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Abstract The magnetic properties and hardness of a
Ni—Co-Mo-Ti maraging steel 300 grade were measured
as function of aging temperature. The austenite and
martensite phase quantifications in the different heat
treatment conditions were carried out by X-ray diffrac-
tion using direct comparison method. The behavior of
the hardening, magnetization saturation and coercive
force against aging temperature and time were
explained taking into account the variation of austenite
volume fraction with aging time and temperature.

Introduction

Maraging steels are low-carbon martensitic steel devel-
oped for high-performance applications as in ultra-high
speed rotors for electric hysteresis motors. For this
purpose, ultra-high strength is required along with
good dimensional stability during heat treatment in
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combination with appropriate magnetic properties.
According to Belozerov [1], the increase of the
rotational speed of the disk rotors to about 10° rpm
required a yield strength to at least 1300-1500 MPa.
The coercive force (H.) must be low, the saturation
(Bs) and residual induction (B;) in fields as low 20-
60 A/cm must be high and the squareness ratio (B,/B;s)
must be at least 0.7.

In the solution treated condition the maraging steels
presents a soft and deformable martensitic structure,
with hardness values between 280 and 320 HV [2].
These properties are attributed to the low carbon and
the high nickel content in the martensite.

The maraging steels are age-hardenable in the 400—
650 °C temperature range. The aging in temperature
below 450 °C produces ordered and coherent phases
(p, S and/our w) in the martensitic matrix. The aging
between 450 and 600 °C is rapid and intense, and it is
attributed to the precipitation of the intermetalics
compounds Niz(Mo,Ti) and Fe,Mo in the dislocations
[2-4]. Aging between 500 and 700 °C promotes the
austenite formation by a diffusion-controlled decom-
position reaction: oy — o, + y, where «; is martensite,
oy is a low nickel bee phase and v, is the nickel enriched
austenite phase [5, 6]. According to Li [7] the austenite
formation occurs at the same time and as consequence
of the partial dissolution of the Nis(Ti, Mo) and the
precipitation of Fe,Mo. The austenite phase formed in
high temperatures is total or partially retained at the
room temperature, depending on its nickel content.

In this current work, was measured the magnetic
properties of an 18%Ni maraging steel with Co, Mo
and Ti as function of aging temperature in the 440-
650 °C range. Two initial conditions were compared:
solution treated and cold deformed. The aging time
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effect was also evaluated in the temperatures of 440,
510, 560, 600 and 650 °C. X-ray diffraction quantifica-
tions by the direct comparison method have been
determined in various treatment conditions to evaluate
the austenite influence in the hardness and magnetic
properties.

Experimental

The material chosen for the research was a
20 mm X 10 mm X 2.5 mm sheet samples of maraging
300 steel, whose composition is given in Table 1.
Specimens were solution treated at 900 °C + 10 °C for
40 min, followed by cold rolling with true deformations
0.85 and 1.61. Some samples were solution treated and
aged, and others were aged without solution treatment
after deformation. The samples were aged at 440, 480,
510, 560, 600 and 650 °C for different treatment times.

In all samples of each aging temperature and time
conditions 30 kgf Vickers hardness tests were per-
formed.

X-ray diffraction was carried out in a PHILIPS®
diffractometer, model X’Pert Pro, in step scan mode with
step size of 0.02°, time per step of 3 s and angular interval
45-125°. Radiation CoKa (1.7890 A) was used with
40 kV and 40 mA. The volume fraction of the austenite
(y) and martensite () phases were obtained by the direct
comparison method, described by Cullity [8], and taking
into account the different values in the scattering factors
for austenite (y) and martensite (x) phases for maraging,
as steels suggested by Pardal et al. [9].

The magnetic properties were measured in a vibrat-
ing sample magnetometer (VSM) using disk shaped
samples with 3.5 mm of diameter. The magnetic
measurements were taken at room temperature with
maximum applied field of 5 kOe (400 kA/s), time
constant 1 ms and total measure time of 30 min. The
data were corrected for demagnetization fields using
the suggested by Chikazumi equations [10].

Results and discussion

Figure 1 shows the precipitation hardening curves of
the maraging 300 steel aged at 440, 480, 510 and
560 °C.

Table 1 Chemical composition of the maraging grade 300 steel
studied (wt.%)

Ni Co Mo Ti Al C Fe

17.86 9.31 4.96 0.79 0.14 0.01 Bal.
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Fig. 1 Hardness versus aging time at 440, 480, 510 and 560 °C

The 440 and 480 °C curves had not shown overaging
until 24 h. The maximum hardness for these two
temperatures was obtained for 24 h (637 HV) and
10 h (648 HV), respectively. The samples aged at
temperature 510 °C for different times presented a
maximum peak hardness of 629 HV after 4 h of aging,
and according to Figure 1, aging times higher than 10 h
produce a slightly reduction in the hardness. In the
aging at 560 °C the hardness peak (601 HV) occurs at
1 h, and overaging is observed after this time.

The aging at low temperatures (440 and 480 °C)
shows that for short times the hardness increases slowly
and continuously, in comparison with aging at higher
temperatures. Initially the age hardening is due to the
formation of S precipitates, that give place later to the
ordered w precipitate as the reported by many
researches [2-4, 11].

For aging at 510 °C the hardness peak is due to the
precipitation of ellipsoidal Niz(Ti, Mo) at the disloca-
tions clusters in the martensite matrix [2, 4]. In the case
of aging at 560 °C, this phenomenon occurs faster. The
overaging, mainly at 560 °C, is due to Fe,Mo precip-
itation which maintain the hardness in a higher level
for longer aging times [12]. One of the reasons for the
hardness reduction, however, beyond the precipitates
growth, is the partial dissolution of the Niz(Ti,Mo)
intermetallic compound which gives place to the
formation of the above mentioned Fe,Mo and the
nickel rich austenite [12].

Figure 2 shows the precipitation hardening curves of
the maraging 300 steel at 560, 600 and 650 °C. In this
figure, for the samples treated at the 600 and 650 °C,
the hardness peak occurs for 15 min of aging, and
presents values of 567 and 465 HV, respectively.

@ Springer
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Fig. 2 Hardness versus aging time at 560, 600 and 650 °C
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Fig. 3 Hardness as function amount of precipitated austenite

In the overaged samples, the hardness decreases due
to the austenite precipitation. The growth, coalescence
and incoherence of the precipitates also influence the
drop of this property. Figure 3 presents the influence of
the austenite volumetric percentage in the hardness for
560, 600 and 650 °C in different aging times. In this
figure, it can be observed the increase of the precip-
itated austenite produces a substantial drop in the
hardness for the aged samples at 560 and 600 °C in
different time conditions due to dissolution of inter-
metallic precipitates. Minimum hardness value is
obtained in the sample aged 650 °C for 24 h. At
650 °C, in contrast with 560 and 600 °C, the amount of
austenite decreases with the increase of aging time
after 1 h.
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Fig. 4 Magnetization of saturation (mg) as function of aging
temperature
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Fig. 5 Coercive force (H.) as function of aging temperature

The saturation magnetization (ms) and the coercive
force (H.) variations with aging temperature are shown
in Figs. 4 and 5, respectively. In this figure, the samples
were aged for 1 h. The aging between 560 and 700 °C
produces more intense variations in the mg and H.
values, which is attributed to the nickel rich reverted
austenite formation. The minimum value of my
(88 A m/kg) and the maximum values of H.
(19.83 kA/m) are both obtained in the sample aged
at 650 °C for 1 h, in agreement with results obtained by
Tavares et al. [13] in the maraging 350 steel.

Figure 6 shows the squareness ratio values (B,/B;) as
function of the aging temperature, in solution treated
and aging samples during 1 h. In samples aged between
520 and 600 °C the squareness ratio values are higher
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Fig. 7 Coercive force versus aging time

than 0.8, which is characteristic in anisotropic materials
for applications in electric rotors. However, B./Bj
values smaller than 0.7 were found in samples aged at
650 and 750 °C.

The behavior of the coercive force (H.) against the
aging time is shown in the Fig. 7. A small effect of
magnetic hardening (increase of the coercive force) was
observed at 510 °C, but not at 440 °C. Therefore, it can
be concluded that the mechanical hardening effect is
more important than the magnetic hardening in these
two temperatures. During the aging at 560 °C a small
magnetic hardening is produced, despite of the small
hardness decrease with the aging time after 1 h. In the
samples aged at 600 °C the H. undergoes an important
increase in the first hour of treatment, due to intense

Fig. 9 Austenite volumetric percentage versus aging time at 560,
600 and 650 °C

austenite precipitation. The aging at 650 °C for 1 h
promotes the maximum austenite precipitation and, as
consequence, H. is maximum and m iS minimum.
However, H. presents a small increase with the aging
time after 1 h. In agreement, Fig. 8 shows that, after the
drop in the first hour of aging at 650 °C, mj starts to
increase. These facts are related to the behavior shown
in Fig. 9. The austenite volume fraction measured at
room temperature increases with aging time at 560 and
600 °C, but decreases after 1 h at 650 °C. The reasons
for the decrease of austenite content at 650 °C are
explained in another reference [9].

A correlation between the magnetization saturation
(mg) and the austenite volume fraction measured by

@ Springer
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Fig. 10 Magnetization of saturation versus austenitic volumetric
percentage at 560, 600 and 650 °C

XRD was searched in order to obtain a magnetic
method for austenite quantification in the maraging
300 steel. Magnetic phase quantification is successfully
used to quantify o' martensite in deformed austenitic
stainless steels [14], ferrite phase in duplex [15] and
superduplex stainless steels, austenite phase in TRIP
steels [16]. In these examples, a linear correlation
between ms and the magnetic phase volume fraction
was obtained, since the intrinsic magnetic saturation of
the ferromagnetic phase was almost constant. In
maraging steels, however, the chemical compositions
of martensite and austenite phases change significantly
with the aging temperature and time. As consequence,
the intrinsic magnetization saturation of the ferromag-
netic phase (martensite) is strongly affected by the
aging conditions. This explains why the myg versus
austenite content (%) curve (Fig. 10) could not be
fitted by a straight line. Alternatively, the data
presented in Fig. 10 were fitted by a square function,
as shown in Fig. 11. The fitted equation can be used to
obtain an estimative of the austenite content in the
maraging steel aged between 500 and 650 °C.

7 = —0.00672m? + 1.426ms — 22.097 (1)

where: y—Austenitic volumetric percentage, ms—mag-
netization saturation (emu/g or Am*/kg).

Conclusions
The aging at 560 °C for 1 h allows high mechanical

resistance and good magnetic properties (B,/Bs,H,ms)
in the maraging steel 300. At this aging condition, a
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Fig. 11 Austenitic volumetric fraction versus mjy for different
treatments conditions. Square fitting

small amount of reverse austenite is formed and
retained at room temperature, but there was no
significant effect on the magnetic properties and
hardness.

The increase of the austenite content above 560 °C
promotes the decrease of the saturation magnetization
(ms) and hardness, concomitant with the decrease of
coercive force (H.). Increasing the aging time at 560
and 600 °C also raises H. and makes m, falls. On the
other hand, at 650 °C, the increase of aging time
promotes the decrease of the austenite content, which
induces the increase of m and the decrease of H..

A square function was adjusted to obtain a corre-
lation between the saturation magnetization (m,) and
the amount of austenite. This correlation can be used
to obtain an estimative of the austenite volume fraction
in maraging steels.
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