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This study introduces a new apparatus for quantitative assessment of hot tearing tendency in casting alloys.
In this method, molten metal is cast in a T-shaped mold cavity. Each arm of the T-shaped casting is hooked
onto a rigid flask which restrains its free contraction during solidification. One of the hooks connects to
a load cell which enables the real-time measurement of the contraction load during the solidification process
as well as the load-time curve of each experiment. Temperature-time curves are also plotted using K-type
thermocouples placed in the casting hot spot and connected to a data-acquisition system. Through the use
of this set up, it is possible to estimate the solid fraction at which hot tearing occurs. Experiments were
conducted with Al-9 %Si alloy to investigate the accuracy of the apparatus and modify its operation. The
influence of the mold thermal gradient on the load-time curve and the hot tearing severity were investigated.
Microscopic study of the observed hot tear regions was also performed to characterize the hot tearing char-
acteristics.
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1. INTRODUCTION

Formation of microscopic tears within the semisolid tem-

perature range during casting has been the subject of metal-

lurgical research since the 1940s, as hot tearing is a major

defect in various cast alloys with large mushy zones. Hot

tearing refers to formation of tears that occur at high fraction

solids within the mushy zone during solidification of shaped

castings and ingots. This defect can occur in both ferrous and

non ferrous alloys [1-3].

It is an inter dendritic defect with a major band and some

branches. The paths of tears propagate through the rough

surfaces, and the dendritic morphology can be seen on the

torn surface [4]. Hot tearing occurs in the mushy zone near

the solidus temperature where solidification is nearly com-

plete and only a thin film of liquid remained around the

grains [5].

Due to the nature of this defect, the economic impact is

often significant and can lead to immediate productivity loss.

It is important for casting industries to be able to predict pre-

cisely the susceptibility of various alloys, casting geometries

and /or process conditions as they pertain to hot tearing. A

number of experimental methods have been devised over the

years to determine the hot tearing susceptibility of cast

alloys, the majority of which aim to create the defect by con-

straining the contraction of the casting as it solidifies and

then quantifying the severity of the tearing [4,5]. In most of

these methods, the susceptibility to hot tearing is examined

by visual inspection of the solidified castings at room tem-

perature and quantification of the number and severity of the

open fissures observed on the surface of the castings. Exper-

imental designs have generally been of ring type casting,

restrained bar type casting, or variations thereof. The princi-

ple of the ring casting method involves a central core that

acts to resist thermal contraction during the solidification and

cooling process, thereby causing tensile stresses to develop in

the semisolid regions. Consequently, in the past, the cumula-

tive tear length or number of tears have been linked to the

alloys hot tearing susceptibility [3,6]. The dog bone or black

bone method is based on preventing free contraction during

solidification of a casting bar. Both ends of the casting bar

are restrained by the mold; thus, hot tearing occurs at the

center of the bar [4]. Hot tensile test is another type of hot

tearing test. In this method, the casting sample is heated to

the semisolid temperature range and a tensile test machine is

used to determine the mechanical properties of the semisolid

sample [7]. The mechanical properties in the semisolid state

can be discussed in terms of the hot tearing susceptibility.

This method enables quantitative data to be obtained.
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Recently, Monroe and Beckermann [8] studied the hot

tearing tendency of steel using T-shaped castings and mea-

sured the stress and strain that is exerted on two bolts fixed at

two ends of the castings during solidification. Due to their

use of complicated instruments, however, their method is

very complex and analysis of the data is difficult. Moreover,

preparation for each test is lengthy and requires specialized

experience. 

The present study introduces a new apparatus that permits

a quantitative determination of the hot tearing tendency of

cast alloys. The proposed method, which is a modification of

the method used by Monroe and Beckermann [8], is based

on simultaneous real-time measurement and monitoring of

the contraction load and the temperature during the solidifi-

cation process. In order to investigate the accuracy of this

apparatus and modify its operation, several experiments were

performed with Al-9 %Si alloy. 

2. DESIGN AND MANUFACTURE

A schematic of the hot tearing test apparatus designed and

used in this work is shown in Fig. 1. Its design concept is

based on eliminating the mould constraining effects, and

thus the mould type, on the tension and strain that develop as

the casting solidifies. The mould geometry was therefore

required to allow for free contraction of the casting during

solidification. As a result, a T-shaped mould cavity was

selected and the constraints necessary for contraction were

provided by two bolts inserted into two sides of the mould

cavity, as shown in Fig. 1 [9,10].

The apparatus consists of a sodium silicate bonded silica

sand mould with a T-shaped cavity, two steel bolts (hooks) to

restrain the casting contraction, a 50 KN load cell which

enables real-time measurement of the contraction load dur-

ing solidification, a PC system and data converter, two K-type

thermocouples inserted into the mould cavity, and a rigid

framework in which the flasks are secured with two thick

steel plates at both ends [9,11].

The bolts set in the T-shaped cavity transfer the contrac-

tion force to the load cell and the rigid framework and there-

fore restrain the free contraction of the arms of the T-shaped

casting. Load cell readings are fed to a special software

which provides a real-time load-time curve for each experi-

ment. The real-time temperature-time variations in the hot

spot of the castings are also recorded by the K-type thermo-

couples positioned in the T-junction of the casting [9,11].

To estimate the rigidity of the steel plates upon which the

load cell is positioned, the steel plates were tested in a condi-

tion close to that of the actual condition (the casting condi-

tion). The plates were tested in a bending test machine, leading

to a stress-strain curve similar to that shown in Fig. 2. The

curve shows that for bending loads up to 30 KN, the plates

show elastic deformation and a linear deflection. Under a

bending load of 30 KN, approximately 2.9 mm of bending

occurs. 

Preliminary studies showed that the hot tearing occurred

under much lighter loads where the deflection of the plates

were negligible. Therefore, it was recognized that the effects

due to bending of the plates on the load cell measurements

were very small and could be overlooked.

The bending of each plate was also measured in an actual

condition by setting a micrometer on the back of each plate

and the maximum deflection of each 27 mm thick steel plate

under a 30 KN bending load was found to be 1.5 mm. This

confirmed the accuracy of the test condition. 

The plates were connected using four pipes and other

pieces of equipment were set in this rigid flask as shown in

Fig. 1.

When melt is poured in the T-shaped cavity, rapid solidifi-

cation around the bolts fixes the bolts. At this stage, the bolts

can transfer the solidification load to the load cell. The pre-

vention of the free contraction of the casting will concentrate

the strain in the mushy zone of the casting, and hot tearing

will occur. The tearing is presented as a peak or change in

the slope in the load-time curve. The temperature-time curveFig. 1. Schematic plane of hot tearing test apparatus.

Fig. 2. Bending test curve of rigid plates.
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(cooling curve) is used for determining the solid fraction and

temperature at which hot tearing occurs.

3. OBSERVATIONS

Figure 3 shows the load-time curve and the cooling curve

of the Al-9%Si alloy. At the beginning of the solidification,

when the solid fraction of the melt is small, the contraction

forces of the melt and the casting cannot be transferred effi-

ciently to the load cell. Therefore, the expansion-induced

compressive force due to heating of the bolts will be domi-

nant. After a while, when a strong solid shell is formed on

the surface of the mould, the contraction force overcomes

the expansion force and the load curve starts to move to the

positive region of the curve. 

Based on the experiences gained during the design and

manufacturing stage, hot tearing occurs at very small loads.

However, the compressive force developed as a result of the

initial expansion of the bolts, can offset the slope changes in

the curves. Therefore, the effects of this compressive force

must be reduced. This is a phenomenon that has also been

observed in other studies but often neglected [12].

In order to minimize this compressive force, an original

method was used. The method minimizes the heating of the

bolts during the casting process by use of a cooling medium

at the end of each bolt. Figure 4 shows the load-time curve

and the cooling curve of the Al-9 %Si alloy at an experiment

where the temperature of the bolts and their expansion were

minimized. This ensured that the compressive force was

very small.

4. DISCUSSION

In the first test (Fig. 3), at the beginning of the solidifica-

tion, the expansion-induced compressive force will be dom-

inant and therefore, the contraction forces of the casting

cannot be transferred efficiently to the load cell. With contin-

uation of the solidification, the solid fraction increases and a

strong solid shell is formed on the bolts as well as on the

mould surface. Thus, the contraction force overcomes the

expansion force and the load curve begins to move to the

positive region.

In the first test, the load cell shows compressive force due

to the expansion of the bolts and the instruments. The maxi-

mum compressive force developed during this test is (−784 N)

and the corresponding temperature is 548 °C. At 536 °C, the

solid fraction begins to increase and the contraction force

appears. The contraction force on the hot spot can lead to a

condition in which hot tearing occurs. At the end of the

solidification and after the knock-out of the mold, a visible

tear was observed on the surface of the casting.

The T-junction of each casting was cut, ground, polished

and etched according to standard metallographic techniques.

Figure 5 shows an optical micrograph of a casting which

confirms the presence of interdendritic tearing. Microscopic

study of the observed torn regions was performed to charac-

terize the hot tearing.

In Fig. 3, no peak appears. The expected peaks of the hot

tearing were possibly eliminated by the compressive load.

Therefore, a second test was designed to investigate this pos-

sibility. 

In the second test, two copper blocks were joined to the

bolts to reduce their temperature. This led to a reduction in

the amount of expansion of the bolts. Thus, the compressiveFig. 3. Load-time and temperature-time curves for the first test.

Fig. 4. load-time and temperature-time curves for the second test.

Fig. 5. Optical micrograph of surface crack, first test.
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force in this test was smaller than that of the first test. The

compressive force in this test was nearly (−178 N) (Fig. 4).

Through the use of two copper chills at the end of the casting

arms, an increase in the heat transfer from the mold was

attempted. This should cause an increase in the rate of strain

on the hot spot. Reduction of the compressive force in the

second test increased the accuracy of the apparatus. It

appears that by using the chills on the arms of the casting, a

directional solidification condition is set. Thus, solidification

proceeds rapidly from the arms to the center of the casting.

Therefore, the hot spot is transferred to the foot of the casting

(Fig. 1) and the contraction force cannot open the dendritic

network. Therefore, hot tearing does not occur in the previ-

ous region. Other experiments with other alloys upheld the

accuracy of the apparatus. 

5. CONCLUSIONS

In this study a new apparatus that facilitates the quantita-

tive investigation of hot tearing was introduced. The appara-

tus can estimate the susceptibility of cast alloys to hot tearing

without the need for visible tearing and allows the compari-

son of the hot tearing susceptibility of different cast alloys.

Susceptibility to hot tearing can be determined by quantify-

ing the strain rate in the mushy zone. Using this method, it

becomes possible to determine the temperature and the solid

fraction at which hot tearing occurs in the hot spot. The

accuracy of this apparatus can be compared to other methods

that uses a load cell. Application of the apparatus is very

simple and does not require specialized experience.

 REFERENCE

1. J. Campbell, Castings, 2
nd

 ed., p. 242-257, Buttenvorth-Hei-

nemann, Oxford (2003).

2. D. G. Eskin, Physical Metallurgy of Direct Chill Casting of

Aluminum, 1
nd

 ed., p. 183-216, Taylor & Francis, Boca Raton

(2008).

3. J. B. Mitchell, S. L. Cockcroft, D. Viano, C. Davidson, and

D. Stjohn, Met. Mater. Trans. 38A, 2503 (2007).

4. X. Li, Ph. D. Thesis, p.1-2, Du Quebec University, Canada

(2000).

5. P. R. Beeley, Foundry Technology, 2
nd

 ed. p. 115-130, But-

terworth Heinemann, Oxford (2001).

6. S. Lin, Ph. D. Thesis, p. 46-50, Du Quebec University, Can-

ada (1999).

7. D. G. Eskin, Suyitno, and L. Katgerman, Prog. Mater. Sci.

49, 629 (2004).

8. C. Monroe and C. Beckermann, Mater. Sci. Eng. 413-414, 30

(2005).

9. M. R. Nasresfahani and B. Niroumand, Proc. 2
nd

 Int. Conf.

on Aluminium Casting (ed., M. Lokshin), p. 26, Moscow,

Russia (2009).

10. M. R. Nasresfahani and B. Niroumand, Proc. Iran Int. Alu-

minium Conf. (ed., M. T. Salehi), p. 47, Tehran, Iran (2009).

11. M. R. Nasresfahani and B. Niroumand, Mater. Char. Doi:

10.1016/j.matchar.2009.12.015.

12. C. Davidson, D. Viano, L. Lu, and D. Stjohn, Inter. Jour.

Cast. Metal. Res. 19, 59 (2006).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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 false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /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 /MediumResolution
      >>
      /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 [2834.646 2834.646]
>> setpagedevice


