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Nomenclature:  
 
PHWR Pressurised Heavy Water Reactor 
CANDU Canadian Deuterium Uranium 
AECL Atomic Energy of Canada Limited 
IAEA International Atomic Energy Agency 
CRP Co-ordinated Research Project 
RCM Research Coordination Meeting 
PT Pressure Tube 
Zr Zirconium 
Nb Niobium 
O Oxygen 
H Hydrogen 
D Deuterium 
α-Zr Alpha zirconium having HCP crystal structure 
HCP Hexagonal Close Packed 
β-Zr Beta zirconium having BCC crystal structure 
BCC Body Centered Cubic 
CCT specimens Curved Compact Toughness specimens 
EDM Electro Discharge Machining 
DCPD Direct Current Potential Drop 
DHC Delayed Hydride Cracking 
VDHC Delayed Hydride Cracking Velocity 
KIH Threshold Stress Intensity Factor 
 

 
1  Introduction  : Zr-2.5Nb alloy is now the standard pressure tube (also called Coolant tube) 

material in Pressurized Heavy Water Reactors (PHWR). It is recognized that the life-limiting 

factors are the irradiation growth and creep deformation for the pressure tube and hydrogen 

  

mailto:mms@apsara.barc.ernet.in


related problems in the case of fuel tubes [1-4]. As far as creep deformation is concerned the 

fabrication route of pressure tubes have been standardized so that the resulting microstructure and 

texture can take care of creep problem [3]. However, hydrogen related problems under certain 

circumstances can severely affect the integrity of the pressure tubes [5] and thereby becoming a 

life-limiting factor for pressure tubes as well. This is one of the primary considerations for 

premature replacements of the pressure tubes of CANDU and PHW reactors recently. 

Though the hydrogen content of the in-core components is kept as low as possible by 

controlling the manufacturing process parameters, it can pick up hydrogen/deuterium during 

service from any/all of the following sources [6] :  

1. Deuterium evolved during the reaction of zirconium with coolant heavy water, 
  Zr + 2D2O = ZrO2 + 4D 
 

2. Deuterium evolved during the radiolytic decomposition of heavy water coolant, 
  D2O  = D+ + OD- 

 
3. H2 added as scavenger for nascent oxygen evolved as per the following reaction, 

  2OD-  = D2O + O-2 
 
4. Deuterium/ hydrogen evolved during the corrosion reaction between the pressure tube 
and the moisture present in the annulus gas and 
 
5. Moisture present in UO2 pallet (for fuel tube only). 

 

The hydrogen related problems associated with the core components of PHWR are 

Hydride embrittlement [5], Delayed Hydride Cracking (DHC) [5, 7-11] and Hydride Blister 

formation [6, 12-15]. The later two are the result of hydrogen migration towards a localized 

region.  The general diffusion equation [5] for hydrogen migration under concentration, 

temperature and stress gradient is as follows :  
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WHERE, 

CX = HYDROGEN CONCENTRATION AT ANY POINT X. 
 

D = DIFFUSIVITY OF HYDROGEN IN METAL. 
 

J = HYDROGEN FLUX 

  



Q
*
 = HEAT OF TRANSPORT OF HYDROGEN IN METAL 

 
R = GAS CONSTANT 

 
T = TEMPERATURE 

 
V

*
 = VOLUME OF TRANSPORT OF HYDROGEN IN METALS 

 
σ = TENSILE STRESS (TAKEN AS +VE) 

COMPRESSIVE STRESS (TAKEN AS -VE) 
 
THE DIFFUSIVITY 'D' OF THE ABOVE EQUATION IS GIVEN BY THE EQUATION : 
 D = 0.217 exp -(8380/RT) mm2/s. 
 

1.1 Delayed Dydride Cracking (DHC) is caused due to hydrogen migration up the tensile 

stress gradient to the region of stress concentration [5, 7-11]. Once the local solid solubility is 

exceeded, brittle hydride platelet precipitates normal to the tensile stress. Growth of hydride 

precipitate continues till hydride platelet of critical thickness is formed [16,17]. Hydride platelet 

of critical thickness cracks under concentrated stress and thus crack grows. This crack growth is 

delayed by the time required for hydrogen to reach the crack tip and form hydride platelet of 

critical thickness and hence it is called Delayed Hydride Cracking. Two important material 

properties related to DHC in hydride forming metallic systems are the threshold stress intensity 

factor, KIH [5,8], and the DHC velocity, VDHC [5,7-11]. 

This report describes the development of Direct Current Potential Drop (DCPD) 

technique for sub-critical crack growth monitoring, and the use of this technique for the DHC 

velocity measurement along the axial direction of the double melted Zr-2.5Nb pressure tube 

material. Moreover, a comparison of the DHC velocity results of Indian pressure tube material 

with those of the Quadruple melted AECL material are also included in this report. 

 

2 Development of DCPD Technique for Sub-critical Crack Growth 

Monitoring : The electrical potential drop method [18] is one of the most commonly used 

techniques for measuring crack initiation and sub-critical crack growth. In this technique the 

increase in electrical resistivity of a specimen to which a constant current (AC or DC) is applied 

is used to monitor crack extension. The main advantages of the DC potential drop method are the 

comparatively simple test set-ups and the capability of the technique to derive a correlation 

  



between crack-length and potential drop in a certain type of specimen by means of either 

analytical or numerical calculations. By measuring DCPD output across standard specimens with 

known crack length and by plotting the normalized DCPD output against the crack length (a) or 

the normalized crack length, a/W, calibration curve can be generated. Similarly, by measuring the 

DCPD output as a function of temperature, temperature dependence of the output voltage can be 

established. Combination of these two curves is used for sub-critical crack growth monitoring 

[19]. The main features of the DCPD system developed and used for crack growth monitoring by 

Materials Science Division, BARC has been described in the next section. 

 

2.1 DCPD SYSTEM : DCPD system consists of a constant current unit to supply a constant 

DC current, an arrangement to supply this current through specimen, an arrangement to measure 

the potential drop across the notch/crack in the specimen and provision to monitor the DCPD 

output, Temperature and Current continuously. The current is supplied to the specimen through 

screw tightened copper lugs welded to copper wires. The DCPD output should be measured using 

the wire of the same material (in this case Zr-2.5 Nb) to avoid complications due to thermocouple 

effect.  For this purpose, 0.5 mm diameter Zr-2.5Nb wires were spot-welded to CCT specimen 

within 1 mm of the each side of the notch. The outputs were continuously recorded on x-y 

recorders. Figures 1 (a & b) show the DHC and DCPD setup used in the present investigation. 

 

3 Experimental Procedure 
3.1 Material and Specimens : The material used in this study were from double 

melted, autoclaved, unirradiated Zr-2.5Nb pressure tube (spool number 100-2-3) of PHWR 235 

MWe. The dimensions of the tube were 81.5 mm diameter and wall thickness of 3.7 mm. Five 

number of tube section of length 110 mm were polished up to 1200 grit emery paper to obtain 

oxide free surface. Subsequently these tube section were gaseously charged with 20, 40, 60, 80 

and 100 ppm of hydrogen. Twelve number of 17 mm width Curved Compact Toughness (CCT) 

specimens were machined by EDM wire cutting from each of these tube sections as per the 

drawing given in figure 2.  

Apart from this, ten CCT specimens marked as 411 to 420 were delivered to Materials 

Science Division, BARC by AECL through IAEA under the CRP titled “Hydrogen and 

Hydrogen Induced Degradation of Mechanical and Physical Properties of Zirconium Alloys”. 

  



These specimens were machined from the section RX094-C2-4 of quadruple melted, 

unirradiated, finished autoclaved CANDU Zr-2.5Nb pressure tube. The specimens have been 

machined from the electrolytically hydrogen charged (to 63 ppm by weight) rings of Zr-2.5Nb 

pressure tube material. The detailed procedure for adding hydrogen electrolytically to the section 

of Zr-alloy pressure tube has been described by Lepage et. al. [20]. 

In order to use the direct current potential drop technique (DCPD) for the measurement of 

DHC crack, M2 taps were machined on the front face of the CCT specimens for connecting the 

copper lugs. Care was taken while holding the CCT specimens in the vice to avoid any bending.  

For passing DC current through the specimen, the electrical contacts were made by fixing L 

shaped copper lugs (3 mm thick) to the specimens with M2 copper screws.  Copper wires of 

OFHC grade (1.1 mm diameter and 1 meter long) were brazed to the lugs and these served as the 

electrical contact leads. Zircaloy-2 grips, especially machined for the DHC testing, were 

subjected to a treatment of 800 °C for half an hour in air to form a thick electrically insulating 

oxide layer [19]. 

 
3.2 GASEOUS HYDROGEN CHARGING - SIEVERT'S APPARATUS : The 

advantages of this technique is to retain the microstructure unaltered, to ensure homogeneous 

distribution of hydrogen and  to charge controlled amount of hydrogen in a contamination free 

process. Sample sizes of up to 200 mm length can be charged with hydrogen in the existing 

facility and figure 3 shows the photograph of the hydrogen charging system. It consists of a 

hydrogen source tube, a specimen holder, a liquid manometer, three number of valves and a 

vacuum pumping system. The entire system is evacuated to vacuum level of 10-5 mbar. After this 

the system is isolated and the source tube, containing zirconium hydride, is heated to a 

temperature above 550 °C by a resistance heated tubular furnace to release hydrogen. The liquid 

manometer gives the measure of the amount of hydrogen evolved. Following this the source tube 

is isolated and the specimen chamber is heated to a temperature in the range of 350 to 400 °C. 

The difference between the initial and final reading gives the amount of hydrogen picked up by 

the specimen. Subsequently, the specimens are homogenized at 400 °C for sufficient duration 

(depending on size). 

 

3.3 Fatigue Precracking : Fatigue precracking was carried out on a 50 kN MTS Servo-

hydraulic Universal Testing Machine (MTS 810.215) controlled through Micro-console 458.02. 

  



During standardization, parallel pins were used initially for fatigue precracking. After tearing 

open the specimen, it was observed that the crack growth was uneven. The crack growth was 

more on the inside surface of the specimen. Subsequently tapered pins [19], with a taper angle of 

1° were used. However, crack front was still uneven. With 2° taper angle pins, crack growth was 

more on outside surface. Finally a taper angle of 1.25° ensured a fairly uniform crack front for 

this geometry (Indian PHWR 235 MWe material). For the IAEA specimens (having lower 

curvature) pins with taper angle of 1 ° gave nearly uniform crack front.  

The outer curvature of the specimens were polished using diamond paste (1 micron) near 

the region of the notch to obtain scratch free surface and the crack growth was monitored using a 

traveling microscope having a resolution of 0.01 mm. For CCT specimens to be subjected to 

DHC testing, a scribe line was drawn normal to the crack plane at a distance of 1.7 mm from the 

root of the machined notch on the outer curvature of the specimen. For DCPD calibration five 

number of CCT specimens were fatigue precracked to a crack length of 1 to 6mm. The maximum 

/ minimum load value during cyclic loading was maintained at 79 and 19 kg respectively for the 

first 70 % of the fatigue precrack. During final fatigue precracking, the load values were 

gradually reduced in six steps as detailed in table 1. A cyclic frequency of 10 Hz was used during 

fatigue precracking.  

The stress intensity factor, KI, was calculated using the following equation [19] : 

KI = )/(2/1 Waf
BW
PQ  where  

PQ = applied load (N), 

B = specimen thickness (m), 

W = specimen width (m), 

a = crack length (m) and  

f(a/W) = [2 + (a/w)][0.886 + 4.64(a/W) – 13.32(a/W)2 + 14.72(a/W)3 –5.6(a/W)4]/(1-(a/W))3/2  

 

3.4 DHC Testing : The DHC testing procedure recommended by IAEA [19] was strictly 

adhered to in the present investigation. A SATEC creep testing machine was modified to meet 

the requirement of DHC testing. The equipment consists of single arm lever type loading system 

fitted with a resistance heated single zone furnace. The lever arm ratio of the loading system is 

1:17. The furnace was subjected to following thermal cycle as illustrated in figure 4. 
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The temperature of the testing furnace was controlled within 1 °C through a K-type 

thermocouple, placed very close to the heating element, using a PID programmable temperature 

controller. A load of 15 lb. (66.78 N) was placed on the lever pan quasi-statically once the 

specimen attained the test temperature. The DHC crack growth was monitored using direct 

current potential drop technique [21].  A constant DC current of 4 Amperes was used for all 

specimens. The DCPD output, measured using 0.5 mm diameter Zr-2.5Nb wires spot-welded to 

CCT specimen within 1 mm of the each side of the notch, was continuously recorded on a strip 

chart. Figure 1(b & c) shows the DHC test setup. 

The temperature of the CCT specimens was monitored using K-type thermocouple (0.2 

mm dia.) spot welded to the inside curvature of the CCT specimens within 1 mm of the fatigue 

precrack. This thermocouple was designated as specimen T/C. Another thermocouple (designated 

as Furnace T/C) was placed on the lower grip touching the specimen. The temperature output 

from both the thermocouple was continuously recorded on a strip chart Potentiometric Recorder 

(figure 5).  

 

3.5 Fractography  - Measurement of DHC Crack : In order to measure the DHC 

crack and the fatigue precrack, the CCT specimens subjected to DHC testing were pulled apart 

into two halves. Before pulling the specimens apart, they were fatigue postcracked under a mean 

load of 50 kg at frequency of 10 Hz for 10,000 cycles to delineate the DHC cracks properly. One 

half of the broken CCT specimens were photographed using a Sony make digital camera Mavica 

MVC-FD-7. Though the DHC cracks “D” were identifiable from the photographs, the boundary 

between the machined notch and the fatigue precrack is not sharp. Hence, fatigue precrack “F” 

was measured directly from the specimen using a traveling microscope. The DHC crack was 

estimated from the fractograph as the average of nine equispaced readings [19]. The DHC crack 

was also measured from the DCPD output. The fatigue precrack lengths were directly measured 

from the fractured specimen using a traveling microscope in similar way. 

 

 

  



4 Results & Discussion  
The chemical composition of the Indian material used for this investigation is given in 

table 2. The room temperature yield and ultimate tensile strength of the Indian material was 599 

and 833 MPa respectively and the tensile elongation was 13.3 % in 1-inch gage length.  

Figure 6 shows the micrographs of the hydrogen charged specimens along the radial-axial 

and circumferential-axial planes.  

It can be seen from figure 5 that the temperature of the furnace (Furnace T/C) and the 

specimen (Specimen T/C) were very close throughout the DHC testing. The DCPD out put was 

linear for the entire duration for which the specimen was under load, indicating that DHC crack 

propagation was uniform. The DCPD output did not show any incubation time for DHC crack 

initiation.  

 

4.1 DCPD CALIBRATION : DCPD output in the present test is a function of crack length 

and temperature. Figure 7 shows the variation of DCPD out put with normalized crack-length at 

ambient temperature. This plot is linear with the ao/w in the range of 0.4 to 0.7. This plot can be 

used to monitor crack growth online during fatigue precracking. For calibration with respect to 

temperature, the test temperature was approached from higher side. Figure 8 shows the variation 

of normalized DCPD output with temperature. The variation of DCPD with temperature is linear 

only but the slope of the DCPD vs temperature plots are increasing gradually with increasing 

crack length, which seems to be somewhat abnormal. These may be due to softening of material 

in the plastic zone ahead of crack tip at elevated temperature. These plots (figure 7 and 8) are 

linear in the range of interest of ao/w used in DHC testing. The calibration equations are as 

follows.  

 

V/Vo = 0.565 + 1.084 (a/W)    1 

 

V/Vo = 0.934+2.56x10-3T; T in 0C  2 

 

4.2 DHC Velocity : The result of DHC velocity measurement at temperatures 203 and 250 0C 

for Indian pressure tube material has been summerized in table 3. DHC velocity at 250 0C is in 

the range 6.3x10-8 to 9.24 x10-8 m/s and that at 203 0C is in the range 1.6x10-8 to 2.59 x10-8 m/s. 

  



The DHC test data were collected in a format (given in appendix I and II) recommended by 

IAEA  [19]. Table 4 gives the summary of the DHC test results for the IAEA specimens carried 

out by Materials Science Division, BARC, India [21]. It was observed that the DHC velocity for 

specimens supplied by IAEA containing 63 ppm of hydrogen varied from 7.49 x 10-8  to 9.1 x 10-

8 m/s. 

The observed higher velocity at 250 °C as compared to that at 203 °C is due to faster 

diffusivity of hydrogen atoms at 250 °C [16-17]. The material is expected to become softer at 250 

°C (as compared to 203 °C) and some amount of notch blunting under the applied load may 

occur. However, this is not expected to influence the DHC velocity since the crack extension is 

primarily due to the cracking of the hydrides and not due to external loading.  The external load 

causes stress intensification at the notch and develops a steep stress gradient in the specimen. 

This results in the reduction in the chemical potential at the notch / crack root and hydrogen 

atoms selectively diffuses to these sites. The hydrogen concentration builds up at these sites and 

hydride precipitation occurs once the terminal solid solubility limit is exceeded. In these 

specimens the hydrides are expected to precipitates perpendicular to the stress axis [7-11]. So the 

presence of many such platelets with the plate normal parallel to stress axis ahead of the crack tip 

is expected. Thus the cracking of a hydride platelet will not extend the crack uniformly through 

the thickness. The DHC crack front thus may not be uniform across the thickness of the specimen 

since all hydride platelets do not crack simultaneously. The crack advances non-uniformly. Once 

the crack has extended, because of the stress intensification at the crack root, hydrogen atoms 

diffuse to the new location and precipitate out as hydride.  This is a time dependent process and 

this cycle repeats and the crack gets extended [5].  This gives rise to the appearance of striations 

on the fracture surface of the DHC tested specimens [22]. Such striations on the fracture surface 

are shown in figure 9 for a typical DHC test carried out in the present investigation. It may be 

noted that the striation spacing is uniform through out the DHC test. This discrete crack 

advancement gives discontinuous steps in the DCPD output signal.  Each of these steps in the 

signal should compare with the striation on the fracture surface of the specimen. A correlation of 

this type could not be done in the present experiments, but such relations have been reported in 

DHC tests of Zr-2.5Nb alloy [22]. 

 

4.3 Incubation Period for DHC : There are many contradicting reports [21-23] on the 

existence of incubation time for DHC crack growth. Some earlier workers have reported 

  



negligible (less than 10 minutes) incubation period [21,23], whereas this value is also reported to 

be as high as 360 min [22]. In these investigations [21-23], the specimens having constant 

hydrogen concentration were fatigue precracked and tested under comparable initial stress 

intensity factor at identical temperatures. In the present work no incubation period associated 

with DHC crack initiation was observed and the DCPD signal showed gradual increase 

immediately after the load application. 

 

4.4 Stress Intensity Factor and DHC :  The DHC tests were performed under a 

constant load corresponding to a initial KI of ~ 16 MPa m . As the crack length increases 

because of DHC crack growth, the KI value also increases. It may be noted (from table 3 and 4) 

that though the KI value increased from about 18 to 29 MPa m , the average DHC velocity 

remained constant within experimental error. The constant slope of the DCPD output vs time plot 

(figure 5) in the region of the DHC crack growth shows that the DHC velocity is independent of 

the variation in the averaged stress intensity factor. Also, from the fractograph it may be seen that 

the fatigue precrack front is not uniform through the thickness (figure 10). This means that KI 

varies correspondingly across the thickness as well. The fractograph shows the DHC crack front 

is parallel to the fatigue precrack front. This can happen only if the DHC crack grows at a 

constant rate, independent of KI so long as KI is greater than KIH. This is the reason why 

striations observed on the fractograph (figure 9) were equispaced through out the DHC crack 

growth. 

The independence of DHC velocity on KI is because of following reason : The DHC rate depends 

on KIH, and critical hydrogen concentration for a given temperature. The KIH is necessary to 

develop a chemical potential gradient and the driving force for hydrogen migration to the crack 

tip. For KI > KIH, DHC rate is controlled by diffusivity of hydrogen which depends only on test 

temperature.  

 

4.5 Comparison of VDHC estimated by different methods : The crack lengths were 

estimated by three different methods. These were nine-point average method from fractograph (at 

a magnification of ~ 6), nine point average method by X-Y Microscope (of resolution 0.0001 

mm) and those calculated from DCPD calibration curves. Table 5 gives the crack length 

estimated by different methods. Table 6 gives the DHC velocity estimated by these methods. As 

  



can be seen the values are within limits of experimental error. The average values of DHC 

velocity at 250 °C were 8.2 x 10-8 m/s (fractograph at ~ 6 X), 7.52 x 10-8 m/s (X-Y Microscope) 

and 6.13 x 10-8 m/s (DCPD calibration curves). The average values of DHC velocity at 203 °C 

were 2.1 x 10-8 m/s (X-Y Microscope) and 2.12 x 10-8 m/s s (DCPD calibration curves) at 203 

°C. 

 

 

 

5 Conclusions : 
 

• A DCPD system has been developed indigenously by Materials Science Division, 

BARC and has been used for Crack growth monitoring during DHC tests carried on 

Zr-2.5Nb pressure tube alloy. 

• The DHC velocity is independent of the stress intensity factor employed in this 

investigation. 

• The DHC velocity for double melted Indian material and quadruple melted AECL 

materials are within comparable range 6.32 to 9.24 x 10-8 m/s. 

• No incubation period for crack initiation was observed during DHC testing at 203 and 

250 °C. 

 

 

 

 

 

Part of the work presented in this report were carried out under IAEA sponsored CRP titled 

“Hydrogen and hydride induced degradation of mechanical and physical properties of 

zirconium alloys” (Research Agreement 11105).  
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Table 1: Details of fatigue precracking. 

Sr. No Pmax / Pmin. (Kg) %Crack length 

1 78.80 / 19.10 70 

2 70.91 / 17.00                76 

3 63.83 / 14.70 82 

4 56.83 / 13.87 88 

5 50.33 / 12.37 94 

6 34.50 / 10.10 100 

 

 

 

 

 

Table 2 
Chemical composition of the Indian pressure tube material in % by weight 

 
% Nb O H N Sn Cr Ni Fe Zr 
2.53 0.1226 0.0010 0.0056 0.0180 0.020 < 

0.007 
0.13 Bal. 

 
 

  



Table 3 : Summary of DHC test results on Indian material 
 

SPN. 
ID. 

H 
(CONC.) 
Wt. ppm 

Taper 
angel 
of pin 

PEAK 
TEMP 

°C 

TEST 
TEMP 

°C 

DHC 
CRACK 

LENGTH, 
mm 

INCUBATION 
TIME, min. 

CRACKING 
TIME, min. 

DHC 
VEL. 
x 108 
m/s 

KI 
(initial) 

MPam1/2 

KI 
(final) 

MPam1/2 

A1           60 0° 325 253 1.2524 Nil 226.00 9.24 16.65 20.71
A2           60 0° 319 257 0.7736 Nil 160.00 8.06 16.97 19.34
A10           60 1o 345 257 0.6655 Nil 130 8.53 24.62 29.20
D1           80 2° 306 248 0.9341 Nil 217.67 7.15 22.70 27.06
D2           80 2° 306 248 1.3026 Nil 344.00 6.32 22.70 29.40
D3           80 1.5° 306 248 1.4206 Nil 359.00 6.60 22.70 30.60
D4           80 1.5° 306 248 1.3713 Nil 338.50 6.75 22.70 30.60
A3           60 1o 314 203 1.3863 Nil 1200.00 1.92 18.80 25.35
A5          60 1o 315 203 1.8674 Nil 1200.00 2.59 22.20 35.50
A9          60 10 314 203 1.1134 Nil 823.00 2.25 20.26 28.80
A11           60 1o 314 203 1.1694 Nil 1200 1.62 23.03 29.05

 
Table 4 : Summary of DHC test results of IAEA Specimens 

 
SPN. ID. H(CONC.) 

Wt. ppm 
PEAK 
TEMP °C 

TEST 
TEMP °C 

DHC 
CRACK 
LENGTH, 
mm 

INCUBATION 
TIME, min. 

CRACKING 
TIME, min. 

DHC 
VEL. x 
108 m/s 

KI (initial) 
MPam1/2 

KI (final) 
MPam1/2  

411         63 304/305 248 1.4415 NIL 360 8.14 18.94 27.10
412          63 304/305 248 1.5955 NIL 355 7.87 18.92 26.51
413          63 304/305 248 1.5819 NIL 362 7.665 18.59 25.94
414          63 304/305 246 1.7456 NIL 358.5 9.10 19.15 28.52
415          63 304/305 245 1.5835 NIL 357.33 8.90 19.96 29.85
416          63 304/305 246 1.6918 NIL 358.33 8.46 18.74 26.96
417          63 304/305 246 1.5410 NIL 359 7.98 19.04 26.81
418          63 304/305 248 1.6882 NIL 358 8.50 20.27 29.65
419          63 304/305 246 1.8464 NIL 360 7.75 19.3 27.31
420          63 304/305 245 1.4653 NIL 358 7.49 19.98 27.97

  



 
Table 5 : Comparison of DHC crack lengths (in mm) measured from different methods 

 
Specimen Id. Fractograph X-Y Microscope DCPD 
411 1.760 1.4415 1.5192 
412 1.678 1.5955 1.3168 
413 1.665 1.5819 1.3592 
414 1.960 1.7456 1.5030 
415 1.910 1.5835 1.1635 
416 1.820 1.6918 1.6592 
417 1.720 1.5410 1.3605 
418 1.825 1.6882 1.3150 
419 1.675 1.8464 1.7056 
420 1.610 1.4653 1.6090 
A3 - 1.3863 1.3013 
A5 - 1.8674 2.0504 
A9 - 1.1134 0.8213 
A11 - 1.1694 1.5804 
D1 0.9851 0.9341 0.7366 
D3 1.4454 1.4206 1.1679 
D4 1.4357 1.3713 1.0949 
 
Table 6 : Comparison of DHC Velocity (10-8 m/s) calculated from crack lengths (table 5) 

measured by different methods 
 
Specimen 
Id. 

TEST TEMP °C Fractograph 
(~ 6 X) 

X-Y Microscope DCPD 

411 248 8.14 6.67 7.03 
412 248 7.87 7.48 6.18 
413 248 7.665 7.28 6.25 
414 246 9.10 8.10 6.98 
415 245 8.90 7.38 5.42 
416 246 8.46 7.86 7.71 
417 246 7.98 7.15 6.31 
418 248 8.50 7.86 6.12 
419 246 7.75 8.54 7.89 
420 245 7.49 6.82 7.49 
A3 203 - 1.92 1.80 
A5 203 - 2.59 2.84 
A9 203 - 2.25 1.66 
A11 203 - 1.62 2.19 
D1 248 7.54 7.15 5.64 
D3 248 6.71 6.60 5.43 
D4 248 7.07 6.75 5.39 
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