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Fracture character ist ics of a burst 
tested maraging steel rocket  motor  case 
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A 0.3m diameter, 2m long and 0.0015m thick, 18 nickel 1800MNm -2 grade 
maraging steel motor case was designed, fabricated and burst tested to gain 
experience for using the steel as booster case material in satellite launch vehicles. 
The bursting occurred at 15.2 MPa for which the effective hoop stress worked out 
to be 1754 MNm -2 almost equal to the ultimate tensile strength (1764 MNm -~ ) of 
the material in the solution treated and aged condition. The failure analysis revealed 
that the material failed due to normal tensile overload fracture. The burst test data 
was used to arrive at fracture mechanics parameters like crack size, gross section 
area stress and the stress for leak before bursting. 

1. Introduction 
Maraging steels have such a useful combination of 
properties that they are already being used for 
many applications demanding high strength. Whilst 
the conventional carbon martensite alloy can equal 
the maraging steels for strength, the unique nic- 
kel martensite alloy system in a maraging steel 
provides superior ductility and toughness with 
improved resistance to crack propagation, particu- 
larly in corrosive environments. In aircraft applica- 
tions considerable weight savings have been 
achieved by the use of maraging steel for structural 
components like landing gear, wing roots, attester 
devices and engine mountings [1]. For aerospace 
applications, the feasibility of fabrication of 
3.96m (156 inch) diameter [2] and 6.6m (260 
inch) diameter [3] solid rocket motor cases out 
of maraging steel has been demonstrated. 

The design of a rocket motor case fabricated 
out of a high strength alloy steel such as maraging 
steel will be a fracture based one, for which input 
data on crack size, gross section area stress, frac- 
ture mode and detectable flaw sizes by available 
non-destructive testing (NDT) techniques are 
essential. In order to gain sufficient experience in 
using the steel for large size booster cases and to 
obtain a few design parameters, a sub-scale motor 
case was designed and fabricated out of 18 nickel 
1800MNm -2 maraging steel and burst tested. 

This paper highlights the investigation on the 
failure analysis and fracture characteristics of 
the burst tested rocket motor case and throws 
light on the capability of 18 nickel 1800MNm -2 
maraging steel to withstand the proof pressure. 
Details of crack length and depth based on frac- 
ture mechanics considerations are also presented. 

2. Experimental procedure 
18 nickel 1800 MNm -~- grade maraging steel sheet 
of 0.0015m thickness was used to fabricate a 
0.3 m diameter, 2 m long motor case. The details 
of fabrication have been reported elsewhere [4]. 
Briefly, the motor case was fabricated by tungsten 
inert gas (TIG) welding, on the solution treated 
sheets along the length and circumferentially 
with the domes. The case was aged at 750K for 
3h  before being subjected to pressure testing. 
Tap water was used as the medium for pressurizing 
to 12.2MPa (in steps of 2MPa and holding for 
just enough time to complete the strain recordings) 
and this was repeated for 5 cycles. During the 
sixth cycle the motor case was pressurized till 
bursting, which occurred at 15.2MPa [5]. The 
hoop stress for this case, based on yon Mises 
theory, and tensile strength was 1754.2MNm -2 
[6]. The design stress was known to be about 
60 to 70% of the yield stress but strain measure- 
ments during the actual test were used to arrive 
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Figure 1 Maraging steel motor case (0.3 m in diameter, 
2m long, 0.0015 m thick). (A) Propulsion cylinder, (B) 
stub cylinder, (C) nozzle end. 

at the correct values. Twenty-three strain gauges 
were mounted at various locations on the motor 
case to monitor the strain. Fig. 1 shows the 
fabricated motor case and Figs. 2 to 4 show 
the burst motor case at various locations. Fig. 5 
shows fragments ejected during bursting. Samples 
taken from the burst motor case were analysed 
to reveal the metallurgical aspect of the fracture. 

Visual observations, optical metallography 
(OM) and scanning electron microscopy (SEM) 
were used for the failure analysis. One .sample each 
from the circumferential weld (nozzle end and 
propulsion cylinder joint) and longitudinal weld 
(propulsion cylinder) was prepared for OM in the 
conventional way through cold mounting the 
samples, grinding, polishing and etching (using 
Fry's reagent). The microstructures at the weld, 
heat affected zone (HAZ) and parent metal were 
recorded at suitable magnifications. SEM obser- 
vations were made on fragments ejected during 
the burst test and also on the portion of the weld 
which remained attached to the chamber. 

Figure 3 Propulsion cylinder - crack propagation along 
the longitudinal weld - adjacent to the weld bead. 

3. Results and discussion 
3.1. Visual observations 
Visual inspection of the fabricated motor case 
revealed that true roundness of the propulsion 
cylinder was not obtained after its fabrication by 
press forming. The maximum ovality was meas- 
ured to be 0.0009m in the middle. A mismatch 
of 0.0003 m was seen in the longitudinal and cir- 
cumferential welds. Fig. 2 shows the fracture 
surface of the circumferential weld joining the 
nozzle end and propulsion cylinder. For about 
0.2m of the length the fracture was adjacent 
to the weld bead. At other places the fracture 
was 0.005 to 0.008m away from the weld bead 
on the propulsion cylinder. Fig. 3 shows that the 
crack propagation in the propulsion cylinder was 
all along the longitudinal weld but adjacent to 
the weld bead. Observation of the inner surface 
of the chamber revealed that the grinding of the 
longitudinal weld bead was not complete and 
there was a step of abou t  0.0005 to 0.0008m 
between the parent metal and weld bead (Fig. 5). 
This step at the inside portion of the longitudinal 

Figure 2 Fracture at the junction between the nozzle end 
and propulsion cylinder. 
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Figure 4 Stub cylinder - tearing. 



Figure 5 Longitudinal weld fragments of the propulsion 
cylinder - the step between the parent metal and weld at 
the inner surface. 

weld resulted in non-uniform stresses through 
the wall thickness [7] and facilitated crack pro- 
pagation along the longitudinal weld adjacent to 
the weld bead. In continuation of this longitudinal 
weld fracture into the stub cylinder (Fig. 4) tear- 
ing was seen for about 0.15m of the length and 
then the tearing branched out in the circumferen- 
tial direction for about 0.1 m. It was reasonable to 
assume that there could be no residual stress in the 
vessel nor discontinuity stresses at the cylinder/ 
nozzle end dome junction because the entire 
fabrication was done with maraging steel sheets 
and the nozzle end dome in the solutionized con- 
dition (soft martensite) and then the vessel was 
aged at 750K for 3 h. 

3.2. Optical  m e t a l l o g r a p h y  
Figs. 6 and 7 respectively show the microstructure 
of the fusion zone in circumferential and longitud- 
inal welds. Fig. 6 reveals finer columnar dendritic 
cells, dark etching martensite at the intersection of 
dendrites and a small quantity of  austenite uni- 
formly distributed. Fig. 7 represents the fusion 
zone in the case of double pass welding and ageing 

Figure 7 Longitudinal weld - fusion zone (0M), (480 X). 

and reveals coarser columner dendritic cells, with 
dark etching martensite and non-uniformly dis- 
tributed austenite. The microstructural features 
for the HAZ and parent metal for the above two 
cases do not differ very much from each other. 
The ductility of  the material in the welded con- 
dition (as measured by percentage elongation) was 
2 to 3%. The other mechanical properties for the 
above two cases of  welding did not change appreci- 
ably. Also there was no degradation in mechanical 
properties due to welding [4]. 

3.3. SEM 
SEM observations of  the fracture surface of all 
sample pieces taken along the longitudinal weld 
showed equiaxed dimples (Fig. 8), typical of  ten- 
sile overload failure resulting from microvoid 
coalescence [7]. The fracture surface of the sample 

Figure 6 Circumferential 
(480 X). 

weld - fusion zone (OM) Figure8 Fracture surface - equiaxed dimples (SEM) 
(750 • 
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Figure 9 Fracture surface at the circumferential weld at 
the nozzle end - silicate inclusions (SEM) (750 X). 

taken from the circumferential weld revealed, in 
addition to dimples, the presence of small inclu- 
sions (Fig. 9), which on energy-dispersive X-ray 
analysis (EDAX) analysis were shown to contain 
silicon and thus inferred to be silicates. The 
fracture initiation was from the circumferential 
weld area and hence these silicate inclusions with 
the depleted metal zone around probably hepled 
microvoid formation and subsequent coalescence 
during the test resulting in an equiaxed dimple 
structure. 

Failure analysis involving visual, OM and SEM 
observations confirmed that the crack iaitiation 
was from silicate inclusions in the circumferential 
weld at the nozzle end, crack propagation in the 
propulsion cylinder was along the longitudinal 
weld adjacent to the weld bead due to non-uniform 
stresses caused by the step (Fig. 5), and that the 
longitudinal weld fracture of propulsion cylinder 
continued into the stub cylinder resulting in 
tearing. 

4. Burst pressure calculations 
The pressure required for bursting the motor case 
P, was calculated as [8] 

2 trl ou 

P - D x W M x B G  (1) 

where t is the thickness of motor case (0.0015 m), 
77 is weld efficiency (0.95), Ou is ultimate tensile 
strength (1764 MNm -2), D is diameter of motor 
case (0.3 m), WM is weld mismatch (0.0003 m) and 
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BG is biaxial gain (0.895). The biaxial mechanical 
properties of metallic sheets are higher than the 
respective properties in the uniaxial field. The 
percentage of strength gain so obtained is called 
the BG of the material. A simple method, which 
is followed in the present case, of estimating BG 
for maraging steel which has a close proximity 
between the yield and ultimate tensile strength, is 
by using the properties from uniaxial and biaxial 
stress-strain curves based on major principal 
strains [9]. This method yielded BG = 0.895 for 
the present case. From the experimental data 
shown in brackets, burst pressure was calculated 
to be 14.9 MPa whereas the motor case actually 
gave way at 15.2MPa. Calculations based on yon 
Mises theory [6], showed the effective hoop stress 
for the above test to be 1754.2MNm -2 as against 
1764MNm -2, the ultimate tensile strength (UTS) 
of the material in the solution treated and aged 
condition. Therefore it is inferred that the 
motor case has satisfactorily withstood the proof 
pressure test and has given way only at an effect- 
ive stress almost equal to the UTS of the material. 

5. Fracture mechanics considerations 
The strain measurements during the proof pres- 
sure test revealed that the material behaved linear 
up to stresses of about 75% of UTS [5], and hence 
it was appropriate to use linear elastic fracture 
mechanics (LEFM) to arrive at fracture param- 
eters. The following exercise based on LEFM con- 
siderations for critical size and gross section area 
stress calculations was to show that no crack 
growth occurred during proof pressure cycling at 
12.2MPa and that the motor case satisfactorily 
withstood the proof pressure for 5 cycles. 

5.1. Critical c rack  size ca lcula t ions  
The critical crack depth, %, is given by the form- 
ula [10, 11] 

q~2 _ 0.212 (o/ey) 2 i,-2 
ae = 1.21fro 2 ~IC (2) 

where ~ is the elliptical integral of second order, 
a is design stress eD, KIC is the plane strain frac- 
ture toughness. For material acceptance as well 
as for rocket motor case design calculations, only 
Kic was used as the basic material property. The 
strain measurements made during the hydroburst 
test of the motor case [5] revealed a o D of 1176 
MNm -z for a proof pressure of 12.2 MPa. 

Suppose that the crack size parameters reliably 



detectable by a non-destructive method (NDT) are 
a = crack depth = 0.001 m and half crack length 
c = 0.002 m, i.e. a/c = 0.5. For an experimental 
yield strength oy of  1715MNm -2, a D = 1 1 7 6  
MNm -2, a D / a y  = 0.68 and when eD = UTS = 
1764MNm -2, aD/gy  becomes 1. Thus for a/c = 
0.5, OD/ay = 0.68 and using Kic = 99.3 MNm -a/2 
[12], Equation 2 gives a c = 0.0026 m. Also for the 
same a/c = 0.5 when aD/ay = 1, a c becomes 
0.0023 m, i.e. both these a c values are larger than 
the wall thickness o f  the present motor  case. 
Therefore if crack growth were to occur during 
the proof  pressure cycle, the crack would have 
grown into a through-thickness crack and leak 
would have occurred, instead of  fracture. Since 
the motor  case withstood 5 repeated proof  pres- 
sure cycles at 12.2MPa, it was concluded that 
there was no (or minimal) crack growth during 
proof  pressure cycling, and the motor  gave way 
only when the pressure was raised to 15.2MPa, 
which is equal to an effective stress of  1754.2 
MNm -2 [6], close to the UTS (1764 MNm -2) 
of  the material. Keeping in mind the lower limit 
of  flaw size as given by NDT detection and the 
upper limit as the actual motor  case thickness 
(0.0015m),  a = 0.001 m seems to be acceptable 
as one crack parameter. 

5.2. Gross section area stress 
The gross section area stress, og, at failure is given 
by [10l 

K e 1 
0"g ('B" Co) 1/2 oL (3) 

where K e is the critical stress intensity factor, a is 
the correction factor and C c is the half crack 
length at the onset of  unstable crack growth. If  
% is less than the effective stress corresponding to 
a proof  pressure of  12.2 MPa, catastrophic failure 
would occur during proof  pressure cycling itself. 
Assuming that NDT cannot reliably detect a crack 
length 2c less than 0 .004m, for ~ = 1, K c = 
99.3MNm -3/2 [12], og works out to be 1254 
MNm -2. That is ag is larger than the effective 
stress corresponding to 12.2MPa, and hence the 
motor  case was able to withstand 5 repeated cycles 
of  proof  pressure at 12.2MPa. However, on sub- 
sequent raising of  pressure to 15.2 MPa (effective 
stress of  1754MNm -2) during the sixth cycle, the 
motor  case gave way since the effective stress was 
very close to the UTS (1764MNm -2) of  the mat- 
erial. Also, from the above analysis in Subsections 

5.1 and 5.2, the acceptable crack size parameters 
were a = 0.001 m, 2c = 0.004m, i.e. a / c =  0.5. 

5.3. Leak before bursting calculations 
The leak before bursting criterion for pressure 
vessels can be written as [13, 14] 

1 -- 0.5 (a/af) 2 %/3Ic (1 + 1.413~c ) (4) 

where a is the applied stress, a~ is effective yield 
strength or flow strength, tim = (Km/gy )  2 It, t is 
thickness, a is termed aLB (stress for leak before 
bursting) where a = t, and from values o f K  c [12], 
a t [5], and t, aLB is obtained as 1764 MNm -~ 
which is equal to the UTS of  the material in the 
present case. Therefore when the pressure was 
raised to 15.2 MPa, resulting in an effective hoop 
stress of  1754MNm -2, almost equal to the UTS 
of  the material, rapid fracturing o f  the motor  case 
occurred without any chance for a leak before 
bursting to occur, thus validating the above values 
of  a and c. 

6. Conclusions 
1. Silicate inclusions at the circumferential 

weld at the nozzle end initiated the crack. The 
uneven roundness as revealed by ovality, weld 
mismatch and the step inside the longitudinal 
weld in the propulsion cylinder acted as stress 
raisers for crack propagation. 

2. The fracture of  the motor  case is due to 
tensile overload as revealed by the equiaxed 
dimple resulting from microvoid formation and 
coalescence. 

3. The calculated burst pressure from the exper- 
imental data was 14.9 MPa whereas the motor  case 
gave way at 15.2MPa. The effective stress for 
bursting worked out to be 1754MNm -2, almost 
equal to the UTS (1764MNm -~) o f  the material. 

4. Fracture mechanics considerations using the 
hydroburst  test data imply that the crack size 
parameters for this case are a = 0.001 m and 2c = 
0.004 m, i.e. a /c=  0.5. 

5. The motor  case withstood 5 repeated cycles 
at 12.2MPa. Therefore no (or minimal) crack 
growth has taken place during proof  pressure 
cycling. However, at 15.2MPa rapid fracturing 
occurred because the effective hoop stress was 
1754MNm -2, almost equal to the UTS (1764 
MN m -2 ) of  the material. 

6. OLB is calculated to be equal to the UTS of  
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the material in the present case and hence there 

was no chance for a leak before bursting to occur. 
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