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Abstract

The model presented in this work enables the design of optimal (standard and
non-standard “recycling-friendly”) compositions and properties of wrought aluminium
alloys with significantly increased amounts of post-consumed scrap. The following two
routes were modelled in detail: (i) the blending of standard and non-standard
compositions of wrought aluminium alloys starting from post-consumed aluminium
scrap sorted to various degrees simulated by the model; and (ii) changing the initial
standard composition of wrought aluminium alloys to non-standard “recycling friendly”
ones - with broader concentration tolerance limits of alloying elements, without
influencing the selected alloy properties, specified in advance.

Introduction

The sustainability of wrought aluminium alloys for demanding structural
applications (e.g. in transportation) is still relatively low. The prevailing raw materials
for their production are primary aluminium and pure alloying elements, in combination
with internal and new scrap. For this reason, a significant part of world production of
primary aluminium is actually consumed for the production of wrought aluminium
alloys. The technological reason for that is in the fact that standard wrought aluminium
alloy compositions prescribed by international standards [1] are difficult to formulate by
recycling post-consumed aluminium scrap, while the economic reason lies in the
generally higher average cost of wrought in comparison with cast aluminium end-
products.

Post-consumed aluminium scrap exists in waste with changeable, non-exact
chemical composition and definitely not as a raw material fabricated with respect with
customer’s demands. Hence, it is clear that the share of post-consumed scrap in wrought
aluminium alloys could be increased either by sorting to fractions with the required
chemical composition and/or by broadening the standard compositional tolerance limits
of alloying elements. The first solution requires hand or automatic sorting of post-
consumed scrap as alloys or groups of alloys to the degree of separation sufficient to
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enable the blending of standard compositions of wrought alloys [2, 3]; the second
solution is much more radical, predicting changes in the existing standards for wrought
aluminium alloys toward non-standard alloys but yet having properties acceptable for
customers [4]. In this case, the degree of separation of incoming post-consumed scrap
required is much less demanding.

Nevertheless, to be of interest for customers, broadening the compositional
tolerance limits of wrought aluminium alloys should result in alloy properties still of
value for end users. In order to tailor the required (combination and individual values
of) properties in wrought aluminium alloys with alternative composition, it is necessary
to develop the ability to predict the properties from a given chemical composition and
vice versa — starting from alloy properties, to predict the necessarily chemical
composition of post-consumed scrap streams or, in other words, the necessary level of
scrap sorting. Such predictable algorithms for wrought aluminium alloys have been
reported by several authors-for a review see Ref. [5], but are not focused on the
recycling of wrought aluminium alloys from post-consumed scrap.

Thus, the purpose of this paper is to present the possibilities for numerical
modelling of both technological options for increasing the amount of post-consumed
aluminium scrap in wrought aluminium alloys. Based on the model developed, the
optimal solution was suggested as the starting point for further development and
implementation of the appropriate technology of wrought aluminium alloy recycling.

Modelling of wrought aluminium alloy properties as a function of their
chemical composition

Generally, the selected properties of a wrought aluminium alloy (e.g. yield
strength-Y'S, ultimate strength — US, elongation-L and hardness, H) can be all expressed
as different functions of the alloy composition:

YS=F (X, X5, X3, ..., Xp) (1

US = G(Xy, X, X3, ..., Xp) (2)

L=LX, X5, X5, ..., Xp) 3)

H=H(X,, X5, X, ..., Xu) )

Here, X, X5, X3, ... , X, represent the concentrations of particular alloying
elements.

On the other hand, the concentrations of alloying elements in wrought aluminium
alloys, especially in recycled ones, are most often designed for achieving maximal
strength. To achieve the proper combination of properties (not only mechanical but also
electrical, thermal, corrosion resistant etc.), the concentrations of alloying elements
should be inside the standard tolerance limits.

However, in wrought compositions containing an increased amount of scrap,
usually it is not easy and certainly not cost-effective to assure such narrow
compositions. Therefore, producers of recycled wrought alloys try to develop so-called
“recycling friendly” compositions with broader tolerance limits, which at the same time
do not significantly influence the selected (usually some of the mechanical) properties
of the alloys.
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The mathematical condition for “recycling friendly” alloy compositions under
which the selected alloy properties will all remain the same is expressed by Egs. (5-8):

dYS = (8YS/3X,)dX, + (3YS /0Xo)dXs + ... + (AYS /0Xn)dXn = 0 (5)
dUS = (8US/3X,)dX, + (BUS/0X)dX, ++ ... + (AUS/0Xn)dXn = 0 (6)
dL = (AL/8X,)dX, + (AL/OX)dXs + ... + (AL/6Xn)dXn =0 7)
dH = (AH/0X,)dX, + (FH/0X,)dXs + ....... + (0H/0Xn)dXn = 0 (8)

where (0YS/0X,)dX,, (OYS /0X,)dX,, .... (OYS /0Xn)dXn, (0US/0X;)dX,, (OUS
10X5)dX,, ... (OUS /0Xn)dXn, (0L/0X,)dX;, (OL /0X,)dX,, .... (OL/0Xn)dXn and
(OH/0X)dX,, (OH /0X3)dX,, .... (OH/0Xn)dXn are the partial differentials of the
functions YS, US, A and H where +dX,, £dX,, +dX; ...... , £dX, correspond to the
infinitesimal tolerance limits. Here and in what follows, the symbols presented in bold
correspond to the values inside standard tolerance limits, whereas the symbols in non-
bold represent values outside the tolerance limits.

Proposing that the selected alloy properties (e.g. yield strength- Y'S, ultimate
strength-US, elongation-L. and hardness-H) are polynomial functions of the alloy
composition one can write:

YS = YS(Xl, X2, X3, aXn) = A]lel + A2X2p2 + A3X3p3 +....t Aanpn (9)

US =US(Xy, X2, X3, ..., X)) =B X% + B,Xo® + B3X;® + ...+ B, X, (10)
L =LXp, Xo X3, oo, X)) =C X7 + 6:X7 +CX50 + L+ CX,™ (11)
H =HX, X5 X3, .....X) =D X" +D,X." +D:X5™ + ...+ DX, (12)

For the experimentally determined functions (14)-(17), we can finally calculate
the total differentials dYS, dUS, dL and dH, and formulate the mathematical conditions
for constant tensile strength, ultimate strength, elongation and hardness:
dYS = AlpIXIPHdXI + Azszz pz_ldX2 + A3p3X3 pz_ldX3 +....t Anann pn—lan =0
dUS =B p; X, 2"'dX; + Byp,Xo ¥ 'dX, + BypsXs ¥dX;5 + ...+ BupaX, TdX, =0
dL = ClpleerXI + Cgszg r2_1(1X2 + C3p3X3 r3»ldX3 R o Cnann m-lan =0
dH = D]I)]X]S]_lXm + szzXz 52_]d)(z + D3p3X3 S3_ld>(3 + .t anan sn-lan =0 (13)

or, for sufficiently low variations of AX:
AYS = ﬂ:Alplxl pl_lAX[ =+ Azszz pz_lAXz =+ A3p3X3 p3_1AX3 ... £
£ AppaXs "AX, =0
AUS =+Bp;X; "'AX; £ BypoXo ¥'AX, + Baps X PIAX; £ ... £ BypoX, ™AX, =0
AL=+Cp;X; TTAX, £ CopoXo FTAX, £ CipsXs PIAX £ . £ CopaXa ™AX, =0
AH = +Dp, X, "'AX| £ DopoXo HTAX, £ DapsXs STAX £ .. £ DypuXs TAX, =0
(14)

In practice, the system of equations (14) is used for calculating the proper
combination of tolerance limits, AX; (i = 1, 2, 3, ... , n) of alloying elements under
which: (i) the selected mechanical properties of the alloy remain the same as in the
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standard one, and (ii) the chemical composition of the recycling-friendly alloy is
corresponding to the pre-melt chemical composition of the incoming scrap mixture
(formulated with the minimal addition of primary aluminium and alloying elements).

The main priorities in formulation of the recycling-friendly compositions are: (1)
the minimal addition of primary aluminium and alloying elements, (2) the maximal
consumption of regular scrap streams, daily available in the scrap yard, and (3) the non-
standard alloy composition for which the selected mechanical properties remain the
same as in the standard one.

The practical way to do this is by modelling, starting from the chemical
composition of the scrap streams. The precondition is that the chemical composition of
the recycling-friendly alloy should be the same as the pre-melt composition of the
incoming mixture consisting of the combination of various scrap streams with no or
minimal addition of primary aluminium and alloying elements. In addition, the
deviations of the recycling-friendly from the standard concentrations of alloying
elements should be as small as possible.

Modelling of the degree of post-consumed scrap sorting for recycling-
friendly wrought compositions

The recycling-friendly compositions of wrought aluminium alloys should be
modelled in accordance with the following two criteria: (i) the selected chemical
composition and compositional tolerance limits of a recycling-friendly wrought
aluminium alloy should fulfil market expectations regarding the alloy properties; and
(i1) the prescribed recycling-friendly alloy composition should be routinely achievable
by mixing scrap streams fabricated in the scrap yard by scrap separation (with or
without minimal addition of primary aluminium and alloying elements).

In order to achieve these two goals, it is necessary to define the industrial levels
of wrought aluminium scrap sorting. An example of the practical levels of sorting of
post-consumed wrought aluminium scrap is presented in Table 1. Planning the optimal
number of scrap streams, as illustrated in Fig. 1, their chemical composition and the
compositional tolerance limits of alloying elements for effective blending of the pre-
melting mixture, Fig. 2, with minimal (or even without) addition of pure alloying
elements and primary aluminium is essential for successful running of the recycling
plant and the final business result.

Therefore, adequate organization of the scrap separation streams should provide
answers to the following key questions of scrap processing:

e How many scrap streams should be produced by sorting wrought aluminium

wastes in the scrap yard;

¢ How many alloys (just a single one, a mixture of two or more) should be
involved in these streams;

e What should the chemical compositions be (qualitatively, regarding alloying
elements and also quantitatively, considering their concentrations as well as
the compositional tolerance limits) of those streams, and finally;

e For which wrought aluminium alloys and under which production scenarios
should the sorted streams used?
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Table 1. Possible industrial levels practiced in wrought aluminium scrap sorting

Scrap sorting Description
level

1. Separation of incoming scrap into cast and wrought aluminium
scrap

2. Scrap of wrought aluminium alloys within the same series

3. Scrap of wrought aluminium alloys within the same series having
the same combination of alloying elements

4. Scrap of wrought aluminium alloys within the same series
consisting of more than 2 compositionally similar/comparable
alloys

5. Scrap of wrought aluminium alloys consisting of 2 alloys within the
same series compositionally similar/comparable

6. Scrap streams of single wrought aluminium alloys

A possible way of providing the answers to the above questions is by calculating
the appropriate composition of the pre-melt mixture blended from various scrap streams
of different chemical composition:

[a1(X1,15 X125 X135 -+ X1k) T 32(X0,1, X22, X235 ++0r X2) T @3(X3,15 X32, X335 -+ 005 X30) T
o + a1 (Xn-1,15 Xn-12> X013 «- -0 Xn-1k) T 8n(Xn 1> Xn25 Xn 35 -+ Xni)] +
+ [bth b2L29 b3L3, seey bk-lLk-l, bkLk] = [Yl’ Y23 Y3, ceeey Yk] (15)

The modelling concept is schematically illustrated in Fig. 3.

Generally, the left hand side of Eq. (15) is the sum of the n+ 1 matrix of the same
dimensions (1 x k). The sum of the first n-1 matrices defines the composition of the
mixture obtained by mixing n different scrap streams, each consisting of k different
alloying elements including aluminium, while the last one describes the compositional
tuning achieved by addition of pure alloying elements and primary aluminium. The
right hand side of Eq. (15) represents the sought for recycling-friendly composition of
the alloy, expressed in the matrix form with dimension (1 x k). Also in that case, index
k corresponds to the different alloying elements (from 1 to k-1) including aluminium
which is indexed by k.

Let us assume having a scrap yard with n different boxes filled with incoming
scrap streams of mutually different but always constant chemical composition. The
scrap inside the boxes in all cases consists of k different alloying elements (from 1 to k-
1; the concentration of some of them could be zero) including aluminium, which is
denoted by k.
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Fig. 1. Organization of scrap yard for recycling of wrought aluminium alloys from post-

consumed scrap in accordance with the model.
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Scrap streams selected for mixing

* Primary aluminium

y

Mixture with pre-melt
composition

Alloying elements

Fig. 2. Providing the pre-melt »recycling-friendly« composition of wrought aluminium
alloy by combining different scrap streams of post-consumed scrap.

Let us further agree that the general term x;; (i = 1,2,3, .., n; j = 1,2,3, ... k)
appearing in the n-1 matrices on the left side of Eq. (15) represents the weight
percentage of the alloying element designated by index j (e.g. silicon) in the particular
scrap stream located in the scrap box indexed by index i (e.g. in box 1). Constants a; (i =
1, 2, 3, ..., n) appearing in the first matrix represent the weight percentage of the scrap
stream i contained in the pre-melt mixture.

Symbols L; (i = 1,2,3,....,k-1,k) appearing in the second matrix on the left hand
side of Eq. (15) represent the weight percentage concentrations of alloying elements
indexed from 1 to k (k is related to aluminium), while the symbols b; (i = 1,2,3, ..., k)
represent the weight percentage of added elements.

Finally, on the right hand side of Eq. (15), the symbols Y; (i = 1,2,3, ..., k)
represent the concentrations (in wt%) of alloying elements (indexed from 1 to k-1) and
aluminium (indexed by k) in the recycling-friendly wrought aluminium alloy obtained
by recycling.

In practice, Eq. (15) should be written by applying the appropriate tolerance limit
intervals:

[a1(X1,1EAX 1, X1 0EAXK 2, X1 3EAK 3, -, X pEAX g) +

+ ay(Xp, 1 EAXy 1, X2 pEAX) 9, X 3EAXy 3, ., X EAXg )

+ a3(X3,1ﬂZAX3,1, Xg,ziAX3,2, X3’3iAX3,3, ceees Xg’kiAX&k) +o... +

+ 1 (Xn 113X 1,15 Xno12E AKX 1,25 X1 35 AX D135 - ep X jEAX 1) F

+ an(xn,l:tAXn,l: Xn,ZiAXn,b Xn,3:tAXn,3a CRREH) Xn,kiAXn,k)] +

+ [bi(Li+AL)), by(LyEALy), by(Ls+ALs), ..., byi(Lyi=ALy), by(LEAL,)] =

=[Y 1 £AY, Y, xAY,, Y3£AY;, ..., YiEAY ] (16)
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Here, xij=Axi; (=123, .., n;j =123, .., k) represents the tolerance limit
interval of the alloying element denoted by index j in the scrap stream located in the box
designated by index n. L+AL; (i = 1,2,3, ..., k) represents the tolerance limit interval of
the pure alloying element i, added to the mixture of scrap streams for the final tuning of
its chemical composition. Correspondingly, Y#AY; (i = 1,2,3, ..., k) represents the
tolerance limit interval of the alloying element i in the recycling-friendly wrought
aluminium alloy obtained by recycling.

From an economic point of view, it is particularly important to achieve the
recycling-friendly composition of the wrought aluminium alloy with no (or at least
minimal) addition of pure alloying elements and primary aluminium, which is
represented by Eq. (17):

[a1(X1, 1 EAX 1, X1 2EAX o, X 3EAX 3, -, X EAX ) +

+ (X, 1 AKXy 1, X pEAX 5, X 3EAX 3, ..., XpEAX ) T

+ 33(X3’12|:AX3,], X3’22|ZAX3’2, X313Z|:AX3’3, ceeny X3ﬂk:|:AX3,k) +o.. +

+ A1 (X1, 1EAX 115 X1 2EAXK D1 2, X 35AK 0135 -2 os X1 ) EAX 1 1) T

+ an(xn,liAXn,la Xn,ZiAxn,Z; Xn,3:|:AXn,3; CERE) Xn,kiAXn,k)] =

=[Y £AY |, Y, £AY,, Y3£AY;, ..., Y :AY,] (17)

The same sorting levels should be applied to clean and aluminium scrap
contaminated with organics or other impurities.

— Designing the Fulfilling market
Defining the post: - "
recycling-friendly’ »| expectations regarding
consumed scrap streams
alloy composition the alloy properties

Computation of the optimal number of v
scrap streams, their chemical composition Modelling of transformation of L
and the compositional tolerance limits of standard to non-standard Providing end users the desired alloy
alloying elements for effective blending of (“recycling-friendly”) alloy properties
the pre-melt mixture with minimal (or even composition

without} addition of pure alloying
elements and primary aluminium

Fig. 3. Processing steps in modelling the »recycling-friendly« compaosition of wrought
aluminium alloy for the desired alloy properties.

Conclusions

The model presented in this work enables the design of optimal (standard and
non-standard “recycling-friendly”) compositions and properties of wrought aluminium
alloys with significantly increased amounts of post-consumed scrap. The following two
routes were modelled in detail: (i) the blending of standard and non-standard
compositions of wrought aluminium alloys starting from post-consumed aluminium
scrap sorted to various degrees simulated by the model; and (ii) changing the initial
standard composition of wrought aluminium alloys to non-standard “recycling
friendly” ones - with broader concentration tolerance limits of alloying elements,
without influencing the selected alloy properties, specified in advance.

The applied algorithms were found to be very useful in the industrial design of
both procedures: (i) computation of the required chemical composition of the scrap
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streams obtained by sorting (or, in other words, the post-consumed scrap sorting level),
necessary for achieving the standard wrought alloy composition; and (ii) transformation
of standard to non-standard (“recycling-friendly) compositions with the key alloy
properties (e.g. tensile strength, elongation) remaining the same.

The most beneficial and particularly promising approach might be the integral (or
combined) approach, assuring both possibilities: (i) the standard chemical composition
of the alloy achieved by a sufficient level of post-consumed scrap sorting predicted by
the model, and (ii) modelling the non-standard alloy composition by less demanding
(and more cost-effective) sorting, but yet providing end users with the desired alloy
properties.
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