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Introduction. The object of the research is the multi-element tribo-fatigue boring bar
front-end structure which is one of the most critical components of heavy-duty horizontal bor-
ing lathe (see Figure 1a). Contact interaction with friction between its various elements and a
non-contact bending are implemented in this system.

The aim of the work was to determine stress-strain state of the system and to find out
the position of its bodies for minimizing stress while increasing the boring radius.

FEM based computer simulation of the boring bar front-end structure was made consid-
ering its contact interactions during the boring process and non-contact deformation occurring
due to the bending of the cutter.

Problem statement. Suppose that r* is the position of the particular configuration of the
k-th body in space for calculated system, shown on Figure 1b, 1c. For them the following re-
lations that determine the mechanical state of the particle of the body (the elementary volume)
are carried out: the continuity equation, the equation of equilibrium of the body’s particles,
dependency between displacements and strains, and Hooke's law [1, 2].

Boundary conditions of the first type for the surface S, of the lower body of analyzed

system on the axes Y on the Figure 1b, where displacements iz*" (r") are set, are added to the
equations that determine the mechanical state:

ufzb@k*(rk),i:x,y,z, (1)
and the second type for all other elements of the system, on the surface S, of which the effort
distributions p, , represented on Figures 1b and 1c are set:
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where oc’; — direction cosines.

Interaction of n deformable bodies of the system can be described with the help of the
contact boundary conditions, defined by the next relations:
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where S _—  contact surface for bodies / and m, sUm = gim - glim — gtm |

P, = {ﬁl",pf,ﬁf } = { .ok, pfz} and u, = {ﬁlk,ﬁzk ,1713"} — vectors of forces and displacements on

the surface of k-th body, pt, p*,p%, — normal and tangential components of the vector forces,
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the contact surface, f;,, — friction coefficients for the corresponding pairs of bodies.
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Fig. 1. Studied system: a) heavy-duty horizontal boring lathe and its front-end structure; b) finite
element mesh and loading scheme for full model of the front-end structure, c) finite element mesh and
loading scheme for submodeling regions of the front-end structure; d) elements of the boring bar
front-end structure (1 — upper base, 2 — middle base, 3 — lower base, 4 — shaft, 5 — bolts, 6 — boring
bar, 7 — cutter), e) groups of bolted connections
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Finite-element models with applied boundary conditions are shown in Figures 1b-1c
and the mechanical characteristics of the materials used are given in Table 1.

Friction coefficient / equals 0.18 for all contact interactions.

Boring load was defined according to the data provided by the Harbin University of

Science and Technology: Fy = {-3118; 3619; -8620} N. Force Fy was applied to the three
external faces of the cube of the boring part of the knife with an edge length of 4 mm.

Table 1 — Mechanical characteristics

Material Poisson’s Ratio, Young's Yield strength, Strength limit,
atena v modulus, E, GPa 6., MPa 6., MPa
Steel 18XTI'T,
(for bolts) 0.3 211 885 980
Steel 18XI'T 0.3 211 730 980

For calculation of tightening force of bolt joints the methodology described in [3] was
used. Considering a metric thread and the beginning of the plasticity in the bolts rods, tighten
force in bolt joints, represented on Figures 1b, lc, le, are shown in the Table 2.

Table 2 — Bolts pretension

Screw type Group Bolt pretension, N
M8x1 — 6g A F,=24949.5
M10x1 — 6g B F,=43048.7
M14x1,5 — 6g C F.=82341.3
M24x2 — 6g D F;=264903

Let us denote generalized coordinate ¢; according to the notation given on Figure 1d
which represents the displacement of the upper support relative to the middle support in the
guides of the middle support.

Let us also denote generalized coordinate ¢, that represents the displacement of the
middle support on the shaft relative to the lower support fixed on the boring bar.

Positive direction of generalized coordinates g; and ¢» is defined as a movement in the
direction of increasing the boring radius. Origin for ¢g; and ¢, is the position of the system
provided by the Harbin University of Science and Technology and presented in Figures 1b-1c.
In this case, the parameterization of the calculation grid can be specified in the form Q;j,
where i takes the calculated values of ¢, and j are the discrete values of ¢,, respectively.
Thus, in Table 3, a correspondence was made between the codification of the calculations Q;;
and the boring radii.

It can be seen from Table 3 that exactly the same boring radii can be achieved by differ-
ent displacements of the upper and middle supports.

All calculations were performed in the finite element simulation program ANSYS
Workbench considering gravitational force field in a static formulation.

In accordance with well-proven technology provided in [4] calculations for all models
were divided into two phases: the first step took into account the tightening of bolted joints,
during the second one the boring load was added.

At the second step the distribution of forces and displacements produced by the tighten-
ing of bolted joints were applied as the boundary conditions.

For a more accurate finite element evaluation of stress-strain state of the front-end sys-
tem of the boring bar the submodeling of the front end system (cutter, upper base and a piece
of middle base) was made. It was carried out by transferring displacements which were de-
rived from calculations of the full models to the submodeled faces shown in Figure 1c as well
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as the application of remaining boundary conditions in this domain. After that new boundary
problem was solved.

Table 3 — Boring radii for calculations Q;; (mm)

J
1 2’ 3’ 4,
Qi =0 mm g2=21.65m | ¢;=94.15m | ¢2=111.65m
m m m
i 1, ql = -

18.756 mm 218.24 239.89 312.39 329.89
2,q1 =0 mm 236.996 258.646 331.146 348.646
3,91 =18.756 mm 255.752 277.402 349.902 367.402

Stress state. Figure 2 represents distributions of equivalent stress c.qy for the calcula-
tions which correspond to the extreme values of the generalized coordinates ¢; and g»: Qy 1,

Q3.1, Q14, Q34

)y 1767,2 Max b)Y 1723,7 Max
a)__ 46734 ) 457,71
123,59 121,54
32,683 32,272
86429 8,5691
2,2856 2,2754
0,60443 060418
0,15984 0,16043
0,042269 0,042599
0,011178 Min 0,011311 Min
M 1882 Max d) 1882,9 Max
484,02 493,78
124,48 129,49
32,015 33,957
8,2337 89048
2,1176 2,3352
0,54461 061238
0,14007 0,16059
0,036023 0042113
0,0092645 Min 0,011044 Min
1748 Max f); 1698,8 Max
473,65 460,19
128,34 1 12467
34,777 33,772
94235 9,1489
2,5535 2,4784
06919 0,67141
0,18748 0,18189
0,050802 0,049273
0,013766 Min 0,013348 Min
'—\‘ 1876,4 Max h 1877,4 Max
485,24 ] ) | soa72
125,48 )
. A 135,69
32451 f 3 3648
8,3921 T 9,8073
2,1702 & _ 2,6366
0,56124 - » 0,70884
0,14514 0,19057
0,037534 0,051232

0,0097065 Min

0,013773 Min

Fig. 2. Distributions of equivalent stress o.,, after tightening the bolted joints in the submodels, MPa:
a) Q11 b) 031, ¢) Q14 d) Oz 4 and distributions of equivalent stress o.,, during boring process in the
submodels, MPa: e) Q; 1, f) Os.1, ) Q1.4 h) Os.4
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According to Figures 2-3 depending on the different radii of boring it is seen that in the
system during submodeling after tightening the bolted joints the maximum value of the
equivalent stress Geqy appears to be the least in the calculation Q, >, amounting to 1702.7 MPa
and ocqy increases by 10.69 % to the highest value of 1884.8 MPa in the calculation Q5 4.

In the submodeled system during the boring process, the maximum value of the equiva-
lent stress c.qy appears to be the least in the calculation Q;», amounting to 1645.1 MPa and
Geqv Increases by 14.18 %, to the highest value of 1878.5 MPa in the calculation Q5 4.

a) b)

Fig. 3. Maximum equivalent stress o, in the whole system depending on the value of the generalized
coordinates q; and q, (positions of the bases), MPa: a) after tightening the bolted joint in the full
models; b) during boring process in full models; c) after tightening the bolted joint in submodels,

d) during boring process in submodels

After tightening the bolted joints in the full model in the system the maximum value of
the equivalent stress 6.qy appears to be the least in the calculation Qs,, amounting to 1321.1
MPa and o4y increases by 34.95 % to the highest value of 1782.8 MPa in the calculation Q 4.
The minimum and maximum values of the maximum equivalent stress in full model decrease
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by 22.41 % and 5.41 % as compared with the lowest and highest values in the submodels re-
spectively.

a) b)

Fig. 4. Maximum equivalent stress o, in the bolted joints of group A and B depending on the value of

the generalized coordinates q; and q, (positions of the bases), MPa: a) after tightening the bolted joint

in full models, b) during boring process in full models; c) after tightening the bolted joint in submod-
els; d) during boring process in submodels

During the boring process in the full model in the system, the maximum value of the
equivalent stress G.qy appears to be the least in the calculation Q> 4, amounting to 1636.3 MPa
and oy Increases by 7.14 % to the highest value of 1753.2 MPa in the calculation Q, ;. The
minimum and maximum values of the maximum equivalent stress in full model decrease by
0.53 % and 6.67 % as compared to the lowest and highest values in the submodels, respec-
tively.

As it’s shown on Figure 4, after tightening the bolted joints in the full model in the bolts
of both group A and B, the maximum value of the equivalent stress c.q, appears to be the least
in the calculation Q3 », amounting to 1321.1 MPa and 6.4, increases by 34.95 % to the highest
value of 1782.8 MPa in the calculation Q4. The minimum and maximum values of the max-
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imum equivalent stress in full model decrease by 22.41 % and 5.41 % as compared with the
lowest and highest values in the submodels, respectively.

During the boring process in the full model in the bolts of both group A and B, the max-
imum value of the equivalent stress Geqy appears to be the least in the calculation Qsp,
amounting to 1295.8 MPa and o4, increases by 33.78 % to the highest value of 1733.5 MPa
in the calculation Q; 4. The minimum and maximum values of the maximum equivalent stress
in full model decrease by 21.23 % and 7.72 % as compared to the lowest and highest values in
the submodels, respectively.

Conclusion. During this study 24 mechanical and mathematical models allowing de-
scription of the three-dimensional stress-strain state of the boring bar front-end structure of
heavy-duty horizontal boring lathe depending on the boring radius were developed. The effect
of the bolts tightening on the upper base was investigated.

The use of submodeling made possible the research of the nature of the changes in the
investigated distributions in more detail and indirectly confirmed the convergence of the solu-
tions.

In general, it should be noted that the tightening forces of the bolted joints of groups A
and B are extreme and contribute significantly to the stress-strain state of the elastic elements
of the front-end structure of heavy-duty horizontal boring lathe in comparison to the impact of
boring process.

The obtained results indicate that in order to minimize von-Mises stress of the most
loaded bodies of the system with increasing boring radius it is better to move the middle base
(increase ¢») than the upper one. Moreover, it is advisable to push the upper base as much as
possible in the direction of decreasing the boring radius (decrease ¢).

Further, it is recommended to carry out additional studies of this model by making anal-
ysis focused not on local characteristics of damageability (components of stress tensor), but
on integral ones such as dangerous volumes. Also it is reasonable to adjust the tightening val-
ues of bolted joints within the analysis of damageability reduction.

And it is also advisable to vary the basic sizes of bolts of groups A and B in order to de-
termine the least damageability at an acceptable price and manufacturability of these ele-
ments.
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