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Abstract In the present work the amount of retained

austenite present in quenched and tempered high carbon–

chromium alloyed steel was quantified by X-ray dif-

fraction and magnetization saturation measurements. The

steel was forged and directly quenched. The retained

austenite partially transformed into martensite on cooling

down to )196 �C. The Mf temperature of about )150 �C

was found by thermomagnetic analysis. Tempering at

low temperatures (220 �C and 270 �C) promoted the

stabilization effect of austenite. The intrinsic magnetiza-

tion of the ferromagnetic martensite used in the phase

quantification was 206.4 A2 m/kg. The increase of the

tempering temperature above 320 �C slightly decreases

the ms value of the martensite due to tempering

reactions.

Introduction

High carbon martensitic steels are susceptible to aus-

tenite retention after quenching. The quantitative deter-

mination of the retained austenite is of great importance

to the steel mechanical properties. The experimental

methods usually applied to quantify retained austenite

include X-ray diffraction (XRD) [1], neutron diffraction

(ND) [2], optical (MO) and scanning electron micros-

copy (SEM) [3], Mössbauer spectroscopy [3, 4], dila-

tometry [5] and magnetization measurements [6–8].

According to Zhao et al. [8], MO/SEM and dilatometric

quantifications present low accuracy. Mössbauer and

magnetization measurements present high accuracy,

while XRD and ND analysis present intermediate

accuracy.

In the case of magnetic quantification, the volume

fraction of the ferromagnetic phase (martensite) is the

ratio between the magnetic saturation of the sample

analyzed by the magnetization saturation intrinsic of the

magnetic phase (ms(i)) [9]. For some applications, find the

ms(i) of the ferromagnetic phase is the most difficult task.

For instance, von Heimendahl and Thomas [10] deter-

mined the value of 160.4 A2 m/kg for the a¢ induced by

cold deformation in the austenitic stainless steel AISI 304,

which was used to quantify this phase [11, 12]. Tavares

et al. [13] found the value of 133 A2 m/kg for the ferrite

phase in the duplex stainless steel UNS S31803 (2205).

The intrinsic magnetization saturation of the ferromag-

netic phase generally depends on its chemical composi-

tion. The quantification by magnetization measurements is

only possible if the magnetization saturation of the fer-

romagnetic phase ms(i) do not change significantly with

the phase proportions.

In the present paper, the retained austenite of quenched

and tempered high carbon chromium alloyed steel for balls

used in ore mining industries was quantified by XRD and

magnetic measurements. The effect of tempering temper-

ature and subzero cooling on the austenite volume fraction

were evaluated.
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Experimental

Samples of a high carbon chromium alloyed steel (com-

position shown in Table 1) were forged between 1120 �C

(start) and 950 �C (finish) and then air cooled to one of the

quenching temperatures: 880 �C, 810 �C or 750 �C. The

prior austenite grain size of the different samples was the

same, since they were austenitized at the same temperature

(1120 �C) and forged with the same deformation.

Quenching was performed in a polymer plus water solution

at 50–60 �C. The samples quenched from 810 �C were

tempered in the 220–600 �C range. The samples quenched

from 750 �C and 880 �C were only tempered at 220 �C.

Table 2 shows the samples identifications used in this

work. The samples identified with the letter ‘‘N’’ were

dipped in liquid nitrogen ()196 �C) before the phase

quantification.

Magnetic measurements were performed in a Vibrating

Sample Magnetometer (VSM) at room temperature with

maximum applied field of 800 kA/m, time constant of 1 ms

and total measuring time of 10 min. Magnetization satu-

ration values of all samples were obtained from the hys-

teresis loops. The samples A1, B1, C1, C3 and C5 were

measured in the VSM, immersed in the liquid nitrogen

()196 �C) and measured again. Thermomagnetic analysis

from 25 �C to )196 �C were carried out in a Physical

Properties Measurement System with scanning rate of

5 �C/min.

Metallographic specimens for optical microscopy were

prepared by the usual grinding and polishing procedure.

The samples were etched with nital 2%.

The XRD measurements were carried out using a

powder diffractometer PHILIPS�, model X́Pert Pro, in step

scan mode with step size of 0.02�, time per step 3 s and 2h
angular interval of 45�–105�. It was used CoKa (1.7890 Å)

radiation with 40 kV and 40 mA.

The volume fraction of the austenite (c) and martensite

(a) phases were obtained by the direct comparison method,

using the following equations [14]:

Ia
Ic
¼ KaCa

KcCc
ð1Þ

Ka;c ¼
1

v2
Fj j2m

1þ cos2 h

sin2 h cos h

� �� �
e�2M

2l

� �
ð2Þ

Ca þ Cc ¼ 1 ð3Þ

where v is the unit cell volume of each phase, F is the

structure factor, m is the multiplicity factor, h is the

reflection angle of the peak analyzed, e)2M is the Debye–

Waller factor and l is absorption coefficient of each phase.

The diffraction peaks corresponding to the planes of each

phase were compared all against all. The average value of

all the compared diffraction peaks was calculated to min-

imize the preferential direction effect. The analyzed peaks

were: (111)A, (110)M, (200)A, (200)M, (220)A, (211)M,

(311)A, (222)A, and (220)M, except for the sample B1,

where the reflection (222)c was not present.

Results and discussion

Figure 1a and b show retained austenite islands in the

samples quenched and tempered at 220 �C.

Figure 2 shows the X-ray diffractograms of the sam-

ples A1, B1 and C1, which were tempered at 220 �C after

quenching from 750 �C, 880 �C and 810 �C, respectively.

Figure 3 compares the diffractograms of the samples

quenched from 810 �C and tempered at 220 �C (C1),

270 �C (C3) and 320 �C (C5). This figure confirms that

the amount of retained austenite decreases with the

increase of tempering temperature and shows that the

sample tempered 320 �C did not present any diffraction

peak of austenite.

Figures 4 and 5 show the thermomagnetic analysis

curves of samples B1 and C1, respectively. Although the

estimated Ms temperature of the steel is about 115 �C, the

austenite of sample B1 starts to transform upon cooling

only at )15 �C. This is one of the features of the stabil-

ization of the austenite described by Verhoeven [15]. If the

c fi M transformation is interrupted in some point

between Ms and Mf resting a large period of time at this

temperature, the re-starting of the transformation upon

cooling will be retarded. In sample C1 some stabilization

also occurs, since transformation is more intense only

below )13 �C.

The c fi M transformation finishes at )150 �C and

)140 �C in samples B1 and C1, respectively. How-

ever, Fig. 6 shows that the sample C1N, which was cooled

to )196 �C, still presents considerable amounts of

Table 1 Chemical composition

of the steel
%C %Si %Mn %S %P %Cr %Nb %Mo

0.93 0.21 0.69 0.004 0.013 0.68 0.032 0.140
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retained austenite. This is another feature of the austenite

stabilization [15]. After some hours at room temperature

and tempering at 220 �C the amount of retained austenite

transformed upon subzero cooling is decreased.

Figure 7 shows the magnetization curves of the samples

C1, C3 and C5. Figure 8 shows the magnetization satura-

tion versus tempering temperature behavior of the samples

quenched from 810 �C. The increase of the magnetization

saturation with dip cooling into liquid nitrogen is due to the

partial transformation of retained austenite. The results

of Fig. 8 suggest that the increase of the tempering

temperature from 220 �C to 270 �C enhances the austenite

stabilization effect. The cooling to liquid nitrogen converts

about 63% of the austenite present in the sample tempered

at 220 �C (compare C1 and C1N results), while only 14%

of the austenite present in the sample tempered at 270 �C is

converted by subzero cooling.

The sample tempered at 320 �C (C5) presents a very

little amount of retained austenite in the microstructure,

undetectable by XRD (Fig. 3). Samples tempered at

400 �C or higher do not present austenite in the micro-

structure.

The ms value of 206.4 A m2/kg of the sample C5N

(quenched from 810 �C, tempered at 320 �C and dip cooled

into liquid nitrogen) was used to quantify the amounts of

martensite and austenite of the samples quenched and tem-

pered at 220 �C, 270 �C and 320 �C using the equations:

CM ¼
msðA m2=kgÞ

206:4ðA m2=kgÞ ð4Þ

Cc ¼ 1� CM ð5Þ

Table 2 Identification of the samples produced

Quenching

temperature (oC)

Tempering

temperature (oC)

Samples

identification

750 �C 220 A1/A1N

880 �C 220 B1/B1N

810 �C 220 C1/C1N

270 C3/C3N

320 C5/C5N

400 C7

450 C9

500 C11

550 C13

600 C15

Fig. 1 Microstrucutures of samples B1(a) and C1(b)
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Fig. 2 Diffractograms of samples A1, B1 and C1
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Fig. 3 Diffractograms of samples C1, C3 and C5
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where ms is the saturation magnetization of the analyzed

sample. The value of 206.4 A m2/kg was taken as the ms(i)

value of the martensite phase, considering that the mar-

tensite matrix of samples tempered at temperatures lower

than 320 �C all present similar compositions and, hence,

the same ms(i) value.

It is worth noting that the behavior shown in Fig. 8 is the

opposite of the observed in a high 13%Cr martensitic

stainless steel AISI 420 [16] where the tempering reactions

lead to an increase of ms. In that case, the matrix became

more ferromagnetic due to the chromium carbide precipi-

tation which promotes the depletion of chromium in the

matrix. The result was the increase of ms because the dis-

solved chromium decreases the magnetic moment of iron.

In the present case, the tempering above 320 �C promotes

the precipitation of increasing amounts of Fe3C, which is

less ferromagnetic than the martensitic matrix. Although

the reduction of the amount of solid solution carbon of the

martensitic matrix also tends to increase the magnetic

moment of iron, the overall behavior is the decrease of the

ms of the alloy.

Table 3 shows the results of austenite volume fraction

quantifications by XRD and magnetization saturation

measurements. For both methods the austenite volume

fraction (Cc) was higher in the sample quenched from the

highest temperature (880 �C). It is interesting to note that

the quantification by XRD provide results 0.06–0.07

lower than the magnetization measurements in samples

A1, B1 and C1. However, in samples where the austenite

was partially transformed by subzero cooling (C1N) or

tempering at 270 �C the quantification by XRD gives

results 0.3–0.4 higher than the magnetization measure-

ments ones.
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Fig. 4 TMA curve of sample B1
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Fig. 6 X-ray diffractograms of samples C1 and C1N
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Fig. 7 Magnetization curves of samples C1, C3 and C5
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Conclusions

Quantifications of the retained austenite in quenched and

tempered high carbon chromium alloyed steel were per-

formed by XRD and magnetic measurements. The samples

quenched from 880 �C, 810 �C and 750 �C presented

austenite volume fractions ranging from 0.275 to 0.205 by

the magnetic method and from 0.138 to 0.202 by the XRD

analysis. The retained austenite transforms partially into

martensite upon cooling down to )150 �C. Some of the

retained austenite remains untransformed due to the sta-

bilization of the austenite. The increase of the tempering

temperature from 220 �C to 270 �C decreases the austenite

amount but enhances the stabilization effect of the aus-

tenite to subsequent cooling. The intrinsic magnetization of

the ferromagnetic martensite adopted in this work in the

phase quantifications was 206.4 A2m/kg. The increase of

the tempering temperature above 320 �C slightly decreases

the ms value. The sample tempered at 320 �C presented a

very small amount of retained austenite ( < 1%), only

detectable by the magnetic saturation method.
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Table 3 Results of phase quantifications by XRD and magnetization

saturation measurements

Quenching

temperature

(oC)

Tempering

temperature

(oC)

Sample

identification

Austenite volume

fraction (Cc)

XRD Magnetic

method

750 220 A1 0.162 0.219

A1N – 0.097

880 220 B1 0.202 0.275

B1N – 0.089

810 220 C1 0.138 0.205

C1N 0.112 0.076

270 C3 0.128 0.097

C3N – 0.083

320 C5 0.0 0.005

C5N – 0.0

400 C7 0.0 0.0
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Fig. 8 Magnetization saturation against tempering temperature
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