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Evolution of the structural-phase state
of steel swarf during its processing
into a powdered product
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Abstract. Industrial waste recycling is not only linked to significant environmental challenges but also to the recovery of material
resources. Typically, these recovered materials are reused within the same technological niche where the waste was generated, often
through remelting or adding them to the charge. This study presents an alternative approach that enables the production of a functional
powder product from steel swarf during the recycling process, which can subsequently be utilized in the creation of powder metal
matrix composites. The initial structure of the swarf, following the turning of a steel billet, was examined using scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analysis after a processing complex involving additional oxidation and grinding.
This analysis aimed to assess the degree of transformation in the structural-phase state of the steel swarf during its processing. It was
observed that the swarf post-turning exhibited a complex morphological structure with an uneven distribution of oxygen and carbon.
The oxygen present in the initial state of the swarf was insufficient to form a noticeable volume of oxides detectable by X-ray diffrac-
tion. However, SEM revealed individual oxide inclusions, each no more than 5 um in size, located sporadically. Additional oxida-
tion followed by grinding in a vibrating mill altered the structure of the steel swarf, increasing the volume fraction of oxide phases.
The study’s findings indicate that the resulting powder from recycled steel swarf is essentially a metal matrix composite with oxide
inclusions based on an iron matrix, which holds potential for various future powder technologies.

Keywords: steel swarf, grinding, oxidation, structure, iron oxides, composite powders, sintering
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SBoNOUMA CTPYKTYPHO-Pa30BOro COCTOAHUSA
CTaNlbHOM CTPYXXKM B NpoLlecce ee nepepabotku
B NOPOLWKOO6pasHbIN NPOAYKT
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AHHOTauHﬂ. VTunuzamuss 0TX0I0B IIPOMBIIIUICHHOI'O IMPOU3BOACTBA CBfA3dHA HE TOJIBKO C PCHICHUEM OHSKOJOIMYCCKUX HpOGJICM,

HO U C TIOBTOPHBIM HCIIONB30BaHHEM MaTepHAIbHBIX pecypcoB. Yamie BCEero BO3BpallaeMble B MIPOM3BOACTBO MaTepHaIbHBIC
pecypchl CTaparoTCsl IPUMEHUTH B TOH K€ TEXHOJOTHUECKON HHIIE, Iie (POPMHPOBAIHNCH CAMU OTXOJBI, Yepe3 MX IEpEIlIaBKy
w nobaBieHue B IUXTy. B maHHOM paboTe mpeyiaracTcst albTepHATUBHBINA ITOAXOM, MTO3BOJLIONINI IPH YTHIM3AMH CTATbHON
CTPY>KKH TIOTy4aTh ()yHKIIMOHAIBHBII ITOPOIIKOBBIHA IPOIYKT, KOTOPBIH MOXKHO B JaJIbHEHIIIEM HCIIONIB30BATh IIPH CO3AaHHUH TIOPOIII-
KOBBIX METAJUIOMATPUYHBIX KOMITO3UTOB. C MOMOIIBIO PACTPOBOH IEKTPOHHOH MHKPOCKOIINY U PEHTTeHO(}A30BOr0 aHaIn3a Obu1a
HCCIIEI0OBAaHA CTPYKTYpa CTPYXKKH B HCXOJHOM COCTOSTHUH (TIOCTIE TOKapHOU 00pabOTKHU 3arOTOBKH 13 CTalM 45) M MOCe JOMOJIHH-
TEJILHOTO KOMITIEKCa 00pabOTKY (OKHUCIICHUS U N3METBUCHHS) C IENbI0 OLIEHKH CTeTICHN TPaHC(OpMAINH ee CTPYKTypPHO-(Ha30BOTo
COCTOSIHUSA B TIporiecce nepepadorku. [lokazaHo, 4To cTpyXKKa Mocie TOKapHOH 00pabOTKH UMEET CIIOXKHBIN MOP(HOIOTHYECKUI BU]
C HEOIHOPOAHBIM PacCIpeAeIeHreM KHUCIOpOoa U yrieposa. PacTpoBast »IeKTpOHHAs MUKPOCKOIHS HCXOHOTO COCTOSIHUS CTPY>KKH
MI03BOJIMIIA BBISIBUTH OT/ICIBbHBIC BKIIOUEHHUS OKCHIOB pazMepaMu He 0oj1ee 5 MKM B YAaJeHHBIX JPYT OT ApYra JOKaJIbHBIX MECTax.
OnHako HEOOBIION COBOKYIHBINH 00beM M MHAMBHAYAIbHBIA pa3Mep OKCHIHBIX BKIIOUCHUH 3aTPyAHIIN HICHTH(OUKAIMIO STHX
(a3 ¢ MOMOIIBIO PEHTTEHOAU(PPAKIIMOHHOTO METOAA. JIONOIHUTETbHOE OKUCIICHHE C MTOCICAYIONINM H3MEIbUCHUEM B BHOPOMETb-
HUIE TPAaHC(HOPMHUPYET CTPYKTYPy CTAIBHOH CTPYXKKH, IOBBIIIAs OOBEMHYIO JOTIO OKCHIHBIX (ha3. Pe3ynbraTel MpOBEJEHHBIX
HCCIIeI0BAaHNH OKa3aJIH, YTO TTOIYYEHHBIN MOPOIIOK U3 epepaboTaHHOM TakKuM 00pa30M CTaIbHON CTPYKKHU MPEACTABIACT COO0H
(haKTUUECKH METaTIOMaTPUIHBIH KOMITO3UTHBIH MaTepHa ¢ OKCHIHBIMH BKIIFOYCHHSMH Ha OCHOBE XKEJIE€3HOH MAaTPHIIBI, KOTOPBII

MOYKHO HCITOJIb30BaTh B JaJIbHEHUIIIEM B Pa3HbIX NOPOIIKOBBIX TEXHOJIOI'UAX.

KnioueBbie c/ioBa: cranbHas CTPYKKa, U3MEJIBYCHHUE, OKUCIICHHE, CTPYKTYPa, OKCH/IbI JKeNe3a, KOMIIO3HLMOHHbIE TOPOIIKH, CIEKAHHE
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Introduction

In the framework of resource efficiency and waste
utilization strategies, powder metallurgy technologies
are highly preferable. This is particularly evident in
the recycling of metallic waste within the engineering
sector [1-3]. Metal processing on various machines
contributes significantly to the total volume of manu-
facturing waste. Regardless of the processing type
and tools used, metal swarf is always produced when
manufacturing any part and is often recycled as metal
scrap in metallurgical processes [2; 3; 5-7].

Traditionally, metalworking waste is reused either
in remelting processes or as a charge for bulk powder
blanks and coatings [1; 2; 4—13]. The range of materials
studied is broad, encompassing traditional steels, cast
irons [5; 6], non-ferrous metals, and alloys [13-15].
Typically, the first stage of recycling metalworking

waste involves cleaning it of impurities and contami-
nants [16—19]. These primarily include organic contam-
inants from various lubricating-cooling fluids (LCF)
and excess oxygen from oxidation processes during
machine processing and waste storage [16]. However,
these “harmful” impurities and contaminants can be
sources of additional elements for forming a functional
multicomponent structure in the recycled waste, ulti-
mately transforming it into a powder form.

Several factors motivate this task. First, the swarf
structure differs from the original metal billet due
to the defect structure formed during cutting [20].
Second, processing modes and environments, inclu-
ding coolant use and oxidation processes, significantly
influence it. Third, the swarf is a sufficiently activated
material that can undergo additional processing, includ-
ing oxidation and crushing, to convert it into a powder
form [19; 21; 22].
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Considering waste from processing steel billets,
the resulting swarf can serve as a convenient raw mate-
rial for preparing powder compositions with a specific
combination of components. For example, excess
oxygen and oxidation products in the waste from
processing steel billets can form oxide inclusions in
the steel matrix. The proposed combination of compo-
nents (Fe + Fe,O, + Fe,O, + FeO) can act as a precur-
sor for further use in other multicomponent powder
compositions [21-23]. The oxide phases formed after
processing steel swarf, along with the iron itself, can
actively interact with titanium, aluminum, or other ele-
ments [24; 25], creating prospects for developing new
metal-matrix composites. Converting steel swarf frag-
ments into powder with a specific phase composition,
morphology, and particle dispersion for further use in
powder mixtures is essential.

Various methods can grind steel swarf, including
electro-physical [8] or simple mechanical methods [19].
Depending on the intended application of the powder
blanks, the technological parameters of crushing are
determined to obtain powder particles of the required
sizes from the recycled waste. Mechanical grinding
using crushers or vibratory mills with steel balls is
most common [19; 21]. The swarf structure transforms
at each processing stage.

Unfortunately, there are currently few studies in
this area, making it challenging to predict the possible
evolution of the structural-phase state of metalwork-
ing waste for further use. If the products of process-
ing steel swarf are considered potential components in
powder mixtures, it is interesting to study the evolution
of the structure of steel swarf from the initial turning
process to converting it into powder form using addi-
tional oxidation and grinding. Such analysis is signifi-
cant in developing new composite materials with oxide
inclusions, which was the aim of this study.

Materials and methods

Steel billets made from carbon steel 45, the most
common alloy in engineering production, were used as
the research material. Its chemical composition accor-
ding to GOST 1050-2013 is as follows (wt. %):

C.ooooiii 0.42-0.50
Sio.o.o.oo.oo 0.17-0.37
Cu............. <0.25
As.....ooooL <0.08
Mn............. 0.50-0.80
Ni.o............ <0.25
P <0.035
Cro............ <0.25
S <0.04

Steel swarf was obtained at a machine-building
enterprise after the facing operation without using
lubricating-cooling fluids (LCF). Its general appear-
ance in the initial state, microstructure of its fragments
after etching with a 4 % aqueous solution of nitric
acid, phase composition, and surface morphology
after machining are shown in Fig. 1. It is worth noting
that the results of X-ray phase analysis of swarf from
steel 45 did not reveal lines of oxide phases, showing a
practically standard set of phases characteristic of this
grade of steel (Fig. 1, d), consistent with previous
results [26]. The size of swarf fragments after machin-
ing the steel billet was 3—7 mm in width and 10-30 mm
in length, necessitating grinding using a vibratory mill
designed by ISPMS SB RAS (Russia). Grinding was
carried out in an air environment for 10 hours with
steel balls of 15 mm diameter at a swarf-to-balls mass
ratio of 1:30.

Despite the machining conditions and associated
processes of temperature fluctuations, oxygen satura-
tion, and work hardening, the swarf remained ductile,
complicating the grinding process. Therefore, addi-
tional oxidation of the swarf fragments was employed,
increasing their brittleness and enabling the produc-
tion of powder with a wide range of particle disper-
sity — from 50 to 350 um. To assess the compressibility
and sinterability of the resulting powder, cylindrical
samples 10—13 mm high and 10 mm in diameter were
pressed and sintered in a vacuum furnace at tempera-
tures ranging

9=[1— Pemp j-lOO %,
ptheor

where Pemp is the actual density of the sample (g/cm?),
and p, . 1s the theoretical density calculated by
the additive method for powder particles from the recy-
cled steel swarf, assuming at least 30 vol. % oxide
phase and the remainder as a solid solution based on
iron corresponding to steel 45.

Since the quantitative values of the oxide fraction
are averaged, determining the exact theoretical density
is challenging. Therefore, to assess the pore content,
the quantitative metallography method was additio-
nally used. The structural-phase changes in the steel
swarf were investigated by comparing the results
of structural and elemental analyses and the morpho-
logy of its fragments in the initial state after turning
the steel billet and a set of subsequent actions — oxida-
tion, grinding, pressing, and vacuum sintering.

The studies were conducted using optical metal-
lography, X-ray phase analysis (XRD), and scanning
electron microscopy (SEM) with energy-dispersive
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Fig. 1. General appearance of steel swarf (a), microstructure of its fragments (b), SEM image
of one of the surface areas (c), and their phase composition (d) after machining

Puc. 1. O6uwmii Bu cTpyXKu u3 cranu 45 (a), Mukpoctpykrypa ee pparmentos (b), POM-uzobpaxenne
OJTHOTO M3 YYaCTKOB MOBEPXHOCTH (¢) 1 (ha30BbIi COCTaB Mociie MeTai000opadbotku (d)

microanalysis. These analyses were performed
using the equipment of the Tomsk Regional Shared-
Use Center of NR TSU and the Shared-Use Center
of ISPMS SB RAS. The specific equipment used
included: optical microscope AXIOVERT-200MAT
(Carl Zeiss, Germany), X-ray diffractometers
XRD (Shimadzu 6000, Japan) and DRON-8 (NPP
Burevestnik, Russia), and scanning electron micro-
scope MIRA 3LMU (TESCAN, Japan).

Results and discussion

The preliminary analysis of the steel swarf showed
that after machining without using lubricating-cooling
fluids (LCF), a highly defective structure formed on
its surface (Fig.2). Elemental analysis revealed an
uneven distribution of carbon and oxygen (Fig. 2, ¢, d).
The noticeable presence of oxygen on the swarf sur-
face suggests the formation of a certain volume of iron
oxides. However, the XRD analysis did not detect
oxide phases (Fig.1,d) in sufficient quantity for
identification.

It can be assumed that the oxidation processes dur-
ing initial machining primarily contribute to the forma-
tion of amorphous oxide films, which are not visible
to XRD, preventing the formation of iron oxide crys-
tallites in significant quantities. Scanning electron
microscopy at high magnification revealed individual
inclusions that can be attributed to iron oxides based
on the elemental distribution map in the local area
of the swarf surface (Fig. 3). However, their size and
quantity fall below the sensitivity threshold of the X-ray
diffractometer.

Since the steel swarf remained ductile after turn-
ing, and the oxide phase content was minimal, it was
decided to further oxidize the swarf fragments. This
aimed not only to increase the iron oxide content but
also to enhance the swarf’s brittleness. Thus, the oxida-
tion process would achieve two goals: effective swarf
grinding and increased iron oxide content. The simplest
methods for this were used: heating in air or soaking in
water followed by drying.

Despite the straightforward task of oxidizing car-
bon steel swarf, the specifics of iron oxidation must be

9
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Fig. 2. SEM image of the cut surface and elemental distribution maps of iron, oxygen, and carbon
in the steel swarf after processing the steel 45 billet

Puc. 2. POM-u300paskeHre NOBEPXHOCTH CPe3a U KapThl paclpeiesIeH s JKene3a, KUCIopo/ia U yriieposa
B CTaJILHOH CTpPYXKe Mocie 00paboTKK 3aroTOBKU U3 CTasu 45

considered. Iron forms several oxides: FeO, Fe,O, and
Fe,0,. The oxidation process also goes through seve-
ral stages, where one oxide can transform into another
under certain conditions or act as a barrier to its for-
mation. There are also specific temperature regimes

that predetermine the formation of a particular group
of oxides [27].

When heating steel swarf in a muffle furnace in air
up to 400 °C, XRD results showed that such thermal
treatment not only removed the work hardening from

? 1
Fe
Fe
z\‘ in Fe
2! CHM Al | JB A
2 e
= 2
Fe
Fe
C L L 1 1 1
0 2 4 6 8 10
E, keV

Fig. 3. SEM image (x10,000) and EDX spectral analysis results of local points on the surface of the steel swarf

1 — area corresponding to the iron oxide spectrum; 2 — area of the base material

Puc. 3. POM-u3o6paxenue (10 000) u pesynbrarsl ciekrpainbaoro ananmusa (OC)
JIOKAJIBHBIX TOYCK Ha TIOBEPXHOCTH CTATBHOMN CTPYIKKI

1 — 06nacThb, COOTBETCTBYIOLIAS CIIEKTPY OKCHA XKele3a; 2 — 001acTh OCHOBHOTO Marepuaa

10



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(4):6-16
Korosteleva E.N., Nikolaev I.0. Evolution of the structural-phase state of steel swarf during ...

machining, which hindered grinding in the vibratory
mill but also formed carbide-containing phases based on
Fe,C, FeC, FeCO, or Fe(CO), (Fig. 4, a). Since the lines
of these phases were few and their intensity very weak,
correctly identifying these phases is challenging and
requires separate investigation. It is assumed that a mix-
ture of carbide or oxycarbide phases primarily formed
on the surface of the swarf fragments may be present.

The main goal of the experiment was to test dif-
ferent methods to increase the iron oxide content in
the steel swarf. Therefore, X-ray phase analysis focused
on identifying those oxides not detected by XRD after
thermal treatment.

Another oxidation method involved soaking
the swarf in water for at least 48 h. Wetting with
water followed by air drying at room temperature
allowed XRD to detect up to 30—40 vol. % iron oxides
within 48 h (Fig. 4, ¢). There remains a challenge

in distinguishing the phases of magnetite Fe,O, and
y-Fe,0; by X-ray diffraction, requiring further study.
Additionally, an option was explored to obtain pow-
dered fragments from swarf waste by precipitating
the suspension of ground steel 45 swarf products from
water after evaporation (Fig. 4, b).

After drying the aqueous solution, a fine powder
was obtained. Phase analysis revealed a complex con-
figuration of iron dihydroxycarbonate Fe,(OH),CO,
in the presence of iron oxides. Since this powder pro-
duct had a very complex composition (requiring sepa-
rate study) and the productivity of this method was sig-
nificantly lower than that of the conventional method
of soaking in water, drying, and subsequent grinding,
further research focused on the sifted powder from
the ground swarf after soaking in water.

Structural-phase and elemental analyses of the pre-
oxidized and ground swarf showed that during

A 1 a b
1—a-Fe 3 —Fe,0,/Fe,0,
2—Fe,C, FeC, 4 —Fe,(OH),CO,

FeCO, /Fe(CO);
2 z
£ 2
& 2
E E
1
2 2} II 1{\
I I I I I I I I I I I I I I
30 40 50 60 70 80 90 100 110 30 40 50 60 70 80 90 100 110
20, deg 20, deg
\ 1 c
1 -a-Fe
3 —Fe;0,/Fe,04
2
£
2
k=
3
] 1
3 3 N3 3 4 1
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20, deg

Fig. 4. Phase composition (a—c) and general appearance (d) of metal ground steel 45 swarf

a — swarf after annealing in air in a muffle furnace at 400 °C;
b — precipitated suspension after evaporation from an aqueous solution with steel swarf;
c and d — swarf after soaking in water for 48 h and drying at room temperature

Puc. 4. ®azosslit cocta (a—c) 1 o0umii Bua (d) H3MEIIBYCHHON METAIUIHYECKON CTPYKKH U3 cTainu 45

a — CTPYKKH TI0CIIe OT)KUTA Ha BO3yXe B MydenbHol neun npu ¢ = 400 °C;
b — ocak/IeHHOH B3BECH MOCIIE UCIIAPEHUS U3 BOJHOTO PAaCTBOPA CO CTATIBHOU CTPYKKOMU;
¢ ¥ d — CTPYKKH [IOCJIE BBIICP)KKU B BOZIE B TeUeHHE 48 4 U CYIIKU IPU KOMHATHOW TeMIeparype

il



DM v on

W3BECTUA BY30B

W3BECTUSA BY30B. [TOPOLWIKOBAA METANNYPTUA U OYHKLLMOHANBHBIE NOKPbITUA. 2024;18(4):6-16
Kopocmeneea E.H., Hukonaes U.0. IBontoumsa CTPYKTYPHO-Gpa30BOro COCTOAHUA CTaNbHOM CTPYKKM B NpOLecce ...

the selected comprehensive treatment with oxidation
in water and intensive mechanical crushing, the frag-
ments of steel 45 swarf transform into a composite
metal matrix powder material (Fig. 5). The particles
consist of an o-Fe matrix, with iron oxides Fe,O, or
Fe, O, as inclusions. It is noteworthy that the oxide
phases primarily form on the surface of the ground
oxidized swarf fragments (Fig. 5, a), while the original
structure is preserved inside the particles.

The swarf fragmented into particles of a wide size
range — from large fragments (300-350 pm) to small
ones (2050 pm). The presence of a significant amount
of oxides (at least 30 vol. %) could pose challenges for
compacting the obtained powder. Therefore, samples
were pressed at a low pressure (350—400 MPa) without
adding any plasticizers to test this.

Despite the presence of oxides, the powder was
well-compacted, and under the selected pressing
load, the residual porosity of the samples was about
40 %. Subsequent vacuum sintering of the pressed
samples led to a reduction in porosity due to shrink-
age, the intensity of which increased with the sintering
temperature (see the Table).

Relative change in volume and porosity
of compacts from recycled steel swarf
after vacuum sintering

OTtHocuTe/IbHOE H3MeHeHHne 00beMa U MOPUCTOCTH
MPeCCOBOK U3 NMepepadoTaHHOM CTAJLHON CTPYKKH
nocJjie BAKYYyMHOIO CIIeKaHUS

Sintering o o
temperature, °C Bl % | B8, %
1000 5.9 4.2
1200 25.0 10.5

Despite the presence of oxides, the powder was
well-compacted, and under the selected pressing
load, the residual porosity of the samples was about
40 %. Subsequent vacuum sintering of the pressed
samples led to a reduction in porosity due to shrink-
age, the intensity of which increased with the sintering
temperature (see the Table). The structural-phase state
of the powder compact sintered at 1000 °C is shown
in Fig. 6. XRD results of the obtained compacts indi-
cated that the formed group of iron oxides Fe,O,/Fe,O,
transitions to monoxide FeO, with a-Fe being the pri-
mary phase (Fig. 6, a). The interparticle contact zones

Fig. 5. Metallographic (a) and SEM (b) image of crushed particles
of treated steel swarf with elemental distribution maps of iron and oxygen

Puc. 5. Meramnorpadudeckoe (a) u POM (b) nzoOpaskeHust ApOOICHBIX YaCTHIL
00paboTaHHOI CTaJbHOM CTPYKKH C KapTaMH PacHpEIeNICHHUs JKeIe3a U KUCIopo/a

12
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Fig. 6. Phase composition (a), microstructure (b) and elemental distribution maps of iron and oxygen
in the compact sintered at 1000 °C from recycled steel swarf powder

Puc. 6. DazoBblii cocTas (@), MEKPOCTPYKTYpa (b) M KapThl pacpeieNIeHusI Keie3a U KHCIopo/a
B criedeHHoH npu ¢ = 1000 °C mpeccoBke U3 NOpoIIKa epepaboTaHHO CTaIBHOMN CTPYKKH

are predominantly filled with oxide components, while
the main particle area is almost free of oxygen (Fig. 6).
This structural configuration hinders the sintering
of fragmented steel swarf particles due to the oxide-
containing periphery acting as a barrier. The oxygen-
rich extended regions in the recycled swarf powder
particles can potentially play an active role in contact
interactions with other powder components, such as
aluminum or titanium [24], and participate in accom-
panying reduction reactions or intermetallic synthesis,
which is a separate research topic. It is worth noting
that the structural-phase state formed in the recycled
steel swarf powder could be of interest for other pro-
spective uses [28; 29], especially where the presence
of iron oxides is relevant.

Conclusions

1. Steel swarf after turning operations on steel 45
billets exhibits specific structural features due
to the deformation and physicochemical processes
associated with machining. In its initial state, it de-
monstrates a structure with an uneven distribution
of carbon and oxygen, localized in certain areas as fine
inclusions within the steel matrix.

2. The XRD analysis of the swarf in its initial
state revealed a phase composition identical to that
of the steel 45 billet, with the swarf fragments remain-
ing ductile. Additional oxidation of the metalworking
waste in water promotes the growth of the oxide phase
and facilitates the grinding process of the swarf in
a vibratory mill, yielding particles sized 50-350 pm.

3. The analysis of the resulting powders from
the oxidized and ground steel 45 swarf in the vibra-
tory mill showed that the powder particles are a metal
matrix product with oxide inclusions predominantly
in the surface layers. Despite the presence of at least
30 vol. % iron oxides, the powder is well-pressed and
sintered, demonstrating volumetric shrinkage and
reduced porosity.

4. The elongated regions of oxide phases formed in
the ground swarf fragments are active structural inclu-
sions that can interact with additional powder compo-
nents containing other elements, such as aluminum or
titanium. This allows the investigated powder from
steel swarf to be considered a potential precursor or
oxide-containing component for producing multicom-
ponent metal matrix composites with an oxide phase,
utilizing waste from the machine-building industry.
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