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Abstract: The structure of insufficiently deformed areas at the non-steady phase of extrusion was studied. The tests at Kamensk
Uralsky Metallurgical Works using a 120 MN press and 800 mm dia. container, in order to extrude a 355.6 mm dia. Bar was
performed. The bar material is the AI-Mg—Si AD33 aluminum alloy (GOST 4784), similar to ASTM 6061. The percentage
reduction was 80 %, and the reduction ratio was 5.06. After that, the macrostructure, microstructure, and average grain size
along the radius, mechanical properties at room and elevated temperatures were investigated. It was found that the extruded bar
macrostructure is fine-grained, homogeneous, and dense, with no nonmetallic or intermetallic inclusions. The cross-section
contained several structures. The central part is weakly deformed preserving the dendritic cell structure inherited from the casting.
At the circumference, a streaked structure is formed. Its components are crushed and uniformly distributed. We measured the
strength at elevated temperatures and compared the results to the data available in the literature. The tested material strength
almost doubled, thus indicating its incomplete softening. The ductility was also performed. The DEFORM-2D software, in order
to simulate the low reduction of extrusion was used. The metal at the circumference is exposed to a greater strain from the extrusion
beginning. A step-by-step analysis indicated that at the first step, the strain is localized near the die hole. In the second step, a
rigid area is formed in the vicinity of the die/container liner interface. The circumference layer of metal with a 1.75—2.00 reduction
of area is formed. At the bar center, this range is 0.75—1.00 (half of the circumference value). In the third step, the circumference
layer with an elevated strain has a wedge-like shape. In the fourth step, the circumference layer (with elevated strain) has an
equal thickness along the extrusion axis. This indicates the steady phase. The plastic strain at the bar front end is higher at the
circumference than in the center. This confirms the structural analysis results. They show that the central part of the bar may
retain its cast structure, while the circumference is deformed. If the bar central part is required to have some specific properties,
the bar has to undergo another manufacturing operation to increase the accumulated strain. Re-extrusion processes the areas
insufficiently deformed during the first extrusion.
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AHHOTaMsA: BbIsIBJIeHBI OCOOEHHOCTU CTPOEHUSI 30H HEIOCTATOYHOM IMPOpPabOTKM MeTaJljla B HeCTallMOHAPHOM CTaJuu MPecCoBaHUS.
B ycnoBusix OAO «KaMeHcK-YpaibcKuit MeTannyprudyeckuit 3aBoa» (Poccust) Ha npecce HOMUHaAbHbIM ycuauem 120 MH BblnojiHEHO
TmpeccoBaHMe CIUTKA M3 KOHTeiiHepa nuamMeTpoM 800 MM ¢ MoTydyeHreM MpyTKa [uaMeTpoM 355,6 MM. Martepual cIuTka — aJlloMUHU-
eBolii crimaB AJ133 (FTOCT 4784) — anasnor criaBa 6061 mo cranmapty ASTM cucremsr Al-Mg—Si. OTHOCHTENbHOE 00XATUE B TAKOM
npotiecce coctanisiio 80 %, a KoadduineHT BRITSKKYM — 5,06. JlanbHeiiiee uccaeqoBaHue BKIOYAIO0 U3yYeHUEe MAaKPOCTPYKTYPbI, MU-
KPOCTPYKTYPBI BIOJb paguajbHOl KOOPAUHATHI, ONpeeeHrue CPpeJHero pa3Mepa 3epHa BAOJIb pajiualbHON KOOPAMHATBI, UCTIBITAHUS
MEXaHMYECKUX CBOMCTB NMpU KOMHATHON M MOBBIILIEHHON TeMIeparypax. YCTaHOBJIEHO, YTO MAaKPOCTPYKTYpa BbIXOJHOM YacTH MpyTKa —
MEJIKO3E€PHUCTAs, OMHOPOAHAS, TJIOTHAS, HEMETAJUIMUYECKUE U MHTEPMETAJJIMIHbIE BKJIIOUEHU I OTCYTCTBYOT. OTHAKO 110 TTOTIEPEUHOMY
CEUYCHUIO BBISIBIIEHA Pa3HOCTPYKTYPHOCTD: B IIEHTPE CTPYKTYpa JAEMOHCTPUPYET cllabonedOopMUpOBaHHOE COCTOSIHUE, COXPAHSIST PUCY-
HOK CTPOEHUSI IEHIPUTHBIX sTYeeK, YHACTEAOBAHHBIX OT JIUTHS; HA TTepudepun CTpyKTypa UMeeT CTPOUEUHOE CTPOSHUE, €€ COCTABIISIIO-
1[Me Majoro pasMepa U paBHOMEpPHO pacrpeaeeHbl. [lonyyeHbl 3HaueHUsI TPOYHOCTHBIX CBOMCTB MPH MOBBIIIEHHBIX TEMIEpaTypax u
BBITMOJHEHO CPaBHEHUE C U3BECTHBIMU U3 JIUTEPATypbl JaHHBIMU. MaTepuas B ONbITax OKa3aJjcs MpoyHee MoYTHU B 2 pa3a, 4YTO TOBOPUT O
€ro HernoJHOM pa3yrnpoyHeHUU. TakKe BbIITOJIHEHO CpaBHEHME MJACTUUYECKUX CBOMCTB. B pacueTHOI YacTu ¢ MOMOILIbIO MTPOTPaMMHO-
ro moayiass DEFORM-2D npoBeieHO YMCAEHHOE MOACIMPOBAHUE MTPECCOBAHUS C MaJIbIM KO3(hGUIIMEHTOM BbITSIXKU. BbIsIBIEHO, 4TO
MeTaJll Ha Tiepudepun MoaBepraeTcst Oobllelt cTeneHn feopMaIiuy ¢ caMoTo Havasa mpoiecca. OTcaekMBaHUe CUTYaIUH T10 I1araM
1oKa3ajo, YTO Ha MepBOM Inare AedopMaly JOKaTU30BaHbl BOJM3U OTBEPCTUSI MATPUIILI, HA BTOPOM — HaOJII0aJIoCch 00pa3oBaHue
JKECTKOI 30HbI B OKPECTHOCTH CThIKA MaTPUIIbl M paboueii BTYJKM KOHTelHepa. B nepudepuitHoii 061acTi yCTaHOBUJICS CJIOW MeTaJja
co cteneHblo feopmaunu 1,75-2,00. B To ke Bpems B LeHTpe 3TOT AMana3oH cHusuics 1o 0,75—1,00, T.e. 3HaueHU S OKa3aJUCh TPAKTU-
yecku B 2 paza MeHblue. Ha TperbheM 1iare nepudepuitHblii CJI0# C MOBBIILIEHHBIM YPOBHEM JiehopMallMi UMEET KJIMHOOOpa3Hyio (hopmy,
Ha yeTBepTOM — repudepuitHblii (C MOBBIIIEHHON cTeneHblo nedhopMalm) CJIOK UMEET PaBHYIO TOJIIMHY BIOJb OCHU PECCOBAHUS, UTO
TOBOPUT O HACTYTIJICHUU CTAIIMOHAPHOI cTaauu. [IsI mepenHero KoHIa MpyTKa Ha Tiepudepun moKasaTeab MIacTuIecKon nedopmannu
BBIIIIE, YeM JIJISI IEHTPAJIbHOM YacTh. DTO MOATBEPXKAAET Pe3yabTaThl CTPYKTYPHOTO aHaau3a, rae OblIo MOKa3aHo, YTO B LIEHTPAaTbHOI
YACTU MOXET COXPAaHSThCS JIUTasl CTPYKTypa, B TO BpeMsl Kak Ha nepudepu BO3HUKAIOT BCe MPU3HAKM HATUYUs 1e(POPMUPOBAHHOTO
coctosiHUsl. TakM 00pa3oM, eciu BO3ZHMKAeT He0OXO0JUMOCTb UCIIOIb30BaHMSI TOM YACTU 3aTOTOBKHY B KaYeCTBE MaTepuasa ¢ Heobxo-
JIIMMBIM YPOBHEM CBOWMCTB, TO MPUAETCSI TPUMEHUTH TEXHOJOIMUYECKY IO OTepaliuio C yBeJMYeHeM HAKOTIJIEHHOM CTerneHu neopMaliuu.
[1pu 3anIaHMpPOBaHHOI MOBTOPHOI 00pabOTKe MPEeCCOBAaHMUEM CO3A0TCS YCIOBUS ISl MPopabOTKU obyacTeit MeTaiia, HEAOCTATOUHO
nedopMUpPOBaHHBIX ITPU TTIEPBUYHOI 00paboTKe.

Kuxouessie coBa: mpeccoBaHue, miactuueckas aedbopmanus, CTpyKTypa MeTaljia, HeOMIHOPOAHOCTb CBOMCTB, METOI KOHEUHBIX 2JIEMEH-
TOB, YMCJIEHHOE MOJICTMPOBaHME
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Introduction
and problem statement

Extrusion is a common manufacturing process used
for making aluminum or other light metal parts [1].
The process should be quickly adjusted to make new
parts since the product range can be extremely exten-
sive. This means replacing just one tooling for extru-
sion — the die. Moreover, extrusion improves metal
ductility by irregularly compressing the metal from all
sides. Indeed, the ductility of aluminum alloys is often
low [2]. The extrusion process is required in order to in-
crease ductility [3, 4].

On the other hand, extrusion results in a irregular-
ly strain distribution [5], especially in the initial phase.
This phase is commonly referred to as unsteady. It be-
gins with closing the opening between the bar and
tooling, and the metal expanding and filling the extru-
sion container [6, 7]. Next, the bar front endis pushed
through the opening in the die. At this phase, the strain
gradually penetrates the metal. However, the compres-
sive stress is not yet high enough which may lead to
cracking [8].

Finally, the process reaches the steady phase. This is
when the strain field is stabilized. There is a chance to
obtain consistent metal properties and structure the en-
tire bar length [9], although some inconsistencies across
the cross-section will most likely remain [10—12]. In
this case, the bar outer shell experiences extensive strain,
which may lead to cracking [13].

A question arises: how long is the unsteady phase? We
need to know this, in order to determine which bar part
meets the specifications.

Few studies address this question. It should be noted
some papers about this topic [14, 15]. Finite element
modeling can be used to simulate the stresses and strains
in real extrusion processes [16, 17].

The study purpose is to identify the structure of in-
sufficiently deformed areas at the unsteady extrusion
phase.

Industrial
test conditions

The tests was performed at Kamensk Uralsky Met-
allurgical Works using a 120 MN press and 800 mm
dia. press container, in order to extrude a 355.6 mm
dia. bar. The bar material is the AI—Mg—Si AD33
aluminum alloy (GOST 4784), similar to ASTM 6061.
Its required chemical composition is (wt.%): 0.8—
1.20 Mg; 0.4—0.8 Si; 0.04—0.35 Cr; 0.15—0.40 Cu.
The actual metal composition was as follows (wt.%):

1.0 Mg; 0.6 Si; 0.14 Cr; 0.19 Cu; 0.58 Fe; 0.10 Mn;
0.02 Zn; 0.06 Ti. Some of the elements are acceptable
impurities.

The percent reduction was 80 %, and the reduction
ratio was 5.06. After the test, we studied:

— macrostructure;

— microstructure along the radius;

— average grain size along the radius;

— mechanical properties at room and elevated tem-

peratures.

For the tests, the samples was cut off from the front
end of the bar. Fig. 1 shows the metal macrostructure
(1/4 cross-section). The bar front end macrostruc-
ture is fine-grained, homogeneous, and dense, with no
non-metallic or inter-metallic inclusions.

The bar front end macrostructure is dense, with
no non-metallic or inter-metallic inclusions in the
cross-section. We identified several structures in the
cross-section:

— the center (Fig. 2, a) is weakly deformed, preserv-
ing the dendritic cell structure inherited from the cast-
ing;

— the same structure is at half of the radius (Fig. 2, b)
from the center;

— at the circumference (Fig. 2, ¢), a streaked struc-
ture is formed. Its components are crushed and uni-
formly distributed.

The streak structure indicates that the main elonga-
tion occurs along the extrusion axis. In the cylindrical
coordinate system, the other principal strains (tangent
and radial) are compression strains.

The average grain size at the bar center at half of the
radius from the center was 190 pm, and 30 pm at the

Fig. 1. The bar front end macrostructure, 355.6 mm dia.
(1/4 cross-section)

Puc. 1. MakpocTpyKTypa BBIXOJIHOI YaCTU MpyTKa
nuameTpoM 355,6 MM (TTomepeyHOe ceueH e,
YeTBEPTh TEMILJIETA)
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Fig. 2. The bar microstructure in polarized light. Bar center (@), at half of the radius from the center (b), and the circumference (c)

Puc. 2. MukpocTpyKTypa B MOJISIpM30BAaHHOM CBETE MPyTKa B LIEHTPE (@), Ha TTOJIOBUHE panuyca (b) u Ha nepudepuu (c)

circumference (6x difference). It indicates inconsistent
penetration of the strains along the radius. The smaller
the grain size, the larger the strain.

Fig. 3 shows the strength vs. temperature curve.
There is a large (up to 94 %) difference between the
ultimate tensile strength and offset yield strength at
room temperature. However, it drops sharply at ¢t =
= 300 °C. The strength decreases as the temperature
increases.

The comparison was made for the measured
strength values at elevated temperatures to those re-
ported by other researchers. Chinese researchers [18]
performed static tests (0.001 s~! strain rate) with the
6061 alloy at t =450 °C. The yield stress was 18 MPa.

This value is similar to the yield offset measured
with the procedure proposed by A.V. Tretiakov and
V.I. Zyuzin [19]. The tested material strength almost
doubled, thus indicating its incomplete softening.
The authors of the paper [18] suggested that the sof-
tening in the temperature range which they studied
is caused not by recrystallization, but by dynamic
recovery.

Fig. 4 shows the ductility properties of the alloy. This
relationship is non-monotonic in contrast to strength.
The test values was compared to the available results for
the AD33 alloy. For example, according to matweb.com,
alloy 6061 (AD33 analog made to the ASTM stand-
ard) after annealing has 124 MPa tensile strength and
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Fig. 3. Strength vs. test temperature curve
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Puc. 3. 3aBuCUMOCTb MPOYHOCTHHIX CBOMCTB OT TEMITEPATyPhl UCTIBITAHU I
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Fig. 4. The bar front end ductility vs. test temperature

Puc. 4. [Toxazaresu MJIaCTUYHOCTY MEPEIHEN YaCTU MPYTKa B 3aBUCUMOCTH OT TEMITepaTypbl UCTIBITAHU I

55 MPa yield strength. The experimental values were
134 and 69 MPa (8 % and 25 % higher), respectively,
i.e. the strength exceeded the standard values for the an-
nealed alloy.

The matweb.com database indicates the relative
elongation at break for the alloy is 30 %. The relative
elongation at break that we measured is 19 %, which is
less than the rated value by 100-(30 — 19)/30 = 37 %.
This means that the bar front end after extrusion is par-
tially hardened. The hardening is more intense at the
circumference. It is confirmed by greater grain refine-
ment among other things.

The relative reduction of area can be used to estimate
the shear strain at break and to plot the fracture diag-
ram [20].

Fig. 4 shows that the relative reduction of area in-
creases sharply as the metal is heated: at = 300 °C it is
65 % and remains high (74—86 %) at 450—480 °C. This
enables the subsequent metal forming without crack-
ing. It is assumed that the extruded bar front end will
be re-extruded at the next process stage. The high strain
during extrusion will further enhance the metal struc-
ture to its final form.

Simulation

The above conclusion can be confirmed by sim-
ulation of the metal behavior during extrusion with a
small area reduction. DEFORM-2D software was used.
The stress-strain simulation model was axisymmetric.
The thermal boundary conditions were as close as possi-
ble to the actual values:

— bar temperature: 470 °C;

— press container temperature: 450 °C;

— die and pressure pad temperature: 380 °C;

— ambient temperature at the die hole: 20 °C;

— convective heat transfer coefficient: 0.02 N/s/mm/°C;

— overall heat transfer coefficient: 11 N/c/mm/°C.

The coefficient values and UoMs are as indicated in
the software UI.

The extrusion ram velocity was 3.7 mm/s. The
boundary conditions are expressed as Siebel law for
the 0.7 friction coefficient. The reason for this is the
high normal stress typical of extrusion. The container
and die diameters were 800 mm and 355.6 mm, re-
spectively, identical to the industrial test (see above).
The more detailed problem statement is presented
in [21].

Fig. 5 shows the simulation results as equal strain re-
gions. Indeed, the metal at the circumference is exposed
to a greater strain degree from the beginning of extru-
sion. This is because the bar front end is extruded first
as an undeformed, rigid plug with a diameter equal to
the die diameter. Then the strain rate increases inwards.
This process is gradual and slow.

Fig. 5, a—d shows the steps of this sequence and the
color strain scale (Fig. 5, e)

In the first step (Fig. 5, a), the strain is localized near
the die. In the second step (Fig. 5, d), a “dead” (rigid)
area is formed in the vicinity of the die/container liner
interface. The circumference metal layer with a 1.75—
2.00 reduction of area is formed. Concurrently, this
range is 0.75—1.00 (half of the circumference value) at
the bar center.

In the third step (Fig. 5, ¢), the circumference layer
with an elevated strain has a wedge-like shape. Its thick-
ness is increased, i.e., the process is not yet at the steady
phase. The extruded length-to-bar diameter ratio is 2. In
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Fig. 5. Strain distribution vs. the bar front end relative extruded length (Ilength to diameter ratio)

a—0.5,b—1.0,¢—2.0,d— 3.0, e — effective strain color scale

Puc. 5. VIsmeHeHue KapTUHBI pacIipeieIeHusI cTerneHu neopMay o Mepe BbIJaBIMBaHUS MTepeIHEro KOHIa IMPyTKa
Ha OTHOCUTENBHYIO JJIUHY (OTHOIIIEHUE €r0 IJINHBI K TUaMeTpY)

a—0,5,b—1,0,¢c—2,0,d— 3,0, e— uuBeToBas 111Kaja crereHu aecdopmaruu strain effective

the fourth step, the circumference layer (with elevated
strain) has an equal thickness along the extrusion axis.
It indicates the steady phase. The strain in the center is
now in the 1.00—1.25 range.

The estimated strain as the logarithm of the reduction
ratio (the logarithm of the bar area before/after extrusion
ratio) is 0.7. The FEM analysis gives slightly excessive
strain values, since the shear strain is also included, but
the reduction ratio is ignored.

In general, the color-coded strain patterns show that
at the steady phase. The plastic strain at the bar front end
is higher at the circumference than in the center [22].
It confirms the above structural analysis results. They
show that the bar central part may retain its cast struc-

34

ture, while the circumference is deformed.

If the bar central part is required to have some
specific properties, the bar has to undergo another
manufacturing operation to increase the accumulated
strain.

Conclusion

The structural analysis of the hot-pressed 6061 alu-
minum alloy bar front end showed that the front end has
an inconsistent grain size distribution. The central part
contains large grains. The grain size decreases towards
the circumference.

The hot sample tests revealed a sufficiently high duc-
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tility of the extruded bar front end. The bar is suitable for
re-extrusion to process the areas insufficiently deformed
during the first extrusion.
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