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Fracture toughness of maraging steel from 
Charpy "'V'" notch specimens 

V. DIWAKAR, S. A R U M U G A M ,  T. S. LAKSHMANAN,  B. K. SARKAR 
Materials and Metallurgy Group, Vikram Sarabhai Space Centre, Trivandrum 695 022, India 

Compact tension (CT) and Charpy "V" notch (CVN) (impact and three-point bend) 
specimens of 18 Ni 1800 MPa maraging steel (parent metal and weldment) were used to 
determine plane strain fracture toughness (K~c) and CVN impact energy (CVNIE), respectively. 
Using an empirical equation, K~c-CVNIE correlation is attempted which could be advan- 
tageously utilized for routine quality control of inward material to effect savings in cost and 
time. Investigations reveal better Km-CVNIE correlation for tests using the precracked CVN 
specimens. Scanning electron microscopic (SEM) observations reveal good correlation 
between fractographic features and fracture toughness. 

1. Introduction 
The use of  ultrahigh strength steels, such as 18 Ni 
1800MPa grade maraging steel, for launch vehicle 
applications has wai'ranted a fracture-based design 
approach to avoid catastrophic failure. Plane strain 
fracture toughness, K~c, is one of  the important 
fracture parameters which are determined by ASTM 
E 399 [1] Standard. Compact tension (CT) specimens 
commonly used for K~c determination has intricate 
geometry, involves precision fabrication and has as 
many as six validity checks to be satisfied to arrive at 
the critical stress intensity factor all of  which increase 
the time and cost element for a routine quality control 
(QC) of inward material. Hence there has been a 
constant pursuit to use specimens of  simpler geometry 
to meet routine QC requirements at low time and cost 
elements. One significant attempt in this direction has 
been to use Charpy "V"  notch (CVN) specimens to 
derive impact energy which can be correlated with K~c 
[2-51. 

Rolfe and Barsom [6] suggested empirical relations 
using CVN upper shelf and transition region energy 
values with K~c, as 

K, c_ 5 CVN-5  
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where Kjc is 103 p.s.i, in. ~/~ yield strength is 0.2% proof  
stress at upper shelf or room temperature in 103p.s.i. 
and E is Young's Modulus in 103p.s.i., and CVN in 
ftlb.* 

Several authors [7-10] have used precracked CVN 
specimens for K~c evaluation. Ease of fabrication and 
testing are the advantages of CVN specimens over 
other geometries. Moreover it is possible to test a 
specimen taken from various locations in a billet, plate 
or a ring to arrive at a statistical variation of fracture 

*103p.s.i. = 6.89Nmm -2, l ftlb = 1.3558Nm. 

toughness (FT). This paper reports the results and 
analysis of  experiments carried out using CVN speci- 
mens for FT evaluation of  18 Ni 1800MPa grade 
maraging steel (parent metal and weldment). 

2. Experimental procedure and results 
2.1. Materials and specimens 
Tensile specimens [ll], of  standard size (10mm x 
10mm x 55 ram), CVN specimens (SSCVN) [12] and 
three-point bend (TPB) and compact tension (CT) 
specimens [1] were fabricated from maraging steel 
rolled plate. Fig. 1 shows the lay-out of a specimen 
taken from the rolled plate. Keeping in mind the 
possible use of a particular thickness maraging steel 
plate for launch vehicle motor cases, another set of 
standard sub-size CVN specimens (SSSCVN) of 
7.5 mm x 10 mm x 55 mm size were fabricated from 
7.5 mm thick parent metal and welded plate. For  both 
CT and CVN specimens from welded plate the notch 
was located at the fusion zone. All specimens were 
maraged at 753 K for 3.5 h before testing. 

2.2. Tes t ing  
An Instron model 8033 testing machine was used for 
tensile and FT tests, whereas the impact test (IT) was 
done in a pendulum impact tester. Table I shows the 
tensile and FT data. 

2.3. FT from CVN specimens 
SSCVN and SSSCVN specimens were fatigue pre- 
cracked as per ASTME 399 with a/w (a = crack 
length, w = width of  specimen) between 0.45 and 0.55 
and satisfying the condition, 1 ~< W/B ~< 4, and were 
tested by (a) TPB and (b) IT. 

2.3.1. TPB test 
The precracked CVN specimens were TPB tested as 
per ASTM E-399 with a span of 40 mm using an 8033 
Model Instron testing machine and bend fixture. 
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T A B L E  I 18Ni  1800M P amarag i ngs t ee l  
(a) Tensile properties 

No. UTS 0.2% YS % Eln Remarks 
(MPa) (MPa) 0.05 M G L  

1. 1840 1775 10.4 Parent metal 1. 
2. 1674 1619 8.0 Weldment  2. 

3. 
(b) Fracture toughness, CT specimens, W ~ 2B. 4. 

No. Orientation Ko(MPa m~') Remarks 5. 
6. 

1. LT 93.7 ~ Parent metal 
2. TL 94.5 J 
3. - 84.2) 
4. - 85.3{ Weldment 
5. - 85.3J 

From the load against load point displacement plot 
(which correspond to Type II! plot of ASTM E-399), 
the maximum load was taken for FT calculation. The 
crack length, a, was measured on tested halves of the 
specimens. The stress intensity, KQ, was evaluated [1] 
a s  

PQ f(a/w) S 
KQ -- BW3/2 (3)  

where K o is the conditional stress intensity factor, PQ 

is 5% secant or maximum load at this point, f(a/w ) 
is a compliance function, B is the thickness, W the 

T A B L E  lI 18 Ni 1800MPa maraging steel - fracture tough- 
ness derived from Equation 3 using precracked CVN specimen 
tested in three point bend test 
(a) Parent metal (solution treated and maraged) 

No. Orientation KQ(MPam ''2) Remarks 

1. LT 103.4 
2. LT 100.0 
3. LT 102.5 
4. LT 104.6 
5. LT 100.9 
6. TL 96.7 
7. TL 92.6 
8. TL 97.2 
9. TL 97.7 

10. TL 99.0 
1 I. TL 92.0 
12. TL 93.1 
13. TL 93.1 
14. TL 92.1 
15. LS 90.0 
16. LS 90.7 
I7. LS 99.9 
18. LS 95.6 
19. LS 93.5 

20. LT 100.6 
21. LT 100.6 
22. TL 93.4 
23. TL 95.3 
24. TL 97.2 

10mm x 10ram x 55mm 
CVN specimens 

7 .5mm x 10mm x 55mm 
CVN specimens 

(b) Weldment (welded and maraged) 

No. Ko, M P a m  1:2 Remarks 

25. 83.2 
26. 85.9 
27. 80.8 
28. 91.l 
29. 89.5 
30. 96.9 

7.5 x l0 • 55mm 
CVN specimens 

T A B L E  II l  18 Ni 1800MPa maraging steel - fracture tough- 
ness derived from Equation 4 and using impact tests on precracked 
CVN specimen parent metal (solution treated and maraged) 

No. Orientation KQ (MPa m 12) Remarks 

LT 100.5 SSCVN 
TL 107.9 specimens 
LS i I 1.6 
LS 116.8 

LT 107.7 SSSCVN 
LT 108.8 specimens 

width and S the span. Table II shows FT values of 
parent metal and weldments from the TPB test. 

2.3.2. Impact test 
Using the impact energy, U, and the crack length, a, 
obtained from the impact test, FT was estimated using 
the equation [13, 14] 

K2c 1 g 
E - 2 (1 - F 2 )  A (4) 

where E is Young's modulus, v is Poisson's ratio and 
A is the cross sectional area, i.e. (B-a)W. Table III 
shows FT values obtained from the impact test. 

2.4. FT from empirical equation 
It has been shown [15, 16] that 18 Ni 1800 MPa grade 
maraging steel does not exhibit a ductile brittle 
transition temperature (DBTT) curve, unlike carbon 
steels. The DBTT curves for maraging steel are almost 
straight lines from 123 to 773 K. Experiments con- 
ducted in house [17] have also revealed a straight- 
line behaviour from 143K to room temperature. 
Equations 1 and 2 are for correlation of K~c and upper 
shelf and transition region CVN values for carbon 
steels which exhibit DBTT, whereas 18 Ni 1800 MPa 
maraging steel falls at the foot of the K~c-CVN upper 
shelf region as given in the literature [6]. The constants 
of Equations 1 and 2 are modified to suit the metric 
units of CVN, yield strength and Young's modulus: 

and 

- -  = 0.3 (C VN)  (6) 
E 

the results of which are given in Table IV. 

2.5. Fractography 
Carl Zeiss Jena Citoval Zoom Stereomicroscope and 
a Cambridge Stereoscan Model 250 MK3 scanning 
electron microscope (SEM) were used to study frac- 
ture surfaces of specimens tested in impact and TPB 
for both parent metal and weldments. Fig. 2 shows 
schematic diagrams of fracture surfaces indicating 
the locations from which SEM fractographs were 
obtained as in Figs 3 to 12. 

3. Discussions 
3.1. FT from tests 
From the tensile and FT data for parent metal and 
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L rolling direction 
4 

Figure 1 Lay-out of specimen in the plate. 

weldment in Table I, it is seen that 90% efficiency was 
achieved in the weldment with respect to ultimate 
tensile strength (UTS) and FT. The FT is 94 MPa m t/2 
for parent metal and 85 MPa m 1/2 for weldment. 

Table II shows the FT values derived from TPB 
slow bend tests on precracked CVN specimens. 
The FT values derived from SSCVN specimens range 
from 100.0 to 104.6MPam 1/2 with an average of 
102.3MPam 1/2 in the LT direction. Similar results 
are obtained in CT specimens for the LT direction 
(Table I). In the TL direction it varies from 92.0 to 
9 9 M P a m  ~/2 with an average of 94 .85MPam j/2. The 
CT specimens in the TL direction yielded 94.5 MPa 
m ~/2. The FT in LS orientation varies from 90.0 to 
99.85 MPa m 1/2 with an average of  93.9 MPa m ~/2 . The 
FT of parent metal derived from SSSCVN specimens 
yielded an average of 100.6MPam ~/2 in LT and 
95.3 M P a m  1/2 in TL orientation. Therefore, for the 
parent metal, variation in FT derived from SSCVN 
and SSSCVN specimens is o n l y _  5%. This suggests 
that it is possible to use a parent metal SSSCVN 
specimen of  18 Ni 1800 MPa grade maraging steel to 
derive FT because both configurations seem to impose 

the same constraints with respect to plastic zone size 
at the notch tip, thus leading to small variation [18]. 
Similarly, for weldments, FT values vary from 80.8 
to 96 .9MPam 1/2 with an average at 8 8 M p a m  ~/2, 
less than 5% from that obtained using welded CT 
specimen. 

Table III shows FT values derived from U and 
K~c (Equation 4). The parent metal FT for SSCVN 
ranges from 100.3 to 116.80 Mpa m ~/2 with an average 
of 106.5 M p a m  1/2 and for that for SSSCVN specimen 
is 108MPam 1/2. The impact strength for the two 
configurations shows no appreciable variation. The 
percentage FT variation between minimum and 
maximum is only 1.5%. However, when these values 
are compared with those obtained fron CT specimens, 
the variation is about 15% which can be attributed 
to different conditions of static (CT) and dynamic 
(impact) testing. 

Table IV shows that for SSSCVN specimens the 
derived FT of weldment is about 1.1 times that for 
parent metal because the impact test causes dynamic 
opening out for possible crack propagation from 
the notch tip through a heat-affected zone (HAZ) of 
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Figure 2 Schematic diagram of fracture surface of SSCVN and SSSCVN specimens. 
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Figure 3 Fracture surface of  SSCVN (parent metal) impact tested; 
(SEM) x 1000, 

weldment having higher FT [19-21]. This has resulted 
from the fact that the HAZ is very near the weld 
fusion line (less than 1 ram) and that HAZ has an 
angular configuration for "V" groove weldment used 
in the present study. On the other hand, in the TPB 
test, owing to static opening out from the precrack at 
the notch tip, the crack propagation is through the 
weld fusion zone which has lower FT values (Table II) 
compared to the parent metal. It is also clear from 
Table IV that variation of K derived from CVNIE 
using Equations 5 and 6 is within 10% over FT 
(Table I) obtained from CT specimens for both parent 
metal and weldments. 

It was found that for parent metal, FT values for 
SSCVN specimens yielded valid KQ, i.e. K~c, but for 
parent metal SSSCVN specimens, KQ was found to be 
above 94 MPa m ~/2, and for weldments, KQ was above 
90% of 94MPam I/2, i.e. 85MPam 1/2 did not satisfy 
the thickness criterion for 7.5 ram. However, those KQ 
values are included for discussion of the results. 
It is understood that the material is thus capable of 
tolerating a crack larger than the critical crack size for 
the particular plate thickness, indicating higher tough- 
ness and therefore it is assumed to be safe from the 
design point of view. 

T A B L E  IV 18 Ni 1800MPa maraging steel - fracture tough- 
ness derived from CVN impact test using empirical equations 

No. KQ(MPa m I/2 ) KQ(MPa m 1'2 ) Remarks 
(Equation 5) (Equation 6) 

1. 98.6 97.3 
2. 106.0 102.3 
3. 106.0 102.3 
4. 101.8 99.4 

5. 80.2 85.3 
6. 87.9 90.3 
7. 80.2 85.3 

8. 97.8 97.4 
9. 91.5 93.0 

10. 97.8 97.4 
11. 97.8 97.4 
12. 95.7 96.0 
13. 93.6 94.5 
14. 95.7 96.0 
15. 99.8 98.8 
16. 101.7 100.3 

Parent metal SSCVN 
specimen 

Parent metal 
SSSCVN specimen 

Weldment SSSCVN 
specimen 

3.2. Fractography 
Fracture surfaces of impact tested SSCVN and 
SSSCVN specimens and also TPB-tested SSCVN and 
SSSCVN specimens (all parent metal) show equiaxed 
dimples (Figs 3 to 8) indicating microvoid coalescence 
as the fracture mechanism [22-23] thus enabling us 
to correlate the data between SSCVN and SSSCVN 
specimens. Fracture surfaces of SSSCVN weldment 
for TPB and impact tests are shown in Figs 9 to 12. An 
interesting observation is that fractographic features 
are identical for those specimens which yield higher 
(parent metal TPB-tested and weldment impact-tested 
as in Figs 7 and 11) or lower (parent metal impact- 
tested and weldment TPB- tested as in Figs 4 and 9) 
FT values. The sheer lip portion of impact and 
TPB-tested parent metal and weldments (all SSSCVN 
specimens) are shown in Figs 5, 8, 10 and 12. Irrespec- 
tive of the static (TPB) or dynamic (impact) nature of 
testing, it is seen that the parent metal exhibits finer 
microvoids (Figs 5 and 8) whereas the weldments 
(Figs 10 and 12) show coarser dimples. The fracto- 
graph studies lead us to conclude that the morphology 
of the fracture surface away from the notch (impact 
test) or precrack (TPB test), as the case may be, gives 
an indication of the magnitude of fracture toughness. 

Figures 4 and 5 Fracture and shear lip surfaces of  
SSSCVN (parent metal), impact tested, (SEM) x 1000. 
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Figure 6 Fracture surface of SSCVN, TPB tested, (parent metal), 
(SEM) x 1000. 

4. Conclusion 
The TPB (slow bend) test using precracked SSCVN 
specimens and Equation 3 yielded average K~c of 
102.3, 94.9 and 93.9 MPa m ~/2, respectively for LT, TL 
and LS directions for the parent metal. For the 
precracked SSSCVN specimen, FT was found to be 
95.3 MPam ~/2 for the parent metal in the TL direction 
and 88.0 MPa m I/2 for the weldment. These values are 
within _+ 5% from that obtained using CT specimens 
for parent metal and weldment. The impact tests on 
precracked specimens and Equation 4 yielded an 

average parent metal FT of 108.5MPam m which 
is about 15% higher than that obtained from CT 
specimens. Empirical Equations 5 and 6 and the 
impact test yielded FT values which vary by __+ 10% 
from that obtained using CT specimens for both 
parent metal and weldment. 

Considering the low quantum of material involved 
and ease of fabrication, CVN specimens are found to 
be the simplest geometry for FT evaluation. Present 
investigations on 18 Ni 1800MPa grade maraging 
steel, reveal that, out of the three methods, i.e. slow 
bend and impact test both using precracked CVN 
specimens and empirical correlation from CVN 
impact test, the slow bend test on precracked CVN 
specimens provides the best method to arrive at FT for 
routine QC of inward material. 

The morphology of the fracture surface away from 
the notch/precrack, as the case may be, for impact/ 
TPB tests, correlates very well with magnitude of 
fracture toughness. 
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Figures 7 and 8 Fracture and shear lip surfaces of 
SSSCVN (parent metal), TPB tested, (SEM) x 1000. 

Figures 9 and 10 Fracture and shear lip surface of 
SSSCVN (weldment), TPB tested, (SEM) • 1000. 
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Figures l l  and 12 Fracture and shear lip surface of 
SSSCVN, (weldment), impact tested, (SEM) x 1000. 
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