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A B S T R A C T

The effect of austenitization temperature, aging temperature, and, aging time on the development of precipitates
in a novel maraging steel known as F1E was investigated. The investigation primarily employed small angle
neutron scattering (SANS) coupled with thermal calculations, atom probe tomography (APT) and electron
microscopy (SEM, STEM, TEM). This large scale study investigated austenitization temperatures of 825, 870 and
960 °C with aging of 0, 1, 2.5, 5, 7.5, 10 and 24 h conducted at 540 °C. For austenitization at 960 °C, aging at
520 °C and 560 °C was also conducted for the same aging times. This yielded 32 conditions where the size, shape
and volume fraction of three different precipitates were determined, namely a pre-existing laves phase, a
developing laves phase, and a developing β phase. Also observed in this study was a significant change in
microstructure of the pre-existing laves precipitate as a result of aging time.

1. Introduction

Maraging steels are low carbon-high strength steels that derive their
properties from the formation of intermetallic precipitates nucleating in
the martensitic matrix during thermal aging treatments [1]. Their
enhanced properties are suited to applications such as gears and shafts,
especially for the aerospace industry which continually requires
materials to operate at higher stresses and temperatures with each
new generation of engine [2]. Here, small angle neutron scattering
(SANS) is used to study the development of precipitates over a large
array of austenitization and aging conditions for a maraging steel more
commonly known as F1E, which currently shows more desirable
material properties than its current competitors: AerMet 100 and Super
CMV [3].

After an austenitization process, the steel is air quenched to room
temperature resulting in a martensitic microstructure which is then
isothermally aged to exploit precipitation strengthening effects, speci-
fically to optimise mechanical properties such as strength, toughness
and fatigue resistance through continuing and initiating precipitate
growth on dislocations, as well as, at martensitic and prior-austenite
grain boundaries [4,5]. McAdams found higher austenitization tem-

peratures reduce hardness in the unaged condition, but once aged or
thermally exposed, hardness increased with higher austenitization
temperature [3]. This was attributed to precipitate coarsening even
though higher austenitization temperature is known to have fewer
precipitates, significantly so in some cases [3]. Room temperature
tensile testing of F1E austenitized at 825, 870 and 960 °C yielded
ductilities of ~8%, ~4% and ~6% respectively. When the same test
was conducted at 450 °C after 5 h aging this trend reversed with the
870 °C material recording an elongation approximately 1.5 times that of
both the 825 and 960 °C austenitization conditions. It is thought these
non-intuitive changes in mechanical properties stem from the evolution
of the two known precipitates of F1E: (i) a tungsten-molybdenum rich
laves phase [(Fe,Cr)2 (Mo,W)] [3] that reportedly pins the martensite
lath boundaries promoting creep resistance and microstructural stabi-
lity [6], and, (ii) a nickel-aluminium rich β phase (NiAl) which provides
both strength and ductility.

SANS was used to observe precipitation behaviour over a large array
of austenitization and thermal aging conditions. Samples following
austenitization at 825, 870 and 960 °C and thermal aging at 540 °C for
0, 1, 2.5, 5, 7.5, 10 and 24 h were observed to examine the effect of
austenitization conditions on precipitate development. For the 960 °C
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