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ABSTRACT

Quantitative three dimensional analyses of fracture surfaces
on Fe—-BM cryogenic steel were used to study the effect of tem-
perature variations on the geometry of the characteristic features
in different fracture modes. Stereo SEM techniques combined
with stereo photogrametry provide the tools to perform such
analysis on standard Charpy specimens tested with appropriate
instrumentation over a 300 degree temperature range. The
characteristic features of the ductile fracture mode were found to
maintain a constant aspect ratio for these temperatures, while the
brittle fracture modes exhibit an aspect ratio that is temperature

dependent. This geometrical factor dependence of temperature in
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the non ductile case resembles that of the Charpy impact energy
for the same temperature range. Based on these findings and on
the classical stress-temperature dependence diagram, better
known as the' Joffee diagram, a detailed description of the

ductile —to —brittle transition is discussed.

May 10, 1984
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1. INTRODUCTION

Today’'s development of new malerials to meet innovative technological
applications demands knowledge of the complex processes of fracture that take
place under varied testing conditions. This is of particular importance in the
development of materials for use at cryogenic temperatures where the ductile-
to-brittle transition (DBT) may occur. Precise understanding of the fracture

mechanisms is needed to predict and control the DBT for alloy design purposes.

Fracture surfaces represent the final state of a very fast action that
occurs in a subject material. The sequence of events during fracture are of an
atomic order and are difficult, if not impossible, to observe as they proceed. In
studying the mechanism(s) of fracture, we are therefore confined to varying
the initial set of conditions, e.g., testing temperature, stress level, loading

mode, etc. and observing the end result, i.e., fracture surfaces. Despite this
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limited information, past research has provided many interpretations and
descriptions of fracture mechanisms. For DBT fracture mechanisms in particu-

lar, two different models have gained major support:

- One model assumes that there is only one fracture mechanism operating
in the transitional stage from ductile to brittle mode. This mechanism
result in different fracture appearances at various testing temperatures
because of the difference in the amount of plastic deformation that occurs

before fracture is completed.

- The other model instead, assumes that there are two different fracture
mechanisms, each being fully activated at opposite ends of the tempera-
ture scale. This dual mechanism model results in a mixture of two modes
of fracture being simultaneously present at intermediate temperatures

when each mechanism is only partially activated.

Therefore, an investigation of the fracture mechanis‘m(s) that operate
within the DBT regime shall be performed through a more complete analysis of
resulting fracture surfaces. Such analysis should derive from accurate surface
rnéasurements in order to char;acterize the geometry of the fealures present.
Conventional (2D) scanning electron microscope (SEM) observations of the
fracture surface can qualitatively distinguish the characteristic geometry of
different features. The use of stereo imaging techniques to obtain three dimen-
sional (30) qualitative and quantitative information on fracture surface, how-
ever, can effectively extend the perception of the real fracture appearance by
revealing additional information about depth, roughness, curvature, etc., that
conventional 20 images cannot provide. In this work, a quantitative 3D fracto-
graphic analysis of cryogenic steel is used to characterize the fracture modes

of an Fe —6M alloy over the range of temperature where its DBT occurs.
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II. EXPERIMENTAL PROCEDURE

A. Material and Heat Treatment

The material used for this study was a comrnerccial steel obtained from the
NMNipponSteelCorporation in the form of a one-inch thick plate. The chemical
composition (in weight%) of this alloy was as follows: C=.063; Mn=1.21; Si=0.029;
P=0.008; S=0.01; Ni=5.86; Cr=0.69; Mo=0.20 Fe=balance. This alloy is designed
for cryogenic applications since it maintains its high strength and high tough-
ness at low temperatures. Normally this alloy is given the conventional quench-
ing and L-tempering (@LT) heat treatment(!! or the two B-tempering (257)
treatment(2=4] in order to depress the ductile to brittle transition temperature
(DBTT) to even lower temperatures. For this work, however, easy access to
testing temperatures below and above the DBTT was desired. Therefore, the
material was annealed at 1000°C for two hours to remove any previous ther-
momechanical treatment and then water quenched (#@) to raise the DBTT

above liquid nitrogen temperature.

B. Mechanical Test

Standard V-notch Charpy specimens were cut from the #@ plate with the
longitudinal axis parallel to the rolling direction and the loading direction per-
pendicular to it. Three or more specimens were tested at each temperature,
varying from 77 K to 373 K. Subzero temperatures were obtained using
different proportions of liquid nitrogen, isopentane (2-methyl butane) and
methyl alcohol. Charpy impact tests at subzero temperatures were performed
following standard procedures of ASTH #23-72. The tests were conducted in a
Tinius Olsen MB64 Charpy machine, instrumented with a DYNATUP 500 system
to monitor the dynamic behavior and record both load and absorbed energy at

any time during the test. The hammer striking velocity was 512cms ™! for all
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tests, and the procedure used for the instrumented Charpy tests followed the
recently proposed standard method.!®! Upon calibration of the instrumentation,
a very good agreement was always obtained between the absorbed energy meas-

ured from the dial and from the oscilloscope display. 3

C. Stereo Scanning Electron Microscopy -

The specimens fracture surfaces were directly observed in the SEM. A
special design and custom built sample holder was used to position the full size
specimens always with their fracture surface normal to the incident electron
beam. Magnification was calibrated for X and Y axes anci was checked before
each session with a standard calibration grid. The SEM used had an eucentric*
specimen tilt stage with +.5 degree accuracy. Stereo pairs of fractographs were
taken using the specimen tilting method.(®] The specimen was tilted symmetri-
cally across the flat surface to minimize distortion of the images and to simplify
30 equations by using the central plane image equal to zero tilt.["8] The
optimum total tilt angle was experimentallyn determined to be 10 degrees for the
given characteristics of the stereoscope focal length, material topographic
configuration and operator inlerpupillary distance.l®l Magnification was held
constant at 2000X, which allowed for enough resolution of all present features
and permitted the use of the parallel projection approximation for the extrac-

tion of 3D information.[10:11]

D. Stereo Measurements
Stereo pairs of SEM fractographs were observed under a W/LD ST4 mirror
stereoscope. In this work a 1224 Numonics digitizer was used to obtain all

parallaxes (difference in length between two points as they are recorded in

* Eucentric is the generally accepted term used to describe a specimen stage in which the
tilt axis, rotation axis and optical axis intersect each other in one point, allowing for speci-
men tilt and rotation without the need for readjusting either the specimen position or the
focus.
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different tilted photographs) and other measurements from the fractographs.
Digital display and prinled record of the measurements were automatically pro-
duced at the same time the data was stored in a terminal bubble memory
through a digitizer-terminal interface. Later, data groups were sent via tele-
phone line to the central computer facility where a program in BAS[C’ written
by the authors processed the information to generate all 3D parameters, sta-
tistical analyses and graphics.!!?] Figure 1 shows a flow chart of this measuring

process.

E. Sampling

The fracture surface appearance of Charpy impact specimens at four
different testing temperatures as seen in the SEM are shown in Figure 2. From
these 20D fractographs, two results are noteworthy. First there is a definite
change of predominant fracture mode, and second, there is an infinite number
of different shapes of features present within each fracture mode. In order to
classify these features, a very restricted definition was chosen so that no sub-
jective judgement was required from the operator. The definition specified in

this work divides the features in two categories:

Ductile Dimples (DD): a void of concave shape with a protuberant edge or
border ridge such that if starting from an initial point P one may follow it
in any direction and return back to the same point P, circumscribing the
void completely and without interruptions. Such edges are clearly observ-
able in SEM fractographs given the higher contrast produced by the pro-

nounced height also known as the edge effect.[“’]

remaining Features (RF): features that fail to be classified as DD will be

considered RF for the purpose of this work.

Figure 3 illustrates some examples of DD and RF according with the definition
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given above. For each sampled feature a total of four data numbers were
obtained:
i) Class DD or RF (dummy variable): this data was obtained through the
stereoscope by the operator using the édopted convention and recorded

via the keyboard into the terminal’s bubble memory.

1i) Projected Area A: defined as the area circumscribed by the edge or
ridge of the feature. It was directly measured with the digitizer using the

stereoscope and corrected later by the topographic curvature angle.

41) Maximum Depth Z: defined as the difference in height between the top
and the bottom of the center of the feature. This parameter was calcu-

lated from the measurement of the parallaxes taken with the digitizer and

stereoscope.

iv) Topographic Curvature: defined as the angle of inclination of the
feature with respect to the normal to the fracture surface (also referred to
as the central plane). This parameter is also calculated from parallaxes

measured with the digitizer and slereoscope.

Figure 4 shows an idealized fracture profile with the 3D parameters as meas-
ured in this work. The relation between the difference in height or elevation
and the parallax measurements taken with the digitizer are given by the follow-
ing equation:

P

Ze = 2 X sin & 1)

where:
Z. = difference in height referred to the central plane
P = parallax value

a = half of the total tilt angle between left and right fractographs
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Introducing the magnification ¥ of the fractographs (1) becomes:

P __.F |
Z°‘2xstina'1c (@)
where:

k =2 x M Xxsin a = constant throughout this work
The above equations are derived assuming parallel projection (#>500) [8-9.11.14]

Even with the automation implemented for the measuring process, the
number of features makes it virtually impossible to sample the whole fracture
surface of the specimens at the magnification selected (2000X). Instead, a ran-
dom sampling technique was used, in which both the stereo fractographs and
the features measured were selected after computer generated random coordi-
nates were obtained for each specimen. Twelve random features were meas-
ured for each of six different stereo pairs of fractographs randomly taken

within the central area of each specimen at six different testing temperatures.
IV. RESULTS

A. Mechanical Properties

As desired and expected from the material heat treatment combination,
the Charpy impact tests showed a gradual ductile to brittle transition of the
total absorbed energy measured with the instrumented tup. The load-time his-
tory of these tests can also provide a good estimate of crack nucleation and
propagation energies.[‘s-w] Figure 5 summarizes the information obtained from
the instrumented Charpy tests over a 300 degrees temperature range. Defining
the DBTT as the temperature corresponding to the midpoint between the upper
and lower shelves, it is found that for both total absorbed energy E, and
estimated crack propagation energy £, the DBTT was approximately 150 K. The
parameters £y and E; also show a wide transition region. The estimated crack

nucleation energy £, instead has a narrower transition region with a very well
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defined upper shelf that drops at about 175 K to give a DBTT of 125 K. In the
brittle region it was observed that £, accounts for more than 90% of the total
energy absorbed by the specimens. The plot of E,vs.T in Figure 5, suggests
that the fracture nucleation mechanism is virtually the same down to 170 K.
This result of the mechanical behavior, if correct, should also be found in the

proposed fracture analysis.
B. Ffrocture Surface Analysis

1. Projected Area A:

The average projected area A of the features sampled in the fracture sur-

face was found to decrease with increasing testing temperatures (Figure 6).

The plot %vs. T shows a DBT shape with a transition temperature of 170 K.

2. Mazimum Depth Z:
The average maximum depth Z for all the features was found to increase
with increasingb testing temperature. The plot of Z vs. T also follows a DET

shape with a transition temperature of 170 K (see Figure 7).

3. Aspect Ratio V:

Given the characteristics of projected area 4 and rnaximum depth Z found
in this work, it seems appropriate to define an aspect ratio V that incorporates
both geometrical parameters 4 and Z. V was defined as the ratio of Z and the

square root of 4

V = 7_;1— (3)

The plot of the calculated V ws. .T is given in Figure 8. Its DBT shape can

be verified using the histogram shown in Figure 9. Separate curves of V for DD

and KF are plotted in Figure 10 and their histograms are presented in Figures
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11 and 12. The plot of V,; does not show any dependence on temperature,

while for Vpr there is a very smooth DHET region with a DBTT at about 175K.

4. Density of Ductile Dimples p:

This variable, defined as the number of ductile dimples per unit of sampled
area, shows a very drastic and narrow DBET with a transition temperature
around 175 K (Figure 13). The combination of this result with the constant
geometrical Vp, ratio indicates that the effect of low temperature is to inhibit

the nucleation of DD rather than changing their shape.

5. Roughness Factor F:

The creation of two new surfaces is inherent to the process of frac£ur_e. A
portion of the total absorbed energy is consumed by the generation of these
free surfaces and therefore some relationship between the energy absorbed
and the total surface area must exist. One way of studying this relationship is
by introducing a roughness factor F defined as the ratio of the real total area
of topographic fracture and its corresponding specimen cross sectional area.
The real total area of topographic fracture is estimated as the sum of the meas-
ured projected area A plus the area of the feature wall defined as the max-
imum depth Z times the perimeter of the feature which for this purpose is

assumed of circular shape:

S (4 + (Z x B))
=1

F = 5 (4)
where:
F = roughness factor (dimensionless)
A = projected area of the ith feature (um?)
Z; = maximum depth of the ith featur“e (um)

perimeter of the ith feature (um)

so
1
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S = specimen'’s sampled cross section (um?)

Figure 16 shows the graph of F-us. T. Here there is a DBT with similar charac-
teristics to those obtained from other 30 parameters. However, the physical
interpretation of F is of greater significance since it contains, by definition, all
pfeviously discussed 30 parameters and it is directly related to the energy

required for fracture to occur.

G. Statistical Analysis

The results obtained from the 30 quantitative fracture analysis
(A,Z,V, etc.) , are only statistical estimates of the true unknown values. In this
work, a parametric statistical method was used to find the level of confidence at

which the results were obtained.(17]

Three levels of confidence corresponding to three different interval sizes
were found for the projected area A, maximum depth Z and aspect ratio V at
each of the six sampled temperatures. For each interval size, the average of
the confidence levels over all the different temperatures is shown in Figure 15.
From these graphs two general results can be observed. First, the confidence
level for V is always greater than for A or Z alone, which implies that their com-
bination into a single parameter strengthens the confidence level. Second, as
expected from the definition of DD used here, the confidence level is for

DD > ALL FEATURES > RF.

A confidence level was also found for the regression line of Vpp, which in
Figure 10 is shown to be a constant independent of T. The confidence level is

97% for the intercept +10% interval size and 99.8% for +20% interval size.

A. Ductile to Prittle Transition

A qualitative description of the DBT and of the different fracture mechan-
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isms involved, with special emphasis on the least understood
quasi —cleavage mode (QCH) can be discussed based on the stress-temperature
dependence originally reported by Joffel!®l, A schematic illustration of this
dependence adapted to the findings of this work is given in Figure 18. Here the
critical cleavage stress g, is defined as the stress on the cleavage plane of the

most favorably oriented grain.[‘gl

When testing at high temperatures (CVN upper shelf), the stress in the
material will first reach the yield level and plastic deformation will begin to
occur. Miérovoids will nucleate and grow on favorable sites with further defor-
mation. The stress will continue to raise until microcracks form by void coales-
cence and propagate to complete fracture. This is a purely strain-induced
ductile fracture mode (Figure 16, T>Tp). On the other side of the diagram, at
very low temperatures (CVN lower shelf), the yield stress is strongly dependent
on temperature and much higher than o.. In this condition the material will
never reach the yield level and therefore no plastic deformation can occur.
Microcracks will nucleate first on favorably oriented grains when the stress
reaches the critical cleavage level g.. As the stress continues to increase,
microcracks propagate to other grains to produce a clean undeformed fracturé
surface. This is a purely stress-induced cleavage fracture mode (Figure 16,
T<Te).

For intermediate temperatures (TC%T< Tp), if the material reaches first the
yield stress level (Tp<T<Tp), microvoids will be nucleated on the most favorable
sites. As the stress continues to increase, the material strain hardens and
some planes of the most favorably oriented grains, which are already deformed
to some extent, will reach the critical cleavage stress level and nucleate micro-
cleavage cracks. These cracks will eventually produce general fracture by plas-

tic coalescence with existing microvoids. The resulting fracture surface will
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show a predominance of ductile dimples with a few strain-induced cleavage*
facets among them. This mode is defined as
quasi—cleavage fracture mode type / (@Cy). On the other hand, for the lower
region of the intermediate temperatures (To,<T<Ty), the critical cleavage stress
is reached before yielding and therefore the most favorably oriented grains
nucle;ate microcleavage cracké on preferred planes. These microcracks extend
to the boundaries with the less favorably oriented grains where they can not
propagate because the stress is not high enough. As the stress increases and
passes the yield level, those less favorably oriented grains that remained
uncracked will nucleate microvoids by deformation and coalesce with the
cleaved planes to produce general fracture. In this case, the fracture surface
will be primarily stress-in‘duced cleavage facets with few ductile dimples
clustered in small areas among them. This mode is defined as

quasi —cleavage fracture mode type II (QCp).

Both types of quasi-cleavage fracture consist of a mixture of dimples and
cleavage facets, however the amount of each one present is a function of tem-
perature as seen in Figure 13. It is also important to remember that while dim-
ples of both quasi-cleavage ‘types have the same origin (i.e., strain-induced
microvoid nucleation, growth and coalescence), the cleavage facets instead are
strain-induced for type / and stress-induced for type //. This different nature
of the cleavage in the quasi-cleavage mode is suspected to be responsible for
the change of the Vgp wi.th temperature shown in Figure 10. By similar argu-

ment then, the temperature independence of Vpp can be explained.

B. 3D Characterization of Fracture

* Strain-induced cleavage is a term that describes cleavage produced by a local stress-
enhancement that results from strain hardening.
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1. Geometry:

The aspect ratio, a combined 30 pararmneter, gives expected but nonethe-
less important information about the characteristics of ductile dimple fracture.
As seen in Figure 10, Vpp is independent of temperature. This result indicates
that the configuration of J0 must only be a function of the shape and distribu-
tion of their nuclei. It is also important to note, however, that temperature, as
seen in Figure 13, has a very strong influence on the number of DD that are

nucleated during the process of fracture.

On the other hand, Vgr shows a smooth DBT curve {Figure 10) with upper
and lower shelves just below Vpp and above zero respectively. These two limit-
ing values of Vgpr are significant in fracture characterization since they
separately provide information about the fracture mechanism correlation and
about the material microstructure. With the upper limit almost tangent to the
constant value of Vpp, it is reconfirmed that at high temperature, both DD and
RF are strain-induced fracture modes with the same origins.['272!1] The lower
limit instead has a value of approximately .08 for this material and set of initial
thermomechanical conditions. This limit value must be a function of the
effective grain size and the preferred cleavage plane orientation. There could
be, however, more than one equally preferred cleavage plane, or different
planes could be preferred at different temperatures which in addition to chang-
ing the lower Vpr limit may also be an important factor in determining the width
and shape of the temperature transition region. Further research combining
3D fractographic analysis with metallography is suggested to investigate this
topic.

The roughness factor F compiles all the 3D quantitative information meas-
ured from the specimen. As seen in Figure 18, F follows closely the DBT exhi-

bited by the material which is a consequence of its relationship to the total sur-
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face area created during the fracture process. The use of this factor F could
then be extended as a method to estimate the energy required for fracture,
becoming of great usefulness in failure analysis. More expeditious measure-
ments of F could perhaps be attempted using a continuous-flow krypton
adsorption method for ultra low surface area measurements.???3 Preliminary
experiments with this techniqure show that fracture surface area rneasurerments
on Charpy specimens require the maximum sensitivity of the instrumentation.

Interpretation of these resuits still to be determined.

V1. CONCLUSIONS

In a polycrystalline BCC material like the fe —6M steel investigated here,
with a relatively homogeneous distributiecn of nucleation sites for microvoids,
the fracture surface appearance would be fully ductile if the testing tempera-
ture is high enough to nucleate all the voids. Lower temperatures allow other
non-ductile mechanisms to intrude and change the fracture appearance pro-
portionally.

The ductile dimples aspect ratio remains conslant with temperature, indi-
cating that it may only be a function of the shape and distribution of the DD
nuclei. The aspect ratio for the remaining features instead, exhibit a tempera-
ture dependence that follows closely the DHT curve of the Charpy impact

energy.

The roughness factor F is an indicator of the total fracture surface area

that can be used as a 30 estimator of the energy required to fracture.
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Fig. 8.

Histograms of the aspect ratio for all features.
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Fig. 10.

Average aspect ratio for DD and RF vs. temperature.
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Fig. 11.

Histograms of the aspect ratio for DD.
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Fig. 13.

Ductile dimple density vs. temperature.
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Fig. 14.

Roughness factor vs. temperature.
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Fig. 15.

Confidence levels for mean values of 4,Z and V.
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Fig. 18.
Qualitative stress-temperature dependence and fracture modes predomi-

nance.
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