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Abstract: Finite element (FEM) analysis was used to systematically evaluate the inhomogeneity of deformation in cylindrical 
samples with various sample−anvil friction coefficients, m. It was found that the level of friction strongly influences the deformation 
homogeneity, which increases significantly with the friction coefficient although the overall geometry of the samples almost remains 
the same when m>0.4. The position, at which the effective strain along the maximum radial direction in a compressed sample is equal 
to the equivalent strain of the sample, does not vary greatly with respect to both equivalent strain of the sample and m. Hardness 
measurements of compressed cylindrical 5056B Al alloy samples revealed a change of effective strain distribution similar to that 
revealed by FEM analysis. There exists a quantitative relationship between the hardness and the effective strain if no recrystallization 
or recovery occurs during the compression process. 
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1 Introduction 
 

Cylindrical samples are widely used for determining 
the flow stress in a material as a function of the strain 
applied by compressing the cylindrical sample between 
two flat anvils [1−9]. If there is no friction at the 
sample−anvil interface (hereafter, interfacial friction, m), 
the deformation in the cylinder is uniform and the free 
surface of the cylinder remains straight during 
compression. In reality, however, the interfacial friction 
restrains the radial displacement of the material near the 
interface and causes the remaining portion of the sample 
to bulge out, changing the shape of the free surface of the 
sample into a barrel-like shape. Barreling of the sample 
causes a deformation inhomogeneity inside the sample. 
Several studies have been carried out by adding 
lubricants for reducing the sample−anvil friction 
coefficient (hereafter, friction coefficient) during 
compression tests [10,11]. However, the disadvantage of 
this method is that the friction cannot be reduced to a 
negligible level, especially in high-temperature forming 
processes, because most high-quality lubricants used at 

ambient temperatures are organics that cannot withstand 
high temperatures. In addition, at high strain levels, the 
free surface of the sample comes closer to the anvil 
surface because of barreling; as the strain level increases, 
the free surface eventually comes in contact with the 
anvil surface. Hence, this free surface forms the 
outermost area of the contacting surface with the anvil 
when the strain reaches a certain level, possibly leading 
to sticking in this region. CHEN and CHEN [12] 

investigated the deformation inhomogeneity during a 
cylindrical compression test to calculate the intrinsic 
flow stress−strain behavior of the material using a 
theoretical model based on Hill’s general method 
because the stress−strain curve of a barreled sample 
deviates from the real response of the tested material. 
EVAN and SCHARNING [13] investigated the factors 
related to stress determination in cylindrical compression 
tests and carried out a systematic evaluation of stress 
error and a qualitative evaluation of strain distribution 
due to interfacial friction and adiabatic heating inside the 
sample. MIRZA and SELLARS [14,15] investigated the 
effects of various parameters such as friction and sample 
geometry on the measured response and deformation 
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during a hot plane-strain compression test. However, 
these researches do not essentially coincide with the real 
process and include a quantitative evaluation of strain 
distribution with respect to factors such as friction 
coefficient either. 

Many studies have also been carried out to evaluate 
the influence of friction on the flow stress in a barreled 
sample [16−19]. Although the works mentioned above 
have accounted for the effects of friction, these efforts 
were mainly focused on the influence of friction on the 
geometry and the mechanical response of the sample. It 
is well known that the effective strain inside a 
compressed sample is maximum at the sample center and 
that it increases with the friction coefficient. However, 
despite the fact that strain distribution can easily be 
determined by finite element (FEM) analysis [20−23], a 
detailed and systematic investigation of the strain 
distribution in a compressed cylindrical sample has not 
yet been carried out. In addition to FEM analysis, 
microstructure observation is usually carried out to 
characterize the deformation mechanism of materials. 

The inhomogeneous distribution of strain inside the 
sample greatly impedes us in precisely characterizing the 
deformation mechanism. In most cases, the observations 
in the previous studies were carried out at center of the 
compressed samples. However, from our basic research, 
this location is unsuitable because the strain at the center 
would be twice the equivalent strain of the sample if the 
sample is compressed to approximately 60% of the 
nominal strain at a Tresca friction coefficient (m) of 0.5; 
hence, the microstructure observed at the center will not 
be representative of that corresponding to the equivalent 
strain of the sample. Therefore, when a cylindrical 
sample is compressed under varying conditions, 
determining the location for observing the deformation is 
a crucial problem. 

In this work, we used the DEFORM-3D FEM 
analysis to simulate the geometry and strain distribution 
during the compression of a cylindrical sample. We 
compressed cylindrical 5056B Al−5Mg alloy samples at 
ambient temperature under different lubrication 
conditions and measured the hardness of the samples to 
verify the accuracy of the FEM results. 
 
2 FEM analysis 
 

A model of the sample, having the same size as the 
actual sample (8 mm in diameter and 12 mm in height), 
was simulated using DEFORM-3D v6.13 FEM analysis 
software. To reduce the computing time, only one-eighth 
of the cylindrical sample was considered for analysis; the 
mesh number of the simulation was 30000. The Tresca 
friction coefficient m for the simulations was varied from 
0 (perfect sliding) to 1 (sticking) in increments of 0.1. 

The geometry variation and strain distribution at various 
strain levels were analyzed. 
 
3 Experimental 
 

Extruded 5056B Al−5Mg alloy was used as the 
sample material. Cylindrical samples, 8 mm in diameter 
and 12 mm in height, were cut by electro-discharge 
machining (EDM). Concentric ridges of 0.1 mm in depth 
were machined on the flat end surfaces of the sample so 
that the profile of the sample surface can be easily 
recognized after deformation. Compression tests were 
carried out at ambient temperature in a computer-aided 
hot-forging simulator (Thermecmaster-Z) at a true strain 
level of approximately 1.1 (approximately 70%). As we 
have already discussed the correction for the effect of 
temperature on the stress variation [24,25], the influence 
of interfacial friction inside the sample was analyzed 
independently. To achieve this, we had to avoid adiabatic 
heating inside the sample during deformation, which was 
done by maintaining a constant strain rate of 10−3 s−1 
during the compression process. To control the friction 
coefficient, we conducted compression tests with five 
lubrication conditions: restriction test in the top surface 
of sample, no lubricating, plastic rubber, graphitic sheet, 
as well as compression lubricated by MoS2 spray 
between sample top surface and anvil. Before the 
compression test, the grooved top surface of the sample 
was painted with red ink so that the original top profiles 
are easily recognizable before the calculation of the 
friction coefficient is performed. Vickers hardness along 
the vertical symmetric line of the cross section of 
samples after compression was measured using a HMV 
microhardness tester (Shimadzu Company). 
 

4 Results and discussion 
 
4.1 Geometrical evolution 

We used various values of Tresca friction 
coefficient m during compression to calculate the 
geometrical evolution of the cylindrical sample by FEM 
analysis. In this case, m was considered to be a constant, 
or in other words, independent of strain, during all 
compression tests. A schematic diagram of a typical end 
surface of a sample compressed at high strain levels 
observed along the direction of compressive force is 
shown in Fig. 1(a). Rt, Rc and Rm denote the radius of the 
top of the sample (after broadening during compression), 
contacting radius, and maximum radius of the deformed 
sample (at the centre of the sample), respectively. Hence, 
(Rc−Rt) is the width of the circular area formed from the 
original free surface area of the sample because of the 
barreling of the sample and the subsequent contacting of 
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the free surface with the anvil. Figures 1(b), (c) and (d) 
show the simulation results of the sample geometry for 
m=0.5 at equivalent strains of 0.3, 0.65 and 1.5, 
respectively. The areas of the end surfaces before 
compression are indicated by the dashed lines. At 
equivalent strains of sample lower than approximately 
0.5, the top surfaces of the samples after compression 
were mainly constituted by original end surfaces of the 
samples so that Rt was approximately equal to Rc. 
However, the simulation results indicated that at strain 
levels higher than approximately 0.6, Rc (and hence 
(Rc−Rt)) started to increase appreciably as the free 
surface of the specimen was added to the end surfaces of 
the specimen because of the barreling of the sample and 
subsequent contacting of the free surface with the anvil. 
The geometry of the sample deformed at m=0.9 and an 
equivalent strain of 1.5 was also obtained, as shown in 
Fig. 1(e). The primary geometrical parameters of the 
samples, Rm and Rc, were measured to be 4.416 and 
4.068 mm in Fig. 1(d) and 4.416 and 4.067 mm in    

Fig. 1(e), respectively, indicating that these two samples 
had almost the same geometry despite a large difference 
in m when they were compressed. In contrast, Rt was 
measured to be 6.563 and 4.753 mm in Figs. 1(d) and (e), 
respectively, indicating that the deformation 
inhomogeneity in the sample with larger m is severer 
than that in the sample with less m. This is because in the 
sample with larger m (Fig. 1(e)), a larger part of the 
contacting surface was formed from the original free 
surface of the sample owing to the barreling of the 
sample and the subsequent contacting of the free surface 
with the anvil (the area of (Rc−Rt)) as a result of sever 
inhomogeneity in microstructure. 

On the basis of the above discussion, we used 
parameters Rm/Rc and Rm/Rt, respectively, to denote the 
degree of overall geometrical change and deformation 
inhomogeneity due to interfacial friction. The simulation 
results, with m varying from 0 to 1, are shown in    
Figs. 2(a) and (b). In the case of a sample with no 
interfacial friction, both Rm/Rc and Rm/Rt remain 1 and 

 

 
Fig. 1 Schematic diagram of typical end surface of sample compressed at high strain levels observed along direction of compressive 
force (a) and simulation results of sample geometry obtained using DEFORM for Tresca friction coefficient m=0.5 at strain levels of 
0.3 (b), 0.65 (c), 1.5 (d) and for m=0.9 at strain level of 1.5 (e) 

 

 
Fig. 2 Rm/Rc (a) and Rm/Rt (b) of sample calculated as function of equivalent strain 
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the deformation is completely homogeneous. The larger 
the value of m is, the larger the values of these 
parameters are: a larger value of Rm/Rc indicates greater 
deviation from the friction-free geometry after 
deformation and a larger value of Rm/Rt indicates greater 
inhomogeneous deformation. As shown in Fig. 2(a), for 
m<0.4, Rm/Rc increases rapidly with m, whereas for 
m>0.4, Rm/Rc remains more or less constant at given 
strain levels. This implies that for m>0.4, the interfacial 
friction does not strongly influence the overall geometry 
of a compressed sample, which is in good agreement 
with above discussion (Figs. 1(d) and (e)). In an actual 
hot compression process, m is generally in the range of 
0.4−0.7 [10]; hence, the overall geometry of the 
compressed samples during the hot compression process 
almost remains the same despite a large difference in the 
value of m of these compressed samples. However, from 
the variation of Rm/Rt as a function of the equivalent 
strain of the sample (Fig. 2(b)), where Rm/Rt increases 
steadily with m, it can be concluded that the deformation 
inhomogeneity increased greatly with m. The 
inhomogeneity of deformation inside the sample due to 
interfacial friction for m=0.5 at various strain levels can 
also be expressed explicitly, as shown in Fig. 3. With 
increasing strain level, points A−E located along the 
vertical symmetric line of the uncompressed sample 
began to distribute nonuniformly, especially at high 
strain levels. The relative positions of these points 
plotted as a function of the equivalent strain level are 
shown in Fig. 4. The relative positions of A and E 
remained constant because they were present at the 
center and the surface of the sample, respectively. 
However, the relative positions of points B, C and D 
varied considerably from 0.25 to 0.41, from 0.5 to 0.70, 
and from 0.75 to 0.91, respectively, indicating that the 
interfacial friction strongly influences the deformation 
homogeneity. 
 
4.2 Effective strain distribution inside compressed 

sample 
The interfacial friction strongly influences the 

distribution of strain inside the compressed sample 
 

 
Fig. 3 Evolution of relative positions of A, B, C, D and E at 
compression reductions of 20% (a), 40% (b), 60% (c) and  
80% (d) with m=0.5 

 

 

Fig. 4 Change of relative positions of A, B, C, D and E as 

function of equivalent strain at m=0.5 

 
because the local deformation at different locations 
inside the sample is different, as mentioned above  
(Figs. 3 and 4). We define the local strain inside a sample 
as an undirectional parameter of effective strain. The 
effective strain denotes the local deformation degree and 
varies locally inside the sample because of the 
inhomogeneity of the deformation. A quantitative 
analysis of the distribution of effective strain for the 
entire volume of the sample is difficult because of the 
complexity of flow behavior in the sample. Analysis is 
therefore focused on the effective strain distribution 
along the vertical symmetric line on the cross section of 
the sample (i.e., along Rm), as shown in Fig. 1(d).  
Figure 5 shows the simulation results of effective strain 
distribution after compressing the sample to an 
equivalent strain of 1 with m of 0.3, 0.5, 0.7 and 0.9, 
respectively. As shown in Fig. 5, with increasing m, the 
effective strain at positions closer to the centre (i.e., 
positions with low relative position values) increases 
considerably, and this influence gradually decreases from 
the centre to the surface (i.e., when the relative position 
values increase). The dashed line denotes the value of the 
equivalent strain of the whole sample, and the points at 
which the dashed line and the effective strain distribution 
lines for various values of m intersect indicate the 
locations where the effective strain is equal to the 
equivalent strain of the sample. In addition, even though 
there is a large variation in the value of m (0.3−0.9), the 
corresponding effective strain distribution lines intersect 
with the dashed line at almost the same location 
(approximately 0.8), as shown in Fig. 5. We also 
evaluated the effective strain evolution as a function of 
the equivalent strain of the sample for five points at 
relative positions of 0.1, 0.3, 0.5, 0.7 and 0.9 at m=0.5, as 
shown in Fig. 6. The effective strain at positions closer to 
the centre is higher and gradually decreases for positions 
fart away from the center. We conclude that because of 
the full or partial restriction of the interfacial friction on 
the original top surface of sample (Rt), the positions 
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closer to the center experienced greater deformation than 
those farther away from the center. The dashed line in 
Fig. 6 represents the location of points at which the 
effective strain is equal to the equivalent strain of the 
sample. In Fig. 6, the dashed line runs in the area 
between the curves of relative positions of 0.7 and 0.9, 
and this observation is very similar to the observation 
made in Fig. 5 where the effective strain lines intersect 
with the dashed line (equivalent strain of the sample) at a 
relative position of approximately 0.8, especially at high 
strain levels. This implies that a location with an 
effective strain inside a compressed sample equal to the 
equivalent strain of the sample is independent of the 
equivalent strain or the compression reduction of the 
whole sample. 
 

 

Fig. 5 Strain distributions along center of sample after 

compressing to equivalent strain of 1 

 

 

Fig. 6 Strain distributions at relative positions of 0.1, 0.3,   
0.5, 0.7 and 0.9 as function of equivalent strain of      
sample (The dashed line is the location of points at which   
the effective strain is equal to the equivalent strain of the 
sample) 

4.3 Experimental evaluation 
To evaluate the strain distribution during real 

compression under the influence of interfacial friction, a 
series of compression tests on 5056B Al alloy samples 
were carried out at an equivalent strain of approximately 
1.1 where the value of m was controlled by varying the 
lubrication conditions at the interface, as mentioned 
previously. Restriction compression (m=1) was carried 
out by two anvils where 0.2 mm-deep spiral grooves 
were made on the end surfaces of the sample. The 
friction coefficients were determined according to our 
previous research [25]. The Vickers hardness was 
measured along the vertical symmetric line and these 
measurements were plotted against the relative position, 
as shown in Fig. 7(a). Because the compression tests 
were conducted at ambient temperature, it is assumed 
that no dynamic recovery or dynamic recrystallization 
occurred inside the sample during and after compression, 
which will more or less lower the local hardness of the 
sample. In this way, the effective strain distribution along 
Rm can be expressed indirectly in terms of hardness at the 
corresponding positions. As shown in Fig. 7, at positions 
 

 
Fig. 7 Hardness distributions along vertical symmetric line of 

sample at equivalent strain of 1.1 with various friction 

coefficients (a) and corresponding effective strain distribution 

obtained using FEM analysis (b) 
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closer to the center, the hardness of samples with higher 
value of m was higher compared with that of samples 
with lower value of m; however, little difference in the 
hardness of samples could be observed for positions far 
from the center (relative position >0.6 approximately), 
which is in good agreement with the results shown in  
Fig. 5. The corresponding effective strain distributions at 
these friction coefficients were also calculated by FEM 
analysis, and the results are shown in Fig. 7(b). It is 
apparent that the variations of effective strain and 
hardness are very similar, implying that there exists a 
quantitative relationship between these two parameters. 

Dislocation stress σ is dependent on the shear 
modulus G, lattice constant b, and dislocation density   
ρ [26]: 
 

1/2
0 aGb                                (1) 

 
where σ0 denotes the intrinsic strength of a material with 
low dislocation density, b is the lattice constant and a is a 
correction factor. In this work, σ is assumed to be the 
hardness of a material and σ0 is assumed to be the 
hardness of a material with low dislocation density or the 
hardness of material prior to deformation (approximately 
328.2 MPa for 5056B Al alloy). As shown in Eq. (1), 
work hardening is proportional to the square root of the 
dislocation density. The material exhibits high hardness 
if there is a high dislocation density. In a deformed 
sample, the local effective strain distribution inside the 
sample is considered to be closely related to the 
dislocation density distribution accumulated during the 
deformation process. The relationship between the local 
effective strain inside the sample and the dislocation 
density ρ of a deformed sample can be expressed as 
 
ε=ρbx                                      (2) 
 
where x is the average dislocation slip distance, which 
can be considered as a constant in this work because the 
same samples were used in the compression processes. b 
is the absolute value of Burgers vector, having the same 
value as that of the lattice constant in Eq. (1). By 
combining Eq. (1) and Eq. (2), a direct relationship 
between the local hardness and the effective strain inside 
a deformed sample can be obtained as 
 
σ=σ0+Kε1/2                                      (3) 
 
where K is a constant, given by 
 

1/2( / )K aG b x                               (4) 
 

Equation (3) indicates the existence of a linear 
relationship between the hardness of a deformed sample 
and the square root of effective strain in the sample. We 
plotted the measured hardness (Fig. 7(a)) and the square 

roots of the effective strains obtained (Fig. 7(b)) by FEM 
calculation, as shown Fig. 8. A roughly linear 
relationship between these two parameters was obtained, 
which is in good agreement with the relationship 
suggested by Eq. (3). In addition, it is important to note 
that the value of σ0 obtained by linear regression of the 
plot shown in Fig. 8 is approximately 323.4 MPa, which 
is extremely close to the value of σ0 (328.2 MPa) 
obtained experimentally. This indicates that the 
simulation results obtained in this work are highly 
reliable. The compression tests were conducted at 
ambient temperature and at an extremely low strain rate 
so that the time available for heat dissipation is sufficient 
to prevent adiabatic heating. The temperature distribution 
was almost homogeneous in the whole sample and no 
dynamic recrystallization or dynamic recovery occurred 
locally. Hence, the dislocation density distribution 
generated locally inside the deformed sample was not 
altered by the occurrence of these processes and, 
consequently, the relationship between the measured 
hardness and the calculated effective strain is in good 
agreement with that indicated by Eq. (3). However, in the 
cases of hot compression and high-speed cold 
compression processes, it will not be possible to derive 
an equation like Eq. (3) since dynamic recrystallization 
or dynamic recovery occurs locally from the position at 
high temperature and/or high local strain level will result 
in a drastic decrease in hardness and strain at the 
corresponding position. 
 

 

Fig. 8 Relationship between calculated effective strain inside 

compressed sample and measured hardness at corresponding 

points 

 

5 Conclusions 
 

(1) Although interfacial friction does not strongly 
influence the overall geometry of the compressed sample 
when the interfacial friction coefficient m>0.4, it strongly 
influences the strain distribution of the compressed 
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sample, compared with that of a sample without 
interfacial friction. 

(2) FEM analysis results indicate that the position at 
which the effective strain along Rm on the cross section 
of sample is equal to the equivalent strain of the sample 
does not vary in a great extent with both the equivalent 
strain of the sample and the friction coefficient. 

(3) Hardness measurements along the vertical 
symmetric line of 5056B Al alloy samples with various 
friction coefficients are in good agreement with the 
effective strain distribution obtained by FEM analysis 
and it is observed that a quantitative relationship exists 
between these two parameters. 
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摩擦对变形不均匀性的影响 

 

叶显爵 1，龚晓娟 1，杨标标 1，李云平 1，聂 炎 2 

 

1. 中南大学 粉末冶金国家重点实验室，长沙 410083； 

2. 深圳市圆梦精密技术研究院，深圳 518000 

 

摘  要：采用有限元方法(FEM)系统研究样品与夹具间摩擦因数 m 对圆柱形样品内变形不均匀性的影响。结果表

明：摩擦水平对变形均匀性的影响十分显著，尽管当 m> 0.4 时压缩样品的总体几何形状几乎保持不变，变形不均

匀性还是随摩擦因数增加而变大。沿压缩样品最大径向方向，有效应变等于等效应变的位置相对于样品的等效应

变和摩擦因数而言变化不大。5056B 铝合金圆柱体压缩试样的硬度测量中有效应变分布的变化与有限元分析结果

相似。实验结果表明，如果在压缩过程中没有发生再结晶或回复，则变形样品的硬度与样品内部的有效应变之间

存在定量关系。 

关键词：压缩；摩擦因数；鼓状化；圆柱体；变形不均匀性 
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