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요 약 문

Ⅰ. 제 목: 균열측정 방법에 따른 등방성 흑연 (IG-11) 파괴인성

변화

Ⅱ. 연구개발의 목적 및 필요성

흑연감속 초고온가스로(VHTR) 흑연노심구조물의 구조건전성평가

에 필요한 파괴인성 시험법 개발

Ⅲ. 연구개발의 내용 및 범위

파괴인성 측정에 필요한 균열길이측정방법에 따른 파괴인성변화

를 조사하였다. G-11(미립 고강도 등방성흑연) 으로 제작한 Single

Edge Notched Beam (SENB) 시편 ((200 x20x15mm
3
) 의 하중에 따

른 균열길이 진전량을 직류전압강하(Direct Current Potential Drop:

DCPD)법, 염료투과(Dye Penetration: DP)법, 이동현미경 측정법

(Traveling Microscope Method:TM) 으로 각각 측정 비교하였다.

Ⅳ. 연구개발결과

비교 결과 DCPD 에 의한 균열진전량이 가장 작게 나타났고

TM 및 DP 는 유사한 균열진전거동을 보였다. KR 곡선은 DCPD 의

경우 균열진전에 따라 감소하는 경향을, TM 과 DP 는 증가하는 것으

로 나타났다. DP 에 의한 KR 곡선은 불안정(unstable)한 거동을, TM

은 가장 안정한 거동을 보였다.

Ⅴ. 연구개발결과의 활용계획 및 건의사항

연구결과는 향후 수소생산원자로 노심구조물용 흑연의 품질확인.

건전성 평가 등에 활용.
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SUMMARY

(영문요약문)

Ⅰ. Project Title: Effects of Crack Measurement Methods on The

Determination of Fracture Toughness of IG-11 Isotropic Graphite

Ⅱ. Objective and Importance of the Project: Evaluation of structural integrity

of core graphite components is a key safety concern. Effects of crack length

measurement methods on the determination of fracture toughness of candidate

graphite was investigated.

Ⅲ. Scope and Contents of Project:

Differences in the fracture toughness values due to different crack length

measurement methods, i.e. direct current potential drop method (DCPD),

traveling microscope method (TM), and dye penetration method (DP) was

investigated using SENB specimens made of IG-11 fine grained isotropic

graphite (specimen size: 200(L) x 20(W) x 15(B) mm3).

Ⅳ. Result of Project:

Results on crack length estimation showed that the TM and the DP

methods resulted in similar crack length changing behaviors, and the crack

length estimated by DCPD was the shortest. Comparisons of crack growth

resistance curves (KR curves) showed that the DCPD showed the lowest and

a decreasing KR curve with a crack extension. Both the curves from TM and

DP showed increasing KR curves with a crack extension, but the curve from

DP was unstable. The KR curve estimated from TM appeared to be the most

stable one.

Ⅴ. Proposal for Applications:

Obtained results and experiences will be applied for qualification and

integrity evaluation of VHTR graphite core components.



- iii -

CONTENTS

Summary .......................................................................................................................ii

Contents ........................................................................................................................iii

List of Figures..............................................................................................................v

List of Tables................................................................................................................v

1.Introduction..................................................................................................................1

2. Experimental procedures ......................................................................................1

3. Results and discussion...........................................................................................4

4. Conclusions ..............................................................................................................8

References .....................................................................................................................9



- iv -

Summary

This report represents experimental data on the differences in the fracture 

toughness values due to different crack length measurement methods, i.e. direct 

current potential drop method (DCPD), traveling microscope method (TM), and dye 

penetration method (DP).  SENB specimens made of IG-11 fine grained isotropic 

graphite (specimen size: 200(L) x 20(W) x 15(B) mm3) were used. Results on crack 

length estimation showed that the TM and the DP methods resulted in similar crack 

length changing behaviors, and the crack length estimated by DCPD was the shortest. 

Comparisons of crack growth resistance curves (KR curves) showed that the DCPD 

showed the lowest and a decreasing KR curve with a crack extension. Both the curves 

from TM and DP showed increasing KR curves with a crack extension, but the curve 

from DP was unstable. The KR curve estimated from TM appeared to be the most 

stable one. 
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1. Introduction

Since the structural integrity of graphite components in a graphite moderate high
temperature reactor can be evaluated from comparisons of the fracture toughness of
the components with the applying stress condition, the establishment of reliable
fracture toughness determination methods is important for an integrity evaluation of
graphite components in operation [1]. Currently, an ASTM standard fracture
toughness testing method is being developed for graphite [2]. In fracture toughness
testing, it is well known that the accurate estimation of a crack length during test is
critical for reliable fracture toughness determination.

In the present study, effects of crack length measurement methods on the
determination of fracture toughness were investigated for IG-11 isotropic graphite.

2. Experimental procedures

2.1 Material, specimen and fracture toughness testing

Twenty five (25) three point single edge notched beam (SENB) specimens in
the size of 200 (L) x 20 (W) x 15 (B) mm3were prepared from an IG-11 graphite
block: Five (5) specimens for DCPD and TM, and twenty (20) specimens for DP
measurements. The size of the specimens was selected considering the statistical
reliability of toughness measurements due to specimen volume [3-4]. Specimens were
machined to have an initial notch depth, a0, of 8 mm. Thus, the initial notch depth to
width ratio, a0/W is 0.4. The radius of curvature at the notch tip of the specimens
was machined to be less than 0.1 mm using sharp blades.

Fracture tests were performed by using an electromechanical testing system
(Instron 4204, screw driven type, load cell: 5 KN) with a cross-headspeed of 0.001
mm/min. Distance between support spans, S, was 160 mm. Typical properties of the
grade from the manufacturer test report are summarized in Table 1.
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Density

(Mg/m3)

Electrical

resistivity

(μΩm)

Flexural

strength

(MPa)

Compressi
-ve

strength

(MPa)

Elastic

modul-u
s

(GPa)

CTE

(10-6/oC)

Therma
l

conduct
-ivity

(W/m-
K)

Porosity

(%)

Avg. GS

(㎛)

IG-1
1

1.77 11.0 39.2 78.4 9.8 4.5 116 18 10

Table 1. Typical physical properties of fine-grain isotropic graphite, IG-11.

2.2 Crack length measurement and toughness determination

Three crack length measurement methods were exercised : direct current potential
drop method (DC PD), traveling microscope method (TM), and dye penetration
method (DP).

For DCPD method, after drilling four small holes at both ends and at the top and
bottom surfaces of the specimen, platinum wires were attached, and used for potential
drop measurements due to the increase in crack length, Figure 1. To prepare a
calibration curve, forty specimens with varying notch depths (a/Wo = 0.1 ~ 0.8) were
prepared by using a sharp razor and calibrated as a function V/Vo, where V is the
initial electric potential (V) and V0 is the reference potential (V0), referring to
Johnson’s equation [5].

a0/W = 0.08495 + 0.14417((V/V0) – 0.0104(V/V0)
2 +0.0003627(V/V0)

3…....….(1)

where, V= electric potential for crack length

V0 = reference electric potential at a0/W=0.1

To insulate the specimens from current leakage, all loading fixtures and support
spans were made of Al2O3. For potential drop measurements, the HP multi-meter
34401A (resolution: 0.001 mV) with HP 6264B DC power supply (Range: 0 ～ 20
(Voltage, Ampere)) was used.
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Figure 1. Schematic diagram of DCPD system; (a) DC current circuit with a
specimen, and (b) details of DC current in and out for SENB specimen.

For TM method, the crack on the fine polished surface was continuously monitored
by using a traveling microscope (NRM-2XY, Nippon Optical Works, Resolution:
0.01mm). The surface for crack size measurement was prepared by polishing with SiC
paper before testing.

For DM method, twenty specimens were used to develop the crack length -
load-point displacement curve. During testing, a solvent-removable liquid penetrant
was sprayed intermittently over the specimen surface to expose the closed (tight)
crack [6]. The application (dwell) and developing time for penetration were five (5)
and one (1) minutes, respectively. Optical microscope was used for crack length
measurements on dye penetrated surfaces.

For each measured crack length, the fracture toughness, KR, was determined by using
the following equation applicable for a SENB specimen [7-8].
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3. Results and discussion

3.1 Crack length measurements.

3.1.1 Determination of crack initiation point by DCPD.

Crack initiation point was characterized by DCPD method. During simultaneous
monitoring of crack behavior (length) by DCPD and TM, it was frequently observed
that crack initiates before the load reaches the maximum load. However, as seen in
Fig. 2 (a) of full range scale in load-point displacement, d (0.0 ~ 0.6 mm) and voltage
signal, V (3 ~ 9 V), the increase in voltage due to crack initiation appeared near or
after the maximum load. Thus, in the full range scale of potential measurements and
the load point displacement scale, large differences were observed in the crack
initiation point as observed by DC potential signal and the load signal. However, as
seen in Fig. 2 (b) of an amplified scale in DC potential and load point displacement
signals, it was possible to observe the physical crack initiation by DC potential signal.
Thus, the DC potential signal was observed to increase before the maximum load.
Practically, the exact crack initiation point was determined from the intersection point
between the DC potential curve and 110 % secant fitting line of initial potential
curve, i.e., 0.0 ~ 0.2 V in Fig. 2 (a).

This crack initiation point determination method was proved reproducible, reliable,
and well agreed to the 0.2 % offset value.
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(a)

(b)

Figure 2. (a) Changes in load and DCPD voltage output which were measured
simultaneously. (b) Determination of crack initiation point. Unit of Load (P): Newton,
Unit of Load point displacement, d: mm.
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3.1.2 Crack length measurements by DCPD, TM and DP.

Figure 3 compares the results of crack length measurements by DCPD, TM and
DP for load-point displacement. It is seen that all the measurements show a
non-linear increase in crack length due to compressive load-point displacement. The
TM and the DP methods appear to show a similar crack length changing behaviors,
and the difference between the methods in crack length estimation appears to increase
with a load-point displacement for d > 3.5 mm. The crack length estimated by DCPD
appeared to be the shortest.

Figure 3. Changes in the crack length measured by DCPD, TM, and DP.

The present observation in DCPD may be attributed to the leakage in current by
grain bridging [9]. Figure 4 shows an example of grain bridging which are
frequently observed in graphite during fracture testing.



- 7 -

Figure 4. Bridged coke particles behind the growing crack.

3.2 KR curves by crack length measurement methods.

Figure 5 compares the crack growth resistance curves obtained from three
different crack length measurement methods. Comparisons of crack growth resistance
curves (KR curves) show that the DCPD resulted in the smallest with a decreasing
KR curve with a crack extension. This observation may also be attributed to the
inherent characteristics of DCPD method which underestimates physical crack length
due to current leakage. Both the curves from TM and DP show increasing KR curves
with a crack extension, but the curve from DP appears unstable. The observation
may be attributed to the variation of load values at the given displacement during the
multi-specimen fracture test for DP. The KR curve estimated from TM appears the
most stable one.
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Figure 5. R-curve behaviors obtained from several crack measurement methods

Both the rising R-curve behaviors from TM and DP suggest that the specimens
show a small increase in fracture resistancewith a crack extension. This increase in
fracture resistance may again be attributed to the formation of a bridging zone
[10-12]

4. Conclusions

The effects of three crack measurement methods, i.e. direct current potential
drop method (DCPD), traveling microscope method (TM), and dye penetration method
(DP), on the determination of fracture toughness of IG-11 graphite were investigated.
Results show that the KR curve from DCPD appears the lowest with a decreasing KR

curve and a crack extension. Both the curves from TM and DP showed increasing
KR curves with a crack extension, but the curve from DP was unstable. The KR

curve estimated from TM appeared to be the most stable one.



- 9 -

References

1. P. Ouagne, G. B. Neighbour, B. McEnaney, Crack Growth Resistance in Nuclear
Graphites, Journal of Physics D: Applied Physics 35 (2002) 927-934, or, S Fazluddin
and B Rand, R-Curve Behaviour in Nuclear Graphite, 6h Nuclear Graphite Specialist
Meeting, Chamonix, France, 18th- 21th October, 2005

2. Tim Burchell, Status of GIF-VHTR Materials (Graphite) Project Plan, Presented
by Bill Corwin at the Materials PMB Meeting, PSI, Villigen, Switzerland, March
17-19, 2008. (Draft) Standard Test method for Determination of Fracture Toughness
of Graphite at Ambient Temperature (April 11, 2006)

3. K. Duan, X. Hu, F. H. Wittmann, Scaling of Quasi-Brittle Fracture: Boundary and
Size Effect, Mechanics of Materials 38 (2006) 128–141.

4. J.S. Park, Y. Katoh, A.Kohyama, S.P. Lee, H.K. Yoon, Evaluation of Fracture
Toughness of Ceramic Matrix Composites Using Small Specimens, Fusion Engineering
and Design 61-62 (2002) 733-738.

5. ASTM E 1737, Test Method for J-Integral Characterization of Fracture
Toughness.

6. ASTM E 1220, Standard Test Method for Visible Penetrant Examination Using
Solvent-Removable Process.

7. ASTM E 1820, Standard Test Method for Measurement of Fracture Toughness.

8. ASTM C 1421, Standard Test Methods for Determination of Fracture Toughness
of Advanced Ceramics at Ambient Temperature

9. A. Antonarulrajah, V. P. S. Ramos, S. B. Fazluddin, B. Rand, Evaluation of the
Electric Potential Drop Technique in the Determination of Crack Growth
Resistance-Curves of Carbon/Carbon Composites and Carbon Bonded Refractories,
Journal of Materials Science 40 (2005) 373-380.

10. M. Sakai, J. I. Yoshimura, Y. Goto, M. Inagaki, R-Curve Behavior of a
Polycrystalline Graphite: Microcracking and Brain Bridging in the Wake Region,
Journal of American Ceramic Society 71 (1988) 609-616.

11. A. G. Evans, K. T. Faber, Crack-Growth Resistance of Microcracking Brittle



- 10 -

Materials, Journal of American Ceramic Society 67 (1984) 255-260.

12.P. Ouagne, G. B. Neighbour, B. McEnaney, Crack Growth Resistance in Nuclear
Graphites, Journal of Physics D: Applied Physics 35 (2002) 927-934.



- 11 -

서 지 정 보 양 식

수행기관보고서번호 위탁기관보고서번호 표준보고서번호 INIS 주제코드

KAERI/TR-4016/2010

제목 / 부제 균열측정 방법에 따른 등방성 흑연 (IG-11) 파괴인성 변화

연구책임자 및 부서명

(AR,TR 등의 경우
주저자)

지세환 (수소생산원자로기술개발부)

연 구 자 및 부 서 명 김대종(한국과학기술원), 장창희(한국과학기술원)

출 판 지 대전 발행기관 한국원자력연구원 발행년 2010

페 이 지 p. 도 표 있음(0 ), 없음( ) 크 기 Cm.

참고사항

공개여부 공개(0 ), 비공개( )
보고서종류 기술보고서

비밀여부 대외비( ), __ 급비밀

연구위탁기관 한국과학기술원 계약번호

초록 (15-20줄내외)

2010 현재 원자로급 흑연에 대한 표준 파괴인성시험법이 제정
중이다. 본 보고서에서는 파괴인성시험에서 중요한 "균열길이측정
방법"에 따른 파괴인성값의 변화를 조사. 정리하였다. IG-11(미립
고강도 등방성흑연) 으로 제작한 Single Edge Notched Beam
(SENB) 시편 ((200 x20x15mm

3
) 의 하중에 따른 균열길이 진전량을

직류전압강하(Direct Current Potential Drop: DCPD)법,
염료투과(Dye Penetration: DP)법, 이동현미경 측정법(Traveling
Microscope Method:TM) 으로 각각 측정 비교한 결과 DCPD 에
의한 균열진전량이 가장 작게 나타났고 TM 및 DP 는 유사한
균열진전거동을 보였다. 한편, KR 곡선은 DCPD 의 경우 균열진전에
따라 감소하는 경향을, TM 과 DP 는 증가하는 것으로 나타났다. DP
에 의한 KR 곡선은 불안정(unstable)한 거동을, TM 은 가장 안정한
거동을 보였다.

주제명키워드

(10단어내외)

흑연, 파괴인성, 균열길이 예측법, SENB, 직류전압강하(Direct
Current Potential Drop: DCPD)법, 염료투과(Dye Penetration:
DP)법, 이동현미경 측정법(Traveling Microscope Method:TM), KR

곡선



- 12 -

BIBLIOGRAPHICINFORMATIONSHEET

Performing Org.

Report No.

Sponsoring Org.

Report No.
Standard Report No. INIS Subject Code

KAERI/TR-4016/2010

Title / Subtitle
Effects of Crack Measurement Methods on The Determination of
Fracture Toughness of IG-11 Isotropic Graphite

Project Manager

and Department

(or Main Author)

Se-Hwan Chi (Dept. of VHTR Technology Development)

Researcher and

Department
Daejong Kim (KAIST), Changheui Jang (KAIST)

Publicatio
n

Place

Daejeon Publisher KAERI PublicationDate Feb. 2010

Page p. Ill. & Tab. Yes( ), No ( ) Size Cm.

Note

Open Open(O ), Closed( )
Report Type Technical Report

Classified
Restricted( ),___Class
Document

Sponsoring
Org.

Contract No.

Abstract (15-20
Lines)

This report represents experimental data on the differences in
the fracture toughness values due to different crack length
measurement methods, i.e. direct current potential drop method
(DCPD), traveling microscope method (TM), and dye penetration
method (DP). SENB specimens made of IG-11 fine grained isotropic
graphite (specimen size: 200(L) x 20(W) x 15(B) mm3) were used.
Results on crack length estimation showed that the TM and the DP
methods resulted in similar crack length changing behaviors, and the
crack length estimated by DCPD was the shortest. Comparisons of
crack growth resistance curves (KR curves) showed that the DCPD
showed the lowest and a decreasing KR curve with a crack
extension. Both the curves from TM and DP showed increasing KR

curves with a crack extension, but the curve from DP was unstable.
The KR curve estimated from TM appeared to be the most stable
one.

Subject Keywords
(About 10 words)

Graphite, Fracture Toughness, Crack Length, SENB, Direct Current
Potential Drop (DCPD), Dye Penetration (DP), Traveling Microscope
Method (TM), KR Curve


	표 제 지
	제 출 문
	요 약 문
	CONTENTS
	1.Introduction
	2. Experimental procedures
	3. Results and discussion
	3.1 Crack length measurements.
	3.2 KR curves by crack length measurement methods.

	4. Conclusions
	References
	서 지 정 보 양 식



