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Determination of thermal deformation compensation formula for heat distortion,
focusing on robustness and cost-efficiency
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This study ﬁroposes a method to compensate for thermal deformation errors by

deriving a predictive formula for heat distortion from temperature measurements. Experimental
designs based on the all-pairs method are employed. The thermal deformation of each component is
analyzed under determined experimental conditions, and the behavior of heat distortion is
visualized. The ability to replicate the thermal deformation behavior is demonstrated during actual
machine tests. The nonlinearity of thermal deformation is attributed to temperature differences
between the main spindle motor and various machine components. This confirms the relationship
between the experimental conditions set by the all-pairs method and thermal deformation.
Furthermore, an experimental design and analysis methodology are established using the all-pairs
method. The accuracy of the predictive formula is evaluated through tests on machine tools,
resulting in a reduction in the required number of tests.
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Table 1 Specification of XT-6.

Height of the center from floor (mm) 960
. .-l
Headstock Max. spmqle speed (min") 4,500
Power of spindle motor (kW) 75055
Short-time rating / Continuous rating T
Max. stroke (mm) X:120 Z:280
Tool post
Power of servo motor (kW) X:0.75 Z:1.8
Weight(kg) 2,300
Size:Length x weight x Height (mm) 1,360x1,370x1,700

Fig. 1 Overall view of XT-6.



Table 2 List of temperature measurement points.

Ch 1| Chuck side of head stock |Ch 12 Left front side of inside bed . s

Ch2| Cylinder side of head stock [Ch 13 Spindle motor Table 3 Cuttlng condition.

Ch3 Chucking cylinder Ch 14| Front side of bed under head stock base Level

Ch4 Front side of head stock  [Ch 15 X axix ball screw Factor

Chs Rear side of head stock  [Ch 16 Hydraulic unit 1 2 3
Ch 6 | Bed under Z axix servo motor |Ch 17 Bed under headstock A) Diameter(mm) 50 35 20
Ch7 Z axix servo motor Ch 18 Room temperature (B) Length(mm) 10 30 50
Ch8 Left front side of bed Ch 19 Outdoor temperature .

Ch9|  Leftrearsideofbed _ |Ch20 Housing of turet © Times ! 4 >
Ch 10| Right front side of bed __[Ch 21 Bed around hydraulic unit (D) Temperature Increase | Constant | Decrease
Ch 1l Right rear side of bed Ch 22| Rear side of bed under head stock base (E) Cutting fluid Non use Use

Table 4 Each cutting condition by L9 orthogonal array. Table 5 Each cutting condition by All pair method.

Diameter Length . Diameter Length . Cutting
Test Number = Times Temperature Test Number [mm] [mm] Times Temperature fluid
[mm] [mm]
N1 35 50 1 Decrease Non use
L1 50 10 1 Increase N2 50 30 4 Constant Use
L2 50 30 4 Constant N3 20 10 5 Constant Non use
L3 50 50 5 Decrease N4 20 50 4 Increase Use
3 creas S
4 35 10 4 Decrease NS S 30 S Increase Non use
N6 50 50 1 Constant Non use
LS 35 30 B) Increase N7 20 30 1 Decrease Use
L6 35 50 1 Constant N8 35 10 4 Decrease Use
L7 20 10 5 Constant N9 35 50 5 Constant Use
L8 20 30 1 Decrease N10 50 10 1 Increase Use
N11 50 10 S Decrease Non use
L9 20 50 4 Increase
NI2 35 30 4 Constant Non use
e
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Fig.2  Examples of thermal displacement prediction.



Table 6 Temperature measurement points and experimental Table 8 Simulation results of the correction effect of the

constants by L9 orthogonal array. thermal deformation prediction equation determined by L9
i 1 2 3 4 orthogonal array.
T Cho Chg | Chl7 | Ch20 (a) Without cutting fluid
a, | 268 | 241 | 025 | 0.3
Variation in diameter Average in diameter variation Standard deviation in
(Max-Min) [um] [um] diameter variation [um]
Table 7 Temperature measurement points and No. | Without with Without With Without With
compensation | compensation | compensation | compensation | compensation | compensation
. . (Measured) (Predicted) (Measured) (Predicted) (Measured) (Predicted)
experimental constants by All pair method. o =0 o o S o o
i 1 2 3 4 L2 7.0 37 34 2.0 2.0 0.9
L3 10.0 6.1 4.1 0.9 2.7 0.8
T; Ch12 Chl4 Ch15 Ch22 L4 12.0 5.8 4.2 1.7 27 1.2
L5 19.0 6.8 6.4 1.0 2.6 0.8
a; -0.87 -1.32 0.52 2.12 L6 120 57 37 25 28 10
L7 13.0 4.5 35 1.5 2.3 1.0
. L8 10.0 6.2 4.5 33 2.5 13
Table 9 Approximate results from the thermal Lo 190 11 55 23 29 17
. . . . . Average 13.8 6.4 4.7 1.9 2.6 1.1
deformation prediction equation by All pair method.
Variation in diameter Average in diameter variation Standard deviation in 5 : :
(Max-Min) [um] [um] diameter variation [um] (b) Wlth Cuttlng ﬂu]d
No. Without With Without With Without With Variation in diameter Average in diameter variation Standard deviation in
compensation [ compensation | compensation | compensation | compensation | compensation N Without With Without With Without With
(Measured) | (Predicted) | (Measured) | (Predicted) | (Measured) | (Predicted) ° compensation | compensation | compensation | compensation | compensation | compensation
N1 10.0 58 1.9 22 24 1.2 (Measured) | (Predicted) | (Measured) | (Predicted) | (Measured) | (Predicted)
N2 13.0 12.7 32 22 22 1.7 L10 14.0 6.0 3.5 2.2 2.4 1.3
N3 13.0 6.3 3.5 2.9 2.3 1.6 L1l 13.0 12.5 3.0 2.3 2.2 1.7
N4 15.0 64 3.2 L5 3.0 L0 L12 10.0 11.7 3.2 3.7 1.6 2.8
N5 19.0 72 6.5 19 25 12 L13 14.0 8.5 3.6 23 2.4 1.0
N6 12.0 64 3.1 2.0 1.8 13 L4 19.0 52 5.4 1.7 32 1.2
N7 100 6.6 25 2.0 L5 12 L15 10.0 10.0 2.8 32 1.6 1.7
N8 14.0 94 36 1.6 24 1.2 L16 13.0 8.4 9.0 6.1 2.7 1.3
N9 9.0 64 28 24 3.0 1.5 L17 10.0 7.2 25 2.7 1.5 1.7
NIO 14.0 7.3 3.5 35 24 1.5 L18 15.0 10.7 32 2.1 3.0 1.7
NIl 5.0 5.0 1.8 0.8 1.3 0.6 Average 13.1 8.9 4.0 2.9 23 1.6
NI12 12.0 72 3.0 1.7 1.8 1.1
Average 12.2 72 3.2 2.1 22 1.3
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IRLTWD. £ 10 OFLMTHIIERORBRZEDOFHEN 8S5um LLF THDHZ Lo, HREXZ N TE
TEDE D AL ZITH Z & T, BB FRIRIRE DT D D EBREMI OB TTRETH 5 = L 2R TX -

25 25 Table 10 Simulation results of the correction
Nonuse cutting fluid Nonuse cutting fluid : Pt
2 Use cutting fluid 2 Use outting fluid effect of.the thermgl deformation pre'd.lctlon
= = equation determined by each condition.
15 515
s FmSS ODE P\ = O leloelalse
£ 10 £ 10 1 220 75| 88 9.8 115
= = — . > < 2 70| 36| 42| 66 71
3 5 3 10.0] 6.1] 6.6] 54 6.2
0 0 L4 12.0] 58] 58] 55 64
228 |28%8 |[-v* |%3E3 228 (222 |-~ |zzg (5(N5) | 19.0] 68| 7.2 73] 69
E gz g L6 12.0] 57| 56| 85 7.0
£33 £83 L7(N3) 13.0] 45| 6.3] 78] 7.9
Diameter Length Times Temp Diameter Length Times Temp L8 10.0 5.5 7.2 6.4 9.5
19 19.0 81 9.9 9.9 93
(a) Without compensation (b)With compensation LioN1O)] 14.0] 58 72 76] 7.1
[11(N2) | 13.0] 125 12.8] 12.7] 1L.7
Fig.3 Graph of factorial effect: L9 orthogonal array. L12 100f 11.7) 131] 12.7] 122
g 3G aph ot factorial efiects by 90 ogonal array L13(N8) 14.0 8.5 9.3 10.2 9.1
25 L14 19.0 52 9.0 113 12.7
20 Without compensation L15 10.0f 10.0 8.5 9.5 9.9
—o— With compensation L16 12.0 7.2 9.8 7.9 9.7
T o1s [17(N7) | 10.0] 7.2] 6.6 86| 7.0
T 1 [18(N4) | 15.0] 10.7] 65| 7.4 8.3
£ NT 10.0] 76| 58] 57 81
m
5 L T o B an B N6 120 80| 64 61 72
N9 9.0 8.3 6.4 6.6 7.7
0 ses lesz |-« lz2z23 lz2 N11 50 7.6] 50| 5.1 4.0
§58 |23 N12 120 74 72| 66| 9.1
28 g |2 Average | 12.57] 7.45] 7.61] 8.05] 8.50
. ) ' [m]
Diameter Length Times Temp. C;]J:I.lll;g @ Without compensation
. . . @L1~L18
Fig.4 Graph of factorial effects by All pair method. ® Al pair

@ All pair without B2
® All pair without C2
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Fig.7 Overview of thermal deformation behavior
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