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Abstract

and copper alloys).

Steel dies used in hot extrusion of copper failed after several extrusion cycles (2-5 tons of extruded material).
In the extrusion process the die is subjected to high temperatures and stresses the failure mechanisms was plastic
deformation. Industry considers new die materials, such as Inconel 718. In this research it was shown that during
production using an Inconel 718 die one can extrude 8 times more material (approx. 40 tons). After the extrusion
of 40 tons of copper small cracks and plastic deformation on die aperture are seen. The die was discarded and
used to investigate die failure mechanisms. By using different investigation methods (optic and scanning electron
microscopy, hardness and microhardness tests) microstructure changes were observed. This research was done in
the collaboration of Politehnica University of Bucharest, Romania and S.C. LAROMET S.A. (a manufacturer of copper
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Introduction

Inconel 718 is a very important material for aerospace applications
due to excellent mechanical characteristics in the -253 to 650°C
temperature regime. It is a nickel - iron base superalloy with 5.3% Nb
content [1].

Solid solution and precipitation strengthening are the strengthening
mechanisms. The matrix, denoted gamma phase (y) is reinforced by
two precipitated phases: gamma prime (y’), which has a FCC structure
and is an ordered Ni,(Al,Ti) phase and gamma double prime (y”), also a
coherent with a BCT structure Ni,Nb phase. The y” phase is metastable.
A third and detrimental phase, considered to reduce strain, is the brittle
delta phase (8) which appears as a Widmanstatten structure and can
act as a stress raiser. The delta phase is incoherent, with an ortorombic
structure and the same chemical composition as the tetragonal y” [2].

The 8 phase formation occurs in the 650-980°C temperature range
with platelet morphology. Recent studies show the beneficial effect of
§ phase: it can be used to control grain size and has a pinning effect by
blocking grain boundary sliding [3-5].

The most rapid § phase precipitation was found by Moll at
temperature of approximately 900°C, very close to the working
temperature regime found in hot extrusion of copper [6].

Microstructure evolution in Inconel 718 in high temperature
working regimes are widely available but cannot be applied to
conditions found during hot extrusion of copper. In LAROMET S.A.
the hot extrusion of copper is performed with a billet temperature
approx. 850°C, well above the 650°C limit temperature for Inconel.
The high temperature associated with high stresses occuring during
extrusion creates a new working regime with unusual parameters for
this alloy.

Our aim is to observe and compare the microstructure evolution
in this working regime with literature data. Based upon these results
further actions of die maintenance, design or even new materials will
be taken into account.

Usually steel dies made from AISI H13 were used for copper hot
extrusion. These dies failed by severe plastic deformation and needed

either refurbishing or even discarding only after an average of 5 tons of
extruded copper. This experimental Inconel 718 made die managed 40
tons of extruded copper with little refurbishing, 8 times more than an
old steel die.

Materials and Methods

The die was still usable, but it was decided to discard it for
research. First the surface was polished for hardness measurements
and then samples were obtained using a metalographic cutter for
optic and scanning electron microscopes studies, X-Ray analysis and
microhardness tests.

Prior all destructive tests a macroscopic observation was performed,
by naked eye, to find most relevant regions for further studies. For the
hardness mapping on the polished die surface a grid 20 x 20 mm was
traced and at each intersection four HRC measurements were performed,
whenever possible. The data was recorded and inserted in a commercial
software, converted in a matrix and a hardness map was plotted.

For optic and scanning electron microscopy studies the samples
followed a standard metallographic preparation as recommended by
several authors [7-9].

The XRD patterns are obtained using Cu, radiation in a
conventional difractometer and the microhardness tests are performed
using a Vickers indenter and a load of 40 gf.

Results and Discussion

In Figure 1 the regions of interest on the discarded die are depicted.
It was a 320 mm diameter die with a rectangular aperture for extrusion.
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After polishing cracks at aperture corners are observed, growing at 45°
angles. A significant plastic deformation can be observed at the middle
of the aperture length. Since plastic deformation was not a concern,
mainly samples from the cracked areas were analyzed.

The initial HRC hardness, on the new die, had an average value
of 43 HRC with a 0.2 standard deviation. After use, on the back side
a 44HRC mean value was found, but with a standard deviation of 1.2.
The back side of the die did not show any damage signs and no further
analysis was performed.

On the front side of the die hardness variation is plotted in Figure 2.

The maximum hardness of 42HRC was found near the edge of the
die, far from the aperture. Little or no microstructure changes were
expected in this region, Sjoberg [10] reporting hardness for heat treated
Inconel 718 ranging from 32 to 37HRC and a 42HRC value is normal
for forged, annealed 1065°C/1h/air cooled and aged 760°C/20 h [11].

The minimum value was found at 25HRC where a severe dropdown
of 17HRC units occurred. Regions near aperture show lower values
but in a median region also lower values can be observed. By hardness
variation on the surface microstructure change is to be expected. The
distribution reveals that the left side of Figure 2 has an overall lower
hardness while for the right side appears to have a higher hardness.
Such unequal distribution could be obtained by a non uniform loading
of the die during extrusion which produces a shear.

Using the optic microscope a general aspect of the main crack
was observed. The crack is intergranular, it grows on grain boundary.
From the main crack many secondary cracks split and grow on grain
boundary and then re-intersect with the main crack, the result is
isolated grains or groups of grains, as Figure 3 clearly depicts. Also an
uniform grain size is observed; the grains are small and did not coarsen.

The main crack grows at grain boundary and it has a saw-tooth
appearance as seen in Figure 4. This crack originates at aperture corner
and extends at a 45° angle. At higher magnification, (Figure 5) it can
be seen how the crack splits and grows on grain boundary, surrounds
a grain or a group of grains and the re-intersects with the main crack.

In Figure 6 a crack which occurred in the proximity of the main
crack can be observed. Its growth direction is nearly parallel to the
main one, but no contact with the exterior environment was made. In
its path the crack interacts with carbides, as shown in Figure 7. The crack is
deflected and forced to grow around the hard phases and then re-intersects.

In Figure 8 a detail of an isolated grain can be observed. Cracks at
grain boundary split and begin to grow also on grain boundary. The
crack aspect, at higher magnification, appears jagged suggesting that it
was deflected by grain boundary precipitated phases - in Inconel 718
the most important being the § phase.

The morphology of § phase can be film like, when it precipitates
at the lower temperature region of the precipitation domain, while at
higher temperatures the phase grows along favorable habital planes in
the matrix and the film like morphology disappears.

The morphology of § phase was observed by Sjoberg as film at
grain boundary when exposed for 16h at 800°C and left to cool at room
temperature and plate morphology when over aged for 62h at 930°C
[10]. In our case the temperature was 850°C with stresses, so we would
expect an incipient plate like morphology in the material. Depletion
of Nb in § phase vicinity results in a weakened region of material
which provides a favorable path for crack extension, as we were able
to observe.

The presence of plate like morphology of § phase - serrated grain
boundaries - creates obstacles for crack growth and an improvement
of mechanical properties is to be expected. In Figure 9 a serrated grain
boundary is depicted, the § phase appears as a discontinuous film, the
morphology tending to become plate [10,12].

The § phase has a detrimental effect on the yield stress but no effect
what so ever on the tensile strength at room temperature and at 550°C
[1] and it guides the crack to grow in a zigzag pattern along the grain
boundaries on which it precipitates [2,3]. This zigzag pattern, not that
obvious, was also present at studied cracks, a good detail of this aspect
can be observed in Figure 8. The area surrounding the § phase is more

Figure 1: Macroscopic aspects when polished for hardness tests.
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Figure 2: HRC map on the die surface.

Figure 3: Intergranular crack in Inconel 718 in the aperture corner.
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Figure 4: SEM micrograph of the main crack.

Figure 5: SEM micrograph with details of the main crack.

Figure 6: SEM micrograph showing a crack with no exterior contact

plastic than the reinforced matrix - the region is depleted of reinforcing
phases [13-15].

When an elemental map was performed, as presented in Figure 10,
titanium and niobium carbides were found embedded in an alloyed
austenitic matrix. Also, a fine detail regarding small spacing between
the carbides was found, the path on which the crack grew.

When the median region of the die was investigated the alloy
microstructure was found to be normal, with polyhedral twinned

austenitic grains. Strings of inclusions were found (Figure 11) aligned
and parallel to working direction of the material.

High temperature oxidation in air enhances damage effects, local
changes in chemical composition and microstructure occur, a high
sensitivity to high temperature intergranular oxidation in terms of
intergranular crack initiation and propagation can be expected from
Inconel 718 [15,16].

Figure 7: SEM micrograph showing crack interactions with phases
present in Inconel 718.

Figure 8: SEM micrograph of an isolated grain.

Figure 9: SEM micrograph showing grain boundary.
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Figure 10: Elemental mapping and EDAX spectra at the interaction between crack and phases.

Figure 11: SEM micrograph on a sample from the median region of the die

Figure 12: SEM micrograph of precipitated phases a grain boundary.
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Figure 14: SEM micrograph showing plate or needle like phase present
at grain boundary.

Figure 13: SEM micrograph detailing serrated grain boundaries.
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Figure 15: Elemental mapping and EDAX spectra on grain boundary.
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Figure 16: XRD pattern of Inconel 718.

Figure 17: Microhardness imprints in the matrix.

Interaction between oxygen and crack tip is considered by two
theories, the stress accelerated grain boundary oxidation in which grain
boundary oxidize in front of the crack tip and crack opening creates
new surfaces for oxygen exposure and the dynamic embrittlement
which supports the idea of grain boundary embrittlement by oxygen
diffusion [17,18].

These mechanisms may explain cracking phenomena when the

crack starts from die aperture and grows towards the middle of the die,
while smaller hairline cracks which occur deeper and have no exposure to
air have different morphologies and may propagate in the depleted matrix.

At grain boundary, especially at higher magnification (Figures 12-
14) the presence of a phase which gives the serrated aspect was found.
As previously observed, based upon morphology and location, this
phase was assumed to be the § phase.
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As the 8§ phase content increases the high temperature plasticity
of Inconel 718 decreases [1]. For Inconel 718 the main hardening
precipitate is y” with same chemical composition as § (Ni,Nb). Near
precipitated § a region with low volume fraction of y” would appear
and this zone will have lower mechanical characteristics.

The § phase precipitated at grain boundary increases crack growth
and high temperature stress rupture characteristics of the alloy [10].
Still, the present stage, based upon § phase morphology and size, the
alloy finds itself in an acceptable condition for use.

In the elemental map from Figure 15 an alloyed austenitic nickel
matrix can be distinguished and grain boundary phases, due to their
size, cannot be detected. Still, a small region could be captured in
which a high niobium and nickel concentration was present, while
other alloying elements were absent. This aspect strengthened our
assumption that this phase would be the Ni,Nb & phase.

A sample was tested by X-Ray diffraction, the resulting XRD -
pattern is presented in Figure 16. Mainly strong peaks from the nickel
austenite phase were observed similar aspects presented [18]. On closer
inspection of the pattern multiple phase presence could be inferred, but
because the resolution was not acceptable we were unable to determine
precise phase concentration.

This analysis revealed the possibility of Ni,(ALTi) gamma prime
and Ni,Nb § phase peaks but no phase quantification was possible. The
matrix was indexed as a FCC phase with a lattice parameter of 3.610A.
Dehmas [19] reports a value of 3.604A. A phase separation procedure
is required for accurate phase quantity determination [20].

The major strengthening phase is gamma double prime and even
a small volume fraction, lower than 25%, is enough for the alloy to
be a high - strength alloy. The volume fraction of gamma prime is
usually less than 5% and its contribution to strengthening the alloy is
incidental [21-25]. Also peak shifts were observed which lead to the
conclusion of strains present in the material. These strains also could
not be accurately determined.

The microhardness tests performed on the samples, an example
presented in Figure 17, used a Vickers indenter and a 40 g load. The
mean Vickers microhardness was at 513 with a 23 standard deviation.
All tests were performed on the matrix.

Conclusions

We found that a die made of Inconel 718 would be more effective
in hot copper extrusion. The extruded quantity was 40t, 8 times
higher than when usual steel dies were used. The main reason for die
discarding would be aperture decalibration by plastic deformation and
cracks which in this current stage did not affect die performance.

Further use of this die could have been made by enlarging the die
aperture and producing a larger product - the microstructure in median
region of the die would have allowed further use. If we were to assume a
same amount of extruded material, i.e. 40t with an enlarged aperture, the
Inconel 718 die would allow us to extrude 16 times more copper.

By optic and mainly scanning electron microscopy the cracks were
observed. They appeared intergranular, typical for high temperature
cracking, with a jagged aspect due to § phase presence at grain
boundary. The median region of the die revealed a normal structure
for the alloy.

Current die performance is found to be acceptable for production
in S.C. LAROMET S.A., the extruded quantity was increased per

die. Industrial trials and further researches on Rene 41 made dies
are currently performed expecting a better result, since the limit
temperature for Inconel 718 is below the copper extrusion temperature
used in the factory.

Acknowledgment

These research results are obtained within the project entitled ‘Materiale
special destinate confectionarii matritelor pentru extrudarea la cald a cuprului si
alamelor’ (Special materials for hot extrusion dies for copper and brass), an effort
from Politehnica University of Bucharest and LAROMET S.A.

References

1. Zhang SH, Zhang HY, Cheng M (2011) Tensile deformation and fracture
characteristics of delta-processed Inconel 718 alloy at elevated temperature.
Material Science and Engineering: A 528: 6253-6258.

2. Collier JP, Wong SH, Pjillips JC, Tien JK (1988) The effect of varying Al, Ti and
Nb content on the phase stability of Inconel 718. Metalurgical Transactions A
19: 1657-1666

3. Loria EA (1989) Proceedings of the International Symposium on the Metallurgy
and Applications of Superalloy 718. Pittsburgh, PA, USA.

4. Loria EA (2005) Proceedings of the Sixth International Symposium on
Superalloys 718, 625, 706 and Derivatives. Pittsburgh, PA, USA.

5. Kuo CM, Yang YT, Bor HY, Wei CN, Tai CC (2009) Aging effects on the
microstructure and creep behavior of Inconel 718 superalloy. Material Science
and Engineering 510: 289-294.

6. Moll JH, Maniar GN, Muzyka (1971) The Microstructure of 706, a new Fe-Ni-
Base superalloy. Metallurgical Transactions 2: 2143-2151.

7. Azadian S, Wei LJ, Warren R (2004) Delta phase precipitation in Inconel 718.
Materials Characterization 53: 7-16.

8. Voort GV, Manilova E (2004) Metallographic techinques for superalloys.
Microscopy and Microanalysis 10: 690-691.

9. Vander Voort GF (1984) Metallography, Principles and Practice. ASM
International, USA.

10. Sjoberg G, Ingesten NG, Carlson RG (1991) Grain boundary delta phase
morphologies, carbides and notch rupture sensitivity of cast alloy 718. The
Minerals, Metals & Materials Society 603-620.

11. www.specialmetals.com

12.Li S, Zhuang J, Yang J, Deng Q, Du J (1994) The effect of delta phase on crack
propagation under creep and fatigue conditions in alloy 718. The Minerals,
Metals & Materials Society 545-555.

13. Desvallées Y, Bouzidi M, Bois F, Beaude N (1994) Delta phase in Inconel 718:
Mechanical properties and forging process requirements. TMS 281-291.

14. Zhang HY, Zhang SH, Cheng M, Li ZX (2010) Deformation characteristics of
d phase in the delta-processed Inconel 718 alloy. Materials Characterization
61: 49-53.

15. Garat V, Delume J, Cloue JM, Andrieu E (2005) High temperature intergranular
oxidation of Alloy 718. Superalloys 718, 625 and Derivatives 559-569.

16. Woodford DA (2006) Gas phase embrittlement and time dependent cracking of
Nickel based superalloys. Energy Materials 1: 59-79.

17. Gustafsson D, Moverare J, Johansson S, Horngvist M, Simonsson K, et al.
(2010) Fatigue growth behavior of Inconel 718 with high temperature hold
times. Procedia Engineering 2: 1095-1104.

18. Yanlei L, Boyuan B, Jingwei L, Zhang T, Bai X, et al. (2015) Effect of Cooling
Rate on Phosphorus Removal During Al-Si Solvent Refining. Metallurgical and
Materials Transactions B 46: 542-544.

19. Dehmas M, Lacaze J, Niang A, Viguier B (2011) TEM study of high temperature
precipitation of delta phase in Inconel 718 alloy. Advances in materials science
and engineering 2011: 940634.

20. Terence YH, Langdon G (2007) The evolution of delta-phase in a superplastic
Inconel 718 alloy. J Mater Sci 42: 421-427.

21. Cozar R, Pnieau A (1972) Morphology of y’ and y” precipitates and thermal
stability of Inconel 718 type superalloys. Metallurgical and Materials
Transactions B 4: 47-59.

J Material Sci Eng
ISSN: 2169-0022 JME, an open access journal

Volume 4 « Issue 6 + 1000205


http://cat.inist.fr/?aModele=afficheN&cpsidt=24275247
http://cat.inist.fr/?aModele=afficheN&cpsidt=24275247
http://cat.inist.fr/?aModele=afficheN&cpsidt=24275247
http://link.springer.com/article/10.1007%2FBF02645133
http://link.springer.com/article/10.1007%2FBF02645133
http://link.springer.com/article/10.1007%2FBF02645133
http://www.researchgate.net/publication/248474018_Aging_effects_on_the_microstructure_and_creep_behavior_of_Inconel_718_superalloy
http://www.researchgate.net/publication/248474018_Aging_effects_on_the_microstructure_and_creep_behavior_of_Inconel_718_superalloy
http://www.researchgate.net/publication/248474018_Aging_effects_on_the_microstructure_and_creep_behavior_of_Inconel_718_superalloy
http://link.springer.com/article/10.1007/BF02917543
http://link.springer.com/article/10.1007/BF02917543
http://www.researchgate.net/publication/248495509_Delta_phase_precipitation_in_Inconel_718
http://www.researchgate.net/publication/248495509_Delta_phase_precipitation_in_Inconel_718
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=239867
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=239867
http://www.tms.org/superalloys/10.7449/1991/Superalloys_1991_603_620.pdf
http://www.tms.org/superalloys/10.7449/1991/Superalloys_1991_603_620.pdf
http://www.tms.org/superalloys/10.7449/1991/Superalloys_1991_603_620.pdf
http://www.specialmetals.com
http://www.tms.org/superalloys/10.7449/1994/Superalloys_1994_545_555.pdf
http://www.tms.org/superalloys/10.7449/1994/Superalloys_1994_545_555.pdf
http://www.tms.org/superalloys/10.7449/1994/Superalloys_1994_545_555.pdf
http://www.researchgate.net/publication/269258298_Delta_Phase_in_INCONEL_718_Mechanical_Properties_and_Forging_Process_Requirements
http://www.researchgate.net/publication/269258298_Delta_Phase_in_INCONEL_718_Mechanical_Properties_and_Forging_Process_Requirements
http://libra.msra.cn/Publication/41101956/deformation-characteristics-of-phase-in-the-delta-processed-inconel-718-alloy
http://libra.msra.cn/Publication/41101956/deformation-characteristics-of-phase-in-the-delta-processed-inconel-718-alloy
http://libra.msra.cn/Publication/41101956/deformation-characteristics-of-phase-in-the-delta-processed-inconel-718-alloy
http://www.tms.org/superalloys/10.7449/2005/Superalloys_2005_559_569.pdf
http://www.tms.org/superalloys/10.7449/2005/Superalloys_2005_559_569.pdf
http://www.researchgate.net/publication/228677466_Gas_phase_embrittlement_and_time_dependent_cracking_of_nickel_based_superalloys
http://www.researchgate.net/publication/228677466_Gas_phase_embrittlement_and_time_dependent_cracking_of_nickel_based_superalloys
http://link.springer.com/article/10.1007/s11663-015-0291-4
http://link.springer.com/article/10.1007/s11663-015-0291-4
http://link.springer.com/article/10.1007/s11663-015-0291-4
http://www.hindawi.com/journals/amse/2011/940634/
http://www.hindawi.com/journals/amse/2011/940634/
http://www.hindawi.com/journals/amse/2011/940634/
http://www.researchgate.net/publication/227149951_The_evolution_of_delta-phase_in_a_superplastic_Inconel_718_alloy
http://www.researchgate.net/publication/227149951_The_evolution_of_delta-phase_in_a_superplastic_Inconel_718_alloy
http://www.researchgate.net/publication/226675684_Morphology_of_'_and__precipitates_and_thermal_stability_of_Inconel_718_type_superalloys
http://www.researchgate.net/publication/226675684_Morphology_of_'_and__precipitates_and_thermal_stability_of_Inconel_718_type_superalloys
http://www.researchgate.net/publication/226675684_Morphology_of_'_and__precipitates_and_thermal_stability_of_Inconel_718_type_superalloys

Citation: Schwartz M, Gheorghe D, Ciocoiu R, Ciuca |, Jula G (2015) Failure of an Inconel 718 Die used in Production of Hot Copper Direct Extrusion.
J Material Sci Eng 4: 205. doi:10.4172/2169-0022.1000205

Page 8 of 8

22. Sundararaman M, Mukhopadhay P, Banerjee S (1988) Deformation behavior 24. Slama C, Servant C, Cizeron G (1997) Ageing of the Inconel 718 alloy between

of y” strengthened Inconel 718. Acta Metallurgica 36: 847-864. 500 and 750°C. J Mater Res 12: 2298-2316.

23. Sundararaman M, Mukhopadhay P, Banerjee S (1992) Some aspects of the 25. Yang L, Chen W, Chang KM, Mannan S, deBarbadillo J (1997) A new approach
precipitation of metastable intermetallic phases in Inconel 718. Metallurgical for verifying precipitate solvus in Inconel alloy 718. In: Loria EA (ed) Superalloys
Transactions A 23: 2015-2028. 718, 625, 706 and various derivatives, TMS.

J Material Sci Eng
ISSN: 2169-0022 JME, an open access journal Volume 4 « Issue 6 « 1000205


http://www.researchgate.net/publication/240404451_Deformation_behavior_of__strengthened_Inconel_718%60
http://www.researchgate.net/publication/240404451_Deformation_behavior_of__strengthened_Inconel_718%60
http://link.springer.com/article/10.1007%2FBF02647549
http://link.springer.com/article/10.1007%2FBF02647549
http://link.springer.com/article/10.1007%2FBF02647549
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=7982295
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=7982295

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	Results and Discussion 
	Conclusions
	Acknowledgment
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	References

