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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 SC’ in a specimen of 4340 steel, the temperature waue solution 
at the transonic stage is found to preserve several unique features in the experimental results. They include : 
(1) a family of parallel 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 SS’. moreover, the parallel 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 ss’, 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 modelhng the process of heat conduction in the near-tip region. 

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 [l]. When the local stresses thus estab- 
lished exceed a threshold value for yielding, plastic 
defo~ations 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 er 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 
is9OOms-’ . 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 SK’ [S]. 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, 
91 for geometries of the heat-production zone. With 
regard to the intensity of heat generation, a constant 
heat generation rate [5, 7-91 and a l/r-type of dis- 
tribution [S, 9, IO], 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 u&&tic 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 modef 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 [“Cl 
B reference temperature [’ C] 
C thermal wave speed [m s ‘1 
M thermal Mach number [dimensionless] 
I radial distance measured from the crack 

tip [mm] 
T 

1’ 
5; 

temperature [“Cl 
crack speed [m s _ ‘1 
Cartesian coordinates centered at the 
crack tip. i = I. 2. 

Greek symbols 
ii polar angle measured from the crack 

surpdcdce [rad] 

(Ll thermal shock angle defined as 
sin ’ (I/.&f) [r-ad]. 

Subscripts and superscripts 
<I+ limit of X from the smaller side 
x+ limit of X from the larger side. 
Xi il;‘/c?.~, with i = 1, 2. 

in the solid. As a consequence, an immediate response 
between the heat flux vector and the tem~rature 
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 (1 I, 12). The thermal wave model thus 
established 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 [ 131. Among which iizisik and 
his colleagues have remarkably promoted the model 
for engineering applications [l&18]. For thermal 
waves propagating in multidimensionai 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 [I 1, 12. 
199221, 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, 241, 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 ncar- 
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 fl I] 
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 [ 1 I, 121. The 
emphasis is placed on the high rate change of tem- 
perature, and hence the phase lag between the heat 
flux vector and the tem~~ture gradient, induced 
by the crack velocity. The method of hypovariable 
transformations was used in conjunction with the 
Williams’ method of eigenfunction expansions [26- 
301. 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 sumlnary, they are as follows [l I]. 

The subsonic range with M < I 

T(r,O) = A(r)‘“‘j[l -M’sin’0]“‘-C0S11)“2. 

forOI:n<2n. (I) 

The transonic stage with M = 1 

i 

Ar sin (O), 

for0 < 0 < n/2 

T(r,O) = 

i 

(the heat affected zone) 

0, 

I fornl2 < f? < 7-r 

(the thermally undisturbed zone). (2) 
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The supersonic range with M > 1 

Ar*(M’- l)‘j’sin28, 

for0 < 0 < sin-’ (l/M) 

(heat affected zone) 

forsin-‘(l/M) < Q < 7c 

(thermally undisturbed zone). (3) 

The coefficient 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 0 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 (21) to the thermal wave speed (C) in 
the solid. Mathematically, M = z;/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 0, = sin’ (l/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 0, = 7r/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 normul 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, = -rcosH, x2 = rsin0. (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 [1 1, 
131 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 

Crack surface 
I 

prapagating’x,_ -, ,’ ’ 
crack tip M 

FIG. 1. The material coordinates convecting with the crack 
tip. The Cartesian coordinates (x,, x2) and the polar coor- 

dinates (r, 0). 

v =900 m/s 

-1.5 -/.O -0.5 0.0 0.5 LO 1. 
X, . mm 

FIG. 2. The experimental results for the parallel isotherms 
behind the propagating crack with u = 900 m SC’. 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-l, 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 pm* 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 -I, 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 r,) 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 
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Fro. 3. The experimental results for the isotherms in a larger 
area surrounding the crack tip. D = 900 m s-‘. Reproduced 

from the paper by Zehnder and Rosakis [4], 

3 displays the temperature contour pattern in a larger 
area of 80 x 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 .y2 = 0.6 mm which corresponds to the origin, 
(s,. s2) = (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 141, 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 from the crack tip propagates 

at a speed approximately three to five times faster 
than that of the thermal waves 1131. 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 reffect 
such a nlechanism. Note also that the crack surface 

fidS attained a constant temperature during the heat- 

ing process. 
The analytical model established by Tzou [l I], 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 analyti~~l 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 

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 
illustrative for identifying the physical domain in 

which the energy 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 n for strain 
hardening in plastic deformations is taken to bc 3 
and I3 to cover a wide range of mechanical response. 
The plastic enclaves were obtained by the principal 
strain difference I-II in the HRR solution. They per- 
fectly agree with the experimental observations on 
cracked sheets of aluminum alloys f31]. For the two 
extreme cases with the values of II being 3 (a relatively 

brittle behavior) and 13 (a relatively ductile behavior), 
Fig. 4 demonstrates that the plastic zones mainly lit 
in the region ah~~ad 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 [I] 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 tip at a distance of approximately 0.8 mm [4]. 

Based upon these observations, the correlation 
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 
dissiydtes into the surrounding media by conduction. 
The heat conduction process, therefore, dominates the 
temperature distribution behind the crack tip. Should 
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FIG. 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 purullel 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. I) they can be expressed as 

x2 = 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 

vsin 0 = constant, equivalently, s2 = 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 

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 
(CL). Ifwe use a value of c( being 8 x lO~‘m* SK’, which 
is typical for high-conducting metals [34], a value of 
C = 923 m SK’ results which is close to the crack speed 
being 900 m SK’ 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 [I I] : 

T,(r,@ = A(r)“2(l-cosO)‘~2, 0 < 0 < 27r. (7) 

A constant temperature on the isotherm, therefore, 

leads to 

xi + 2 - 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 temperaturegradient 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 0, 
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 (0 = 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,,(O) = A sin 0, 

0 < 0 < n/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 O-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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dT C1T &xz 

f?r 2.x, & 
E A sin 8, with A = 7’, (10) 

since T,, = 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 
(equation (9)) perfectly agrees with the experimental 

result (equation (10)). The coefficient A in equations 
(2) and (9) is thus the temperature gradient along 
the x2-axis (A = 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,O) = Arsin0+B. for0 < 0 < n/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 A and B thus furnishes 

the temperature wave solution in the vicinity of the 
propagating crack tip. 

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

T _ A(1 -cos@~ 
,1.r - qr) ‘,‘2 

, 0 < 0 < 271. (12) 

An r-” -type 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. 

(c) The thermal energy intens$cation 

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 = 7c/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). 

The temperature levels on the parallel isotherms 
behind the crack tip abruptly drop to zero when across 
the thermal shock surface at 0 = rc/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 A. 

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 ahcad 

of the crack tip further collapse onto the x1-axis and 
a normal shock wave is thus formed. The thermal 
shock wave has a zero thickness as a result of mod- 

clling the crack tip as a point with a discontinuous 
geometrical curvature. The asymptotic solution dots 
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 (c) 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 < I 

(I -_‘),~:+2.constdnt’..u, = constant’. (13) 

The transonic stage with M = I 

.x2 = constant for 0 < 0 < n/2 (heat affected zone). 

(14) 

The supersonic range with M > I 

-(Ml-l)““x,x, = constant 

for 0 < 0 < sin ’ (l/M) (heat affected zone). 

(15) 

They are all quadratic equations in analytical 
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M = 0.99 
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FIG. 6. The isotherms behind a rapidly propagating crack tip. The subsonic range with M = 0.99. Units 
of coordinates : mm. 
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FIG. 7. The isotherms behind a rapidly propagating crack tip. The subsonic range with A4 = 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-t co), the classical 
diffusion theory is retrieved and equation (13) reduces 
to the parabolic family shown by equation (8). At a 
typical value of itf = 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 hyperbolic 

family, as shown by equation (15). An oblique thermal 
shock exists at M = sin ’ (I/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 < I 
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FIG. 8. Transitions of the isotherms from the subsonic (equa- FIG. 9. The experimental results for the isotherms sur- 
tion (13)) transonic (equation (14)), to the supersonic (equa- rounding the crack tip with v = 980 m SK*. Reproduced from 

tion (15)) ranges. the paper by Zehnder and Rosakis 141, 

isotherms 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-I), 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 
(A4 = l), thus a great resemblance to the parallel iso- 
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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 farther 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 (u = constant), the temperature increases when 

approaching the shock surface from the heat affected 
zone (0, ). In the limit of I) -+ O,,,, the normalized 

temperature in equation (3) yields a limit of 

4r’(iZ12- 1)/M’. When the value of M becomes large, 
this limit approaches a value of 4r2. The resulting 
jump in the temperature gradient implies an energy 

localization along the shock surface which may induce 
additional shear failure around the crack tip [I?, 23]. 

Lastly, singularity of the temperature gradient at 

the crack tip evolves with the crack speed. For a 

stationary crack with 13 = 0 or in the diffusion theory 
assuming c’+ m, the temperature gradient possesses 

an I ’ ‘-type of singularity at the crack tip [35-373. 

Consequently. an intensified thermal energy exists 
thereby. In examining equations (I) to (3), however. 
we notice that the temperature gradient possesses an 

I ’ ‘-type of singularity only in the subsonic range 

with A4 < I. At the transonic stage with M = I and 
in the supersonic range with A4 > I. 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 experime3ltally by Fig. 
2 and analytically by equation (9). In the supersonic 
range with M > 1, the temperature gradient oan~.si~~s 

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 SK’. 
it relies on more examinations on the experimental 

results with higher crack speeds. Preservation of thcsc 
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 

eniarged area shown in Fig. 3. In Fig. 2 whcrc the 
temperature contours are presented in a smaller area 
surrounding the crack tip. note that the tempcraturc 

isotherms behind the crack tip further extend to the 
front due to intensified heat generation in the immcdi- 
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 fdcilitatcs a 
detailed study on the discontinuities of thermn-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 cxam- 

ination on the tcmperaturc contour patterns for crack 
speeds beyond 900 m s I_ This will be done 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 ofa rapidly propagating crack tip. It is thus indirect 
in this sense. Especially for metals with higher values 

of the thermal wave speed, the frequency approach 
recently proposed by the author [3X. 391 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 l’rc- 
quency excitations which do not rely upon the arrival 
of thermal signals. The diffi~ultics in t~dditional 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 

0flO’ms ‘, an external heat source oscillating in the 

range of giga to tcra-hertz may be needed. The use 
of microwave or infrared may be necessary For this 
purpose. Evidently, more experimental works riced 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 

Resum&Pour la propagation rapide d’une fissure dans un milieu solide. le champ de temperature dans la 
region proche de la fissure obtenu par Tzou est compare d un rtsultat experimental obtenu par Zehnder 
et Rosakis. Pour une vitesse de propagation de 900 m s ’ dans un specimen d’acier 4340. la solution d’ondc 
de temperature au stade transonique est trouvee preserver plusieurs configurations dans les resultats 
experimentaux. Elles concernent : (I) une famille d’i~oth~~rm~.spuralltles derriere la fissure, (2) un gradient 
de temperature constunt dans le voisinage de la fissure, et (3) une energie thermique intensiliee, accumulee 
pres et en avant de la fissure. Pour une vitesse superieurc de 980 m s- ‘, l’isotherme parallele se developpe 
dans une configuration hyperbolique qui est l’evidence forte du comportement d’onde de la temperature 
dans la region proche de la fissure. La coincidence entre la theorie et l’experience revele deux aspects 
importants : (1) la valeur-seuil de la vitesse de I’onde thermique dam I’acier 4340 est 900 m s ‘, et (2) le 
comportement ondulatoire resultant du retard de phase entre le gradient de temperature et le fux thermiquc 
sous reponse a grande vitesse est un mecanisme important pour la modelisation du mecanisme de conduction 

thermique dans la rkgion proche de la fissure. 

EXPERIMENTELLE UNTERSUCHUNG DES THERMISCHEN SCHOCKS INFOLGE 
EINER SICH SCHNELL FORTPFLANZENDEN RISSSPITZE 

Zusammenfassung-Fiir 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. Fur einen RiB, der sich mit der Geschwindigkeit 900 m s- ’ in einer Probe aus Stahl 
(4340) fortpflanzt, zeigt sich, dal3 die Losung fur dieTemperaturwellen 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 erhiihte thermische 
Energie, die sich in unmittelbarer Umgebung von der RiBspitze ansammelt. Fur eine hiihere Aus- 
breitungsgeschwindigkeit (980 m s- ‘) entwickeln sich auBerdem die parallelen Isothermen zu einem hyper- 
bellhnlichen Muster, was ein starker Beweis fur das Wellenverhalten der Temperatur in der Umgebung 
der Spitze ist. Die Ubereinstimmung zwischen der Theorie und dem Experiment zeigt zwei wichtige 
Asoekte: (I) der Anfaneswert der Geschwindiakeit der Temueraturwelle in Stahl (4340) betrlgt 900 m s ‘, 

A \ , 

und (2) das Verhalten der Welle, das sich aus dir Phasenverschiebung zwischen dem Temperatirgradienten 
und der Warmestromdichte ergibt, ist ein wichtiger Mechanismus fur die Modellierung des Vorgangs der 

Warmeleitung in der unmittelbaren Umgebung der Spitze. 

JIBJIEHME TEHJIOBOI-0 YAAPA, BbI3BAHHOE EbICTPbIM PACI-IPQCTPAHEHHEM 
BEPIIIHHbI TPEIIIMHbi: 3KCHEPHMEHTAJIbHbIE AAHHbIE 

.+,,,E,OTalplPnOnpeHHOe qOy TeMtIepaTypHOe Hone B o6nacru Bep"IHHb1 TpeIUHHbI,paCnpOCTpaHKlO- 

UetiCzl C BbICOKOii CKOpOCTblo B TBepAOfi CpeAe, CpaBHHBaeTCK C 3KCiTepHMeHTUlbHbIM pe3ynbTaTOM. 

HeAaBHO nonyYeHHblh4 UeHAepoM B Poca~sxo~.HaiiAeHO,~TO npnpacnpocTpaHeHBB TpeW%HbI COCKO- 

pOCTblO 900 MC-l B o6pa3uecrana 4340 HeKOTOpble oco6eHHocrepelrreHwaAnnTeMnepaTypHbIX BOnH 

Ha OKOnO3ByKOBOM 3Tane OTpaWaIOTCK B 3KCIIepBMeHTanbHb‘X pe3ynbTaTaX.YKa3aHHbIe OCO6eHHOCTH 

BKn,OWOT:(~)0%eikTBO IKLpaJUIenbHbIX H30TepM 31 BepUlHHOfi Tpe"IEHbI, (2) IlOCTOKHHbIii TeMnepa- 
TypHMfi rpZ,AHeHT B OKpeCTHOCTH BepIHHHbI TpeLWlHbI B (3) HHTeHCH'$WUHpOBaHHOe HaKOnneHWe Tenno- 

BOii 3HeprHH HenOCpeACTBeHHO IIepeA BepUIHHOii TpWHHbL6Onee TOTO,npH 6onee BbICOKOii CKOpOCTH 

pacnpocrpaHenaa T~~IUHH~I, cocrasnnrorueii 980 M c-i, napannenbrran asorepr.ta npuHaMaer renep6o- 
naqecryro @iop~y, STO cetineTenbcreyeT 0 BonrioaoM xapawepe TebinepaTypbr Ha yqacrre e6nasa 
BepUI~HbL COOTBeTCTBHe MeEAy TeO~TH'teCKHME, pe3ynbTaTaMH EI 3KCIIepIiMetiTZlJTbHbIMEi AaHHaMII 

yKa3bIBaeT Ha ABa BalKHbIX @aKTa: (1)nOpOrO~Oe 3Ha'ieHUe CKOpOCTIl TeIIJIOBOii BOnHbI B Ct?lJIH 4346 
pzlBHO9()oMC-l A (A) noBeAeHBe BonH, 06yCJIOBneHHOe 0TCTaBaEnieM no +ase Memsy TebfnepaTypHbrM 
rpaAlleHTOM H TeIUIOBbiM DOTOKOM n&N, 6bICTPOM pearHpOBaHHH,KBnKeTCK BBlKHblM MCXaHIi3MOM LL’Ir 

MoAensipoBaHHn npoI@Xca TeXInOnpOBOAHOCTUB o6nacrriy BepIJIHHbI. 


