants), the matrix deforms first and then the parti- 
cles change their initial shape. Since, according to the assump- 
tion, the second-phase particles undergo only elastic 
deformation or else do not undergo any deformation when the 
matrix enters the region of plastic deformation, there is consid- 
erable, and increasing, difference in the amount of deformation 
incurred by both constituents. This difference causes stress and 
strain concentrations and leads to generation of the secondary 
state of stress, which differs from the applied state of stress. The 
extent of these phenomena depends on the amount, distribu- 
tion, shape, orientation relative to the external field of stress 
(this being of special importance for materials with a fibrous 
structure), and properties of the second-phase particles (in rela- 
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tion to the matrix). The local stress and strain concentrations, 
growing with the macroscopic deformation, are the cause of 
microcrack formation. 

All theories of the nucleation of voids have been reviewed in 
Ref 2, and it has been stated (Ref 2, 3) that second-phase parti- 
cles and inclusions in plastic matrices initiate voids either by 
interfacial decohesion or by fracturing of the particle. Although 
a somewhat higher incidence of interfacial decohesion occurs 
for equiaxed particles and internal fracturing for elongated par- 
ticles, fracturing of equiaxed particles is also widely observed. 
Two conditions must be satisfied for crack nucleation at low 
temperature where diffusion plays no role (Ref 3): (1) The local 
stress must reach the strength of the interface or the cohesive 
strength of the particle, and (2) it should be possible to release 
enough elastic energy from the unloaded regions traversed by 
the crack to make up for the surface energy of the void or mi- 
crocrack (Ref 3). Tanaka et al. (Ref4) have shown that the latter 
condition is almost always satisfied for particles with diameters 
greater than 250 A. It can be concluded (Ref 2) that for very 
small particles with diameters much less than the critical di- 
ameter of 250 A, where the energy criterion may not be satis- 
fied even when local stresses reach the interfacial strength, 
stable cavities are difficult to form. 

Opinions differ as to when voids are nucleated, although it 
can be assumed (Ref 3) that for oxides, carbides, and manga- 
nese sulfide inclusions, voids are present from the beginning. It 
should be remembered (Ref 5), however, that inclusions with 
very weak cohesion with the matrix will not directly form mi- 
crocracks, but rather "holes." If the matrix is sufficiently duc- 
tile (e.g., ferrite), microcrack formation will be considerably 
retarded, and these holes will act as stresses raisers as long as 
critical strains and stresses are reached for creation of mi- 
crocracks (Ref 5). 

Many investigators have reported the presence or absence 
of a particle-size effect in void nucleation, although it appears 
that voids nucleate first from the large particles. Different ex- 
planations have been offered for this effect (Ref 3). 

In addition to the qualitative aspect, the possibility of quan- 
titative determination of stresses and strains during deforma- 
tion of nonhomogeneous materials is of great importance. The 
stress and strain concentrations can be determined quantita- 
tively by experimental or theoretical methods. Experimental 
determination of the stress-concentration factor generally em- 
ploys the technique of photoelastic coverings (Ref 6). In Ref 6, 
this factor has been determined for elastic strains of a matrix 
containing FeS and SiO 2 inclusions. 

Most studies employing the theory of elasticity have been 
concerned with nonhomogeneous plates (Ref 7), but this is of 
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Fig. 1 Influence of inclusion shape on work hardening for 0.01 
volume fraction of inclusions. Disks and needles parallel to the 
tension axis are denoted by 11 x 3 and those perpendicular to the 
tension axis by .Lx 3. Source: Ref 15 

minor interest for plastic-working purposes. Based on the ex- 
isting solutions in Ref 8, stress concentration has been pre- 
sented as the function of  distance from the interface for the case 
of  the infinite matrix with one particle of  the other phase, sub- 
jected to uniform uniaxial tension at infinity. This provides in- 
formation regarding the extent and the magnitude of stress 
concentration due to the inhomogeneous structure of  materials. 

Use o f  the theory of  plasticity is normally confined to the 
formulation and solution of  simple cases (Ref 9-12) because of 
difficulties in the solution of  partial differential equations. Ref- 
erences 9 to 11 consider the inhomogeneity of materials by as- 
suming that material constants (such as Young's modulus) are 
functions o f  the point position. No consideration was given to 
formation of  the secondary state of  stress. However, several in- 
vestigators (Ref 13, 14) have studied the problem of  inclusions 
in a matrix and have calculated concentrations of  strains and 
stresses near inclusions. Argon et al. (Ref 2) have obtained a fi- 
nite-element solution for the pure shear deformation of  an elas- 
tic, ideally plastic, nonhardening continuum around a rigid 
cylindrical inclusion. Spreading of  the plastic region with in- 
creasing boundary displacements is shown in a set of  figures 
(Ref 2). The author has found one solution that clearly shows 
generation of  the secondary state o f  stress (Ref 4, 15, 16). 

These studies investigate the stress and strain concentra- 
tions caused by the presence of  variously shaped inclusions by 
applying the transformation method in tensile testing of cylin- 
drical specimens. It is assumed, among other things, that the 
matrix undergoes small, uniformly distributed plastic strains: 
E<< 1 in the direction of  axial tension and -e/2 in perpendicular 
directions. It is also assumed that inclusions are isotropic and 
undergo merely elastic strains and that their number is so small 
that mutual interaction between inclusions can be ignored. 
Among the most interesting results is the influence of  inclusion 
shape on strain hardening (Fig. 1) (Ref 15). For purposes of this 
work, it was decided to make use of  the case of spheroidal in- 
clusions (often met in practical applications) that transform 
into ellipsoidal inclusions during deformation. In accordance 

with Ref4  and 15, the state of stress in such inclusions, induced 
by the application of  the external stress oA3 (axis 3 being paral- 
lel to the tension axis), is defined as: 

% (7 - 5v) E* Ee 

(7 - 5V) (I + v*)E+ (8 - 10v) (I+v)E* 

10(1 +V) (1 - v)E* o3~3 

( 7 - 5 v )  (I + V*)E+ ( 8 -  10v) (1 +v)E* 

(1 - v)E* o~3 
+ (Eq 1) 

2( I - 2v*)E + ( 1 + v)E* 

~ 3  
~ = ~ = ---~-- (Eq 2) 

where GI3 is stress in the inclusion, acting in the axis of  tension; 
and t~{1 and 0~2 are stress in the inclusion, acting perpendicular 
to the axis of  tension; E and E* are the Young's moduli of the 
matrix and the inclusion, respectively; and v and v* are the 
Poisson's ratios of the matrix and the inclusion, respectively. 

The intensity of  shear stresses in the inclusion is defined as: 

i , / 5 - ,  
a i = ~ o~3 (Eq 3) 

Equations 1 and 2 confirm the existence of  stress and strain 
concentrations and the generation of  the secondary (triaxial) 
state of  stress, which is different from the applied (uniaxial ten- 
sile) stress resulting from the material inhomogeneity. 

2.2  Void Growth and Coalescence 

Void growth follows void nucleation. Slow growth of the 
formed voids follows (Ref 17, 18), and new voids are nucleated 
during deformation (Ref 19, 20). Crack growth continues until 
the volume occupied by the cracks reaches a certain boundary 
magnitude, above which occurs a mutual interaction between 
the cracks. The cracking process then greatly accelerates as a 
result of  the joining of  cracks. It should be remembered that be- 
cause the nucleation strain is small, and often negligible, the 
void growth stage is very important in understanding ductile 
fracture processes in engineering materials (Ref 18). 

The Rice and Tracey model (Ref 21) for growth of  voids in 
an infinite material behaving in an ideally plastic manner is de- 
scribed by: 

R - 0.558 deP �9 sinh (Eq 4) 

where R is instantaneous void radius, dEP is an increment in 
equivalent plastic strain, G m is hydrostatic stress, and o is effec- 
tive stress. Equation 4 can be integrated between strain values 

P and e p (Ref 22, 23): 
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In (R~I= 0.558" s i n h / - ~ e ~  - e~ ) (Eq 5) 

where R 1 is void radius at e~ and R 2 is void radius at e~. Equa- 
tion 5 can be rearranged and written in terms of void volume 
(Ref22): 

V1 (R1/3 = exp I3 . 0.558 . sinh ( - ~ t e ~  _ e~)l (Eq 6) 

where V 1 is void volume ate~ and V2is void volume at8~. Equa- 
tion 6 shows a relationship among voids, state of stress, and 
strains. 

A model for the growth of large voids was proposed in Ref 
24. Voids are distributed uniformly in an infinite material (ma- 
trix). The plane-strain condition is assumed. The solutions of  
the model were obtained by the elastic-plastic finite-element 
formulation for large deformation. A result of the computation 
is shown in a set of  figures (Ref 24); deformation is concen- 
trated along the narrow band in the maximum shear stress di- 
rection, and the concentration of strain along the band is about 
two to three times the overall strain for most of the band and 
about four to five times greater near a large void. Similar results 
are shown in Ref 25. Voids after nucleation and growth act as 
stress raisers in the matrix and ma3/cause nucleation of voids at 
small particles in shear bands, while the particles outside the 
bands remain relatively inactive (Ref 24). 

McClintock (Ref 26) developed a model that consists of a 
plastically deforming matrix containing a regular array of 
preexisting cylindrical voids of elliptical cross section, each of 
which can be envisaged as sitting inside an identical cell. The 
matrix deforms in generalized plane strain such that the strain 
parallel to the cylinder axis is uniform but nonzero. The equiva- 
lent plastic strain at failure is given by (Ref 26): 

( 1 - n )  In ( /0 /bo)  
~f_ (Eq 7) 

sinhIlx~-(l--n)~a@l+3(Gb--~al4~ ~ 

where c a and t~ b are the principal stresses in the remote matrix 
in the directions of  the axes of the voids; l 0 and b 0 are the initial 
values of  hole spacing and semiaxis, respectively; e and a are 
effective strain and stress; and n is the strain-hardening expo- 
nent in the Ludwig power-law relation: 

= o 0 (~P)" (Eq 8) 

A number of works (Ref 27-36) have analyzed growth and 
coalescence of  voids. The most useful for the purposes of this 
paper is Ref 32, where numerical solutions for the critical frac- 
ture strains E f are obtained for uniaxial tension (Lode variable v 
= +1) and plane strain tension (v = 0). The results are plotted 
against the initial volume fraction of microvoids, Vf, for vari- 
ous values of  applied mean-normal stress levels (Cm/Y), see 
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Fig. 2 Theoretical fracture strains for axisymmetric tension (V 
= + 1) plotted against the initial volume fraction of microvoids, 
for various mean-normal stress levels (am/Y). Source: Ref 32 

Fig. 2 and 3 (Ref 32). The results show influence of am/r ,  v 
(Lode variable), and Vfon ductility. 

3. Plastic Failure of Carbon Steels 

A survey of literature on mechanisms causing cracking of 
steels as two-phase materials is presented in Ref 37. This paper 
deals with brittle, plastic, and fatigue failure of steels. 

3.1 Deformation of Cementite 
Schwarz and Blicharski (Ref 38) have reviewed literature 

on the deformation of cementite. 
Most investigations have been concerned with plate-shaped 

cementite (Ref 40-55) and have employed the electron micro- 
scope (Ref 39-42, 44-55). The studies have shown that cemen- 
tite is plastic mainly above 400 ~ (Ref 39-42), but also 
deforms plastically at room temperature (Ref 39, 40, 43-55). 
The slightly deformed cementite contained few dislocations; 
that after greater deformation, dislocation systems and slip 
bands were formed. Maurer and Warrington (Ref 46) observed 
an increased dislocation density in plate-shaped cementite after 
5% deformation of the specimen, and Inoue et al. (Ref 52) 
found that the dislocation density of  cementite was 2.10]~ 2 
after rolling the specimen up to 92% of deformation. Slip oc- 
curs primarily on (001) and (010) cementite planes (Ref 39, 40, 
46, 51,52). Sometimes, especially above 400 ~ other slip sys- 
tems become operative. If  these systems are unable to compen- 
sate for the stresses, the plate-shaped cementite undergoes 
fracture (Ref 46, 52, 56, 57). 

Keh (Ref 39) investigated spheroidal cementite and found 
that rolling the specimens at room temperature with 50% re- 
duction did not cause distinct deformation of the particles. The 
deformability of the spheroidal cementite at room temperature 
was studied using statistical analysis methods (Ref 38). Rolling 
at room temperature produced a real strain of~ n = 2.85 (94.2%), 
which caused a small elongation of the cementite particles (as 
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Fig. 3 Theoretical fracture strains for plane-strain tension (V= 
0) plotted against initial volume fraction of microvoids, for vari- 
ous mean-normal stress levels (Ore/Y). Source: Ref 32 

measured by statistical analysis). This raises doubts as to 
whether the cementite particles deformed at all, because during 
rolling these particles, having been elongated after spheroidi- 
zation, could be rotated. Then only directional alignment of  
nonequiaxed particles, as noted statistically, would occur. 
Other investigations have shown that in the case of plate- 
shaped cementite, thin plates deformed most easily. Thicker 
plates deformed with greater difficulty and showed a greater 
tendency to crack (Ref 55). 

3,2 Plastic Failure of Steels Containing Pearlite 

Puttick (Ref44, 45) investigated the structure, deformation, 
and tensile failure of  eutectoidal steel containing pearlite and 
minor amounts of  ferrite on grain boundaries. The steel con- 
tained 0.78% C, which was isothermally transformed at 715 
~ It was found that macroscopic deformation of  this steel is 
caused by slip in the free ferrite and slip in the peadite grains, 
the latter being parallel and perpendicular to the cementite la- 
mellae. The slip perpendicular to cementite lamellae may occur 
as fine slip in particular ferrite plates (joining together later to 
produce a large deformation) or as "arrowlike" slip. The inves- 
tigations also demonstrated that slip in the pearlite grains oc- 
curs frequently in locations where the cementite lamellae have 
an incorrect structure resulting from growth faults. The failure 
of  steel proceeds due to cracks perpendicular to the cementite 
lamellae (in pearlite grains) caused by the transverse slip. 

Tipper (Ref 58) determined that the failure of mild steel is 
caused by cracks in the ferrite that subsequently run through the 
pearlite. Tipper attached great importance to cracks caused by 
the presence of nonmetallic inclusions that break their bonds 

with the matrix (plastic metal). She suggested that the decohe- 
sion between a nonmetallic inclusion and the matrix begins af- 
ter the yield point has been exceeded. She also stated that many 
cracks caused by the presence of inclusions may be classified 
erroneously as other types of cracks because some inclusions 
may be detached during the preparation of  microsections. No 
information was provided regarding the chemical composition, 
structure, and heat treatment of the investigated steels. 

Miller and Smith (Ref 59) extensively studied the mecha- 
nisms of  steel cracking caused by large plastic strains. Using 
tensile test specimens, they investigated cracking of  a 0.2% C 
normalized mild steel and demonstrated the occurrence of  mi- 
nor cracks, presumably connected with small inclusions, that 
play a leading role in the failure of  cracks located in pearlite 
colonies. They also investigated a 0.51% C steel, isothermally 
transformed at 700 ~ to form pearlite. In this steel, failure oc- 
curred in the pearlite grains as the result of  cracks perpendicu- 
lar to the cementite lamellae. Measurements made on 
longitudinal cross sections of the tensile specimens showed 
that cracks occurred primarily in the pearlite grains with ce- 
mentite lamellae inclined at 0 ~ to 10 ~ relative to the direction of  
the tensile stress. 

Based on these results, a model of  the formation and growth 
of  cracks in pearlite was proposed (Fig. 4) (Ref 59). As a result 
of the combined action of the tensile stress (as indicated by the 
relationship between the crystallographic orientation of  the 
cracked pearlite grains and the direction of  the tensile stress) 
and the slip in the free ferrite (Ref 45) or pearlitic ferrite, the 
crack in the cementite plate presumably occurs at a location of  
incorrect structure (possibly at a growth fault) (Fig. 4a). This 
causes a concentration of  strain at that location and conse- 
quently the formation of  further cracks in the neighborhood 
(Fig. 4b). These local cracks grow and combine (Fig. 4c and d), 
leading to the formation of  one large crack that runs throughout 
the pearlite grain. 

Miller and Smith (Ref 59) also investigated the influence of  
cementite lamellae thickness in the pearlite grains on the 
mechanisms of cracking in 0.44% C steel. It appeared that this 
steel, subjected to isothermal transformation at 692 ~ under- 
goes failure as a result o f  pearlite grain cracking. As the tem- 
perature of  isothermal transformation was decreased, forming 
finer pearlite, the number of cracked pearlite grains was re- 
duced. 

The structure obtained by transformation at 605 ~ revealed 
cracks occurring only in the ferrite (although the micrograph 
presented suggests the existence of  decohesion cracks). This 
phenomenon was attributed to the reduced thickness of the ce- 
mentite and ferrite plates produced as a consequence of the 
lower isothermal transformation temperature (see also Ref 60). 
Thin cementite lamellae become more resistant to cracking and 
increase pearlite hardness, thus eliminating the cracking of  
pearlite grains. 

Cracking in carbon steels containing 0.21 to 0.48% C is dis- 
cussed in Ref 61 and 62. To facilitate the investigation of  crack- 
ing, a special reagent (nitric acid plus picrin acid plus FeC13 �9 
6H20 plus ethyl alcohol) was applied, which revealed the mi- 
crocracks without revealing grain boundaries and slip lines. 
Takase (Ref 6 I) investigated carefully the cracking process in 
0.48% C steel after complete annealing, normalizing, toughen- 
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Fig. 4 Development and growth of a pearlite crack. (a) Cracking of one cementite lamella. (b) 
due to strain concentration. (c) and (d) Growth and combination of cracks. Source: Ref 59 

Cracking of neighboring cementite lameilae 

ing, and softening. Both cracking of pearlite and decohesion 
occurred in ferrite-pearlite structures; decohesion only was ob- 
served in ferrite-spheroidal cementite structures. 

Pospiech (Ref 63, 64) investigated the cracking process in 
0.38% C steel (35-grade, higher-quality carbon steel) after nor- 
malizing using plain tensile specimens. This steel failed due to 
the generation and development of decohesion cracks (be- 
tween pearlite and ferrite) and ferrite cracks. Cracks in pearlite 
were also found. 

Inoue and Kinoshita (Ref 65) investigated the deformation 
and failure of several high-purity steels with carbon contents of 
0.39 to 0.91%. All the steels were normalized and strained in a 
tensile test, and all failed by cracks in pearlite. These cracks can 
form in two ways. As deformationproceeds, dislocations in the 
matrix ferrite become operative and motions of dislocation fol- 
low in pearlitic ferrite (ferrite lamellae in the pearlite nodule). 
As the strain of the pearlitic ferrite increases, the stress concen- 
tration on the cementite plate increases, eventually leading to 
microcracking. Once microcracking occurs at one cementite 
plate, it tends to propagate successively to neighboring cemen- 
tite plates along the slip direction of the pearlitic ferrite, result- 
ing in the alignment of microvoids. These aligned microvoids 
are ready to link together and open up to a void as large as the 
size of a pearlite nodule. In the second mode of crack forma- 
tion, microvoids initiate preferentially at ferrite/cementite 
plate interfaces, and aligned microvoids link together by tear- 
ing off the cementite to form a void. 

Inoue and Kinoshita (Ref 65) found that stages of growth 
and coalescence of voids associated with pearlite nodules are 
strongly affected by the volume fraction of pearlite. In steels 
with lower pearlite contents, voids that form at pearlite nodules 
link up with one another by means of internal necking of ferrite. 
The manner of void linkage changes from the internal necking 
mode to the shearlike mode as the pearlite volume fraction in- 
creases. 

Barnby and Johnson (Ref 66) investigated the cracking 
process in 0.48% C steel (after isothermal transformation at 
550 ~ and 0.81% C steel (after isothermal transformation at 
710 ~ using plain tensile specimens. The pearlite grains re- 
vealed both parallel and perpendicular slip in relation to ce- 
mentite lamellae. In both steels failure was caused by pearlite 
grain cracking, as a result of cracks perpendicular to the cemen- 
rite lamellae, produced by transverse slip. The micrographs 
presented confirm partially that the model proposed by Miller 
and Smith (Ref 59) is correct. 

Danko and Stout (Ref 67) investigated the deformation of 
0.8% C steel after isothermal transformation at various tem- 

peratures (593, 640, 679, 698, and 704 ~ using impact, ten- 
sile, and upset tests carried out at the brittle fracture transition 
temperature and at higher and lower temperatures. The investi- 
gation showed the pearlite to be deformed by kinking. As the 
temperature of isothermal annealing was lowered, the breadth 
and the length of kinking in pearlite grains decreased, and the 
acuity of kinking increased. In all the tests, kinking was the 
source of cracks. 

Lindborg (Ref 68) investigated cracking of 0.86% C steel 
(caused by plastic deformation) using cylindrical tensile test 
specimens. The heat treatment of the steel consisted of austeni- 
tizing at 900 ~ followed by cooling at about 1 ~ result- 
ing in rather coarse 0.6 lam thick pearlite plates. Failure 
mechanisms were investigated at -196, +20, and +200 ~ At 
20 ~ kinking in the pearlite and occasional decohesion cracks 
between the ferrite and cementite were observed. The failure of 
this steel at 20 ~ is caused by cleavage cracks in ferrite, which 
on reaching the cementite results in cracking of the latter. When 
a cleavage crack in the ferrite reaches the cementite, some local 
plastic flow may occur in the ferrite, so that fracture in cemen- 
tite may follow a cementite cleavage plane for a certain dis- 
tance and then jump to another cleavage plane, producing a 
staircase fracture surface with the cementite lameUae. The 
macroscopic plane of fracture is determined by the cleavage 
plane of the ferrite. Occasionally, separation in the phase 
boundary is considerable. 

Embury and Fisher (Ref 69) investigated the influence of 
large amounts of plastic deformation in wire drawing on struc- 
ture. Among the materials studied was a steel with 0.93% C af- 
ter isothermal transformation at 670 ~ They found that 
cementite underwent deformation by slip in those pearlite 
grains where the cementite lamellae (prior to deformation) 
were parallel to the direction of drawing. In the remaining 
grains, bending and fragmentation of cementite occurred. 

Plastic deformation in the wire drawing process produced a 
structure composed of alternately arranged ferrite cells and 
cells composed of either continuous cementite lamellae (in the 
case where the same were parallel to the direction of drawing 
prior to deformation) or fragments of cementite and disloca- 
tions (in the case of other orientation of cementite lamellae 
prior to deformation). A similar cellular structure was obtained 
in the drawing and forging of 0.004% C bars. 

Butcher and Pettit (Ref 70) investigated cracking of eutec- 
toidal 0.78% C steel and three hypereutectoidal steels (0.89, 
1.08, and 1.255% C) using tensile test specimens. The heat 
treatment for 1.255% C steel was chosen so as to obtain a struc- 
ture composed of pearlite and cementite around the pearlite 
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grains, but not pearlite and cementite lamellae. For this pur- 
pose, the steel was austenitized 1 h at 1000 ~ and then isother- 
mally transformed 1 h at 750 ~ followed by furnace cooling. 
The remaining steels were isothermally transformed at 690 ~ 
These investigations confirmed that pearlite undergoes defor- 
mation by slip parallel and perpendicular to the cementite la- 
mellae. They also confirmed the arrowlike slip. 

Results of a study reported in Ref 44 showed that transverse 
slip occurred primarily at locations of incorrect structure of 
pearlite (i.e., faults of mismatch type or so-called lines of dis- 
continuity of  the cementite lamellae). No deformation by kink- 
ing was observed, however. Investigations into the cracking of  
eutectoid steel have shown the occurrence of  cracks perpen- 
dicular to the cementite lamellae as well as cracks at other an- 
gles in relation to lamellae direction. These cracks were 
discontinuous; that is, they were small cracks in the cementite 
lamellae at the front of  the main crack, which is in accordance 
with observations made by van Elst (Ref71). The occurrence of  
cracks at boundaries of pearlite grains were not observed. 

As the carbon content of  steel (beginning at 0.8% C) in- 
creases, cracks shift from pearlite grains to the boundaries of  
pearlite grains. The peak of  this phenomenon has been ob- 
served in 1.255% C steel. The percentage of  crack distribution 
was as follows: In 0.78% C steel, all the cracks occurred in 
pearlite; in 1.08% C steel, approximately one-half of  the cracks 
occurred in pearlite and the other half at grain boundaries; and 
in 1.255% C steel, nearly all the cracks occurred at boundaries 
of  pearlite grains. Two other types of  cracks were observed at 
the pearlite grain boundaries. One type comprises cracks in ce- 
mentite at grain boundaries parallel to the boundary, caused 
either by sheafing at the ferrite/cementite interface or brittle 
fracture of cementite. The other type is perpendicular to the ce- 
mentite layer (at boundaries of  peadite grains). It appears (Ref 
70) that the latter type of  crack is caused by the process of  
matching of grain boundaries to the rest of  the deformed mate- 
rial, or the condition of providing continuity of  the deformed 
material. It does not appear that these cracks were caused by 
slip in the adjacent ferrite. Cracks of  the second type occur sev- 
eral times more often than cracks of  the first type. 

3.3 Plastic Failure of  Steels Containing Spheroidal 
Cementite 

A fundamental and extensive treatment of  this subject has 
been presented by Liu and Gurland (Ref 72), who investigated 
cracking in eight steels containing from 0.065 to 1.46% C using 
tensile test specimens. All the steels were hardened and tem- 
pered. They were subdivided into two groups, depending on 
their structure and failure mechanism. Steels of  the first group 
contained 0.065 to 0.3% C, and steels of the second group con- 
tained 0.55 to 1.46% C. The cementite nodules were at ferrite 
grain boundaries in the first group. The mechanism of failure 
was as follows. Cracks appeared as a result of  cracking of ce- 
mentite nodules and as a result of  decohesion between ferrite 
and cementite. The second stage of cracking involved the 
growth of  decohesion cracks. These two types of  cracks linked 
together and caused macroscopic failure of the specimen. 

In steels of the second group, the cementite nodules were 
much more uniformly distributed in the ferrite. Similar to the 
steels of  the first group, the appearance of cracks due to crack- 

ing of  the cementite nodules and to decohesion between ferrite 
and cementite was observed. 

The growth of  decohesion cracks proceeded analogically in 
steels of  both groups. The main difference was a crack coales- 
cence stage. In the second group, the coalescence of  large 
cracks proceeded due to the appearance of  additional, irregular, 
and noncrystallographic cracks. Such cracks are characterized 
by the irregular and thorny shape of  their fracture lines. 

Liu and Gurland (Ref 72) stated that the mode of  cracking in 
steels of  the second group is somewhat intermediate between 
plastic fracture (steels of  the first group) and brittle fracture 
(steels with higher carbon content). 

Inoue and Kinoshita (Ref 65) investigated cracking in three 
steels containing 0.11, 0.40, and 0.39% C using tensile test 
specimens. The first two steels were commercial-grade plain 
carbon steels, and the third was a high-purity steel. To obtain 
spheroidized structures, specimens were quenched and tem- 
pered for various times at 700 ~ This treatment produces uni- 
formly distributed carbide particles with average sizes ranging 
from 0.3 to 1.9 ~tm. It was shown that in 0.39% C steel, voids 
form both by decohesion of the carbide/matrix interface and by 
cracking of  carbides with virtually the same frequency. It was 
also found that void initiation in the 0.39% C steel occurred at 
a considerably large strain (i.e., at an approximate e = 0.5), 
which corresponds to about 40% of the total strain to fracture. 

As mentioned previously, Ref 61 and 62 report experimen- 
tal results regarding fracture of  steels containing ferrite and 
spheroidal cementite. Fracture was caused by decohesion 
cracks as a result of  a broken bond between ferrite and spheroi- 
dal cementite. 

Pospiech (Ref 63, 64) investigated the cracking process in 
0.38% C steel (35-grade, higher-quality carbon steel) after 
hardening and tempering at 670 ~ using plain tensile speci- 
mens. The structure of  the steel was composed of  ferrite fields 
and generally regular clusters of  cementite particles; the latter 
were characterized by different degrees of  coagulation. The 
steel underwent failure due to generation and growth of deco- 
hesion cracks. 

Argon and Im (Ref 3, 73) investigated the cracking process 
in 1045 steel after hardening and tempering using notched ten- 
sile specimens. Heat treatment produced nearly equiaxed Fe3C 
particles with a volume fraction of  0.125 and a mean particle di- 
ameter of  0.44 lam. The steel underwent failure due to genera- 
tion and growth of decohesion cracks. It was also shown that 
larger than average size particles separated first and that other 
particles of smaller diameter separated at progressively larger 
plastic strains in a certain inverse relation to their size. 

In Ref 74, brief mention is made of the failure of  a 0.8% C 
steel after hardening and tempering for 10 days at 650 ~ The 
diagram shown therein suggests that failure of steel is due to 
formation and growth of  decohesion cracks, although it is re- 
ported in the text that cracks resulting from the cracking of  ce- 
mentite nodules also occur. 

Gurland (Ref 75) investigated the cracking process in a 
spheroidized carbon tool steel (1.05% C, 0.20% Mn, and 0.20% 
Si) deformed at room temperature under various loading condi- 
tions. In tension, the average size of the broken particles was 
larger than the average size of  all particles, and cracking oc- 
curred preferentially in particles oriented with their longest 

Journal of Materials Engineering and Performance Volume 4(1) February 1995---87 



axis parallel to the direction of the tensile stress. During defor- 
mation in tension, compression, or torsion, the orientation of 
cracks initiated in particles tended to be perpendicular to the di- 
rection of the maximum tensile strain. The investigation also 
showed that it is possible to eliminate cracks through heat treat- 
ment. This last point is especially interesting. 

4. Conclusions 

This paper reviews the research work devoted to the defor- 
mation and fracture of steels containing cementite. The defor- 
mability of steels depends primarily on the number, properties, 
and distribution of second-phase particles. During deforma- 
tion, the presence of second-phase particles in the plastic ma- 
trix causes generation of other states of stress and the 
concentration of stress and strain. Local concentrations of 
stress and strain, growing with macroscopic deformation, 
cause local cracking, which, in combination with the second- 
phase particles, results in the formation of a new state of stress 
and new concentrations of stress and strain. This causes new 
microcracks to grow and coalesce, resulting in macroscopic 
fracture of the material. 

This paper also reviews work devoted to the deformation 
and fracture of carbon steels in plastic cold-working processes. 
Worthy of special attention is the possibility, presented in one 
work, of healing the microcracks produced by deformation, by 
means of appropriate heat treating processes. 
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