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ABSTRACT

Models being developed for numerical simulation of ductile fracture

require a number of input parameters, which are known as micro-mechanical

parameters. The micro-mechanical parameters of the primary heat transport

(PHT) piping material of pressurised heavy water reactor(PHWR) are not known.

A study has been carried out to understand the micro-void development and to

determine the three important micro-mechanical parameters of this material

namely, initial void volume fraction (fo), critical void volume fraction (fc) and void

volume fraction at final failure (fF). Initial void volume fraction (f0) was determined

by measuring inclusion volume fraction by quantitative image analysis of

photomicrographs taken on the as polished surface of the samples cut of PHT

piping piece. Micro-void development in the material was studied using scanning

electron microscope (SEM) on specimens sectioned from the tensile tested

specimens. For this purpose, nine smooth round bar tensile testing specimens

were subjected to uniaxial tension test. Six samples underwent interrupted test

while three were loaded till fracture occurred. The critical void volume fraction (fc)

and the void volume fraction at fracture (fF) were estimated from the fracture

surfaces of the tensile specimens. The study of sections from the interrupted

tests showed that voids were present in the material around inclusions when the

diameter reduction during tension test was 10.5% or more. However, no micro-

voids were seen in the specimens in which the diameter reduction was 4.5%.

The mean values of the three micro-mechanical parameters fo,fcand fFfrom the

study were found to be 0.0011, 0.118 and 0.368, respectively. The average void

volume fraction at a location where the diameter reduction was 44% was found to

be 0.00463 which is more than four times the initial void volume fraction.
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1. INTRODUCTION

The ductile fracture in polycrystalline metals and alloys occurs as a

consequence of nucleation, growth and coalescence of micro-voids in the material.

These processes occur on a microscopic level in the material when the component is

mechanically deformed. Modeling of ductile fracture(1*4) in engineering materials

therefore needs to incorporate this sequence of events in order to describe the

micro-mechanical processes occurring within the material during deformation and

fracture. Models being developed for numerical simulation of ductile fracture require

a number of material input parameters, which are known as micro-mechanical

parameters. There are basically six such parameters introduced in Gurson Model(5).

Three of them are nucleation related parameters such as nucleation strain (8N),

standard deviation of nucleation strain (SN) and void volume fraction at nucleation

(fisi). The remaining three parameters are connected with void volume fraction in a

material at various stages. These are termed as initial void volume fraction (f0),

critical void volume fraction (fc) i.e. the void volume fraction at which coalescence of

micro-voids occurs, and void volume fraction at fracture (fF). The initial void volume

fraction is determined from the area fraction of inclusions present in the material. The

other two can be determined by carrying out model predictions using different sets of

these parameters and matching those model predictions with the load-displacement

plot obtained during tensile test. However, the results are non-unique(5> as two

different sets of values of these parameters may give identical results. Therefore, the

fitted values may be far removed from the actual values in the material. The

estimation of actual values of these parameters and information regarding nucleation

and growth of micro-voids in the material can also be obtained by microscopic
l



examination of tensile tested specimens. The values found from the experiments on

real materials can provide the metallurgical basis for selecting the suitable values of

the parameters for using in models.

The micro-mechanical parameters for carbon steel SA333 Gr 6, which is used

as a primary heat transport(PHT) piping material in pressurised heavy water

reactor(PHWR), were required to be determined for use in the finite element

model(FEM) developed by Reactor Safety Division, BARC. In order to meet this

requirement samples from a PHT piping piece and sections of tensile tested

specimens were examined using optical and scanning electron microscope(SEM).

The details of the experimental work and the results obtained from this study are

presented in this report.

2. EXPERIMENTAL WORK

2.1 Optical Microscopy

Three samples of size 1cm x 1cm x 1cm required for inclusion volume-

fraction measurement were cut from a PHT piping piece supplied by Reactor Safety

Division and cold mounted. The chemical composition of the material has been given

in Table-1. Longitudinal sectional surfaces of samples L-1, L-2 and L-3 were

metallographically prepared by grinding successively on silicon carbide papers of

200, 400 and 600 grit size followed by polishing using diamond paste of 0.2JA size to

get a mirror like surface-finish. These metallograrjhically prepared samples were

finally examined in an optical microscope. Relevant photomicrographs were taken at

a suitable magnification for quantitative image analysis.

2.2 Tensile Testing

Tensile testing of total nine smooth round bar specimens of 4mm diameter

and 30mm gauge length fabricated from PHT piping piece was carried out using an

Instron tensile testing machine, Model TTCM. Three specfrnens (no. 6,8 and 9) were

loaded up to fracture. The tensile testing of the rest of the specimens was interrupted

at chosen deformation level. The details of the nine samples, which were

mechanically tested, are given in Table-2. Fig.1 shows the sketch of a typical tensile

specimen used in the experiment. Fig.2 shows the photograph of two tensile test

specimens. Fig. 3(a) to 3(j) show the load-displacement plots for the nine tensile

specimens.



2.2.1 Sectioning of Tensile Tested Specimens

In order to study the initiation and growth of voids, transverse and longitudinal

sections from various locations along the gauge length of tested specimens

corresponding to different levels of mechanical deformations were cut using a slow

speed cut-off wheel. One transverse section each at the neck of the specimens 3,4

and 5, two transverse sections each, one at the neck and the other slightly away

from the neck for the specimens 1 and 7 and one longitudinal and two transverse

sections from the specimen 2 were taken. The sectioned samples were cold

mounted in quick setting resin and marked for identification. They were

metallographically prepared by grinding and polishing for subsequent examination in

SEM. The details of samples taken from various tensile tested specimens are shown

inTable-3.

2.3 Scanning Electron Microscopy (SEM)

The metallographically prepared samples were examined in SEM to study the

development of micro-voids in the specimens during tensile testing. As resolution

and useful magnification of the optical microscope is limited, SEM was used for a

thorough examination of sections cut from the tensile tested specimens. The fracture

surfaces of the specimens 6,8 and 9 were also examined in SEM. A number of

photomicrographs were recorded on the as-polished as well as the fracture surfaces

of the specimens for quantitative image analysis.

2.4 Quantitative (mage Analysis

Optical photomicrographs of inclusions taken on the samples of original piping

material, SEM photomicrographs of microvoids observed in the tensile tested

specimens and the fractographs of the fracture" surfaces of the broken specimens

were scanned using a flatbed scanner. The values of fo, fc and fF were evaluated

directly from the digitised images using CIPS(6) (Comprehensive Image Processing

Software), an integrated image processing program, developed by Computer

Division, BARC to get a quantitative information about micro-mechanical parameters.

A special thresholding technique known as "local thresholding" was used for

analysing the photomicrographs of inclusions and micro-voids. This was required

because of the gray level variations of different types of inclusions and voids. Making

the area having gray values above and below the selected gray level (threshold



value),.absolute black and absolute white, respectively is referred to as thresholding.

Regions containing inclusions having same gray level were selected separately by

invoking the menu called select region and thresholding was done for them. This is

known as "Local Thresholding". After thresholding, the inclusions present looked

absolutely black in a white background. Quantitative analysis was then performed on.

this image. The effect of local thresholding of the images is shown in Figs. 4 and 5.

The top and bottom photomicrographs in these figures show the original images, and

those after local thresholding, respectively. The ratio of the area (in terms of pixels)

of the black features on the thresholded photographs to the total area was quoted as

the area fraction of inclusions or voids.

3. RESULTS AND DISCUSSION

3.1 Initial Void Volume Fraction

The initial void volume fraction denoted by fo is one of the micro-mechanical

parameters used as an input in the modeling of ductile fracture. It is taken as the

inclusion volume fraction in the material assuming that voids nucleate at inclusions

by particle fracture or by interfacial decohesion from the surrounding matrix and they

grow subsequently due to plastic deformation. The area fraction of inclusions is

assumed to represent their volume fraction in the material considering the fact that

they are randomly distributed throughout the material. Each photomicrograph

represented an area of 1.2 mm2 on the longitudinal sectional surfaces. Typical

appearance of inclusions observed in one of the samples is shown in Fig.4(a). The

results of inclusion volume fraction measurement on the three longitudinal sections

are given in Table-4. The values of fo found in samples L-1, L-2 and L-3 are

0.000874, 0.00123 and 0.00121, respectively with a mean and a standard deviation

of 0.0011 and 0.0004, respectively. The frequency distribution of initial void fraction

taking all the readings together is given in Fig. 6.

The inclusion volume fraction can also be estimated from Franklin's formula(7)

for sulphide inclusion. Franklin's formula calculates' the inclusion volume fraction

from the sulphur and manganese content in the material. The inclusion volume

fraction calculated by this formula for PHT piping material was found to be 0.0009,

which is lower than the measured value, as expected, sirice the formula considers

only the sulphide inclusions.



3.2 Development of Micro-void

Micro-void development in the material was studied on the samples sectioned

from the tensile tested specimens. The deformation level in each sample was

expressed as the ratio of reduction in diameter at that location in the tensile

specimen after the completion of the test to the original diameter of the tensile test

specimen i.e. AD/D. , :

Specimens 3, 4 and 5 underwent very low deformation (see Table 2) as the

test was interrupted even before the peak load was attained. The maximum diameter

reductions during tensile test were 4.5%, 3.36% and 2.35% respectively for these

three specimens. A transverse section taken at the middle of the specimen with"

highest diameter reduction was examined in SEM in as polished condition. No voids

could be observed in the specimen even at a magnification of 3000X, thereby

indicating that void nucleation had not started at this deformation level.

Specimens 1 and 7 underwent significant deformation though the test was

terminated before fracture. The maximum diameter reduction in these tensile

specimens were 15%, and 21.5%, respectively at the location of initiation of necking.

Two transverse sections, one at the neck and one slightly away from the neck (near

the shoulder) were examined in SEM. This revealed the presence of micrp-voids in

the sample at these deformation levels. The typical size of the micro-voids was about

2-3 jim, but there were some larger micro-voids having size of about 10 u,m x 3 jim.

It was also observed that the number of voids was relatively higher towards the

centre compared to that in the periphery of the section.

Specimen 2 also underwent significant diameter reduction of 18.5% at the

neck region. Examination of the polished surface showed presence of micro-voids

both in longitudinal as well as transverse sections. Figs.7, 8 and 9 show the typical

micro-voids observed on the longitudinal section (sample 2A) of the tensile test

specimen 2. Fig.7 shows a void of size of about 4\xm x 8\im with an inclusion present

inside it. The inclusion is intact indicating that this particular micro-void has formed

by decohesion mechanism. The micro-void in Fig.8 is relatively larger in size and

appears to have formed around an inclusion, which has cracked. The micro-void

shown in Fig. 9 seems to have formed either by joining of three small micro-voids

formed around three closely spaced inclusions or by breaking of a long inclusion in

three pieces followed by formation of voids around them. As expected the voids in

the above figures are elongated along the axis of the tensile specimen (i.e the



direction of tensile stress). The micro-void observed in the transverse section of the

specimen 2 is shown in Fig. 10.

Micro-void development in specimen 6 was studied on a transverse section

slightly below the fracture surface (0.2mm below the fracture surface). The diameter

reduction at this location was about 44%. Typical micro-void distribution observed

during SEM examination of this section are shown in Figs.11, 12 and 13. Joining

between the nearby voids have been found at some location. The result of image

analysis done on photomicrographs of this section is given in Table-5. The average

void volume fraction was found to be 0.00463 which is more than four times the

average initial void volume fraction. The radial distribution of the void volume fraction

in sample 6A with 44% deformation is shown in Fig. 14, which shows that the

distribution was highly non-uniform in the section. The maximum void volume

fraction in this sample was found to be 0.010. which is about ten times higher than

the mean initial void volume fraction found on the longitudinal sections (L-1, L-2 and

L-3) in the starting material.

3.3 Void Volume Fraction at Final Fracture {1?)

The critical void volume fraction (fc) and the void volume fraction at the final

fracture (fp) were estimated from the examination of fracture surfaces of specimens

6,8 and 9. Typical appearance of the fracture surface in these three specimens are.

shown in Figs 1 5 - 2 0 . The fractographs show the presence of dimples formed by

micro-void coalescence, which is a typical feature of ductile fracture. Image analysis

of fractographs recorded at several locations on the fracture surfaces of these

specimens was done to determine the volume fractidn of dimples which is nothing

but fF. The results of void volume fraction measurements on the three specimens are

given in Tables 6-8. The value of fF in specimens 6, 8 and 9 were found as 0.370,

0.366 and 0.358, respectively with a mean of 0.365. The frequency distribution of the

measurement shown in Fig.21 had been found to be uhimodal. The radial distribution

of fF values in the transverse section of one of the specimens (no.8) is shown in

Fig.22.

The void volume fractions at fracture, determined from the fracture surface of

three tensile tested specimens are found to be in a narnbw range from 0.358 to

0.370. The value used by Fekete et al.(B) in their analysis for ferritic reactor steel

obtained by fitting experimental and simulation force vs diameter-change curves was

0.3. This value is closer to the value found in this study.
6



3.4 Critical Void Volume Fraction (fc)

The critical void volume fraction (fc) was estimated from the fractographs by

finding out the area fraction of sub-surface micro-voids. A careful examination of the

fractographs had revealed that many dimples in the fracture surface were connected

at their bottom with small voids, which were below the fracture surface. Such

subsurface micro-voids were found to be present in the fractographs as they were

clearly identifiable. The volume fraction of such micro-voids is believed to represent

the scenario just before they coalesced and hence it can be taken as the critical void

volume fraction. As there is no direct method to determine the critical -void volume

fraction nor it is possible to interrupt the tensile test exactly at the void coalescence

stage, this method is expected to provide the nearest approximation of the

parameter. The results are given in Tables 9-11. The values of critical void volume

fraction (fc) in samples 6, 8 and 9 were found to be 0.131, 0.109 and 0.116,

respectively. The mean of these three values is 0.119. The frequency distribution of

the measured values is shown in Fig.23, which shows a unimodal distribution. The

radial distribution of fc in one of the specimens (no. 8) is shown in Fig.24.

The critical void volume fraction represents the end of stable void growth and

start of void coalescence. The critical void volume fraction can be determined by

matching the numerical results with the experimental load displacement curves of

tensile specimen. Numerical calculation is performed using pre-determined value of

initial parameters and fixing the values of other parameters. There is, however, a

problem of non-uniqueness in this method as different sets of those parameters may

give identical results. The actual value can bnly be estimated by microscopic

examination of tested materials. The measured Values reported in this work provide

the metallurgical basis for selecting the parameters to be used in the calculations

rather than arbitrarily choosing them. The experimental measurement of fc in the

present study indicates that the value is in the range from 0.109 to 0.131. It is

reported(9) that the value of fc is generally less than 0.13 and the result of the present

study agrees well with the general view . Zhang et. al(5) indicated that the value of fc

is in the range from 0.04 to 0.15. A Measurement of vbid volume fraction around the

notch tip in an axisymmetric notched specimen as a function of notch opening

displacement has been reported in literature(10). The ductile crack initiation near the

notch tip seemed to occur when the void volume fraction reached a value in the

range from 0.04 to 0.06. Considering the difficulty in assigning a fixed gray level for



determining the area fraction of the subsurface voids, the values of fc determined in

this study could be slightly on the higher side.

3.5 Void Growth vs Diameter Reduction in Tensile Specimen

The results presented in this study indicate that there were no observable

voids in the tensile specimens, which underwent a low deformation up to 4.5%

diameter reduction. By looking at the load-displacement plot of these specimens it is

observed that the testing for them was terminated before the peak load was reached.

Hence it may be said that voids do not nucleate until the specimens reach the peak

load condition. Those specimens, which were tested beyond the peak, load condition

revealed the presence of micro-voids. Sections taken at the locations where the

diameter reduction was 10.5-15 % showed appearance of voids. Thus the void

nucleation initiated at a stage when the diameter reduction was somewhere between

4.5 and 10.5%. Based on the results of this experiment, the change in void volume

fraction with increasing deformation in a tensile specimen can be represented by the

curve shown in Fig.25. The curve can be divided in four regions as indicated in the

figure:

Region A: in this region no observable micro-void nucleation is found.

Region B: In this region micro-voids are nucleated in the material

around the inclusions.

Region C: In this region micro-void volume fraction increases significantly

by growth of voids.

Region D: In this region the micro-void fraction increases rapidly due to

coalescence of voids leading to final fracture.

4. CONCLUSIONS

Following conclusions can be drawn from the study:

1. The inclusion volume fraction in the longitudinal section of the PHT piping has

been found to be 0.0011 ± 0.0004.

2. Micro-voids have not been observed in tensile test samples deformed up to a

diameter reduction of 4.5%.

3. Micro-voids have been found to be present in the deformed samples when the

diameter reduction was 10.5% or more. The micro-void volume fraction at a

location where the diameter reduction was 44%, has been found to be 0.00463.
8



4. The mean values of the micro-mechanical parameters fOl fc and fF for PHT piping

material determined from this study are found to be as 0.0011, 0.119 and 0.365

respectively.
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Element

C

Mn

Si

S

P

Ni

Pb

Cu

V

0

N

Fe

Weight

0.14%

0.75%

0.25%

0.018%

0.016%

525 ppm

80 ppm

590 ppm

<100ppm

0.03%

0.01%

Balance

Table 1: Chemical composition of the
PHT piping steel, SA333



Sample

l

2

3

4

5

6

7

8

9

Initial
Diameter

(mm)

4

3.95

4

4.01S

4.03S

4.02

4.0

4.01

3.89

Final Diameter
in neck

region(mm)

3.4

3.22

3.82

3.88

3.94

2

3.14

1.98

2

AD/DX10O

15

18.5

4.5

3.36

2.35

50.25

21.5

50.5

48.6

Remarks

Test interrupted

99

99

Test till fracture

Test interrupted

Test till fracture

Table 2: Details of mechanical testing



Sample
No

1

2

3

4

5

6

7

8

9

Section for
Examination

1A
(neck)

IB
(Shoulder)

2A
(Longitudinal)

2B
(shoulder)

2C

3

4

5
6A

(neck)
6B

(shoulder)
6

(fracture)
7A

(neck)
7B

(shoulder)
8

(fracture)
9

(fracture)

Initial
Diameter

(mm)

4.0

4.0

3.95

3.95

3.95

4

4.015

4.035

4.02

4.02

4.02

4.0

4.0

4.0

3.89

Final Diameter
(mm)

3.4

3.5

3.22 & 3.53

3.53

3.56

3.82

3.88

3.94

2.21

3.3

2

3.14

3.5

1.98

2

% Change
in Diameter

15

12

18.5 & 10.5

10.5

9.9

4.5

3.36

2.35

44

17.9

50.25

21.5

12.5

50.5

48.6

Table 3: Details of samples for SEM study



Photograph No.

l

2

3

4

5

6

7

8

9

Average

Void Volume Fraction

L-l

0.0089

0.00106

0.00033

0.00084

0.00064

0.0011

0.000803

0.001

0.0012

0.000874

L-2

0.00081

0.0006

0.0019

0.0014

6.0013

6.0016

6.00105

6.00133

6.0011

0.00123

L-3

0.00135

0.000872

0.00059

0.00149

0.00126

0.00128

0.00084

0.00217

0.00102

0.00121

Table 4: Initial void volume fraction
for longitudinal sections



Photograph No.

l

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Average

Standard Deviation

Void Volume Fraction

0.0035

0.00575

0.00256

0.00341

0.00241

0.00337

0.00835

0.00612

0.00263

0.00311

0.00177

0.0053

0.00164

0.00417

0.0089

0.0104

0.00463

± 0.00276

Table 5: Void volume fraction at 44% deformation



Photograph No.

1

2

3

4

5

6

7

8

9

10

11

12

13

Average

StiL Deviation

Av. Void Volume Fraction
At Fracture

0.339

0.389

0.362

0.341

O.3S8

0.378

0.353

0.380

0.349

0.362

0.372

0.395

0.04

0.370

±0.b2

Table 6: Void volume fraction at fractdre for sample no. 6



Photograph No.

i

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

IS

19

Av. Value

Sid Deviation

Av. Void Volume Fraction
At Fracture

0.327

0.357

0.36

0.345

0.363

0.402

0.399

0.379

0.361

6.342

6.374

6.373

6.363

6.381

6.378

0.327

0.354

6.402

0.369

0.366

± 0.022

Table 7: Void volume fraction at fracture for sample no. 8



Photograph No.

l

2

3

4

5

6

7

8

Av. Value

Std Deviation

Av. Void Volume Fraction
At Fracture

0.406

0.344

0.373

0.354

0.374

0.378

0.32

0.317

0.358

± 0.031

Table 8: Void volume fraction at fracture for sample no. 9



Photograph No.

1.

2

3

4

5

6

7

8

9

10

11

12

Av. Value

Std. Deviation

Av. Critical Void
Volume Fraction

0.132

0.149

0.115

0.116

0.152

0.150

0.100

0.119

0.140

0.099

0.150

0.144

0.131

±0J)2

Table 9: Critical void volume fraction for sample no. 6



Photograph No.

l

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Av. Value

Sid. Deviation

Av. Critical Void
Volume Fraction

0.086

0.128

0.105

0.081

0.132

0.139

0.077

0.125

0.134

0.085

0.097

0.104

0.109

0.121

0.104

0.115

0.113

0.112

0.109

±0.02

Table 10: Critical void volume fraction for sample no. 8



Photograph No.

l

2

3

4

5

6

&4 Deviation

Av. Critical Void
Volume Fraction

0.159

0.133

0.12

0.123

0.08

0.081

0.116

±0.031

Table 11: Critical void volume fraction for sample no. 9



Specimen No. I

c^JU^

t 5" ,c

Fig. 2. Smooth bar round tensile specimens



3
O
-4

D isplacemen t

Fig. 3(a). Tensile testing curve for specimen no. 1

Displacement

Fig. 3(b). Tensile testing curve for specimen no.2



Dfsplacemen t

Fig. 3(c). Tensile testing curve for specimen no.3

D isplacemenh

Fig. 3(d). Tensile testing curve for specimen no.4



Di&placemen t

Fig. 3(e). Tensile testing curve for specimen no.5

Displacement

Fig. 3(f). Tensile testing curve for specimen no.6



Displacement

Fig. 3(g). Tensile testing curve for specimen no.7

Displacement

Fig. 3(h). Tensile testing curve for specimen no.8
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Displacement

Fig. 3(j). Tensile testing curve foi* specimen no.9



Before thresholding
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After local thresholding

Fig.4. Local thresholding of the image of inclusion field
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Before thresholding

(b)

After local thresholding

Fig.5. Local thresholding of the image of micro-voids
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rgntvat

Tensile specimen : 2
Sample : 2A
Deformation : 18.5% & 10.5%
Section : Longitudinal
Void size :

Fig. 7, Micro-void in the deformed sample



Tensile specimen
Sample
Deformation
Section
Void size

2A
18.5% & 10.5%
Longitudinal

Fig. 8. Micro-void in the deformed sample



Tensile specimen : 2
Sample : 2A
Deformation : 18.5% & 10.5%
Section : Longitudinal

Fig. 9. Micro-void in the deformed sample



Tensile specimen : 2
Sample : 2C
Deformation : 9.9%
Section : Transverse

Fig. 10. Micro-voids in the deformed sample



Tensile specimen: 6
Sample : 6A
Deformation :. 44 %
Section : Transverse

Fig. 11. Micro-voids in the deformed sample



Tensile specimen : 6
Sample : 6A
Deformation : 44%
Section : Transverse

Fig. 12. Micro-voids in the deformed sample



Tensile specimen :
Sample :
Deformation :
Section :

6
6A
44%
Transverse

Fig. 13. Micro-voids in the deformed sample
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Fig. 15. Appearance of fracture surface of specimen BO. 6



Fig. 16. Appearance of fracture, surface of specimen no. 6



Fig. 17. Appearance of fracture surface of specimen no. 8



Fig. 18. Appearance of fracture surface of specimen no. 8



Fig. 19. Appearance of fracture surface of specimen no. 9



Fig. 20 Appearance of fracture surface of specimen no.9
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