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In this article, fracture toughness behavior of tool steel was investigated using Acoustic Emission (AE)
monitoring. Fracture toughness (KIC) values of a specific tool steel was determined by applying various
approaches based on conventional AE parameters, such as Acoustic Emission Cumulative Count (AECC),
Acoustic Emission Energy Rate (AEER), and the combination of mechanical characteristics and AE
information called sentry function. The critical fracture toughness values during crack propagation were
achieved by means of relationship between the integral of the sentry function and cumulative fracture
toughness (KICUM). Specimens were selected from AISI D2 cold-work tool steel and were heat treated at
four different tempering conditions (300, 450, 525, and 575 �C). The results achieved through AE
approaches were then compared with a methodology proposed by compact specimen testing according to
ASTM standard E399. It was concluded that AE information was an efficient method to investigate fracture
characteristics.

Keywords acoustic emission, critical fracture toughness, sentry
function, tool steel

1. Introduction

One of the most common types of tool steel that is used
comprehensively for applications when high strength, hardness,
and wear resistance are required is AISI D2 cold-work tool
steel. AISI D2 is a high-chromium, high-carbon tool steel
alloyed with vanadium and molybdenum characterized by high
compressive strength, high wear resistance, good through-
hardening properties, good resistance to tempering-back, and
high stability in hardening. Additionally, this kind of steel is
utilized for tools requiring very high wear resistance but
because of the high alloying content, it is combined with
moderate toughness (shock resistance). However, the fracture
toughness and microstructure depend on tempering parameters,
and improving these parameters can lead to considerable effect
on wear resistance, strength, and fracture toughness (Ref 1-4).

AE is the result of transient elastic wave propagation caused
by a quick release of energy inside the material. It can be
generated during crack nucleation and growth, twin formation,
deformation, etc.

The capacity of material to resist deformation or carry loads,
in the presence of a crack, is defined as the fracture toughness.
Many standards are available which utilize load-displacement
plot to evaluate the fracture resistance of the materials.

AE technique has proven to be an outstanding diagnostic
device for real-timemonitoring of the fracture process. Extensive
work has been carried out based on this technique to investigate
fracture mechanisms (Ref 5-11). The approaches that were
applied in the present studywere based onAEmethods including
Acoustic Emission Cumulative Count (AECC), Acoustic Emis-
sion Energy Rate (AEER), and Sentry function, which utilizes
the combination of mechanical behavior and AE information.
AECC and AEER are related to acoustic emission counts and
energy distribution during compact tension test. Sentry function
is a method that considers the continuous balancing between the
released acoustic energy due to damage and the stored strain
energy (Ref 12-15). As damage intensity increases due to
internal failure, the cumulated AE energy increases and the strain
energy storing decreases simultaneously. There are several
investigations about AE monitoring of conventional fracture
toughness tests (Ref 16-19). Some of these studies have used
Acoustic Emission Counts Rate (AECR) characteristic to obtain
the Critical fracture toughness value, but considerable differ-
ences between ASTM standard method and AE technique have
been reported.

Sentry function has been successfully applied to study damage
progression and fracture energy release rate (GI) of composite
laminates. This technique was used to estimate the residual
strength of a composite materials subjected to indentation
processes and lateral impact (Ref 12, 14, 15). However, almost
no studies have applied sentry function to investigate steels.

In this study, AE techniques and ASTM standard E399 have
been utilized to study fracturemechanisms andplain strain fracture
toughness of AISI D2 cold-work tool steel in various tempering
temperatures. The AE analyses and procedure of ASTM E399 in
terms of fracture toughness have been used to calculate the critical
load value (PQ). The critical load values related to AE techniques
were calculated using four approaches:

(a) AECC
(b) AEER
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(c) Integral of the sentry function (Int(f)) which is a parame-
ter used to study material damage (Ref 14, 15). The
Int(f) is the integral of the sentry function over the dis-
placement area where AE signals have been identified:

Int(f Þ ¼
Z

XAE

f ðxÞdx ðEq 1Þ

where XAE is the interval in the load-displacement diagram
at which AE signals appeared. A considerable bi-linear rela-
tionship between the integral of the sentry function over the
displacement domain and the cumulative fracture toughness
(KICUM) can be observed. The recorded data during the
test at different loads were used to calculate the KI values
and KICUM is sum of these values. In this bilinear relation-
ship, a transition point appeared that can be the basis of crit-
ical load value calculation.

(d) Guidelines recommended by ASTM E399 standard test.

Finally, the critical load values calculated by these
approaches were used to determine KIC values offered by
ASTM E399 standard test method. Subsequently, results
obtained by these approaches were compared with each other.
It was concluded that a very good agreement between the
results from these approaches to the ones obtained by the
ASTM E399 exist.

2. Experimental Procedure

2.1 Materials Specification

In this investigation, the specimens were selected from AISI
D2 Cold-Work tool steel, in the size of 509 50 mm and then
heat-treated in the following procedure: Annealing (heating to
900 �C, keeping for 2 h, cooling slowly to 775 �C, keeping for
6 h and cooling very slowly by air); Austenitizing (heating to
1010 �C, keeping for 15 min and cooling very slowly by air);
Double Tempering (keeping the selected specimens at 300, 450,
525, and 575 �C each time for 1 h and cooling by air). It should
be considered that the second time, tempering temperature was
50 �C lower than the first time.

Chemical composition of the selected AISI D2 tool steel
was analyzed and the results are available in Table 1.

2.2 Fracture Toughness Test

After preparing the specimens, compact tension tests were
prepared to obtain fracture toughness values. Specimens were
selected in size of 369 34 mm and 8 mm as thickness.
Figure 1 shows schematics of AE setup and the compact
tension test of the specimens.

According to the ASTM standard E399, if the following
relation holds true, plain-strain condition can be achieved:

b � 2:5ðKQ=rysÞ2b ðEq 2Þ

In this relation, KQ refers to the conditional fracture
toughness, rys refers to the material�s yield strength and b
refers to the specimen thickness.

Based on the ASTM standard E399 (Ref 20), crack starter
was inserted in all specimens (see Fig. 1); additionally the a/w
value should be equal to 0.5 where a refers to crack length and
w refers to width of the specimen. All tests were carried out on
a servo-electric Instron machine, at the load rate of 0.2 mm/min
and at a temperature of about 25 �C. For calculating fracture
toughness values, Load-Crack Mouth Opening Displacement
(CMOD) data of all specimens were recorded using the
actuator.

2.3 AE Equipment

AE signals were recorded using a Physical Acoustics
Corporation (PAC) PCI-2 system with AE software AEWin.
For monitoring AE events, three broadband, resonant-type,
piezoelectric sensors with 40 dB pre-amplification and a
threshold level of 20 dB for the filter were used in AE tests.
The first sensor was coupled to the specimen and two others
were coupled to machine jaws by means of petroleum jelly for
detecting machine noises. The surfaces of sensors were covered
with grease to provide good acoustic coupling between the
specimen and sensors. Attached position of the AE sensors on
the samples is shown in Fig. 1.

2.4 Microstructure and Fractography Investigation

Optical microscopy was utilized for investigating the
microstructure of the fractured specimens which were heat-
treated in various conditions. Specimens were polished
mechanically, then etched with 4% Nital reagent. Subsequently,
fractography examination using scanning electron microscopy
(SEM) was carried out near the central plane of the fractured
surface of each tested specimen to identify the fracture
mechanism of the specimens.

3. Sentry Function

Sentry function expresses the combination of acoustic
emission information and mechanical characteristics which is
defined as the logarithm of the ratio between mechanical and
acoustic energies (Eq 3) (Ref 13):

f ðxÞ ¼ Ln
EsðxÞ
EaðxÞ

� �
ðEq 3Þ

where Es(x) refers to the strain energy, Ea(x) refers to the AE
events energy, and x refers to the displacement. As described
in previous studies (Ref 12-15), the function f is defined over
the displacement domain in which acoustic energy is
released.

Table 1 Chemical composition of the studied AISI D2 tool steel (wt.%)

C Si Mn P S Cr Ni Mo Al Co
1.53 0.322 0.238 0.019 0.007 11.80 0.152 0.783 0.032 0.022
Cu Nb Ti V W Pb Sn Ca Ta Fe
0.14 0.005 0.006 0.798 0.004 0.001 0.048 0.001 0.004 Base
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The sentry function f represents five different behaviors: (1)
Increasing phase, defined by PI(x), related to strain energy
storing. (2) Sudden drops phase, defined by PII(x), related to an
immediate release of stored energy due to internal material
failure. (3) Constant phase, defined by PIII(x), related to the
progressive strain energy storing due to material damage
progression. (4) Bottom-Up phase, defined by (BU), related to
the instantaneous energy storing capability in the material
induced by strengthening event. Such an event can be caused
by self-healing effects, hardening effects or, etc. (5) Decreasing
phase, defined by PIV(x), related to the fact that the material
strain energy storing ability is lower than the AE activity (Ref
13) (Fig. 2).

4. Results and Discussion

4.1 Calculation of KIC Value Using ASTM Standard E399

Based on ASTM standard E399, Plain strain fracture
toughness tests were applied on all specimens (Ref 17). The
procedure for calculating the critical load (PQ) and load-CMOD
plots of specimen A2, have been shown in Fig. 3.

As it has been presented in Fig. 3, after plotting tangent line
through the initial linear part of the origin of the recorded load-
CMOD plot (Fig. 3a), the secant line with the slope of 0.95 the
line plotted in Fig. 3(a) have been drown (Fig. 3b). The critical
load is considered as the maximum intersection point of the
load and tangent line in Fig. 3(b).

Subsequently, the conditional value of fracture toughness
according to the standard E399 is calculated using Eq 4:

KQ ¼
PQ

BW 0:5

� �
� f

a

W

� �
ðEq 4Þ

where f(a/W) is defined by Eq 5:

f
a

W

� �
¼

2þ a
W

� 	
� 0:886þ 4:64 a

W � 13:32 a2

W 2þ 14:72 a3

W 3 � 5:6 a4

W 4

� �

1� a
W

� 	1:5
ðEq 5Þ

Critical load, yield strength, conditional fracture toughness
values, and Pmax/PQ ratio are listed in Table 2.

Tension tests were carried out according to the procedure of
ASTM standard E8-01 (Ref 21) to determine (rys) values at
different tempering conditions. By estimating KQ and rys

values of the selected steel in various tempering temperatures,

Fig. 1 Schematics of the C(T) tension test specimens and AE setup

Fig. 2 Different behaviors of sentry function
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the minimum thickness required for valid KIC measurement
which is derived from equations (2, 3), is shown in Table 2.

4.2 Fractography

As shown in Fig. 4, all specimen surfaces contain a
combination of ductile fibrous fracture and brittle cleavage on
the primary carbides. The highest percentage of brittle cleavage
fracture occurs in the specimen without tempering (Fig. 4a).

Increasing tempering temperature leads to an increase of
dimples on surfaces (ductile fracture) together with increasing
fracture toughness values (Fig. 4b). As shown in (Fig. 4c) due
to presence of secondary hardening event at 525 �C, there is
cleavage type of fracture on the secondary carbides. This
structure decrease the toughness value (Fig. 4c) and is the main
cause of irregular behavior of the investigated steel. By
increasing tempering temperature, ductile fracture (dimple
formations on fracture surfaces) increases (Fig. 4d).

4.3 Fracture Toughness Values Determination
by AE Technique

As it can be recognized from AE count versus time plot (see
Fig. 5), by increasing loading rate various mechanisms influ-
ence the fracture process. Analysis of AE plots of fracture
toughness tests of AISI D2 tool steel indicated that three
specific regions appeared. These regions were:

Region 1: Weak AE peaks occurred because the specimen
was still in elastic state.

Region 2: Relatively high energy signals were generated in
the second region, which is probably related to the microcracks

initiation and propagation due to low plastic deformation and
high strength at the crack tip of the specimens.

Region 3: AE energies reach their maximum value in this
region because of the quick and unstable crack propagation.

These three regions are shown on AE counts-time plot of the
specimen A2 in Fig. 5.

Determination of critical load value by means of AE
technique was utilized for calculating fracture toughness. In
previous investigations (Ref 22-24) almost all studies have used
the point related to the first jump instead of the critical load in
AE cumulative counts plot. Albeit considering first jump has
some advantages in determining fracture toughness values, in
some cases, some considerable differences occurred between
fracture toughness values calculated using first jump method in
comparison with the standard ASTM E399 results. Figure 6
demonstrates the points of critical load according to the first
jump for specimen C2.

According to our previous study in this field (Ref 11),
AEER technique offers better results compared with previous
studies. In this approach, the critical load ( PQ;AEER) was
considered as the load matching to the point having the
maximum value of AE energies rate versus time, before sudden
drop of load. Figure 7 shows this method to investigate fracture
toughness value of the specimen D2.

To create a more accurate method to calculate the critical
load from AE events, a novel approach which is the combi-
nation of mechanical behavior and AE information called
sentry function was applied. Also this method was used to
study different fracture mechanisms of different specimens.

4.4 Sentry Function

4.4.1 Sentry Function Trends. The sentry function is the
logarithm of the ratio between the strain energy and the
cumulative acoustic energy as in Eq 1. Sentry function trends
obtained in the case of different specimens tempered at 0, 300,
450, 525, and 575 �C are shown in Figs. 8, 9, 10, 11, and 12
respectively.

As it can be seen the different samples have special
behaviors from acoustic point of view. It can be observed that
during tensile test, there are some strain energy storing stages,
BU and PI, which display ability to store strain energy.

Fig. 3 Load-CMOD plot of specimen A2: (a) tangent line and (b) the secant line with slope of 0.95 of the tangent line

Table 2 The results of fracture toughness measurement
of the D2 steel according to ASTM standard E 399

Sample
no.

rys,
MPa

PQ,
kN

KQ,
MPa

ffiffiffiffi
m
p Pmax

PQ

2:5 KQ

rys

� �2
,

mm

KIC

Each
one Average

D1 1760 4.89 35.52 <1.15 1.02 35.52 35.28
D2 5.05 35.76 <1.15 1.03 35.76
D3 4.92 34.56 <1.15 0.96 34.56
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An increase in the magnitude of the function displays strain
storing ability. It is observed that specimen A retains its strain
storing ability up to the displacement of 0.128 mm. This means
that from the beginning of the load until 0.128 mm microcracks
which did not have dominant effect in the strength of material
propagated and no considerable AE events during first stage of
loading were recorded and this phenomenon leads to the
dramatic increase of the sentry function. This stage for

specimens B, C, D, and E is extended up to 0.08, 0.43, 0.39,
and 0.2 mm, respectively. As it can be seen, almost in each
sample there is one continuous increasing region, except the
specimen tempered at 525 �C. There is some irregularity about
the trend of sentry function in specimens tempered at 525 �C.
This different behavior can be related to the presence of
significant secondary hardening phase which causes two
separate increasing regions.

Fig. 4 SEM fractograph of: (a) A1 showing the highest fraction of brittle cleavage fracture, (b) C3 showing increase of dimples on surfaces,
(c) D1 showing cleavage fracture on the secondary carbides and (d) E2 showing predominantly ductile failure

Fig. 5 Different regions on AE counts plot determine fracture mechanisms
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Fig. 6 Estimation of critical load (PQ) according to conventional AE technique for specimen C2

Fig. 7 Determination of critical load (PQ) for specimen D2 using AEER technique

Fig. 8 Sentry function trends obtained in the case of specimen tempered at 0 �C
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After the strain energy storing phase there are PIV trends,
which indicate that the structure is damaged and has lost its
ability to store more energy, this stage specifies that the released
AE energy tends to overcome the strain energy storing
capability of the material. In specimens A, B, and E this stage
is extended from 0.128, 0.08, and 0.2 mm until the maximum

load, respectively. Also, the slope of sentry function trend in
specimen A is greater than specimen B and slope of B is greater
than E. This means that for brittle materials the slope of sentry
function is higher than for ductile materials. This event is
because of unstable crack extension in brittle materials. Energy
release rate in brittle materials is higher than ductile materials.

Fig. 9 Sentry function trends obtained in the case of specimen tempered at 300 �C

Fig. 10 Sentry function trends obtained in the case of specimen tempered at 450 �C

Fig. 11 Sentry function trends obtained in the case of specimen tempered at 525 �C
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For specimens C and D, the trends are completely different and
this stage only appears near the maximum load. Also, the slope
of sentry function trend decreases significantly. This diverse
behavior can be associated with the presence of secondary
hardening which causes sudden release of AE energy.

In addition, there are some PII trends from beginning of
loading until the maximum load. Type II function, represented
by a sudden drop, indicates a failure in the material. This is
because when a major crack propagates, large amount of energy
is suddenly released in the material; a portion of that energy
produces high energy AE events. It is clear from the samples
that after each damage event, type II function, the energy
storing ability of the material declines but does not completely
diminish until the slope approaches zero or becomes negative.

The type III function, represented by a constant function,
indicates smooth propagation in tensile test and shows that the
failure mechanism is unvarying. Ductile specimens, C and E,
have negligible type III functions, A and D have several type III
at the final stages while the majority of the functions in B is
type III.

4.4.2 An Alarm to Avoid Fracture. Int(f) which is the
integral of the sentry function diagram over the AE displace-
ment domain is a good tool for studying material damage (Ref
12, 13). Based on previous examination, the integral of the
sentry function is related to the test stage at which the crack
initiated. By applying this method, the integral of the sentry
function was obtained between the displacement at which the
AE signals were recorded for the first time and the displace-
ment at which the crack initiated (point having the maximum
value of AE energies rate).

From Fig. 13, it can be observed that the sentry function
integral values, between the first appearance of AE events and
the point having the maximum value of AE energies rate, has
little difference from the mean value for various temperatures.
Also there is a similar behavior in variation of the KIC values
obtained from Table 2 and variation of the Int(f) values
obtained from Fig. 13. This similarity is due to the fact that
by increasing tempering temperature there is increase in the
value of this integral except at 525, so KIC values and values
obtained using Int(f) have proportionality. In accordance with
these results, sentry function integral value can be used as an
alarm for the initiation of crack. Practically, this method could
be suitably used for the detection of the crack initiation in a real
structure.

4.4.3 Calculation of Fracture Toughness (KIC) Value.
In Fig. 14 the relationship between the fracture toughness and
the integral of the sentry function is shown. This plot is the
basis for determination of the KIC value.

In a previous study (Ref 12), this trend which is based on a
bi-linear relationship (using a linear fitting of the data) between
the KICUM and Int(f) was used successfully to determine the
delamination fracture toughness at mode I in composite
laminates. Therefore utilizing the plots in Fig. 14 it is feasible
to evaluate the KIC values in steel.

As is shown in Fig. 14, Int(f) and KICUM, show a
proportionality. Proportionality is due to the fact these two
variables are correlated with the material damage. The KICUM
is defined as the capacity of material to resist deformation or
carry loads, in the presence of a crack, and the Int(f) is
concerned with the material damage (Ref 12, 13). Considering
the KICUM values of the specimens in transition points
(Fig. 14), it can be seen that specimens tempered at 575 �C are
the toughest ones. The slope of the fitting line before and after
the transition point has some variation for all of the specimens.
This variation is related to a change of the capacity of the
material to resist deformation (crack initiation). According to
Fig. 14 the capacity of material to resist crack propagation is

Fig. 12 Sentry function trends obtained in the case of specimen tempered at 575 �C

Fig. 13 Mean values and standard deviation of the integral of the
sentry function between the beginning of the AE and the first visible
crack propagation
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reduced after the transition points. This decrease can be
observed from the fact that by small increase of KICUM, there
is a considerable increase in Int(f).

As a result, Int(f)-KICUM plot can be used to calculate the
KIC. Results obtained using these different approaches are listed
in Table 3.

Figures 15 and 16 illustrate KIC values listed in Table 3. As
it can be seen, AEER and sentry function techniques are more
precise than AECC. In addition it can be seen that when
fracture toughness values increase, the calculated fracture
toughness using conventional AE methods, have more devia-
tion. But, KIC values determined by sentry function and AEER
methods are independent of fracture toughness values and have
excellent adjustment with ASTM E399. Furthermore, like
previous studies (Ref 11), all KIC values determined using AE
based methods have lower value than ASTM E399 method. As
stated above, in AECC technique the critical load is equal to the
load related to the onset of the initial crack propagation. The
critical load, PQ,A, in AEER technique is the load obtained from
the point having the maximum value of AE energies rate versus
time. In the sentry function method, KIC is calculated using the

knee point happening in the KI cumulative versus Int(f)
diagram. The knee point in this diagram is related to the KIC

that can be found from the Load-Time plot. With regard to the
critical load, the KIC value of the critical fracture toughness is
calculated. In addition, it is interesting to note that the standard
deviation associated with the results determined by the new
techniques (AEER and the sentry function) are smaller
compared with the results obtained using ASTM E399 method.
As a result, it can be concluded that AEER and the sentry
function are other alternative methods to determine KIC values

Fig. 14 (a) Plot of cumulative KI versus integration of f function for specimen tempered at 300; (b) plot of cumulative KI versus integration of
f function, in this case the bilinear functions for each specimen type are visually characterized by means of the transition points highlighted by
the circles

Table 3 Results obtained using different approaches

Method Fracture toughness, MPa
ffiffiffiffi
m
p

T. T. (�C) 0 300 450 525 575
ASTM E399 23.77 29.76 35.8 35.28 46.04
AEER 23.29 29.2 35.47 34.16 46
Sentry function 23.25 29.04 35.5 34.13 45.07
AECC 23.01 27.3 31.94 33.52 38.79
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from AE data. As results revealed, the specimens without
tempering condition have lowest KIC values. Because of the
transformation of tempered martensite, enhancing the temper-
ing temperature leads to the increase of plain strain fracture
toughness values. At 525 �C, there is little decrease in fracture
toughness irregularly. Transformation of retained austenite
during tempering at the higher temperature due to secondary
hardening has been the reason of this irregular decrease in
fracture toughness.

5. Conclusions

The results showed that by increasing tempering tempera-
ture, transformation of tempered martensite occurs which leads

to increase of KIC values of AISI D2 tool steel. But at 525 �C,
there is a slight decrease in fracture toughness values. This
different behavior is because of secondary hardening phenom-
enon in this type of tool steel.

For evaluation of KIC values sentry function and AEER
techniques were used to obtain more accurate results than
conventional AE methods. Also, the KIC values obtained by the
proposedmethods have a lower standard deviation from themean
value in comparison with the results obtained by other tech-
niques. In addition, sentry function is a better technique than
AECC and AEER to study the different events in tensile testing.
Sentry function is a new function which combines strain energy,
mechanical information, the acoustical information, and the
acoustic emission event energy. This technique is used to study
the crack propagation of the considered specimens, and espe-
cially it was used to identify damage development for each
specimen and to recognize different microstructural events like
secondary hardening and microcracks in specimens with differ-
ent tempering temperature. More than this, the sentry function
was also used to obtain an alarm for the identification of the test
stage at which the initiation of crack occurs. SEM observation
shows that the fracture mechanism of tempered steel is a
combination of brittle cleavage and ductile fibrous. SEM
observation at 525 �C indicates secondary hardening phenomena
which is the main reason for irregular trend in KIC values and
sentry function behavior. It was concluded that the proposed
methods are robust devices to studymicrostructural events and to
calculate KIC values.
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