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The formation of cracks in a funnel mold of thin-slab casting is investigated using metallographic
studies and mathematical models. In Part II of this two-part article on thin-slab casting molds, short
longitudinal cracks near the meniscus region of a thin-slab funnel mold are studied metallurgically.
X-ray analyses revealed the formation of Cu-Zn brass on the copper matrix at high temperature where
the crack initiated. Heat-transfer and thermal-elastic-viscoplastic stress models described in Part I are
applied to investigate the temperature and stress fields associated with the cracks. Large cyclic inelastic
strains were found in the funnel transition region just below the meniscus due to the slightly higher
temperature at that location. The cracks then appear to have propagated by thermal fatigue caused
by major level fluctuations at transitions. The stress and strain predictions suggest cycles to failure
for molds for various hot-face temperatures.

I. BACKGROUND is related to the normal force, which acts against the copper
faces. Wear occurs in regions of the mold where the air gapTHE thin-slab mold for continuous casting of steel is
is fully closed. Won et al.,[2] using a two-dimensional (2-D)prone to surface crack formation, particularly in funnel-
coupled thermo-elasto-plastic finite-element model of con-shaped molds. This is likely associated with the higher cast-
ventional slab casting, reported that wear increases withing speeds needed for this increasingly popular process to
increasing narrow-face taper. The width of the worn regionbe efficient. Higher casting speeds generate higher heat flux,
was predicted to decrease with increasing carbon concentra-which causes greater temperatures and stresses in the mold.
tion in the steel.[2]

Cracks pose a serious quality problem, in addition to the
H. Gravemann et al.[3] analyzed surface cracks in a copper-obvious loss of mold life. This is because meniscus cracks

billet casting mold. These cracks are characterized by trans-may locally retard cooling of the steel shell beneath them
granular crack propagation. Corrosion fatigue was deter-and lead to longitudinal crack formation and other defects
mined to be the cause and zinc and sulfur to be the corrodingin the steel product. Despite its importance, the thermome-
media. They also found that in a chrome-plated mold, thechanical behavior of the mold and mold crack formation has
corrosion of the copper starts under microcracks in thereceived little attention and is not fully understood.
chrome layer forming the brittle intermetallic phases of betaThe present work was undertaken to investigate crack
and gamma brass and/or copper sulfide. Fracture of theseformation in thin-slab molds. In Part I of this two-part article,
brittle compounds leaves notches, which act as stress raisers.the thermal and mechanical behavior of both parallel and
With alternating thermal stresses from thermal cycling, thesefunnel thin-slab molds were investigated quantitatively
notches ultimately develop into cracks that are 10-mm deep.based on plant measurements and three-dimensional (3-D)

Hawbolt et al.[4] also studied mold cracks in billet moldselasto-plastic-creep finite-element models. Part II of this
and found intergranular cracks combined with the presencework applies these models together with a metallurgical
of a Zn-rich and Pb-rich phase, suggesting that the copperanalysis of the cracks in order to gain new insight into the
plate may have undergone a liquid-phase embrittlementmechanism of mold crack formation.
when subjected to a tensile stress at very high temperature.

O’Connor and Dantzig[5] computed cyclic inelastic strains
in a funnel-shaped thin-slab casting which reached 1.75 pctII. PREVIOUS WORK
in a region below the meniscus along the funnel edge. TheseA few previous studies have investigated mold defects,
large strains resulted from the combination of locally highincluding mathematical models and microstructural analysis
temperatures coupled with the geometric constraint of theto study mold crack occurrence.[1–5] Grill et al.[1] investigated
mold. Longitudinal fatigue cracks on the hot face were attrib-mold wear and reported that physical abrasion of the mold
uted to overconstraint of the copper plates. They suggested
cracks could be avoided by loosening the tension bolts con-
necting the mold with the water jacket in order to allow the
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the high level of understanding that has been achieved, sev- Photographs and micrographs of the mold cracks of inter-
eral questions of practical importance to mold crack forma- est in this study are presented in Figures 2 through 5. Some-
tion remain to be answered. Why does a funnel mold have times, cracks were observed after only 2 or 3 casting
more cracks than a parallel mold? Why do cracks not always sequences, but at other times, molds were in service with
form at the transition area of the funnel mold, where no cracks for up to 70 sequences. Figure 1 shows a schematic
O’Connor found the highest stress? What is the effect of funnel mold illustrating the location of the mold cracks.
the mold alloy? How many cycles to failure can an ordinary Most of the cracks formed just below the meniscus and
mold withstand with no constraint problems? What is the were located about 360 mm from the center of mold at the
relative importance of thermal cycling due to metal-level transition region of the funnel shape in the same location
fluctuation compared with major level changes when empty- as observed by O’Connor and Dantzig.[5] A closer examina-
ing and refilling the mold? This work aims to investigate tion of the mold surface around the crack reveals two distinct
some of these issues. regions, which are identified in Figure 2. The top and bottom

part of the specimen are dark gray (Figure 2(a)), which
corresponds to the Cr-coating layer. The region around the
crack, which is found near the meniscus, is yellow (FigureIII. MORPHOLOGY OF MOLD CRACKS
2(b)). The composition of this thin layer was identified as

Thin-slab casting molds still suffer from mold cracks, a brass, using the energy-dispersive spectrum (EDS) on the
despite having implemented the suggestion of minimizing scanning electron microscope (SEM) (Figure 6).
constraint by employing oversized bolt holes (Part I). The Figure 3 shows a transverse section through the mold
first step of this study was to perform a metallurgical analysis crack, which penetrates to a depth of about 2.8 mm below
of typical mold cracks obtained from an operating thin-slab the mold surface. The crack seems to be intergranular just
casting funnel mold after 345 heats of casting. below the mold surface, but most of its interior length has

the characteristic features of transgranular fracture. This is
verified from an SEM fracture analysis in Figure 4, which
shows the intergranular fracture surface found just beneath
the mold surface. Figure 4 also shows a wedge crack at the
triple point of grains, which is characteristic of creep fracture
at high temperature. An examination of the fracture surface
at the crack root in Figure 5 reveals another fracture morphol-
ogy that is believed to be fatigue striations. These analyses
suggest that the crack is initiated at the surface at high
temperature and is then propagated deeper by alternating
thermal stress at lower temperature. This transgranular
fatigue-crack propagation at lower temperatures is consistent
with previous research.[3,6–8] The high-temperature inter-
granular fracture is consistent with observations of Ashida
and Takao[7] for all dispersive Cu alloys including Cu-Cr-
Zr. However, it contrasts with H. Gravemann et al.[3] and
Collins and Taplin[6] reports for the Cu-Cr-Zr alloy, whereFig. 1—Schematic diagram of the funnel mold showing the location of

mold cracks. zirconium was found to segregate to grain boundaries. This

Fig. 2—(a) Photograph of the mold crack and (b) magnified view.
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Fig. 4—Fractographs of the mold cracks just below the mold surface show-
ing the intergranular fracture and wedge cracks at the triple point of
grain boundary.

Table I. Simulation Conditions for 2-D Slice Modeling

Mold Type Parallel Mold Funnel Mold

Copper plate thickness (mm) 60 57 to 80
Mold width (mm) 1660
Copper alloy 0.5 wt pct Cr � 0.1 wt pct Zr
Water slot-hot face distance

(mm) 25 25 to 27
Bolt length (mm) 445
Bolt diameter 16
Bolt hole diameter in water

box (mm) 24
Water slot heat transfer

coefficient (W/m2K) 38.45
Cooling water temperature (�C) 38

Table II. The Maximum Displacement (in Millimeters) at
the Tension Bolt of Outer-Backing Plate after 50

Sequences of Casting (3-D Quarter Model)

Thickness
Width Displacement DisplacementBolt Position

(after Cooling) (during Operation)(from Center
of Mold) Parallel Funnel Parallel Funnel

0 �0.002 �0.003 0.136 0.209
188 0.005 0.005 0.169 0.243
376 0.008 0.009 0.225 0.306
564 0.016 0.017 0.285 0.380
752 0.019 0.021 0.348 0.461

and avoid intergranular fracture.[3,6] Solid-solution-strength-
ened materials, such as Cu-Ag alloys, are known to have
higher fatigue resistance, particularly against intergranular

Fig. 3—Optical micrograph of the cross section of the mold crack. fracture.[7]

Another striking feature of the crack occurrence is that
near the top surface of the mold, the Cr-plated layer is absent
from around the crack, as shown in Figure 6. Instead of thewas proposed to be beneficial by forming large harmless

precipitates, which decrease stress concentration, avoid grain Cr layer, a brass layer was formed just beneath the hot face
of the mold, in which the Zn concentration reached up toboundary sliding, prevent void initiation around precipitates,

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 33B, MONTH 2002—3



Fig. 5—Fractographs of the mold crack near the crack root showing the striation structure.

Fig. 6—Optical micrograph of the (a) mold crack around the top of crack and (b) x-ray spectrum.
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Fig. 7—Finite-element mesh of the 2-D horizontal domain for parallel and funnel molds and its thermal and mechanical boundary conditions: (a) parallel
mold and stress BC and (b) funnel mold and heat BC.

Fig. 8—Thermal pattern of the hot face imposed on the 3-D stress analysis. Fig. 10—Vertical displacement across the mold width at the interface of
the mold and back plate during the operation for the parallel.

Fig. 9—The change of displacement at a location of 376 mm from the
center of the backing plate with casting sequence at the meniscus of the Fig. 11—Comparison of the heat flux profiles at the meniscus region.
parallel mold.
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Fig. 12—Comparison of the hot-face temperature distribution of the hot Fig. 15—Comparison of the inelastic strain distribution across the hot face
face across the wide face with different mold shapes (2-D quarter model). with different mold shapes.

Fig. 13—Slot depth profile across the mold width at the meniscus for the
Fig. 16—Stress-strain hysteresis loop on the hot face of the parallel mold.funnel mold.

Fig. 17—Comparison of the stress-strain hysteresis loop after 50 sequences.
Fig. 14—Comparison of Von Mises stress across the hot face with different
mold shapes.

its temperature exceeds 425 �C. These results suggest that
the hottest portion of the hot face of the copper lost its16 pct, as shown from EDS analysis. The only possible zinc

source appears to be the molten metal, which varied from protective Cr layer, exceeded 425 �C, was severely attacked
by Zn in the molten metal, and formed brass. Once zinc10 to 20 ppm Zn or higher (up to 60 ppm), depending on

the scrap and dust composition in the electric furnace. Zinc attacks the copper plate, it preferentially diffuses along the
grain boundaries rather than the matrix. This makes the grainabsorption into the hottest portion of the mold surface was

also reported by O’Connor and Dantzig[5] but only where boundaries more susceptible to cracks. Once a short crack
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Fig. 18—Temperature response measured in the funnel mold at the menis- Fig. 21—Inelastic strain profile across the wide face of the funnel mold.
cus during steady state (100 mm below the mold top).

Fig. 19—Comparison of calculated and measured temperatures and corres-
Fig. 22—Effect of the heat-flux profile uncertainty on the hot face tempera-ponding hot face temperature and heat flux profiles across the wide face
ture predictions (steady 3-D segment model).at the meniscus of funnel mold (2-D quarter model).

criteria for copper thin-slab casting molds. The 2-D finite-
element models are applied to calculate temperature and the
corresponding stress and strain fields in the parallel and
funnel mold using the commercial stress-analysis package,
ABAQUS 5.8.[9] Simulation conditions are given in Table
1 and in Part I of this two-part article. Horizontal sections
of one-quarter of the mold (2-D quarter model), including
part of the water jacket, were taken at the height correspond-
ing to the highest mold temperature, as shown in Figure 7.
These slice sections were assumed to deform in plane strain.
This section is reasonable because the surface cracks were
always longitudinal along the mold length.

To obtain accurate predictions from a 2-D model of 3-D
phenomena, special boundary conditions were developed in
order to match the 3-D model predictions. First, heat-flux
boundary conditions at the hot face of the 2-D quarter modelFig. 20—Stress (�xx) profile across the wide face of the funnel mold.
were chosen to be lower than physically measured (Part I)
in order to match the temperature predictions of the full 3-
D segment model. To obtain boundary conditions for theis initiated, its tip acts as a stress raiser for crack propagation
stress model, the 3-D quarter model was first run, based onvia transgranular thermal fatigue.
the thermal load described in Part I, to reproduce 50 thermal
cycles experienced in the real mold shown in Figure 8.

IV. THERMAL STRESS MODEL DESCRIPTION Symmetry planes at the wide-face centers are mechanically
constrained to prevent normal displacements. To realize theSeveral models are used to investigate the effect of mold

geometry and temperature profiles on the thermal mechani- pretension force in the 2-D quarter model, the x and y dis-
placements of the backing plate at each tension-bolt positioncal behavior, its associated crack occurrence, and failure
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(a) (a)

(b)

(b)Fig. 23—Power spectra for the metal level and temperature response: (a)
comparison of the metal level between the parallel and funnel molds and

Fig. 24—Thermal pattern of the funnel mold at the meniscus: (a) measured(b) comparison of metal level and temperature response in the funnel mold.
temperature profile at the thermocouple position and (b) calculated hot face
and thermocouple temperature.

from the 3-D analysis (3-D quarter model), described in Part
I, were imposed as fixed-displacement boundary conditions
on each tension bolt position in the 2-D quarter model.
For example, Figure 9 shows the displacement boundary
condition imposed on the 2-D quarter model at the position
of 376 mm from the parallel mold centerline to realize the
pretension force. Table II shows the maximum displacement
at other bolts.

During heat up at the start of each continuous-casting
sequence, there is some slight sliding between the mold and
the backing plate (water box), which causes the tension bolts
to move relative to the bolt holes. Since there are no threads
for the tension bolt in the water jacket itself, the constraint
condition due to the contact is governed by the clearance
between the bolt and the bolt hole in the water jacket. As
can be found from Table I, this clearance is 4 mm. This is
safely larger than both the dimensional changes of the tension

Fig. 25—Transient hot face temperature response for the various cases ofbolt diameter, which are less than 0.2 mm, and its horizontal
thermal cycles.movement, which is a maximum of 1.36 mm at the farthest

bolt from the centerline. Thus, the contact surface between
the mold plate and the water jacket is relatively free to slide
in the width direction as friction was found in Part I to boundary conditions at the interface of the mold and water

jacket of the 2-D quarter model at the bolt locations. Figurebe negligible. Mathematically, this can be represented with
interface elements to simply prevent penetration of the cop- 10 shows the constraints imposed to restrain expansion in

the thickness direction on the parallel mold during heat up atper plate into the water box. This justifies the boundary
conditions used on the 3-D quarter model in Part I. steady-state operation. Further details of the elastic-plastic-

creep stress model, including the temperature-dependentConstraints in the horizontal plane were obtained at each
thermal cycle from the results of the 3-D quarter model yield-stress function for isotropic hardening and the equation

for primary creep of Cu-Cr-Zr, are given in Part I.described in Part I. They were applied as fixed-displacement
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Fig. 29—Variation of cycle to failure for different fatigue models.Fig. 26—Effect of the metal level on the hot face temperature predictions
(3-D segment model).

Fig. 30—Comparison of the stress-strain hysteresis loop with different hot
face temperature for the funnel mold.

Fig. 27—Stress-strain hysteresis loop at the meniscus hot-face surface for
the funnel mold with different frequencies of metal level fluctuation.

mold.[10–14] Among them, the following three functions were
selected for fitting the heat-flux profile:.

q1 (kW/m2) � 6107 � 821 � t (s) Linear function [1]

q2 (kW/m2) � 8420 � 2987 �t (s)

Square root function [2]

q3 (kW/m2) � 6516 � exp [�0.2t (s)]

Exponential function [3]

Here, q is the heat flux (kW/m2) down the mold length,
and t is the residence time (seconds) of the strand below
the meniscus.

Figure 11 compares the heat-flux profiles calculated along
the centerline of the mold for these three equations. Note
that all three profiles roughly satisfy the heat flux known at
positions where thermocouple measurement were made
(Part I). The meniscus heat flux is seen to vary from 8 toFig. 28—Inelastic strain profiles with casting time.
6 MW/m2, depending on the equation.

Next, this article presents results and discussion of several
different studies using these models.

Temperature profiles around the meniscus and crack
region are studied using the 3-D segment model and the

V. COMPARISON OF FUNNEL AND PARALLELheat-flux data obtained in Part I. An attempt has been made to
MOLD THERMAL-MECHANICAL BEHAVIORrefine the heat-flux profile predictions around the meniscus

region. There are many popular forms of empirical equations To isolate the effect of mold shape alone on temperature,
stress, and crack occurrence, the same heat flux (4 MW/m2)for the heat-flux profile as a function of distance in the
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Table III. Summary of Predicted Fatigue Life with Different Thermal Cycles

Number of Sequence Cycles to
Number of Thermal Cycles to Failure Failure (1 sequence � 4 Hours)Inelastic Strain

(Pct) O’Connor Collins Ashida O’Connor Collins Ashida

SEN change* 0.45 1489 5591 2148 1489 5591 2148
Long period ( f � 0.05Hz) 0.11 71,696 93,306 15,223 99 129 21
Short period ( f � 0.3Hz) 0.33 1,965,211 1,034,242 81,152 454 339 19

*Assumed to be period of start/stop of casting transitions (one sequence).

Table IV. Summary of Predicted Fatigue Life with in the hot face. Upon cooling, this strain causes the mold
Different Hot Face Temperatures to try to bend but is once again restrained from doing so by

the bolts against the backing plate. This causes the formerHot Face Inelastic
Number of Sequence Cycles to Failure hot face to go into tension, which might initiate a crack.Temperature Strain

The tensile stress increases after each cycle, encouraging(�C) (Pct) O’Conner Collins Ashida
crack propagation. Figure 17 compares the stress-strain hys-

300 0.45 1489 5591 2148 teresis loop after 50 sequences for both mold types. The350 0.52 1001 4148 1757
maximum tensile stress after cooling down seems to be400 0.59 707 3254 1474
slightly higher in the funnel mold, where the cracks occur.450 0.66 519 2601 1261

The magnitude of the differences in both stress and strain500 0.74 379 2070 1076
between the cracked and noncracked locations is very small,550 0.85 259 1569 887
however. Thus, these results explain only the location where
cracks initiate in the funnel mold. They do not completely
explain the difference in susceptibility between the funnel

was imposed on 2-D quarter models of the funnel and parallel and parallel mold shapes.
molds. Figure 12 compares the temperature distributions
calculated along the hot face of the two molds. As seen in

VI. FUNNEL MOLD ANALYSIS USINGthis figure, the funnel mold shows a variation of temperature
TEMPERATURE AND CRACKacross the mold width despite the constant heat flux. In

MEASUREMENTSparticular, the region around the funnel transition region,
where the cracks occurred, is hotter by about 40 �C. This A. Measured Temperature Profiles
phenomenon is attributed to local variations in the slot geom-

To investigate the relationship between temperature pro-etry for the funnel mold. As shown in Figure 13, the distance
file, stress, and cracks near the meniscus, mold temperaturesbetween the hot face of the mold and the slot root (slot depth)
were measured at the meniscus in a funnel mold. Figure 18is not uniform across the funnel mold width. In particular,
shows the temperature response at different positions acrossthe funnel transition region has a slightly greater effective
the hot face at the meniscus during steady-state casting. Thethickness, with slot roots ranging from 0 to 3 mm further
temperature 376 mm from the mold center is higher thanfrom the hot face than the others. This is because the slots
other locations by 50 �C. This was expected, based on theare machined to equal depths in groups of 3 or 4 slots.
analysis presented in Section V, due to slot variation. How-Typical stress and strain results from the 2-D quarter
ever, the same maximum temperature at this location wasmodel are shown in Figures 14 and 15. Figure 14 compares
observed in the parallel mold, as described in Part I, so otherthe Von Mises stress profiles across the hot-face width of
phenomena appear to be important also.both molds. Figure 16 compares the inelastic strain (equiva-

lent plastic strain plus equivalent creep strain)[9] distributions
across the hot face, together with the region of crack occur-

B. Simulations of Horizontal Profilesrence. Where the hot-face temperature is higher in the funnel
mold, the stress and strain results are also higher. Thus, both Based on the measured temperatures, the 2-D quarter

model was used to calculate temperature, stress, and strainof these fracture criteria correctly indicate the location of
cracks and suggest a relationship with the water slot array. distributions in the funnel mold. Figure 19 shows the temper-

ature distribution across the hot face and thermocouple loca-To gain insight into the crack formation process, Figure
16 plots the evolution of stress and strain over an entire tion, including the corresponding artificially low heat-flux

profile, adjusted for the 2-D quarter model mesh. It can becasting campaign at a meniscus position on the mold surface,
located where cracks are formed. When the mold tempera- seen that hot-face temperature variation is significantly more

severe than at the thermocouple depth. The funnel transitionture increases from room to operating temperature, the mold
tries to expand towards the molten steel but is constrained region is more than 70 �C hotter than the center region of

the funnel mold. O’Connor and Dantzig[5] suggested thatin x by the cold copper and in y by the bolts on the water
jacket, forcing most of the mold into compression. The the outer bend of the funnel region is hotter due to convergent

heat flow. This work, however, suggests that the peak inhighest compressive stress occurs on the hot face of the
mold where the temperatures are highest. This compressive this region is greater and wider than can be explained by

this phenomenon alone. It is also greater than could bestress causes plastic yielding accompanied with time by
creep strain, leading to residual inelastic compressive strain expected from the local variations of water slot depth alone.
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Stress and plastic strain in the transverse plane follow the and strain variation near the meniscus. First, a sinusoidal
heat-flux equation was adopted so that the temperature fieldtemperature profile and have peak values that coincide with

the region of crack occurrence, as shown in Figures 20 and produced by the 2-D quarter model matches with the meas-
ured temperature. Specifically, the artificially low heat flux21. These results provide even stronger evidence that the

cracks initiate in the funnel transition area due to higher was varied between 2.15 and 3.39 kW/m2.
Figure 24(b) shows the calculated temperature historiestemperatures in this region.

at both the hot face and thermocouple locations. The thermo-
couple location shows a temperature range of 100 �C toC. Simulations of Vertical Profiles
120 �C (an amplitude of 20 �C), which closely matches the

To investigate why the cracks form at their particular measured thermal response in Figure 24(a). The correspond-
distance vertically down the mold, the hot-face temperature ing hot-face location temperature varies from 260 �C to
profile near the meniscus was simulated with the 3-D seg- 325 �C (an amplitude of 65 �C), as shown in Figure 24(b).
ment model using the three different heat-flux equations. Having calibrated the model, the fluctuation frequency was
Figure 22 shows the effect of the different heat-flux profiles varied. In order to isolate the effect of level fluctuation alone
on hot-face temperature predictions. Regardless of the exact on temperature, stress, and strain, all other conditions were
equation, the peak temperature was always found about 20 kept constant and both simulations were performed on the
to 30 mm below the molten metal level, which corresponds funnel mold geometry. Figure 25 compares the transient
almost exactly with the region of crack occurrence. Some mold temperature response at high frequency (0.3 Hz), low
cracks were observed to extend to above the meniscus, where frequency (0.05 Hz), and steady state, respectively. As shown
the temperature is relatively low. This was hypothesized in this figure, increasing the fluctuation frequency lowers
to be crack propagation from cyclic fatigue due to metal- both the peak temperature and its amplitude. Specifically,
level fluctuations. while the 0.3 Hz frequency has a temperature fluctuation

amplitude of 20 �C at the hot face, the 0.05 Hz frequency
has an amplitude of 75 �C. The temperature fluctuation atVII. METAL-LEVEL FLUCTUATION STUDY
the thermocouple depth is much smaller (0.7 �C for 0.3 Hz

A. Metal-Level and Meniscus Temperature Fluctuation and 20 �C for 0.05 Hz). At frequencies of 0.016 Hz or less,
Measurement the temperature and stress amplitude are virtually the same

as at steady state. In this case, hot-face temperature fluctua-Metal-level fluctuations are a potential source of cyclic
tion can also be confirmed with calculations using the 3-Dthermal loading on the mold. They can occur in spite of an
segment model. Figure 26 shows the effect of metal levelautomatic control system due to turbulence in the mold
on the steady-state hot-face temperature prediction, basedrelated to transient variation in the mold flow pattern. To
on �4-mm level changes. This was achieved by shifting thequantify the magnitude and frequency of these fluctuations
standard linear heat-flux profile in Figure 10 verticallyon meniscus temperature fluctuations, both metal-level
by �4 mm for the boundary conditions of the 3-D segmentsignals and meniscus thermocouple measurements were ana-
model. As can be seen, the amplitude of hot-face temperaturelyzed using Origin.[15] Fourier analysis was applied to deter-
variations at the meniscus (100 mm below the mold top)mine the frequency distribution of the metal-level signals
was about 94 �C (range of 228 �C to 322 �C), which isof both the parallel and funnel mold based on the plant
similar to the 2-D quarter model predicted amplitude ofdata presented in Part I. Figure 23(a) shows the computed
110 �C (range of 230 �C to 340 �C).intensities, which represent the relative contribution of each

frequency to the overall level-fluctuation signal. It is evident
that the funnel mold has mainly low-frequency level fluctua-
tions, averaging about 0.05 Hz, compared to the generally C. Stress-Strain Fluctuation Simulations
high-frequency fluctuations of 0.3 Hz in the parallel mold.

Based on the preceding temperature fields, stress andThis corresponds to fluctuation periods of 20 seconds (funnel
strain were calculated for the different metal-level fluctua-mold) and 3.3 seconds (parallel mold). The reason may be
tion frequencies using the 2-D quarter model. Figure 27due to the thicker funnel mold, which contains more fluid
shows the stress-strain hysteresis in the hot face of the funnelvolume, and delays the side-to-side transient sloshing
mold. The x inelastic strain (plastic � creep � thermal strainobserved by Honeyands et al.[16]

in the width direction) per thermal cycle is about 0.033 pctNext, the meniscus temperature variations measured at
(0.3 Hz) and 0.11 pct (0.05 Hz), respectively. This result100 mm below the top of the funnel mold were analyzed.
suggests that low-frequency metal-level fluctuations mayFigure 23(b) compares the power spectra from both metal
damage the mold more than those at high frequency. It islevel and temperature response of the funnel mold. The
noted that the alternating stress and mean stress from themeasured temperature has a peak value at around 0.05 Hz,
fluctuation of molten steel are both entirely compressive.which corresponds exactly with the frequency of the metal-
Relative to detrimental tensile mean stresses, it is well-level fluctuations. Each temperature peak is clearly caused
known that compressive mean stresses are beneficial.[18] Forby a metal-level fluctuation. This agrees with the findings
example, compressive stresses increase the fatigue strengthof Lai et al.[17] that mold thermal response provides a good
of alternating high-cycle fatigue by more than 50 pct.[19]

indication of the meniscus-level fluctuation.
Although the level fluctuations create variations that are
wholly compressive, tensile forces are created at the end of

B. Fluctuating Temperature Simulation each sequence, as shown in Figure 16. Low-cycle fatigue
cracks are the result of accumulated inelastic-strain damageThe transient 2-D quarter model was applied to simulate

the effect of metal-level fluctuations on temperature, stress, coupled with tensile forces. Thus, it might be possible that
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the increasing compressive-inelastic strains due to level fluc- pattern,[25,26,27] surface condition of the sample, environ-
ment,[28,29] test method,[30] and other factors. Therefore, thetuations could cause faster propagation of the fatigue cracks.

Figure 28 shows the trend of plastic and creep strain for differences in fatigue life are not unexpected. Unfortunately,
none include any wholly compressive cycles, so the lifethe case of low frequency of metal-level fluctuation. From

this figure, it can be found that almost all of the plastic cycle cannot be exactly predicted for the present conditions.
Nevertheless, a rough estimate of continuous-casting moldstrain occurs at the first thermal-load step. The creep strain

increases monotonically with time. Although the increase lifetime was determined by applying the results of these
three criteria.per cycle is small (only about 0.0002 pct), the large number

of cycles allows a significant amount of creep to accumulate
(e.g., up to 0.14 pct after one 4-hour casting sequence of

B. Lifetime Prediction720 cycles at 0.05 Hz). During the fluctuation of the molten-
In order to predict fatigue life, inelastic strain was deter-steel level, the mold fatigue life appears to be governed by

mined from the stress-strain hysteresis loops for three differ-the creep due to the cyclic thermal loading.
ent cases of metal-level fluctuation (0.05 Hz and 0.3 Hz)
and SEN change (single thermal cycle defined in Part I).

VIII. FATIGUE CRACK PREDICTION Fatigue life predictions using all three equations for the three
different types of thermal cycles are summarized in TableIn continuous casting, the fatigue load is generated by
III. Considering that the mold cracks were observed in thethermal cycling from both fluctuations of the metal level and
funnel mold within 70 sequences, the predicted number ofmajor casting transitions, such as submerged entry nozzle
cycles to failure from SEN changes alone is much longer(SEN), tundish, and ladle changes, etc. The latter have very
than the actual life. When applying Eq. [4] through [6] tolow frequency and high amplitude compared to the rapid
metal-level fluctuations, the lifetime is much shorter. Thisshallow-level fluctuations.
strongly implies that the metal-level fluctuations influence
mold life significantly. With the possible exception of Ashi-

A. Failure Criteria da’s fatigue Eq. [5], the results in Table III also reveal that
low-frequency metal-level fluctuations, such as found in theThere is a paucity of fatigue-life data available for continu-
funnel mold, are more harmful to the mold service life thanous molds, in particular Cu-0.1 pct Cr-0.15 pct Zr composi-
the high-frequency fluctuations found in the parallel mold,tion. One relevant equation is that reported by O’Connor,
despite their fewer numbers. Very low frequencies (i.e.,who used fatigue data for a Cu-2 pct Cr alloy, which was
�0.016 Hz) are expected to begin to decrease fatigue suscep-tested at 538 �C at a strain rate of 2 � 10�3 s�1[20] and
tibility again, as the temperature distribution approachescorrected for the presence of creep, suggesting the following
steady state and the number of cycles lowers. The precedingfatigue equation for number of cycles to failure, Nf :[5]

fatigue predictions apply only to the copper base metal. If
Nf � 1.66 � 102 � (��in)�2.75 [4] a coating material, such as Cr, is applied to the hot face of

the copper mold, the predicted cycles to failure are expected
where ��in is the inelastic strain range (percent) of stress- to be longer. Once the Cr-coating layer no longer protects
strain hysteresis. it, however, these results suggest that mold life will be

Another equation was developed by Ashida and Takao,[7]
very short and will be controlled by metal-level fluctuations,

who conducted thermal fatigue tests for Cu-0.8 pct Cr-0.2Zr. which is consistent with metallurgical observations in this
Fully-reversed cycling, out-of-phase thermal conditions study.
were employed, ranging from tensile stress at room tempera- Figure 30 shows the stress-strain hysteresis loop for the
ture to compressive stress at 350 �C with a frequency of funnel mold with different hot-face temperatures during five
4.11 � 10�3 Hz. sequences. Steady state was reached after just one sequence

cycle, which is similar to O’Connor and Dantzig.[5] As canNf � 7.08 � 102 � (��in)�1.39 [5]
be seen in this figure, with the increase of hot-face tempera-

This material and loading conditions are quite similar to ture, the inelastic strain range (width of the loop) increases
that in the mold plates of this study. significantly. Table IV summarizes the fatigue life prediction

Collins and Taplin[6] also conducted isothermal low-cycle according to the hot-face temperatures with different fatigue
fatigue for Cu-0.5 pct Cr-0.1Zr-0.03Mg material in strain equations for the case of SEN transition. Increasing tempera-
control at temperatures up to 400 �C and frequencies of ture is naturally expected to reduce lifetime, due to higher
0.0017 to 0.17Hz, suggesting the following equation: strain amplitude (as shown) and from lower fatigue cycles

to failure (not available).Nf � 1.43 � 103 � (��in)�2 [6]

These test frequencies roughly correspond to level fluctua-
IX. MECHANISM OF MOLD CRACKtion cycles in the present work. Collins states that for trans-

FORMATIONgranular fracture, such as mold cracks found in the present
study, the fatigue equation is independent of temperature The results of this study suggest that the mold cracks

begin with the cracking or loss of the protective Cr coatingand frequency.[6].
Fatigue life predictions are plotted logarithmically against at the hottest portion of the hot face found just below the

meniscus in the transition region of the funnel mold. Thisthe inelastic strain with the different criteria in Figure 29.
In general, it is known that the fatigue life is influenced is followed by attack of the exposed copper by zinc from

the molten steel. The Zn forms a brass alloy, which is suscep-greatly by alloy composition, grain size,[6,7] tempera-
ture,[20,21] cycling frequency,[22] holding time,[23,24] loading tible to intergranular creep failure. Once a short, shallow
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edge the support of Dr. S.Y. Kim, who supplied plant trialby thermal fatigue. Propagation is greatly aggravated by
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for their cooperation and assistance. The technical supportfrequency fluctuations.

To avoid cracks, it is important to decrease the hot-face of Neil Walker in conducting the mold crack analysis is
warmly appreciated. The authors are also grateful for helpfultemperature, which will not only reduce coating failure and

embrittlement by zinc pickup but will also lower the maxi- discussions with Dr. T.J. Yeo and Mr. J. Shaver. Support
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