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Since Christian Thomsen defined the Stone, Bronze, and Iron Ages, these archetypes have served to define material cultures various stages of development. Ashton and others subsequently established that iron yielded, from Bessemer onwards, to carbon steel.  What they failed to note is that, contemporaneous with the emergence of heavy engineering quantities of cheap carbon steel, a second group of materials emerged  that presented a second shift at least as significant.  These materials were the earliest commercial alloy steels.  In them one sees all of the characteristics that define material eras.  If Bessemer’s converter and the Siemens-Martin open hearth comprised one shift in the primary engineering material base, so too did the alloy group.  However, historical significance of the alloy steels has been muted because they have usually been incorporated into the larger steel industry.   Using tungsten and high-manganese steels as examples, I will explain why the alloy steels have escaped the radar of economic histories of the iron and steel trades, and why the group merits consideration as a new material era.

To understand the significance of alloy steels compared to carbon steels, comparison criteria must first be established.  Here the ideas of “basic innovation” and “macroinvention” are essential to contextualizing the significance of the new steels.  According to Gerhard Mensch, basic innovations in their broadest definition generate new industries.
  Operating on Schumpeter’s thesis that innovation is distinct from invention because inventions are economically irrelevant if not commercially produced, Mensch proposes several criteria for innovation at large.
  Firstly he defines three types of innovation:  basic, improvement, and pseudo.  Basic give rise to new industries, while improvement develops or refines an established area of activity, and pseudo presents the semblance of innovation, but without economic utility.
   What this idea misses, though, is that not all major innovations are basic innovations by these guidelines. 

As Mensch noted, heavy steel represented a series of basic innovations.
  However, by his own definition, these same innovations could equally be improvement innovations.  The basic innovations of Bessemer and Open Hearth steel might be seen as merely improvement innovations on crucible steel technology.  This is patently untrue; they changed the form, cost, application, and breadth of the steel trade, at the same time meeting the concept of improvement innovations.
  Mensch proposed that improvement innovations provide a product superior to its ancestor in quality, reliability, ease of use, raw material use, labor cost, and other lesser traits.  They also account for new, better production techniques that allow products to become more reliable, of better quality, or available in larger quantities at a lower price.
  

Joel Mokyr‘s theory of macro- and microinventions clarifies the alloy situation.  In his model, microinventions define the small, incremental steps that improve, adapt, and streamline existing techniques in use, while macroinventions represent radical new ideas without clear precedent.
  Applying Mokyr’s concepts to Mensch’s innovation theory, we see that basic inventions can and often do present the characteristics of improvement innovations.  While the Bessemer and Open Hearth furnaces presented a new means of creating carbon steel, they were so radically different that a new, heavy steel industry emerged.  Thus, a macroinvention, the invention of heavy carbon steel is also a “basic” invention in Mensch’s model, while still retaining “improvement” characteristics.  In alloy steels’ case, these innovation themes are also at work, at a much smaller scale.

The prime reason underlying the lack of recognition for the significance of alloy steel is because they were always a small, specialist industry when compared to the heavy carbon steel or iron trades.  In 1913 U.S. alloy steel use was approximately 308,500 tons of all types.  While impressive, it looks decidedly tiny compared to the 31,463,000 tons of heavy carbon steel consumed that year:

Cost restricted alloy steels’ use in structural applications.  Alloys could produce long-term savings in materials and their associated costs, work carbon steel, or provide unique physical properties unattainable with other materials at a similar cost.  Most heavy engineering projects did not rely on heavy alloy steel structures, with a few notable exceptions. Rather, alloy usage was catalytic.  Small quantities of these ultra-specialized metals were used in applications where they made other newly emergent technologies possible.  Though there were many different alloy steels involved in the wider discussion of this new industry, I will only discuss two here.  The first was representative of those alloys used to work mild steel; the second represents these new metals in their own right for structural purposes where they replaced carbon steel.  High-speed (tungsten) tool steel and Hadfield’s manganese steel represent archetypes of the alloy trade.  Both show the dual nature of alloys in engineering, offering irreplaceable properties even as cost restricted their uses.

Robert Forester Mushet took out his patent for tungsten steel in 1857, and then spent ten years working to make it reliable and commercially viable. His 1870 commercial composition was the first successful alloy steel for machining applications.
  Then, in 1898, Bethlehem Steel’s F.W. Taylor and Maunsel White created a watershed in high-speed tool steel. Initially a tungsten-chromium composition, it subsequently incorporated vanadium, which touched off an industrial whirlwind.

High-speed steel’s introduction to the factory system quickened mass production of mechanical goods more than anything else over the Twentieth Century’s first decade.  High-speed steel had a social and material production impact that revolutionized the machine tool trades.  Simultaneously, tungsten prices made sure that high-speed steel was the most expensive alloy in widespread commercial before World War One.  While vastly expensive compared its competitors, high-speed steel’s service life was orders of magnitude greater than carbon bits. Unfortunately, the machine tools available in 1900 needed several years to catch up.


 Economy in machining operations was one of the factors underpinning widespread mechanization.  Nonetheless, high-speed steel’s expense limited its use to tool bits and other small, temperature-resisting items such as exhaust valves.  This does not mean, however, that high-speed steel did not meet the “basic innovation” criteria of industry creation.  Besides creating the modern machining and its machine tool supply trade, high-speed steel created the commercial tungsten mining industry.  With demand made tungsten production take off; over 95 percent of the world’s output was dedicated to alloys.
  However, tungsten was only available in complex, combined ores that provided unique and often confounding processing challenges.
  Tungsten’s mining industry had high costs due to the highly uncertain nature of the ore bodies and tungsten ores’ complex mineralization.  Tungsten ores were always irregular, with little known of the persistence of the mineralization at depth.
  This made the mining and estimation of reserves erratic and unreliable.  Prices shot up year-on-year as the new high-speed steel alloy used all the tungsten available.  

While high-speed steel demonstrates how a new alloy could create multiple new industries, thus reflecting the “basic innovation” nature of alloy steels, it was always minimal in terms of output.  Costs and prices were high, thus tungsten structural steels were never used.  This status is not true of Hadfield’s Manganese Steel, the archetypal heavy structural alloy.


Robert Abbot Hadfield’s curiosity concerning the Terre Noir Company’s 1878 production of high-metal content ferro-manganese led to Hadfield’s Manganese Steel of 1882.  His new alloy confounded common physical standards expectations.  His 13 percent high manganese steel should, according to earlier experiments, have been very brittle.  Strangely, Hadfield’s metal was extremely tough, yet ductile.
  Further, it possessed a curious property Hadfield described as work-hardening.
  Additionally, manganese steel was extremely resistant to magnetic induction.
  Hadfield’s search for the answers to these backwards physical properties led to the twin pillars of scientific metallurgy:  chemistry and metallography.  Unlike high-speed and Mushet’s tungsten steels, Hadfield’s alloy was not limited by material cost, but by its difficult treatment regimen.


Hadfield’s low-cost, difficult-to-process alloy was possible because it did not need a new extractive industry to fuel its production, unlike tungsten.  Rather, manganese steel was able to take full advantage of the mature ferro-manganese industry. Hadfield was fortunate that his new alloy used the same high-metal content ferro that was indispensable to the new open-hearth process.
  Thus, unlike high-speed steel requirement for tungsten, the introduction of commercial manganese steel had no real impact on mineral output.  There was a rise in output of manganese in the 1890s, but this was entirely due to the preference for the open-hearth process over Bessemer steel.  U.S. manganese steel output hit a 1913 peak of just under 40,000 tons:  just .12 percent of carbon output that year.
  Hadfield’s manganese steel does not, therefore, qualify as a “basic innovation” like tungsten.  Rather, manganese steel’s characteristics of macroinvention, for this steel changed the way the industry thought about and produced its metals altogether, lent it claim to “basic innovation” status.


Manganese steel was one of the most heavily used of all the alloys, especially in mining and railways.  Mining made use of manganese steel both in and out of the mine.  Its first commercial use was the 1888 production of link pins for dredge buckets.
  Their utility proven in this severe service, this alloy found further widespread mine applications.  These included drag-line and shovel buckets and cable wheels in open pit operations, and similar uses in general excavation.
  The key was manganese steel’s work-hardening property, which meant a three to five-fold extension of service life for components that were exposed to slow abrasive wear.
  This same property meant manganese steel shone even brighter in mills processing ores.  Railway components also made comparable use of manganese steel.  Hadfield’s ductile, tough, and work-hardening manganese alloy resisted track wear far better than its carbon-steel competitors.
   Though initially more expensive, its vastly longer service life guaranteed manganese steel’s widespread application.
  This tiny flavor of the multiple applications manganese steel saw in engineering use does not, however, account for the radical new trait that made this metal a part of the “basic innovation” trend of the alloys.  This lay in the drive to produce a reliable manganese steel in the first place.

As mentioned, the claim of manganese steel to the title of “basic innovation” is due to the way it changed how industry professionals thought about the nature of steel. Hadfield’s manganese steel researches rewrote steel research methodology single-handed.  It drove subsequent alloy development by integrating chemistry and metallography into industry practice.  The work of chemists on metals was nothing new in the 1880s.  Academic scientists like Faraday, had worked with metals and their alloys, but this work had no immediate application in commercial metallurgy.
  Hadfield changed all this in from 1882.  

Though not a professional chemist, Hadfield studied chemistry all his life.
  He perfected the exacting analytical skills needed to develop many alloy steels. This interest led Hadfield to successfully apply chemistry to practical metallurgy when he set up the first in-house research laboratory in 1892.
  This became a characteristic of all significant steel works, providing quality control, in-house testing, and a research and development capacity previously lacking.  Hadfield did not rest here, though.  In his search to understand and refine manganese steel, he introduced one of the most potent tools available to metallurgical investigation:  the study of metallography.

Also known as microscopy, metallography brought Hadfield’s application of scientific methods to the study of metals to the fore.  This science, the study of the micro-constituents of metals via optical devices, was new to the steel trade.  Hadfield himself did not invent metallography, but he did introduce its use to practical steel manufacture.  Dr. Henry Clifton Sorby, of the University of Sheffield, researching minerals and rocks, first investigated photomicroscopy in 1863.
  His work adapted the optical microscope to study crystallization in opaque substances, and in 1886 Hadfield engaged Sorby to determine why his manganese steel was non-magnetic.
  Instead, he discovered the crystalline structures iron forms with carbon at different treatments and temperatures, which became a cornerstone of metallurgical knowledge in steelfounding.
  With his new knowledge, and in concert with other metallurgists abroad, Hadfield’s carbon-led theory of steel emerged.  For the first time in history, metallurgists could reliably predict the results of heat treatment upon steel.  Thus manganese steel meets the necessary criteria; Hadfield’s investigations proved the inception point of modern steel metallurgy, yielding a theoretical understanding of all steels since.


If cultures are defined by the material base embodying their development, then it is safe to say that the Era of Steel was really the Era of Alloy Steels.  While Bessemer and Siemens opened the door with cheap mild steel, the special steels drove subsequent technological innovation.  Without alloys, many things taken for granted today could not have evolved.  The modern world owes its very shape largely to the commercially successful alloys developed prior to 1914.  With their great impact, then special steels met the same qualifications that previously defined the importance of the Era of Steel.  In demonstrating the “basic innovation/macroinvention” status of high-speed and manganese steels, I have at least touched on this standing.  The catalytic effect that these steels had was enormous; they drove multiple new technologies, improved productivity and lowered costs.  These two metals, and their half dozen contemporary commercial alloys, were responsible for more material change than any other substance between Bessemer and the synthetics revolution in the 1930s.  Adopted world-wide, steel alloys presented more than just new materials.  Their development yielded an entirely new means of scientific material investigation, and between these two effects, they deserve consideration as defining a new era.  Alloy steels are responsible for the shape of the modern world.







� Gerhard Mensch.  Stalemate in Technology:  Innovations Overcome the Depression.  (Cambridge, MA:  Ballinger Publishing Co., 1979)  pp. 122-123.


� Joseph A. Schumpeter.  The Theory of Economic Development.  (Oxford:  Oxford University Press, 1961) p. 88.


� Mensch.  Stalemate.  pp. 47-50, 56-62.


� Mensch. Stalemate.  pp. 124-126.


� Ibid., pp. 47-48, 124-126.


� Ibid., p. 47.


� Joel Mokyr.  The Lever of Riches:  Technological Creativity and Economic Progress.  (Oxford:  Oxford University Press, 1990) p. 13.


� Anon.  “Tool Steel.”  Ryland’s Iron Trade Circular, 9 April 1870, p. 228.


� J.M. Gledhill.  “The Development and Use of High-Speed Tool Steel.”  Journal of the Iron and Steel Institute, vol. 66, no. 2, p. 128.


� R.H. Rastall and W.H. Wilcockson.  Tungsten Ores.  (London:  Imperial Institute, 1920).


� M.T. Taylor.  “Separation of Wolfram from Tin.”  The Mining Magazine, vol. 12, no. 6, June 1915.  p. 351.


� Rastall and Wilcockson. Tungsten.  p. 5.


� Robert   A. Hadfield.  “On Manganese Steel.”  Journal of the Iron and Steel Institute, vol. 34, no. 2, 1888, p. 45.


� Ibid., pp. 45, 50-54.


� Ibid., pp. 56-57.


� Robert Hadfield.  “The Development of Alloy Steels.”  in L.P. Sidney (ed.) Proceedings of the Empire Mining and Metallurgical Congress.  (London:  Empire Mining and Metallurgical Congress, 1925) pp. 122-124.


� See Figs. 1 and 2, and their citations for more detail.


� Robert A. Hadfield and T.H. Burnham.  Special Steels:  A Concise Treatise on the Constitution, Manufacture, Working, Heat Treatment, and Applications of Alloy Steels.  (London:  Sit Isaac Pitman and Sons, Ltd., 1933) p. 9.


� Walter S. McKee. “Manganese-Steel Castings for Mining.”  The Iron Age.  vol. 96, Dec. 9, 1915.  p. 1362.


� Walter S. McKee.  “Manganese-Steel Castings in the Mining Industry.”  Transactions of the American Institute of Mining Engineers.  no. 108, Dec. 1915.  pp. 2407-2411.


� C.B. Bronson.  “Heat Treatment of Railroad Materials.”  The Iron Age.  vol. 104, July 3, 1919.  p. 26.; Robert A. Hadfield and T.H. Burnham.  Special Steels:  A Concise Treatise on the Constitution, Manufacture, Working, Heat Treatment, and Applications of Alloy Steels.  (London:  Sit Isaac Pitman and Sons, Ltd., 1933) p. 103.  


� Bronson.  “Heat Treatment.”  pp. 25-26.


� Robert Abbot Hadfield.  The Work and Position of the Metallurgical Chemist.  (London:  Charles Griffin and Co., Ltd., 1922) p. 22.


� Ibid., pp. 19-20.


  Geoffrey Tweedale.  “Sir Robert Abbott Hadfield F.R.S. (1858-1940), and the Discovery of Manganese Steel.” Notes and Records of the Royal Society of London, vol. 40, no. 1. p. 63.


� Geoffrey Tweedale.  Sheffield Steel and America:  A Century of Commercial and Technological Interdependence.  (Cambridge:  Cambridge University Press, 1987) p. 61


� Henry Clifton Sorby.  “The Application of Quantitative Methods to the Study of Rocks.”  Quarterly Journal of the Geological Society, vol. 64, no. 2. pp. 212-232;


 Robert A. Hadfield.  Metallurgy and its Influence on Modern Progress.  (London:  Chapman and Hall, Ltd., 1925) pp. 31-32.


� Hadfield.  Metallurgy.  pp. 32-33.


� Hadfield and Burnham.  Special Steels.  p. 18.





