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FOREWORD

Despite gloomy predictions on the world economy, the threat of war in
the Middle East, and the most unsettled political environment in the major
countries in years, the disk drive industry continues to plunge ahead with
new products and new manufacturing facilities.

Some voices in the industry have raised flags of caution regarding
potential overexpansion of production capacity for disk drives, but we
think this concern is misguided. Capacity to make declining products is
largely irrelevant. The industry will always need capacity additions to
make major new products, and the availability, or lack, of key components
is probably the largest pacing factor in building new capacity. In any
event, with a few exceptions, the independent drive manufacturers produce
mostly for system manufacturers to fill specific orders, so mindless
overproduction is not in the cards.

This is the fourteenth year of the DISK/TREND Report, now published
in three volumes. The report on optical disk drives was published in
July, and this report on rigid disk drives will be followed, as usual,
wifh a separate report on flexible disk drives to be released in November.

We are always willing to help you at any time by providing additional
information on the industry which we may have available. Your suggestions
for improvements in the DISK/TREND report are always welcome and are sin-

cerely appreciated.

James N. Porter

Robert H. Katzive
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INTRODUCTION

The last year for disk pack drives

When the first DISK/TREND Report was published in 1977, disk pack drives
were the most important product group in the industry, and continued to be
the Targest revenue producer for several years. However, those days are
gone, and the expected worldwide shipments of disk pack drives in 1991
will be Tess than a thousand units. So this will be the last year that
the DISK/TREND Report includes a section on disk pack drives, one of the
product groups that built the industry to its current size.

A few drives have been reclassified to a different product group

We assign individual disk drives to DISK/TREND product groups on the basis
of unformatted capacities. The IBM 9335 and 9336 drives have been moved
from the 500 megabyte - 1 gigabyte group to the more than 1 gigabyte
group, since each drive's unformatted capacity is actually over 1 giga-
byte.

We've added a new continent

For years we've wanted to include coverage of disk drives in Brazil, and
this year we've done it. Bob Katzive visited Brazil in March, and the
result is our new South American manufacturer section.

Don't look for prices in the specification section

The information on U.S. OEM prices at the 100 unit Tevel which was
included for many years in the specification section has been deleted,
starting in this edition. Unfortunately, the usefulness of the informa-
tion had been reduced due to the rapid price changes in the industry and
the lack of actual selling activity at low quantity levels.

Please note the market channel definitions used in DISK/TREND tables

Last year we made a change in the way shipment breakdowns by market chan-
nel are organized in the DISK/TREND Report. It is important to recognize
that data for non-captive drives are broken down by separate PCM/Reseller
and OEM/Integrator groups in most of the tables used in the individual
product sections of the report. On the other hand, a few of the tables in
the summary section combine both non-captive channels in order to summa-
rize the data. Here are the terms, as used in this report:

* Captive -- no change; drives sold with systems also manufactured
by the same company.

* PCM/Reseller -- drives used in add-on subsystems for use with
computer systems of all types and sizes, plus aftermarket distribu-
tion through wholesalers, dealers and other reseilers.

* OEM/Integrator -- drives sold to system manufacturers to be used as

part of computer systems, plus sales to system integrators and
value-added resellers which assemble complete systems.

1990 DISK/TREND REPORT
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SUM-2

SUMMARY: RIGID MAGNETIC DISK DRIVES

Industry size

As always, the disk drive industry continues to struggle with the
challenge of balancing the demand for rapidly changing product Tines with
the necessary modifications and improvements in manufacturing capacity
required to exploit the market opportunity. Most of the concerns ex-
pressed this year about potential disk drive overcapacity fail to recog-
nize the industry's continuing lack of capacity to make the new products
most in demand.

Available production capacity is frequently not suitable to produce
the newest drive models. And much of the industry's capacity is really in
the hands of the hundreds of manufacturers of disks, heads, motors, semi-
conductors and other components, which must also carry out continuing
development programs and expansion of capacity to keep up with the parade
of new disk drive models.

After a slower 10.9% growth in total worldwide revenues in 1989, the
industry is expected to increase 13.4% in 1990, boosted by important new
IBM drives in several product groups and surging growth for OEM drives in
the 60-100 megabyte and 100-300 megabyte groups. 30-60 megabyte drives
now lead the industry in unit shipments, topping 12.5 million this year,
and projected at 18.4 million in 1993.

1989's $22.6 billion revenue total is expected to reach $31.8 billion
in 1993, but the path will not be smooth. The movement to drives with
smaller disks, usually at Tower prices, the product cycles of major cap-
tive manufacturing programs, and the up-and-down nature of major plug

compatible drive programs all contribute to an uneven growth pattern.

1990 DISK/TREND REPORT



U.S. Manufacturers
IBM Captive
Other U.S. Captive

TOTAL U.S. CAPTIVE

PCM/Reselier

OEM/Integrator

TOTAL U.S. NON-CAPTIVE

TOTAL U.S. REVENUES

Non-U.S. Manufacturers
Captive
PCM/Reseller

OEM/Integrator

TOTAL NON-U.S. REVENUES

Worldwide Recap

TOTAL WORLDWIDE REVENUES

TABLE 1

CONSOLIDATED WORLDWIDE REVENUES
RIGID MAGNETIC DISK DRIVES
REVENUE SUMMARY

1989

6,045.4 9,485.4

1,175.6 2,100.7

7,221.0 11,586.1

1,468.1 2,112.2

2,304.0 3,461.4

3,772.1 5,573.6

7,738.1 11,435.9

1,029.7 1,914.7

8,767.8 13,350.6

1,523.2 2,203.1

2,763.3 4,262.8

4,286.5 6,465.9

8,754.1 13,106.2

1,078.9 2,054.0

9,833.0 15,160.2

1,624.8 2,284.0

2,873.1 4,727.6

4,497.9 7,011.6

SUM-3

8,544.8 13,195.6 9,062.3 14,364.5

1,109.4 2,128.6 1,052.1 2,008.6

9,654.2 15,324.2 10,114.4 16,373.1

1,632.7 2,272.9 1,584.3 2,200.0

3,207.1 5,296.4 3,070.1 5,278.5

4,839.8 7,569.3 4,654.4 7,478.5

10,993.1 17,159.7 13,054.3 19,816.5 14,330.9 22,171.8 14,494.0 22,893.5 14,768.8 23,851.6

149.4 2,822.2
337.2 711.1
706.2 1,967.3

1,192.8 5,500.6

133.2 3,006.9
376.0  791.6
716.6 2,072.3

1,225.8 5,870.8

204.5 2,998.6

610.2 1,070.5
950.9 2,454.3

1,765.6 6,523.4

374.8 3,179.7 618.1 3,471.0

841.2 1,362.4 1,054.1 1,705.8

1,031.0 2,719.1 1,035.3 2,812.5

2,247.0 7,261.2 2,707.5 7,989.3

12,185.9 22,660.3 14,280.1 25,687.3 16,096.5 28,695.2 16,741.0 30,154.7 17,476.3 31,840.9
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Marketing channels

The total of 59 rigid disk drive manufacturers listed in Table 10 is
almost the same as last year's count of 58, but there have been many
changes, especially in the Tist of manufacturers headquartered in the
United States.

Some of the U.S. deletions represent firms which had already reduced
production to very low levels, such as Data General and DDC Pertec, or
start-ups which never actually got started, such as Comport. Major names
have disappeared, such as Control Data's Imprimis subsidiary, acquired by
Seagate, and Miniscribe, whose production facilities and product lines
were acquired by Maxtor in bankruptcy proceedings earlier this year.
Priam also went into bankruptcy, and various pieces reemerged in Sequel,
Atasi Technology and Orca Technology. This year's report also adds spe-
cific coverage of several Brazilian drive manufacturers and their rigid
disk drive products.

An understanding of the relative price levels of captive, PCM/Resell-
er and OEM/Integrator drives is important in interpreting DISK/TREND
revenue statistics, to avoid an exaggerated impression of the share of the
industry's total unit shipments held by captive drives. Revenues are
reported at the level of each drive's first public sale.

The price used for each drive is the estimated value at the first
time it is sold to a non-affiliated buyer, at captive end user, PCM/Re-
seller or OEM/Integrator levels. Prices are based on disk drives alone,
without controllers or other accessories, and leased drives are valued at

the price they would éommand if actually sold.

1990 DISK/TREND REPORT



WORLDWIDE REVENUES
BY MANUFACTURER TYPE

U.S. Manufacturers
1BM Captive
Other U.S. Captive
PCM/Reseller

0EM/Integrator

Total U.S. Manufacturers

Non-U.S. Manufacturers
Captive
PCM/Reseller

OEM/Integrator

Total Non-U.S. Manufacturers

Worldwide Recap
Captive
PCM/Reseller
OEM/Integrator

Total A1l Manufacturers

CONSOL IDATED WORLDWIDE REVENUES

0

9,485.4 41.8%
+7.1%

2,100.7 9.2%
+22.5%

2,112.2  9.3%
+19.7%

3,461.4 15.2%
+10.8%

17,159.7 75.5%
+11.0%

2,822.2 12.4%
+15.7%

711.1  3.1%
+3.0%

1,967.3 9.0%
+7.1%

5,500.6 24.5%
+10.8%

14,408.3 63.6%
+10.8%

2,823.3 12.5%
+15.0%

5,428.7 23.9%
+9.4%

22,660.3 100,0%

+10.9%

TABLE 2

RIGID MAGNETIC DISK DRIVES
MARKET CLASS REVIEW

REVENUE SUMMARY

------ 1990-----
$M %
11,435.9 44.5%

+20.6%
1,914.7 7.4%
-8.9%
2,203.1 8.5%
+4.3%
4,262.8 16.5%
+23.2%
19,816.5 76.9%
+15.5%
3,006.9 11.7%
+6.5%
791.6 3.0%
+11.3%
2,072.3 8.4%
+5.3%
5,870.8 23.1%
+6.7%
16,357.5 63.7%
+13.5%
2,994.7 11.7%
+6.1%
6,335.1 24.6%
+16.7%
25,687.3 100.0%
+13.4%

13,106.2
+14.6%

2,054.0
+7.3%

2,284.0
+3.7%

4,727.6
+10.9%

22,171.8
+11.9%

2,998.6
-.3%

1,070.5
+35.2%

2,454.3
+18.4%

6,523.4
+11.1%

18,158.8
+11.0%

3,354.5
+12.0%

7.181.9
+13.4%

28,695.2
+11.7%

Forecast
----------- 1992-----
% %
45.6% 13,195.6 43.7%
+.7%

7.1% 2,128.6 7.0%
+3.6%

7.9% 2,272.9 7.5%
-.5%

16.4% 5,296.4 17.5%
+12.0%

77.0%5 22,893.5 75.7%
+3.3%

10.4% 3,179.7 10.5%
+6.0%

3.7% 1,362.4 4.5%
+27.3%

8.9% 2,719.1  9.3%
+10.8%

23.0% 7,261.2 24.3%
+11.3%

63.3% 18,503.9 61.4%
+1.9%

11.7% 3,635.3 12.1%
+8.4%

25.0% 8,015.5 26.5%
+11.6%

100.0% 30,154.7 100.0%
+5.1%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.

1990 DISK/TREND REPORT
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------ 1993-----
™ %
14,364.5 45.1%

+8.9%
2,008.6 6.3%
-5.6%
2,200.0 6.9%
-3.2%
5,278.5 16.5%
-.3%
23,851.6 74.8%
+4.,2%
3,471.0 10.9%
+9.2%
1,705.8 5.3%
+25.2%
2,812.5 9.0%
+3.4%
7,989.3 25.2%
+10.0%
19,844.1 62.3%
+7.2%
3,905.8 12.3%
+7.4%
8,091.0 25.4%
+.9%
31,840.9 100.0%
+5.6%
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Product mix

Fixed disk drives in the 30-60 megabyte product group now provide
more than 46% of the industry's worldwide unit shipments. They also
account for almost 15% of total revenues, exceeded only by the product
group over 1 gigabyte in capacity.

The 30-60 megabyte product group passed up fixed disk drives below 30
megabytes in 1989, with 10.2 million units, an increase of almost 75%. The
main application for drives below 30 megabytes is the personal computer
market, and while there is enough overall growth in PCs to sustain signif-
icant current shipments for this group, higher capacity drives are faring
better, due to greater software complexity and heightened user sophistica-
tion. The outlook for drives below 30 megabytes is continued decline,
with this group expected to provide barely 1% of the industry's 1993 unit
shipments.

The most rapid growth in unit shipments is now being achieved by
drives in the 100-300 megabyte group, which is expected to jump 123% in
shipments for 1990, and by 1993 to hold 25% of the industry's unit Ship-
ment total. Among the drive groups below 1 gigabyte, 100-300 megabyte
drives are expected to be the leader this year in total capacity shipped,
with 619 terabytes.

Underlying the growth in total unit shipments for all product groups
below 1 gigabyte is the vitality of the industry's 3.5" product lines.
Within these capacity levels, 3.5" drives are expected to éapture the lead
in all fixed disk drive product groups by 1993. Of course, the impact of
2.5" drives will have been felt before 1993, and by that year 2.5" drives
are expected to have captured the unit shipment lead for drives below 30

megabytes.
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Driven by rapid acceptance of the new "notebook" computers in the
five to seven pound range, 2.5" drives seem destined to have a major
jmpact in all of the lower capacity ranges. 2.5" drives with capacities
below 30 megabytes are expected to achieve shipments of 730,000 units in
1990, but are forecasted to peak at 1 million units in 1991, impacted by
2.5" drives to be available in 1991 with capacities up to 120 megabytes.
2.5" drives in the 30-60 megabyte range will be introduced by numerous
manufacturers by the end of this year and are expected to quickly dominate
notebook computer markets, with shipments approaching 5 million drives in
1993.

However, it should not be forgotten that high-end drives provide a
major part of the industry's revenues -- with drives over 500 megabytes
providing half of the industry's total revenues. 5.25" drives now provide
more than half of the 300-500 megabyte drive shipments and are expected to
provide more than half of the unit shipments for drives over 1 gigabyte by
1992. A by-product of that development will be slower revenue growth for
high-end drives, due to the lower average prices the smaller drives will

command.
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WORLDWIDE REVENUES
ALL MANUFACTURERS

DISK CARTRIDGE DRIVES

DISK PACK DRIVES

FIXED DISK DRIVES
less than 30 Megabytes

FIXED DISK DRIVES
30 - 60 Megabytes

FIXED DISK DRIVES
60 - 100 Megabytes

FIXED DISK DRIVES
100 - 300 Megabytes

FIXED DISK DRIVES
300 - 500 Megabytes

FIXED DISK DRIVES
500 Megabytes to 1 GB

FIXED DISK DRIVES
more than 1 Gigabyte

Total Worldwide Revenue

% U.S. Mfg.

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.

TABLE 3

CONSOLIDATED WORLDWIDE REVENUES
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

REVENUE SUMMARY

------ 1989-----
----Revenues---  ------
% M
65.9 3% 68.1
-2.4% +3.3%
91.4 4% 20.9
-53.1% -77.1%
1,502.9 6.6% 963.7
-33.9% -35.9%
3,309.2 14.6% 3,731.8
+51.9% +12.8%
1,733.8 7.7% 1,778.2
+8.9% +2.6%
2,229.3 9.8% 3,226.1
+9.8% +44 7%
2,296.8 10.1% 3,029.3
-4.5% +31.9%
2,696.0 11.9% 2,481.6
-23.8% -8.0%
8,735.0 38.5% 10,387.6
+42.2% +18.9%
22,660.3 100.0% 25,687.3
+10.9% +13.4%
75.7% 77.1%

1990-e--=  —mmee- 199

% $M
3% 91.5

+34.4%

1% 2.7

-87.1%

3.8% 479.2

-50.3%

14.5% 4,248.8
+13.9%

6.9% 1,975.3
+11.1%

12.6% 4,519.2
+40.1%

11.8% 3,170.0
+4.6%

9.7% 2,553.3
+2.9%

40.3% 11,655.2
+12.2%

100.0% 28,695.2
+11.7%
77.2%

1990 DISK/TREND REPORT

Forecast-----
% $M
3% 118.5
+29.5%
1.7% 208.9
-56.4%
14.8% 4,493.8
+5.8%
6.9% 2,099.8
+6.3%
15.7% 5,554.8
+22.9%
11.0% 3,221.8
+1.6%
8.9% 2,811.0
+10.1%
40.6% 11,646.1
100.0% 30,154.7
+5.1%
75.9%

SUM-9

992-mamm —memee 1993-----
% M %

4% 139.5 4%
+17.7%

7% 76.4 2%
-63.4%

14.9% 4,624.7 14.5%
+2.9%

7.0% 2,095.1 6.6%
-.2%

18.4% 6,131.3 19.3%
+10.4%

10.7% 3,147.0 9.9%
-2.3%

9.3% 3,250.6 10.2%
+15.6%

38.6% 12,376.3 38.9%
+6.3%

100.0% 31,840.9 100.0%
+5.6%
74.9%
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Figure 2

WORLDWIDE SHIPMENT SUMMARY

Total Rigid Disk Drives

Units (millions)
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TABLE 4
CONSOLIDATED WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

UNIT SHIPMENT SUMMARY

UNIT SHIPMENTS  eeemee 1989--cv- cmeeea- - - Forecast-- - -
IN THOUSANDS ---Shipments--~  ~m-ee- 1990---an  comeen 1991-vee e 1992--em- —eeme 1993~
Units % Units % Units % Units % Units %
DISK CARTRIDGE DRIVES 107.5 .5% 171.4 .6% 251.1 .8% 336.0 9% 409.0 1.0%
+63.6% +59.4% +46.5% +33.8% +21.7%
DISK PACK DRIVES 10.3 - 3.0 - .7 - - - - -
-58.5% -70.9% -76.7% -- --
FIXED DISK DRIVES 6,279.9 28.3% 4,388.0 16.4% 2,548.0 8.1% 1,189.0 3.3% 474.0 1.2%
less than 30 Megabytes -21.0% -30.1% -41.9% -53.3% -60.1%
FIXED DISK DRIVES 10,209.3 46.0% 12,504.4 46.8% 14,811.0 47.3% 16,908.0 46.7% 18,430.0 46.1%
30 - 60 Megabytes +74.8% +22.5% +18.4% +14.2% +9.0%
FIXED DISK DRIVES 2,284.1 10.3% 3,491.9 13.1% 4,630.5 14.8% 5,600.0 15.5% 6,170.0 15.4%
60 - 100 Megabytes +36.8% +52.9% +32.6% +20.9% +10.2%
FIXED DISK DRIVES 1,783.4 8.0% 3,987.6 14.9% 6,161.0 19.7% 8,494.0 23.5% 10,140.0 25.3%
100 - 300 Megabytes +51.6% +123.6% +54.5% +37.9% +19.4%
FIXED DISK DRIVES 842.7 3.8% 1,182.4 4.4% 1,524.7 4.9% 1,830.0 5.1% 2,050.0 5.1%
300 - 500 Megabytes +53.2% +40.3% +28.9% +20.0% +12.0%
FIXED DISK DRIVES 344.7 1.6% 542.3 2.0% 707.6 2.3% 910.0 2.5% 1,100.0 2.7%
500 Megabytes to 1 GB +13.6% +57.3% +30.5% +28.6% +20.9%
FIXED DISK DRIVES 318.6 1.4% 469.2 1.8% 673.8 2.1% 908.5 2.5% 1,236.0 3.1%

more than 1 Gigabyte +67.3% - +47.3% +43,6% +34.,8% +36.0%

Total Worldwide Shipments 22,180.5 100.0% 26,740.2 100.0% 31,308.4 100.0% 36,175.5 100.0% 40,009.0 100.0%

+24.8% +20.6% +17.1% +15.5% +10.6%
% U.S. Mfg. 80.4% 79.9% 76.1% 72.1% 68.0%
Total Capacity (Terabytes) 2,435.9 3,528.7 4,652.7 6,121.3 7,612.2

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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Figure 3

CAPACITY SHIPMENT SUMMARY

Worldwide Shipments in Terabytes
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CAPACITY SHIPMENTS
IN TERABYTES

DISK CARTRIDGE DRIVES

DISK PACK DRIVES

FIXED DISK DRIVES
less than 30 Megabytes

FIXED DISK DRIVES
30 - 60 Megabytes

FIXED DISK DRIVES
60 - 100 Megabytes

FIXED DISK DRIVES
100 - 300 Megabytes

FIXED DISK DRIVES
300 - 500 Megabytes

FIXED DISK DRIVES
500 Megabytes to 1 GB

FIXED DISK DRIVES
more than 1 Gigabyte

Thytes

4.8
+138.3%

2.2
-44.9%

156.4
-21.2%

502.7
+74.8%

196.9
+75.0%

277.4
+46.4%

322.5
+49.7%

249.5
+10.6%

723.2
+41.3%

Total Capacity (Terabytes) 2,435.9

% U.S. Mfg.

+39.4%

78.2%

CONSOLIDATED WORLDWIDE SHIPMENTS

%

6.4%

20.6%

8.1%

11.4%

13.2%

10.2%

29.7%

100.0%

TABLE 5

RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

CAPACITY SHIPMENT SUMMARY

------------------------------- Forecast
------ 1990---a-  ~=eee-1991-cmen eeeee
Tbytes % Tbytes % Thytes
8.7 2% 12.5 3% 20.1
+79.2% +43.4% +60.6%
.5 -- - - -
-77.0% - -
109.0 3.1% 63.7 1.4% 29.7
-30.3% -41.6% -53.3%
609.5 17.3% 722.7 15.5% 837.0
+21.2% +18.6% +15.8%
312.6 8.9% 415.0 8.9% 518.4
+58.7% +32.8% +24.9%
619.4 17.6% 912.6 19.6% 1,386.1
+123.3% +47.3% +51.9%
450.5 12.8% 590.2 12.7% 716.9
+39.7% +31,0% +21.5%
400.6 11.4% 513.8 11.0% 655.4
+60.6% +28.3% +27.5%
1,017.7 28.7% 1,421.7 30.6% 1,957.4
+40.7% +39.7% +37.7%
3,528.7 100.0% 4,652.7 100.0% 6,121.3
+44.,9% +31.9% +31.6%
79.0% 78.4% 76.4%

(5]
o

13.7%

8.5%

22.6%

11.7%

10.7%

32.0%

100.0%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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11.8
-60.1%

918.9
+9.8%

583.2
+12.5%

1,819.8
+31.3%

810.5
+13.1%

804.1
+22.7%

2,635.1
+34.6%

7,612.2
+24.4%

74.0%
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12.1%

23.9%

10.6%

10.6%

34.5%

100.0%
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Non-captive market

Tables 6, 7 and 8 in the summary section of this year's DISK/TREND
Report include worldwide data for all non-captive drives, in a format
which combines the OEM/Integrator summary tables from previous reports
with data for the PCM/Reseller distribution channel.

Most of the dramatic growth in shipments of small disk drives during
the last ten years was driven by development of new drive formats by
independent disk drive manufacturers for the OEM market, including full
size 5.25", half high 5.25", various 3.5" form factors, and the new 2.5"
drives. Although most of these rigid disk drive formats were patterned
after box sizes already established for floppy drives, OEM drives in each
of these form factors arrived in the market well before captive drives and
set the patterns for the entire industry.

The role of the PCM/reseller channel, a diverse mixture of computer
dealers and wholesalers, subsystem manufacturers, electronic component
distributors, mail order retailers and others has also become prominent.
The majority of shipments of 5.25" drives below 100 megabytes are made
through PCM/resellers, responding to demand for replacement and upgrade of
older drives. However, most major personal computer manufacturers are now
bundling at least one rigid disk drive in all mid-range and high-end PCs
at the factory, so the practice of many dealers of upgrading new systems
by installing drives in the store is fading. The outlook for future
PCM/reseller sales continues to be good, but not at the same percentage of
shipments that the industry saw during the 1980's.

OEM/Integrator shipments are expected to continue to lead the disk
drive industry's growth, with leadership from very small drives for

portable systems and high-end models for workstations and servers.
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TABLE 6
NON-CAPTIVE WORLDWIDE REVENUES
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

REVENUE SUMMARY

WORLDWIDE REVENUES  ——---- 1989---m e Forecast------m=—ccmmmmaam e
ALL MANUFACTURERS ----Revenues---  ---ea- 1990----- e T 1992-eece mmmeee 1993--——-
$M % $M % M % $M % M %
DISK CARTRIDGE DRIVES 65.9 .8% 68.1 % 91.5 .9% 118.5 1.0% 139.5 1.2%
+22.9% +3.3% +34.4% +29.5% +17.7%
DISK PACK DRIVES 71.3 .9% 20.9 3% 2.7 - -- - -- -~
-44.9% -70.7% -87.1% -- --
FIXED DISK DRIVES 1,129.2 13.7%  841.7 9.0%5  447.8 4.2% 196.7 1.7% 71.6 .6%
less than 30 Megabytes -18.9% -25.5% -46.8% -56.1% -63.6%
FIXED DISK DRIVES 2,525.8 30.7% 2,680.1 28.8% 3,035.9 29.0% 3,232.7 27.9% 3,151.7 26.3%
30 - 60 Megabytes +67.0% +6.1% +13.3% +6.5% -2.5%
FIXED DISK DRIVES 671.7 8.1% 956.1  10.2% 1,163.5 11.0% 1,221.7 10.4% 1,160.0 9.7%
60 - 100 Megabytes +6.6% +42.3% +21.7% +5.0% -5.1%
FIXED DISK DRIVES 874.8 10.6% 1,685.3 18.1% 2,202.0 20.9% 2,829.8 24.3% 3,034.5 25.3%
100 - 300 Megabytes +5.3% +92.6% +30.7% +28.5% +7.2%
FIXED DISK DRIVES 894.2 10.8% 867.1 9.3% 1,047.0 9.9% 1,190.2 10.2% 1,259.6 10.5%
300 - 500 Megabytes +5.0% -3.0% +20.7% +13.7% +5.8%
FIXED DISK DRIVES 556.2 6.8% 704.8 7.6% 738.8 7.0% 786.0 6.8% 740.6 6.2%
500 Megabytes to 1 GB -1.7% +26.7% +4,8% +6.4% -5.8%
FIXED DISK DRIVES 1,462.9 17.6% 1,505.7 16.0% 1,807.2 17.1% 2,075.2 17.7% 2,439.3 20.2%
more than 1 Gigabyte +3.6% +2.9% +20.0% +14.8% +17.5%

Total Worldwide Revenues 8,252.0 100.0% 9,329.8 100.0% 10,536.4 100.0% 11,650.8 100.0% 11,996.8 100.0%

+11.3% +13.1% +12.9% +10.6% +3.0%
% U.S. Mfg. 67.5% 69.3% 66.5% 64.9% 62.3%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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TABLE 7
NON-CAPTIVE WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

UNIT SHIPMENT SUMMARY

UNIT SHIPMENTS  —eeeee 1989w —--e- -- - -Forecast e
IN THOUSANDS ---Shipments---  ~-wv-- 1990-----  --m-——- 1991-----  —e-- 1992-----  ——eeen 1993-----
Units % Units % Units % Units % Units %
DISK CARTRIDGE DRIVES 107.5 .6% 171.4 .8% 251.1 1.0% 336.0 1.1% 409.0 1.3%
+67.7% +59.4% +46.5% +33.8% +21.7%
DISK PACK DRIVES 8.8 - 3.0 - .7 - - -- - -
-56.4% -65.9% -76.7% - -
FIXED DISK DRIVES 5,724.1 30.8% 4,202.0 18.9% 2,504.0 9.8% 1,170.0 4.0% 466.0 1.5%
less than 30 Megabytes -13.7% -26.6% -40.4% -53.3% -60.2%
FIXED DISK DRIVES 9,187.1 49.1% 10,846.3  48.4% 12,715.0 49.8% 14,540.0 49.7% 15,405.0  49.1%
30 - 60 Megabytes +78.0% +18.1% +17.2% +14.4% +5.9%
FIXED DISK DRIVES 1,430.7 7.7% 2,635.4 11.8% 3,620.5 14.2% 4,338.0 14.8% 4,620.0 14.6%
60 - 100 Megabytes +31.3% +84.2% +37.4% +19.8% +6.5%
FIXED DISK DRIVES 1,250.0 6.7% 3,185.7 14.2% 4,628.8 18.1% 6,499.0 22.2% 17,621.0 24.3%
100 - 300 Megabytes +46.0% +154.9% +45.3% +40.4% +17.3%
FIXED DISK DRIVES 643.7 3.4% 737.6 3.3% 1,037.0 4.0% 1,335.9 4,5% 1,562.0 4.9%
300 - 500 Megabytes +61.5% +14.6% +40.6% +28.8% +16.9%
FIXED DISK DRIVES 217.5 1.2%5  411.2 1.9%  515.1 2.05  621.0 2.2% 662.0 2.1%
500 Megabytes to 1 GB +48.8% +89.1% +25.3% +20.6% +6.6%
FIXED DISK DRIVES 114.5 5% 185.0 7% 294.8 1.1% 478.5 1.5% 711.0 2.2%
more than 1 Gigabyte +40.8% +61.6% +59.4% +62.3% +48.6%

Total Worldwide Shipments 18,683.9 100.0% 22,377.6 100.0% 25,567.0 100.0% 29,318.4 100.0% 31,456.0 100.0%

+29.3% +19.8% +14.3% +14.7% +7.3%
% U.S. Mfg. 80.6% 79.6% 75.2% 71.9% 68.8%

Total Capacity (Terabytes) 1,560.3 100.0% 2,342.1 100.0% 2,993.1 100.0% 4,047.4 100.0% 5,048.6 100.0%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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TABLE 8
NON-CAPTIVE WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PROBUCT CATEGORY REVIEW

CAPACITY SHIPMENT SUMMARY

CAPACITY SHIPPED mmee- 1989mmcmm e Forecast---------=mo-mmmmomcmeeme
IN TERABYTES ---Capacity---- —w=--= 1990-~-ae  —mmee- 1991-vm—= e 1992---—- oo 1993-----
Units % Units % Units % Units % Units %
DISK CARTRIDGE DRIVES 4.8 3% 8.7 4% 12.5 4% 20.1 5% 28.6 .6%
+143.2% +79.2% +43.4% +60.6% +42.0%
DISK PACK DRIVES 1.8 1% .5 - - - - - -- --
-42.9% -72.1% -88.8% -- --
FIXED DISK DRIVES 142.6 9.2% 104.4 4.5% 62.6 2.1% 29.2 7% 11.6 2%
less than 30 Megabytes -13.9% -26.8% -40.0% -53.3% -60.2%
FIXED DISK DRIVES 459.3 29.5% 542.3 23.2% 635.7 21.4% 727.0 18.1% 770.2 15.4%
30 - 60 Megabytes +78.0% +18.1% +17.2% +14.4% +5.9%
FIXED DISK DRIVES 133.3 8.6% 250.1 10.7% 340.4 11.3% 409.6 10.1% 437.6 8.6%
60 - 100 Megabytes +37.0% +87.6% +36.1% +20.3% +6.8%
FIXED DISK DRIVES 199.2 12.7% 503.0 21.5% 636.6 21.3% 1,024.0 25.3% 1,355.2 26.9%
100 - 300 Megabytes +41.5% +152.5% +26.5% +60.8% +32.3%
FIXED DISK DRIVES 245.4 15.8% 281.8 12.0% 407.1 13.6% 530.9 13.1% 626.0 12.4%
300 - 500 Megabytes +61.1% +14.8% +44,5% +30.4% +17.9%
FIXED DISK DRIVES 158.2 10.1% 306.8 13.1% 384.6 12.9% 459.6 11.4% 481.2 9.5%
500 Megabytes to 1 GB +65.6% +94.0% +25.3% +19.5% +4.,7%
FIXED DISK DRIVES 215.4 13.7% 344.3 14.6% 513.3 17.0% 846.8 20.8% 1,337.9 26.4%
more than 1 Gigabyte +34.7% +59.8% +49.1% +65.0% +58.0%

Total Capacity (Terabytes) 1,560.3 100.0% 2,342.1 100.0% 2,993.1 100.0% 4,047.4 100.0% 5,048.6 100.0%

+45.2% +50.1% +27.8% +35.2% +24.7%
% U.S. Mfg. 73.9% 75.0% 72.5% 70.1% 67.3%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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TABLE 9

1989 ESTIMATED MARKET SHARES
WORLDWIDE REVENUES OF ALL RIGID MAGNETIC DISK DRIVES

(value of non-U.S. currencies estimated at average 1989 rates)

S. MANUFACTURERS
Conner Periqhera]s
Data Genera
Digital Equipment
Hewlett-Packard
1BM

Kalok

Maxtor

Memorex Telex
Micropolis
Microscience International
Miniscribe

Priam

Quantum

Seagate Technology
Storage Technology
Syquest Technology
Unisys

Western Digital
Other U.S.

U.S. Total

NON-U.S. MANUFACTURERS

DzZU

Fuji Electric
FuJitsu

Hitachi

JVC

Kyocera

Mitsubishi Electric

NE

Northern Telecom
Rodime

Siemens

Sony

Tokico

Toshiba

Other Non-U.S.

Non-U.S. Total

WORLDWIDE TOTAL

CAPTIVE

14,408.3

80.4

100.0

PCM/RESELLER
T
13.9 .5
9.6 3
32.6 1.2
101.2 3.6
37.4 1.3
102.8 3.6
19.4 7
266.8 9.4
30.7 1.1
100.1 3.6
1,172.4  41.5
125.2 4.2
30.8 1.1
61.6 2.2
7.7 3
2,112.2  74.8
21.7 8
144.9 5.1
345.0  15.8
32.5 1.2
1.0 -
34.6 1.3
15.8 5
15.6 5
1A 25.2
2,823.3  100.0

OEM/ INTEGRATOR
"M %
687.9  12.7

20.2 4
155.5 2.9
3.5 1
310.9 5.7
199.0 3.7
56.2 1.0
202.3 3.7
41.4 8
2825 5.2
1,239.5  22.8
4.5 .1
204.6 3.8
53.4 1.0
3,461.4  63.8
127.7 2.4
40.0 7
678.4  12.5
162.7 3.0
42.2 8
57.2 1.1
32.9 6
365.0 6.7
22.1 ¥
44.8 8
18.8 3
122.4 23
35.0 6
83.9 1.5
134.2 2.5
1,967.3  36.2
5,428.7  100.0

TOTAL
INDUSTRY

M %
701.8 3.1
121.8 .5
1,254.5 5.5
533.4 2.4
9,650.3 42.5
36.1 .2
412.1 1.8
37.4 2
301.8 1.3
75.6 .3
469.1 2.1
72.1 .3
382.6 1.7
2,477.9 10.9
125.2 .6
35.3 .2
145.0 .6
266.2 1.2
61.5 .3
17,159.7 75.7
127.7 .6
61.7 .3
1,803.2 8.0
1,170.0 5.2
42.2 2
57.2 .3
85.7 4
1,365.7 6.0
53.6 2
79.4 .3
83.8 4
127.2 .6
36.1 2
203.3 .8
203.8 .8
5,500.6 24.3
22,660.3 100.0
valued at

Note: 1. Drives sold in the PCM/Reseller market by other than the original manufacturer are
PCM/Reseller prices above, to avoid distortion of total market value.

2. The DISK/TREND estimates of revenue for each disk drive manufacturer include net sales of
disk drives only and do not represent total revenues for individual companies.

1990 DISK/TREND REPORT



Codes:

U.S. Manufacturers

2
3
5
8
10
14

5" C=¢C
"-3.9" P = PCM
25" 0=0
8"-9.5"

10.5"-10.8"

14"

W N

DISK/TREND PRODUCT GROUP:

Alpha Data

L]

Disk
Cartridge
Drives

TABLE 10

CURRENT PRODUCT LINES
MANUFACTURERS OF RIGID MAGNETIC DISK DRIVES

Disk
Pack
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TECHNICAL REVIEW

Competing technologies

The history of magnetic disk recording is one of continually improv-
ing recording densities, which translates directly into lower cost for
data storage. Higher density means fewer heads and disks for a given
capacity, thus reduced physical size, smaller motors, less heat, and lower
power. And as densities have been improved, development in head position-
ing techniques has provided faster access to data, and reduction of com-
plex drive electronics to a few chips has made it easier to achieve small-
er packaging.

Research results indicate that the industry may expect improvements
in disk drive technology to continue for many years -- in fact, the end
isn't in sight. As a result, sponsors of would-be alternatives to magnet-
ic disk recording technology have had a difficult time. The press always
prints announcements of new "disk replacement" products, but system manu-
facturers don't buy many. Even a proposed disk substitute with perform-
ance and price equal to existing disk drives usually isn't enough, since
system designers are familiar with the magnetic disk drive industry and
feel comfortable with the system integration requirements for disk drives.
In order to penetrate the market, the proposed substitute must be signifi-
cantly better.

The technologies which are currently the leading candidates to pro-
vide major competition to magnetic disk drives in applications where
characteristics such as speed, removability, or environmental tolerance

give them unique advantages, are discussed in the following sections.
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* Optical disk drives: Because they use track densities of 15,000
tracks per inch or more, optical disk drives are capable of
higher areal densities than magnetic disk drives now in use.
Optical disk drives now available or entering the market use
various recording technologies, and are able to provide capaci-
ties per side per disk in the range of one hundred megabytes to
several gigabytes. However, the current technologies cannot
provide performance equivalent to magnetic disk technology, nor
can optical drives yet compete on a product cost basis. The
primary reasons for using optical disk drives relate to remova-
bility of the media, such as use in an automated library or for
security concerns.

Although not yet demonstrated, advocates of the various types of
optical disk media technologies believe that their disks will
provide archival lives which equal or exceed those of magnetic
media, with 10 to 30 years being commonly encountered specifica-
tions for archival life of the media. Lifetime is limited by the
gradual appearance of defects on the recording Tayer due to the
corrosive effects of water and oxygen on the metal films used in
the recording layers of the media. The termination point of
media lifetime occurs when the error correction capability of the
drive can no longer cope with the gradually increasing media
defect density. More recently introduced media using organic
dyes as the recording material have no metallic films and may
offer improved stability.

Although no storage devices using removable media have been large
commercial successes without having media interchangeable among
drives of various manufacturers, optical drive producers have
been slow to agree upon complete standards except in the read-
only area. Write-once drives are largely non-standardized, but
5.25" and 3.5" rewritable drives appear likely to be mostly
standardized using a format worked out by various national and
international standards bodies.

* Non-reversible optical disks: The first optical disk recording
systems to enter the market were "non-reversible" or "write-once"
systems. After many years of costly development programs under-
taken by several European and Japanese manufacturers, such de-
vices are purchased and shipped routinely by major system manu-
facturers, including IBM, Eastman Kodak, Toshiba, Hitachi, and
Digital Equipment Corporation. Whereas the initial products
manufactured were 12" in diameter, the trend is increasingly to
5.25" diameter drives. A 4.72" drive for professional use was
introduced by Yamaha in 1989 and by Sony in 1990, but there is
little interest in 3.5" write-once optical drives.

Write-once drives operate by using a diode laser and suitable
optics and positioning mechanisms to produce a concentrated beam
that can remove, deform, or change the reflectivity of material
at the focal point of the beam. For readback, a diode laser,
operating at a lower power, scans the disk, and the varying light
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reflected from regions of differing reflectivity is translated
into bit patterns. Once an area of the disk is written, it
cannot be changed or rewritten, although it could be overwritten
and destroyed.

Obviously, the market for write-once optical disk systems will be
limited to the niches which can tolerate non-reversibility. In
some applications, the ability of write-once storage systems to
maintain an audit trail or indicate whether or not stored data
has been modified is a significant benefit. Large automated
libraries that provide random access to tens or hundreds of disks
make the use of large scale write-once optical storage attractive
for users of permanent records such as governmental agencies,
banks, insurance companies and other organizations with massive
records that must be easily accessed. Library systems are needed
in order to make optical storage practical in a larger system
environment.

Little displacement of magnetic disk drives by non-reversible
optical storage will result in the foreseeable future. Some
displacement of tape in archival applications is probable, but
the growth of write-once technology will be limited by the
availability of rewritable optical drives.

Erasable optical disks: When cost-effective rewritable drives

with improved performance become available, the possibility for
real inroads into the market for magnetic disk drives exists.
Magneto-optical recording has seen development activity for more
than twenty years, and rewritable phase change optical recording
emerged as a competitor this year. The performance of magneto-
optical drives exceeds that of write-once drives. Because it
takes somewhat less laser power to change the state of a bit than
required by write-once drives, the drive can rotate somewhat
faster for a given laser power, reducing latency and improving
data transfer rate. However, it will be years before rewritable
optical performance can approach the best magnetic drive technol-
ogy. Improving optics, shorter wavelength, higher power lasers
and other improvements will gradually close the gap.

Most current magneto-optical development programs involve using a
low power laser to change the magnetic state of the active layer
on a disk. The laser raises the temperature of the active layer
into the range of the Curie point while a magnetic field is
present, causing individual magnetic domains on the disk to align
with the direction of the external field. Changes in magnetic
orientation are detected during reading, as the affected spot on
the disk causes a small rotation in the polarized light reflected
from the surface or transmitted through the disk. However,
magneto-optical drives now going into production have not yet
shown the ability to overwrite in place: A complete sector must
be erased before the sector can be rewritten. Industry expecta-
tions are for elimination of the overwrite problem by the end of
1992.
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Phase change optical recording involves a different type of
amorphous coating, in which individual spots on the disk are
changed by polarized light from a crystalline state, during which
light is reflected, to a non-crystalline state, during which
light is absorbed. Fujitsu has revealed a comparable process in
which different crystalline states are used to vary reflectivity.
Phase change recording is capable of only a Timited number of
write/erase cycles before the signal to noise ratio from the
written area degrades excessively. Matsushita Electric has
reported achieving over a million cycles in the laboratory and
has announced media with 100,000 cycles as being a practical
product. Phase change erasable media arrived in the marketplace
in 1990.

A third possibility, potentially the least expensive to manufac-
ture, is erasable dye-based technology. As of yet, only limited
success has been obtained with this technique because developers
have not been able to demonstrate an adequately high number of
write/erase cycles, but there are applications, such as backup,
where this is not a major disadvantage. In mid-1988, Tandy
Corporation announced its intention to supply such a drive in the
future but unexpected problems have delayed its development effort.

Individual firms are also working on other proposed reversible
optical recording technologies, but none of them have overcome
all of the problems, which have included: Slow completion of the
reversal cycle, limitations on the number of reversals before
degradation, expensive optical or laser components, poor shelf
life, limited lifetime of stored data, and low recording density.

Magneto-optical storage has entered the manufacturing stage, with
over 46,000 drives shipped in 1989. While adequate media sup-
plies remain a problem, some producers have committed to the
heavy investment required to establish volume production capabil-
ity. Rewritable drives are now in volume production from Canon,
Sony, Maxoptix and Ricoh (using an Olympus mechanism). A 3.5"
magneto-optic drive has been announced by MOST, a Nakamichi
subsidiary, and others are expected to be announced in 1990.

The first rewritable phase change drive was introduced by Matsu-
shita Electric in 1990. It is backward compatible with previous
write-once drives from the same firm.

* Read-only optical disks: The read-only optical disk category is
dominated by the CD-ROM. High storage capacities of 550 to 600
megabytes, but Tong access times, are typical of CD-ROM technolo-
gy, which borrows heavily from the designs of the 4.72" CD audio
players now in volume production, keeping CD-ROM costs Tow.
Further, CD-ROM acceptance benefits from industry agreement on
the CD standards developed jointly by Sony and Philips. A 3.5"
version of the CD-ROM drive under development by several firms
appeared in 1990 as part of a Sony portable CD-ROM player system.
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It is technically feasible to use read-only media with write-once
drives, and 3M and other companies have proposed such media in a
5.25" format. However, the low costs of the CD-ROM relative to
read-write drives make it unlikely that read/write drives will
significantly inhibit the growth of the CD-ROM market.

No significant displacement of magnetic disk drives by read-only
optical drives is anticipated. They will retain a specialized
role as a form of electronic publishing and will appear on sys-
tems as an adjunct to a rigid disk drive rather than as a re-
placement device.

Magnetic bubbles: Bubble memories continue to succeed in markets

requiring specialized packaging or operation under environmental
stress. At one time considered a possible challenger to magnetic
disk storage, bubble memory suffered a serious loss of credibili-
ty after the 1981 departure of National Semiconductor, Texas
Instruments and Rockwell International from the field. Even
AT&T, with manufacturing by Western Electric, lagged behind in
developing internal bubble applications, despite the fact that
the basic technology was invented at Bell Laboratories. In
Japan, Hitachi and Fujitsu developed a modest production capabil-
ity for bubble memory chips.

The rate at which the market for magnetic bubbles developed was
clearly not acceptable for the dropouts, who wanted more immedi-
ate returns on their investments. But bubbles started to find
suitable applications, once they were actually in production and
support chips became available. The highest manufacturing levels
are still maintained by Hitachi, with most production used by
Nippon Telephone and Telegraph for a variety of telecommunication
applications. Hitachi is currently exploring 64 megabit bubble
devices.

The bubble program of Intel Magnetics was especially instrumental
in developing a wide variety of applications. Intel led the
market with 1 megabit chips, the introduction of support circuits
and a guaranteed future price reduction policy. The company
attracted a variety of customers in specialized and harsh envi-
ronment applications -- at least sufficient to establish quantity
production and start down the learning curve. However, Intel
elected to withdraw from the business in order to concentrate
resources on more critical areas, and sold its magnetic bubble
business to MemTech Technology Corporation in 1986.

Bubble memories for both military and industrial applications are
also manufactured by Magnesys, which was formed in 1983 by five
ex-Intel managers. In 1988, Magnesys licensed Science Applica-
tions International Corporation (SAIC), a defense contractor, as
a second manufacturing source for its bubble memories. In Janu-
ary, 1990, Magnesys was purchased by Group Technology, a military
contractor. Magnesys has begun offering bubble cartridge storage
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systems in 360 kilobyte, 720 kilobyte, and 1.2 megabyte configu-
rations, but the price is 10 to 15 times that of equivalent
flexible disk drives. The bubble memories are packaged in 5.25"
half height or 3.5" form factors and are intended to substitute
for the equivalent floppy drive.

The non-volatility of magnetic bubbles and their suitability for
capacities too small to be cost-effective for magnetic disk
drives has proven to be attractive to system manufacturers for
applications such as industrial control systems, robots, point of
sale terminals, portable computers, medical instrumentation,
avionic systems and militarized systems. Although bubble memory
densities have reached 4 megabits per device, they are still not
cost competitive with magnetic disk technology. It is improbable
that bubbles' prices will approach disks' prices -- and bubbles
will now have to defend their specialized markets against en-
croachments from ferro-electric semiconductor memory.

By the late 1990's, content addressable, high density bubble
memories based upon Vertical Bloch Line (VBL) domains and bubble
logic might be able to challenge disk memory in some applica-
tions. Such memory chips might contain from 100 megabits to 1
gigabit of data. R&D efforts at Purdue, Carnegie Mellon Univer-
sity, Boston University and at NEC and Kyushu University in Japan
have shown promise, but much remains to be done to make VBL a
practical technology. In the industrial sector, Magnesys has
begun commercial development of VBL memory technology in conjunc-
tion with Jet Propulsion Laboratories and Boston University. A
development period of several years is anticipated.

* High capacity flexible disk drives: It is within the capabili-
ties of today's technology to fabricate a 3.5" floppy disk drive
offering over 40 megabytes of storage capacity, and drives with
20 megabyte capacity are expected to be in volume production in
1991. These high capacity floppy drives could compete in the
very low end of magnetic and optical disk drive markets and
against tape drives for backup applications.

10 and 20 megabyte 5.25" flexible disk drives available in the
market over the past several years have achieved only marginal
success. However, the 3.5" drives with capacity in the 20 mega-
byte range which have been announced by Brier Technology, Citizen
and Insite Peripherals have created considerable interest.
Several other firms in Japan are working on 10 megabyte to 30
megabyte floppy disk drives. Brier has announced a 43 megabyte
3.5" drive using a 26,000 BPI and 1,021 TPI format.

Unfortunately, none of the new high capacity flexible disk drive
formats are compatible with each other. Insite's 3.5" drive uses
standard magnetic media with an optical servo pattern on the disk
surface, combined with optical tracking methods. Citizen uses
standard media, with magnetic embedded servo. Brier uses a dual
layer writing technique to embed its servo data beneath the data
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on each track. Each manufacturer has recognized the need for
read and write downward compatibility with one and two megabyte
3.5" floppy disks, delaying volume manufacturing in some cases to
incorporate downward compatibility.

Perpendicular recording for flexible disks has the potential to
increase capacity without any significant increases in track
density. By using a sputtered thin film, metal powder, or a
barium ferrite coating on a Mylar substrate, perpendicular re-
cording disks could achieve linear densities potentially several
times higher than today's drives. Higher track densities
achieved through embedded servo techniques or optical tracking
methods could increase capacities by a factor of four or more.

Stretched surface recording: SSR, as this technique is commonly

known, was originally devised by the 3M Corporation. It employs
a disk composed of a plastic film with a magnetic coating
stretched across concentric cylindrical rings. The chief charac-
teristic of this technology is that it allows a head to fly on an
air cushion backed by a deformable surface under the head. This
provides close head-media separation needed for high capacity but
also prevents head crashes. Disk drives using this design tech-
nique could be produced in either fixed or removable format and
could offer the same capacity as a small Winchester drive. The
media, however, might have a cost only 1/3 to 1/4 that of the
rigid disk media in current or projected use. 3M has had various
arrangements with other firms interested in developing SSR
drives, most of which are now active. Reports of joint activity
between 3M and Sony appeared in the trade press in the first half
of 1989.

Semiconductor memory: The fast response time of semiconductor

memory has already won it a secondary storage role in some large
and small systems where it serves as a substitute for rigid
drives when very fast access to data or programs is required.
Even personal computer operating systems can allow part of main
memory to be designated for use as a virtual disk. However,
semiconductor memory is expensive, ranging from a few hundred to
a few thousand dollars per megabyte, which limits its use to
situations where its high speed is vitally necessary for the
system to meet requirements.

DRAM and SRAM memory chips, now available in 4 megabit configura-
tions, are expected to become readily available in 16 megabit
configurations by the mid-1990s. Small quantities of 16 megabit
chips from Matsushita, Toshiba and Hitachi are expected in the
early 1990s, and IBM will be producing them for its own use. The
arrival of 64 megabit chips, not expected until the very late
1990s, is expected to signal the first real opportunity for
semiconductor memory to compete with magnetic disks across a
broader range of applications. Until that point, the cost and
performance of the rigid magnetic drive will have improved enough
to keep its solid state competitor at bay.
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It is not likely that progress in semiconductor memory technology
over the next ten years can proceed at the rate of improvement
shown in the last 20 years. Because the complexity, packaging
problems, and performance requirements of semiconductor memory
have increased, the investment in time and capital required to
produce succeeding generations of chips has also increased. As a
result, the rate of semiconductor memory price decreases is
expected to slow.

Besides dynamic and static RAM chips, other forms of semiconduc-
tor memory may compete with magnetic disk storage in the future.
These include ferro-electric memory chips and a form of EPROM
known as flash memory. Ferro-electric memories make use of the
properties of the electrically reversible polarization of ferro-
electric materials to form a capacitor, which is required in the
circuitry of semiconductor memories. Proper design can produce a
non-volatile memory cell that can be fabricated with conventional
planar processes but has smaller dimensions than cells made with
silicon dioxide capacitor dielectrics. Sub-microsecond access
times are possible. The number of write/erase cycles possible
exceeds a trillion cycles for the best materials. Operating
speed is equivalent to that of typical DRAM, but not quite as
fast as conventional SRAM. The fabrication techniques required
to construct ferro-electric chips are substantially the same as
used for CMOS, which is a well understood technology.

Ramtron, which has been the most visible developer of ferro-
electric memory technology, has licensed it to NMB Semiconductor
company, ITT and Seiko. Ramtron and NMB are jointly developing a
4 megabit ferro-electric memory chip as well as 16 megabit DRAM
chips. Krysalis Corporation plans to offer sample 16 kilobit
ferro-electric chips by the end of 1989, organized as 2,048 bytes,
and Ramtron expects to have an 8 kilobit chip ready for sampling
at the same time. Krysalis has licensing arrangements with
National Semiconductor.

64 kilobit ferro-electric chips are anticipated by early 1991.

By the 1992-1993 time frame, chips with 1 to 4 megabit capacity
could be available selling at $10 to $20 per megabyte. 16 megab-
it chips, probably available in 1995, should sell in the §3 to

$4 per megabyte range. Additional packaging and system costs
will be incurred to make the equivalent of a disk drive.

Ferro-electric memories will contend for acceptance in portable
computers, "smart cards" and in applications where loss of memory
due to a power lapse is a critical problem. Mechanical counting
devices are also subject to replacement. Ferro-electric memory
will probably compete with magnetic drives in applications where
the environment is stressful and rapid access is required. This
includes military, industrial, and some high value commercial
applications, but does not embrace the broader classes of non-
volatile memory requirements served by rotating memory. Develop-
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ment of ferro-electric memory is lagging that of the flash memo-
ry, and it isn't clear that there is room for both in the market.

Flash memories are a form of EEPROM in which a block of cells can
be erased by an electrical signal. Current fabrication technolo-
gy can fabricate flash memories with up to 4 megabits per chip.
They are being developed by Intel, SunDisk, Seeq Technology and
other firms. While flash memories can be erased, it is not
possible to change only a few bits; an entire block must be
erased and this can take as long as half a second for the equiva-
lent of a disk sector. This means that whatever is in the cell
block must be saved to RAM and restored after the erase/write
cycle on the flash memory chip. As a result, read operations can
be very fast compared to a magnetic drive, but writing may be
much slower. There is also a limit to the number of times the
memory device can be rewritten. At present, flash memory chips
degrade beyond usability after about 100,000 write/erase cycles.
Some chips are specified at only 10,000 cycles. To the extent
that rotating disk drives storing non-changing or rarely changing
data are used with computers embedded in process oriented equip-
ment or in specialized portable applications, they may eventually
become vulnerable to inroads from flash memories.

At present, semiconductor memory modules packaged in 5.25" form
factor enclosures are available in capacities from 20 to 80
megabytes from NEC and Hitachi, but at prices approximating $200
per megabyte they are suitable only for specialized applications.

Portable computers will probably make extensive use of removable
semiconductor memory packaged in a flat "credit card" format.
Pin interconnect and packaging standards have been worked out,
with the final result being a 68 pin connector and a package 3.3
millimeters thick. The cards are able to accept a variety of
memory forms, including PROM, ROM, SRAM, DRAM, and, eventually,
flash or ferro-electric memory.

High density, high capacity packaging for large semiconductor
memory is getting closer. For instance, Anamartic is working on
a 40 megabyte wafer-scale integration project using two 6 inch
wafers, each carrying 200 megabits. Wafer fabrication is done by
Fujitsu. A few have been delivered to Tandem Computers for trial.

Another possible packaging technique is the stacking of chips
vertically to make a three dimensional or "Z-plane" package.
Assuming that a 4 megabit chip design were used, one module
proposed would have 320 megabit capacity in a package roughly a
half inch on a side and a quarter inch high. However, formidable
heat dissipation and fabrication problems are yet to be resolved.
The most probable early applications are in military or aerospace
equipment, possibly by mid-decade.

Holographic storage: Holographic storage is a type of optical

storage in which an array of spots representing the mathematical
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transform of an image is stored in an optically sensitive medium
in either two or three dimensions. When the medium is illuminat-
ed, the image can be seen or projected upon a detector. Storage
media can be fixed or removable, and both write-once and rewrita-
ble forms are possible. Early attempts to develop holographic
storage for use in computer memories were unsuccessful due to
technical difficulties, such as a tendency of reading to degrade
the stored data, and inability to meet cost and performance con-
straints. But the very high storage densities and fast access
times theoretically achievable have encouraged ongoing research
and development efforts by many organizations worldwide.

One of the more ambitious holographic storage programs is being
conducted by MCC (Microelectronics and Computing Corporation), a
research consortium sponsored by major U.S. technology firms.
MCC is planning to show working prototypes of holographic memo-
ries in a 5.25" form factor in early 1992. The devices will have
targeted capacities in the range of 200 megabytes to 10 giga-
bytes, average access times in the 1 to 10 microsecond range and
data transfer rates in the gigabyte per second range. The stor-
age medium, once written, can be read billions of times without
significant degradation. Once the prototypes are working, it
will be up to the companies supporting the research effort to
convert the technology into working, practical products. Among
the supporters of the MCC effort have been DEC, NCR, Imprimis,
Eastman Kodak, General Dynamics and E-Systems.

Because holographic storage systems have no moving mechanical
parts, they have applications in military, industrial, and other
applications where ruggedized storage is essential. MCC is
projecting that the cost per megabyte of its holographic storage
will be 2 to 4 times the cost of magnetic storage of equivalent
unit capacity. If practical, holographic storage can virtually
eliminate the current Timitations on throughput caused by mechan-
ical drives, and thus must be considered as having the potential
to effectively compete with magnetic and optical rotating disk
drives for selected applications in the late 1990s.

Disk drive enhancements

Disk drive technology has been continually improved since IBM intro-
duced the first rigid magnetic disk drive in 1956. After two decades of
disk technology leadership, IBM contributions were outstripped by a legion
of aggressive competitors in the area of small diameter drives. But the
1980's saw a resurgence in IBM contributions, especially in packaging --

such as IBM's 320 megabyte 3.5" drive with 8 disks and 857 megabyte 5.25"
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drive with 12 disks. The critical areas being addressed by IBM and others

are discussed below.

* Head flying height: For some of today's latest high density
rigid disk drives, head flying height is in the 4 microinch
range. Several firms are attempting to design drives in which
there is no measurable flying height, and IBM has discussed
advanced research projects in which the head "flies" at 2 mi-
croinches above the surface, essentially contact recording.
Because head flying height determines the achievable areal densi-
ty, reductions are of critical importance, but each reduction
requires a new level of sophistication in the preparation of
substrates, coatings, overcoatings, heads and test equipment.

For instance, it appears that glass substrates may be required to
obtain the required smoothness and flatness for the Towest flying
heights. Determining reliable processes for manufacturing,
coating, texturing and testing disk media using glass substrates
are major challenges, and the ability of substrate and media
producers to ramp up production is an unproven capability.

* Recording heads: Monolithic ferrite heads patterned after IBM's
3350 designs dominated in early Winchester disk drives. During
the following years, PCM drives using heads designed to compete
against IBM's 3370, 3375, 3380, and other new drives with ferrite
heads having sliders with 3370 contours (mini-sliders) became
common. The outpouring of small diameter disk drives from multi-
ple OEM sources in the last decade embraced the small head con-
tours and drove the demand for high performance small heads.
These pressures, in turn, drove the development of composite and
digital application metal-in-gap heads.

Packaging requirements for small drives have also stimulated
development of new head contours and suspensions, as spacing
between disks diminishes. New micro sliders are smaller than
ever, with less mass to inhibit rapid positioner movement or
cause damaging head/disk interference. Some new designs also
utilize ramp loaded heads, eliminating the possibility of
stiction and reducing power requirements for starting drive
motors.

Conventional and composite ferrite heads, now available from
multiple sources, are routinely produced with good manufacturing
yields, and are competitively priced. They will continue to be
used for the majority of captive and OEM drives, while metal-in-
gap and thin film heads gradually reach high production levels
and become price competitive with ferrite monolithic and compos-
ite heads. Single crystal ferrite heads, expected to be avail-
able in volume in 1991, provide improved performance and should
extend the life of ferrite head technology. Risk is low, as
single crystal technology has been used in video heads for a
number of years.
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Metal-in-gap heads were first used by Japanese firms in the late
1970s for video tape applications, and are now used in DAT re-
corders as well as small, high performance disk drives. They can
compete effectively with thin film heads in many of today's
applications, although thin film heads are capable of performance
extensions that metal-in-gap heads are unlikely to reach. The
choice of head type depends upon the flying height, desired areal
density, the characteristics of the media, and cost. Alps Elec-
tric is the leading supplier of metal-in-gap (MIG) heads.

1984 saw the beginning of thin film head shipments for small
diameter OEM disk drives. Production has overcome startup disas-
ters and is increasing as more vendors start to master the proc-
ess and gain control of process yields. Current major producers
include PCI (Seagate), Applied Magnetics, Dastek and Read-Rite.
However, MIG heads have proven capable of operation in many of
the applications originally targeted by thin film heads, so until
the last few years the demand for thin film heads has been much
slower to develop than many prospective producers had hoped. As
a result, production capacity was slow to develop and the surge
of small drives using very high recording densities in 1989-90
has created a current shortage of thin film heads. The ability
of thin film heads to operate at areal densities well above those
achievable by other head technologies guarantees them a role in
future high capacity, high performance designs. Magneto-resis-
tive (MR) thin film heads may start to appear in small form
factor drives as early as late 1991.

* Recording disks: As the disk drive industry progressed through
succeeding generations of disk drives, disk media underwent a
refinement of the basic coating process to achieve a continually
thinner application of a uniform coating, plus improvements in
surface lubricants. Today, thin film media is rapidly displacing
oxide, because oxide coated media is increasingly unable to
satisfy areal density requirements. Even IBM, a longtime oxide
champion, now ships large quantities of drives with thin film
media, much of it produced internally by IBM.

For several years, there was a stampede by numerous established
and new firms to install production capability for thin film
disks. Most aimed at the market for 5.25" and smaller disk
drives, and the managements involved recognized the need to
establish credibility by offering facilities capable of producing
large quantities of disks, with adequate process controls, at
prices competitive with oxide disks of comparable quality. Most
of this activity has been generated because of the higher density
potential of thin film disks. Almost all new designs for small
form factor drives require higher density than oxide disks offer.

Many of the early manufacturers of sputtered and plated disks

lacked adequate process control and were unable to sustain high
production yields or to meet delivery commitments on a consistent
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basis. A second wave of companies using sputtering methods to
deposit thin magnetic films are shipping disks in significant
quantities. These firms claim that the sputtering process is
easier to control than the plating process, usually resulting in
substantially higher yields. Sputtering is also less subject to
water contamination. Sputtering lines are less flexible than a
plating line, however, which is a factor in the difficulty that
producers of 8" disk drives have in obtaining assured sources of
sputtered 8" media. Sputtered disk producers are concentrating
on 5.25", 3.5" and 2.5" media because the bulk of the near term
demand is in those sizes. Media producers are beginning to
discuss standards for 1.8" media, which appears to be the next
step in the size progression. Media with coercivity in the 1200
to 1500 Oersted range is routinely producible, and some companies
have demonstrated fabrication of media up to 2300 Oersted coer-
civity on production quality sputtering systems.

Many firms use both plating and sputtering technologies in multi-
ple layer disks, sputtering the magnetic recording layer on a
layer of plated nickel that isolates the substrate from the
magnetic layer. Like the plated disk, disks with sputtered
magnetic layers usually have overcoats for protection. Whether
sputtering or plating is used, thin film media producers have
automated their production processes to insure consistent process
control and to build production volume.

While most thin film media production has been from independent
producers, major system manufacturers, including Hewlett-Packard,
Digital Equipment and IBM, have begun to produce much of their
media requirements. This has had the effect of displacing some
of the disk purchases by these drive manufacturers,but the effect
on the independent disk media manufacturers has been masked by
the very strong demand for 3.5" and 2.5" drives.

Aluminum has always been the substrate of choice for rigid disk
media, but some high capacity disk drives in the 3.5" and 2.5"
diameter range, such as those of Areal Technology, will be using
glass or glass/ceramic as a substrate material. Glass substrates
are potentially smoother and flatter than aluminum, have fewer
impurities that can cause defects, and can be made very thin.
These characteristics allow for Tower flying heights and the
inclusion of more disks in a stack, both highly desirable fea-
tures. However, because of low production volume, they currently
cost significantly more than aluminum substrates. There is also
Timited industry production capacity at present. The inherent
smoothness of glass and ceramic substrates requires them to be
textured during manufacturing to avoid stiction.

Head positioning methods: The industry is not moving forward
rapidly with TPI improvements. Some small drives operate at up

to 2,000 TPI, but such precision is costly. The industry still
has plenty of room for innovation in this area. IBM's 3390
operates at 2,235 TPI, and some firms are investigating the use of
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optical tracking techniques to obtain higher TPI. IBM has shown
the feasibility in the laboratory of creating media with very
narrow tracks with sub-micron dimensions. However, considerable
work will have to be done to develop heads capable of working
with such narrow track widths.

New materials and designs are being developed to improve vibra-
tion suppression damping in head gimbal assemblies and position-
ing mechanisms. This also should assist in reaching higher track
densities.

* Perpendicular recording: Today's rigid disk drives all use
longitudinal recording, making use of magnetic domains oriented
parallel to the surface of the recording medium. More than
100,000 BPI could theoretically be resoived by recording heads if
magnetization were oriented i