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Energy-Efficient Steels for Motor Laminations 
F.E. Werner and R.L Jaffee 

Motors use over 60% of all electricity generated, and their losses exceed 200 x 109 kW.hr/year. A signifi- 
cant part of this loss results from eddy currents and hysteretic processes in the motor laminations. These 
so-called core losses cost motor users about $3 x 109/year. The metallurgy and economics of using various 
steels are considered, with emphasis on 5- to 125- hp polyphase induction motors. A lower core loss steel, 
even though it is more expensive, is economically justified most of the time when the operating costs of mo- 
tors are considered. Impurities must be minimized, and steels can now be made with the principal impu- 
rities being less than 30 ppm. Further reduction of core losses depends on using the best steel processing 
equipment available, production of a consistently low carbon content so that decarburizing during the fi- 
nal anneal can be eliminated, developing a better understanding of the relation between material proper- 
ties and performance in motors, and an increased willingness by the motor users to pay more for better 
motors that are cheaper to own in the long run. 

1 Introduction 

THE ac magnetic flux carried in laminations causes significant 
loss in electrical equipment due to induced eddy currents and 
hysteretic magnetization processes in the steel. Most of  this so- 
called core loss is found in transformers, motors, and lamp bal- 
lasts and was estimated to account for 4.5% of the total electric- 
ity generated in 1977 in the United States, with a cost to the 
users of  over $3 x 109/year [1] Considering that electricity usage 
and price have increased since 1977, it is estimated that the cur- 
rent annual cost of  these core losses exceeds $7.5 x 109, a sig- 
nificant economic penalty. 

This paper is concerned primarily with motors, which utilize 
over 60% of the electricity in the United States. Losses in mo- 
tors result from the I2R (I=current, R--resistance) heating in 
both stator and rotor windings, eddy current and hysteresis 
losses in the laminations, friction and windage, and stray load. 
Except in a few instances, only the core loss component is con- 
sidered herein. 

Motors come in a bewildering array of  sizes and designs for 
many different applications. To reduce the subject to manage- 
able proportions without losing any essential features, this pa- 
per concentrates on 5- to 125- integral hp polyphase induction 
motors. Many such motors are relatively standardized, they 
consume a large fraction of the total motor electricity, they util- 
ize a range of steels, they are made with several levels of effi- 
ciency, and they represent opportunities for significant energy 
savings. 

The term "electrical motor steel" is used generically herein 
to denote any steel used for laminations in motors. In the United 
States, two subclasses are usually termed "nonoriented steel" 
and "motor lamination steel," to denote, respectively, steels 
containing significant amounts of  silicon made by specialty 
producers, and steels with low amounts of silicon made by the 
large integrated steel producers. There is now significant over- 
lap in alloy content between these subclasses, with resulting 
confusion in terminology. 
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Electrical motor steels have been significantly improved in 
the past l0 to 20 years, leading to steels with better and more 
uniform properties. Continuous casting, vacuum degassing, 
and ladle refining are now being widely used. This paper dis- 
cusses the economics and metallurgy of using such materials in 
motors. Prospects for further reduction in core loss are also con- 
sidered. Much of the material in this paper is taken from Ref 2. 

2 Losses in Motors 

The numbers of motors 1/6-hp and larger and their energy 
consumption in 1985 are summarized for various size ranges in 
Table 1 .[3-5] The data in the original sources for 1- to 20-hp were 
aggregated differently from Table 1; the conversion to 1- to 4- 
and 5- to 20-hp ranges is described in Appendix A of Ref 2. The 
efficiencies are the weighted averages of  installed motors in 
1977 (Table 3-11, Ref 3). Motors smaller than 5 hp constitute 
about 97% of the numbers of motors, but use only 22% of the 
electricity. Their efficiencies are modest, many are operated 
relatively few hours annually, and they contribute 44% of the 
loss. Most customers for these small motors purchase them on 
the basis of initial cost only. Motors larger than 125 hp consti- 
tute only 0.1% of the numbers, but use 32% of the electricity. 
Even through they operate under high duty cycles, their high ef- 
ficiency leads to their contributing only 14% of the loss. These 
motors tend to be purchased by customers who consider the to- 
tal cost of owning the motors; hence efficiency is an important 
consideration. The 5- to 125-hp range constitutes about 3% of 
the motors, uses 46% of the electricity, and produces 42% of the 
loss. Many motors in this range are purchased by OEM's and 
distributors, not by the ultimate users of the motors. Conse- 
quently, initial cost tends to outweigh operating cost as a pur- 
chasing criterion. However, an increasing number of customers 
for these medium-horsepower motors are buying higher effi- 
ciency models to reduce the total cost of owning the motors. 
This medium-horsepower range was previously identified as 
having the highest potential for energy conservation.[3] 

The total electricity used in all motors represented in Table 1 
is over 60% of the total generated in the United States. Core 
losses are generally 10 to 30% of the total motor loss of  218 x 
109 kW-hr/year in Table 1. Taking 20% as a typical value, core 
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Table  1 M o t o r  N u m b e r s ,  E lec tr i c i ty  Use ,  a n d  Losses  in the  U n i t e d  States  in 1985 [3-5l 

Motor Number of motors Electricity used Efficiency Losses 
size, hp Millions % 109kW-hr % average, % 109kW.hr 

<t .............................................. 878 90.0 133 8.4 65.0 
1 to 4 .......................................... 67 6.8 217 13.7 77.0 
5 to 20 ........................................ 24 2.5 236 14.9 82.5 
21 to50 ...................................... 3.8 0.4 163 10.3 87.5 
51-125 ....................................... 2.0 0.2 330 20.8 91.0 
> 125 .......................................... 1.3 0.1 506 31.9 94.0 
Total .......................................... 976 ... 1585 ... 86.2 
Total electricity generated ............................................................................... 2568 

Table  2 P a y b a c k  Per iod  for  H i g h - E f f i c i e n c y  M o t o r s  

Input data Standard motors High-efficiency motors 

47 
50 
41 
20 
30 
30 

218 

Horsepower .................................. 5 
List price, $ ................................... 340 
Efficiency, full load, % .................. 83.4 

Calculation of cost of losses, 
Power output, kW ......................... 3.73 
Power input, kW ........................... 4.47 
Total losses, kW ............................ 0.74 
Cost of losses, $/hr ........................ 0.037 

Paybaek period calculated 

25 125 5 25 1 25 
1230 7425 480 1610 9275 

87.9 90.7 89.0 93.0 95.9 

18.65 93.25 3.73 18.65 93.25 
21.22 102.81 4.19 20.05 97.24 
2.57 9.56 0.46 1.40 3.99 
0.128 0.478 0.023 0.070 0.200 

Price differential, $ ............................................................................................................................ 140 
Cost of losses differential, $/hr ........................................................................................................... 0.014 
Payback period, hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 , 0 0 0  

Note: NEMA design B, 1800 rpm, TEFC, polyphase. Electricity cost: $0.05/kW.hr. 
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Fig. 1 Efficiencies of motors. Average nominal full-load 
efficiencies of standard, NEMA energy-efficient and high- 
efficiency motors. Standard and high-efficiency curves are 
averages of major manufacturers in the late 1980s. Polyphase, 
1800 rpm, NEMA design B, TEFC. 

losses thus a m o u n t  to about  45 x 109 kW.hr /year ,  or 1.8% of  the 
total  e lectr ici ty  genera ted  in the Uni ted  States.  At  an average  
electr ici ty  cost  of  $0 .065 /kW.hr  in 1985 [Table 53, Re f  5], these  
core  losses  cost  the users  of  motors  abou t  $3 bi l l ion/year .  

Eff ic iencies  of  m e d i u m - h o r s e p o w e r  motors  on  the marke t  

are s h o w n  in Fig. 1, wh ich  shows  the  three  eff ic iency levels  
avai lable.  I6,7] High-ef f ic iency  motors  are 2 to 4 pe rcen tage  

points  more  eff ic ient  than  s tandard  motors .  Motors  mee t ing  the 
N E M A  energy-ef f ic ient  cr i ter ia  h a v e  in te rmedia te  eff ic iencies .  
H igher  ef f ic iency is ach ieved  by  such  means  as greater  quant i -  

fies of  conduc tor  and  steel, a be t ter  grade of  steel, be t te r  bear-  

ings  and  fans,  and  improved  slot designs.  It appears  that  per-  

haps  a third or more  of  the sales o f  in tegral  ho r sepower  motor s  
bui l t  to N E M A  standards  are h igh-ef f ic iency  mode ls .  18] Bo th  

s tandard  and h igh-ef f ic iency  motors  have  eff ic iencies  today  

that  are 1 to 2 pe rcen tage  poin ts  h igher  than a decade  earlier.  
Consequent ly ,  the ef f ic iencies  s h o w n  in Table 1 are s o m e w h a t  

low for today ' s  insta l led motors ,  and  the  losses  s h o w n  are thus 

s o m e w h a t  h igh  for the average  motor s  in use today. However ,  
because  motor  life is on  the order  o f  20 years ,  the ef f ic iency o f  

the insta l led mo to r  popu la t ion  changes  very  slowly, so tha t  the 

va lues  in Table 1 can  be  taken  to be  a reasonab le  approx ima-  

tion. 

A h igh-ef f ic iency  motor  has  a h igher  ini t ial  cost ,  but  the  in- 

c reased  eff ic iency leads to a lower  opera t ing  cost .  A l t h o u g h  a 

var ie ty  of  e conomic  ana lyses  are used to de te rmine  whe the r  to 
buy  a h igh-ef f ic iency  motor,  for the  purposes  o f  this  paper,  the 

s imple  payback  per iod  is used. The  payback  per iod  is s imply  

the  length  o f  t ime the  h igh-e f f ic iency  mo to r  mus t  be opera ted  
before  the  sav ings  in electr ici ty  cost  equal  the h igher  init ial  

cost .  A l though  e c o n o m i c  cr i ter ia  differ,  a payback  per iod  less 

2 2 8 - - V o l u m e  1(2) April  1992 Journal  of  Materials Engineer ing and Performance 



T a b l e  3 A n n u a l  H o u r s  o f  U s e  f o r  I n d u s t r i a l  5-  t o  1 2 5 - h p  
M o t o r s  

Annual usage, Percentage of motors for each period of annual use 
thousands of hours 5 to 20 hp 21 to 50 hp 51 to 125 hp 

<1 ............................... 21.8 3.6 2.0 
1 to 2 ........................... 59.6 26.6 10.4 
2 to 3 ........................... 7.7 29.7 28.2 
3t04 ........................... 5.0 14.3 23.7 
4to5 ........................... 2.0 11.2 15.5 
5to6 ........................... 1.6 7.4 11.2 
6to7 ........................... 0.9 3.8 6.0 
7to8 ........................... 0.8 1.6 2.8 
>8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.7 0.8 0.3 

Source: Table 1-6, Ref 3. 

than 5 years may be considered a good investment. In Table 2, 
the payback periods for three sizes of a common design of 
medium-horsepower high-efficiency motors are calculated 
from the list prices and efficiencies of  current motors produced 
by one manufacturer, using $0.05/kW.hr electricity cost, typi- 
cal for industrial users. For motors operating at least 2000 
hr/year, common for these sizes (Table 3), the payback period is 
generally less than 4 years, making high-efficiency motors a 
good investment. Discounting from list prices is common and 
would lead to a shortening of  the payback period shown. 

In applications with variable loads such as pumps, the use of 
solid-state driven adjustable speed drives (ASD) also reduces 
the overall electricity supplied to motors. It has been estimated 
that, in 1985, 12% of the motor drives above 7.5 hp were adjust- 
able speed drives. [9] Although the system operates at a higher 
efficiency under partial load, the motor itself may have on the 
order of 20% higher loss due to the high harmonic content of  
the inverter output.[ 10,11 ] 
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Fig. 2 Motor lamination steel processing. Item in parentheses is 
used infrequently. 

3 Electrical Motor Steels 

The United States produces about 1,000,000 tons/year of 
motor lamination grade and 250,000 tons/year of  nonoriented 
steel. The total value of these steels is about $1 x 109/year. Such 
steels are used not only in motors, but also in transformers, bal- 
lasts, and other electrical apparatus, Although there are no pub- 
lished statistics, it is estimated that 70,000 to 100,000 tons/year 
are used in 5- to 125-hp motors. A related magnetic material, 
oriented electrical steel, is produced in quantities of about 
250,000 tons/year in the United States. 

A flow chart for the processing of motor lamination grade 
steel is shown in Fig. 2. This product is made by large integrated 
steel makers, for whom this grade represents a small part of  
their total production. All steel in this grade is produced in the 
semiprocessed condition, i . e . ,  the motor manufacturer must an- 
neal it to develop the desired magnetic properties. The anneal 
decarburizes the steel, produces the desired large grain size, 
oxidizes the surface to provide electrical insulation, and re- 
lieves the punching stresses. The temper rolling produce the 
critical strain necessary to yield the exaggerated grain growth 
during the anneal. No coating is applied to this grade by the 

steel maker. Changes in this product have been described in 
some detail. [ 12] 

The flow chart for nonoriented steels is shown in Fig. 3. This 
product is made in the United States by specialty steel makers 
in both semiprocessed and fully processed grades. The 
semiprocessed product must be annealed by the motor pro- 
ducer to develop the magnetic properties as described for the 
motor lamination grade. The antistick coating minimizes weld- 
ing during the anneal, but is essentially destroyed by the anneal 
and thus provides no consequential insulation. The magnetic 
properties of the fully processed product are fully developed by 
the steel maker, who also applies an insulative coating. This in- 
sulation is required for large-diameter motors (greater than 
about 20 to 25 in., corresponding to 100 to 150 hp) to prevent 
large current flows between laminations, which result in large 
I2R losses. 

Magnetic properties are commonly specified under alternat- 
ing flux conditions at 1.5 T and 60 Hz, conditions used through- 
out this paper. The standard test is the Epstein, with half the 
strips cut parallel and half perpendicular to the rolling direc- 
tion. It31 Ring specimens are superior, because they provide a 
closer approximation to the flux in motor laminations, but Ep- 
stein tests are simpler to carry out. The various grades are de- 
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Fig. 3 Nonoriented steel processing. Item in parentheses is not 
universally used. 

fined by their maximum core loss by ASTM,[]4] AISI,[15] or by 
the manufacturers. Although the AISI "M" grades have been 
formally supplanted by ASTM grades, the "M" terminology is 
still in common use. Losses and permeability are the important 
magnetic properties. A high permeability is desirable, because 
it reduces the magnetizing current, which is a source of loss. 
Permeability is typically desired to be 2000 or above. 

The relation between guaranteed maximum losses and the 
published list prices of electrical motor steels is shown in Fig. 4 
for three common gages for the products on the market in early 
1990. The prices in mid-1991 were about 5% above those 
shown. Typical losses are significantly less than the maximum 
shown in Fig. 4. Discounting from the prices shown may occur. 
In addition, although a steel may be sold under a particular 
grade labeling with its associated price, its properties may cor- 
respond to a better grade; i.e, the customer obtains a better steel 
than that for which he paid. 

Losses are usefully considered in terms of their hysteresis 
and eddy current components, the latter further divided into 
classical and excess terms. Hysteresis loss results from funda- 
mental irreversible magnetization processes, which occur even 
under "dc" conditions. Eddy current loss results from the cur- 
rents induced in the laminations by the ac field. Classical eddy 
current loss is that calculated, assuming uniform magnetization 
(no domains), and excess eddy current loss results because 
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Fig. 4 Loss and price of steels. ML-= motor lamination; SP 
semiprocessed nonoriented; FP --- fully processed nonoriented. 
Prices are for early 1990. Grade, gage, and coating (fully proc- 
essed only) extras included. 

magnetization actually occurs by domain wall motion. These 
components are typically distributed as foUow: [16-19l 

Classical eddy Excess eddy 
Type of steel Hysteresis loss, % current loss, % current loss, % 

< 0.5 % Si ........ 30-50 40-60 0-20 
> 0.5% Si ......... 55-75 10-30 10-20 

Hysteresis loss is the largest component in the high-silicon 
(high-resistivity) steels. Excess eddy current loss can be conse- 
quential in all steels. 

The components of loss have the following functional de- 
pendencies on induction, B, and frequency,f: I16.20-24] 

Classicaleddy Excesseddy 
Factor Hysteres~loss currentloss currentloss 
B ................................. B 1'~2 B 2 B 1"5-2 
f .................................. f l  f 2  f l .5  

These dependencies show that lowering the induction low- 
ers the loss, a strategy employed in high-efficiency motors. 
Note also that high-frequency harmonics increase the loss. 

The principal materials factors affecting the magnetic prop- 
erties are alloy content, gage, grain size, impurities, and tex- 
ture. Alloy additions, because they increase the electrical resis- 
tivity, lower the eddy current loss; the principal elements used 
are Si and A1, with Mn and P also being added for some steels. 
Silicon also lowers the hysteresis loss because it lowers the 
magnetocrystalline anisotropy. [25] On the other hand, these al- 
loying elements lower the magnetic saturation, thus decreasing 
the high-induction permeability. 

Motor lamination steels, once containing only Mn and P as 
alloying elements, now are being made with significant 
amounts of  Si and Al. Newer motor lamination grades are being 
developed with Si + Al contents up to 1.5 to 2.0%. Nonoriented 
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Table 4 Desired Values of  Material Factors for Opt imum Magnetic Properties 

Factor Permeability Hysteresis loss 
C ~ k ~ e d d y  Excesseddy 

currentloss currentloss 
AHoycon~m ............................................................ Low 
Gage ......................................................................... Noeff~t 
Grainsi~ .................................................................. La~e 
Impurities ................................................................. Low 
Texmre ..................................................................... "Cube" 

High Si High High 
No effect Thin Thin 
Large No effect Small 
Low No effect Unknown 
"'Cube" No effect Unknown 

steels rely principally on Si and A1 for high resistivity, with a 
limit of 3.5 to 4.0% Si + AI due to producibility considerations. 

A decrease in thickness lowers the eddy current loss, with no 
effect on permeability and hysteresis loss at normal gages. A 
thinner gage is more expensive to manufacture, for both the 
steel maker and the motor manufacturer, and 0.36 mm (0.014 
in.) is the thinnest commercial product commonly used for mo- 
tors. 

Grain boundaries are pinning sites for domain walls. Mini- 
mizing the grain boundary area, i .e.,  a larger grain size, thus in- 
creases the permeability and lowers the hysteresis loss. How- 
ever, the excess eddy current loss increases when the grain size 
increases because there are fewer domains in the large grains to 
participate in the magnetization. It has been found that a grain 
size around 150 ~m minimizes the sum of  the hysteresis and ex- 
cess eddy current loss components. [26] 

Impurities that lead to particles in the steel are important for 
several reasons. Particles with a size around 0.1 ~m are espe- 
cially deleterious to losses, because they interact most strongly 
with domain walls, which have about the same thickness. [27] 
Particles also inhibit grain growth and affect the texture. The 
most important impurities are C, N, S, and O. It is possible to- 
day with good practice to make steel with a limit to each of  
these impurities of  30 ppm and in many cases considerably 
lower. The reduction of these impurities has been a major factor 
in improving electrical motor steels. 

Carbon and nitrogen must be low not only to produce low 
loss initially, but also to prevent aging (the deterioration of  
magnetic properties due to nitride and carbide precipitation in 
service). Current electrical motor steels all contain sufficient AI 
to tie up the nitrogen as AIN and prevent aging. Carbon must be 
less than 30 ppm to produce a low loss and to prevent aging, and 
the final anneal has been used to reduce it to this level. How- 
ever, the decarburizing atmosphere during the final anneal may 
also internally oxidize the steel, increasing the loss. The carbon 
can be removed sufficiently by degassing the molten steel so 
that the final decarburization step could be eliminated, thus 
lowering the loss, as has been shown for both motor lamination 

[28 30] and nonoriented grades. - There are several implications to 
such an elimination of  the decarburization requirement: 

�9 The steel suppliers would have to guarantee their carbon 
level in semiprocessed steel. 

�9 The motor manufacturers would have to have the capability 
of annealing in dry atmospheres. 

�9 The productivity of steel processing would be increased. 

�9 The current oxide insulation would be affected, perhaps re- 
quiting a further change in annealing atmosphere or the ap- 
plication of an insulative coating by the supplier. 

In a motor lamination, the magnetic flux travels uniformly 
in all directions in the plane of the sheet, and thus the in-plane 
magnetic properties are desired to be isotropic. However, iron 
is very anisotropic magnetically, with the easiest principal di- 
rection to magnetize being the <001>, with <111> being most 
difficult, and <110> being intermediate. For crystal planes, the 
losses follow the same directionality, increasing in the o r d e r : -  
{ 100}, { 110}, { 111 }.[31] Some texture is normally developed 
during processing of electrical motor steels, and the term 
"nonoriented" is only an approximation. The deliberate in- 
crease of the { 100 } planes parallel to the sheet surface at the ex- 
pense of the unwanted { 111 } planes significantly improves the 
magnetic properties, ll8] especially at high inductions. 132] 

The ideal texture is the {100}<0vw>, or "random cube," 
which maximizes the number of easy magnetization directions 
in the plane of the sheet. Although in many current steels an at- 
tempt is made to minimize deleterious components of texture, 
no current steels approach at all closely this random cube tex- 
ture. A 3% silicon steel having very nearly this texture was pro- 
duced [331 about 20 years ago and used in aircraft generators. [1] 
This steel had a loss less than 2.2W/kg (1.0 W/lb) at a gage of  
0.30 mm (0.012 in). This material developed its final texture 
through surface energy controlled grain growth under condi- 
tions where sulfur adsorbed on the surface, making the { 100} 
the lowest energy plane. A tendency toward the random cube 
texture can also be induced in plain-carbon steels through at- 
mosphere control during the austenite-to-ferrite transforma- 
tion. [34] In more conventional processing, an increase in pu- 
rity [311 or the addition of  Sb 135] reduces the incidence of { 111 } 
grains through minimizing preferential nucleation sites. Even 
if  a { 100}<0vw> component  is developed,  it may be elimi- 
nated during further annealing while the grains are growing to 
the desired size. [26] Thus, there are several known methods to 
improve the texture of electrical motor steels, but the realiza- 
tion of  these in practice is not necessarily straightforward. 

The desired values of  the material parameters discussed 
above are summarized in Table 4. The factors are not necessar- 
ily independent; for example, development of the desired grain 
size may depend on the impurity content. Lowest losses are ob- 
tained in a steel having high alloy content, thin gage, an opti- 
mum grain size, low impurities, and an appropriate texture. For 
highest permeability, the steel should have low alloy content, 
large grain size, low impurities, and an appropriate texture. The 
requirements of lowest loss and highest permeability thus con- 
flict to some extent. 

Although the thrust of this paper is motors, most of the 
above considerations apply also to ballasts and other apparatus. 
The major difference is the desired texture. In a ballast, an in- 
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Table 5 Payback Periods for Subst i tut ing Exist ing Better Steels 

Base steel, Replacement Calculated simple payback period, hr 
W/Ib steel, W/lb 5 hp 25 hp 125 hp 

Standard motors using motor lamination grade of steel 
4 . 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.50 ........................................................................... 

2.50 ........................................................................... 

4.00 310 230 280 
3.00 480 360 420 
2.00 1030 780 920 
3.00 530 400 470 
2.00 1150 860 1020 
2.00 1350 1010 1200 

High-efficiency motors using semiprocessed nonoriented grade of steel 
2.30 ........................................................................... 2.00 

1.50 
2.00 ........................................................................... 1.50 
1.75 ........................................................................... 1.50 

5630 5040 6680 
5660 5080 6720 
4940 4430 5870 
4330 3880 5130 

plane directional texture may be desired because the flux trav- 
els primarily parallel and perpendicular to the rolling direction, 
rather than in all directions. Thus, it is desired that the density 
of the <001> directions be maximized in the rolling and cross 
directions. 

Losses are usually measured only under standard alternating 
in-plane flux conditions at the fundamental frequency. In mo- 
tors, however, there are regions where the flux rotates, harmon- 
ics are present, and there may be out-of-plane fluxes. In addi- 
tion, there may be strains present from handling and 
assembling the laminations. All these conditions serve to in- 
crease the core losses in motors compared to those measured in 
the laminations under standard test conditions. These "extrin- 
sic" losses must be considered in selecting the steel to use and 
in predicting the performance of materials in motors. 

Behind the teeth in motors, rotating flux exists. In a 2-hp 
motor, it was found to cause 21 to 25% of the total core 
loss.[36,37]The ratio of the rotational loss to the alternating flux 
loss decreases in nonoriented steel as the induction in- 
creases, [38l with an upper limit of the ratio being the sum of the 
orthogonal alternating-flux loss components. [39,4~ Although 
the desired values of the material factors in Table 4 are expected 
to hold in general for rotating fluxes, the behavior must be con- 
sidered in detail. For example, a steel with lower alternating 
flux loss was shown to have a higher rotational flux loss than 
another steel at inductions above 1.5 T, which occurred behind 
the teeth in the particular motor examined. [37] 

Harmonic fluxes exist primarily at the tooth tips in motors; 
as noted previously, these higher frequencies lead to higher 
losses. These fluxes were found to have frequencies above 500 
Hz in a model motor, for which it was suggested that a smaller 
grain size, producing smaller domains, would lower the high- 
frequency losses. [37] For inverter-fed adjustable speed drives, 
the waveform imposed on the motor contains many harmonics. 
A method for calculating the core loss for any arbitrary wave- 
form has been developed; this method predicted quite well the 
losses for the fundamental plus third harmonic flux in nonori- 
ented steel. [41,421 This method takes into account the excess 
eddy current loss, as well as the hysteresis and classical eddy 
current loss. The use of higher alloy contents and thinner gages 
minimizes the high-frequency losses. 

The I2R losses in the conductors of the rotor of medium- 
horsepower are on the order of 15 to 30% of  the total motor loss. 
This loss is eliminated when permanent magnets are used to 
provide the field. Such "brushless dc" motors have a potential 
especially in variable speed drives that utilize solid-state in- 
verter power supplies. For this application, the use of higher al- 
loy contents and thinner gages minimizes the losses produced 
by the high-frequency components of the power supply output. 

4 Economics of Using Improved Steels 

Use of a lower loss, more expensive steel is economically 
justified only if the resulting reduced operating cost offsets the 
higher initial cost of the motor sufficiently so that the total cost 
of owning the motor over its lifetime is reduced. Such "life-cy- 
cle" cost calculations are done by an increasing number of pur- 
chasers of motors, but there are many who do not do so. If ra- 
tional economic judgments were always made, significantly 
more motors purchased today would be high-efficiency de- 
signs. 

To estimate the savings that could result from the use of  bet- 
ter steels, several assumptions were made: (1) the performance 
of a steel in a motor is directly related to its measured proper- 
ties, (2) the curves in Fig. 4 describe the loss-price relation, (3) 
the increased cost of  the steel is passed through to the motor 
purchaser, (4) a lamination is blanked from a square of steel 
whose sides equal the diameter of the stator, with the produc- 
tion of the squares from the coils being scrapless, and (5) core 
losses are 20% of  the total loss of a motor. In practice, each of  
these assumptions may be violated to some extent. Both stand- 
ard and high-efficiency motors were considered. Because 
many of  these are used in industrial applications, a typical in- 
dustrial electricity cost of $0.05/kW.hr was used. List prices 
and efficiencies of 5-, 25-, and 125-hp motors in effect in 1990 
were used as a base. Standard motors were assumed to use mo- 
tor lamination grade and high-efficiency motors to use 
semiprocessed nonoriented grade. 

Using the assumptions stated in the preceding paragraph, 
payback periods were calculated for replacing a given steel 
with a better grade, with the results shown in Table 5. Optimi- 
zation of motor design using the better material will result in 
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shorter payback periods than those shown. The payback period 
when a base steel is replaced by a better motor lamination steel 
in a standard motor is generally less than 1000 hr of  use, which 
most motors in this size range exceed in 1 year, as shown in Ta- 
ble 3. The payback period for using a better grade of  semiproc- 
essed nonoriented steel in a high-efficiency motor is on the or- 
der of 5000 hr, which a large majority of motors in this size 
range exceed in 3 years of  operation. These numbers are, of  
course, approximate because of  the assumptions made. They 
show, however, that it is nearly always cost-effective to use the 
best material possible for laminations in medium-horsepower 
motors, a conclusion also reached when designs are opti- 
mized.[ 43] 

A calculation was also performed, using the same assump- 
tions, to determine the average payback period if  all 5- to 125- 
hp motors used a steel having 10% lower loss than at present, 
assuming that equal amounts of motor lamination and semi- 
p rocessed  nonor ien ted  grades are used. The ca lcu la ted  
operat ing cost of  the motors would be reduced about 
$100,000,000/year, and the payback period would be about 1 
year. This calculation shows, as did the calculations in the pre- 
vious paragraph, that better lamination steels make economic 
sense. 

The results may be extended somewhat to smaller and larger 
sizes of  motors, as well as to other equipment such as ballasts. 
However, to the extent that a lower loss is accompanied by a 
lower permeability, the conclusion that lower loss steels per  se 
are "always" economically justified may not be warranted. For 
example, in a single-phase fractional horsepower motor, in- 
creasing the Si + A1 content lowered the loss in Epstein tests, 
but increased the total loss in the motor. Although the iron loss 
was lowered in the motor, the copper loss was increased due to 
the lower permeability of the higher alloyed steels. [44] For 
larger motors, the gains would be less because the efficiency 
improvements possible are also less. Other considerations such 
as the need to minimize heat generation to prevent excessive 
temperature rise may also justify the use of lower loss materi- 
als. 

5 Further Lowering of Core Loss 

As discussed above, better steels are usually economically 
justified. However, unless the motor user is willing to pay more 
for a better motor that has a lower life-cycle cost, the motor 
manufacturer has no incentive to use the better material. No 
technological change is required to reduce the total losses, in- 
cluding core losses, in motors. The only action required is for 
motor purchasers to order higher efficiency motors. Various 
strategies are employed to encourage users to purchase high-ef- 
ficiency motors, e.g., education and rebates by the electric utili- 
ties. Although the federal government has not set standards on 
motor efficiency at this time, appliances and fluorescent lamp 
ballasts now must meet legislated efficiency standards, with 
better core materials being used to help meet these standards. 

A further reduction of the average loss levels of the steels 
now used would occur if all steel producers and motor manu- 
facturers simply improved their processes in ways that are 
known and are technologically feasible. For example, in- 
creased utilization of  processes to produce the lowest impurity 

levels would reduce the average loss of all steels. Also, elimina- 
tion of the final decarburization step would lower the loss; the 
requirement is that the carbon be reduced below 30 ppm in the 
steelmaking process. Equipment is not universally in place to 
accomplish these goals at this time. 

The development of even better steels and determination of  
the best steel for a given application would be greatly assisted 
if there were increased knowledge of the quantitative relation 
between material tests and motor performance. The studies on 
this subject are very limited in scope. A complete metallurgical 
and magnetic characterization of a range of steels and their per- 
formance in integral-horsepower motors is required, with suffi- 
cient replication of tests to ensure confidence in the results. The 
fluxes in various parts of the motor must be known, including 
rotating and harmonic fluxes; the materials need to be evalu- 
ated for these same flux conditions. 

What are the prospects for a very significant reduction in 
loss in electrical motor steels? For example, could a steel with 
a loss at 60 Hz of 2.2 W/kg (1.0 W/lb) and a permeability of  
2000 be made at a gage approaching 0.47 mm (0.0185 in.)? 
Such a loss level is on the order of  one third less than the current 
best material. Texture would certainly be a major consideration 
in the development of such a steel. Purity and variations in Si, 
A1, and Mn would be important factors. Scribing of the surface 
to reduce excess eddy current losses as is practiced for some 
grain-oriented steels might remove the current constraint that 
the grain size be no larger than about 150 ktm. Thin-strip casting 
technology is a new process that could affect the results, e.g., 
by the development of  an as-cast texture that would affect the 
final texture. It is impossible to say at this time whether such a 
steel can be made and produced economically, but if  it could the 
economic consequences could be great. 
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