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Abstract

For the hot rolling of wire, tools are nowadays made of cemented carbides. In service, these rollers suffer primarily from wear. Due to the properties
of ceramics, improvements in tool behaviour could be expected. In a recent paper the thermal and mechanical stresses in silicon nitride rollers
were analysed. In field tests — when rolling materials with high-deformation resistance — cracks developed in the ceramic rollers, which grew for
a long-time period before large parts of the rollers broke apart. In more moderate conditions the rollers operated safely.

In this paper a FE model is used to analyse the in-service behaviour of cracks in the silicon nitride rollers. For the observed crack path the stress
intensity factor of the cracks is determined using the weight function method. It increases up to a crack depth of around 0.35 mm and then decreases
again with increasing crack depth. This explains the observed pop-in-type growth of cracks after an overload. Depending on the rolled materials,
the popped in cracks have a length between approximately 0.35 and 1.2 mm. The further growth of the cracks to a length of several millimetres,

which is caused by a fatigue growth mechanism, needs several thousand additional revolutions.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Hot forming by rolling is a commonly used process
to produce wires. Nowadays the rolling of hard materi-
als with a high strength (e.g., high-speed steels and even
superalloys) is possible.! The surface quality of wires made
of such high-strength materials is very important, since
these alloys are very notch sensitive and brittle. There-
fore an inferior surface quality causes a dramatic loss of
strength.

Nowadays, rollers are commonly made from cemented car-
bides. In general, the lifetime of the rollers is limited by wear,
which causes — even in the early stages — a roughening of the
roller surface in the roll groove and in consequence a loss of
quality of the rolled wire."> Severe wear can even change the
geometry in the roll groove. This makes aregrinding or a replace-
ment of the rollers necessary. To improve the surface quality of
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the wires and to increase the lifetime of the rollers, a search for
better roller materials started several years ago.

Due to their high hardness, low-friction coefficients, good
chemical stability and excellent high-temperature properties the
application of ceramic materials for rolling applications has
been investigated in recent years.’~'# Several benefits have been
claimed to result due to the use of silicon nitride rollers for
the production of thinner steel tapes,> better surface quality of
rolled wires, or longer tool life.>® But failure of rollers was
also reported, when materials with a very high-deformation
resistance were rolled.$11-14 However, at other positions in the
rolling mills, were the loading is relatively moderate (e.g., for
guiding rolls in the rolling mill of Boehler Edelstahl GmbH in
Kapfenberg!?~14), silicon nitride rolls are already routinely used.
They have a more than 10 times greater lifetime as the rolls used
before, and yield a better surface quality of the rolled wires.

In a recent paper!? the loading of silicon nitride rollers in
operation was determined by an FE analysis. When rolling
superalloy wires having a temperature of around 1060 °C, in
each revolution the roller surface temperature fluctuates between
around 200 and 900 °C. Nevertheless, the resulting tensile com-
ponents of the thermal stresses are very small (the compressive
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are not) and can be considered negligible. Significant for the
roller reliability are contact stresses, which occur due to the pres-
sure between the wire and the rollers, and which superpose with
frictional stresses. When rolling hard superalloys the resulting
tensile stress amplitudes can reach almost 600 MPa (around 60%
of the characteristic bending strength of the material) and are,
therefore, high enough to cause serious damage. More details on
the used FE model, the model results and the damage occurring
in the rollers will be given in the next section.

In this paper the behaviour of cracks in the roll groove of
heavily loaded silicon nitride-forming rollers is analysed. Based
on the FE model results described in Refs. 13 and 14 and on the
fractographic evidence concerning the path of cracks in the roll
groove,!>14 the stress intensity factor of cracks is determined
using the weight function method.

2. Loading analysis of silicon nitride rolls in operation

Nowadays the rollers are made from cemented carbides. In
our analysis we studied rollers made from silicon nitride. Anal-
ysed are rollers which were tested in a heavily loaded stand
(DBO03) in the finishing line of the rolling mill of Boehler Edel-
stahl GmbH in Kapfenberg, and which are the most severely
loaded rollers in the mill. The diameter of the rollers is 225 mm.
The rollers have a 2.65 mm deep circular groove with a radius
of 8 mm. The roller gap measures 0.9 mm. The rollers are used
to deform a nearly circular wire (large diameter: 8.8 mm; small
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Fig. 1. Rollers at the position DB03: (a) drawing of the analysed rollers and
(b) picture of a variant of the analysed rollers having two rolling grooves. The
rollers (diameter 225 mm) were manufactured from silicon nitride.

diameter: 8.5 mm) to an elliptical cross-section (larger diameter:
10.49 mm; smaller diameter: 6.11 mm), which causes an average
equivalent (von Mises) plastic deformation of 37%. The speed
of the wire is almost 10 m/s and the frequency of the rollers is
about 12 revolution/s. For rolling of a typical billet of 380 kg to
a wire about 1200 revolutions of the rollers are necessary. For
more details see Refs. 13 and 14.

A high number of different HSS steels, hot and cold-working
tool steels and also nickel-base alloys are rolled with this type
of roller. If not mentioned otherwise, the analysis is made for
the wire material with the highest deformation resistance, i.e.,
for the superalloy NiCr21Mo9Nb. Its deformation resistance at
the hot working temperature of 1060 °C is 725 MPa.!#13

The analysis is carried out with a 3D FE model. The anal-
ysed system consists of two rollers and the wire. The rotation of
the rollers is modelled by applying an angular displacement to
a centre node at the roller axis. To be able to describe the steep
stress gradients in the rollers near the contact area with the wire a
very fine grid having a width of 25 wm is used. With increasing
distance from the contact area the grid width increases (up to
3 mm in the rollers and up to 1 mm in the wire). The geometry
and a picture of the rollers are shown in Fig. 1. The material
properties of the rollers and the wire and the other parame-
ters used in the FE model are assumed to be independent of
the temperature (which results in a small over-estimation of the
stress). The Young’s modulus of rollers and wire are 305 and
120 GPa, respectively, and the Poisson ratios are 0.28 and 0.33,
respectively. The friction coefficient between rollers and wire is
assumed to be 0.25.1® More details concerning the used param-
eters (e.g., the flow curve of the wire material) and the FE model
can be found in Refs. 13 and 14.

Some important model results are presented as follows. Fig. 2
shows the distribution of the first principal stress, which is pro-
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Fig.2. Distribution of the first principal stress in the rollers: shown is a projection
onto the roll groove. The insert shows a typical crack, which occurred in a field
test when rolling a superalloy wire. Arrows indicate the direction of the first
principal stress along the crack path.



M. Lengauer, R. Danzer / Journal of the European Ceramic Society 28 (2008) 2289-2298

—_
o
—

600
/-

400

\

~

N

200 =

=
e T

N\

A)
[y
-

2

First principal stress o, (MPa)

(=]
i —-—-4&
}
\
\'
\\ \.
K
>3

] ., . \ ’ o
: - Tnea_pol

-200 A i -

10 1 1‘ o !
-400 7 v

1 Id — - —Position 0
-600 = === Position 1

1 Position 3
-800 . . . e —

0.0 0.5 1.0 1.5 2.0 25 3.0
Time ¢ (ms)

2291

(®) 600

wh

=3

o
—l

4004

300

200

First principal stress o, (MPa)

100

0 e : : : /L
0 25 50 75 100

1700 1800 1900 2000
Depth z (um)

Fig. 3. Distribution of the first principal stress in the rollers: (a) course of the stress amplitude with time at the positions 0, 1, and 3 (see Fig. 2) and (b) course of the

stress amplitude perpendicular to the roll groove surface starting at position 3.

jected onto the roll groove. The maximum stress amplitude
occurs at position 3. It reaches 574 MPa, which is 60% of the
conventionally determined bending strength (EN 843-1) of the
ceramic roller material. In the contact zone!”!® between wire
and rollers the contact stresses in the ceramic are compres-
sive. But near the edges of the contact zones significant tensile
stresses occur in a near-surface region of the ceramic. In the
rolling process these stresses superpose with frictional stresses,
which are tensile around the centre of the contact zone and
compressive ahead of and behind the contact zone. The bow-
shaped zones of high-first principal stress, which exist at both
sides of the roll groove, result from the superposition of these
(contact and frictional) stresses as well as from the geometric
relations between the roll groove and the deformed wire.!® The
insert shows a bow-shaped crack in the roll groove of a sili-
con nitride roller. When rolling superalloy wires, such cracks
have been observed at the first inspection of the rollers after
rolling a few tons of wire.31314 The occurrence and the shape
of these cracks backs up the results of the FE analysis. Some-
times large pieces of roller material have broken out after this
loading.

Fig. 3(a) shows the time development of the first principal
stress at positions 0, 1, and 3 (see Fig. 2). In the middle of
the roll groove (position 0) significant frictional stresses occur,
which cause the large compressive stress at the beginning of
the rolling cycle and the tensile maximum in the middle of the
contact zone (after around 2.5 ms). The curve at position 3 shows
a continuous increase up to the moment, where the contact zone
is reached. Then the stress decreases again. At these positions
friction does not contribute to the first principal stress, because of
its perpendicular direction. At positions 1 and 2 a transition from
the curve for position 0 to the curve for position 3 occurs and
the influence of compressive stresses is significantly reduced. It
should be kept in mind that the zone with the contact stresses
“rotates” around the rollers.

High-stress amplitudes only occur in a very thin layer near the
surface. Fig. 3(b) shows the course of the first principal stress at
position 3 along a path perpendicular to the roll groove surface.

Within the depth of 15 wm the stress amplitude drops to less
than half. In a depth of 100 wm the stress is decreased to about
one-fourth of its original amplitude.

200 pm'

T

Fig. 4. (a) Polished section perpendicular to the roll groove through position 2
showing a typical crack after severe operation. (b) Magnification showing the
crack path and the FE mesh. Six nodes along the path are marked with letters.
Arrows indicate the direction of the first principal stress (for the time where it
reaches its local maximum). It can be recognized that the crack propagation is
— to a good approximation — perpendicular to the first principal stress.
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Fig. 5. Distribution of the first principal stress in the cross-section shown above
after (a) 0.32 ms, (b) 0.7 ms, and (c) 2.0 ms. The dashed line marks the location
of the crack shown in Fig. 4.

Field tests with silicon nitride rollers were performed at the
rolling mill of Boehler Edelstahl GmbH in Kapfenberg, Austria.
Results are published in Refs. 8, 11, 13, 14. The rollers could
successfully be used to produce wires of soft and medium hard
metals and alloys (e.g., HSS steels), but severe cracking could
be observed when rolling superalloy wires. After a few tons of
wire rolling (i.e., 10-20 billets, or 10* to 2 x 10* revolutions)
the occurrence of bow-shaped cracks as shown in Fig. 2 could be
observed in the roll groove. Then, circumferential cracks in the
roll groove appear in the area around positions 2 and 3 (where
the maximum of the tensile stress amplitude occurs), which can
also cause the breaking out of large pieces of the rollers. A
typical example for this type of crack is shown in Fig. 4. Several
positions along the crack path are indicated with letters. The

direction of the first principal stress is indicated with arrows.
It is interesting to note, that the local crack path is more or
less perpendicular to the direction of the local first principal
stress. The deviations are smaller than 10°. In Fig. 5(a)—(c) the
distribution of the first principal stress in the cross-section of
the roller is shown at three different instants. Also marked is the
crack path. It can be recognised that the position of the stress
maximum in the cross-section moves with time from a position
close to the centre of the roll groove to position 3 (see Fig. 2)
at the side of the roll groove. So, the maximum tensile stress
component at each position is reached at a different time, and
the distribution of the local maximum of the first principal stress
is given by the time envelope.?” The course of the first principal
stress at the positions marked in Fig. 4 is shown in Fig. 6(a).
It can be recognised that at each position the maximum stress
amplitude is reached at a different time. Fig. 6(b) shows the
course of these stresses along the crack path for the times, where
the stress at the positions marked in Fig. 4 is maximal. Again
it can be recognised that at any position along the crack path
the maximum stress is reached at a particular time, and again
the distribution of local maximum of the first principal stress is
given by the time envelope.

In summary, the analysis shows a complex stress field, which
changes with time. It concentrates in a relatively thin layer at
the surface of the roll groove around the contact zone with the
wire. Due to the revolving motion of the rollers the stressed zone
moves along the roll groove.

3. Stress intensity factor along the crack path

In the following the stress intensity factor of a crack of length
(depth) a loaded with any traction field o(s) along the crack path
s will be determined using the weight function method, which
allows the calculation of the stress intensity factors for arbitrary
loaded cracks, if — for a crack of the same geometry — the stress
intensity factor is known for any special traction field (reference
case)?!-22;

Ki(a) = /a o(s) - w(s, a) ds. €))]
0

The weight function:

2G (s, a)
(1—v) -K(a)  da

@

w(s, a) =

depends on the reference case (stress intensity factor Ki(a), the
crack opening displacement v.(a)) and on the elastic properties
of the analysed material (shear modulus G, Poisson ratio p).21.22
The following discussion is accurate for straight cracks, but is
also approximately valid for slightly curved cracks. In that sense
the results are at least rough estimates. A short discussion of this
point is made in Appendix A. The crack opening displacement
can be determined from the traction field>*:

ur(s, a>=12;G” : U(i)@ﬁ a—s)- |4f(@)+h(a)- (“%) .3
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Fig. 6. (a) Course of the first principal stress at the positions (a—f) indicated in Fig. 4. (b) Course of the first principal stress along the crack path at times, where the

stress reaches its maximum value at the positions marked in Fig. 4.

where f(a) is the geometric factor of the reference case and the

function h(a) is

Sg [e 20
h(a) = fTZ?/o s+ 0 ds = 5 f@.

“

It is obvious that the elastic properties (G, v) have no influ-
ence on the weight function w(s, a).

K(a) =

tensile stress state (amplitude o) is
K: = f(@)o/ma = 1.120/7a,

where the geometric factor of the reference case:
fla)=1.12

is a constant.?? For this reference case the function A(a) is also
a constant: h(a)=—0.49. Substituting in Eqs. (1)—(3) gives the
equation for the stress intensity factor:

B [y o(9[1.51/(a — s)/a — 2.24 /aj(a — s) + 0.25((a — 5)/a)**]ds

For a circumferential crack in the roll groove an edge crack in
an infinite half plane represents an adequate geometric reference
model. The (reference) stress intensity factor of an edge crack
in an infinite half plane loaded with a homogeneous uniaxial

Stress intensity factor K| (MPa m' 2) &

Time ¢ in ms after entering
the deformation zone
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Crack length @ (um)
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5000

1.12/7a

The stress intensity factor of the crack in the roll groove
(shown in Fig. 4) can be determined as function of time using
the stress fields shown in Fig. 6(b), which describe the traction
fields along the crack path at different times. For the evaluation of
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Fig. 7. Stress intensity factors of a crack in the roll groove along the crack path (a) for the crack shown in Fig. 4 (starting at position 2). Parameter in the curves is
the time. The maximum loading for all positions along the crack path is given by an envelope of all curves. (b) Same envelope of the stress intensity factors at the
highest loaded position in the roll groove (starting at position 3). Also indicated is the fracture toughness of the silicon nitride rollers.
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Eq. (7) analytical equations were fitted to the traction fields (for
more details see Ref. 14). Then the integration can easily be done
using a mathematic software package, e.g., by using MAPLE.
The results are plotted in Fig. 7. In part (a) the situation of the
crack shown in Fig. 4 is represented. In part (b) the situation
of a crack which starts at the highest loaded position in the roll
groove (position 3 in Fig. 2) is shown.

It is interesting to note that the stress intensity factor has a
maximum and that — depending on the time — the maximum of
the stress intensity factor is positioned at a different point along
the crack path. Again the maximum loading has to be described
by the time envelope. In the analysed cases the maximum of the
envelope is at a crack length of about 350 pwm.

4. Discussion

It is assumed that crack-like flaws exist in the roll groove.
Of course, spontaneous propagation of these cracks (i.e., brittle
fracture) can only occur if the maximum of the stress inten-
sity factor K is higher than the fracture toughness of the roller
material. In the loading situation analysed in Fig. 7 (rolling a
superalloy at the highest loaded position in the line) that is
the case. For the two cracks investigated, at position 2 and at
the highest loaded position 3, respectively, the maximum of
the stress intensity factor reaches 7.2 and 8.7 MPam'/2, respec-
tively. In comparison, the fracture toughness of the used silicon
nitride material is 6.4 MPam!?2 (determined with the SEVNB-
method,?*? for details of fracture toughness measurement see
Ref. 26).

The contact stresses between wire and rollers do not strongly
depend on the roller material (at least if very stiff materials
are used) and the same holds true for the maximum of the
tensile stress field. Therefore, the stress intensity factor in the
rollers does not strongly depend on the roller material. Safe
operation of the rollers could be achieved if a tougher roller
material (toughness higher than 8.7 MPam'/?) were to be used.
Although fracture toughness values of silicon nitride ceramics
above 10 MPam!”? are sometimes reported in the literature,’
the use of silicon nitride materials having a sufficiently high
toughness cannot be expected to be manageable in large indus-
trially produced components within the foreseeable future. The
state of the art solution is rollers made of cemented carbides,
which have a toughness of approximately 15 MPam'’? or even
higher. Therefore cracks in cemented carbide rollers do not grow
and these rollers fail by roughening of the surface. If, on the other
hand, the rollers were to be made from silicon carbide (fracture
toughness around 3—4 MPa m'/?) failure would occur within the
first revolution of the rollers even when materials with a medium
deformation resistance (e.g., high-speed steels) are rolled. This
has also been observed in field experiments.!4

Safe operation of the rollers could also be achieved by reduc-
tion of tensile stresses in the roll groove. This can be done in two
ways: first, the stresses scale almost linearly with the mean pres-
sure in the contact zone between wire and rollers.!>!% Therefore
areduction of this pressure causes a reduction of the dangerous
tensile stresses. This can be done by rolling exclusively softer
materials (compared to the analysed superalloy), or by reduc-

ing the wire-deformation in the roll pass. In general it can be
expected that sudden crack propagation in silicon nitride rollers
does not occur when rolling HSS steels (they have an about
30% lower deformation resistance than superalloys) or weaker
materials. This is in agreement with experimental observations.
Secondly, a reduction of the (tensile) loading can be achieved
by superposing a compressive stress field to the traction stresses
occurring during the rolling operation. For example this can be
done by clamping the rollers between two plates. An example
is analysed in Ref. 13. It is shown that this roller design can
reduce the tensile stresses in the roll groove by up to 200 MPa.
This would reduce the maximum of the stress intensity factor
by more than 40%. Such a large reduction should even make
possible the rolling of superalloy wires without the occurrence
of large cracks in the roll groove.

Let us now analyse the behaviour of pre-existing cracks in the
roll groove. An example for such a crack is shown in Fig. 8. The
most significant result of the above calculations is that the course
of the stress intensity factor versus the crack length (i.e., depth)
has a maximum. Cracks can behave in the ways indicated in
Fig. 9. For cracks in region I the stress intensity factor is smaller
than the fracture toughness and no spontaneous crack growth is
possible. In the analysed cases this happens for cracks having a
depthless than 131 wm (Fig. 7(a)) or less than 66 wm (Fig. 7(b)),
respectively. In the middle area of the roll groove, where the
tensile loading is smaller than at the sides, much deeper cracks
than at the sides would be necessary to enable crack growth.

Inregion Il the crack intensity factor is larger than the fracture
toughness and the stress intensity factor is rising. Here sudden
crack extension within the first revolution of the rollers will
occur. But because the crack intensity factor declines with exten-
sion, if the crack exceeds a depth of about 350 pm, it will stop,
because the stress intensity factor becomes smaller than the frac-
ture toughness (the end of region III). This is called “pop-in”
behaviour. Fig. 10 shows a simulation of the crack extension
based on the FE model discussed in Ref. 13. It is assumed that
the local and temporal maximum of the stress intensity factor
triggers the crack extension and that the crack growth is per-
pendicular to the first principal stress. A very good agreement

RII track -

Fig. 8. Crack in the roll groove of a silicon nitride roller after machining. The
roller was not in service. Severe surface damage may occur by grinding the
rollers.
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Fig. 9. Stress intensity factor of a crack starting at position 3 (where the highest
loading occurs). Cracks in regions II and III will extend up to the end of region
III. Cracks in regions I and IV cannot propagate spontaneously, but might do so
by subcritical or cyclic fatigue crack growth processes.

between modelling and experimental results can be recognised.
In fact the crack path is determined by the criterion of local
symmetry, i.e., the mode II stress intensity factor vanishes at
the crack tip.?® In Appendix A it will be shown that for slightly
curved cracks this criterion is, within an acceptable error mar-
gin, approximately equal to the condition that the crack follows
the orthogonal field of the first principal stress.

For cracks having a depth in region III stable crack growth
can occur, i.e., the cracks extend with increasing loading up to
the end of region III. For the two cases shown in Fig. 7 these
are lengths of about 700 and 1150 pm, respectively. In region
IV the stress intensity factor is again smaller than the fracture
toughness and spontaneous crack extension is not possible.

In field tests, cracks in the roll groove having a length of one
to several millimetres have often been observed after rolling
superalloys. Such long cracks may be caused by brittle exten-

| — Crack found in roll
after experiment
from Fig.4(a)

| s=ams Crack path based
on results of the
FE-analysis

-4 Direction of o

\ | 200 pm I

Fig. 10. Comparison of the path of a crack with the FE simulation. It is assumed
that the crack grows perpendicular to the first principal stress. Also shown is the
mesh of the used FE model.

sion of smaller cracks (as discussed above for cracks with a
depth in the regions II and III). Following the above analysis
this may only happen if the depth of the original cracks (before
brittle extension) is between 66 wm and about 1.2 mm. In fact,
ceramographic analysis of virgin rollers has shown that machin-
ing cracks, with a length of several tens of micrometers exist
in the roll groove. An example is shown in Fig. 8. The exis-
tence of even larger cracks is probable. This analysis highlights
the significance of a proper surface finish of the roll groove. In
fact, in the field experiments, an unexpected early failure of a
pair of rollers occurred after grinding of the roll groove by an
inexperienced grinding shop.!# In summary it is believed that
cracks with a depth of about 66 wm or more can be caused by
the machining of the roll groove. These cracks grow within the
first revolution (when rolling superalloys) to a length of about
1 mm.

Of course, further cracks can also appear in service. For exam-
ple the first contact between the wire and the rollers is a kind of
impact and causes a dynamic loading of the rollers. This case is
not analysed in this work. It can be assumed that the impact is
not very hard, because the rollers are revolving while the wire
touches them and the relative velocity between wire and roller
surfaces is small (about 1.5m/s or less). If the impact causes
cracking, the cracks should follow the border of the contact area,
i.e., they should have a similar appearance to contact cracks (see
Fig. 2). But since the first and hardest impact occurs in the mid-
dle of the roll groove, cracking should start at this position. This
does not happen for the crack shown in Fig. 2, and therefore it
is believed that this crack is not caused by an impact. In sum-
mary, the occurrence of impact cracks cannot be completely
excluded, but seems to be unlikely to the authors. If they occur,
similar behaviour to that of cracks caused by machining can be
expected, and therefore the above discussion is also applicable
to impact cracks. Another example for the possible occurrence
of cracks in service could be the entering of hard particles (e.g.,
some oxidation products) into the contact area between rollers
and wire. In this case these particles will be pressed into the
wire. This can cause an additional local stress concentration and
cracking. Again it can be expected that those cracks behave sim-
ilarly to the cracks discussed above. If large hard particles get
into the deformation zone, failure of the rollers may occur.

Finally, it should be discussed whether cracks in regions I
and IV can grow by some kind of slow and time dependent
mechanism. In the field tests, cracks with a length of more than
10 mm have been found in rollers after the rolling of some tons
of superalloy wires. Sometimes these rollers were still able to
operate but in other cases they failed, because large parts of
the rollers broke out.'? The existence of cracks in region IV is a
clear experimental evidence that some kind of slow crack growth
must have occurred. In principle, such a crack growth can occur
by subcritical crack growth (a kind of stress assisted corrosion
cracking) as well as by cyclic fatigue.?%30

Let us first discuss the subcritical crack growth mechanism.
Intheloadrange K < K. the subcritical crack growth rate v can, in
general, be described by a power law v = vg - (K/K.)", where
vo and n are material parameters. Since the criterion of local
symmetry demands, that the mode II stress intensity factor van-

31
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ishes at the crack tip, the crack growth is triggered by the mode
I stress intensity factor. The fracture toughness K. is used as a
scaling parameter.””! For K > K, the crack growth rate is of
the order of the speed of sound (sudden crack extension) and
brittle fracture occurs as discussed before. An effective loading
time per cycle can be defined (Af.fr), which is the time under the
maximum load oy Within a cycle At, which causes the same
crack advance as the real loading3%-32:

At n
Aot = / (“(”) dr. ®)
0 Omax

At the maximal loaded position in the roll groove (position 3
in Fig. 2) the course of the stress with time is shown in Fig. 3(a).
The stresses are almost zero for the majority of the loading
cycle but within 2ms they grow to the maximum. Then they
fall back very quickly to zero. This part of the loading cycle can
by approximated by a constant stress rate loading cycle. In this
case the integral gives: Afesr= At1/(n+ 1), where Aty is the time
period with constant loading rate.3° Data for subcritical crack
growth in a similar silicon nitride as used for the rollers are pub-
lished in Ref. 33. For cracks in region IV the temperature at
the crack tip (1 mm under the surface of the roll groove) is less
than 100°C.'"* Therefore the room temperature material data
can be used: n~ 30 and vy &~ 1076 m/s. With At; ~2ms (see
Fig. 3(a)) the effective loading time per cycle is about 6 x 107 s.
An upper limit for the subcritical crack growth rate is at K=K,
where v = vg. This loading occurs at the beginning of region
IV. Here the crack extension due to subcritical crack growth per
revolution is Aay ~ vg - Aleff & 107%.6 x 107 m/revolution
or approximately 6 x 10~> wm/revolution. Severe cracking of
the rollers occurred within rolling of 5 tonnes of a superalloy
wire, which is done in about 1.5 x 10* revolutions. In this time
period crack propagation by subcritical crack growth is less than
1.5 x 10*-Aa; ~ 1 pm. In other words this analysis shows that
substantial subcritical crack growth does not occur for cracks in
region IV. For cracks in region I the highest crack growth rate
should occur at the end of region I where the stress intensity
factor has its highest value and also approaches the fracture
toughness: K=K.. Some tens of micrometers under the sur-
face (at the position of the crack tip) the temperature is around
700 °C.'* Data for subcritical crack growth at this temperature
are similar to those at room temperature. The subcritical crack
growth rate at K = K, is again about vy ~ 10® m/s and the crack
growth exponent 7 is about 30.3 Therefore the above analysis
for region IV crack is also approximately valid for cracks in
region L.

Cyclic fatigue data for silicon nitride materials are reviewed
in Ref. 34. Reported are data of experiments at room tem-
perature in the tension dwell regime (this corresponds to the
situation at position 3) and at a frequency of about 25 Hz. With-
out excessive experimental work it is not possible to assess
if these data are relevant for the roller material. But the data
give a rough estimation on the possible crack growth rates,
which are — for the relevant range of the stress intensity fac-
tor AK =6.4 MPam'? — in the order of 10~% m/cycle. An upper
limit for the crack extension can be found by multiplying this

value by the number of cycles: 1.5 x 10*.107®m=15mm. It
is known that fatigue crack growth may become even more
severe under tension—compression loading.>*° Such type of
loading does not occur at the highest loaded position 3 (see
Fig. 2) but a little more inside the groove (e.g., at position 1
and 2, see also Fig. 3(a)). There even much larger fatigue crack
propagation seems to be possible. To conclude, crack growth
caused by cyclic fatigue seems to be possible for region I cracks
(until the fracture toughness is reached and pop-in occurs) as
well as for region IV cracks, with a significant crack advance
up to several millimetres. The results of this analysis are in
good agreement with the crack advance observed in experi-
ments.

In summary, the authors believe that during the rolling of
superalloys, cracks in region II instantaneously grow to lengths
of about one millimetre within the first loading cycle (pop-in).
Within some subsequent 10* cycles they grow by some kind of
cyclic fatigue to a length of several millimetres. The mechanical
integrity of the rollers can be guaranteed in the best way if the
pop-in of the cracks at the beginning of the rolling process is
avoided. Actions against this pop-in have been discussed in the
above paragraphs.

5. Conclusions

In this work the behaviour of rollers at the most heavily loaded
position of the end line of a rolling mill is analysed by theo-
retical modelling and by testing of rollers in a rolling mill at
Boehler Edelstahl GmbH, Kapfenberg, Austria. The theoreti-
cal modelling can reproduce the experimental results to a large
extent. It could be shown that

e Silicon nitride can be used for rollers in rolling mill finish-
ing lines to produce wires of high-strength materials with
improved surface quality.

e The life-time of the rollers is determined by the behaviour of
cracks and the fracture toughness of the material.

e Cracks in the roll groove are harmless if their depth is less
than about 50 pm.

e Cracks in a size interval between about 66 and 350 pwm can
instantaneously grow by pop-in if the fracture toughness of
the roller material is too low or if the deformation resistance
of the wire material is too high.

e The fracture toughness of the silicon nitride ceramic is (just)
high enough to produce HSS steel wires or softer wire qual-
ities using the conventional design. Cracks in the roll groove
cannot grow by pop-in and the main damage mechanism is
wear.

e The fracture toughness of the silicon nitride ceramic is too
low to produce superalloy wires using the conventional roller
design. Small cracks in the roll groove will pop-in to a length
of about 1 mm. Then they may further grow by fatigue, which
limits the lifetime of the rollers to the production of a few
tonnes of superalloy wire. However a significant improvement
of roller behaviour should occur and the pop-in behaviour of
cracks can be prevented if additional compressive stresses are
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applied across the roll groove. This can be done by clamping
the rollers between two plates.

This work shows that tools for metal forming can be made
from silicon nitride ceramics. Benefits are an increased tool life,
a better surface quality of the product and a significant weight
reduction of tools compared with the conventional solutions. In
fact, silicon nitride is already routinely used at positions (e.g.,
guiding rolls in the rolling mill of Boehler), where wear and
thermal loading is significant but the mechanical loading is less
severe than in the analysed case.
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Appendix A. Behaviour of straight and slightly curved
cracks

In Section 3 the behaviour of the crack shown in Fig. 4 is
analysed. This analysis is made for a straight crack, but the crack
in Fig. 4 is obviously curved. Here the situation for slightly
curved cracks is shortly discussed.

For cracks under mixed mode loading mode I as well as mode
II contributions of the stress intensity factor may occur in gen-
eral. Results are given in Ref. 35. The criterion of local symmetry
demands that in a real stress field the mode II contribution to the
stress intensity factor at the crack tip disappears, i.e., the crack
path is triggered by the condition K1y = 0.2% Therefore no mixed
mode failure criterion is necessary.

An analysis of the mode I stress intensity factor of slightly
curved cracks under remote traction o, = const. shows, thatin a
first order approximation,3®37 the curved crack can be replaced
by an edge crack normal to the surface,?® if the angle between
the tangent to the crack path and the normal to the surface is rea-
sonable small (e.g., 30° or less). In the case analysed in Section
3, this is the case.

For oblique cracks the mode I stress intensity factor as well
as the mode II stress intensity factor is a sum of terms, which are
caused of principal as well as of shear components of the stress
field. The details are evaluated in Ref. 39. In the actual situation
the mode II contribution at the crack tip has to disappear. But
since the principal and shear contributions to Ky due not dis-
appear in general, this is only possible if the term arising from
the principal stresses is counterbalanced from a term arising
from shear stresses. Therefore the crack can not exactly follow
the orthogonal of the first principal stress.>® But in approximate
analysis for slightly curved cracks?® a first order evaluation of
the mode I stress intensity factor is possible with an acceptable
error margin,?®>7 i.e., if the tangent angle of the crack path to
the normal of the surface is less than 150,38 the error is less

then a few percent. For larger tangent angles the results indicate
trends.

In summary the analysis made in Section 3 is a first order
approximation of the behaviour of slightly curved cracks. In fact
the trajectory of the crack analysed in Section 3 is orthogonal to
the first principal stress field within a deviation of maximal 10°.
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