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Maraging steel is a special class of high-strength steels that are hardened by the precipitation
of intermetallic compounds at temperatures close to 480 °C, without carbon transformation. Since
its development, it has been used for strategic applications (nuclear energy, defense, and aerospace
areas) and the mastery of its process and application has been constantly improved. This study aimed
to characterize the weld regions of a maraging 300 steel used to manufacture a rocket motor case.
Welded samples of maraging 300 steel were subjected to metallurgical and mechanical characterization.
Microstructural analysis showed three different zones in the hardness range of 291 to 465 HV and
reduced toughness. X-ray diffraction showed metallic phases in each region, evidencing the increase
of the austenite phase. Based on the results obtained, maraging steel has great potential for aecrospace
applications, with excellent strength even when subjected to welding.
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1. Introduction

Maraging steel is an ultra-high strength material
manufactured according to the Fe-Ni system (Ni 18-
19 wt.%) without carbon addition (maximum 0.003 wt.%).
The chemical composition provides the elevated mechanical
properties associated with high toughness'. Due to the high
concentration of Ni, the microstructure of maraging steel at
room temperature is martensite; this phase is ductile (BCC)
unlike the martensite Fe-C system (BCT), which is hard
and fragile. The main strength mechanism of maraging
steel is the precipitation of intermetallic compounds during
the aging treatment, which act as barriers for dislocation.
The combination of a ductile matrix and a high precipitation
density leads to the combination of mechanical strength and
toughness. The aging treatment occurs around 460 to 500 °C,
increasing hardness from 3035 to 4853 HRC?. Besides the
mechanical characteristics, this material has good rolling/
forging, machinability, and weldability, which makes it a
strong candidate for strategy application, such as: solution
treatment condition for military, aerospace, and nuclear
industry*>.

The heat treatment of maraging steel basically consists
of a solution at temperatures above 800 °C and then a low-
temperature aging stage (460—-500 °C). The solution stage
results in a microstructure characterized by lath martensite, a
body-centered cubic (BCC) with a high discordance density®’.
Optical microscopy analysis of a sample of maraging
350 in the solution condition pointed the presence of lath
martensite. X-ray diffraction (XRD) analysis confirmed the
previous result, showing martensite peaks at (110), (200),
(211), and (220) plans®.

Maraging steel may be welded using fusion welding
techniques, such as gas tungsten arc welding (GTAW),
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plasma arc welding (PAW), and laser beam welding (LBW)?.
Welding is the most important bonding process of the
material used today, defined as a local adhesion process to
maintain the characteristics on the material over the weld
bead. This process may or may not use local melting, but
it has significant heat generation and plastic deformation
most of the time’.

1.1. PAW Process

Among fusion welding processes, PAW is a derivative of
GTAW, since it uses a tungsten non-consumable electrode,
an inert gas (usually argon) to produce the arc and protect
the melt metal'®!"®. The PAW process has a constricting
nozzle, similar to a funnel, that confines the plasma and
results in better distribution, energy concentration, and
raises the fusion efficiency. Due to the constricting nozzle,
PAW brings benefits, such as heat with temperatures above
25,000 °C, increased displacement speed, better bead
penetration, reduced heat affected zone (HAZ), simplified
joint preparation procedures, and greater possibility to vary
the distance between the material and the torch!13-16,

PAW processes can be classified into three types, depending
on the current used: micro PAW, melt-in PAW, and keyhole
PAW. Micro plasma needs low current (0.1-15 A) during the
welding process to join pieces with thicknesses from 0.01 to
1.5 mm'131517 The melt-in technique is usually applied to
workpieces up to 2.4 mm thick, using a current of about 15 to
400 A and a manual welding process with low gas flow and
one or more passes'*“!>!”. Finally, the keyhole mode is used
when the workpiece is up 2.5 mm thick, with a current of
more than 400 A'>'5. This mode forms a hole that crosses the
molten pool where the liquid metal penetrates, solidifying at
the back of'it. During welding, this hole moves according to
the displacement of the torch. The molten metal is forced to
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move around the plasma jet forming the weld puddle behind
the hole, closing it and forming the weld bead'"'.

1.2. Weld bead microstructure

Regardless of the chosen process, the weld bead will show
changes in material proprieties particularly related to plastic
deformation or caused by temperature variation. Especially
in the fusion welding process, the heat sources used are so
powerful that the material presents different metallurgical
characteristics. The weld bead macrostructure has three different
zones: melted zone (MZ), heat affected zone (HAZ), and base
material (BM)'!". In the MZ, the material reaches its melting
temperature and the austenite formed turns into martensite
during cooling. In maraging steel, this region consists of
Fe-Ni martensite with 30 HRC hardness. In the HAZ, the
microstructure of the material changes due to temperature,
which reaches levels up to the critical temperature. This zone
commonly has martensite and a retained fine-grain austenite.
The BM presents few microstructural changes because it is
farthest from the weld bead'$?!.

Today, in Brazil, especially in the aerospace industry,
ultra-high strength steels, such as AIS1 4340 and AISI 300M,
have been replaced by maraging steel. The suborbital rocket
motor case design is an example of this type of application.
The Institute of Aeronautics and Space (IAE) has been
developing a suborbital rocket consisting of a two-stage
solid propellant vehicle, equipped with payload, recovery,
and service systems>. The constant development of this
vehicle contributes to the payload design, payload recovery
system, and the evolution of tracking and data acquisition
systems?. The rocket motor case is cylindrical and was
constructed from calendered sheets with circumferential
and longitudinal welding? (Figure 1).

This study evaluates the performance, considering
mechanical and microstructural characteristics, of PAW-
welded maraging 300 steel used in the manufacture of
suborbital rocket motor cases.

2. Experimental Details

2.1. Material specifications and chemical
analysis

For this study, it was used maraging 300 sheets, produced
by vacuum arc remelting (VAR) and heat treated after steel
solidification (820 °C during 1 hour). Two pieces of this
rolled maraging 300 sheet were welded according to the AMS
6521C specification® measuring 3.3 mm x 100 mm x 300 mm
(thickness x width x length). The welding wire used was MAR 300,
@9 mm, in line with the AMS 6463D specification®. Both materials
were chemical analyzed to certify that they were in accordance
with specifications. Chips were analyzed by direct combustion
using LECO CS-200 to obtain composition C and S, according
to the ASTM E30 specification?’. Ni and Si were determined by
gravimetry, in accordance with the ASTM E30 specification®”.
Other elements (Mn, Mo, Co, Ti, and Al) were determined
using atomic absorption in SPECTRAA20 PLUS. The samples
was prepared using 1 g of the material and nitro-muriatic acid
(30 ml HCI+ 10 mI HNO, + ionized water) on a plate electrically
heated to 200-250 °C.

Materials Research

2.2. Welding parameters

The samples were welded by PAW, using one weld pass
without defects and the following parameters: welding speed
(200 mm/min), welding wire speed (0.6 m/min), welding
current (120 A) and welding wire (MAR300). Figure 2 shows
a schematic view of the welding groove.

2.3. Microstructural analyses

The samples were prepared according to the
ASTM E3 standard®. Vilella’s etchant (5 ml HCI, 2 g picric
acid, and 100 ml ethyl alcohol) and the 15-minute immersion
technique were used. The sample was analyzed by optical
microscopy, using ZEISS Axio Imager 2, over its three
different zones melting zone (MZ), heat affect area (HAZ)
and base material (BM). The different sample phases were
identified using Rigaku Ultima VI XRD, CuKa radiation
source (A = 1.5406 A), 40 kV voltage, 30 mA current, 30°
to 90° angular range, 0.02°/5 s angular pass, and 2 mm slit.

2.4. Analysis of mechanical proprieties

Tension was evaluated in accordance with the ASTM E8/
E8M? subsize parameters. Tests used three samples with
reinforced/root weld beads. A universal machine model
MTS 810 23M, with 250 kN capacity and hydraulic grabs to
prevent any sample from slipping, and the FlexTest 40 computer
control system were used for data analysis. Hardness was
analyzed using EMCO-TEST, DuraScan G5, and the EMCO
Works analysis system. Moreover, a square diamond indenter
(0.3 kg load per 15 s and 65 indentations) was used.

Circumferential

/ Welding

Longitudinal
Welding

Figure 1. Schematic representation of a rocket motor case with
longitudinal and circumferential weld.

Figure 2. Schematic view of the weld.
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3. Results

3.1. Chemical composition analysis

Table 1 presents the chemical composition of both the
maraging steel sheets and the welding wire used and the values
established by the AMS 6521C% and AMS 6463D? standards
for each element. The chemical compositions analyzed were
in line with these standards.

3.2. Optical microscopy (OM)

The weld bead microstructure had homogenous weld,
emptiness, porosity, and free blow holes (Figure 3).
Figure 4 shows the microstructural evolution and the three
zones in (a), the MZ in (b), the HAZ in (c), and the BM

Figure 3. Macro view of the weld.

in (d). The MZ had a dendrite structure characteristic of
a welded region, with a high concentration of reversed
austenite. In both the HAZ and the BM, the martensite
microstructure was the same, but the HAZ had coarse
grains and higher density of reversed austenite due to
thermal input. Finally, the BM had a martensite structure
typical of the heat treatment condition of the maraging
300 solution, without significant changes.

The microstructural results are in accordance with the
literature regarding the presence of centrally oriented welding
dendrites in the MZ, followed by the two different areas
with a large grain size (HAZ1 and HAZ2) and the metal
base region without any microstructural transformation'>°.

3.3. X-Ray diffraction (XRD)

Figure 5 shows the different welding areas where XRD
was applied, highlighting the martensite peaks with the
symbol @ (110), (200) and (211) and the austenite peaks
with the symbol A - (111) and (200). Both phases achieved
(martensite and austenite) were in accordance with the
literature®***. Some studies observed a higher martensite
peak around 45° and other martensitic phase diffraction
peaks around 65° and 85°3%323, The diffractogram generated
in XDR, supported by the HighScore Plus software, made it
possible to quantify the perceptual phase using the Rietveld
method. The MZ consisted of 88% martensite and 12%
austenite and the BM, 83% martensite and 17% austenite.

3.4. Tensile test

Figure 6 presents the tensile stress-strain curves for three
welded samples (WS, WS, and WS,) and the reference
value of the sample as received. Table 2 shows the typical

Figure 4. Sample microstructure of different regions: (a) Overview, (b) MZ (Melted Zone); (c) HAZ1 (Heat Affect Zone 1 with coarsed
grain size) and HAZ2 (Heat Affect Zone 2 with more refined grain than HAZ1) and (d) BM (Base Material).



Schiavo et al. Materials Research

Table 1. Maraging 300 steel plate and weld wire MAR 300 wt.%.

C Mn Si S Ni Mo Co Al Ti
Maraging 300 steel plate
AMS lower - - - - 18 4.6 8.5 0.05 0.5
6521C upper 0.03 0.1 0.10 0.010 19 52 9.5 0.15 0.8
Measured <0.004 <0.01 0.03 <0.0016 18.6 4.6 8.5 0.09 0.6
Weld wire MAR 300
AMS lower - - - - 18 4.5 8.0 0.05 0.6
6463D upper 0.01 0.1 0.1 0.01 19 6.5 9.0 0.15 0.8
Measured 0.007 0.015 0.07 <0.0016 18.3 44 9.3 0.12 0.6
Table 2. Tensile values of maraging 300 for the base metal and PAW-welded samples.
Condition Sample o, (MPA) 6, (MPA) 6, (Mpa)

As received reference 1,080.45 1,167.57 983.01

WS, 898.46 1,015.93 509.38

WS, 874.17 1,008.61 495.89

After Welding samples

WS, 941.01 1,068.80 538.68

Average (904.55 + 33.83) (1,031.11 + 32.84) (514.65 = 21.88)
Literature
Oliveira® 917 1,024
Silva* 975 1,042

6 : Yield Strength; o.: Ultimate Tensile Strength; o,: Breaking strength; WS : Sample 1 Solution Annealed at 820°C; WS,: Sample 2 Solution Annealed

at 820°C; WS, : Sample 3 Solution Annealed at 820°C.
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Figure 5. X-ray diffractogram of different sample regions.

effect of welding on ultimate tensile strength (UTS) and
yield strength (YS). Average UTS reduced by around 11%
(1031 MPa against 1163 MPa) and average YS reduced
by 15% (1071 MPa against 904 MPa). The main effect of
welding is the reduction of toughness due to the decrease in
tensile strength (o), as shown by the difference in area under
curves when comparing the BM with WS , WS_or WS,

The tensile results are in line with Oliveira® and Silva*,
who welded maraging 300 steel using PAW (Table 2). They
found 917 MPa and 975 MPa for average YS and 1024 MPa
and 1042 MPa for average UTS, respectively.
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Figure 6. Tensile test graph.

3.5. Hardness survey

Figure 7 shows the hardness analysis. The maximum
hardness value was 465 HV, found in HAZ2 (the red region
on the map), and the minimum value was 291 HV, found in
the MZ (the blue region on the map). The hardness values
in the MZ and HAZ1 were similar, varying from 291 HV to
310 HV (around 7%). The figure also shows an increase in
hardness in HAZ2, reaching 465 HV in a zone characterized
by early precipitation. In HAZ1, the average hardness value
was 310 HV(around 31 HRC), which is similar to the average
found in the literature®* (34 HRC; around 336 HV).
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Figure 7. Hardness analysis.

4. Discussion

The chemical composition of maraging steel gives
this material special characteristics. The concentration of
the metallic phase was similar in the MZ (88% martensite
and 12% austenite) and the BM (82% martensite and 18%
austenite). The reason for this phenomenon was the nickel
concentration, which causes the material to obtain the
martensite structure under different cooling rates. Hardness
in the MZ was close to that in the BM, as its levels in
maraging steel in solution heat treatment condition increase
from the martensite structure. After the aging treatment,
the hardness value is different because the kinematic
precipitation is not the same in the MZ (dendrite) and the
BM (lath martensite).

5. Conclusions

This study showed the concentration of the metallic phase
and evaluated the hardness, microstructure, and strength of
PAW-welded maraging steel.

- The PAW process created four different zones in the
sample due to the decreasing temperature gradient
and the propagation of heat conduction: base material
(BM), heat affect zone 1(HAZ1), heat affect zone 2
(HAZ2), and melted zone (MZ). In HAZ1, hardness
increased, and HAZ?2 had a higher hardness value
due to more intermetallic precipitation.

- Maraging steel had a similar concentration of the
metallic phase (martensite and austenite) in the MZ
and the BM, showing similarity between the weld
bead and the base material.

- Inthe MZ, hardness was closer to the values in the
BM. In HAZ1 and HAZ2, hardness increased due
to the precipitation of intermetallic compounds
(around 37% when compared with the BM). In
order to obtain a more homogeneous hardness after
welding, we recommend heat treating the solution
after the welding process.

- The weld bead had high UTS and yield strength. The
main effect of the welding was reduced toughness
due to the decrease in breaking strength.
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