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ABSTRACT 

The paper presents a fragment of the work on the formability of alloys in the partly liquid state 
carried out at the University of Mining and Metallurp in Krakow, Poland. The process of upsetting 
of cylindrical samples is investigated and the alumnum alloy 2024 (ASTM) of a relatively large 
crystallization temperature range is used as a testing material. The investigation focuses on the effect 
of the solid fraction (weight percentage of solid component in the alloy, pre-heated to the temperature 
above the solidus point) on the process parameters. Thermal-mechanical finite-element model 
developed for the compression test and adapted to the partly liquid conditions is used for the 
calculations of the distributions of strain rates, strains and temperatures. The micrographs of the 
samples after preheating and after deformation in both solid and partly liquid conditions are also 
presented in the paper. 

INTRODUCTION 

The plastic forming of metal alloys in partly liquid state is one of the latest methods in the forming 
of special metallic products. This process consists in the deformation of the material after it has been 
heated to a temperature exceeding the solidus point. In such conditions two phases, solid and liquid, 
coexist in the alloy and their mutual proportion in the entire volume of the material depends on the 
temperature. Because of the presence of the liquid component, a change in the mechanism of plastic 
deformation occurs and the conditions of metal flow are affected. In the temperature of the alloy 
above the solidus point, the liquid component appears at the grain boundaries and makes the plastic 
deformation to be mainly,due to the effect of rotations and relative slip between the grains. The 
deformation of grains themselves has minor contribution to the metal flow in partly liquid state. It 
may be expected that such a mechanism of deformation makes the metal flow easier and leads to 
lower than in the conventional process resistance to deformation. Moreover, as it is shown in [I-41, 
the deformation of the partly liquid materials allows to improve the workability [5] and to manufacture 
products with the properties which cannot be obtained in conventional methods. 

Earlier experimental investigations carried out for the AI5.7%Cu [6] and &13.7%Mg [7] alloys 
confirm that deformation of the materials at the temperatures above their solidus point has several 
unusual advantageous features. A suggestion was made in [7] that the volume fraction of the solid 
phase is the factor which determines the flow pattern and material's properties. An attempt to gen- 
eralize this suggestion and to improve the quality of the modelling of the materials in the partly liquid 
state is the prime objective of the present paper. A number of experiments, including the upsetting of 
the cylindrical specimens, has been carried out to generalize the problem. The aluminium alloy 
duralumin 2024 (ASTM) has been used as a testing material. The investigation focuses on the effect 
of the solid fraction (weight percentage of solid component in the alloy) on the process parameters. 
Thermal - mechanical finite element model developed for the compression process and adapted to 
the partly liquid conditions is used for the calculation of distributions of strain rates, strains and 
temperatures. The structures before and after deformation in various temperature conditions have 
also been investigated. 
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2. EXPERIMENT 

The aim of the experiment follows earlier investigations carried out for the aluminum-copper alloy 
[6] and aluminum-manganium alloy [7] and it focuses on the investigation of the possibility of plastic 
deformation of materials heated to the temperatures above the solidus point. The process of the 
compression of the axisyrnrnetrical samples has been chosen and an analysis included flow pattern of 
the metal and force parameters. The material used in the present experiment is the aluminum based 
alloy containing 4.87%Cu, 0.53%Mg, 0.98%Mn and 0.47%Si. This composition gives large interval 
between the liquidus and the solidus points AT ,, = T - T , and creates very good conditions for an 
investigation of the deformation of the materials with various volume fraction of the liquid phase 
determined by the actual temperature of the alloy. 

The critical temperature for the crystallization of the alloy has been determined analytically from 
the phase equilibrium diagram and experimentally from the liquidus curve of the alloy. The followng 
values have been obtained for the investigated material: T =6400C, T .  = 5100C and AT ,, = 1300C. 
Thermal analysis of the alloy has been also used to determine the volume fraction of the solid phase 
[8] as a function of the temperature in the AT ,, range and the results are compared with the earlier 
data for the AlCu and AlMg alloys in Fig.1. 

1.1 
volume fraction of solid phase 

relative temperature 

Fig.1. Volume fraction of the solid phase as a function of the temperature for Al-5.7%Cu, A-13.7Mg 
and 2024 alloys. 

Cylindrical samples measuring @ 30x45 mm have been machined from the extruded bars. In order 
to maintain centering of the process, conical marks have been done on the bottom surface of each 
sample. All samples have been annealed before the experiment. The microstructure of the sample 
before the deformation is shown in Fig.2. The intercrystalline phase particle are seen in this figure as 
bands parallel to the axis of the sample. The varying parameters in the experiment were the deformation 
temperature T (which determines the volume fraction of the solid phase) and the relative reduction 
E. The experiment has been planned for the following values of these parameters: 

-temperature of deformation - relative reduction (strain) 
T = 4300C-5100C (conventional hot working, 4 = 1) E = 0.1, (reduction Ah = 4.5 mm) 
T = 5300C ( @ = 0.93) E = 0.2, (reduction Ah = 9.0 mm) 
T = 5500C ( (J = 0.86) E = 0.3, (reduction Ah = 13.5 mm) 
T = 5700C ( 4 = 0.77) E = 0.4, (reduction A h  = 18.0 mrn) 



In all tests the average strain rate E = 1.85 
1 o - ~  s- ' has been maintained. The sensitivity of : - - - * - 
the 2024 alloy in the mushy state to the rate of "" 

deformation has been assessed on the basis of the 
data obtained for the AlCu alloy [6]. 

The measured values of the flow stress for 0.05 
strain are presented in Fig.3 as a function of the 
temperature. A drop of the flow stress above the 
solidus point ( T . =5100C) is well seen in this figure. 
The hypothetical values of the flow stress of the 
solid phase in the temperatures above the solidus 
point are shown by dotted line in Fig.3. This part 
of the curve has been obtained by an extrapolation 
of the flow stress curve below the solidus point. ,&, - .. . . . - . . . - x - . . .,. C;.'';.;L, . . . ..-A -- ;:i.4.'. .- 
Comparison of the results presented in [7] with the e..; - . e% ;A. s .. -. -. - * - -  . 

. .. - 
. . . .. "' 0 . 6 ~ m 4 '  curves in Fig3 allows to conclude that the contri- *- : * * - ... 

bution of the liquid phase to the decrease of the 
flow strength is smaller for the 2024 alloy than for Fig.2. Microstructure of the 2024 alloy before 
the investigated earlie AlCu and AlMg alloys. the deformation. 
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Fig.3. Flow stress vs. temperature of deformation for 2024 alloy. 

3. MATHEMATICAL MODEL 

Thermal-mechanical finite-element model developed for the axisymmetric compression [9,10] is 
used here to simulate the deformation of partly liqujd materials. The model consists of two parts, 
mechanical and thermal components. The mechanical component is based on the rigid-viscoplastic 
flow formulation. Thermal component determines the temperature field from the finite-element 
non-steady state solution of the general diffusion equation [9]. As it was shown in earlier publications 
[6,7], the main difficulties in an application of the flow formulation to the partly liquid materials are 
connected with the evaluation of the yield criterion for the alloys in their mushy state. The objective 
of the present paper is to investigate further the model's predictive ability when the softening factor 
calculated as a function of the volume fraction of the liquid phase is introduced in the constitutive 
equations. The softening factor here o is defined as a flow stress of the partly liquid material related 
to the hypothetical flow stress of the solid phase in the same temperature. The latter value is determined 
from the extrapolation curve marked by the dotted line in Fig.3. The softening factor determined 
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experimentally for the Al5.7%Cu and Al13.7%Mg alloys in conjunction with the rigid-viscoplastic and 
strain hardening type equations gave very good coincidence between the theoretical and experimental 
data [7]. The question arises as to how far these conclusion drawn for two alloys can be generalized 
for other materials. Analysis of the flow stress vs. temperature curves presented in Fig3 shows that 
the softening effect of the liquid phase is smaller for the 2024 alloy than for the AlCu and AlMg alloys 
investigated earlier. Indeed, introduction of the softening function obtained in [7] led to significant 
discrepancies between the experimental data and the results of the calculations for the 2024 alloy. 
Approximation of the experimental data for this alloy allowed to derive the equation describing the 
softening factor for 2024: 

In equation (1) @ is the volume fraction of the liquid phase and o represents the softening factor 
which is dimensionless. As it is seen in [7], different equation describing softening factor gives good 

P redictions of metal flow for the AlCu and AlMg alloys. Therefore, further investigation of this problem 
or other materiaIs seems to be necessary. The equation (1) is introduced into the finite-element model 

and used in all further calculations presented in the next section. 

4. RESULTS 

The results of the calculations carried out using experimentally determined softening factor 
(equation (1)) are compared with the measurements of the stress-strain curves for various temperatures 
in Fig.4. It is seen that very good agreement between theoretical and experimental data exists. It may 
lead to a conclusion that an introduction of the experimentally determined solid state stress-strain 
curves and the softening factor into the finite-element program results in a good predictive ability of 
the model. On the other hand, an attempt of the generalization of the softening effect, by describing 
the softening factor as a function of the volume fraction of the liquid material only, failed for the 2024 
alloy. 

Microstructures of the samples after deformation in the solid and partly liquid states are presented 
in Figs 5 and 6. It is seen in Fig.5 that deformation below the solidus point leads to the precipitation 
of the dissolved intermetallic phases on the grain boundaries during cooling. Contrary, the eutectic is 

stress, MPa 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

strain 

Fig.4. Comparison of measured and calculated stress-strain curves for various temperatures of 
deformation. 



Fig.5. Microstructure of the 2024 alloy after Fig.6. Microstructure of the 2024 alloy after 
deformation below the solidus temperature. deformation above the solidus temperature. 

observed on the grain boundaries in the sample deformed above the solidus point (Fig.6). The liquid 
phase on the grain boundaries crystallized in the form of the eutectic during cooling after the 
deformation. This eutectic is formed in the areas where the liquid phase was present during the 
deformation. 

Rigid-viscoplastic finite element model allows also the determination of the fields of strain rates, 
strains, stresses and temperatures in the deformation zone. The results obtained here for the 2024 
alloy (Fig.7) are similar to those obtained earlier for Al5.701 and Al13.7Mg alloys and shown in 
publications [6,7]. Strain fields observed in Fig.7 are typical for the axisymrnetric compression tests. 
Analysis presented in [6] reveals also an important influence of the strain rate sensitivity of the 
part-liquid materials on the modellin of plastic deformation. Due to this strong viscoplastic effect 
the barreling phenomenon is insignificant in the considered cases. In the present work the rate 
sensitivity tests were performed for the partly liquid material only and the results were extended to 
the analysis of the solid material. In consequence, due to softening effect, the strain nonuniformity 
and barelling are more pronouced in the partly liquid material than in the solid state material. The 
problem of the rate sensitivity of the partly liquid alloys requires further investigation. Generalization 
ofthis problem on various alloys does not seem possible and, probably, strain rate sensitivity test would 
have to be performed for each investigated material. 
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Fig.7. Calculated distributions of the effective strain for the solid stalte daformation in 4500C (a) and 
for the partly liquid state deformation in 5500C (b). 
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CONCLUSIONS 

Experimental investigation carried out for the 2024 alloy confirmed advantages of the partly liquid 
deformation observed earlier for the A15.7%Cu and A113.7%Mg alloys. Briefly, several times lower 
loads and more uniform distribution of stresses was seen in the artly liquid material in comparison 
with the deformation in the solid state. Theoretical analysis o f the process showed, however, that 
generalization of the softening effect is a difficult problem. Comparison of the measured and calculated 
stress-strain curves for various alloys lead to a conclusion that the softening factor cannot be defined 
as a function of the volume fraction of the liquid phase only. It seems that other factors, such as 
chemical composition, should be also taken into consideration. 
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