Int. J. Heat Masx Transfer.
Printed in Great Britain

Vel. 35, No. 10, pp. 2347-2356, 1992

The thermal shock phenomena induced by
a rapidly propagating crack tip:
experimental evidence

DA YU TZOU

Department of Mechanical Engineering, University of New Mexico, Albuquerque,
NM 87131, US.A.

(Received 17 May 1991 and in final form 8 November 1991)

Abstract—For a crack tip rapidly propagating in a solid medium, the temperature field in the near-tip
region obtained by Tzou is compared with the recent experimental result obtained by Zehnder and Rosakis.
For a crack propagating at a speed of 900 m s™' in a specimen of 4340 steel, the temperature wave solution
at the transonic stage is found to preserve several unique features in the experimental results. They include :
(1) a family of parailel isotherms behind the crack tip, (2) a constant temperature gradient in the vicinity
of the crack tip, and (3) an intensified thermal energy cumulated in the immediate vicinity ahead of the
crack tip. For a higher crack speed of 980 m s~ ', moreover, the paralle]l isotherm evolves into a hyperbola-
like pattern which is strong evidence for the wave behavior of temperature in the near-tip region.
Coincidence between the theory and the experiment reveals two important aspects : (1) the threshold value
of the thermal wave speed in the 4340 steel is 900 m s~', and (2) the wave behavior resulting from the
phase lag between the temperature gradient and the heat flux under high-rate response is an important
mechanism for modelling the process of heat conduction in the near-tip region.
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INTRODUCTION

WHEN A crack propagates in a solid, it produces a
large number of stresses ahead of the crack tip. The
stress levels slightly increase with the crack speed and
depend on both velocities of the normal and shear
stress waves [1]. When the local stresses thus estab-
lished exceed a threshold value for vielding, plastic
deformations activate and a plastic zone is formed in
the local area. The plastic zone convects with the crack
tip when it propagates. As estimated by Taylor and
Quinney [2] and Beaver ef al. [3], more than 90%
of the plastic work produced in the plastic zone dissi-
pates into the surrounding media in the form of heat.
The resulting temperature increase, depending on
materials, ranges from 100 to 1000°C. For 4340 steel
[4], the temperature increase at the crack surface may
reach 450°C over the ambient when the crack speed
18900 m s™*. For viscoplastic materials of the Bonder-
Partom type, as another example, the temperature
increase at the crack tip may be as high as 730°C
for a crack speed of 300 m s™' [5]. Note that the
fracture toughness, a measure for the local resistance
of the material to crack growth, is temperature-sensi-
tive. For steels, a local change of temperature being
several hundred degrees Celsius could remarkably
increase the ductility of the material. As a result, it
increases the local fracture toughness from three to
five times depending on the carbon content in the
steel. The crack extension resistance [6] in dynamic
crack propagation, therefore, may be significantly

different from that of the same material under room
temperature,

Due to the complexity in this phenomenon, the
local heating induced by a rapidly propagating crack
was studied by assuming circles [7] and rectangles [8,
9] for geometries of the heat-production zone. With
regard to the intensity of heat generation, a constant
heat generation rate [5, 7-9] and a 1/r-type of dis-
tribution [5, 9, 10}, with r being the radial distance
from the crack tip, were both attempted. The latter
results from the distribution of strain energy density
function in the heat-production zone and conse-
quently reflects the constitutive behavior of the solid.
When the crack speed is low, the temperature rise in
the heat-production zone is found to be insensitive to
the location. The local heating is thus an isothermal
process. When the crack speed is high, on the other
hand, the locally generated heat does not have
sufficient time to dissipate into the surrounding media
before the crack tip moves away. The effect of heat
conduction is weak in this case and the local heating is
thus an adiabatic process. Along with the temperature
rise at the crack surface, the critical value of the crack
speed for the interchange between the isothermal and
the adiabatic processes is an essential component in
these studies. While the crack tip advances, the heat
generated in the plastic zone at a previous time instant
continuously dissipates into the surrounding media by
conduction. The diffusion model has been commonly
used so far for describing this process. Implicitly, it
assumes an infinity for the speed of heat propagation
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NOMENCLATURE
A amplitude of temperature ['C] Greek symbols
B refercnce temperature [“C] & polar angle measured from the crack
C thermal wave speed [m s '] surface [rad]
M thermal Mach number [dimensionless] Om thermal shock angle defined as
r radial distance measured from the crack sin™' (1/M) [rad].
tip [mm]
T temperature ["C] Subscripts and superscripts
o crack speed [ms™'] X~ limit of X from the smaller side

; cartesian coordinates centered at the
crack tip, i = 1,2.

X*  limit of X from the larger side.
X, cXjéx,withi= 1, 2.

in the solid. As a consequence, an immediate response
between the heat flux vector and the temperature
gradient results. Associated with the increase of the
crack speed, however, it is suspected that the high
rate change of temperature in the near-tip region may
result in a delayed response. The phase lag between
the temperature gradient and the heat flux vector was
consequently included in analyzing the process of heat
conduction [11, 12]. The thermal wave model thus
cstablished involves a finite speed for heat propa-
gation as an intrinsic thermal property. The thermo-
dynamic aspects of the model have been intensively
studied in the past two decades. A complete reference
for the related research can be found in an annual
review article by Tzou [13]. Among which Ozisik and
his colleagues have remarkably promoted the model
for engineering applications [14-18]). For thermal
waves propagating in multidimensional media, the
finite wave speed involves more than simply a switch
from a diffusion to a damped wave equation. The
thermal shock formation proposed by Tzou [11, 12,
19-22], for example, is an intrinsic phenomenon which
cannot be depicted by the classical diffusion theory.
When incorporating the wave behavior to predict the
orientations of crack initiation from a rapidly moving
heat source {23, 24], the thermal wave model results
in a completely different failure pattern from that
predicted by the diffusion theory, When the speed of
the moving heat source exceeds the thermal wave
speed in the solid, the excessive amount of com-
pression in the vicinity of the thermal shock waves
leads to an additional mode of shear failure which,
again, cannot be depicted by a diffusion behavior for
heat conduction.

The novel experiment recently performed by
Zehnder and Rosakis [4] sheds light on the thermal
shock phenomena being proposed. By recording the
infrared irradiation from the heated media sur-
rounding a rapidly propagating crack tip, they suc-
cessfully measured the temperature field in the near-
tip region. For a crack velocity of 900 m s™', the
salient features in their experiment include the parallel
isotherm behind the crack tip, the intensified thermal

energy in the immediate vicinity ahead of the crack
tip, and the constant temperature gradient around
the crack tip. The present work is to re-examine the
temperature wave solutions obtained previously [11]
with emphasis on these unusual behaviors. The wave
solutions for temperature at the transonic and in the
supersonic ranges will be focused due to the high-rate
response induced by the high speed of crack propa-
gation.

THE TEMPERATURE WAVES

The wave nature in heat conduction around a
rapidly propagating crack tip has been examined for
both temperature- and flux-formulations [11, 12]. The
emphasis is placed on the high rate change of tem-
perature, and hence the phase lag between the heat
flux vector and the temperature gradient, induced
by the crack velocity. The method of hypovariable
transformations was used in conjunction with the
Williams® method of eigenfunction expansions [26—
30]. Due to the intrinsic transition of the energy equa-
tion, the closed form solutions for the temperature
waves in the near-tip region were individually ob-
tained in the subsonic, transonic and the supersonic
ranges. In summary, they are as follows [11].

The subsonic range with M < |
T(r,0) = AN'2{[1 —=M*sin* 01" —cos 0} "2,
forQ < 0 «<2n. (1)
The transonic stage with M = |

" Arsin (@),
for0 < 0 < /2

(the heat affected zone)
T(r.0) = < 0

fornf2<B<n

L (thethermally undisturbed zone). (2)
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The supersonic range with M > 1
(Ar3(M?*—1)""?sin20,
for0 < 8 <sin™ " (1/M)
(heat affected zone)
0,
forsin™ ' (1/M) <0 <n
(thermally undisturbed zone). 3)

e - -

The coeflicient A in these expressions is the amplitude
of the eigenfunctions in the asymptotic analysis. It can
be determined by the temperature at the crack surface.
The radius r is the distance measured from the crack
tip while the polar angle 8 is measured from the trail-
ing edge of the crack tip, as illustrated in Fig. 1. The
thermal Mach number (M) is defined as the ratio of
the crack speed (v) to the thermal wave speed (C) in
the solid. Mathematically, M = v/C. When the crack
speed exceeds the thermal wave speed (refer to equa-
tion (3) for M > 1) an oblique thermal shock wave
forms in the physical domain at Oy = sin™' (1/M).
It refers to the preferential direction of the energy
accumulation when the crack speed is high. When
approaching the transonic stage with M — 1%, a limit-
ing value of 0y = n/2 is obtained. It coincides with
the transonic result obtained independently in equa-
tion (2). The accumulation of thermal energy in this
case renders a normal shock wave which is per-
pendicular to the direction of crack propagation. The
thermal shock wave also separates the heat affected
zone from the thermally undisturbed zone in the
physical domain. The thermally undisturbed zone
stays at the reference temperature due to the finite
speed of heat propagation. The polar and the cartesian
coordinates centered at the crack tip (refer to Fig. 1)
are related by

X, = —rcosf, x,=rsinf. 4)

Clearly, the temperature waves in the near-tip region
are characterized by the thermal Mach number. Other
features such as the physical mechanism for thermal
shock formation and the discontinuous variations of
the thermo-mechanical quantities across the thermal
shock surface are included in the previous works [11,
13] and will not be repeated here.

To support all the unusual behavior predicted by
the thermal wave theory in dynamic propagation,
experimental evidence is necessary. In the sequel we
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FiG. 1. The material coordinates convecting with the crack
tip. The cartesian coordinates (x,, x,) and the polar coor-
dinates (r, 8).
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FiG. 2. The experimental results for the parallel isotherms
behind the propagating crack with v = 900 m s~'. Repro-
duced from the paper by Zehnder and Rosakis [4].

shall first summarize the recent experimental results
obtained by Zehnder and Rosakis [4]. A correlation
between the analysis and the experiment will then be
followed for a fair comparison.

THE EXPERIMENT BY ZEHNDER AND
ROSAKIS [4]

For a crack rapidly propagating in metals, the tem-
perature increase in the near-tip region is significant.
By employing the infrared radiation emitted from the
heated media surrounding the crack tip, Zehnder and
Rosakis [4] performed a novel experiment which maps
the entire temperature field around a rapidly pro-
pagating crack tip. The experiment was performed in
a wedge-loaded compact tension specimen of 4340
steel. The crack speed covered in their experiment
ranges from 900 to 1700 m s~ but only the results of
900 and 980 m s, so far, are available in the open
literature. A total of eight infrared detectors were
used in measuring the temperature field. They are
symmetrically placed in a direction perpendicular to
that of the crack propagation. Each measurement area
is 160 x 160 um? with the sensitivity of detecting the
temperature rise being 20°C. The rise times for the
temperatures are in the range of 1 to 2 us and a high-
rate increase of temperature is evident. Other details
for the experimental procedure are clearly described
in their work and will not be repeated here.

The temperature rise in the experiment by Zehnder
and Rosakis is caused by the heat generation due
to plastic deformations. For a crack speed of 900 m
s~!, Fig. 2 shows the temperature contour pattern
surrounding the crack tip. A local area of 3 x 1.5 mm?
in the neighborhood of the crack tip is selected in their
presentation. A distinct feature in the contour map is
the parallel isotherms behind the crack tip. Also, due
to the equal spacing between the isochromatic lines,
the temperature gradient in the r-direction (denoted
by T,) appears to be constant in the near-tip region.
This behavior becomes more obvious by examining
the parallel isotherms right above the crack tip. Figure



FiG. 3. The experimental results for the isotherms in a larger
area surrounding the crack tip. ¢ = 900 m s™'. Reproduced
from the paper by Zehnder and Rosakis [4].

3 displays the temperature contour pattern in a larger
area of 80x 1.5 mm® The intensified temperature
gradient, and hence the thermal energy. in the immedi-
ate vicinity ahead of the crack tip is obvious. In both
figures, the temperature rise over the ambient is
present. The crack tip is located at x;, = —0.5 mm
and x, = 0.6 mm which corresponds to the origin,
(x,. x5) = (0, 0), in Fig. 1.

CORRELATIONS

A detailed understanding of the different situations
in the experiment and the analytical model is necessary
for a reasonable comparison. In the experiment by
Zehnder and Rosakis {4], the temperature rise in the
neighborhood of the moving crack tip is a combined
effect of the energy release in creating new crack sur-
faces and the energy dissipation due to plasticity. As
an estimate on the order of magnitude, note that the
stress wave emanating {rom the crack tip propagates
at a speed approximately three to five times faster
than that of the thermal waves [13]. The material
continua ahead of the crack tip, therefore, experience
the impact of the stress waves before the thermal wave
arrives. Early arrival of stress waves causes plastic
deformation and the dissipated energy thereby heats
the local elements. The temperature distributions in
front of the crack tip shown in Figs. 2 and 3 reflect
such a mechanism. Note also that the crack surface
has atlained a constant temperature during the heat-
ing process.

The analytical model established by Tzou [11], on
the other hand, deals with the disturbance of a uni-
form temperature field by a propagating crack. The
constant temperature achieved at the crack surface
shown in Figs. 2 and 3 is imposed as a boundary
condition in the analytical model. The heat generation
due to plasticity, however, is not directly modelled in
the analysis. The additional heat source generated in
front of the crack tip, therefore, is absent. When the
crack speed exceeds the thermal wave speeds in solids,
according to the thermal wave theory, the region in
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FiG. 4. The plastic zone developed in the vicinity of a station-
ary crack. The HRR solution for n = 3 and 13. Reproduced
from the paper by Hutchinson [31].

front of the crack tip cannot sense the existence of the
crack tip and the temperature field remains undis-
turbed.

Before a comparison between the analysis and the
experiment is made, it is worthwhile to review the
HRR solution obtained by Hutchinson [31] and Rice
and Rosengreen {32]. The solution, though for a
stationary crack, depicts the plastic zone developed in
the vicinity of a tensile crack. The heat is generated
by plastic deformations, thus the HRR solution is
llustrative for identifying the physical domain in
which the cnergy dissipation due to plasticity is impor-
tant. For a crack tip located in a hardening material,
Fig. 4 shows the plastic enclaves developed in the
vicinity of the crack tip. The coefficient » for strain
hardening in plastic deformations is taken to be 3
and 13 to cover a wide range of mechanical responsc.
The plastic enclaves were obtained by the principal
strain difference I-I1 in the HRR solution. They per-
fectly agree with the experimental observations on
cracked sheets of aluminum alloys {31]. For the two
extreme cases with the values of n being 3 {a relatively
brittle behavior) and 13 (a relatively ductile behavior),
Fig. 4 demonstrates that the plastic zones mainly lic
in the region akead of the crack tip. The heat gen-
erated in the small portion of the plastic zone behind
the crack tip is thus much smaller than that in the
immediate vicinity ahead of the crack tip. The effect
of plastic heating, therefore, is much more pro-
nounced in the region ahead of the crack tip. For the
present problem involving a propagating crack, the
plastic zone ahead of the crack tip will be slightly
enlarged with the crack speed. The relative position
of the plastic zone to the crack tip, however, remains
almost the same. This behavior can be shown by
another famous solution obtained by Rice [1] for a
running crack in solids. In the experiment by Zehnder
and Rosakis, indeed, the physical domain dissipating
plastic energy in the form of heat lies in front of the
crack lip at a distance of approximately 0.8 mm [4].

Based upon these observations, the corrclation
between the experiment and the analysis exists in the
region behind the crack tip. While the local heating is
produced in front of a propagating crack tip at time
t, as illustrated in Fig. 5, the heat generated by plastic
deformation at a previous instant t~ continuously
dissipates into the surrounding media by conduction.
The heat conduction process, therefore, dominates the
temperature distribution behind the crack tip. Should
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F1G. 5. Dominance of the heat conduction process between
two instances t~ and t in dynamic crack propagation.

the thermal wave model be accurate (refer to Fig. 2),
it should be able to produce a set of parallel isotherms
as well. Attainment of a constant temperature at the
crack surface further provides a common basis for
comparisons. In the area behind the crack tip, due to
the absence of heat production, the situations in the
experiment and the analytical model are very similar.
Both problems involve a crack surface with a constant
temperature which exchanges the thermal energy with
the environment.

COMPARISONS

In the physical domain behind the crack tip, the
asymptotic solutions for the temperature waves, equa-
tions (1) to (3), will be examined with emphasis on
the salient features observed experimentally.

(a) The parallel isotherms

As shown in Fig. 2, the experimental result for the
temperature contours behind the crack tip is a set of
straight lines parallel to the crack surface. With the
origin of the coordinate system shifted to the crack
tip (refer to Fig. 1) they can be expressed as

X, = constant. (5)

In the absence of experimental data for the thermal
wave speed C in the 4340 steel, strictly speaking, the
thermal Mach number M cannot be precisely deter-
mined in the analytical model. In view of the transonic
solution represented by equation (2), however, a con-
stant temperature on an isotherm gives

rsin{) = constant, equivalently, x, = constant.

(6)

This is identical to the experimental results shown
by equation (5). Another temperature being zero in
equation (2) is omitted because it is for the thermally
undisturbed zone ahead of the crack tip. Identity of
equations (5) and (6), moreover, suggests that the
crack speed of 900 m s~ ' recorded in Fig. 2 may be
very close to the thermal wave speed in 4340 steel. An
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estimate based on the order of magnitude provides
additional support for this argument. For engineering
materials, it is generally believed that [33] the square
of the thermal wave speed (C?) is approximately ten
orders of magnitude larger than the thermal diffusivity
(). If we use a value of a being 8 x 10~° m?s~!, which
is typical for high-conducting metals [34], a value of
C = 923 m s~ results which is close to the crack speed
being 900 m s~' produced in the experiment. The
parallel isotherms behind the crack tip, therefore, are
preserved in the temperature wave solution at the
transonic stage.

The classical diffusion theory, on the other hand,
assumes a thermal wave speed being infinity. Conse-
quently, the thermal Mach number M is zero and
equation (1) gives a degenerated expression [11]:

To(r,) = A(r)"2(1—cos§)'?, 0<0<2m (7)

A constant temperature on the isotherm, therefore,
leads to

x%42-constant-x, = constant? 8)

which is a family of parabolae. They have completely
different characteristics from the parallel isotherms
observed experimentally. In a mathematical sense, the
parabolic isotherms may degenerate into a parallel
pattern only in the domain with x, approaching zero
(x, = 0). The result predicted by the thermal wave
model, obviously, is more favorable because it pro-
vides an exact coincidence. Evidently, the phase lag
between the temperature gradient and the heat flux
vector is important for modelling the high-rate
increase of temperature in dynamic crack propa-
gation.

(b) The constant temperature gradient at the crack tip

Another important feature in the near-tip tem-
perature field (refer to Fig. 2), is the equal spacing
between the isochromatic lines. At a given value of 6,
the equal increment of temperature across the iso-
chromatic lines and the equal spacing imply a constant
temperature gradient in the r-direction. This situation
becomes more obvious by examining the distribution
of parallel isotherms along the x,-axis (6 = n/2) in
Fig. 2. Again, such an unusual behavior is preserved
nicely in equation (2). By taking the derivative with
respect to r, it results

T,(6) = Asind,
0 < 0 < 7/2 (the heat affected zone). 9

Equation (9) depicts a temperature gradient being
independent of the radial distance (r) away from the
crack tip. Its magnitude, however, varies sinusoidally
in the @-direction. This feature can be observed
directly from the experimental results shown in Fig.
2. With the origin of the coordinate system shifted to
the crack tip, application of the chain rule yields
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0T  oT ox
—-=-— == Asinf, withd=T,
or  0x, Or ’

(10)

since 7, =0 in the near-tip region. For the tem-
perature gradient in the x,-direction being constant,
as clearly shown in Fig. 2, the analytical prediction
(cquation (9)) perfectly agrees with the experimental
result (equation (10)). The coefficient A in equations
(2) and (9) is thus the temperature gradient along
the x,-axis (4 = T,). Its value can be estimated as
—1687.5°C mm "' from Fig. 2. In addition, note that
an added constant B onto equation (2),

T(r.0) = Arsinf+ B, forO0<0<mn/2 (11)

also provides a solution for the temperature wave. At
0 = 0, the crack surface temperature being 450°C in
Fig. 2 renders that B = 450°C. A complete deter-
mination for the coefficients 4 and B thus furnishes
the temperature wave solution in the vicinity of the
propagating crack tip.

The temperature gradient 7, resulting from the
diffusion theory, on the other hand, can be obtained
by differentiating equation (7) with respect to r :

A(1—cos ) '*
oy = ,,,Wi_lrf—r, 0<0<2m.

(12)
An r~"2type of singularity for a stationary crack
[36] still presents at the fast-moving crack tip which,
however, is not observed in the experiment. Should
the temperature gradient be singular as depicted by
equation (12), the isochromatic lines for the tem-
perature gradient would be a family of closed contours
concentrated at the crack tip. This observation is
readily made because equation (12) has a similar
characteristic to the near-tip stresses.

(¢) The thermal energy intensification

A salient feature in Fig. 3 made on a larger scale is
the intensified temperature gradient in the immediate
vicinity ahead of the crack tip. Its location is approxi-
mately 88° measured from the crack surface. When a
crack tip penetrates into an established thermal field,
regardless of the one generating heat or keeping at a
constant temperature, the thermal field in the near-
tip region has to rapidly adjust so that a constant
temperature at the crack surface could be maintained.
The rapid process of adjustment essentially leads to
an intensification of the temperature gradient. Quali-
tatively, the water pattern emanating from the head
of a rapidly moving ship in a stationary lake is a
similar phenomenon which could be used to picture
the situation. The intensification of temperature
gradient is also nicely preserved in the transonic solu-
tion depicted by equation (2). We first notice that
the intrinsic boundary at 0 = n/2 (90°) is actually a
discontinuity in the temperature field. The tem-
perature gradient shown by equation (9) consequently
develops a jump from A to zero in transition from
the heat affected zone (behind the crack tip) to the
thermally undisturbed zone (in front of the crack tip).

D. Y. Tzou

The temperature levels on the parallel isotherms
behind the crack tip abruptly drop to zero when across
the thermal shock surface at 6 = n/2. For a better
understanding, Fig. 6 displays the temperature con-
tour pattern at M = 0.99 prior to the thermal shock
formation. Equation (1) is used here with the tem-
perature normalized with respect to the amplitude 4.
At this subsonic stage very close to the transonic stage,
a group of condensed isotherms forms in the immedi-
ate vicinity ahead of the crack tip. They are almost
perpendicular to the crack line and a large tem-
perature gradient in the same direction as the crack
propagation results. A one-dimensional situation in
heat conduction forms thereby. When entering the
transonic stage with the value of M being exactly 1,
the vertical isotherms in the immediate vicinity ahead
of the crack tip further collapse onto the x,-axis and
a normal shock wave is thus formed. The thermal
shock wave has a zero thickness as a result of mod-
elling the crack tip as a point with a discontinuous
geometrical curvature. The asymptotic solution does
not incorporate the physical mechanism of heat gen-
eration, thus the isotherms in the region far ahead of
the crack tip in Fig. 6 are only provided for references.

A small portion of the plastic zone may still lie
in the physical domain behind the propagating
crack tip. The coincidences between the analysis and
the experiment summarized from (a) to (¢) above,
however, support that the heat generation from this
small portion is indeed negligible.

OTHER FEATURES IN THE THERMAL WAVE
MODEL

Since the thermal wave model has preserved several
unusual behavior observed in the experiment, it is
worthwhile to discuss other characteristics behind the
model. This is especially desirable because the thermal
wave speed in the 4340 steel could be either higher or
lower than the estimated value of 900 m s ' simply
based on the orders of magnitude. The first feature is
the transition of the isotherm pattern from the sub-
sonic to the supersonic ranges. In terms of the car-
tesian coordinates centered at the crack tip, a constant
temperature, say T, in equations (1) to (3) yields the
following.

The subsonic range with M < |
(1 —M?)x2+2-constant® x, = constant®. (13)
The transonic stage with M =1

for 0 < 0 < n/2 (heat affected zonc).
(14)

X, = constant

The supersonic range with M > |
—(M?*—1)"*x x, = constant

for0 < 6 < sin ' (1/M) (heat affected zone).
(15)

They are all quadratic equations in analytical
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F1G. 6. The isotherms behind a rapidly propagating crack tip. The subsonic range with M = 0.99. Units
of coordinates : mm.
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F1c. 7. The isotherms behind a rapidly propagating crack tip. The subsonic range with M = 0.2. Units of
coordinates : mm.

geometry. Equation (14) at the transonic stage is the
parallel isotherm discussed already. In the subsonic
range with 0 < M < 1, equation (13) presents a family
of parabolae. For M =0 (C— ), the classical
diffusion theory is retrieved and equation (13) reduces
to the parabolic family shown by equation (8). Ata
typical value of M = 0.2 in the subsonic range, the
parabolic isotherms are exemplified in Fig. 7. In the
supersonic stage with M > 1, the isotherm pattern in
the heat affected zone further evolves into a Ayperbolic
family, as shown by equation (15). An oblique thermal
shock exists at M = sin™' (1/M) in this case. Figure
8 summarizes the intrinsic transition of the isotherm
pattern from the subsonic to the supersonic ranges.
The diffusion model can only predict the parabolic

Tip—up, M < 1

T~

M=1

Flat,

Tip—down

oblique shock
M>1

M>1

Normal shock, M = 1

sin_1(1/M)

F16. 8. Transitions of the isotherms from the subsonic (equa-
tion (13)), transonic (equation (14)), to the supersonic (equa-
tion {15)) ranges.

1sotherms which tip up at the rear end away from the
crack tip. The flat and the hyperbolic isotherms (tip
down at the rear end) at the transonic stage and in
the supersonic ranges are the unique features pertinent
to the thermal wave model. In view of another exper-
imental result by Zehnder and Rosakis for a higher
crack speed of 980 m s™' (M = 1.089 for C = 900
m s~Y), as shown by Fig. 9, the tip-down behavior
of isotherms in the supersonic range seems to prevail.
The thermal Mach number in this case (M = 1.089)
is only slightly larger than that at the transonic stage
(M = 1), thus a great resemblance to the parallel iso-

FiG. 9. The experimental results for the isotherms sur-
rounding the crack tip with v = 980 m s~'. Reproduced from
the paper by Zehnder and Rosakis [4].
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therm pattern is observed. In comparing the iso-
chromatic lines in Figs. 3 and 9 with temperature
values of 325°C and higher, however, the tip-down
behavior is quite obvious in Fig. 9. The isotherms in
the region {arther away from the crack tip still present
a tip-up behavior. This cannot be depicted by equa-
tion (15) because it is an asymptotic solution valid
only in the vicinity of the crack tip.

Discontinuities in temperature across the thermal
shock surface present another unique feature in the
thermal wave theory. This can be readily seen from
equation (3). At a fixed distance r away from the crack
tip (r = constant), the temperature increases when
approaching the shock surface from the heat affected
zone (0y ). In the limit of 0 — 0y, the normalized
temperature in equation (3) yields a limit of
47*(M*—=1)/M* When the value of M becomes large,
this limit approaches a value of 4r°. The resulting
jump in the temperature gradient implies an cnergy
localization along the shock surface which may induce
additional shear failure around the crack tip [13, 23].

Lastly, singularity of the temperature gradient at
the crack tip evolves with the crack speed. For a
stationary crack with ¢ = 0 or in the diffusion theory
assuming ¢ — a0, the temperature gradient possesses
an r~ Y3type of singularity at the crack tip [35-37).
Consequently, an intensified thermal energy exists
thercby. In examining equations (1) to (3), however,
we notice that the temperature gradient possesses an
r 'aype of singularity only in the subsonic range
with M < 1. At the transounic stage with M =1 and
in the supersonic range with M > 1, respectively, the
r-dependency of the temperature gradient transits to
r” (a constant) and r. At the transonic stage with
M =1, the near-tip temperature gradient becomes
independent of r as supported experimentally by Fig.
2 and analytically by equation (9). In the supersonic
range with M > 1, the temperature gradient vanishes
at the crack tip at r = 0. When the crack speed exceeds
the thermal wave speeds in solids, the thermal energy
does not have sufficient time to cumulate before the
crack tip propagates to the front. Diminution of the
singularity of the temperature gradient reflects this
behavior well.

CONCLUSION

Several unique features in the thermal wave
phenomena around a rapidly propagating crack tip
have been observed in the experiments by Zehnder
and Rosakis. For a crack propagating at a speed of
900 m s~! in 4340 steel, coincidences between the
theory and the experiment include the parallel iso-
therms behind the crack tip, the intensification of
the thermal energy in front of the crack tip, and the
constant temperature gradient in the near-tip region.
Also, the hyperbola-like isotherms in the supersonic
range (the tip-down behavior) have been observed,
though not as clearly, for crack speed of 980 m s~
It relies on more examinations on the experimental
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results with higher crack speeds. Preservation of these
unusual phenomena in the thermal wave theory makes
the future development promising.

The thermal shock formation at the transonic stage
is a unique physical phenomenon in the thermal wave
model. Surprisingly, the simple form of the transonic
wave solution, equation (2), reveals so much unusual
behavior in the experiment. The normal shock for-
mation, however, has only a blurred shadow in the
enlarged area shown in Fig. 3. In Fig. 2 where the
temperature contours are presented in a smaller area
surrounding the crack tip, note that the temperature
isotherms behind the crack tip further extend to the
front due to intensified heat generation in the immedi-
ate vicinity ahead of the crack tip. The shock wave
normal to the crack line, therefore, cannot be
observed. A material with a more brittle behavior
would generate less heat due to plasticity. This type
of material seems more appropriate for producing a
distinctive thermal shock wave which facilitates a
detailed study on the discontinuities of thermo-mech-
anical quantities across the shock surface. At this
point, this phenomenon still needs more experimental
support. Besides, the hyperbolic isotherms and the
wedge-shaped heat affected zone at the higher end of
the supersonic range require a more¢ rigorous exam-
ination on the tcmperaturc contour patterns for crack
speeds beyond 900 m s . This will be donc when
more experimental results become available.

The thermal wave speed is the central quantity in
modelling the wave behavior in heat propagation. It
is the basis for determining the thermal Mach number
characterizing the temperature waves. The threshold
value of 900 m s~ in 4340 steel is concluded in this
work by comparing the temperature field in the vicin-
ity of a rapidly propagating crack tip. ILis thus indirect
in this sense. Especially for metals with higher values
of the thermal wave specd, the frequency approach
recently proposed by the author [38, 39] may provide
an alternative means of measuring the thermal wave
speed in a more direct manner. It employs the res-
onance characteristics of thermal waves under fre-
quency excitations which do not rely upon the arrival
of thermal signals. The difficulties in traditional means
relying on the response time of thermocouples, there-
fore, can be avoided. The external frequency required
for driving the thermal wave to resonate, however,
depends on the medium under examination. For
metals with a thermal wave speed being on the order
of 10° m s, an external heat source oscillating in the
range of giga to tera-hertz may be nceded. The use
of microwave or infrared may be necessary for this
purpose. Evidently, more experimental works nced to
be done in order to establish a firm foundation for the
thermal wave theory.
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PHENOMENE DE CHOC THERMIQUE INDUIT PAR UNE RAPIDE PROPAGATION
D'UNE FISSURE: UNE EVIDENCE EXPERIMENTALE

Résumé—Pour la propagation rapide d'une fissure dans un milicu solide. le champ de température dans la
région proche de la fissure obtenu par Tzou est comparé a un résultat expérimental obtenu par Zehnder
et Rosakis. Pour une vitesse de propagation de 900 m s~ ' dans un spécimen d’acier 4340, la solution d’onde
de température au stade transonique est trouvée préserver plusieurs configurations dans les résultats
expérimentaux. Elles concernent: (1) une famille d’isothermes paralléles derriére la fissure, (2) un gradient
de température constant dans le voisinage de la fissure, et (3) une énergie thermique intensifiée, accumulée
prés et en avant de la fissure. Pour une vitesse supérieure de 980 m s~ ', I'isotherme paralléle se développe
dans une configuration hyperbolique qui est I’évidence forte du comportement d’onde de la température
dans la région proche de la fissure. La coincidence entre la théorie et 'expérience révéle deux aspects
importants : (1) la valeur-seuil de la vitesse de 'onde thermique dans acier 4340 est 900 m's ', et (2) le
comportement ondulatoire résultant du retard de phase entre le gradient de température et le flux thermique
sous réponse a grande vitesse est un mécanisme important pour la modélisation du mécanisme de conduction
thermique dans la région proche de la fissure.

EXPERIMENTELLE UNTERSUCHUNG DES THERMISCHEN SCHOCKS INFOLGE
EINER SICH SCHNELL FORTPFLANZENDEN RISSSPITZE

Zusammenfassung—Fur eine RiBspitze, die sich in einem festen Medium schnell fortpflanzt, wird das von
Tzou erhaltene Temperaturfeld in der Umgebung der Spitze mit den neuesten MeBergebnissen von Zehnder
und Rosakis verglichen. Fiir einen RiB, der sich mit der Geschwindigkeit 900 m s~ ' in einer Probe aus Stahl
(4340) fortpflanzt, zeigt sich, daB die Lésung fiir die Temperaturwellen im Bereich der Schallgeschwindigkeit
einige einzigartige Eigenschaften aufweist : (1) eine Gruppe von parallelen Isothermen hinter der RiBspitze ;
(2) einen konstanten Temperaturgradienten in der Umgebung der RiBspitze ; (3) eine erhéhte thermische
Energie, die sich in unmittelbarer Umgebung von der RiBspitze ansammelt. Fiir eine héhere Aus-
breitungsgeschwindigkeit (980 m s~ ') entwickeln sich auBerdem die parallelen Isothermen zu einem hyper-
belidhnlichen Muster, was ein starker Beweis fiir das Wellenverhalten der Temperatur in der Umgebung
der Spitze ist. Die Ubereinstimmung zwischen der Theorie und dem Experiment zeigt zwei wichtige
Aspekte: (1) der Anfangswert der Geschwindigkeit der Temperaturwelle in Stahl (4340) betrdgt 900 ms ',
und (2) das Verhalten der Welle, das sich aus der Phasenverschiebung zwischen dem Temperaturgradienten
und der Wirmestromdichte ergibt, ist ein wichtiger Mechanismus fiir die Modellierung des Vorgangs der
Wirmeleitung in der unmittelbaren Umgebung der Spitze.

SBJIEHUE TEIUIOBOI'O VIAPA, BbI3BBAHHOE BbICTPBIM PACITPOCTPAHEHHEM
BEPIIIUHBI TPEMWHBI: SKCITEPUMEHTAJIBHBIE JAHHBIE

Amnoramms—ITonydennoe Loy TeMnepaTypHoe Hojie B O6GJIACTH BEPLUMHBI TPELUMHBI, PACNIPOCTPAHSIO-
miefica ¢ BLICOKOH CKOPOCTBIO B TBEPHOH Cpelle, CPaBHHBAETCA C IKCMEPHMEHTATILHBIM Pe3yJbTATOM,
HeZaBHO monydeHHbIM Llenaepom u Pocakucom. HalneHo, 4To npH pacpOCTPaHEHNM TPELIMHBE CO CKO-
pocthbio 900 M ¢~ ! B o6pasue cranu 4340 HeKOTODBIE OCOGEHHOCTH PELUCHHS [JIsl TEMIIEPATYPHBIX BOJIH
Ha OKOJIO3BYKOBOM 3Talle OTPAXAOTCA B IKCICPHMEHTAJILHEIX PE3y/IbTaTax. YKajaHHbe 0COGEHHOCTH
BKmovaloT: (1) ceMeHCTBO NapasUIeNbHBIX H30TEPM 3a BEPIIMHON TPEILIMHEL, (2) MOCTOSHHBIA TeMIepa-
TYPHBI TPaJIHEHT B OKPECTHOCTH BEPLIAHB! TPEIUMHLI H (3) HHTEHCHPHIMPOBAHHOE HAKOIICHNE TEILIO-
BO# JHEPrHHM HETOCPEACTBEHHO Nepel BEPLIMHOM TpemHbL. Bosee Toro, mpu 6oJiee BHICOKO#H CKOPOCTH
PpacnpoCTpaHeHns TpeLIMHbL, cocTasstomeii 980 M ¢ ™!, napanenbpHas M30TEpMa NPHHEMAET rHIEp6O-
mveckyio (OpMy, YTO CBHIETENLCTBYET O BOJHOBOM XapaKTepe TEMIIEDATyphl Ha ydacTke BOamsy
BepiunHbl. COOTBETCTBHE MEXIY TEOPETHYECKAMH PE3yJIbTATaAMH ¥ IKCHEPHMECHTAIbHBIMH JaHHAMH
yKa3blBaeT Ha OBa BaxkHBIX dakTa: (1) MOPOroBOE 3HAYEHHE CKOPOCTH TEILIOBOH BOJHBI B cTamd 4340
pasHo 900 M ¢~ ! u ([1) noBeaeHne BoJH, 0OYCIOBICHHOE OTCTABAHHEM MO (hase MeXAY TeMNEPaTyPHBIM
rPaZiMHEHTOM H TEIUIOBBIM IOTOKOM NpH OBICTPOM PearMpoOBaHUM, ABIACTCA BaXHBIM MEXaHU3MOM UL
MOJIEJIHPOBAHHS NIPOLECCA TEIIONPOBOIHOCTH B 06J1ACTH Y BEPUIMHBL.



