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Study of the fracture behavior of a CuCrZr alloy
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Abstract

A previous study concerning the characterization of a CuCrZr alloy, considered as a

possible candidate for the construction of passive satellites while highlighting some

critical issues such as low hardness and elastic modulus, showed very interesting

characteristics of toughness evaluated with preliminary tests on Charpy specimens

and tensile tests. Considering that this alloy finds applications within the ITER pro-

ject, an international program of great interest, it seems important to characterize

many aspects of the alloy. For this reason, fatigue crack propagation rate (da/dn vs

ΔK) and KIC measurements were performed, too.
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1 | INTRODUCTION

CuCrZr alloys have good castability and good machinability. Moreover, the CuCrZr alloys have an excellent combination of strength, electrical

conductivity, and thermal conductivity.1,2 These properties make these alloys an interesting candidate also for dissipating for example heat gener-

ated by nuclear fusion experiments. They are frequently used as engineering materials in various electric and electronic devices.

CuCrZr alloys have high strength and electrical conductivity resulting from precipitation of dispersed particles.3,4 In fact, these alloys are age-

hardenable: heat treatment, constituted by solution treatment followed by quenching and aging, provides a significant strength increase. Aged

CuCrZr alloys possess high electric conductivity due to negligible electron scattering on solutes. Because of the low solubility of Cr and Zr in Cu,

the optimal contents of Cr and Zr in CuCrZr alloys are limited to 0.67 and 0.12 wt%, respectively.5,6 Although precipitation from liquid of Cr and

Zr phases decreases the mechanical properties of the alloy, a considerable strengthening of these alloys can be achieved by means of precipitation

of secondary phases and thermo-mechanical processing. Plastic deformation can be performed by rolling, drawing, etc. CuCrZr alloys are studied

also because they are used for high heat flux applications in components of the ITER7 burning plasma device. CuCrZr is an interesting material for

ITER because it exhibits high thermal conductivity, high strength, good ductility, radiation resistance, commercial availability, and low cost. How-

ever, to investigate the fracture behaviour of Cu-based alloys is very important.8

In this work, based on the results obtained in a previous work,9 we analysed the toughness and fatigue properties of a CuCrZr alloy especially

produced for evaluating its potential applications.

Toughness measurement tests have been carried out, both with CT and Charpy specimens for the determination of KIC, impact strength, and

crack propagation rate. The fracture surfaces have been carefully examined with both qualitative and quantitative methods by performing

fractographic analyses of specimens subjected to fatigue tests.

2 | EXPERIMENTAL METHODS

CuCrZr was manufactured and provided by Società Metallurgica Minotti. The nominal composition was 98.9 wt% Cu, 1 wt% Cr, and 0.1 wt%

Zr. The as-received material was forged and aged.
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The Charpy Impact Test was carried out by using ASTM E 23 standards for a Type A specimen. Tensile tests were carried out for determining

tensile strength, elongation, and modulus. Copper alloy specimens for Standard Charpy-V tests, with a 2-mm-deep 45� notch, for the determina-

tion of KIC (ASTM E 399) and crack propagation rate (ASTM 647), were obtained from the as-received material that was forged and aged.

The fatigue tests were performed on standard CT specimens (as ASTM E647 indications) by using an hydraulic testing machine working at

30 Hz. The tests are performed using two load ratios at constant ΔP and sinusoidal wave form. The main parameters have been R = 0.1 and

ΔP = 2500 N, and R = 0.7 and ΔP = 900 N.

The fracture surfaces of the CT and Charpy specimens were observed and characterized by using scanning electron microscope (SEM). Micro-

structural analyses were carried out by means of SEM and optical microscope on specimens etched by using ferric chloride reagent. Microanalyses

were carried out by means of energy dispersion spectroscopy (EDS).

3 | RESULTS AND DISCUSSION

CuCrZr alloy is a PH copper alloy (heat-treatable alloy). Cr content must be lower than 1.5 wt% to avoid the formation of coarse Cr particles. Zr,

whose concentration is lower than 0.25 wt%, increases the alloy hardness due to the formation of precipitates and increases the alloy ductility

avoiding intergranular fracture.

F IGURE 1 Charpy specimen before
(A) and after (B) the test

F IGURE 2 Fatigue crack propagation
rate vs ΔK of two representative tests
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Specimens of the as-received alloy have been analyzed by means of EDS. Several analyses carried out on different specimens highlighted that,

although they are not homogeneous, the actual composition is about 99.12 wt% Cu, 0.8 wt% Cr, and 0.08 wt% Zr. SEM and optical microscope

analyses of CuCrZr alloys revealed that the grain size is about 50 μm and that there is a phase distributed throughout the material that is a Cr rich

phase.9 In fact, it must be stressed that the highest equilibrium solubility of Cr in Cu is 0.71 wt.% at 1070�C. Rapid solidification or severe plastic

deformation is required to obtain a Cu-Cr supersaturated solid solution. On the other hand, the Zr solubility is very small (0.1 wt%) even at a tem-

perature close to the melting point. On the ground of these considerations, concentrations of Cr and Zr in CuCrZr alloys are usually limited to

0.67 and 0.12 wt%, respectively. Obviously, if the solidification stage is not properly controlled, formation of primary precipitates can occur with

consequent strength decrease of the alloy.

The tested specimens had a hardness of about 130 HV10. Tensile tests gave the following values of the mechanical properties: UTS

394 MPa, σy 180 MPa, and E% 32.5.

One of the main requirements for this alloy is that it needs to possess a good fracture toughness. Three specimens of the as-received alloy

have been subjected to Charpy impact tests, and none of them broke as it can be seen from Figure 1. Tests highlighted that the alloy fracture

toughness is higher than 290 Joule and then that the tested alloy is very tough as already mentioned in literature.10 A preliminary test made for

measuring KIC gave a value equal to 49 MPa m0.5.

Figure 2 shows the experimental values of crack propagation rate da/dn vs ΔK for R 0.1 and 0.7. This figure, that shows the curves that inter-

polate the first points, allows determining the values of ΔKth obtained for crack propagation rates of about 10−10 m/cycle. The ΔKth varies over

F IGURE 3 SEM micrograph showing the fracture surfaces in correspondence of crack initiation (A) and at 3 mm from crack initiation (B).
(C) Specimen tested with R = 0.1

F IGURE 4 SEM micrograph showing
fatigue striations in the final part of the
fracture surface. Specimen tested
with R = 0.1
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the range 7 to 9 MPa m0.5. Clearly, the values of ΔKth are very close in the case of ΔKeff which generally are almost coincident with the values

of ΔK for high values of R (in our case R = 0.7). In the case of R = 0.1, there is a higher value of ΔKth (around 9) due to the crack closure effects.

As far as the Paris regime is concerned, the trend lines converge towards the static fracture mode regime. However, in stage III it is clear that the

accelerations are reduced. This is well evidenced by the considerable material plasticization at the crack tip during the propagation stage. More-

over, the curves move to the right as R decreases, indicating a marked closure effect for this alloy. The calculated maximum value of K is

38 MPa m0.5 at R = 0.7 and 41 MPa m0.5 at R = 0.1. This confirms the measured value of KIC.

Although the examination of fracture surfaces after Charpy impact tests shows that, even at higher load application rates, the alloy behavior

is always very ductile, fatigue fracture propagation proceeds in a brittle mode. By observing SEM micrographs reported in Figure 3, it is apparent

that fracture of specimens tested with R = 0.1 propagates in a transcrystalline way. Brittle fatigue fracture propagated on cleavage planes, and at

high magnification blunt striations can be easily seen (Figure 3C). In the final zone of the fatigue crack, the approximately 1-μm striations can be

easily seen (Figure 4).

By observing fracture surfaces of specimens tested with R = 0.7, it can be highlighted that even in this case the fatigue fracture proceeded in

a brittle made. In fact, Figure 5 shows a cleavage-like fracture and, only in the final zone of the fracture, distinctive fatigue striations can be seen

together with cleavage planes.

SEM observation of the fracture surface in the static fracture mode regime highlights that the fracture is characterized by plastic deformation as

it can be seen in Figure 6A. By comparing the micrograph reported in this figure with the one of the fracture surface after tensile test (Figure 6B) and

F IGURE 6 SEM micrographs showing the fracture surfaces of the CT specimen in the last stage (A), of the tensile specimen (B) and of the
Charpy specimen (C)

F IGURE 5 SEM micrograph showing the fracture surfaces in correspondence of crack initiation (A) and at 3 mm from crack initiation (B) and
in the final part (C). Specimen tested with R = 0.7
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with the one of the Charpy specimen (Figure 6C) it is apparent that, independently on the type of applied load, the studied alloy shows a ductile frac-

ture. This alloy, before separation, has an intensive local extension and necking down. The studied material does not show, even after impact tests,

mixed mode of cleavage and dimpled fracture. Moreover, there is not intergranular fracture, and this confirms the effect of Zr that avoids inter-

granular fracture. By observing fracture surfaces, the coarse Cr particles do not seem to affect the fracture behavior of the alloy.

4 | CONCLUSIONS

In this work, a complete characterization of an important copper-based alloy used in ITER (International Thermonuclear Experimental Reactor) is

presented.

The main interesting properties are evaluated performing different mechanical tests. Obtained fracture surfaces are observed by using a SEM

in order to determine the main fracture micromechanisms.

KIC tests and Charpy impact tests highlight that the alloy toughness is high. The fatigue tests, performed at low and high load ratios, show that

the alloy is strongly influenced by the load conditions, mainly in terms of ΔKth. Furthermore, the third stage of the da/dN curves slope decreases

in ΔK due to the high tendency of the alloy to the plasticization, as observed in the Charpy tests, too. From fracture surface observations, the

fatigue crack propagation in the second stage shows traditional striations, characterized by a step compatible with the measured propagation rate.

AUTHOR'S CONTRIBUTIONS

A.P. and C.P. planned the tests and provided the specimens. F.I, C.B. and V.D.C. performed fatigue tests. A.B., F. F. and D.P.performed metallurgi-

cal analyses. All the authors discussed and interpreted the results and gave their contribution to the conception and the writing of the paper.

ACKNOWLEDGEMENT

The authors thank Dr F. Fraccaroli of Metalminotti s.r.l. (Varedo, MB, Italy) for providing the CuCrZr copper alloy.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Francesco Iacoviello https://orcid.org/0000-0002-9382-6092

Costanzo Bellini https://orcid.org/0000-0003-4804-6588

Vittorio Di Cocco https://orcid.org/0000-0002-1668-3729

REFERENCES

1. Li M, Sokolov MA, Zinkle SJ. Tensile and fracture toughness properties of neutron-irradiated CuCrZr. J Nucl Mater. 2009;393:36-46. https://doi.org/

10.1016/j.jnucmat.2009.05.003

2. Morozova A, Mishnev R, Belyakov A, Kaibyshev R. Microstructure and properties of fine grained Cu-Cr-Zr alloys after thermo-mechanical treatments.

Rev Adv Mater Sci. 2018;54:56-92. https://doi.org/10.1515/rams-2018-0020

3. Zhang Z, Guo J, Dehm G, Pippan R. In-situ tracking the structural and chemical evolution of nanostructured CuCr alloys. Acta Mater. 2017;138:42-51.

https://doi.org/10.1016/j.actamat.2017.07.039

4. Chbihi A, Sauvage X, Blavette D. Atomic scale investigation of Cr precipitation in copper. Acta Mater. 2012;60:4575-4585. https://doi.org/10.1016/j.

actamat.2012.01.038

5. Bochvar N. Cr-Cu-Zr (Chromium-Copper-Zirconium). In: Effenberg G, Ilyenko S, eds. Non-Ferrous Metal Ternary Systems. Selected Copper Systems:

Phase Diagrams, Crystallographic and Thermodynamic Data. Berlin: Springer; 2007. https://doi.org/10.1007/978-3-540-47000-7_19

6. Liu Y, Zhou P, Liu S, Du Y. Experimental investigation and thermodynamic description of the Cu-Cr-Zr system. Calphad. 2017;59:1-11. https://doi.

org/10.1016/j.calphad.2017.07.002

7. Holtkamp N. An overview of the ITER project. Fusion Eng Des. 2007;82:427-434. https://doi.org/10.1016/j.fusengdes.2007.03.029

8. Iacoviello F, Di Cocco V, Natali S, Brotzu A. Grain size and loading conditions influence on fatigue crack propagation in a Cu-Zn-Al shape memory alloy.

Int J Fatig. 2018;115:27-34. https://doi.org/10.1016/j.ijfatigue.2018.06.039

9. Brotzu A, Felli F, Pilone D, Di Cocco V, Sindoni G, Ciufolini I. Study of CuCrZr alloy for the production of a passive satellite. Proc Struct Integ. 2019;

18:742-748. https://doi.org/10.1016/j.prostr.2019.08.222

10. Edwards DJ, Singh BN, Tähtinen S. Effect of heat treatments on precipitate microstructure and mechanical properties of a CuCrZr alloy. J Nucl Mater.

2007;367–370:904-909. https://doi.org/10.1016/j.jnucmat.2007.03.064

How to cite this article: Brotzu A, Felli F, Pilone D, et al. Study of the fracture behavior of a CuCrZr alloy. Mat Design Process Comm. 2019;

e113. https://doi.org/10.1002/mdp2.113

BROTZU ET AL. 5 of 5

https://orcid.org/0000-0002-9382-6092
https://orcid.org/0000-0002-9382-6092
https://orcid.org/0000-0003-4804-6588
https://orcid.org/0000-0003-4804-6588
https://orcid.org/0000-0002-1668-3729
https://orcid.org/0000-0002-1668-3729
https://doi.org/10.1016/j.jnucmat.2009.05.003
https://doi.org/10.1016/j.jnucmat.2009.05.003
https://doi.org/10.1515/rams-2018-0020
https://doi.org/10.1016/j.actamat.2017.07.039
https://doi.org/10.1016/j.actamat.2012.01.038
https://doi.org/10.1016/j.actamat.2012.01.038
https://doi.org/10.1007/978-3-540-47000-7_19
https://doi.org/10.1016/j.calphad.2017.07.002
https://doi.org/10.1016/j.calphad.2017.07.002
https://doi.org/10.1016/j.fusengdes.2007.03.029
https://doi.org/10.1016/j.ijfatigue.2018.06.039
https://doi.org/10.1016/j.prostr.2019.08.222
https://doi.org/10.1016/j.jnucmat.2007.03.064
https://doi.org/10.1002/mdp2.113

	Study of the fracture behavior of a CuCrZr alloy
	1  INTRODUCTION
	2  EXPERIMENTAL METHODS
	3  RESULTS AND DISCUSSION
	4  CONCLUSIONS
	  AUTHOR'S CONTRIBUTIONS
	ACKNOWLEDGEMENT
	  CONFLICT OF INTEREST
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


