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Rapid annealing of metallic glasses results in their physical properties different from those stemming 
from isothermal or non-isothermal annealing with slow heating rates. Differential thermal analysis (DTA) 
with heating rates up to 2500 K⋅min–1 was applied to investigate amorphous alloys of the composition 
Fe85–xCrxB15 (x = 0, 1, 5) in order to follow the crystallization process. The results have been compared 
with those obtained with the usual low heating rate processes available from the commercial DSC 
method. Simultaneously recorded high heating rates magnetic susceptibilities complement the thermal 
measurements and reveal an interesting phenomenon of suppression of the decomposition of the residual 
amorphous phase when the heating rates exceed 1250 K⋅min–1, 550 K⋅min–1 and 250 K⋅min–1 for x =0, 
1 and 5, respectively. Both, the high heating rate and the Cr addition facilitate the formation of nanostruc-
ture which is stable against a further decomposition. 
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1. Introduction 

Heating of amorphous alloys leads to their crystallization and structural changes. 
The positions of crystallization peaks depending on the heating rates and kinetics of 
the process is usually analyzed based on the Kissinger plot [1, 2]. The crystallization 
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following closely the glassy transition is a diffusion controlled process [3]. This be-
haviour is observed in the isothermal or isochronal experiments with low heating rates 
not exceeding 80 K⋅min–1. The question arises, how this diffusion controlled process 
evolves with the increasing heating rate, above 80 K⋅min–1. Except some “quench-up” 
experiments with the effective heating rate of about 104–106 K⋅s–1 carried out on thin 
films [4] and amorphous ribbons [5, 6], there are no reported thermal analysis experi-
ments using a controlled high heating rate above 500 K⋅min–1 [7].  

In the present work, results of measurements with high heating rates controlled up 
to 2500 K⋅min–1 are presented. The model material of Fe85–xCrxB15 (x = 0, 1 and 5) was 
selected as a well known amorphous alloys studied by low heating rate DSC and other 
methods [8].  

2. Experimental 

We have developed a DTA attachment to the existent home-built thermomagne-
tometer (TMA) [9] enabling simultaneous DTA and TMA measurements with high 
heating rates. Feedback controlled electric current heats the furnace in the form of a 
platinum boat, where a ribbon sample is placed in one side of the boat. The other side 
is used as a reference for temperature measurements. The thermal effects are detected 
as the temperature difference between the sample and the reference sites. The value of 
2500 K⋅min–1 was the highest heating rate with feedback control of linearity (Fig. 1). 

 
Fig. 1. Time dependence of temperature and its derivative 

recorded at the controlled rate of 2500 K⋅min–1 

Samples from a series of amorphous Fe85–xCrxB15 alloys with x = 0, 1, and 5 were 
prepared by the melt-spinning technique in the form of 1 mm wide and 20 μm thick 
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ribbons. The glassy state of the samples was confirmed by the X-ray diffraction meas-
urements. The chemical composition of the material was analyzed by the atomic ab-
sorption spectroscopy. Two pieces of 10 mm long ribbons (altogether about 3 mg) was 
used in the DTA experiment. A similar amount of the material cut into 3 mm pieces 
was used in the DSC experiment. 

3. Results  

In Figure 2, the DTA and TMAG curves for Fe85B15 amorphous sample obtained 
using the heating rates between 700 and 2500 K⋅min–1are plotted. The DTA signal was 
normalized with the heating rate in order to obtain comparable intensities. A two-stage 
crystallization is observed up to the heating rate of 1250 K⋅min–1. The first exothermic 
peak (I) in the DTA and the increase of the magnetization value in the TMAG curve 
are attributed to the precipitation of α-Fe [11]. Next the residual amorphous phase 
enriches in boron and crystallizes eutecticallly into α-Fe + Fe3B, and this process is 
observed as a second exothermic peak (II) in the DTA thermograph. A comprehensive 
analysis of the described above processes can be found elsewhere [8]. 

  

Fig. 2. Devitrification process of amorphous Fe85B15 alloy obtained at various heating rates as indicated: 
DTA curves from the crystallization region (a), and corresponding TMAG curves (b) 

With the heating rate increasing above 1250 K⋅min–1, only a smeared out one stage 
transformation (peak I) is recorded. The same tendency is observed in TMAG meas-
urements results. The intensity of the magnetization corresponding to Fe3B formation 
(peak II) is nearly equal to the first peak (I) of α-Fe precipitation at heating rates be-
low 1000 K⋅min–1. Above this value the peak II decreases together with the magnetiza-
tion upraise of the first peak. Above 1500 K⋅min–1 heating rate, a smeared out first 
magnetization peak is only observed (Fig. 2b). Taking the peak temperatures, Tp, at 
a certain heating rate, q, an ln(q/Tp

2) versus 1/Tp Kissinger plot can be constructed, 
from which the activation energy of the process can be calculated. The above described 
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experiment was repeated also for two additional Fe85–xCrxB15 samples, where 1 at. % and 5 
at. % of Fe was replaced by Cr. The Kissinger plots are presented in Fig. 3. 
 

  

Fig. 3. Kissinger’s plots obtained at high heating 
rates for the two crystallization stages: a) Fe85B15,  

b) Fe84Cr1B15, c) Fe80Cr5B15 

The two crystallization stages of Fe85B15 are characterized by nearly the same ac-
tivation energies, about 200 kJ/mol for each. With the increasing heating rate, the in-
tensity of the higher temperature peak (II) decreases (Fig. 2), and finally it is im-
mersed in the wider peak (I) at about 1250 K⋅min–1. At higher heating rates, above 
1500 K min–1, the plot corresponding to the lower temperature peak (I) clearly deflects 
from the linear behaviour. The 1 at. % Cr addition does not change the two-step character 
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of the crystallization process; however, the second peak dies out at a much lower heating 
rate (at about 500 K⋅min–1) than in the case of the original binary alloy Fe85B15. 

The evolution of crystallization steps changes drastically when 5 at. % of Fe is re-
placed by Cr. The two-stage crystallization is only observed at low heating rates, below 
250 K⋅min–1. With the increasing heating rate, the shift of the higher temperature peak (II) 
is smaller (higher activation energy) than that of the peak (I). At about 300 K/min the two 
peaks overlap and at higher heating rates only one peak is observed. This peak represents 
two processes: first, the precipitation of α-Fe, and second, further transformation of the 
residual amorphous phase. The slope of the overlapped process remained the same as of 
the process (I), indicating that the precipitation of α-Fe is the determining factor in the 
cooperative processes of the overlapping crystallization steps. While the activation energy 
of lower temperature peaks (I) does not change significantly for all three investigated al-
loys (ca. 220 kJ·mol–1), the activation energy for higher temperature peaks (II) increases 
with Cr content. For 1 and 5 at. % Cr contents, the values are 465 and 570 kJ·mol–1, re-
spectively, in comparison with the value obtained for the pure binary alloy, amounting to 
216 kJ mol–1.  

3. Discussion 

High heating rates reveal new effects, which may originate directly in the devitri-
fication processes. Remarkable is for instance, the deflection from the linearity of the 
Kissinger plot for the low temperature peak (I) of Fe85B15 above 1250 K·min–1 heating 
rates. High heating rates can involve higher temperature gradients within the sample, 
causing a widening in the temperature (time) range of crystallization and shifts the 
peak temperature, Tp, as well. In the devitrification process the primary crystallization 
of the α-Fe is a long-range diffusion process, which can be accomplished more easily 
(with smaller activation energies) at higher temperatures, resulted from the high heat-
ing rate shifting. On the other hand, the crystallization of the residual amorphous 
phase is a short- range diffusion process for which the activation energy is higher and 
seemingly does not change in the temperature interval of the peak shifting. 

Another explanation of this phenomenon could be given by accounting the changes of 
the boron content in the α-Fe phase. As has been recently shown [12], the concentration of 
boron in the primary α-Fe increases from 0.14 to 0.39 with increasing the annealing tem-
perature of the Fe85B15 metallic glass from 628 to 667 K. According the level rule, the 
volume fraction occupied by the primary crystals is proportional to [13]: 

* 0

1 * xt

c cf
c c
−=
−

 

where c* and c0 are the matrix concentrations at the interface and far from it, respec-
tively, and cxt is the concentration of the crystallite precipitate. It is easy to show that 
at cxt → c0 (i.e., to 0.15) the volume fraction of the α-phase approaches 1. In fact, the 
sample of amorphous Fe85B15 alloy crystallized at the heating rate of about 104 K·s–1 
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had a single phase structure consisting of nanoscale (10–30 nm) grains of supersatu-
rated solid solution of boron in α-Fe [6]. Analysis of primary crystallization kinetics at 
high heating rates and structure of the partially (nanocrystalline states) and fully crys-
tallized samples confirm this scenario of structural changes.  

4. Conclusions 

The behaviour of the crystallization steps in function of heating rates and Cr con-
tent revealed that the decomposition of the residual amorphous phase is strictly de-
pendent on the evaluation of the first stage of the devitrification process. The calcula-
tions of activation energies of thermally activated reactions studied during linear 
heating confirm validity of model-free isoconversion methods which use approxima-
tions of the temperature integral [14]. As in the present case, these methods neglect the 
temperature integral at the start of the linear heating. A high rate of heat treatment may 
produce various nanostructures, not available at heat treatment with conventional low 
heating rates. This may cause disappearance of the higher temperature peak (II) ob-
served with the increasing heating rate. XRD and TEM measurements (not presented 
here) confirm two different dynamics of structural changes. 

References 
[1] KISSINGER H.E., J. Res. Nat. Bureau Standards, 57 (1956), 217. 
[2] KISSINGER H.E., Anal. Chem., 29 (1957), 1702. 
[3] NAKAJIMA T., KITA E., INO H., J. Mater. Sci., 23 (1988), 1279. 
[4] ADAMOVSKY S., SCHICK C., Thermochim. Acta, 415 (2004), 1. 
[5] ZAŁUSKA A., MATYJA H., J. Mater. Sci. Lett., 2 (1983), 729. 
[6] ABROSIMOVA G.E., ARONIN A.S., STELMUH V.A., Solid State Phys., 33 (1991), 3570. 
[7] ICHITSUBO T., MATSUBARA E., NUMAKURA H., TANAKA K., NISHIYAMA N., TARUMI R., Phys. Rev. B, 

72 (2005), 052201.  
[8] KÖSTER U., HEROLD U., [in:] Glassy Metals I, H.J. Güntherodt, H. Beck (Eds), Springer, New York, 

1981, 230. 
[9] KAMASA P., VARGA L.K., KISDI-KOSZÓ É., VANDLIK J. [in:] P. Duhaj, P. Mrafko, P. Svec (Eds.), 

Suppl. to the Proc. 9th Int. Conf. on Rapidly Quenched and Metastable Alloys, Bratislava (Slovakia), 
1996, Elsevier, Amsterdam, 1997, 280. 

[10] KISDI-KOSZÓ É., KISS L.F., VARGA L.K., KAMASA P., Mater. Sci. Eng. A, 226–228 (1997), 689. 
[11] KAMASA P., BUZIN A., PYDA M., KOVAC J., CZIRÁKI Á., LOVAS A., BAKONYI I., J. Magn. Magn. Ma-

ter, 257 (2003), 274.  
[12] TKATCH V.I., RASSOLOV S.G., MOISEEVA T.N., POPOV V.V., J. Non-Cryst. Solids, 1351, (2005), 1658. 
[13] CLAVAGUERA-MORA M.T., CLAVAGUERA N., CRESPO D., PRADELL T., Progr. Mater. Sci., 47 (2002), 559.  
[14] STARINK M.J., Thermochim. Acta, 404 (2003), 163. 

Received 31 May 2007 
Revised 22 December 2007 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


