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Low-Temperature Fracture Toughness of
a Heat-Treated Mild Steel

C.C. Chama

Specimens from a 0.14 % C mild steel were austenitized at 1000 °C for 1 h and thereafter furnace-cooled
or isothermally transformed at 700 °C for 0.5, 2, and 8 h. The microconstituents present in the as-received
material were ferrite and pearlite and their amounts did not substantially change even after heat treat-
ment. The impact energy of the as-received and the furnace-cooled materials increased from 4 to 89 J and
from 4 to 108 J, respectively, when the temperature was changed from -196 to 23 °C. For these materials,
the failure mode was by ductile fracture at 0 and 23 °C and by quasicleavage fracture at -196 and -40 °C.
The fracture toughness did not show any significant change with isothermal transformation time at 700
°C. The failure mode of the isothermaily transformed materials was always by quasicleavage fracture.
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1. Introduction

THE performance of materials at low temperatures has long
been of considerable interest because of the anomalous behav-
ior atthese conditions especially when strainrates are high. The
effect of temperature on fracture behavior has been a subject of
previous investigations (Ref 1-4). Most of these investigations
have focused on the character of fatigue crack propagation be-
cause of the importance of this property. In materials under im-
pact stress, fracture is by ductile rupture or cleavage. These two
modes of fracture may sometimes occur concurrently, although
different microstructural features are involved in bringing them
about (Ref 5).

Cleavage fracture occurs when sections of a material, such
as stopped slip band, twin, or dislocation array, undergo shear
when the applied stress exceeds the strength. Consider a mate-
rial with spherical or plate-shaped carbide particles containing
crack nuclei (hatched section in Fig. la and b) of size rand X. A
crack will propagate across the carbide-ferrite interface if the
maximum principal tensile stress, ¢, acting on the material ex-
ceeds the particle fracture strength, 6¢ (Ref 6, 7). For a penny-
shaped crack, the crack propagation criterion is (Ref 6):
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where o¢is the fracture strength, E is Young's modulus, Ypis the
surface energy, v is Poisson’s ratio, and ris the crack size. For
a through-thickness crack, the crack propagation criterion is
(Ref 6):
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In the case of a through-thickness crack, » = X/2 for the Griffith
crack propagation criterion to be valid. In steels, cleavage frac-
ture will involve three steps (Ref 7): (1) crack initiation and
propagation within carbide particles, (2) crack propagation
across the carbide-ferrite interface, and (3) crack propagation
across the ferrite-ferrite grain boundary, leading to cleavage
fracture. Crack initiation occurs in specific locations such as
tips of notches or inclusions, which are stress concentration
points. Crack propagation will be more significant across re-
gions of weakness such as grain or phase boundaries. There-
fore, cleavage fracture usually occurs by crack propagation
along well-defined paths which are grain or phase boundaries,
such as the carbide-ferrite or ferrite-ferrite interfaces in Fig. 1.

Ductile fracture arises from the nucleation, growth, and coa-
lescence of voids to form cracks. Void coalescence rate, f, can
be expressed as (Ref 8):

f= faucteation * growth (Eq3)

The void coalescence rate is dependent on both the nucleation
1ate, fiucleation» ANd the growth rate, fo o, of individual voids.
At elevated temperatures, the mobility of voids is higher, lead-
ing to increased coalescence and ductile fracture. The source of
most voids are vacancies created by mobile dislocations (Ref9)
or the presence of tensile stresses in a material (Ref 9, 10). A
correlation has been found between fracture stress and spacing
among these voids (Ref 11). In general, the fracture stress in-
creases with decreasing intervoid spacing. This is attributed to
the impediment of dislocation motion by the closely spaced
voids.

In iron and iron-binary alloys at very low temperatures,
crack propagation rates can be divided into two stages (Ref 12).
The initial stage involves a decrease in crack propagation rate
at low temperature, which is attributed to lower dislocation ve-
locities that retard striation formation or cyclic cleavage. As the
temperature decreases below that of the ductile-brittle transi-
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Fig.1 (a) A penny-shaped crack nucleus in a spherical carbide
particle. (b) A through-thickness crack nucleus in a plate-shaped
grain boundary carbide particle (Ref 6)

tion, crack growth rates increase. The transition temperature
can be expressed as (Ref 13):
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Fig.2 Charpy impact test specimen (all dimensions are in mm)

ITT = 63 + 44.1(%S1i) + 2.2(%pearlite)

~ 258(%Al) — 2.3d"12 (Eq4)

where ITT is impact transition temperature and d is grain size.
Equation 4 shows that the transition temperature is dependent
on both composition and grain size, parameters that can be con-
trolled by heat treatment. Although other investigators have re-
ported fracture toughness measurements using Charpy impact
tests, this article contributes additional information on the sub-
ject.

2. Experimental Procedures

The as-received composition of the investigated steel, in
wt%, was 0.33 Si, 0.058 Al, 0.74 Mn, 0.019 Cu, 0.017 S, 0.019
P, 0.14 C, bal Fe. Additional investigations were conducted af-
ter subjecting specimens of this steel to one of the following
heat treatment schemes:

e  Austenitizing at 1000 °C for 1 h followed by furnace cool-
ing

e  Austenitizing at 1000 °C for 1 h followed by isothermal
transformation at 700 °C for 0.5, 2, and 8 h and quenching
in cold water

The microstructures were examined in a Neophot 30 optical
microscope and quantitative microscopy was conducted in a
Leitz CB A 8000 image analyzer. Specimens for fracture tough-
ness measurements by Charpy impact tests were machined to
the specifications shown in Fig. 2 before being tested in a
Torsee Universal Pendulum Testing Machine TIT-30. The
specimens were maintained at 23 °C, 0 °C (ice), —40 °C (dry ice
and acetone), and —196 °C (liquid nitrogen) for 2 h prior to the
tests. Each specimen was tested within 5 s after removal from
the cooling environment. The fractographs from the Charpy
impact tests were examined in a JEOL JSM-840A scanning
electron microscope operating at 15 KV,
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Fig. 3 Dependence of the fracture toughness on temperature of
the as-received and furnace-cooled materials

3. Results and Discussion

3.1 As-Received and Furnace-Cooled Materials

The as-received and furnace-cooled materials both showed
adecrease in impact energy when the temperature was lowered
from 23 to —-196 °C as shown in Fig. 3. For Fig. 3 and in all other
cases, the impact data shown are averages obtained by conduct-
ing the tests on two specimens. At —-196 °C, the impact energy
of the as-received and furnace-cooled materials was about 4 J.
At 23 °C, the impact energy was 89 and 108 J for the as-re-
ceived and furnace-cooled materials, respectively. At 23 and 0
°C, fractographs from the as-received material had an exten-
sive network of dimples, as shown in Fig. 4(a) and (b). At 40
°C, quasicleavage facets (A and B in Fig. 4c) appeared. The
combination of very low temperatures and high triaxial stress
to which a notch in the Charpy specimens is exposed can lead
to cleavage fracture. At the lowest temperature, —~196 °C, mi-
crovoids were present (arrows in Fig. 4d). Depending on their
distribution, these microvoids may retard or increase crack
growth (Ref 14).

The furnace-cooled material also revealed dimples at 23 °C
(see Fig. 5a). At 0 °C, localized voids (around region A in Fig.
5b)and quasicleavage facets (region B) existed. Quasicleavage
facets were also present in the materials tested at very low tem-
peratures (—-196 and —40 °C). Since the fractographs from the
as-received and furnace-cooled materials tested at 23 °C had
extensive dimples, it is likely that the failure mode at this tem-
perature was dominated by ductile fracture. As stated above,
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Condition Ferrite grain Pearlite colony
of material size, pum size, pm
As-received 19.4 29.0
Fumace-cooled 46.1 54.6
700°C,0.5h 31.7 423
700°C,2h 33.7 71.0
700°C,8h 33.2 58.0

ductile fracture involves three steps: void nucleation, growth,
and coalescence. The presence of voids beyond a critical vol-
ume fraction has been shown to lower the stress required to in-
duce deformation (Ref 15) because of the discontinuity that
they introduce in the matrix. The failure mode at very low tem-
peratures (-196 °C and 40 °C) was by quasicleavage fracture
because of the relatively large amount of planar facets, as
shown in the fractographs; cracks (arrows in Fig. 5¢) and
planes of shear during quasicleavage fracture (arrows in Fig.
5d) were quite apparent. There is evidence that under stress,
cracks may grow by coalescence of adjacent cracks (Ref 16). It
has previously been observed that at low temperatures, cracks
can undergo unstable propagation by cracking of ferrite grains
(Ref 17).

The microstructure of the as-received material had rolling
textures (arrows in Fig. 6) in addition to pearlite colonies (e.g.,
region A) on ferrite grain boundaries. The furnace-cooled ma-
terial also had rolling textures (arrows in Fig. 7). However, two
important differences between the as-received and furnace-
cooled materials can be noted. First, the pearlite colonies in the
furnace-cooled material are almost twice as large as those in the
as-received material (Table 1). Second, ferrite grain growth oc-
curred in the furnace-cooled material as shown in Table 1. After
austenitizing at 1000 °C and furnace cooling, the grain size in-
creased by 138%.

3.2 Materials Isothermally Transformed at 700 °C

The materials that were isothermally transformed at 700 °C
for 8 h had very low impact energy as compared to the as-re-
ceived material at all temperatures except —196 °C (Fig. 8). At
-196 °C, the impact energy was about 4 J for both the as-re-
ceived material and the material isothermally transformed at
700 °C for 8 h. At 0 and 23 °C, the isothermally transformed
material had a lower impact energy as compared to the furnace-
cooled material (Fig. 3 and 8). No appreciable difference in
fracture toughness existed at -196 and —40 °C. The furnace-
cooled material had an impact energy range from 4 J at—196 °C
to 108 J at 23 °C. On the other hand, the impact energy of the
material isothermally transformed at 700 °C for 8 h varied only
from 4 to 8 J over the same temperature range. The effect of iso-
thermal transformation time at 700 °C on fracture toughness
was also investigated and is shown in Fig. 9 for the specimens
tested at—196, -40, 0, and 23 °C. An isothermal transformation
time of zero hours in Fig. 9 refers to the as-received material. At
0 and 23 °C, there was about a 90% decrease in the impact en-
ergy after isothermal transformation (Fig. 9). At 40 °C, there
was only a moderate decrease in impact energy after isothermal
transformation. The impact energy was relatively constant for
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Fig. 4 Fractographs of the as-received material after Charpy impact tests at (a) 23 °C, (b) 0 °C, (¢) —40 °C, and (d) -196 °C
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Fig.5 Fractographs of the furnace-cooled material after Charpy impact tests at (a) 23 °C, (b) 0 °C, (¢) —40 °C, and (d) -196 °C
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Fig. 6 Rolling textures and distribution of pearlite in the as-
received material

Fig.7 Rolling textures and distribution of pearlite in the
furnace-cooled material
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Fig.8 Dependence of the fracture toughness on temperature of
the as-received materials and samples that were isothermally
transformed at 700 °C for 8 h
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Fig.9 Effect of isothermal transformation time on fracture
toughness

Volume 4(1) February 1995—75



Fig. 10 Distribution of pearlite after isothermal transformation at 700 °C for (a) 0.5 h, (b) 2 h, and (c) 8 h
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Fig. 11 Frequency distribution of peartite and ferrite in the as-
received material and samples that were isothermally trans-
formed at 700 °C for 0.5, 2,and 8 h

both the as-received and isothermally transformed materials
when tested at —196 °C. At all temperatures the impact energy
was relatively constant as the isothermal transformation time
was changed from 0.5 to 8 h.

In the microstructure of the materials isothermally trans-
formed at 700 °C for 0.5 h, pearlite existed on ferrite grain
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Fig. 12 Dependence of the fracture toughness on temperature
of materials isothermally transformed at 700 °C

boundaries (Fig. 10a). After 2 h of isothermal transformation at
700 °C, there was a very significant increase in the size of the
pearlite colonies (Table 1); the microstructure obtained is
shown in Fig. 10(b). At a still longer isothermal transformation
time of 8 h, partially spheroidized pearlite appeared along fer-
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rite grain boundaries (Fig. 10c). After isothermal transforma-
tion at 700 °C, rolling textures were eliminated. This was prob-
ably due to recovery and recrystallization during isothermal
transformation. At 700 °C, the ferrite grain size did not change
with isothermal transformation time (Table 1). A histogram of
the distribution of the microconstituents present is shown in
Fig. 11. Twenty sets of data were obtained from each specimen
and the calculated average values were used to construct the
histogram. When the materials were isothermally transformed
at 700 °C, the amounts of ferrite and pearlite did not really
change with time and were about the same as in the as-received
material.

For the isothermally transformed materials, the variation of
the impact energy with temperature is shown in Fig. 12.In gen-
eral, impact energy decreased with decreasing temperature
from 23 to -196 °C. At 0 and —196 °C, the impact energy was
the same irrespective of isothermal transformation time; there
is no clear explanation for this. However, it should be noted that
even at —40 and 23 °C, the differences in impact energy were
negligible. Fractographs of materials that had been isother-
mally transformed at 700 °C for 0.5 h before testing are shown
in Fig. 13. At 23 °C, the fractograph revealed the presence of
many voids (e.g., regions A and B in Fig. 13a) in addition to
quasicleavage facets (region C). As stated above, voids and fac-
ets are usually associated with ductile and cleavage fracture, re-
spectively. The existence of both voids and quasicleavage
facets indicates a mixed fracture mode. In a previous study on a
steel containing 0.20% C (Ref 1), it was found that the fracture
mode was usually mixed. At —196 °C, a mixture of intergranu-
lar and cleavage fracture was observed, whereas at 23 °C there
was a mixture of ductile and intergranular fracture. Unlike the
as-received and furnace-cooled materials, the specimens tested
at 23 °C after isothermal transformation at 700 °C for 0.5 h did
not contain a significant amount of dimples, which indicates
that the failure mode was dominated by quasicleavage fracture.
At 0 °C, striations (around region A in Fig. 13b) and planar qua-
sicleavage facets (region B) were observed. At very low tem-
peratures, a substantial amount of quasicleavage facets
(regions A and B in Fig. 13c and d) were again present. Al-
though transgranular fracture is associated with high impact
energy, transgranular facets (region C in Fig. 13d) existed in the
materials tested at —196 °C in spite of the low impact energy at
this temperature. However, it is worth noting that the relative
area of the fractograph associated with transgranular facets is
smaller than that for the other modes of fracture. This shows
that at—196 °C failure was not dominated by transgranular frac-
ture.

At 23 °C, the materials isothermally transformed at 700 °C
for 2 hrevealed the presence of voids (e.g., region Ain Fig. 14a)
and cracks (region B). Cracks (arrows in Fig. 14b) were also
observed after testing at 0 °C. As with the specimens isother-
mally transformed at 700 °C for 0.5 h, these materials had es-
sentially no dimples. At 40 °C, transgranular facets (region A
in Fig. 14c) existed in addition to quasicleavage facets (region
B); a similar fractograph was obtained at —196 °C. The frac-
tographs of the materials isothermally transformed at 700 °C
for 8 h (Fig. 15) were similar to those in Fig. 14, with trans-
granular and quasicleavage facets coexisting after testing at
—40 and -196 °C.
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The dependence of fracture strength on ferrite grain size can
be expressed as (Ref 7):

: ‘n:Efo
T 1=y 4

in which G is the dynamic strain energy release rate. For mild
steel, E =210 x 10° Pa and v = 0.29. For example, using a G
value of 100 Jm~2 and a grain size of 19.4 pm (Table 1), the fer-
rite grain fracture strength of the as-received material as deter-
mined from Eq 5 is 1920 MPa. For the material isothermally
transformed at 700 °C for 8 h, with a grain size of 33.2 m, the
ferrite grain fracture strength is 1470 MPa. Therefore, there is a
moderate grain-size-dependent decrease in the fracture
strength after isothermal transformation. Although these values
of fracture strength are higher than what would normally be ex-
pected for mild steel, this does show, however, that grain size
has some influence on fracture. The elements or compounds
present in steel also influence the fracture behavior. There is
evidence that phosphorus and sulfur have a significant effect on
the fracture characteristics of steel (Ref 18, 19). When present,
these elements may segregate to grain boundaries or, in the case
of sulfur, form sulfides that are detrimental to the fracture
strength of steel. The effect of segregation of phosphorus and
sulfur was, however, not investigated in this study.

The actual mechanisms by which low temperatures degrade
the fracture toughness of steel are still not very clear. However,
it has been shown that the fracture toughness of steel is related
to the size of carbide particles (Ref 20). In this case, tempera-
ture is believed to change the size of carbide particles, which, as
mentioned above, act as nucleating sites for cracks. Perhaps
even in the case of the 0.14% C mild steel used in this study,
temperature affected fracture toughness by indirectly influenc-
ing some microstructural features.

12
(Eq5)

4, Conclusions

The failure modes of a 0.14% C mild steel in the as-received
and furnace-cooled conditions when tested at 0 and 23 °C is
mostly by ductile fracture, whereas at ~196 and —40 °C it is
mostly by quasicleavage fracture. On the other hand, the failure
mode in the materials austenitized at 1000 °C and thereafter
isothermally transformed at 700 °C for 0.5, 2, and 8 h is by qua-
sicleavage fracture at all test temperatures. Upon lowering of
the temperature from 23 to —196 °C, the impact energy of the
as-received material decreases from 89 to 4 J, and that of the
furnace-cooled material decreases from 108 to 4 J. Furnace
cooling of the 0.14% C mild steel from 1000 °C results in a
moderate increase in fracture toughness only at 23 °C. On the
other hand, the materials isothermally transformed at 700 °C
for 0.5, 2, and 8 h have limited impact energy, and this falls
within the range of only 4 to 8 J as the Charpy impact test tem-
perature increases from —196 to 23 °C. At—196 °C the impact
energy is 4 J for the as-received, furnace-cooled, and isother-
mally transformed materials. The amounts of ferrite and pear-
lite present in the as-received material do not change
substantially even after isothermal transformation. However,
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Fig. 13 Fractographs after Charpy impact tests at (a) 23 °C, (b) 0 °C, (c) —40 °C, and (d) -196 °C of material isothermally transformed at
700°Cfor0.5h
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Fig. 14 Fractographs after Charpy impact tests at (a) 23 °C, (b) 0 °C, (¢) —40 °C, and (d) -196 °C of material isothermally transformed at
700°Cfor2h
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Fig. 15 Fractographs after Charpy impact tests at (a) 23 °C, (b) 0 °C, (¢) 40 °C, and (d) -196 °C of material isothermally trans
700 °Cfor8h
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coarsening of pearlite colonies and ferrite grain growth occurs
during furnace cooling or isothermal transformation at 700 °C
following austenitization at 1000 °C.
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