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Abstract. The physical and mechanical properties of the metal surface will change after the 
metal cutting processing. The comprehensive study of the influence of machining parameters 
on surface constitute properties are necessary. A high-speed milling experiment by means of 
orthogonal method with four factors was conducted for aluminum alloy7050-T7451. The 
surface constitutive properties of the Al-Alloy surface were measured using SSM-B4000TM 
stress-strain microprobe system. Based on all the load-depth curves obtained, the 
characteristics parameters such as strain hardening exponent n and yield strength σy of the 
milling surface are calculated. The effect of cutting speed, feed rate, and width and depth of cut 
on n and σy was investigated using the ANOVA techniques. The affecting degree of milling 
parameters on n and σy was v >fz > ap > ae. The influence of milling parameters on n and σy 
was described and discussed. 

1.  Introduction 
7050-T7451 aluminium alloy has been widely used in aircraft structures due to their perfect strength, 
fracture toughness, and high stress/density ratio after supersaturated solid solution and prestretching 
treatment [1, 2]. High-speed milling is one of the most common processes to produce structural parts 
out of aluminum alloy in the aerospace industry. Under the effect of cutting force, cutting heat and so 
on, the physical and mechanical properties of metal changed greatly, which was different from the 
matrix material [3, 4]. The stress-strain state can significantly influence the fatigue strength, creep, and 
stress-corrosion-cracking resistance of metals. Surface rolling for aeronautical monolithic component 
distortion correction was a new kind theory and process method [5]. To establish the surface rolling 
correction analysis model, accurate milling surface constitutive properties and the influence of milling 
parameters on them were pre-requisite. 

Material constitutive model reflects the physical and mechanics behavior, which described the 
relationship between material flow stress, strain, strain rate and temperature, etc. Many scholars have 
studied the constitutive relation of 7050 aluminum alloy materials. Wu etc. [6] studied the flow stress 
and strain characteristics of 7050 aluminum alloy within the scope of the strain rate of 0.01-20s-1 and 
temperature of 593-743K. In the study, constitutive equations were obtained by isothermal 
compression experiment and the dynamic analysis, which can be used to predict the stress-strain 
relationship of higher temperature. Yongzhi, H etc. investigated the strain rate enhancement 
parameters and thermal softening parameters at room temperature (400-2500 s-1) and strain rate of 
2500 s-1 under different temperature by split hopkinson pressure bar (SHPB) experiments [7, 8]. The 
modified Johnson-Cook constitutive relation model of 7050-T7451 aluminum alloy was established. 
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The above research can study the constitutive relationship of the basis material at different temperature 
and strain rate, which reflect the mechanical behavior of the whole materials.  

The physical and mechanical properties of aluminum alloy surface will change along the depth 
direction after the metal cutting processing, and the impact depth was about 0.1mm [9]. It is very 
critical to predict surface constitutive properties in a high-speed milled aluminium alloy, and a 
comprehensive study of the influence of machining conditions on surface strain hardening exponent n 
and yield strength σy is necessary. Indentation experiment is one of the effective methods to obtain 
the metal surface properties, which is a non-destructive testing technology[10,11]. In this article, 
orthogonal milling test of 7050-T7451 alloy were set up firstly. B4000TM stress-strain microprobe 
system was used to obtain the load-depth data of aluminum alloy, and the stress strain relations of the 
milled surface were calculated based on the load-depth data. The mathematical model for milling 
surface constitutive model was established and the effect of machining parameters on constitutive 
model was discussed. 

2.  Experimental setup and procedure 

2.1.  Work material 
The 7050-T7451 aluminum alloy block used in this experiment was manufactured by Kaiser 
Aluminum and Chemical Corp., USA. The mechanical properties of the material are given in Table 1. 

Table 1. Material properties of aluminum alloy 7050-T7451 

Density 
(g/cm3) 

Tensile Strength, 
Ultimate (MPa) 

Tensile Strength, 
Yield (MPa) 

Modulus of 
Elasticity (GPa) 

Poisson 
Ratio 

2.83 524  469  71.7  0.33 

2.2.  Milling experimental design 
Experiments based on orthogonal methods were performed to reduce variations in the output response. 
Factorial design was applied with 4 factors and 4 levels (44 designs), factors consist of cutting speed 
(v), feed rate (fz), width of cut (ap), and depth of cut (ae). The details are shown in Table 2. Values of 
cutting speed above 300m/min were chosen so that it falls in the range of high-speed machining. 

Table 2. Orthogonal experiment parameters 

level v(m/min) fz (mm) ap (mm) ae (mm) 
1 314 0.06 3 6 
2 502 0.1 4 8 
3 628 0.14 5 10 
4 942 0.18 6 12 

     
(a)                                                 (b)   (c)                

Figure 1. The experiment setup: (a) milling experiment; (b) Indentation experiment; (c) 
Indentation appearance. 
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Milling test was performed on a DECKEL MAHO DMU 70V 5-axis universal machining center, 
and the tool was end mill without coating. Number of teeth was 3; the rake angle was 14°; the relief 
angle was 12°; the corner radius was 1mm. The experiment setup is shown in Figure 1(a). 

2.3.  Indentation experiment 
B4000TM stress-strain microprobe system was used to obtain the load-depth data of aluminum alloy. 
Indentation experiment test was conducted at room temperature (18.3℃). The test process contains 
multiple loading and unloading phase, the test system is shown in Figure 1(b). Spherical indenters 
made of tungsten carbide were used with diameters 0.45mm. Seven kinds of loading and unloading 
stages were set up to obtain load-depth curve data respectively. Indenting velocity of ball indenter 
speed was set at 0.005334 mm/s for a quasi-static state.  

Large field depth microscope VHX-600E was used to observe indentation morphology, as shown 
in Figure 1(c). 

3.  Surface constitutive model construction 
Plastic flow of materials is generally represented by the equation[12]: 

n
t pK 

                                                                       (1) 
Where σt is the true stress, εp is the true plastic strain, n is the strain hardening exponent and K is 

the strength coefficient. 
A computer program is used to solve the following equations to determine the true stress and true 

strain values. From the plastic depth hp, the plastic diameter dp is calculated by iterating the following 
equation, 
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                                              (2) 

Where P is the measured load, D is the indenter diameter, Espec and Eind are the elastic modulus of 
the specimen and indenter (6.41×105 MPa), respectively. The true stress and plastic strain values are 
then calculated using the following equations, 

0.2p pd D                                                          (3) 

 24t pP d                                                          (4) 

Where δ is a constant related to the constraint effect for plastic deformation. δ  is calculated by 
iterating the following set of equations: 

1.12 1

1.12 ln 1 27

2.87 27m

 


 
     
  

                                                 (5) 

Where (2.87 -1.12) / ln(27),m   / 0.43p spec tE   .The m  parameter is material dependent 
and is held at a constant value of 1.0 for 7050-T7451 alloy [13]. 

Values of n and K are determined by regression analysis of the data fitted to equation (1). Data 
points from all loading cycles are fit by linear regression analysis to the following relationship: 

  -22 m
t tP d A d D                                                       (6) 

Where dt is the total indentation diameter, m is the Meyer’s coefficient and A is a material 
parameter obtained from the regression analysis.  

For each loading cycle, the total penetration depth (ht) is measured while the load is applied and the 
depth is converted to a total indentation diameter (dt) using the following equation: 

 1 222 -t t td h D h                                                       (7) 

The yield strength (σy) is calculated from the expression: 

y m A                                                                 (8) 
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Where m  is a constant (0.219) for 7050-T7451 alloy[14]. 

4.  Results and discussion 

4.1.  Regression equation and ANOVA significance testing 
The profile of load-depth curve was obtained by B4000TM stress-strain microprobe system. The 
maximum indentation depth was 0.1mm. Figure 2 represents a typical load-depth curve obtained for a 
cutting speed of 628m/min, feed rate of 0.06mm/z, and depth of cut and width of cut were 5mm and 
12mm. The yield strength analysis is carried out by taking into account simultaneous occurrence of 
yielding and strain hardening of the material under conditions of multiaxial compression. There were 
seven consecutive processes of work hardening of surface materials. 
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Figure 2. Typical load-depth curves 

Table 3 shows the orthogonal experiment schemes and experiment results. It can be found that 
there is a complex relationship between cutting parameters and surface constitutive model in the 
milling process. Under the conditions of the present experiment, the yield strength of 7050-T7451 
surface layer changed from 351MPa to 533MPa, and the strain hardening exponent changed from 1.12 
to 1.67. It is important to put the relation between cutting parameters and surface constitutive model in 
a mathematical form by the obtained results. Therefore, a mathematical model between machining 
parameters and n, σy was as follows: 

1 2 3 4
1

5 6 7 8
2

b b b b
z p e

b b b b
y z p e

n C v f a a

C v f a a




                                                    (9) 

Where C is a coefficient factor depending on workpiece material, machine tool, and cutting 
condition; b1 to b8 are exponents of v, fz, ap, ae, respectively. The empirical equations of surface strain 
hardening exponent n and yield strength σy could be achieved based on multiple linear regression 
analysis, as shown (10). 

-0.221 0.359 0.112 0.151

-0.307 0.268 0.141 0.098

8.35

3870

Z p e

y Z p e

n f a a

f a a



 




                                           (10) 

An analysis of variance (ANOVA) for surface constitutive models was shown in Table 4. The 
ANOVA results indicated that the most significant factor was cutting speed. The F value were 38.5 
and 31.1 for n and σy at the level of 0.05. The affecting degree of the parameters was described as v >fz > 
ap > ae in order.  
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Table 3. Orthogonal experiment schemes and experiment results 

No v(m/min) fz (mm) ap (mm) ae (mm) σy(MPa) n 
1 942 0.06 6 8 351.25 1.12 
2 942 0.1 5 6 381.63 1.26 
3 942 0.14 4 12 433.21 1.54 
4 942 0.18 3 10 437.08 1.59 
5 628 0.06 5 12 403.47 1.27 
6 628 0.1 6 10 466.29 1.52 
7 628 0.14 3 8 452.74 1.53 
8 628 0.18 4 6 490.29 1.66 
9 502 0.06 4 10 411.36 1.27 
10 502 0.1 3 12 461.15 1.52 
11 502 0.14 6 6 519.86 1.67 
12 502 0.18 5 8 517.50 1.67 
13 314 0.06 3 6 433.89 1.26 
14 314 0.1 4 8 533.00 1.63 
15 314 0.14 5 10 515.27 1.46 
16 314 0.18 6 12 487.48 1.25 

Table 4: Significance testing of the machining parameters on n and σy 

Factors 
Sum of squares 

DF 
Mean of squares F Major-minor order 

of factors n σy n σy n σy 

v 19.2 428.6 3 23.1 435.9 38.5 31.12

v＞fz＞ap＞ae

fz 10.4 182.5 3 13.1 196.9 20.24 15.37

ap 2.89 56.4 3 2.8 63.5 6.39 7.72 

ae 1.6 39.6 3 1.2 42.4 3.48 2.53 

Error 9.4 65.3 3 10.1 56.7   

Total 43.5 772.4 15     

4.2.  Influence of the machining parameters on n and σy 
Figure 3 shows the influence of machining parameters on the n and σy values by the range analysis 
taking into account the four parameters reported above. It is possible to describe how the n and σy are 
affected by the cutting parameters. The horizontal axis represents the cutting parameters, and the left 
and right vertical axis represents the surface yield strength σy and strain hardening exponent n. 
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(a) Effect of cutting speed                       (b) Effect of feed rate 
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(c) Effect of depth of cut                      (d) Effect of width of cut 

Figure 3. Range analysis of on n and σy 

Figure 3(a) shows that the increase of the cutting speed from v=314m/min to v=628m/min causes a 
consecutive reduction of the compressive residual stresses. The surface constitute properties were 
associated with the previous milling plastic deformation. The observed effect may be explained by an 
understanding of the material strain rate of cutting that determines the nature of plastic deformation in 
the machining. At the lowest cutting speed of 314m/min, the chips stay in the machining zone for a 
relatively longer duration and less heat dissipates into the machined surface, which leads to increase of 
σy and n on the machined surface. 

As seen in Figure 3(b), an increase of the feed rate fz from 0.06mm/tooth to 0.1mm/tooth leads to a 
pronounced effect on the surface constitutes properties. But, further increase in the feed rate to 
0.18mm/tooth shows a less pronounced increase of σy and n. The increased cutting force and more 
plastic deformation were generated with the increasing of the feed rate. 

Figure 3(c) shows that a slight change of σy and n was observed when the depth of cut increased 
from 3mm to 6mm. Further, the chart of Figure 3(d) shows that the width of cut does not present an 
obvious influence on the surface constitutes properties. A variation of the cutting depth and width 
causes a direct proportional increase of the forces. At the same time, cutting temperature increases 
with more cutting heat. It is envisaged that the effect of cutting force goes hand-in-hand with the 
cutting temperature change, which offsets the influence on the 7050-T7451 alloy milling surface 
plastic deformation. 

5.  Conclusions 
The influence of machining parameters on the surface constitutive properties of 7050-T7451 
aluminum alloy was invested by orthogonal cutting and indentation experiment. The important 
conclusion drawn from the present research was summarized as follows. 

(1) Plastic deformation caused by milling will change the surface constitute properties of 7050-
T7451 alloy. Under the conditions of the present experiment, the yield strength of 7050-T7451 surface 
layer changed from 351MPa to 533MPa, and the strain hardening exponent changed from 1.12 to 1.67. 

(2) The surface stresses could be predicted effectively by applying cutting speed, feed rate, depth of 
cut, width of cut, and their interactions in multiple regression exponent models. Their affecting degree 
diminishes in order, described as v > fz > ap > ae based on the ANOVA analysis of orthogonal 
experiment. 

(3) It has been shown that the decrease of the cutting speed and the increase of the feed rate lead to 
significant increase of the yield strength and strain hardening exponent on 7050-T7451 finished 
surface.  

Acknowledgments 
The authors acknowledge the support from the Shandong Provincial Natural Science Foundation, 
China (Grant no. ZR2016EEP04). 



7

1234567890

ICAMMT 2017 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 242 (2017) 012039 doi:10.1088/1757-899X/242/1/012039

 
 
 
 
 
 

References 
[1] Heinz, A.; Haszler, A.; Keidel, C.; Moldenhauer, S.; Benedictus, R.; Miller, W. S. Recent 

development in aluminium alloys for aerospace applications. Materials Science and 
Engineering A, 2000, 280: 102–107. 

[2] Bao, R.; Zhang, X.; Fatigue crack growth behaviour and life prediction for 2324-T39 and 7050-
T7451 aluminium alloys under truncated load spectra. International Journal of Fatigue, 2011, 
32:1180–1189. 

[3] Haikuo, M.; Xinda, H.; Yichu, Y.; Xiaoming, Z.; Han, D.; Investigation of surface integrity of 
aluminum lithium alloy in high speed machining. Scientia Sinica Technologica, 2014, 44:89-
98. 

[4] Aatakhov, V.P. Surface integrity-definition and importance in functional performance. London: 
Springer, 2010. 

[5] Zhongqiu, W.; Jianfeng, L.; Jie, S.; Guiyu, L. FEM analysis of deformation correction by side-
wall rolling of aircraft monolithic components. China Mechanical Engineering, 2009, 20: 
612-616. 

[6] Wu, B.; Li, M.Q.; Ma, D.W. The flow behavior and constitutive equations in isothermal 
compression of 7050 aluminum alloy. Materials Science and Engineering: A, 2012, 542:79-
87. 

[7] Yongzhi, H.; Liwen, G.; Xin-jun, L.; Hailong, C. Research and revise on constitutive equation 
of 7050-T7451 aluminum alloy in high strain rate and high temperature condition. Journal of 
Materials Engineering, 2012, 12:7-13. 

[8] Xiuli, F.; Xing, A.; Yi, W.; Song, Z. Flow stress characteristics and constitutive equation at high 
temperature for 7050 aluminum alloy. Journal of Wuhan University of Technology, 2006, 
Volume 28, pp. 113-116. 

[9] Zhitao, T.; Yi, W.; Xing, A. The influence of tool flank wear on residual stresses induced by 
milling aluminum alloy. Journal of Materials Processing Technology, 2009, 209:4502–4508. 

[10] Tabor, D. The hardness of metals. Oxford: Clarendon Press, 1951. 
[11] Haggag, F. M. Field indentation microprobe for structural integrity evaluation: US, 4852397, 

1989. 
[12] Xin, Y.; Jie, S.; Qingchun, X.; Xiong, H. Milling surface properties of 7050-T7451 aluminum 

alloy and establishment of constitutive model.The Chinese Journal of Nonferrous Metals, 
2015, 25:2982-2989. 

[13] Weiguo, G.; Hongwei, T. Strain rate sensitivity and constitutive models of several typical 
aluminum alloys. The Chinese Journal of Nonferrous Metals, 2009, 19: 56-61. 

[14] Haggag, F. M.; Bell, G. E. C. Measurement of yield strength and flow properties in spot welds 
and their HAZs at various strain. The ASM 3rd international conference on trends in welding 
research, USA, Gatlinburg, 1992 :637-642. 


