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1.

Introduction
When the old masters created in wrought iron they did not
try to conceal anything or make it look like something else.
They saw the poetry and the rhythm of iron. Out of it they
made masterpieces not for a day or an hour but for the ages.
Samuel Yellin, 1926 1

When I decided to study Monel metal, I was mid-way through research into the wrought iron work
of Samuel Yellin. Having a natural love of texture, colour and tone, I had been drawn to the allure of
metals conservation during the first few months of my historic preservation master’s degree at
Columbia University. An early field trip led by Professor Richard Pieper to the southern tip of
Manhattan armed students with a trusty magnet, and a swift ability to uncover certain truths about
our material environment. The encounter of a magnificent pair of Yellin wrought iron lanterns outside
the Federal Reserve Bank of New York began a self-professed love affair.
By the summer of 2019, early discussions of potential thesis topics had led to my own
discovery of a second wrought material worked by Yellin, Monel. Digging around the internet, it
wasn’t hard to discover that the metal was a single-phase alloy with an approximate chemical
composition of two-thirds nickel and one-third copper. But what exactly did this mean, why did it
gain popularity with blacksmiths, and how were conservators treating it? Multiple other questions
ensued, and after frank conversations with faculty and further research, it became clear that answers
would not be so forthcoming. Indeed, a keyword search for “Monel” on the Getty Conservation
Institute’s AATA Online website yielded just three results versus bronze’s 5,498. 2 Colossal gaps clearly

S. E., "PHILADELPHIA HONORS A WORKER IN IRON: Samuel Yellin, Bok Prize Winner, Practices the Craft of
the Thorough Masters of the Middle Ages," The New York Times Magazine, February 28 1926.
2 Placed in the index term list, “Monel” at AATA produces just 3 results. See The Getty Conservation Institute, "AATA
Online Abstracts of International Conservation Literature," accessed 19 October, 2019, http://aata.getty.edu/Search.
1

1

remained in the body of conservation knowledge, and so, in a quest to aid the community, the
following objectives were formulated to address the dearth of information on this most unusual yet
beautiful of alloys:
To help in identification and basic education for the community.
Monel is a quandary for all, not just conservators. When the metal appears amongst documentation
or studies of historic fabric, there are few if any answers to the typical questions posed by an owner:
What is this metal?
Why is it found here?
Has a finish been applied?
Is the surface stable?
How should it look?
Can we clean it? And if so, how?
My aim is to prepare conclusive information that will apply not just to specific examples found in this
thesis but to a wide range of historic Monel.
To tell the history of the alloy in order to discover aesthetic intent.
It would be unprofessional to advise anyone of a conservation plan without first understanding the
underlying material and the potential problems that may occur in the future. Given the trademarked
nature of the metal and the closure of the parent company, historic facts are difficult to come by, often
conflicting, and sporadically dispersed all over the world. A history must therefore detail the discovery
of the metal, placing the alloy in its period of significance and emphasizing the driving factors of the
modern era to which it belonged. Situating Monel historically is essential to the telling of its story; as
with renowned personages, Monel had a precursor and successor, but its place within the timeline of
2

white metals (nickel silver, aluminium, stainless steel) is little told and oft-forgot. Furthermore, it is
essential to comprehend the intent of the original proprietor and fabricator. A subsequent chapter
therefore includes architectural and decorative intent to propose a potential end-result that a current
owner might aim for. It is important to note that every situation is different, and, as a result, any
suggestions are merely guidelines.
To perform testing with contemporary technology to aid maintenance and restoration plans.
While there is an inherent responsibility for all conservators to recommend methods for rehabilitating
historic fabric consistent with its character, it is essential that these methods are up-to-date, fully
informed and using the least invasive technique available today. As a result of the scarcity of technical
information on the alloy, a significant portion of the thesis is dedicated to studying modern and
historic Monel. While some of this scientific instrumentation has been extant for decades, X-ray
fluorescence, for example, is only possible on-site due to recent advancements in battery and software
component technology. A rigorous testing protocol of Monel samples took place in the Preservation
Technology Laboratory at Columbia University, with additional commercial testing in New Jersey and
Delaware. Three in-field case studies from New York and Pennsylvania then anchor the final chapters.

3

1.1

Scope and Limitations

Due to the enormity of the topic, this thesis focused on historically significant decorative Monel, with
particular attention given to building exteriors. While some discussion of interior Monel takes place
in this work, the anti-corrosive properties of the alloy indicated that greatest changes to the metal had
been witnessed in exterior environments and, as a result, should receive the most study. 3 I emphasize
here that Monel did not come into existence until the beginning of the twentieth century. While the
history section details the background of the alloy to a higher degree, it is imperative to understand
that the metal was a new and largely unknown entity and took several decades of research and use
before revealing its nature. As a result, it appeared likely that weathering patterns and applied finishes
may have had unexpected results, and, due to the short period of significance, have been little studied.
For the purpose of this thesis, I contrast the use of the words “weathering” and “patina.”
Weathering is the natural formation of chemical compounds on the surface of the alloy from reactions
with the environment and is referred to in scientific studies as atmospheric corrosion, while patina is
the end product of patination, the chemical method of applying a specific recipe or compound to
achieve colouration. While many today refer to patina as natural weathering, I emphasize my definition
here to avoid misinterpretation. Only precise language helps to answer the questions above. It must
finally be stressed that the author is not a chemist or an engineer by training. Despite drawing upon
skills learnt at Columbia University, and the support of internationally renowned faculty and
professional specialists in their field, there were inevitable limitations to this master’s thesis.

At least three ASTM twenty-year atmospheric corrosion studies have been carried out on non-ferrous metals and alloys
since 1931 (see Chapter 5.2). The most recent results in 2002 found each of the five test sites exhibited “excellent
corrosion resistance,” see E. L. Hibner, Evaluation of Nickel-Alloy Panels from the 20-Year ASTM G01.04 Atmospheric Test
Program Completed in 1996 Outdoor Atmospheric Corrosion (West Conshohocken, PA: ASTM International, 2002).

3
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1.2

Summary

Although Monel was applied to a wide swathe of uses, utilitarian as well as decorative, historic fabric
continues to be lost at a rapid clip, due to the high cost of replacement and to general
misunderstandings on longevity and maintenance protocols. There is no preservation brief from the
National Park Service regarding the alloy and conflicting literature on how to handle it. It is precisely
for this reason that research into Monel is essential. Samuel Yellin, Parke Edwards, and a wide range
of fabricators, designers and businesses have given significant value to objects made in Monel. The
case studies presented here focused on decorative work by such historic figures, as their significance
led to more complete documentation. I do, however, wish to point out that this work aims to shed
light on all aspects of Monel use, raise the level of knowledge with the use of technical methods of
conservation science, and ensure a higher appreciation for the “first nickel-based, corrosion-resistant
alloy.” 4

4

Lewis E. Shoemaker and Gaylord D. Smith, "A century of monel metal: 1906–2006," JOM 58, no. 9 (2006): 22.

5

2.

History
We live in an age of white metals,
and I believe that our own Monel
nickel-copper alloys have been a
major factor in establishing this age.
John F. Thompson, President and Chairman, International Nickel Company. 5

Monel belongs to the zeitgeist of the early twentieth century. An era characterized by profound
technological change, book-ended by two World Wars, and marked by severe and permanent breaks
with the past. Found in 1905 through successful smelting of the nickel ore deposits of the Canadian
Shield, it was a transient metal that flourished and fell under the fickle tastes of an increasingly
conspicuous American consumer. Benefiting from a new found appetite for its primary compositional
element, nickel, demand soared on multiple fronts as increasing recognition of the alloy’s hardness in
the material of war was rebranded in the peace years to a high-polish finish that suited the streamlined
nature of the Art-Deco age. 6 Ironically, Monel’s popularity endured a shorter longevity than Ambrose
Monell, the man whose name it bore. As with the invention of laminates in timber products before it,
solid Monel products were increasingly replaced with sheet Monel cladding as early subsidised pricing
was phased out. Caught in the trap of “modernity,” an expression coined by Charles Baudelaire in
1863, the alloy was the embodiment of “the ephemeral, the fugitive, the contingent.” 7 Its inherently
difficult workability, cost and proprietary nature, slid into specialised anonymity by the 1960s.

John F. Thompson and Norman Beasley, For the years to come : a story of International Nickel of Canada (New York, NY:
Putnam, 1960), 340.
6 This term was uncommon until Bevis Hillier’s work Art Deco Style of 1968. It was initially known as style moderne.
7 Charles Baudelaire, The painter of modern life, and other essays, trans. Jonathan Mayne (London: Phaidon, 1964), 13.
5
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2.1

Nickel Symbiosis

Monel began, like most alloys, as a hypothesis in the mind of a chemist. Searching for a cheaper
production method for nickel silver, a popular metal used for jewellery and cutlery, Monel was
intimately tied to the market whims of its major compositional element, nickel. While China had been
working with a version of nickel silver, paktong, or “white bronze,” since at least the fourth century,
the West had largely shunned nickel as an irritant. 8 It was not until 1751 that the Swedish scientist
Axel Fredrik Cronstedt successfully separated nickel from cobalt ores, naming the material for its
moniker kupfernickel, “devil’s
copper.” 9 This namesake had
been

mentioned

in

a

chemistry treatise half a
century earlier by fellow
Swede Urban Hiarne, coined
by German miners who had
complained
Fig. 2.1

The German view of mining, as illustrated in the Magnalia
Dei in Locis Subterraneis by Franz Brückmann, 1727.

of

the

impossibility of extracting
copper from nickel rich ore.

Mining over the ages had discarded unknown elements through wasteful smelting methods, and

For significant detail about the history of this most interesting of alloys and their history see Keith Pinn, Paktong : the
Chinese alloy in Europe, 1680-1820 (Woodbridge, Suffolk ; Wappingers Falls, NY: Antique Collectors' Club, 1999).
9 This name has been construed in multiple ways over the years but is considered to be a reference to “Old Nick” of
German mythology, by way of the word “nix” aka nymph, goblin, or water spirit that is unfriendly to humans, from Old
High German nihhus. It was said that “Old Nick” and his mischievous gnomes were charged with plaguing the miners
and bewitching the ore. See THE STORY OF NICKEL by William H. Baldwin The Journal of Chemical Education,
1931, 8, 9, September 1, 1931. 1749 https://pubs-acs-org.ezproxy.cul.columbia.edu/doi/pdf/10.1021/ed008p1749
8
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nickel’s difficult nature had all but ensured the ejection of this amorphous mass that often presented
itself upon smelting. It was not until the study of minerals and mining fused that things began to
change.
By the 1870s, nickel’s appeal was finally on the up. Used for coinage in the United States,
Switzerland and Belgium, the metal was adopted by the Prussian mint, pushing global production
above 1,000 tons for the first time (American short ton equivalent to 2,000lbs). 10 In 1864, France
discovered the first large global reserves of nickel ore in their colonial territory, New Caledonia. In
1875, France started large-scale production through Société Le Nickel (SLN), but lack of demand saw
the sale of the company in 1883 to the powerful Rothschild family. In the same year, Monel’s fate was
established. The Canadian Pacific Railroad, in its quest for just another depot, made a cutting in
Sudbury, Ontario, that became the second discovery of sizeable global supplies of nickel ore. Within
months, prospectors were filing land patents, but, in contrast to gold, the scattering of deposits and
the huge uphill struggles associated with refining and marketing led to little production. 11 As with New
Caledonia, nickel was already known to exist, in this case as early as 1848 by the Provincial Land
Surveyor, but large-scale development was ignored due to high cost. It was not until 1886 and the
formation of the Canadian Copper Company by men of means that economies of scale were present
to attempt to capitalise on the ore.
In 1889, the unearthing of new uses for nickel and its benefits as an alloy gathered significant
industrial and commercial momentum. James Riley’s presentation, Alloys of Nickel and Steel, to the Iron

Data and early history of nickel is covered in detail in the Bureau of Mines United States Department of the Interior,
"Materials survey, nickel, 1950," (Washington, D.C.: United States Government Publishing Office, 1952), II-4.
11 The move from speculator to global cartel is covered in Chapter 4 of Oiva W. Saarinen, From meteorite impact to
constellation city: A historical geography of greater Sudbury (Waterloo, Ontario, Canada: Wilfrid Laurier University Press, 2013),
50.
10
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and Steel Institute of Great Britain awoke businessmen to the possibilities. He declared, “I find some
difficulty in not becoming enthusiastic… for the wide range of properties, or qualities, possessed by
these alloys, it really seems as if any conceivable demand could be met.” 12 His assertion of noncorrodibility, strength, elasticity, and the potential uses for civil and military engineering, especially in
the arena of armour and armaments, struck a chord. The Canadian Copper Company, swimming in
matte (a by-product of the initial smelting process containing nickel and copper sulphides – see
Chapter 3.3) after the installation of a new furnace and struggling with a demand imbalance, took
immediate advantage. Prior President turned salesman Samuel J. Ritchie approached Secretary of the
United States Navy, B. F. Tracy, with the Riley report, resulting in an accompanied European
excursion to investigate the continent’s sudden, unbridled demand. France’s Creusot Steel’s work on
a new nickel plate that was “superior to all armor plates theretofore manufactured” had an
instantaneous effect on the party. 13 Samples were ordered and Lieutenant B. H. Buckingham and
Commodore William M. Folger were dispatched to survey Sudbury. Their report declared “the tons
of ore above the surface of the ground in deposits seen by us 650,000,000... an amount of mineral
which cannot be exhausted by this generation.” 14 Tracy blocked Ritchie from accepting offers by
Krupps and SLN to buy all production; appropriating one million dollars from Congress, he purchased
4,596 tons of matte, more than the entire global production of 1890. 15 While causing a stir, his
exoneration was swift after the total destruction of the enemy fleet during the Spanish-American War

James Riley, "Alloys of Nickel and Steel," Journal of the Iron and Steel Institute 34 (1889): 53.
Excerpt taken from Thompson and Beasley, For the years to come : a story of International Nickel of Canada, 56.
14 William M. Folger, B. H. Buckingham, and S. J. Ritchie, "Report of Commander Folger and Lieut. Buckingham to the
secretary of the United States navy, upon the nickel and copper deposits of Sudbury, Ontario," Free Press Book and Job
Print, 1898, accessed 6 January, 2020, https://archive.org/details/cihm_12491, 20.
15 Ontario Bureau of Mines, "First report of the Bureau of Mines," ed. Ontario Department of Mines (Toronto, Canada:
Warwick & Sons, 1892), accessed February 19, 2020,
http://www.geologyontario.mndmf.gov.on.ca/mndmfiles/pub/data/imaging/ARV01//ARV01.pdf, 229.
12
13
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by nickel-plated warships. This display of nickel’s awesome power in weaponry subsequently placed
the world in an arms race that culminated in World War I.
While the 1890s struggled with perfecting the nickel refining process, with an average
production of around 5,000 tons, improved methods, including the Orford and Mond processes saw
the quantity rise above 10,000 tons by 1900. In 1902, Robert M. Thompson saw an opportunity
present itself; the socialite owner of the American refiner of Canadian matte, the Orford Copper
Company, realised that nickel steel was increasingly becoming a vital component of industry.
Approaching the newly formed United States Steel Corporation, he suggested their financial help in
exchange for board seats that would represent the steel industry in a new nickel monopoly. Merging
Orford with the Canadian Copper Company and six smaller entities, Carnegie men would be
positioned to drive forward an entirely new market. The company was named the International Nickel
Company (INCO) and incorporated
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close to 60% of the world’s 50,000ton supply.

For the purposes of brevity, the thesis will refer to the International Nickel Company and all of its legal names as
INCO going forward.
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2.2

Discovery of the Wunderkind

Monel owes its existence to three men: David H. Browne, a metallurgist; Victor Hybinette, a Swedish
chemist; and the future INCO leader Robert Stanley. Browne was convinced he could find an easier
method for making nickel silver; he intended to bypass the expensive Orford “tops and bottoms”
process of separating nickel and copper before adding zinc and instead attempted to reduce the nickelcopper matte directly. By 1904, however, the now manager Browne had given the task over to a bright
Hybinette, who had made significant improvements already at the Orford plant. The Swede, however,
missed nickel-copper sulphide’s lower oxidation point to the usual nickel sulphide used in the calcining
furnaces and aborted his experiments. The following year, Stanley, as assistant general superintendent,
grasped the mistake and made appropriate changes. Removing all sulphur, he oxidised the metal,
added magnesium as a reducing agent, cast an ingot and forged it into a bar at the anvil. 17 Taken to
President Monell for inspection, INCO hired Professor William Campbell of Columbia University to
test the metallurgical properties. “The report was most encouraging. It agreed the metal was unique,
and that it had many potential uses.” 18 President Ambrose Monell rushed to patent the metal.

John F. Thompson describes the Monel discovery in "The New Metal was Unique" chapter of Thompson and
Beasley, For the years to come : a story of International Nickel of Canada, 160-1.
18 Ibid.
17
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Fig. 2.3

Ambrose Monell’s patent 811,239, for the “manufacture of Nickel-Copper alloys,”
later named Monel in his honour.

12

2.3

The Early Market

Tireless research had resulted in the uncovering of Monel, a proto-superalloy. 19 However, INCO faced
two problems. Markets were
capricious,

and

despite

the

reputation of the company men
running the operation, the metal
had no standing or production
capability.

INCO

acted

by

aggressively pricing Monel just
above copper, and with no
rolling mill, they engaged three
different companies to produce
Monel sheets, rods and plates

Fig. 2.4

American Sheet and Tin Plate Company,
“Monel Metal Sheets,” 1909.

accordingly. 20 By 1907, the company set up the Technical Service Division to answer questions and to
improve circulation. Early advertising was simple and to the point. Non-staining and a low coefficient
of expansion were some of the properties flagged, enabling the momentous sale of 264,000 pounds
of sheet for the Pennsylvania Railroad Station roof in 1908. Corrosion resistance to seawater likewise
helped sales to multiple navies, including the Argentinian Navy and the United States Navy for the

Technically a superalloy is defined as a nickel, iron-nickel, and cobalt-based alloy used at temperatures above 1000 ˚F
and having a face-centred cubic (austentitic) structure. Monel is face-centred cubic but technically struggles with tensile
strength above 800 ˚F. It did however lead the way for Inconel which peaks tensile strength at 1000 ˚F. Nickel, Cobalt,
and Their Alloys, ed. J. R. Davis and Davis & Associates (Materials Park, Ohio: ASM International, 2000), 68.
20 Thompson and Beasley, For the years to come : a story of International Nickel of Canada, 161.
19
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U.S.S. Dakota’s propellers. Potential for long service life and high strength fuelled similar demand to
what nickel steel had achieved ten years prior.
As orders started to accelerate, however, Monel’s fortes became a growing barrier to market
appetite. The toughness of the metal caused production issues that steelmakers had little patience for;
INCO was forced to set up a separate casting plant, named the Bayonne Casting Company, in 1909.
An astute business decision, orders rose from six tons of cast Monel in 1909 to 150 tons by 1912.
Although total sales of Monel were not revealed by INCO annual reports until 1931, we can estimate
the demand boom by numerous government statistics. United States mineral book data confirms
matte imported from Canada in the early years was principally used for Monel, and while the figures
did not separate ore and matte until 1919, exports quadrupled from 8,293 tons in 1908 to 36,306 by
1916. 21 Exports of refined nickel products from the United States grew tenfold from 4,386 tons in
1907 to 40,221 tons in 1916. There can be no doubt that Monel was instrumental in these figures.
Change, however, was on the horizon. While the enormous arms build-up benefited the
company into 1914, price controls and damaging government-controlled mass mining depleted the
best ore at Sudbury towards the end of the war. Despite the armistice being signed in November 1918,
production remained full throttle and was kept there by enforced munition contracts that were not
repealed until early 1919. This had the disastrous effect of leaving the nickel companies swaying in a
recessionary wind. Furthermore, both the Treaty of Versailles and the Washington Naval Treaty

Numerous quotations in the United States Minerals Yearbooks point to imported matte as the sole import for Monel
production. In the 1922 metals volume, it states “Considerable Canadian nickel matte is refined in this country, though
now only for the making of Monel metal,” United States Department of the Interior, G. F. Loughlin, and Frank L. Hess,
"Mineral Resources of the United States, Calendar Year 1922," ed. Bureau of Mines, Metals (Washington, D.C.: United
States Government Publishing Office, 1925), accessed January 9, 2020,
https://babel.hathitrust.org/cgi/pt?id=osu.32435031188113&view=1up&seq=699, 563.

21
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pursued limitations on re-armament. At INCO, strong steps were taken to stem the bleed.
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Bayonne was closed in 1922, people relocated to the Port Colborne refinery in Canada, and lay-offs
publicised. Payrolls dropped by up to eighty-five per cent.
The extreme run of events would alter not just the trajectory of Monel, but the entire nickel
market. Sir Alfred Mond, Chairman of the Mond Nickel Company, the now sole competitor to INCO,
saw the need for innovation. At the firm’s 1923 annual general meeting, he stated, “Previous to the
war… probably 50 per cent. of their [Mond] nickel had gone to steelmakers for armaments.” 22 INCO
agreed. The war had taken its toll but allowed fresh blood to take over operational control. Stanley,
now First Vice President, pushed for $3,000,000 to construct a rolling mill to run down surplus stock
and build out their Monel business. The death of President Bosthwick and Stanley’s subsequent
succession in 1922 assured his plan. Competition between INCO and Mond accelerated. Acquiring

22

Alfred Mond, "Industrial Uses of Nickel," Canadian Mining Journal 44, no. 40 (1923): 785.

15

Henry Wiggin in the same year, Mond bought into a British rolling mill and a vying alloy business. In
a timely manner, Mond released their competitor to Monel, renamed Mond 70 (from Corronel),
consisting of 70% nickel, 27% copper and 3% manganese. A 1926 sales letter to Raymond Pitcairn,
the benefactor of the Monel-rich Bryn Athyn complex, claimed impurity issues with Monel and stated,
“many former Monel metal users are now using Mond 70 either quite extensively or exclusively.”

Fig. 2.6 Letter showing distributor Merchant & Evans’ attempt to sell Mond 70 to Raymond Pitcairn,
1926. Notice the mention of “impurity” issues with Monel.

16

In the end, despite Mond’s competitive posturing, it was the natural order of things that
brought the nickel alloy market into equilibrium. INCO’s principal source of ore, Creighton Mine was
running light, and in 1922 explorations found 90,000,000 tons of ore in the Frood mine. 23 Co-owned
by Mond Nickel, an INCO engineering report of 1926 concerned itself with potential subsidence and
controversy if both parties were to work the mine. Simultaneously, an engineer in the employ of Sir
Alfred Mond and running their American subsidiary started to run the same figures. Discovering an
imminent capital expenditure of $25,000,000 was being considered by INCO, which included a new
smelting plant and a potential new power station on the river, he suggested single ownership to his
employer. Sir Mond, recently knighted Lord Melchett, travelled to Canada to meet with Stanley; the
economies of scale were undeniable. At the end of December 1928, Lord Melchett wrote to his
shareholders to advise an amicable merger. Completed on January 1, 1929, INCO had become a
corporation that straddled the Americas and the vast British Empire; it could now fully achieve Robert
M. Thompson’s dreams of a truly global and monopolistic market.

23

Thompson and Beasley, For the years to come : a story of International Nickel of Canada, 200.
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2.4

Rebranding Monel Through Modernism

While Stanley understood that Monel would always have a use for industry, it was his push into the
heady consumerism of the roaring twenties that ultimately saved the company and drove demand to
new heights. As the business market became more comfortable with the benefits of alloys, Stanley
cleverly changed tack and executed two key policies that enabled INCO to dominate the nickel market
for the next fifty years. He invested in world class scientists for a new Development and Research
Department under the command of Paul D.
Merica, a physicist internationally recognised
for work on hardening alloys through
precipitation. Furthermore, he saw the need
for marketing to push his product. Stanley
boosted INCO’s advertising budget and
redirected the money from trade catalogues to
news journals. The $23,000 budget of the early
1920s was dwarfed by an $135,000 advertising
outlay of 1927 in The Saturday Evening Post
and the Literary Digest. For industry, INCO
placed “engineering specialists” all over the
world in technical bureaus, while for the
consumer, Monel started to permeate all
manner of contemporary magazines.

Fig. 2.7 This Literary Digest advertisement pushes
the cleanliness and wholesomeness of a
meal made by a Monel train kitchen, 1927.

18

John F. Thompson, later President of the company,
points out that, “In these years of the late nineteentwenties, The International Nickel Company changed
from a mining company to a company where
production and the creation of a market were of equal
importance.” 24 By 1931, Monel deliveries were explicitly
declared by the company and took pride of place
alongside nickel and copper in their annual report.
Included towards the back was a range of products
geared towards the average American: Automobile, IceCream, and Soda Fountain were mixed among the more
Fig. 2.8 Uses for Monel are shown here in
the 1930 annual report.

industrial Petrochemical, Pickling and Textile uses.

The targeting of modern consumerism was clear. Early literature on basic mechanical
properties of Monel was revamped for industry but entirely altered for the magazines, where Monel
appeared ceremoniously through social narrative. These objects were not picked at random but
carefully selected from the increasing list of modern tools or comforts. Train, automobile and radio
companies all featured the alloy. Even mundane household items such as the kitchen sink had fresh
life breathed into them through fabrication in Monel. An abundance of modern buzzwords was used
in magazine reviews by the modern housewife. When INCO first attempted direct advertising in 1919,
John F. Thompson talked of multiple queries being made but no product to sell. Such issues were

24

Ibid., 190.
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clearly addressed by Stanley when contrasting one of these early Saturday Evening Post advertisements
with a “storyboard” alternative in The Nation’s Business seventeen years later.

Figs. 2.9
and 2.10

Notice the difference between The Saturday Evening Post advertisement of 1919, “Monel
metal,” and the comic-strip design aesthetic of the Nation’s Business advertisement of
1937, “I’m proud of the Monel Roof on my New York Home.”

INCO had recognised the change that was taking place in the consumer after the 1925
Exposition internationale des arts décoratifs et industriels modernes. The self-styled Futurists some ten years
prior had caught the spirit and frenetic nature of the movement with Filippo Marinetti’s manifesto.
Demonstrating a blind adulation of machinery, he pandered to all elements of industrial design. It is
in the automobile, however, that the writer froths into a transcendent rage of freedom. Running over
a neighbourhood dog, he hurls the vehicle into a ditch, declaring, “As I raised my body, mud-spattered
20

and smelly, I felt the red-hot poker of joy deliciously pierce my heart.” 25 The automobile was the
largest growing market for nickel steel. Marinetti, displaying a youthful disregard for life, was throwing
off nervenleben, a “life of nerves.” Referred to by Sociologist Georg Simmel when discussing the
frenzied pace of the city, this Futurist generation rejected fears perpetrated by craft movements that
persisted as late as 1927 with Fritz Lang’s Metropolis. 26 Like the Cubists who were viewing the world in
an increasingly dislocated way, Marinetti and his cohort had tapped into a reality that discarded old
hat. World War I only confirmed the transient nature of life. The apotheosis in Paris successfully
translated all the literary concepts into an eminently marketable style Moderne, and what came to be
known as “Art Deco.”
Dominated by a machine aesthetic, Art Deco played into the hands of the commercial metal
suppliers and expanded sales exponentially for white metals. Embracing geometry and a new silvery
gloss, the style traced roots back to the work of Hermann Muthesius. As the German attaché to
Victorian Britain in 1896, he examined extensively the British Arts and Crafts movement and the
industrial powerhouse of imperial Britannia. Critiquing German industrial design on his return, he
initiated the founding of the Deutscher Werkbund, a forerunner to the Bauhaus. Bringing higher
standards to Germany, both institutions boasted the likes of Walter Gropius, Corbusier, and Marcel
Breuer, who produced a wealth of novel designs that solved problems from an engineering
perspective. Embracing simplicity through rationalised fabrication techniques and the mechanical
strength of new alloys, the Bauhaus reinterpreted classic objects into entirely new forms. The strength,
workability and neutral colour palette of white metals became synonymous with the new-fangled

Umbro Apollonio et al., Futurist manifestos (Thames and Hudson London, 1973), 19.
See Simmel’s famed 1903 essay "Die Grosstadte und das Geistleben" (The Metropolis and the Mental Life) in Donald
Nathan Levine, Georg Simmel: On individuality and social forms: selected writings (University of Chicago Press, 1971), 324.

25
26

21

modernity, while high gloss finishes evoked the rarity found in gold and glass for a fraction of the
cost. 27 By the mid-twenties, this new love of machinery had transfused itself into 150,000 commercial
exhibitors who went to Paris to turn a profit. Over the seven months that the Exposition internationale
des arts décoratifs et industriels modernes ran, it successfully transmitted a new metallic fashion to sixteen
million followers.
The result set INCO’s advertising campaign on a determinably modern course for the next
generation. Discourse analysis, the study of language, is powerful in unpacking how INCO inserted
their product into the values, beliefs and sociological assumptions of the time. The advertisements
reveal an effort by the company to align their product with modernism while layering the text with
positive affirmation. Marinetti had manipulated adjectives using “great,” “rogue,” and “huge” to
describe modern forms of transport such as ships, locomotives, and trams. The old world of palaces
and canals are conversely labelled “moribund” and “old.” The above Nation’s Business advertisement
by INCO (Fig. 9) used similar methods. It described the leaky roof at Pennsylvania Station during the
1930s caused by steel skylights; the incumbent Monel bore no corrosion and subsequently replaced
the steel in its entirety. Affirmative language such as “young,” “modern,” “progressive,” and “silvery
beauty” is used alongside sentences that contain Monel. The commuter, hailed as the “toast of the
town” due to his regular sub-seventeen-hour rail trips between New York and Chicago on a
“streamlined electric locomotive,” held his head up in pride when he realised the whole roof will now
be “as modern as I am.”

The connection between modernism and shininess in design is made in this article by Nicolas P. Maffei and Tom
Fisher, "Historicizing Shininess in Design: Finding Meaning in an Unstable Phenomenon," Journal of Design History 26,
no. 3 (2013).
27
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2.5

Maturation of the Alloy Market
Science and industry remained good friends to INCO during the difficult years of the Great

Depression and World War II. In the Annual Report of 1931, the company remarked that there had
been no deficit, as was the case post-World War I, and that “the Company’s markets for its products
are now primarily industrial in
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Fig. 2.11 Monel only saw a 10% demand increase post-war to
copper and nickel’s 20-25%. INCO stopped declaring
Monel data post-1948, likely due to poor demand.

Despite

the

downturn, Stanley sustained

25

Monel Tonnage

Copper Nickel Tonnage

INCO Monel, Nickel and Copper deliveries

development

costs

and

churned scientific literature
(see Chapter 4.) The pace of
growth, however, was mixed.
In 1935, INCO specified
under “Nickel and ‘MONEL
METAL’”
Foundry

in

Mill

Products

and
that

“world sales of these metals… have not yet made the recovery recorded by world nickel sales as a
whole.” 29 The delay in demand was likely impacted by the high price of foundry products in contrast
to a stable refined nickel price of thirty-five cents per pound and refined copper, which in the United
States, had slumped from an average of fifteen cents per pound in the 1920s to less than ten cents per

28
29

International Nickel Company of Canada, Limited, "Annual Report," December 31, 1931.
"Annual Report," December 31, 1935.
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pound until 1936, not recovering until 1947. It was Monel’s old friend, rearmament, that boosted sales
for alloys temporarily into the war years. 30
By the end of World War II, the direction of markets towards Monel had started to shift. As
leaders of INCO entered retirement age, the company rested on its seventy-five per cent world supply
laurels, while continued solid nickel demand post-conflict confirmed Stanley’s outspoken belief that
armaments were now less than ten per cent of world production. 31 The transformation of nickel from
a coin and warfare material

Nickel market share for INCO
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in the free market was now
complete. 32 INCO was,
however,
competition

facing
from

rising
the

Soviet Union and others
that benefited from low
labour costs and the now
widely available scientific

research that would dismantle their lead over the next thirty years.

United States Department of the Interior, United States Geological Survey, "Metal prices in the United States through
2010," 2012, accessed 25 January, 2020, http://pubs.usgs.gov/sir/2012/5188.
31 Stanley declared this at the annual general meeting in 1938 and it was covered in a range of newspapers at the time,
including "THE INTERNATIONAL NICKEL COMPANY OF CANADA: NICKEL NOT AN ESSENTIAL WAR
MATERIAL," The Scotsman, March 30 1938, 7.
32 In reference to Stanley’s March 29, 1938 Annual Address, he stated that the conception of nickel as a war product was
entirely outdated and that nickel was minor in comparison to steel, copper, zinc and lead in warfare.
30
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Monel had lost its first-mover
advantage, while its position as a unique
alloy was progressively tenuous as the
decades advanced. Initially priced just two
cents above copper, equating to around
fifteen cents per pound, archival research
reveals that by 1937, Hot Rolled Monel was
priced between forty-five cents per pound
and fifty-six cents per pound, now more
than four times the price of copper and at
least ten cents above nickel per pound. 33
With the cost of Hot Rolled Steel in the
United States hovering at just five per cent
of Monel and metallurgical advances in the

Fig. 2.13

Whitehead Metal Products pricing for Monel,
sent to Raymond Pitcairn, 1937.

1930s, it became inevitable that the market would look for cheaper alternatives with suitable corrosion
resistance. In the 1929 construction of the Chrysler building, Nirosta steel, a stainless utilising Krupp’s
eighteen per cent chromium and eight per cent nickel formula, was used for the first time in America
alongside aluminium. William Van Alen, the architect, pointed out that of the “silvery alloys,” Monel
was the most expensive and aluminium, the least. 34 “Tonnage steels” were also gaining traction,
according to INCO, and were “lower in cost than stainless steel… competing with the plain carbon

Prices are taken from both the texts Thompson and Beasley, For the years to come : a story of International Nickel of Canada,
162; United States Department of the Interior, "Metal prices in the United States through 2010" 50.
34 Originally from Alen's chapter "Architectural Uses" in Ernest Edgar Thum's The Book of Stainless Steels, as quoted
in Harold M Cobb, The history of stainless steel (ASM International, 2010), 106.
33
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steels in the construction of freight cars, commercial trucks for carrying liquids, storage tanks,
conveyors, mine cages, roofing, trucks and trailers, and many other tonnage types of equipment which
must be built of cheap materials.” 35 These were exactly the markets Monel had fought hard to win.
The ensuing years brought a multitude of products to market, while INCO’s investments in
their new alloy base meant significant dilution to
Monel advertising spend. A search in ProQuest
for “Monel AND Sink,” key merchandise in the
1930s, found 187 hits during that decade, 39 in
the 1940s, and less than 10 in the 1950s, now
mostly real estate listings. This story of product
decline coincided with America’s exit from World
War II as the dominant global power and a
dizzying array of new materials and related
products exploding onto the burgeoning middleclass market. The February 1952 American Builder
kitchen equipment brochure (see left), displayed
nine pages of fixtures, cabinets, sinks, ranges,
Fig. 2.14

Only stainless steel remains advertised
as a sink material in this article of 1952.

refrigerators, freezers, counters, fans, dishwashers

and full unit kitchens, while Great Britain was still rationing food. In the brochure, the only sink
mentioned is in stainless steel, while counters of “laminated plastic, linoleum, stainless steel or Monel-

International Nickel Company of Canada, Limited, "Annual Report," December 31, 1936. “Tonnage Steels” were a
lower grade Bessemer steel. A 1921 Iron and Age article explains the ratio of labour to material cost was 6% for Bessemer,
20-25% for open-hearth and 60-65% for crucible steel. Owing to tariff policies, classifications remain to this day.
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metal, and tile” demonstrated a slip from the main product line as a lack of corporate spend left the
door open to substitutes. From the 1960s, Monel advertising became limited to marine engineering.
The surge in new material is nowhere more apparent than at the INCO laboratory at Bayonne,
New Jersey. Set up in 1920 to pursue the advancement of Monel and alloy sales, it was instrumental
in the invention, patenting or trademarking of an additional thirty-three alloys by 1950, and seventysix by 1980 (see Appendix A.) These advents, alongside the push by mass consumerism to remain
viable, had harnessed the birth of stainless steel, nickel-clad steel and a range of Monel substitutes that
offered a similar level of performance at a fraction of the price. The introduction of Monel-clad steel,
which had been discovered as early as 1929 by the Lukens Steel Company, was finally added as a
product in the 1938 annual report. 36 The inevitable progress resigned an expensive alloy to veneer,
comparable to rare timber in the centuries preceding. Ironically, the steel industry, the benefactor of
Monel through the bank rolling of the International Nickel Company, had usurped demand. Given
INCO’s dominant supply for other nickel products, the parent appears complicit in its demise. From
the 1948 annual report, Monel sales were incorporated into Nickel Rolling Mill and Foundry Products,
and in 1959, Nickel and High-Nickel alloys. While INCO never formally acknowledged this change,
the following quotation from “Competition with High Nickel Alloys” in one of the appendices
presented to The Royal Commission on Canada's Economic Prospects in 1956 was succinct:
At one time, soda fountains and other food service equipment and similar equipment used in
hospitals and around the home were made of nickel silver which contained 18% nickel. This
alloy was displaced by Monel - nickel-copper alloy (67% nickel) -which, in turn, was
displaced by a nickel containing grade of stainless steel. In each case, the newer material was
found to be preferable or more economical for the purpose. 37

Shoemaker and Smith, "A century of monel metal: 1906–2006," 23.
International Nickel Company of Canada, Limited, The nickel industry in Canada : a presentation to the Royal Commission on
Canada's Economic Prospects (Toronto, Canada: International Nickel Company of Canada, Ltd, 1956), Appendix B, 43.
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3.

Material Science

Monel is an alloy, a “metallic substance composed of two or more elements, as either a compound or
a solution.” 38 As the latter type, it is a solid solution known as a single-phase alloy with a unique crystal
structure (see Appendix B.1 for contemporary material properties). Unlike a multi-phase alloy that is
a compound mixture with multiple lattices, single-phase alloys have no possibility of internal galvanic
corrosion, as seen in the dezincification of some brasses. 39 Alloys have found common usage for
millennia by offering greater strength, lower melting
points, resistance to corrosion, and improved or
reduced magnetism or electrical properties. Bronze, one
of the most renowned alloys of ancient civilisation is a
combination of copper and tin, dating from the fourth
to the third millennium B.C.E. 40 Exemplar of the
reasoning behind alloying two metals, the addition of
ten per cent tin with copper, smelted at a considerably
lower temperature to pure copper, flowed easily for

Fig. 3.1 Change in yield strength of
copper from the addition of
various different elements.

castings, and significantly improved the hardness and yield strength of the base metal, ushering in a
new era of weaponry and tools. 41

The Editors of Encyclopaedia Britannica, "Alloy," Encyclopaedia Britannica, Inc.,updated July 12, 2019, accessed
February 13, 2020, https://www.britannica.com/technology/alloy.
39 See section on "dezincification" regarding a binary alloy brass in D. A. Scott, Copper and Bronze in Art: Corrosion,
Colorants, Conservation (Los Angeles, CA: Getty Conservation Institute, 2002), 27.
40 Ibid., 5.
41 Yield strength is the limit for how much a structural component can be stressed before unwanted permanent
deformation takes place, found in "Fundamental Mechanical Properties of Materials," Rolf E. Hummel, Understanding
Materials Science History · Properties · Applications (New York, NY: Springer-Verlag New York Inc., 1998), 14, 67, 75.
38
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3.1

Composition

Monel is a binary alloy, with a base metal of nickel. While the composition of Monel has evolved over
the history of the alloy, the modern version is composed of approximately two-thirds nickel, one-third
copper, two per cent iron and trace cobalt with silicon, manganese and carbon added during the
refining process (aluminium and titanium is added for K-Monel). All of these components are found
in the rock formations of Sudbury, made up of mostly Pyrrhotite, Fe8S9; Chalcopyrite, CuFeS2; and
Pentlandite, (Ni,Fe)9S8, with cobalt and platinum-group minerals either dissolved or present as distinct
minerals. 42 Monel’s name was changed to Alloy 400 internally at INCO in 1961 to align the Huntington
alloy division with its counterpart Wiggin Alloys
in England (for details see Appendix B.2). In
1972, as part of the new North American
classification of alloys, it was allocated UNS
N04400. 43 Sometimes referred to today as a
“puritan alloy,” a composition that mirrors its
underlying ore content, it was similarly marketed
Fig. 3.2 Monel was identified as “a natural alloy
of nickel and copper” as early as 1906.

as “natural” from the start to encourage sales.

Historic Monel would have seen considerable variation in the composition according to the
natural ore (see 3.2), and, due to the exclusivity of the alloy, we have no knowledge of when INCO
started to tighten its alloy limits. The likelihood is high that after the Mond tie-up in 1929, advances

Sulphide ores have significantly different properties to Laterite ores, details of the breakdown in minerals and methods
of extraction are found in F. K. Crundwell et al., Extractive metallurgy of nickel, cobalt and platinum-group materials (Boston,
MA: Elsevier, 2011), 8.
43 The Unified Numbering System is a North American classification for alloys. It was created in 1972 between ASTM
International and SAE International to standardise the ever-increasing number of overlapping alloy designations.
42
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continued apace given their patented Mond process of nickel extraction through nickel carbonyl. The
alloy’s trademark encourages Special Metals Corporation (successor to INCO Alloys) to keep
composition tables ambiguous for proprietary reasons, and it has been confirmed that the company’s
limits are tighter than the ASTM/UNS ranges. 44 While Browne wrote Monel as up to 72% nickel in
1909, composition data was formalised within the following years. Analytical laboratory tests can
reveal greater exactitude, with a Monel Alloy 400 sample revealing 63.58% nickel, 32.21% copper,
1.75% iron, 1.02% manganese, 0.66% chromium. 0.21% silicon, 0.155% titanium, 0.13% aluminium
and 0.11% carbon. 45 These values were confirmed using an X-ray fluorescence device at Columbia
university. It is important to realise that not every ingot reading is the same, and tolerance limits apply.

Fig. 3.3
David Browne’s original Monel
composition of 1909.

Figs. 3.4 and 3.5 Wide limits in a 1949 Wiggin booklet and a composition table of today reflect
Monel’s proprietary nature from the early years of production.
Jack De Barbadillo, Chief Metallurgist, Special Metals Corporation, "Puritan alloy and effects," Email message to
author, February 14, 2020.
45 This sample came courtesy of Special Metals. Trace elements included magnesium, cobalt, molybdenum, and niobium.
44
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The modern-day composition mirrors the Wiggin booklet of 1949, except for the lack of aluminium
0.5% maximum specification. In fact, aluminium is not purposefully added to Monel except in “K”
Monel variations for age-hardening (along with titanium, see next sub-chapter). Some additions are
known as “residual” elements that are part of smelting and refining work utilising the same equipment
for different charges (material added to the furnace to produce alloys). Chromium, found in modern
Monel in fairly stable amounts of 0.5%, is claimed by the Chief Metallurgist of Special Metals as such
an element.
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3.2

Production

Historic Monel was made using a Bessemer nickel matte, produced from the sulphide ore of Sudbury,
Ontario. As opposed to more water-based laterite deposits (Indonesia, Cuba, New Caledonia),
sulphide deposits (Canada, Siberia), formed from either molten magma from the earth’s mantle or
pre-existing sulphate rich rock, used more pyrometallurgical methods to drive off a high sulphur
content. 46 From the start of operations at Sudbury, ore was collected and separated into four grades,
“a mixed copper-nickel ore, copper pyrites, pyrrhotite or nickel ore and diorite rock,” with nickel
composition anywhere from 1.28-8.12% and copper 0.49%-15.71%, and averaging 2.92% copper to
2.51% nickel between 1892-99. 47 The ore was hand sorted into three sizes, “coarse,” “ragging” and
“fines,” and roasted in yards near the Copper Cliff mine from three to nine months dependent on
size. Using cordwood at different intervals, the process lowered the sulphur content from 30% to
around 7%. 48 The resulting material was then transferred to the smelting plant in Sudbury by way of
50-ton dump cars on Canadian Pacific Railway locomotives for processing. Following the common
Tennessee processes, INCO added untreated “green ore” with slag or scrap to the roasted ore in an
approximate 1:5 ratio. 49 Water-jacket furnaces with blowers and boilers were used initially, but on
incorporation, INCO built a new smelting plant that included five blast furnaces with two levels of
water jackets by the mid-1900s and three levels by 1910. Smelting the ore into a copper nickel iron
matte, the product was then Bessemerised (passing air at high pressure) in a converter lined with silica

Crundwell et al., Extractive metallurgy of nickel, cobalt and platinum-group materials, 1.
David H. Browne, "The Composition of Nickeliferous Pyrrhotite," The Engineering and Mining Journal LVI (1893): 566;
Ontario Bureau of Mines, "Ninth report of the Bureau of Mines," ed. Ontario Department of Mines (Toronto, Canada:
L. K. Cameron, 1900),215.
48 United States Department of the Interior and David T. Day, Chief of Division of Mining Statistics and Technology,
"Mineral Resources of the United States, Calendar Year 1888," ed. Bureau of Mines (Washington, D.C.: United States
Government Publishing Office, 1890),114.
49 Horace J. Stevens, The Copper Handbook, vol. 6 (Houghton, Michigan: Horace J. Stevens, 1906).
46
47
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to create iron slag and oxidised sulphur, leaving a purer copper nickel matte (see process below). 50
David H. Browne stated that nickel had such affinity for copper that they alloyed into Monel easily. 51

Fig. 3.6
The ore to matte process in Sudbury,
re-visualised based on an Ontario
Bureau of Mines report of 1900.

The processes are described in some detail in both government and mining journals that include amongst others Alex
Gray, "The Nickel-Copper Industry of Ontario-III," The Mining World XXXII, no. 22 (1910); Ontario Bureau of Mines,
"Ninth report of the Bureau of Mines," 217.
51 Gray, "The Nickel-Copper Industry of Ontario-III," 1067.
50
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Although there were many technological improvements instigated over the following decades,
including the relocation of roasting yards west to the O’Donnell yard in 1916, and a new smelting
plant that switched to thirty
roasting

furnaces,

five

reverberatory furnaces and
eight converters to stem air
pollution

in

1929,

the

process of matte production
stayed

unchanged

until

1947. 52 With a metallic tenor
up to 80%, this was the matte

Fig. 3.7 Letter from Stanley to requisition Bessemer matte for Monel.

that was shipped to Stanley in 1905, leading to the first known refinement of Monel Metal. 53
While we know little of the early process for refining Monel Metal, we do know that the matte
was sent to Bayonne, New Jersey for processing until the construction of the Huntington, WV plant
in 1922. 54 Ambrose Monell’s patent (see Fig. 3) and John F. Thompson’s description of Stanley’s
experiments in the 1960s (Chapter 2.2) go some way to explaining the remainder of the Stanley method
that was used in the following decades. The bessemerized matte was first calcined to remove the
sulphur, then the remaining oxides were reduced in a reverberatory furnace with carbon or another
suitable reducing agent. Stanley reduced the original Monel oxide using charcoal in a crucible, adding

The Forward dates a change from matte to sinter to October 1947The International Nickel Company, Inc., NickelCopper Matte and Sinter, Processes and Methods of Producing Rolling Mill Products - October 1947 (Huntington, WV: The
International Nickel Company, Inc., 1948).
53 Horace J. Stevens, The Copper Handbook, vol. 10 (Houghton, Michigan: Horace J. Stevens, 1911), 547.
54 F. H. Mason, "Monel Metal," Mining and Scientific Press, no. v. 112 (1916): 585.
52
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magnesium while the alloy was molten. It is likely the magnesium, much as with nickel at the time,
was only used to increase ductility and surface characteristics. 55 In 1909, Browne filed patent number
934,278 (see Appendix C.1), a process using lime (calcium oxide) in an electric arc furnace to separate
off sulphur through a calcium sulphide slag. This new method was expected to bypass the roasting of
the matte, removing the extra step of oxide reduction necessary to produce the ingot. The Metal Industry
of 1922 noted that the West Virginia process included the electric furnace in the last stage of
production. The matte was ground into a “coarse sand” consistency by a ball mill before entering a
natural gas fired calcining furnace, then a reverberatory furnace to be cast as pigs, and finally to an
electric furnace where final impurities (most likely sulphur) were removed before being cast as twoton ingots. 56 Upon completion of the refining process, surface oxides and defects were removed by
cutting down the ingots with a milling machine. They were then sent to the hammer department to
be “cogged down to bloom size,” then passed to the rolling mill furnaces to reduce to billet size,
before going to either the rod mill or sheet mill for the final product. 57
The refining process of matte to alloy, however, was already outdated. A Russian citizen, Otto
Lellep, filed patent number 1,278,176 in 1917. Describing a more efficient conversion process for
refining nickel or nickel-copper matte, he went on with patent numbers 1,599,424 and 1,623,797 in
1923 and 1926 to describe production in a low air environment that was not perfected until the 1950s.
Interestingly, the patents were assigned to the International Nickel Company, and at some point a deal
was clearly struck, as, in 1928, INCO personnel filed patent number 1,828,752, building on the “Lellep

Parts e. Magnesium and f. Manganese in section 2.4. "Effect of Minor Constituents on Properties" explain the process
behind these minor additions of both elements to nickel at the time, Samuel .J. Rosenberg, "Nickel and Its Alloys,
National Bureau of Standards Monograph 106," ed. United States Department of Commerce (Washington, D.C.: United
States Government Printing Office, May, 1968),https://books.google.com/books?id=9TJ9WF9ucDcC, 49.
56 "The International Nickel Company's Rolling Mills," The Metal Industry 20, no. 11 (1922): 421.
57 Ibid.
55
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process” at lower temperatures (see Appendix C.2-4). For some unknown reason, INCO chose to sit
on the invention for thirty years.
Conservation literature has either omitted modern manufacturing methods for Monel or
maintains that the matte method is still in use. 58 In fact, although nickel-copper matte was recorded
as being produced as late as 2003 in Copper Cliff, the production of Monel through matte ended over
seventy years ago. 59 Huntington explains in a technical manual of October 1947 that the change
happened over a number of months as the company ran down inventory and switched to nickel sinter
as a raw material. These dates tie closely with the opening of a new plant at Copper Cliff, announced
in the annual report of 1947, and the notable drop of matte imports into the USA, from 43,486 tons
in 1943 to less than 10,000 by 1947. 60 While we do not know the exact date that all production shifted
to the contemporary techniques of air induction furnace, we do know that a 660kva high-frequency
induction furnace with crucibles up to three tons were at Huntington in 1946 alongside seven
reverberatory furnaces, seven open-hearth furnaces and three electric arc furnaces. It is likely that as
the production of stainless steel eclipsed Monel into the 1950s, the company slowly transitioned over
to air induction. The introduction of fluid bed roasting equipment for nickel oxide sinter in 1961 has
been floated as a potential date for two reasons: the elements themselves were more valuable, and it
made separation of the precious metals concentrate possible. 61 Raw material input changed from nickel
sinter to nickel carbonyl pellet-based production in 1973 after a $1.1bn capital expenditure saw new

Zahner's chapter on Monel still states production is through the ore to matte process L. William Zahner, Architectural
Metals: a guide to selection, specification, and performance (John Wiley & Sons, 1995), 286.
59 A. E. M. Warner and C. M. Diaz, "An Overview of the Metallurgy of Nickel-Copper Matte Converting," Metallurgical
and materials processing: principles and technologies : Yazawa International Symposium : proceedings of the International Symposium :
March 2-6, 2003, San Diego, California, USA (2003).
60 International Nickel Company of Canada, Limited, "Annual Report," December 31, 1947.
61 Jack De Barbadillo, Chief Metallurgist, Special Metals Corporation, "History of Huntington alloys manufacturing
process," Email message to author, February 25, 2020.
58
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production plants placed into operation in Canada. 62
Today, Monel alloys use two major methods for refining. Air induction melting accounts for
approximately sixty per cent of production and the remaining forty per cent utilises an electric arc
furnace with argon oxygen carburisation (EF-AOD). An additional step of Electro-slag re-melting
(ESR), used only for industries where yield is key, improves surface condition of the ingot and lowers
loss from post-refining finishing. 63 Monel does not require vacuum melting due to the relatively low
reactivity of nickel and copper. The induction method is more a melting than a refining process and
requires a relatively tight chemical charge to create the anticipated alloy, allowing only minor
composition changes. Any reactive elements are added at the end of the process to avoid overoxidation and volatilisation loss. 64 Allowing precise temperature control, the system is heated by an
alternating current that passes through a hollow coil cooled with water. The furnace, embedded in a
refractory shell, heats the material to molten temperatures, while the electric current creates a magnetic
field to stir the now liquid phase. Unlike the AIM method, EF-AOD allows for greater flexibility and
is used predominantly for scrap materials. Used at Huntington since the 1920s, graphite electrodes are
lowered into the charge to melt the material, and a slag is formed at the top that is tilted away. The
material is then passed to another vessel for decarburisation, reduction and desulphurisation, enabling
adjustments in the levels of carbon, sulphur, silicon, aluminium, and other elements. Reactive materials
such as aluminium and titanium are not generally effective in EF-AOD due to loss within the slag.

"Importation of Matte," Email message to author, November 8, 2019; International Nickel Company of Canada,
Limited, "Annual Report," December 31, 1973.
63 The following processes were all confirmed courtesy of Jack De Barbadillo, Chief Metallurgist, Special Metals
Corporation, Telephone call with author, February 20, 2020.
64 Weber J. H., "Nickel Alloys: Thermal Treatment and Thermomechanical Processing," in Encyclopedia of Materials: Science
and Technology, ed. K. H. J. Buschow (Amsterdam, New York: Elsevier, 2001), 6142.
62

37

Fig. 3.8 The modern Monel process in Huntington re-visualised based on the Encyclopedia of Materials
and information kindly provided by Jack De Barbadillo, Chief Metallurgist, Special Metals. VIM
and VAR (Vacuum Arc Re-melting) are not performed due to capacity issues and non-necessity.
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3.3

Mechanics and Properties

Monel’s mechanical properties were celebrated from the very beginning by research formulated at the
School of Mines, Columbia University. Professor William Campbell had quickly established that the
alloy was stronger than mild steel, more resistant than bronze to salt water and sulphuric acid and that
it had potential uses in pickling, oil castings, roofs, and propellers. 65 David H. Browne’s report was
again the earliest to record the physical capabilities, stating cast Monel had similar tensile strength but
improved elastic limit, elongation and contraction than government-specified carbon steel, while in
the rolled and annealed condition, it outperformed nickel steel, soft steel and copper in every arena
but ductility. Although today hundreds of other alloys are designated for special purposes, it remains
impressive that Monel is still suggested as an economic alternative for its extreme versatility. 66

Fig. 3.9 Browne’s original mechanical tests of Monel were telling against all competition.
Thompson and Beasley, For the years to come : a story of International Nickel of Canada, 160-1.
Continental Steel & Tube Company, "What is Monel’s Temperature Range?,"updated August 11, 2014, accessed
February 16, 2020, https://continentalsteel.com/blog/what-is-monel-s-temperature-range/.
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Monel also had other attractive qualities that were undeniable. The alloy could withstand high
temperatures, hot gases and superheated steam. The Bayonne 1919 booklet claimed that rolled Monel
lost only 15% of its tensile strength at 600 °F, in comparison to 35% for rolled rod brass, while
torsional strength loss was even more impressive at just 24% in comparison to a drop of 72% for the
brass. 67 Power plants, boilers, valves and pumps would all benefit from this ability to withstand
pressure at high temperatures. In construction, where fireproof materials were constantly sought after,
Monel boasted no deformation at higher temperatures, with INCO asserting that the sheet metal saw
little physical damage below 2100 °F. 68 The marketing was somewhat erroneous. Monel’s yield and
tensile strength drop off rapidly after 800 degrees, while elongation jumps into a brittle phase between
850 to 1400 °F. However, with a melting point close to steel at ~2400 °F, it did outperform both lead
and aluminium at 621 and 1220 °F. Real
performance is seen at low temperatures,
where researchers showed all temper
strengths rose by 50% with little change
to ductility and impact strength. 69 This
would prove essential during the Space
Fig. 3.10

INCO researched temperature effects on Monel
in the 1940s as aeronautical requirements soared.

Race of the 1960s.

Bayonne Casting Company, "Monel metal, non-corrodible, strong as steel," ed. The Stirling Press (New York, NY:
The Stirling Press, 1919), 11.
68 The somewhat spurious claims are found in International Nickel Company of Canada, Limited, "Monel for Permanent
Roofs," ed. American Architect Time-Saver Standards (c. 1936), 2.
69 R. Michael McClintock and Hugh P. Gibbons, "Mechanical Properties of Structural Materials at Low Temperatures, A
Compilation from the Literature," ed. National Bureau of Standards (Washington, D.C.: United States Government
Publishing Office, 1960).
67
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Figs. 3.11
to 3.13

This collation of data proved Monel was a strong performer for both cryogenics and
space and had a significant effect on high altitude aeronautical and experimental use.

Early on, Monel was recognised as a perfect roofing material due to its low coefficient of
expansion and ability to withstand significant stress prior to warping. In Monel for Permanent Roofs,
published in the mid-1930s, Monel was touted as holding the highest toughness and tensile strengths
of any roofing material at over 120 Izod
and up to 85 ksi, while its coefficient was
on par with copper and terne plate. 70
Higher than lead, it also had a drastically
better modulus of elasticity. Monel’s nonstaining properties were also touted. As a

Fig. 3.14

Roofing properties of competitor products.

70 Izod was the name of the British scientist that created this vertical impact pendulum swing test. ksi in this case stands
for kilo-pounds per square inch, a common American measurement for tensile strength.
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non-ferrous material, the alloy could not rust, while rainwater washed off regular corrosion products.
This was used to great effect in the marketing of Monel, and it became popular for cultural landmarks,
built in or clad in masonry, to be roofed with the alloy. The pamphlet below advertised its end product

Fig. 3.15

Advertisement on the non-staining properties of Monel.

with images of the Pennsylvania Railroad Station and the
Brooklyn Museum of Arts and Sciences (now the Brooklyn
Museum of Art) by famed architects McKim, Mead and White;
The New York Public Library by Carrère and Hastings; and the
Metropolitan Museum of Art by Calvert Vaux; McKim, Mead

Fig. New York City’s most
3.16 prestigious institutions
had Monel roofs.

and White; and Richard Morris Hunt. Copper, a popular roofing material, remains to this day a
notoriously tough element to clean, with long dwell poultices applied to remove surface and internal
42

corrosion from masonry. 71
Monel’s ability to withstand corrosion was, without a doubt, the most beneficial property to
industry as a whole. In salt water, Monel was sold as difficult to beat, with corrosion engineers noting
in 1950 that although pitting did occur in sea water, it rarely reached a depth of more than 0.02 inch. 72
In fact, the Seawater Corrosion Handbook, a collation of extensive commercial research published in 1979,
supported Monel as having “excellent resistance… greatly superior to alloys and steels” in highvelocity seawater with just 0.4 mpy but in quiet and deep seawater, the alloy showed local attack and
weight-loss penetration up to 1.1 mpy, worse than Cupronickel, 6061 aluminium, aluminium bronze,
lead and zinc but with less deep pit depth of 56 mils in comparison to 79 for the aluminium and 107
for zinc. 73 Monel was therefore extremely effective in marine engineering and naval applications that

Figs. 3.17
and 3.18

This data from 1979 demonstrates high attack rates after 16 years in still seawater off the
Panama Canal, but that Monel is a top performing alloy where water is at high-velocity.

An example of this is Prosoco’s Sure Klean Copper Stain Remover poultice system.
W. D. Mogerman and Francis L. LaQue, Nickel Monel Inconel, Their Contribution to Chemical Engineering (New York, NY:
International Nickel Company, Inc., 1950), 23.
73 Seawater corrosion handbook, ed. M. Schumacher (Park Ridge, N.J.: Noyes Data Corp., 1979), 36-7. The unit mpy here
refers to Mils (one thousandth of an inch) per year.
71
72
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included propellers, pumps and sheathing for oil rigs where water movement was continuous. 74
For other industrial and commercial purposes, Monel could stand up to attack from all kinds
of substances. The alloy is immune to most acids and salts except oxidising compounds. Nitric and
sulphurous acids are particularly harmful, while oxidising acid and alkaline salts such as ferric chloride,
ferric sulphate, cupric chloride, stannic chloride, mercuric chloride, silver nitrate and hypochlorites,
limit their use in plastics, dye-making, and photography. Little to no effect, however, is noticed in
concentrations of sulphuric acid as high as eighty per cent, with just 0.005 ipy in ninety-eight per cent
sulphuric acid at 248 degrees, permitting use throughout refineries. Other noteworthy resistances
include hydrochloric acid at low temperatures used in pickling for the steel industry, hydrofluoric acid
for etching of semiconductors in electronics, and alkalis such as caustic soda for paper and ammonias
for fertilizers and refrigeration. 75 These unusual and beneficial properties permit Monel to operate in
some of the harshest chemical environments known to man. 76

Harold T. Michels and Carol A. Powell, "Alloys of Copper and Nickel for Splash Zone Sheathing of Marine
Structures," Copper Development Association Inc., 2002, accessed February 16, 2020.
75 For an in-depth look at Monel’s corrosion qualities, see Chapter 3 in Mogerman and LaQue, Nickel Monel Inconel, Their
Contribution to Chemical Engineering.
76 Ibid.
74
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3.4

Alloy Types

Over the years, various Monel alloys have been produced. While no firm dates exist for the
formulation of cast Monel, its slightly altered composition was likely conceived at the Bayonne
laboratory of the Orford works after production was perfected at the Bayonne Casting Company. The
formal introduction of the research department in 1919 and Stanley’s appointment was likely the
impetus for most of the new iterations. "K" Monel, the famed age-hardened Monel used for the Navy,
was filed as patent 1,572,744 in 1923 by the head of department Paul D. Merica (see Appendix C.5),
while Lewis Shoemaker states in his history that machinable "R" Monel was introduced in 1931. It was
not until the 1936 annual report that we see the company actively marketing "G" Monel, a wrought
product with a hardness between Monel and "K" Monel, "H" and "S" Monel for casting and "J" and
"P" Monel for wire products. Around World War II, “K” Monel was merged with machining grade

Monel to produce "KR," and with cast Monel to produce "RH." "326" Monel, later known as "402,"
was a special pickling grade produced for the steel industry. In the 1950s new developments continued
for the consumer, with "LC" or "406" for water piping, "411," a new, harder casting grade for the
food and boiler industry, "401" and "404" for electrical and non-magnetic "403" for naval
minesweepers. Despite strong nickel sales, INCO closed their Bayonne casting plant in 1962 and
turned their attention from research to nickel production abroad in Guatemala, Japan, New Caledonia
and Indonesia. Today, just three types are produced by Special Metals, the current holder of the Monel
trademark: original, "R" and "K." The rest of the market still produces some casting and electric
grades, while "J" and "P" have been replaced by Special Metals with Monel Filler Metal 60 and 67.
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Produced by Special Metals
Produced in market
Discontinued

Table of Monel alloys
not including wire products

Table 3.1
*Likely

Dates are not definitive.

Original Name Modern Name
Found Composition and changes (tolerance varies)
Monel
Monel Alloy 400
1905
Ni 66%, Cu 31.5%, Fe 1.35%, Mn 0.9%, Si 0.15%, C 0.12%,
aka M-35 Monel
S 0.005%
All types of applications where rustless and corrosion proof material is necessary with excellent mechanical properties.
Cast Monel
Monel Alloy 410
1910s* Ni 66%, Cu 30.5%, Si 1.6%, Fe 1%, Mn 0.8%, C 0.2%, S
0.008%
Silicon added to improve ductility. Later noted that cannot go above 1.5% and sulphur preferred.
"K" Monel
Monel Alloy K-500 1923
C 0.18%, Ti 0.5% and Al 2.8%
Age-hardened overnight at a lower 1000 °F, doubling hardness to 275 Brinell. Non-magnetic.
"R" Monel
Monel Alloy R-405 1931
C 0.18%, S 0.05%
Free-machining grade with higher sulphur content acting as chip breakers
"G" Monel
1935
unknown
A wrought alloy used as in-between regular Monel and "K" Monel in doctor blades and beater bars.
"H" Monel
Monel Alloy 506
1935
Fe 1.5%, Si 3.2%, Cu 30%
Cast alloy harder and stronger than Monel with as-cast strength of 110 ksi. Loss of ductility as a result.
"S" Monel
Monel Alloy 505
1935
Similar to "H," Fe 2%, Si 4%, Cu 29%
Cast alloy harder than "H" for non-galling with as-cast strength of 130 ksi. Can be age-hardened up to 350 Brinell.
"KR" Monel
Monel Alloy 501
1940
Similar to "K" Monel but C 0.23%
Age-hardened like "K" but machinability similar to "R" due to precipitated graphite. Non-magnetic.
"326" Monel
Monel Alloy 402
1949
Ni 58%, Mn 0.9%, Fe 1.2%, Cu 39.8% Cu
For cable shielding, pickling and lower susceptibility to hydrogen embrittlement when galvanically coupled to steel.
N/A
Monel Alloy 403
1950s* Similar to 402, 1.8% Mn, 0.5% Fe
Composition changes to remain non-magnetic at the freezing point of seawater for minesweepers. Used also for electronics.
"RH" Monel
Monel Alloy 507
1950s* C 0.55%, Fe 1.5%, Si 2.7%, Cu 30.5%
Cast alloy with similar properties to "H" but adapted for machining.
"LC" Monel
Monel Alloy 406
1950s* Ni 84%, Cu just 13%
“Low Copper” for water piping and tanks, used for corrosion resistance to mineral waters.
"E" Monel
Monel Alloy 411
1950s* Similar to Cast Ni 62%, Cu 32.5%, Fe 1.5% but Cb 1.3%
Niobium used to stiffen without an age-hardening treatment. Used in food-handling equipment, tanks and boilers.
N/A
Monel Alloy 401
1950s* Ni 44.5%, Mn 1.7%, Fe 0.2%, Cu 53%, Co 0.5%
Low temperature coefficient of electrical resistivity, used for wire-wound resistors.
N/A
Monel Alloy 404
1950s* Ni 55%, 0.01% Mn, 0.05% Fe, 44% Cu, 0.02% Al
Low magnetism and excellent brazing characteristics, suitable for wet hydrogen in electronics.
N/A
Monel Alloy 474
1965*
Similar to 404 but higher purity and free from non-metallic inclusions. Non-magnetic.
N/A
Monel Alloy 450
1980s*
70-30 cupro-nickel resisting corrosion and aiding against bio-fouling. Used in seawater applications.
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3.5

Tempers and Forms

Early Monel was able to be formed, machined, cast, forged, spun, drawn, brazed, soldered, welded
and enamelled but could not be extruded until technology in die-making and lubrication advanced
significantly after World War II. 77 Unlike aluminium, brass, and bronze at the time, complicated arises
had to be formed through rods, flats, plates, strips, angles and other methods to create shapes that
were relatively simple in extrusion. Complicated moulding or frame patterns, much like wrought iron,
required a higher skill set. Not forming the
material in a single piece also held strength
implications at the joint. Recognising this
deficiency, INCO and subsidiaries wrote
booklets with design details, as well as literature
on forging requirements for its novel product,
but there is little doubt this would have led to
some reduced usage in architectural applications.
Fig. 3.19 INCO’s guide for extrusion with Monel.

Monel was offered in sheet, rod, and

plate form from 1906. Given INCO had no facilities for production, the American Sheet & Tin Plate
Company and later the West Penn Steel Company were used for sheets, the Crucible Steel Company
for rods, and the Central Iron & Steel Company for plates. 78 Although a Monel booklet by the
American Sheet & Tin Plate Company around 1912 does not survive, an article in American Artisan

The discussion of advances in extrusion technology after the war are found in this report Fred P. Peters, "Extrusions
Push Ahead," Scientific American 174, no. 2 (1946); Lack of extrusion found here in International Nickel Company of
Canada, Limited, Practical design in Monel metal for architectural and decorative purposes (New York, NY: Taylor, Rogers & Bliss,
Inc., 1931), 9.
78 Thompson and Beasley, For the years to come : a story of International Nickel of Canada, 161.
77
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and Hardware Record does specify sheets were available in sizes up to 36” x 96” and in all gauges. 79 No
information from the other suppliers has been uncovered, but hot rolled and cold rolled rods were
tested at the Motor Boat Show of New York in 1912. 80 The Bayonne Casting Company catalogue
gives us the earliest indication of tempers, stating that products followed the processes, size and gauges
of the steel industry. In sheet form, 36” x 96” was offered for No. 8 through No. 26 gauge, 36” x 84”
for No. 4 through No. 7 and 36” x 76” for No. 3. Cold rolled strips with a maximum width of 12”
were offered from 0.1 to 0.25” thick, while lighter gauges were made in narrower widths. Cold rolled
sheets were soft-annealed or could be supplied with intermediate or hard temper as required. Rods,
produced from billets, were offered in round, half oval, square, rectangular and hexagonal shapes, all
rolled unless over 3½,” whereby they were hammer forged. 81 Plate was hot rolled and sold in the “asrolled” condition.
The introduction of the Huntington rolling plant brought all Monel production in-house. By
1925, a new cold rolled facility was online, and a typical spectrum of offerings, as seen in the steel
industry, were for sale. Monel metal was available in either sheet, plate, rod, angle, strip or tubing form
with a variety of tempers. Hot rolled product, offered for plate, rod, and angles, came with a natural
black oxide coating that formed in the heating process (see Fig. 3.27 in Finishes). Annealing was
offered to reduce this oxide, but pickling was necessary to fully remove it, the process of which was
demonstrated in John F. Thompson’s 1908 patent 947,067 involving a sulphuric acid bath with ferric
sulphate (see Appendix C.5). Both Full Finished and Cold Rolled added the pickling component. Full
Finished, offered only for sheet, was a prime product and was “hot rolled, annealed, pickled, 4 to 6

A system initially used by the British that started with Gauge 1 and increasingly decreased in thickness.
F. D. Buffum, "Interesting Test Pieces of Monel Metal," Machinery 18 (1912): 696.
81 Bayonne Casting Company, "Monel metal, non-corrodible, strong as steel," 32, 36.
79
80
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pass cold rolled, re-annealed and patent levelled.” Cold rolled tended to follow this five-step process
but with less passes and not always levelled in the same way dependent on product. Available tempers
for full-finished and cold rolled sheets included dead soft, soft, skin hard, quarter hard, half hard, three
quarter hard, hard and full hard. Dead soft and soft tempers were often given an extra anneal postroll. Cold drawn rods were drawn to size and then given a “stress relief” anneal to allay the cold roll
inherent pressures on the alloy. Monel tubing was only offered in acetylene welded format. By the
1950s, Whitehead displays a significantly
larger selection of product available that
included coils, rolls, tubes, pipes, valves,
fittings, fasteners, electrodes, fluxes, shots,
ingots, castings et al. Monel was offered in all
tempers, "K," "KR" and "R" in only specified
tempers (see left), while "H" or "S" in
Fig. 3.20

The tempers available for Monel, 1950

castings only. Options for temper remained

similar to the 1920s, although annealing was added for a wider range of cold rolled products that
included bar, rod, wire and tubing. Today, Monel continues to follow tempers based on the steel
industry (see Appendix B.1). Dead soft and soft tempers are not supplied, but stress relief is offered
on cold rolled rod, bar, tube and pipe. A spring temper is also available for cold rolled strip and wire
only, defined by ASTM as “cold rolled to the minimum hardness, bright finish.” All products reference
ASTM B127 (see Appendix E.1) and B164 standards. 82

Both standards can be downloaded from https://www.astm.org/Standards/B164.htm and
https://www.astm.org/Standards/B127.htm

82
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3.6

Finishes

INCO sold multiple mechanical finishes that could be applied to Monel in a systematic numbered
format based on the level of shine and reflectivity. There is no evidence that the company applied
chemical patination or applied additional conversion layers on Monel, but the company did explain
formulas and methods for chemical etching and methods for achieving similar mechanical finishes
through numerous technical bulletins. 83 When ordering Monel, customers were offered a wide range
of “extras for special finishes (order by number).” In a 1929 catalogue, White Metal Products, the
official distributor in most of the eastern states, provides for full finished Monel Metal sheets in either
a “No. 3 – Satin Grind Finish or a No. 4 – Ground and Buffed Finish for polishing.” 84 In the section
on cold rolled sheets, a “No. 5 – Cold Rolled and Buffed Finish” is offered. Although there is no
extant literature that appears to explain in detail each level of finish or why they were numbered this
way, research suggests that these finishes were proprietary and may loosely correspond with the
number of operations and equivalent named finishes required for achieving the end result. Similar
grades are used widely in the contemporary stainless steel market and are stipulated by standards at
ASTM International. 85 Even today, there are no specified requirements other than appearance for
these finishes, but there is a trend to relate the finish with surface roughness measurements. 86 The
earliest mention is seen in the 1927 Transactions of the American Institute of Mining, Metallurgical and

International Nickel Company of Canada, Limited, "FINISHING Nickel · Monel · Inconel," International Nickel
Company,, Inc., 1957.
84 Whitehead Metal Products Company, "May 1st, 1929, Catalog Whitehead Metal Products Co. of New York, Inc.," ed.
Whitehead Metals Products Company (1929), 21.
85 ASTM International, "B906-19 Standard Specification for General Requirements for Flat-Rolled Nickel and Nickel
Alloys Plate, Sheet, and Strip," (West Conshohocken, PA: ASTM International, 2017).
86 Jon Poole, Senior Product Engineer, Special Metals Corporation, "Finishes on Monel," Email message to author,
February 12, 2000.
83
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Petroleum Engineers, not appearing in the ASTM Proceedings and Book of Tentative Standards until
1935.
In the modern ASTM standards, the standard finishes for sheet nickel are detailed as “No. 1
Finish—Hot-rolled, annealed, and descaled; No. 2D Finish—Cold rolled, dull finish; No. 2B Finish—
Cold rolled, bright finish; No. 2BA Finish—A bright cold rolled finish retained by final annealing in

Fig. 3.21

This 1957 table shows the number of operations for each corresponding finish. As with the
modern No. 2 finish (2D, 2B and 2BA), some have multiple variations (Bright, Fine Grind).

a controlled atmosphere furnace; No. 3 Finish—Intermediate Polished finish; No. 4 Finish—General
purpose polished finish; No. 6 Finish—Dull satin finish, Tampico brushed; No. 7 Finish—High luster
finish and finally, No. 8 Finish—Mirror finish.” 87 The No. 5 finish is conspicuously absent, explained
by William Zahner as a “European finish produced by polishing with a nonwoven abrasive belt… a

87 ASTM International, "B906-19 Standard Specification for General Requirements for Flat-Rolled Nickel and Nickel
Alloys Plate, Sheet, and Strip," 11.1.1-11.1.8.
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guess would be that this finish is what is now known as “hairline,” “long-grain,” “fineline.” 88 Zahner
also writes about a “super No. 8” or “No. 9” finish used in Japan, Canada and China for highly
reflective surfaces, while demonstrating the difference visually using an effective reflectivity model.

Figs. 3.22 Using a sculptural model, Zahner demonstrates the strong differences in reflectivity between
to 3.26
No. 2D, No. 2B, No. 3, No. 4, and No. 8 finish in stainless steel, the successor to Monel.

In their bulletin T-24, FINISHING Nickel, Monel and Inconel, INCO stated, “Monel, ‘A’ Nickel and
Inconel may be finished to any of the mechanically produced effects obtainable on white metal, from
a sand blast finish to a highly lustrous mirror finish.” 89 As with the table above, numerous terms are
discussed in this technical manual that includes “satin,” “ground,” “buffed” or “mirror,” and it is
logical to assume these are somewhat concurrent with modern finishes.
INCO used several compounds in polishing and buffing operations. In the 1947 INCO
FINISHING text, these included Polishing Tallow, “F” Emery Grease Cake, “Grout” (described as a
composition of oil and emery), Tripoli, Aluminum Oxide Buffing Compound (White), Chromium
Oxide Buffing Compound (Green), Lea Compound (described as a greaseless satin finish compound),
Soap Bark Solution, Pumice with Oil and Venetian Lime for cleaning. Aluminium oxide and
chromium oxide (also referred to as chromic-oxide and known today as Chromium(III) oxide) were
finely ground powders used from the late 1920s as cutting and colouring compounds during the final

88
89

Zahner, Architectural Metals: a guide to selection, specification, and performance, 216.
International Nickel Company of Canada, FINISHING Nickel · Monel · Inconel.
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buffing process to remove any last scratches in the metalwork, much as aluminium oxide and silicon
carbide are used in sandpaper today. 90 In their 1957 bulletin, INCO stated that the chromium oxide
compound “is the better compound for the final colouring operation; it produces less friction and
gives a true blue colour to Monel and nickel.” 91 In 1944, the British journal Metallurgia concluded that
the introduction of the two oxides did not appreciably affect the oxide films on the alloy surface,
unlike modern-day colouring films that are used as conversion layers on stainless steel to create colour
through optical interference patterns. 92
The forging of Monel created a noticeable black oxide finish, as mentioned in Forms and
Tempers. This is illustrated in Practical Design in Monel Metal, affirming, “Forged work leaves Monel
Metal with the same tool marks as are obtained on
wrought iron, but in the heating preliminary to
forging a black oxide appears on the surface.” 93 The
oxide was often worked to a two-toned appearance.
A caption underneath a wrought decorative gate in
the text declares, in a rather conceited fashion,
“Monel produces results of greater brilliance and
Fig. 3.27

Wrought Monel with differing
levels of oxidation after working.

crispness than wrought iron.” 94

A final mirror polish is described for a stainless steel ashtray "which is usually obtained with chromic oxide, an
extremely fine powder, which will completely eliminate the tiny scraches made by the finer emergy." Edgar Allen &
Company Limited, Edgar Allen News (Sheffield, England: Edgar Allen & Company Limited, 1928), 952.
91 International Nickel Company of Canada, FINISHING Nickel · Monel · Inconel.
92 Zahner describes the physical nature of the light interference and how INCO created a multitude of colour effects on
the surface of stainless by layer depth Zahner, Architectural Metals: a guide to selection, specification, and performance, 229-31;
"Metallurgia : the British journal of metals," 31 (1944).
93 International Nickel Company of Canada, Practical design in Monel metal for architectural and decorative purposes, 26.
94 Ibid., 24.
90
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Outside of forging, the nineteenth- and early twentieth-century trained blacksmith would have
had a significant arsenal available to them to also finish work in-situ. Unfortunately, no records have
been found to prove what materials and implements may have been used. Monel, as a new alloy, had
not yet been absorbed into the visual language of American decorative architecture, and, as a result,
there were times when clients were not happy with the end result. In an exchange regarding a set of
Monel clock faces commissioned by the Gallery of Fine Art Yale University (see Appendix D.1-2 for
current photographs), metalworker Samuel Yellin
told architect Egerton Swartwout, “I am sending
down to you a panel made in Monel Metal… The
colour of this metal can be made brighter or darker
as desired.” 95 A letter from Swartwout’s office
instructing the commencement of the clocks six
months later declares, “It may be that after the dials
are erected the application of some colour will be
necessary.” 96 This last letter references a phone

Fig. 3.28

This undated photograph of the
Monel clock face shows a whitish
matte finish, potentially indicating
paint had already been applied.

conversation between Dean Meeks and President Angell that was recorded in a memorandum, with
the former suggesting “the further possibility of actual pigment or colour…” 97 While letters from 1929
are not extant at Yale, the Yellin archives reveal the builder, Hegeman-Harris Company, wrote the

Letter, Samuel Yellin to Egerton Swartwout, June 15, 1928, Re: Gallery of Fine Art Yale University, RU 151, Series
III: Correspondence, 1717-1940, Filing Code 27. Art School (School of Fine Arts) Building file, Gallery of Fine Arts,
1927 January-1928 December, Box 254, Folder 1448: Letters to the Treasurer, June 1928 to December 1928,
Manuscripts and Archives, Yale University Library.
96 Ibid., Letter, Egerton Swartwout to Samuel Yellin, December 11, 1928.
97 Ibid., Memorandum of Telephone Conversation with President Angell, re: Clock on Bridge between Street Hall and
Gallery of Fine Arts, November 7, 1928.
95
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following February to Yellin to explain dissatisfaction that the clock faces “were entirely too dark, and,
as we told you, we wish you would send men to the job promptly to rub down this material to give an
effect more like the metal rather than the dark finish it now has.” 98 Within just two days, Yellin
responded that his men were at the site “re-finishing the clocks as requested.” 99 While it is impossible
to know the extent of the finish applied by Yellin, and the probability that it has not survived the
elements for ninety years, we are made aware of the various methods that were discussed between
client, architect and blacksmith. In this case, mechanical abrasion was likely performed according to
the instructions of the builder, but confirmation in a hard-to-access location would require scaffolding,
and no guarantee could be given that evidence would still exist.
Colouring and patination have had a role in sculpture and ornament since the application of
arsenic in Egypt and Anatolia in the third century BCE. 100 Subsequently, either of these applications
could have taken place in any form and at any point in time from the creation of the object.
Furthermore, the result may have left no visible trace of the original chemical, whether paint, pigment
or other. In various studies by Hayez, Segato, Hubin and Terryn, the authors concluded that artificial
patination by the most common “green recipes” during the late nineteenth century and early twentieth
century, namely copper sulphates and nitrates, had varying morphologies that included chlorides such
as atacamite and nantokite, basic copper(II) nitrate, brochantite et al. 101 Identifying treatments, as

Letter, C. D. Brady to Samuel Yellin, February 16, 1929, RE: YALE GALLERY OF FINE ARTS, 049, Series I:
Project Files, Folder 1300: Yale University, Gallery of Fine Arts; job files, 1927-29, Architectural Archives, Weitzman
School of Design, University of Pennsylvania.
99 Ibid., Letter, Samuel Yellin to Messr. Hegeman-Harris Company, February 18, 1929.
100 Recent Advances in Science and Technology of Materials, ed. A Bishay, vol. III (New York, NY: Plenum, 1974), 157-67.
Quoted in Richard Hughes and Michael Rowe, The colouring, bronzing, and patination of metals (New York: WatsonGuptill Publications : Whitney Library of Design, 1991).
101 V. Hayez et al., "Optical, morphological and molecular characterization of two copper sulfates present in natural and
artificial patinas," Proceedings of the 8th International Conference on Non-destructive Investigations and Microanalysis for the Diagnostics
98
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stated in these papers, is not an easy task for conservators, but the discovery of certain compounds,
including nitrates, unusual in normal atmospheric weathering, may help. Misapplications may also
bring about porosities, pooling, stress corrosion cracking or a number of other issues that indicate
man-made patination. 102
Protective coating application, as with colouring and patination, is likely to have occurred postinstallation or in the years following the handover to a steward and subsequent maintenance crew.
Waxes, resins, oils and varnishes have existed throughout the history of material manufacture. While
wax is arguably the oldest form of protection used by Egyptians for a wide range of uses that included
waterproofing and polishing, Shellac, an organic resin from an insect in South Asia, has also been cited
as seeing a continuous application for over three thousand years. Both products were active in early
colonial trade in America, with beeswax common in the 1700s for furniture makers and shellac picking
up in the 1800s due to greater trade with the new American merchant fleet. 103 Varnish, not sensitive
to trade embargoes was also popular at the turn of the nineteenth century, with early forms consisting
of turpentine and rosin, and later, different local resins mixed with rum or other forms of alcohol
readily available from the Caribbean. 104 The discovery of cellulose nitrate, celluloid, and ultimately
nitrocellulose lacquers towards the end of the century offered a cheap and local alternative in wood
pulp to the increasingly difficult to source lac insect. We know, therefore, that all of these were widely
available to Americans after the discovery and sale of Monel began. Pigments, as applied in the
memorandum above, could also have been applied at any stage to these individual or collective

and Conservation of the Cultural and Environmental Heritage (2005); Hayez V. et al., "Study of copper nitrate-based patinas,"
Journal of Raman Spectroscopy 37, no. 10 (2006).
102 See "Application techniques" in Hughes and Rowe, The colouring, bronzing, and patination of metals, 31-34.
103 Robert Mussey, "Old Finishes," Fine Woodworking, no. 33 (1982): 71-74.
104 Ibid.
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coatings. The use of calcium carbonate for white, carbon for black, iron oxides for yellow and red,
manganese, and other complex silicates could all have imparted organic and inorganic material to the
surface of the metalwork. Today, a wide range of reversible, non-invasive materials, as well as more
classical chemical formulations, are available to the steward or conservator. A leading supplier of
“patinas and metal finishes,” Sculpt Nouveau out of California, offers seventy-seven different products,
from oxide primers to stains to traditional and dye-oxide patinas. The rich diversity of layers that could
be present on exterior Monel following one hundred years of non-interrupted use should not be
underestimated.

57

4.

Aesthetic Intent

The Secretary of the Interior’s Standards for Preserving Historic buildings states, “The intent of
Preservation is to retain existing materials and features while introducing as little new material as
possible.” 105 Retaining these “existing materials and features” in architectural elements is a core
concern, and the aesthetic, the human element that provides beauty, remains deeply embedded in this
concept. The notion of intent, however, remains somewhat contentious. There has been substantial
debate in the fine art world surrounding the maintenance of work based on “artistic intent” through
the intentional fallacy, but for the purposes of this thesis, “aesthetic intent” relates more to the built
environment and the sense of authenticity that brings unity in an architectural design. 106 In
preservation, retaining authenticity is a key metric when establishing a conservation treatment
protocol. In the 1960s, Cesare Brandi pushed for the imperative to “preserve patina,” yet denounced
conservation that stripped the artwork of its essence or “image.” 107 While the aesthetic has become
enshrined in municipal laws governing preservation throughout major hubs in the United States, with
the Landmarks Law in New York City mentioning the word eleven times, 108 many stewards permit
corrosive and non-uniform weathering patterns to form in the name of “patina.” This fundamental
dichotomy affects all conservation today.

National Park Service United States Department of the Interior, "The Secretary of the Interior's Standards for the
treatment of Historic Properties," Technical Preservation Services, 2017, accessed February 2, 2020,
https://www.nps.gov/tps/standards/treatment-guidelines-2017.pdf.
106 The history of artistic intent, positivism and anti-positivism is covered in detail in Steven W. Dykstra, "The Artist's
Intentions and the Intentional Fallacy in Fine Arts Conservation," Journal of the American Institute for Conservation 35, no. 3
(1996).
107 Cesare Brandi, Theory of Restoration, trans. Cynthia Rockwell (Florence, Italy: Nardini, 2005).
108 New York City, "Landmarks Preservation Preservation and Historic Districts, The New York City Administrative
Code," in 25 (2020).
105

58

Architectural metal ornament is, by its very definition, aesthetic and always part of a greater
design. Despite its depiction of great permanence, like any other building material, it may become
soiled from the build-up of grime, corroded from lack of maintenance or damaged through accidental
or purposeful vandalism. Aesthetic unity can become compromised as a result. In metalwork,
stabilisation of corrosion products is the preferred method in the first instance to halt further damage.
Any additional work, however, should be predicated on restoring a design that marries the end result
with the original envisioned composition. Questions of colour and weathering, therefore, play a key
role in determining how Monel was intended to be seen and enjoyed in its environment. Given cultural
norms can encourage a course of conservation that is inadequate, it is vital to ensure owners are aware
of the intended aesthetic before determining whether treatment is appropriate and to what level. 109
The aim of this chapter is to ultimately determine whether primary stakeholders had any prior
knowledge of Monel’s varied and non-uniform weathering patterns. Did they believe, and was it their
intention, that the metal they bought or crafted would remain silvery or grey ad infinitum? Due to the
sizeable time-lapse of historic Monel installations and generally poor record-keeping in architectural
interventions, significant loss of evidence restricts researchers in establishing initial, as well as intended,
aesthetic. It is for this reason that this chapter covers not just generic, but specific literature relating
to the case studies introduced in Chapter 6. From company advertising, it is easier to comprehend
expectations for the colour and look of historic Monel, while archival research is used to piece together
evidence to reveal the expectations of designers working with the alloy in the early twentieth century.

American preference for green over brown gold for Bronze is found in Phoebe Weil, "The Conservation of Outdoor
Bronze Sculpture: A Review of Modern Theory and Practice: Preprints of Papers Presented At the Eighth Annual
Meeting, San Francisco, California, 22-25 May 1980," American Institute for Conservation of Historic and Artistic Works: (1980).
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4.1

The Company
This alloy is silver white
and takes a brilliant finish,
which it retains indefinitely.
D. H. Browne, International Nickel Company. 1909 110

From the very beginning, INCO portrayed Monel as a “white
metal.” The above quotation, from the earliest research paper
published on Monel in a scientific journal, not only explained
its properties but valorised the alloy by espousing the colour
white with the precious metal silver. He continues, “on
prolonged exposure the surface assumes a grayish cast…” 111
As a new alloy, INCO was forced to educate everyone on the
forms and colour Monel would take. In one of their first
campaigns, a Saturday Evening Post advertisement declared it a
“white alloy” (Fig. 8), with the December and March editions
noting it took and retained “a perfect nickel finish.” The
Bayonne Casting Company booklet of the same year backed
Fig. 4.1 Association of Monel
colour with nickel, 1919.

110
111

up these claims, stating, Monel can “hardly be distinguished
from pure Nickel in color.”

David H. Browne, "Monel Metal," Electrochemical and Metallurgical Industry VII, no. 3 (1909): 114.
Ibid.
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As INCO shifted to a more commercial
model targeting the consumer in the 1920s, Monel
was progressively tied to precious metals, mostly
platinum and silver, dependent on finish. This is not
wholly surprising, given the science world had scant
knowledge of pure nickel at the turn of the century,
while the public had no contact at all. In their
advertisement for the construction of the Union
Trust Building (now Guardian Building) in Detroit,
a darker matte finish was hailed as “platinum-like
beauty.” The building, a palace to capitalism,
positioned finance as the “driver” of consumer
demand, while platinum’s regal status from the court
of King Louis XVI had built further recognition

Fig. 4.2

INCO’s advertisement for the
Union Trust Building (now the
Guardian
Building)
with
“platinum-like beauty,” 1929.

through the efforts of Fabergé and Cartier. 112
Where items took on a higher polish and sheen, and specifically where hygiene was considered
of the highest order, INCO veered towards silver as an identifier for Monel. Alongside its intrinsic
value, silver had been used for upwards of six millennia for its antibacterial properties. This alignment
of their product to this medicinal metal was tactical, given it was well-known for its use in sutures,
eyedrops and even the common cold at the beginning of the twentieth century. 113 The positioning

112
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Rayner W. Hesse, Jewelrymaking Through History: An Encyclopedia (Westport, Connecticut: Greenwood Press, 2007), 155J. Wesley Alexander, "History of the Medical Use of Silver," Surgical Infections 10, no. 3 (2009).
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Figs. 4.3
and 4.4

While Monel sinks appeal to housewives through “silvery beauty” and “cleanliness,” “purity”
is highlighted for commerce through “protection against contamination.” Early 1930s.

bore merit as sales for cabinets, counter-tops, sinks, and other food-handling equipment for the hotel,
rail, shipping, and home consumer market depended on cleanliness. INCO placed Monel as an easyto-clean, hygienic alternative, and this clearly bore fruit, as evidenced in the 1932 annual report,
Monel Metal has continued to find new commercial applications… Several new and
outstanding hotel and restaurant installations of “Monel Metal” were recorded in 1932. Most
significant has been the further extension of the introduction of “Monel Metal” into the
household. The “Monel Metal” sink is now available in more than forty models. 114
Given production for sinks had only started in 1931, this explosion of demand and production options

114

International Nickel Company of Canada, Limited, "Annual Report," December 31, 1932.
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was all the more remarkable. 115
In the early 1930s, INCO started to discuss the weathering of Monel, noting inaccessible
positions would “acquire a grayish-green patina, eventually darkening to a mottled green, brown and
black,” while in sunlight, a darker “translucent shade.”
The company again underscored that minimal
cleaning could revert the alloy to “its original bright
condition.” 116 For the first time, in published
literature, the company acknowledged an entirely
different weathering colouration that vastly diverged
from the bright white alloy it had declared in 1909 as
“indefinite.” It is entirely possible and indeed
probable, given the relative novelty of this unknown
alloy, that the company was totally unaware of these
Fig. 4.5 Revere Copper detailed clear shade
changes in their "Weathering of
Copper" section from their finishes
catalogue of 1961.

colour schemes until a sufficient quantity of the metal
had already gone into service. Even today, there is no

known booklet on Monel’s weathering palette like those produced for copper above, but the effects
may have been keenly felt, and the timing was poor. Caught in ongoing competition with the steel and
aluminium monopolies, INCO had potentially mis-advertised its product for twenty years.

INCO discusses production in the Annual report of 1930 stating, "Another important household use of "Monel
Metal" under recent development is that of a combination sink and drain... scheduled for 1931." "Annual Report,"
December 31, 1930.
116 Practical design in Monel metal for architectural and decorative purposes.
115
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Their description of the weathering pattern occurred in
their only significant booklet ever published for decorative
Monel, Practical Design in Monel Metal. 117 Written in 1931 and
fashioned with a skyscraper-like setback silvery design,
INCO linked their brand to modernist architecture.
Ironically, the book, replete with interior fixtures, displayed
no exterior buildings at all. The sole exterior work consisted
only of gates and roofing. INCO had watched as two
symbols of the modern age, the Chrysler Building and the

Fig. 4.6 The setback silver design
shows clear ties with
modernist architecture, 1931.

Empire

State

Building,

were

constructed

of

aluminium and stainless steel, and while the latter ensured
nickel had its place, Stanley possibly commissioned the book
in an effort to protect their primary alloy. The Aluminum
Company of America responded within the year with
Aluminum in Architecture. The inner cover, which displayed
twenty-four silvery buildings, sent a clear message. INCO’s
omission was indicative of the narrowing field architecturally
for Monel, and it would not be remiss to conclude it struggled
Fig. 4.7 ALCOA followed with this
silver striped design in 1932.

to compete in exteriors due to weathering issues.

117

Ibid.
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Fig. 4.8 The substantial display of buildings shown inside the front cover of Aluminum in Architecture .

By the end of World War II, INCO shied away from subjective marketing and aesthetic claims
about its products. Their technical manual, Monel, Inconel, Nickel, and Nickel Alloys (see Chapter 5.1), is
a tome of collated data on their three major metals and the first in a long line of editions, an exemplar
of a shift to more technical-based writing. Placing Monel firmly in the specialised category, INCO
started to cater their research and findings to corrosion engineers and experts in the petroleum,
chemical, marine, and aviation fields. It is somewhat ironic that the takeover of INCO’s alloy division
in 1998 was enacted by none other than the company Special Metals Corporation.
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4.2

The Designer

One of the most effective ways of studying aesthetic intent is through design drawings and paintings.
While architectural plans benefit from a shared lexicon that conveys more complete measurements
and building details, the sketch enters earlier in the process as a visual form of communication that
imparts the aesthetic intention of the designer. While any form of decorative art had always included
a visual element, the introduction of Monel at the turn of the twentieth century coincided with an
increasingly formal sketch process that was fast becoming a core feature of design education
throughout America. Tracing routes back to Renaissance Italy, the “quick study” flourished through
the nineteenth century as a form of artistic expression in its own right. 118 The rapid decline in the
number of American tradesmen during the age of industrial mechanisation encouraged the founding
of the National Society for the Promotion of Industrial Education in 1909. By the late teens through
the 1930s, museums and universities scrambled to fill gaps in educational programmes that harnessed
beautiful yet utilitarian designs, turning to the technical training methods of Europe for example. 119
The sketch as a formal training tool emerged out of the art academies of old Europe and, in particular,
the École des Beaux-Arts in Paris, France. Wielding enormous influence after the World's Fair:
Columbian Exposition in Chicago of 1893, the esquisse was the visual component in the formulation
of the parti pris, the big idea. 120 Throughout the entire degree program, students were encouraged to

Nicole Myers, "The Aesthetic of the Sketch in Nineteenth-Century France," The Metropolitan Museum of Art, 2009,
accessed February 29, 2020, http://www.metmuseum.org/toah/hd/aest/hd_aest.htm.
119 The Metropolitan Museum of Art begun an Industrial Design programme in 1918, along with Cooper Union, Rhode
Island School of Design, The Pratt Institute and other academic institutions around the same time.
120 For further on the impact of the school on American design see David Brain, "Discipline & Style: The Ecole des
Beaux-Arts and the Social Production of an American Architecture," Theory and Society 18, no. 6 (1989): 808.
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express the character of their work that conveyed the essence of the building or design solution and
the aesthetic that was intended. 121
Such design process was not lost on Parke Edwards, hired as the principal metal design artist
at the Bryn Athyn Cathedral complex. A student of Samuel Yellin at the Pennsylvania Museum School
of Industrial Art (now University of the Arts) beginning in 1908, he went on to teach the class after
Yellin’s retirement in 1919. 122 A prolific artist, Edwards left a sizeable archive of sketches at Winterthur
Museum, Delaware, and his main place of employment for two decades, Glencairn Museum, Bryn
Athyn, Pennsylvania. The importance of his work rests on his visual interpretation of Monel through
watercolour studies; although in sketch format, it is surprisingly detailed and the addition of colour
was clearly used to communicate the look of each item prior to production. Raymond Pitcairn, who
took over the construction of Bryn Athyn cathedral after the death of the patriarch, John Pitcairn in
1916, was consummate in his management of the design process. Raymond’s demand for multiple
variations, mock-ups and models led to a falling out and legendary dismissal of the architect Ralph
Adams Cram with a sixty-five-page letter. 123 It was this patriarchal engagement and team inclusion,
however, that likely led to the wealth of ideas and drawings that still remain.

Kendra Schank Smith, "Sketches; education and design process at the ecole des beaux-arts," in Architect's Drawings
(London, England: Routledge, 2016), 71.
122 Jack Andrews, Samuel Yellin, Metalworker, ed. Dimitri Gerakaris (Philadelphia, PA: The Samuel Yellin Foundation,
1982), 1.
123 The affair is covered in some depth here but the author is mistaken by saying sixty-four pages, it is in fact sixty-five
pages, found in the Glencairn Museum archives. D. Shand-Tucci, Ralph Adams Cram: An architect's four quests : medieval,
modernist, American, ecumenical (Amherst, MA: University of Massachusetts Press, 1995), 60.
121
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While it could be argued that coloured pencil and
paper are both prone to fading and subsequently rendering
this assessment void, there is ample evidence to suggest
that despite some yellowing, the majority of colour has
sustained. In a 1928 drawing by Edwards of a potential
door (not built) at Bryn Athyn Cathedral, “vestibule to
cloister,” there is a stark contrast between the frame of the
door and what appears to be glass in the interstitial voids,
drawn with a green pencil. Edward’s colour choice here
helps to negate the possibility that his renderings of Monel
may have originally included green to simulate weathering
of the metal but had dulled with time. As this door was
never constructed and bears no written confirmation of

Fig. 4.9 This drawing proves green could
have been used to simulate
weathering, but was only used to
contrast glass from Monel.

composition, we cannot fully confirm its base material; however, given the exclusive usage of Monel
in the cathedral, it is likely this grey pencil is Monel and stands in stark contrast to the adjacent glass.
Many of Edwards’ designs traced or emulated ecclesiastical and civic structures found in
medieval Europe. Research was often done at a distance through museum collections that he either
saw in person or requested information from, according to archival correspondence. In some
instances, cut-outs from books, magazines and photographs were found. In a study of gates, Edwards
produced a dizzying array of styles that included scrolls, finials, and collars. Hand-painted on thicker
cardboard paper and cut out accordingly, each example was plausibly shown to Pitcairn to display
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different variations on a theme. Again, while there is no confirmation of composition, a number of

Figs. 4.10 to 4.13 A gate near the gazebo at Cairncrest bears similarity to the lower design by Edwards.

Monel gates exist throughout the property that would indicate this was the base material. All the gates
were coloured a neutral matte grey. A drawing found in the archive representing a gold leaf application
on the cathedral indicates Edwards’ ability to paint reflective surfaces, so we can deduce that the matte
representation was deliberate and that this was the aesthetic intent of both artist and owner.
The study, “Screen· West Porch,” bears a striking similarity to the screen now installed
between the chapel and the cathedral’s south aisle. Although the repeated quatrefoil design was
replaced with back-to-back curled scrolls and the arcade adapted to four openings, the finials are
similar and the overall features have remained loyal to the design. Importantly, the black paint used in
the watercolour is strikingly similar to the final aesthetic achieved. There are no records that any
treatment was ever performed on Monel throughout Bryn Athyn historic district. This blackened
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effect was likely achieved through the forging process by the local blacksmith Mathias Schmidt (see
Fig. 3.27). 124

Figs. 4.14 and 4.15 The chapel and west porch screen design match in colour.

Drew Nehlig, Historic Buildings Project Manager, Bryn Athyn Historic District, Interview with author, September
26, 2019.
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The exterior Monel at Bryn Athyn has formed unusual turquoise and green mottled colouring
patterns. Unfortunately, what drawings or sketches exist of these objects have been drawn in pencil
and cannot, therefore, be used for colour and intention assessment. However, a single photograph of
the lower right hinge on the west porch door is telling in comparison to the current condition of the
same area. 125 The photograph is undated, but it is probable, given the hinge is as yet unattached to the
original wooden door, that it was taken prior to installation in the early 1920s. While it is black and
white, we can judge the intensity of light and reflection. The berry, leaf and flower designs all appear
crisp with clear outlines, yet the contemporary hinge has significant corrosion product built up inside
crevices that are non-uniform and directly impact the aesthetics of the gate. While we have no
indication here as to intent, it seems probable that, given the previous examples, such weathering was
not anticipated.

Figs. 4.16 and 4.17

Photograph of the original west porch gate hinge and current condition.

Photograph, Metalwork 01, Series 3 Photographs, Scrapbook 5, Bryn Athyn Historic District Archives, accessed
February 28, 2020, https://glencairnmuseum.omeka.net/items/show/72.
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4.3

The Fabricator

Occasionally, both design and fabrication were done by a single person, with input from the owner
and oversight by the architect. Talented artisans were given greater bandwidth to produce decorative
architectural elements without the need for constant supervision. Samuel Yellin, the renowned
metalworker, had built such a reputation in the decades since his arrival in America in 1906, being
awarded the Americanization prize in 1925 and the prestigious Philadelphia Bok Civic Award for
services to craftmanship in 1926. His business by the 1920s amounted to two hundred workers who
kept accurate accounts, correspondence and photographic documentation of his work. 126 Entirely
different from a dedicated design artist like Edwards, his archival information is entirely more
perfunctory, with a multitude of shipping memorandums and order information that holds little in the
way of aesthetic intent for his projects or Monel in general. However, a single architectural drawing
has been found that demonstrates an intended finish, as well as an incredibly important insight through
correspondence relating to Yellin’s thoughts on the alloy. From an intention perspective, the study
panels for both Harkness mausoleum and Straus Mausoleum were also instrumental in demonstrating
the “look” for the client before accepting the commission. Finally, post-production photographs
permitted the viewer to compare the intensity of light, relief and reflectivity.
Samuel Yellin worked with the architect James Gamble Rogers on several mausoleums at
Woodlawn Cemetery in the Bronx, New York. The Harkness mausoleum is a much-celebrated
testament to the symbiotic pairing between master metalsmith and architect, with Rogers hiring Yellin

126

Andrews, Samuel Yellin, Metalworker, 2.
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to execute all of the metalwork in Monel.

127

While an exhaustive attempt was made to analyse both

the Yellin and Rogers archives, just one case has been found, in the Woodlawn archives at Columbia
University, that explicitly states the intended finish of the Monel on the architectural drawings. An

Figs. 4.18 and 4.19 Architectural drawing for the Harkness chapel railing notes a finish like “old armor.”

early design of the Harkness chapel railing, dated December 1931, referred to a “finish like old armor.
The whole to be slightly pock marked got by hammering on a hard stone surface or rusty anvil.” 128
Although we cannot know exactly the meaning of “old armor,” we do know that iron dominated as
far back as the Assyrians and Greeks and that the hardness of steel was recognised through case

Kevin Adkisson and John Lei, "The Harkness Mausoleum, A History," ed. The Commonwealth Fund (New York,
NY, 2014), 2.
128 Architectural Drawing, December 10, 1931, Monel Metal Rail in Mausoleum of Woodlawn Cemetery NY: Major
Monument records, Box Drawer 2.1, Folder 89, Avery Drawings and Archives, Avery Architectural and Fine Arts
Library, Columbia University.
127
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carburising, forge-welding or other methods during the medieval period. 129 There seems little doubt
that this finish was to share the silvery nature of early to late medieval armour.
More considerable evidence is found in correspondence relating to the Yale University Monel
clock faces produced by the Yellin workshop (see chapter 4.2 and Appendix D.1 for photographs).
While not written directly by Yellin, a letter
in June 1928 from the architect of record,
Egerton Swartwout, to Thomas W. Farnam,
the university associate treasurer and
comptroller, gives ample detail about
Yellin’s aesthetic expectations for the alloy
in an outdoor environment, pointing out his
concern that the placement of the clocks
could result in a deficiency of maintenance
and, to avoid rusting, may be painted if
manufactured in iron. Monel, by contrast, a
non-rusting alloy, will “have a sort of dull
pewterish look and gradually darken up a
Fig. 4.20 This letter by architect Egerton Swartwout
explains Yellin’s reasoning for using Monel.

little, but will always look like metal.”

Pewter, a white metal, has a base metal of tin ranging from 85-99% purity, 5-10% antimony, up to 2%
copper, bismuth and sometimes silver.

A.R. Williams, The Knight and the Blast Furnace: A History of the Metallurgy of Armour in the Middle Ages & the Early Modern
Period (Boston, MA: Brill, 2003), 7.
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Study panels were constructed by Yellin prior to receiving commissions for both the Harkness
and Straus Mausoleums. Made out of wrought iron and wrought Monel, they would have indicated
the craftsmanship coming from the Yellin forge, as well as an aesthetic look for the client. It is
unknown why the Harkness panel was made out of iron. It may be that iron was under consideration
for the chapel gate or that it was used for design, not material purposes. While unverified if these were
provided to both architect and client, it seems probable, given the nature of the commissions.

Figs. 4.21 to 4.24 Notice the Harkness panel is in iron, while the Straus is in Monel. The latter was also
changed to incorporate the Grape, Oak and Chestnut design to delineate the family.
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The photographic documentation of Yellin’s work as it exited the forge yields considerable
testimony regarding the aesthetic nature of each piece. As with Bryn Athyn, the corrosion product
appears to have affected the low relief of the sculptural design. The above text raises questions as to
whether Yellin anticipated the kind of weathering that occurred on Monel over the decades since and
may have suggested a maintenance protocol.

Figs. 4.25 The contemporary Percy S. Straus gate under a Kasota stone lintel has non-uniform
and 4.26 weathering of turquoise blooms and brown grey areas where rain splashback is apparent.

Closer inspection of the Percy S. Straus gate reveals loss of detail, with highlights lowered due to a
flattening of the acorn motif by a layer of oxidation and corrosion product. As explained in Chapter
3.6, the forging of Monel permitted artisans to create a two-tone black silvery appearance, now lost
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by surface build-up. While later chapters will consider the chemical compounds, photographs are
presented here to highlight the aesthetic divergence that has occurred to the original nature of the
object. In a talk given to the Architectural Club of Chicago, Yellin noted a dislike for purposeful
decoration by colour or gilt and said, “although occasionally a little color or gilt may be used to give
warmth to a piece of work, it rather suggests painting the lily… all of my work is honestly and simply
done… there is no ‘antiquing’ or ‘torturing,’ no rusting or coloring.” 130 In consideration of this, the
final work of Monel coming from his shop in 1935, and the subsequent likelihood that none of his
pieces turned green until after his death in 1940, it is highly probable that Yellin never anticipated
anything other than the “pewterish look” above. 131 Historic preservationists must question whether
action should or should not be taken, and if so, whether to simply inspect and stabilise potential
corrosion or to restore this historic metalwork to its intended appearance.

Andrews, Samuel Yellin, Metalworker, 10.
The last items in Monel to leave the Yellin shop are both dated 1935 and consist of a Monel mazer and two vases for
Mrs. Edward S. Harkness and a brass memorial table with Monel frame for a Kathleen Ainey, courtesy of Clare Yellin. It
is possible that Harvey Yellin continued to work in the alloy, but the records remain with the family.
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131
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5.

Doctrine, Faux Pas and Practice

Monel’s rarity and exceptionally short period of significance bodes poorly for contractors and
managers of properties that come across the alloy unexpectedly. The heyday, from 1910 to 1950,
allowed just forty years of consistent use compared with the millennia enjoyed by copper, bronze and
iron. Monel’s discovery, coinciding with an enormous expansion of refining in the United States and
white metal fabrication, allows for regular mistakes in identification for aluminium, nickel silver,
platinum, titanium or stainless steel in interior situations, and various cases, to be covered here, have
seen exterior Monel receive bronze treatments due to its occasional green weathering. Regrettably, the
short popularity of the metal, particularly in architectural use, the proprietary nature of the research
and subsequent dismemberment of the company, and the embrace of stainless steel have led to a
drought of literature available and no conservation papers on cleaning or care at all.
While early literature from INCO was dominated by marketing (see chapter 4.1), the transition
to more technical bulletins began in earnest in the 1940s. They received the support of increasing
technical centres trading in free information on nickel and the alloys they produced, and research
facilities that included Kure Beach, North Carolina, in 1935, Harbor Island nearby in 1949, and
Sterling, New York, in 1964. 132 Such bulletins were revised with multiple editions and held increasingly
large amounts of information, but little of impact became available on atmospheric and surface layer
chemistry, most likely due to the lack of demand. By the time preservation came of age in the 1960s,
contemporary Monel was confined to none but the most expensive of aeronautical and marine uses,

The Centre d’Information du Nickel, The Bureau of Information on Nickel and the Nickel-Informationsburo were
the first technical centres opened in Paris, London and Frankfurt in 1927. Chronology of Nickel, ed. Alice O. Riley
(Huntington, WV, 1980).
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with key surface testing diverted to stainless steels in the 1940s and contemporary trials limited to
industrial and commercial requirements. Scientific literature and conservation literature are also
covered here, with only studies as recent as the 2000s picking up from the work done by W. H. J.
Vernon. Unfortunately, all of these later documents tested nickel, not Monel. Multiple libraries were
used to source content, with Google Books, Google Scholar, WorldCat and HathiTrust instrumental
in the search indexing, and the Columbia University team key to the delivery of printed material from
as far afield as Japan. ProQuest, the Building Technology Heritage Library, Trade Catalogues and the
American Home, and many others helped source historical fragments, while government websites
such as the Ontario Ministry of Energy, Northern Development and Mines, and the United States
Geological Survey have been instrumental in data gathering.
A small section (see chapter 5.4) is utilised to demonstrate a wide range of faux pas that have
been witnessed with Monel sculpture and decorative work. Through field investigation, photographs
of painting, poor galvanic coupling, incompatible fasteners, and excessive mechanical abrasion were
taken. Countless cases also existed of scrapping historic material, avoiding replacement in kind due to
cost, or assigning poor specifications that may or may not irrevocably damage the material. 133 Many
of these examples were often due to a lack of understanding of the underlying metalwork and inherent
properties, displayed through photography to communicate the issues visually.
Today, a wide range of practitioners encounter Monel in the built environment. Architectural
blacksmiths are often employed to weld broken parts or forge new elements for ageing metalwork,
and have extensive knowledge of the heating methods required for wrought metals. Architectural

Both Bryn Athyn Cathedral and Lever House are examples of Monel roofs or flashing being replaced with stainless
steel.
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cleaning and restoration specialists service buildings and institutions in their regular maintenance of
property. Historic preservationists and metal conservators are specialists in their field and are often at
the forefront of new developments and technology for the safe and careful treatment of historic fabric.
There is sufficient reason to believe a significant amount of misunderstanding, mislabelling and
incorrect treatments are occurring. As each sector engages with heritage in different ways and has no
clear guideline from the National Park Service, it is essential to gather all vital information written on
Monel that could prove useful for firms to organise a standard procedure. This chapter is therefore
provided to serve as a guide on the most relevant conservation texts, as well as to indicate current
practices of the various members of the professional community that deal with Monel today.
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5.1

The Company

As a trademarked metal, Monel research and scientific experimentation remained mostly within the
confines of INCO and, as a result of its now defunct status, has largely been lost. While we know
early testing was carried out in their laboratory of Bayonne and the waters of the Kill van Kull near
the New Jersey casting plant, their Kure Beach and Harbor Island facilities are expected to have
produced the majority of the empirical literature, especially in the corrosion field. The closing of the
INCO technical division in the 1990s saw approximately 9,000 of their publications prior to 1985
gifted to the Nickel Institute, but to date, the organisation, based in Toronto, has only digitised 43
articles that “had relevance or were specifically requested.” 134 None of these bears any utility for
materials conservation.
Much of the found technical literature was split into different areas of study, such as corrosion
science by foremost scientist Francis LaQue. These texts were then compiled into sections of larger
volumes, such as the previously mentioned Monel, Inconel, Nickel, and Nickel Alloys. 135 Upwards of six
hundred pages, the book includes testing, corrosion resistance, physical constants, mechanical
properties (at low and high temperature), metallographic and X-ray diffraction (XRD) analysis, and
working instructions for forging, annealing, welding, spinning, pickling et al. The topic of
“atmospheric corrosion” remains slight, at just a half a page of text, stating Monel remains
“substantially unchanged” in indoor exposure, while “Inconel is somewhat superior to Monel and
nickel since it is relatively free from the ‘fogging’ that sometimes occurs with Monel and nickel if they

Gary Coates, Manager, Market Development & Technical, Nickel Institute, “Nickel Institute,” email message from
author, September 24, 2019.
135 Development and Research Division of the International Nickel Company, Inc., Monel, Inconel, Nickel and Nickel Alloys
(New York, NY: International Nickel Company of Canada, Limited, 1947).
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are left for long periods, without cleaning, in damp, sulfurous atmospheres.” It adds, “Monel and
nickel will remain bright only in rural atmospheres that are essentially free from sulfur gases. In other
atmospheres, they will acquire brownish or greenish tarnish films at a rate that depends on the
humidity and sulfur content of the atmosphere.” 136 Much of this is repeated in a fourth revision found
to a text of 1958 named “The Behavior of Nickel and Monel in Outdoor Atmospheres.” It again
mentions “The Fogging of Nickel,” a study by W. H. J. Vernon in 1932 (see next chapter) and
discusses appearance, corrosion and tensile tests after ASTM and Hudson exposure tests, with the
final two pages demonstrating successful examples of Monel roofing. While surface films are
mentioned, INCO are not explicit on what they are, and the information offers nothing additional
that is helpful to material conservators.

136

Ibid., 71-72.
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5.2

Scientific Literature

A large amount of early work performed on nickel and, by extension, its alloys was executed in the
scientific arena by renowned corrosion scientist W. H. J. Vernon. Most relevant is his pioneering work
in the analysis of atmospheric corrosion on nickel and nickel alloys. Unfortunately, modern-day tests
routinely omit chemical formulas and surface film information, supplying only mechanical and
physical data required for commercial and industrial usage. Early tests were completed for the British
Non-Ferrous Metals Research Association in 1924 with an aim to determine corrosion product, the
influence of surface condition, and degree of hardness in multiple various exposures for different
metals. 137 The alloys were only tested in a domestic kitchen and basement environment while copper,
zinc and zinc-copper alloys were also tested in a tank variable-humidity room and the open air. In
1932, Vernon followed up with his study “The ‘Fogging’ of Nickel,” but failed to discuss Monel
explicitly. 138 The text discusses the formation of nickel sulphate and basic nickel sulphate on the
surface of nickel after atmospheric exposure and builds on previous scientific work that discussed the
difference between nickel and copper, namely that the former fogs in a humid environment and the
latter tarnishes in a non-humid environment. For nickel, he posits that relative humidity must exceed
approximately 70 per cent, and that “fogging,” the “formation of a creamy-white film,” is “due to the
presence of suspended sulphates in the air, and partly (probably mainly) to the presence of small
amounts of sulphur dioxide, which are catalytically oxidized at the metal surface when the critical
humidity is exceeded… the tendency to fogging of copper-nickel alloys being approximately

W. H. J. Vernon, "First (Experimental) report to the atmospheric corrosion research committee (of the British NonFerrous Metals Research Association)," Transactions of the Faraday Society 19 (1924).
138 Vernon does however talk about nickel-copper alloys, see "The "Fogging" of Nickel," Journal of the Institute of Metals 48
(1932).
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proportional to the nickel content.” 139 A subsequent discussion saw a Mr W. R. Barclay confirm
Vernon’s addition of small amounts of chromium, also tested by Mond Nickel Company around 19278, halted this fogging. The comments are instructive in reminding us that nickel, and by extension
Monel, remained virgin territory in terms of their weathering profiles. Mond Nickel’s merger in 1929
came shortly after these tests, and chromium was, as far as can be ascertained, never added officially
to the Monel product. 140
ASTM International (formerly The American Society for Testing and Materials) hold a
significant amount of material on corrosion and atmospheric testing of Monel and nickel alloys. At
least three twenty- to twenty-five-year tests have been carried out on non-ferrous metals by subcommittee VI of committee B-3. Starting with twenty-four metals and alloys at nine different locations
in the summer of 1931, they unsurprisingly added stainless steel (types 304 and 316) to the tests in
1941 and started a new program in 1958 for seventy-seven alloys. The latest test from 1976 concluded
in 1996 and was reviewed in 2002. 141 All tests analysed weight loss and tension data including pit depth,
but of the data found, only the seven-year report of the 1958 program included appearance (see
appendix E.2). Monel Alloy 400 was described as “a uniform light green patina, darker near the edges”
in a marine environment, “slate gray, tint of brown” in an industrial location skyward, “gray brown,
iridescent hue” to the groundward side, “smooth, metallic, light gray” in a rural location skyward and
“darker gray hue” to the groundward side. 142 Importantly, corrosion data proved through mass loss

Ibid., 135.
Confirmed during telephone call with Jack De Barbadillo, Chief Metallurgist, Special Metals Corporation.
141 H. R. Copson, "Report of Subcommittee VI, of Committee B-3, On Atmospheric Corrosion," (1956); Hibner,
Evaluation of Nickel-Alloy Panels from the 20-Year ASTM G01.04 Atmospheric Test Program Completed in 1996 Outdoor
Atmospheric Corrosion.
142 D. van Rooyen and H. R. Copson, "Atmospheric Corrosion Behavior of Some Nickel Alloys," in Metal Corrosion in the
Atmosphere (West Conshohocken, PA: ASTM International, 1968), 177.
139
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and average corrosion rates that Monel corroded more in the industrial environment than in the
marine environment. This was confirmed by the latest 1976-1996 test (see Appendix E.3). Average
mass loss was the highest in an industrial environment, nearly fifty per cent higher over an east coast
marine environment and nearly six times as high versus a west coast marine environment. While
relatively speaking, corrosion remains minimal at <0.001 mm/y, it should be noted that this marries
with the 1968 data above and that the industrial environment, Newark, New Jersey, is the same site
for both tests and saw Monel coloured with a tint of brown or brown-grey. 143 Light grey Monel has
the least mass loss, with green colouration almost double the grey after seven years, but brown grey
colouration four times higher, pointing to less passification than previously thought by the thin oxide
film. An informative 1962 article by the head of Corrosion Engineering at INCO, E. A. Tice, backs
this theory up with two salient points: while the corrosion is minimal, industrial atmospheres were still
“many times more corrosive than rural ones,” and that “since nickel does ‘fog’ in industrial
applications the commercial material, Nickel 200, is seldom used for architectural or decorative
applications.” 144 Monel likely suffered from a similar fate and while it isn’t formally declared, Tice’s
position at INCO carries significant weight to this argument.
Around the same time Tice was writing his report, a Japanese research team analysed the Xray fluorescence (XRF) of a wide range of copper-nickel alloy samples, including two samples that
bore similar compositional content to Monel. They concluded that higher levels of iron in the samples
witnessed an accurate straight-line extrapolation for copper but an increasingly convex curve for

Hibner, Evaluation of Nickel-Alloy Panels from the 20-Year ASTM G01.04 Atmospheric Test Program Completed in 1996
Outdoor Atmospheric Corrosion.
144 EA Tice, "Effects of air pollution on the atmospheric corrosion behavior of some metals and alloys," Journal of the Air
Pollution Control Association 12, no. 12 (1962): 557.
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nickel. The device required either recalibration to take account of iron content or the sample abrasion
by sandpaper to achieve the correct spectrum. 145 While the paper is important as it reveals XRF
calibration concerns, a method used later in laboratory and field research, the low iron content of
Monel meant this issue would pose little impact.
While no further scientific reports on the processes that affect Monel in an outdoor
environment are known to exist, a 2000 article Corrosion Mechanisms for Nickel Exposed to the Atmosphere
is instructive on chemical compounds that form on nickel’s surface and give a roadmap to potential
research. 146 Using contemporary chemical laboratory analysis, the authors point to Vernon’s research,
observing, “while considerable experience has been acquired over the years concerning nickel’s
environmental ruggedness, the understanding of the chemical processes involved in its degradation
upon exposure to the atmosphere remains inadequate.” 147 Synthesising multiple papers, the report
studies corrosion layer formation rates based on sulphur dioxide and time, the morphology of
corrosion layers, chemical mechanisms of nickel corrosion and the general formation of nickel
sulphates, including hydroxy sulphates and the formation of the mineral retgersite. Working with
relative humidity charts and pH diagrams, the paper explains different oxides that form based on rain,
fog or dew regimes. Such research on Monel would be instrumental in answering some of the
fundamental questions posed by conservators and help in discovering alternative methods from
mechanical abrasion to remove potential corrosion products.

See Tsutomu Fukasawa, Tsugio Takeuchi, and Akinari Ichiryu, "X-ray fluorescence analysis of copper and nickel in
copper-nickel alloys," Bunseki Kagaku (Japan Analyst) 10 (1961).
146 TE Graedel and Christofer Leygraf, "Corrosion mechanisms for nickel exposed to the atmosphere," Journal of the
Electrochemical Society 147, no. 3 (2000).
147 Ibid., 1010.
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5.3

Conservation Literature

The earliest conservation-based literature that discusses Monel as an historic material is found in a
book published by the National Park Service, Metals in America’s Historic Buildings. 148 Although released
in 1992, the content dates as early as 1976 from The Preservation Press at The National Trust for
Historic Preservation. Describing the history of Monel metal in Part I under “Nickel and Nickel
Alloys,” the chapter notes that “Monel pioneered many of the present uses of stainless steel,” and
discusses exterior and interior examples of the historic metal, ductility and strength, method of
working, and finishes. 149 Written alongside nickel silver, it notes the period of significance for Monel
tied in with the new-fangled modernism of the Art Deco and Depression periods. In Part II, the
authors go on to suggest that cleaning methods for Monel on interiors should be with a non-ionic
detergent and wetting agent, while exterior with “natural patinas” can be cleaned in the same manner
as bronze and brass, referencing Peterson’s “Conservation of Metals.” This procedure, applicable also
to copper, German (nickel) silver and pewter suggests a mild chemical and abrasive mixture applied
by hand, such as rottenstone and oil, whiting and ammonia, or precipitated chalk and ammonia. 150
Effectively these methods are mechanical abrasion with a fine grit of around 1200. These methods are
likely outdated and would need to be studied for potential damage to the material.
L. William Zahner has written a number of books in the conservation field, with his notable
1995 Architectural Metals pledging half a chapter to that of Monel, alongside Titanium. 151 His

John G. Waite, David W. Look, and Margot Gayle, Metals in America's historic buildings: uses and preservation treatments
(Washington, D.C.: U.S. Dept. of the Interior, National Park Service, Cultural Resources, Preservation Assistance : [Supt.
of Docs., U.S. G.P.O., distributor], 1992).
149 Ibid., 39.
150 Found under the header "Brass, Bronze, and Copper" in Harold L. Peterson, "Conservation of Metals," History News
23, no. 2 (1968): 30.
151 Zahner, Architectural Metals: a guide to selection, specification, and performance.
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juxtaposition is authenticated based on similar colour characteristics, resistance to corrosion (notably
in coastal and road salt-rich urban areas) and common usage in sheet form. The chapter is structured
by history, production, tempers, forms and finishes, among other sub-headers. A final paragraph on
care and maintenance states that concealed or protected surfaces accumulate hygroscopic oxide layers,
highlighting the problem as aesthetic and not physical. While suggesting periodic cleaning, Zahner
offers no methods to do so and does not detail the layers in question. His “Production and Processing”
is formulated on historic material and is not updated for the air induction method currently used today,
maintaining inaccurately that the matte production method is still used to create Monel. In
“Environmental Concerns,” Zahner is incorrect in stating, “neither nickel nor copper is considered
toxic to humans.” 152 A CDC report on nickel points out that dermatitis is a notable concern with skin
contact and states the “carcinogenicity of nickel has been well documented in occupationally-exposed
individuals. Significant increase in the risk of mortality from lung or nasal cancers were observed in
several cohorts of nickel refiner worker.”

153

However, this does appear to relate more to high-

exposure work, especially in subsulphide or nickel oxide, in comparison to welding, smelting, and
general alloy production of the end product. Given these concerns, professionals should be aware of
potential oxide exposure if abrading Monel, either in a laboratory or field environment.
Zahner’s later book of 2005, Architectural Metal Surfaces, discusses oxidation layers in a little
more depth. In his chapter “Chemical Processes to Enhance Metal Surfaces,” he states “Monel’s
patina” is formed of copper oxide and nickel oxide with the colour “brownish green” and that it is
defined “as a surface change due to age. The colloquialism refers to the oxide that appears on any

Ibid., 286.
Agency for Toxic Substances and Disease Registry, "Toxicological Profile for Nickel," 2005, accessed March 7, 2020,
https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=245&tid=44, 15-16.
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metal after exposure to the atmosphere or to processes of conversion.” 154 Given both nickel and
copper have two different oxides, further clarification and references would help. Later in the book
under the chapter “The Aging of the Surface,” Zahner claims the following about Monel:
depending on the severity of the environment, whether urban-industrial or seacoast, the metal
will slowly develop a thin patina with very slight brownish green tones. This patina grows
slowly. Eventually, after approximately 10 to 12 years, the surface takes on a duller, dark
brown-green tone. No longer resembling stainless steel [previously said as indistinguishable to
upon installation], the unique color acknowledges the other component in the monel alloy
mix, copper. So, whereas nickel controls the appearance in the early years, copper and its
oxides control the appearance of the later years.
The evidence to this, however, remains unclear. In terms of colour, the following case studies
demonstrated Monel has no guaranteed brownish green tone dependent on age. Indeed, at both
Woodlawn and Bryn Athyn, eighty-year-old Monel exhibited colours that ranged from matte grey to
brown to brown-green to yellow-green, among others, independent of site and likely more dependent
on atmospheric exposure. Scraping and subsequent testing also concluded that corrosion product is
more convoluted than Zahner’s chronological nickel-to-copper hypothesis and does not just include
oxides but sulphation phases as well. While in some cases, the presence of brochantite confirmed
green colouring emanated from copper, others cases found both bunsenite and retgersite, which are
green minerals originating from nickel (for both examples, see Chapter 7). This confirms the
importance of careful evaluation before conclusions can be stipulated.
In the same year as the release of the Zahner book, editor Thomas C. Jester collated a range
of texts that included a chapter on Monel, authored by Derek Trelstad for the Getty Conservation
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L. William Zahner, Architectural Metal Surfaces (Hoboken, NJ: John Wiley & Sons, 2005), 221.
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Institute. 155 Despite a second edition release some nineteen years later, the text has not been updated
on Monel. Discussing the origins of INCO and the finding of the naturally occurring ore at Sudbury,
it attributes the fall of Monel to “a combination of steep competition with stainless steel and the U.S.
government’s interest in controlling the supply of nickel.” 156 Trelstad goes into significant detail on
the numbered finishes from the company, the polishes prescribed for multiple industries, slight
composition differences for each type of Monel and the difficulty with forging that required low
sulphur fuel. There is a wide discussion on uses and their reasons, including considerations of strength,
corrosion resistance and cost. The final section discusses the conservation of the metal, with mention
of the potential for deterioration in carbon-dioxide-rich environments and pitting formed from marine
organisms. Trelstad has also concluded that Monel cannot be extruded due to historic references. The
Chief Metallurgist at Special Metals Corporation confirmed, “Monel is quite soft and is easily extruded,
primarily to make seamless tube. We routinely extrude alloys that are much stronger than Monel.” 157
Writing in-depth on corrosion specifications of the metal, Trelstad helps with proposals for
identification, stating the mixed magnetic nature of the material and the difficulty of chemical reagents.
It should be noted, the text comes before the widespread use of portable XRF technology. 158 While a
commercial cleaning process is provided, it is not for historic material. The mention of reapplying
lacquers if present and hot wax treatments as worth investigating are supported under the criterion
that the effects must first be tested. Such suggestions are covered later in this work (see chapter 7).

155 Derek Trelstad, "Monel," in Twentieth-century building materials : history and conservation, ed. Thomas C. Jester (New York,
NY: McGraw-Hill, 1995).
156 Ibid., 21.
157 Jack De Barbadillo, Chief Metallurgist, Special Metals Corporation, "Extrusion of Monel," Email message to author,
March 4, 2020.
158 Difficulty to determine Monel through chemical reagents is covered in the Columbia thesis by Laura Justine
Culberson, "The Deterioration of "Non-Corroding" Nickel Alloys in Architectural Applications" (Columbia University,
1994).
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5.4

Conservation Faux Pas

Fig. 5.1

The centre section of the Harkness mausoleum chapel interior railing was removed
for exhibition at the 150th anniversary of Woodlawn Cemetery. Possibly receiving a
pigmented wax treatment for bronze, the conservator did not respond to enquiries.

Fig. 5.2

The Harkness railing was subsequently exhibited next to Straus Mausoleum’s
exterior Monel gate. The label incorrectly marked the railings as “patinated iron.”
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Figs. 5.3
and 5.4

The introduction of ferrous materials causes adverse galvanic deterioration. This Samuel Yellin
Monel gate at Yale, photograph taken ca. 1990, has been placed in close proximity to a steel
inner gate, while the Cairncrest Monel railing at Bryn Athyn, used a ferrous dowel. Both appear
responsible for rusting, likely accelerated by galvanic means.
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Fig. 5.5 The Samuel Yellin clock faces at Yale. Photograph taken ca. 2010 before the restoration of the
Swartwout Old Art Gallery. Evidence of paint was found with a 2% lead content. The contractor
was told to sandblast and repaint but lobbied successfully for cleaning only.

Figs. 5.6
and 5.7

A hand-wrought Monel lantern at St. Ignatius Loyola Church. New York. Designed by
Maginnis & Walsh, the metalwork has been painted black. Sections of exposed Monel are
evident and appear shiny metallic.
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Figs. 5.8
and 5.9

5.5

The hollow sheet Monel handrail at the Guardian Building, Detroit. Subject to multiple
restorations, pitting is found on the metal, likely from media blast on thin gauge sheet.

The Professional

A wide range of professionals is likely to come across Monel at some point in their career. While a
large percentage of household and food industry equipment has been lost over time, the sheer quantity
of other industries that installed the alloy still permits discovery. Identification, however, remains one
of the key issues in establishing the material and deciding what options are available for cleaning,
rehabilitation or restoration. Today, the most efficient identification technique is X-ray fluorescence,
but minor abrasion or stripping where paint or other matter is present on the surface may be required.
Even where identification is proven, however, education remains key. Stuart Dean, a restoration and
maintenance company that performs work in twenty-nine cities in the United States and Canada,
“specializes in beautifying, restoring and protecting metal, stone, wood, facades, chandeliers, glass
94

surfaces, and providing innovative grout and flooring solutions.” 159 And yet, despite the company’s
omnipresence in North America, their white paper “Architectural Metal” refers to Monel as “Monell
Bronze,” an alias of nickel silver (see Appendix E.4). This is a common mistake. In fact, nickel silver
(silver is a misnomer) has an inverted composition, with twenty per cent or less nickel content, five
per cent zinc, and the balance copper. While weathering similarly, the alloy reacts to the environment
differently and is less corrosion-resistant. Colour alone grants the expert a capacity to differentiate, as
nickel silver tends towards a yellow spectrum. Indeed, the two alloys were often used alongside each
other as an aesthetic contrast, but the demarcation is still lost on institutions that use them every day.

Figs. 5.10
and 5.11

159

The General Assembly Doors were gifted to the United Nations from Canada. While the doors
are inlaid with Monel relief panels, the U.N. website makes no mention of the Monel and
qualifies them as nickel bronze, another alias for nickel silver.

Stuart Dean, "Main page," Stuart Dean Company, Inc., accessed March 7, 2020, https://www.stuartdean.com/.
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Architectural blacksmiths and contractors are often the first port of call when it comes to
repair and craftwork relating to historic wrought material. In many cases, they are guided by the
specifications of a lead architect and, at present, these tend towards a conservative approach of
cleaning with non-ionic detergents and less abrasive media blasting. At Yale University, Samuel Yellin
has a large amount of wrought-iron and wrought-Monel work throughout the old campus that
encompasses gates, railings, grilles and other ornamental work. “Used and abused for decades,” an
exhibition in 1990, curated by the Yale School of Architecture, encouraged fresh impetus in the
restoration of his work. Today, the Monel gates for the Hall of Graduate Studies are currently being
cleaned and maintained by Engineered Building Products of Hartford, Connecticut. 160 As part of the
specification, weldings and other elements attached to the gate in the latter half of the twentieth
century are not being removed unless absolutely necessary, while cleaning encompassed dust removal
using compressed air with an oil separator attachment. A new stainless steel lock that was attached in
the 1980s had inappropriate fasteners removed, and cupric nitrate was applied to match the colour of
the weathered gate. At Bryn Athyn, the blacksmith regularly applies a mixture of reversible dye-oxide
patinas when items are forged or added in a repair (see chapter 3.6).
For the metals conservator, there is little recourse for treatment, given a lack of advice and the
knowledge of its formidable atmospheric corrosion resistance. In 2005, Kreilick Conservation was
called to test the metal rings on the south portico of the Philadelphia Museum of Art as part of their
materials assessment and cleaning mock-ups for an envelope restoration project (see Appendix E.3).
Using a portable X-ray fluorescence tool, the metal was abraded in small patches, tested, and

Thomas H. Beeby, "Introduction," in Samuel Yellin Metalwork at Yale, ed. Yale University School of Architecture (New
Haven, CT: Yale University Printing Service, 1990).
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confirmed as Monel. The recommendations are marked “n/a.” Scott Kreilick, the founder, advised if
cleaning was to be done, to use a non-ionic detergent, and then sent the scrapings of the yellow surface
material to the conservation staff for analysis. 161 Unfortunately, these samples were lost and likely
never tested. 162 Given their placement next to Kasota limestone blocks, it is highly likely that the
surface material on the exterior rings was paint, given the non-exposed rings under the soffit bore an
entirely different weathering pattern. 163 Ultimately, the conservator must rely on haptic and optic clues
as well as modern technology and experience, before making determined material analysis.

Figs. 5.12 Both rings were tested using a portable XRF device and found to be Monel. Notice the rings
and 5.13 are different widths and do not share the same weathering pattern. It is likely the exposed ring
was painted yellow to match the stonework, while a grey matte colour is visible on the eye bolt
after significant wear. The non-exposed ring, however, has signs of green weathering.

Scott Kreilick, Owner, Kreilick Conservation LLC, Telephone conversation with author, March 8, 2020.
Confirmed with Melissa Meighan, Conservator of Decorative Arts and Sculpture, Philadelphia Museum of Art,
Telephone conversation with author, February 1, 2020.
163 LF Driscoll, "The Philadelphia Museum of Art - Façade renovation," Structure Tone, Inc., accessed March 8, 2020,
https://structuretone.com/projects/the-philadelphia-museum-of-art-facade-renovation/.
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6.

Equipment, Methodology and Pre-Testing

A one-part quantitative inorganic and two-part inorganic and organic qualitative testing process were
developed for Monel based on standard methods. X-ray fluorescence (XRF), X-ray diffraction (XRD)
and gas chromatography-mass spectrometry (GC-MS) were then carried out on three case studies in
urban and rural environments. In-built software from the XRF was used to compare samples.
Commercial analysis was used to assist in the reading of XRD and GC-MS results. A portable XRF
device, provided by Columbia University, enabled tests for training and calibration purposes.
Pre-testing took place in the Historic Preservation laboratory of Columbia University over a
number of weeks towards the end of 2019. Samples included two historic Monel sheets, one historic
Monel rod and two modern Monel sheets (see Appendix D.3-11) 164 :
Monel Laboratory Samples
Monel 1

Monel 2

Monel 3

Monel 4

Monel 5

Year
Weight (g)
Size (in)
Thickness (mil)
Side A Colour

Sheet
Special
Metals
2019
230
7⅞ x 7⅞
30
Silvery

Sheet
Metropolitan
Museum of Art
c. 1936
104
6x6
30
Grey-brown

Silvery

Finish

Mirror

Grey-brown
with white/
green paint
Matte

Rod
Bryn Athyn
Cairncrest Pool
c. 1935
6,000
28½ x 1½ x 1½
n/a
Light grey with
rust near fixtures
Four sides same
with slight green
corrosion product
Matte

Sheet
Special
Metals
1988
1,390
6x6
93
Silvery

Side B Colour

Sheet
Battery Maritime
Building
c. 1936
146
8¼ x 6½
30
Heavy
green/yellow paint
Medium grey with
black/green paint,
rust on seam
Satin

Type
Source

Silvery with
INCO alloys
stamping
Brushed

Table 6.1

The author would like to thank Richard Pieper of Columbia University, Mark Haynes of Nicholson & Galloway and
Jack De Barbadillo and Lewis Shoemaker of Special Metals Corporation for sourcing these items.
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Monel 1 Side A

Monel 1 Side B

Monel 2 Side A

Monel 2 Side B

Figs. 6.1 to 6.4 Monel 1 exhibited the silvery nature of new Monel, while Monel 2, used for roofing for
eighty-five years, had a weathered surface and apparent paint on the alternate side.
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Monel 3 Side A

Monel 3 Side B

Monel 4

Monel 5 Side A

Monel 5 Side B

Figs. 6.5 to 6.9 Monel 3 exhibited potential carbon and rust staining from contact, with heavy paint
on side B, while Monel 4 rod had rust areas around joints. Monel 5 had a satin finish.
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6.1

X-Ray Fluorescence

X-ray fluorescence (XRF) is a non-destructive elemental
investigative technique. Predicated on emission of radiation,
XRF has existed back to quantitative work done in 1928 by
Glocker and Schreiber but became more viable after the
invention of spectrometers in the 1940s. In a simplified
explanation, an electron beam is fired at a material object,
creating a resultant reaction that ejects photoelectrons from the
inner shells of the atoms making up the material. In the process,

Fig. 6.10 The Bruker Tracer 5i XRF.

an electron from a higher energy level fills the void, with the
atom undergoing fluorescence as it falls back into a state of relaxation. 165 There are two general
methods used for instrumentation, wavelength-dispersive (WD) spectrometry and energy-dispersive
(ED) spectrometry. The Bruker Tracer 5i used for this thesis utilises an energy-dispersive spectrometry
that, as opposed to using a crystal to read wavelength diffraction data, uses silicon semiconductors to
create a histogram of data from the sensor. The Tracer has a Beryllium detector window and a
Rhodium X-ray tube excitation source, and can detect from Sodium to Uranium in the periodic table;
we will therefore be unable to measure carbon content, a compositional element of Monel. 166 Given
the point and shoot nature of the Tracer 5i, the device is only effective on exposed surface layers.

There is significantly more to the process, with multiple types of radiation including Ka Kb or La dependent on
electron action but this science is beyond the subject matter of this thesis. Find more information at Jamie M. Guthrie
and Jeffrey R. Ferguson, "Overview of X-ray Fluorescence," University of Missouri Research Reactor,updated August,
2012, accessed March 14, 2020, http://archaeometry.missouri.edu/xrf_overview.html.
166 Bruker, "TRACER 5 series Technical Details," accessed March 14, 2020, https://www.bruker.com/products/x-raydiffraction-and-elemental-analysis/handheld-xrf/tracer-5-family/technical-details.html.
165
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6.2

X-Ray Diffraction

X-ray diffraction (XRD) dates slightly earlier than XRF, to
the discovery of von Laue, Friedrich and Knipping of
1912. Earning the 1914 Nobel Prize in Physics for their
experiment on the copper sulphate crystal, they effectively
used X-rays to confirm atomic and molecular structures
of crystalline material, enabling identification through the
position of atoms, bonds et al. 167 The work was rapidly
assimilated into the scientific realm, with table salt being
the first mineral identified and numerous advances
following. In summary, a crystalline material is placed

Fig. 6.11 Philips/Panalytical X’Pert MPD.

under bombardment by X-rays, usually of a single wavelength, that subsequently produces diffractive
X-rays on a sensor. Each compound has a unique fingerprint that can then be identified by its phase
peaks within a database. 168 Used as a key tool in mineralogy and metallurgy, XRD is a key qualitative
tool in this thesis to identify inorganic material in its compound form. Scraping corrosion product
from a metal surface and then applying XRD will provide multi-layered data that XRF cannot. For
this thesis, a Philips X’Pert MPD (Multi-Purpose Diffractometer), now Malvern Panalytical X’Pert3,
was used with a four-circle diffractometer and a copper cathode excitation source. This process ran
over a powder sample at low angle step rates from five to eighty degrees.

See the chapter by André Authier, "The discovery of X-ray diffraction and the birth of X-ray analysis," in Early days of
X-ray crystallography (Oxford, England: Oxford University Press, 2013).
168 Steve Miller, Owner, H&M Analytical Services, Interview with Author, December 11, 2019.
167
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6.3

Raman Spectroscopy

The Raman effect of scattered light owes its discovery
to the Indian scientist Dr C. V. Raman. Initially using
sunlight and a telescope to detect the shift of light, it
took multiple decades of research, the invention of the
laser

in

the 1960s and

other

computational

breakthroughs to bring the level of spectroscopy up to
contemporary standards. Raman measures the patterns

Fig. 6.12 Renishaw inVia Raman microscope.

of photons that are inelastically scattered by a radiation source, as opposed to Rayleigh spectroscopy
that measures elastically scattered photons. Upon exposure to a known laser wavelength, the
vibrational data of the compound provides a molecular fingerprint read by advanced sensors. Raman
is sometimes used as a complementary tool to XRD for studying inorganic material, due to its ability
to sample µm-sized as opposed to mm-sized particles, while also being able to differentiate
micrometric details of heterogeneous samples. The difficulty of assigning phases in XRD due to the
amorphous nature of diffraction compounds can often be identified as crystalline in Raman 169. Given
difficulties with the XRD phase analysis on the third case study, Raman was chosen as an additional
tool to aid identification. For all tests, a 785nm diode laser was used in conjunction with WiRE 3.4
software, with extended scan from 200-3600cm-1, 20× objective lens, exposure time of 60 seconds a
scan for 1 accumulation, and 10% laser power.

For more information on the advantages of combining Raman and XRD see Stina Holmgren Rondahl et al.,
"Comparing results of X-ray diffraction, µ-Raman spectroscopy and neutron diffraction when identifying chemical
phases in seized nuclear material, during a comparative nuclear forensics exercise," Journal of Radioanalytical and Nuclear
Chemistry 315, no. 2 (2018).
169
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6.4

Gas Chromatography-Mass Spectrometry

Gas chromatography-mass spectrometry (GC-MS)
has existed since the mid-1950s. 170 Split into two
distinct synergistic processes, both MS and GC have
their roots around the turn of the twentieth century
and were dealt significant advances with the
invention of the micro-computer. 171 GC requires
volatilisation, and given not all analytes (material to
be analysed) are susceptible to this, an initial phase
before GC may encompass a mixing with a

Fig. 6.13

Agilent 5977A MSD 7890B.

derivatising reagent. The mixture for analysis has two phases. The first is a mobile phase, where the
analyte is injected into the GC unit, vaporised, and then carried by helium gas (nitrogen, hydrogen and
others but inert gas are preferred) over a capillary column. The second phase is stationary and involves
the adsorption onto the column, packed with silica and coated with a liquid (polysiloxane), which
reacts with the analytes and elutes (timed removal) for detection dependent on composition. The MS
ionizes each molecule and then detects the present compounds. 172 Since the samples have to be
volatile, GC-MS is more suited for organic analysis and allows the discovery of waxes, resins, and
general coatings that are likely not visible to XRF and XRD analysis, while also yielding clues as to
maintenance profiles. For this thesis, an Agilent 5977A was utilized for discovery.

Roland S. Gohlke and Fred W. McLafferty, "Early gas chromatography/mass spectrometry," Journal of the American
Society for Mass Spectrometry 4, no. 5 (1993): 367.
171 David O. Sparkman, Zelda E. Penton, and Fulton G. Kitson, Gas Chromatography and Mass Spectrometry: A Practical
Guide (Burlington, MA: Elsevier, 2011), 3.
172 Catherine Matsen, Scientist, Winterthur Museum, Interview with Author, January 18, 2020.
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6.5

Safety and Methodology

All safety measures and operations, in and outside of the laboratory, were overseen by the Historic
Preservation laboratory manager, Mika Tal, of Columbia University. Due to the radioactivity of the
XRF device, great care was taken to follow the instruction manual chapter on radiation (see Appendix
F.1), and precautions were taken to stand at a safe distance while the device was triggered, where
possible. If necessary, a shield cap was placed on non-flat samples to reduce exposure, and the item
was balanced on the backing plate to ensure a relatively flat surface for the XRF beam path.
For XRF, laboratory work was done with the Tracer 5i always placed in a vertical position
within the cradle. This ensured stability and allowed for activation of the device by laptop or trigger
pull. The XRF requires a flat surface for testing and does not perform well on curved surfaces.

Figs. 6.14 and 6.15

The set-up of the Tracer 5i XRF using the Bruker cradle and backplate for stability.

In-field test areas were chosen lower or higher than eye level to reduce noticeable marking.
Where testing of a specific area was required, all samples were labelled with blue painter’s tape or
marked with a non-permanent white marker pen. In instances where timing was not recorded through
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in-built software, start and end times were written on the blue tape to confirm dwell times. Cleaning
was done using newly purchased white cloths, cut into strips where required. For removal of paint,
the stripper was applied using a paintbrush and left to dwell for up to thirty minutes. The room was
amply ventilated, and long cuff neoprene gloves were used for application.
Products used for cleaning
Cleaning
Sanding
Paint stripping

Fisher Scientific Acetone A18P-4 (see appendix F.4 for SDS)
Ace silicon carbide paper, 600 grit
Jasco’s Premium Paint and Epoxy Remover. 173 (see appendix F.5 for SDS)

Table 6.2.

For XRD powder analysis, scraping in-situ was deemed the best method to collect sample
material from case studies. Given the destructive nature of this testing method, supervision and
training were provided by Scott Kreilick, owner of the metals conservation company Kreilick
Conservation. Using an X-Acto knife, a curved blade was angled slightly upwards in a horizontal
manner and scraped downwards into conically wound plain printer paper with a vial placed underneath
for collection. Photographs were taken prior to, during, and after sample taking.
Products used for scraping
Scraping
Collection

X-Acto knife with #22 blade
McMaster Carr 2.5” x 1” glass vials

Table 6.3.

Fig. 6.16 Scraping of the Jessie I. Straus gate.

173

Given recent federal restrictions on methylene-chloride, this product was a new non-methylene chloride formula.
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The process of XRD was undertaken by Steve Miller and Steve Mercurio of H&M Analytical
Services, Hornerstown, New Jersey. Samples were placed on Glassine weighing paper, back-loaded
into single crystal silicon zero background holders to avoid preferred orientation, and placed in the
X’Pert machine for analysis.

Fig. 6.17

The different powder samples for XRD as placed into the silicon zero background holders.

GC-MS and Raman spectroscopy work was executed by Catherine Matsen of Winterthur
Museum, Garden & Library, Delaware. For GC-MS, samples were placed on double frosted weighing
paper and then inserted into 1.5ml gas chromatography vials. Solubilisation was performed using
chloroform, with the separation of organic from inorganic material and solids carried out with the
help of a centrifuge. A pure chloroform control sample was used to check for contamination. A
derivatising reagent known as a Meth-Prep II with a methanol base was added alongside benzene in a
1:2 ratio, warmed to 60°C and then allowed to cool to improve the efficacy of the gas chromatography.
The vials were then positioned in the autosampler for injection into the Agilent GC-MS device for
analysis. Raman samples were placed on glass slides and flattened by a steel micro-roller.
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6.6

Pre-Testing

Prior to the arrival of Monel 5 to confirm calibration limitations, a number of portable XRF readings
were taken and collated of Monel samples 1 through 4 using both the Alloy 2 and Precious Metals 2
in-built calibration. Each sample was systemically tested on either side. Monel 1, the contemporary
sample, required minimal testing due to uniformity in finish and low divergence in results, but other
samples were measured at points with visually identifiable colour changes. The purpose of this was to
test oxidation layer and coating transparency and identify any shifts in inorganic surface layer
composition by colour.
The significant divergence between the two calibrations was noted from the outset, and
information was requested from the Bruker sales representative, who provided the calibration profiles
(see Appendix F.2-3). Under Alloy 2 calibration, positive or negative identification took place within
twelve seconds but, at times, jumped in the final seconds of analysis. Precious Metals 2, however,
required a manual depressing of the trigger before halting analysis. On the same areas of the same
samples, Precious Metals 2 often had lower readings for nickel and higher readings for copper. As an
example, in one reading, nickel for Precious Metals 2 stood at 61.2%, versus 63.9% for Alloy 2, and
copper at 35.4%, versus 32.2%.
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Silvery

PM 2

Alloy 2 Silvery

Alloy 2 Silvery

PM 2

PM 2

Alloy 2 Brown grey

Alloy 2 Green paint

PM 2

PM 2

Alloy 2 White paint

Alloy 2 White paint

Alloy 2 Brown grey

Monel 1 B

Monel 1 A

Monel 1 B

Monel 1 A

Monel 2 B

Monel 2 B

Monel 2 B

Monel 2 B

Monel 2 B

Monel 2 B

Monel 2 B

Monel 2 A

PM 2

Alloy 2 Green paint

Alloy 2 Yellow paint

Alloy 2 Rusty seam

PM 2

PM 2

Alloy 2 Satin silver

Alloy 2 Matte grey

Alloy 2 Rust

Alloy 2 Green spots

PM 2

PM 2

Monel 3 B

Monel 3 B

Monel 3 B

Monel 3 B

Monel 3 B

Monel 3 A

Monel 3 A

Monel 4 A

Monel 4 B

Monel 4 C

Monel 4 C

Monel 4 D

Table 6.4

PM 2

Monel 2 A

Matte grey

Green spots

Satin silver

Rusty seam

Green paint

Brown grey

Alloy 2 Brown grey

Monel 2 A

White paint

Green paint

Brown grey

Silvery

Colour

Sample Side Mode

-

-

-

*

-

-

-

-

*

1.2898

-

-

-

-

-

0.7933

0.5223

-

-

*

-

-

-

-

-

-

Mg

-

-

*

*

-

S

Cr

Mn

Fe

0.4442 1.2380 1.7221
*

-

Co

Ni

Cu

63.8943 32.3395

61.2043 35.3913

-

0
-

-

61.1980 35.4045

1.0787 1.4690 0.3275 63.7604 33.3644

0.4339 1.2330 1.7306

0.0303 0.4851 1.2759 1.9353 0.0324 63.8611 32.1256

0.0330 0.4745 1.2252 1.8667

-

Ti

-

3.2593

0.8497

*

*

-

-

*

-

-

-

-

10.0112 8.0619

-

2.2183

-

*
50.5638 27.1571 0.4269

1.1166 1.4903 0.3050 63.9268 33.1614

-

-

0.9136 1.7421 0.3887 51.5080 24.6205 0.3669

0.8957 1.7118 0.3747 51.7895 24.6225 0.3140

0.9121 0.1535 0.0288 0.0679 1.1388 1.6716 0.5268 65.1894 29.9165
-

*

*

-

*

*

-

-

*

Zn

0.9061 1.5383 0.2937 57.7740 30.6650 0.3933

1.0424 1.4481 0.2188 63.2361 32.1028

1.1080 1.6982 0.5143 61.1125 28.6843

0.9681 0.1315 0.0312 0.0809 1.1112 1.7351 0.5819 65.2044 30.0354

8.9922 2.5895 3.7969

9.1774 2.5943 3.7750

-

-

2.2295 2.4800 1.0667

0.3805 0.2192 0.0516 0.0786 1.0520 1.6127 0.5520 65.5580 30.2768

-

-

0.1555

*

-

Si

-

-

-

-

*

*

-

-

*

-

-

-

-

-

-

As

*

-

-

-

*

*

-

-

-

0.9219 1.1911 0.3463 60.7862 36.7544

-

-

-

-

-

0.0914

-

-

-

1.2849 1.2517 0.2555 63.1235 33.9930

1.6520 2.7816 0.2745 63.4232 31.8688

2.7450 1.1706 0.1807 0.0533 0.0379 1.4380 2.7391 0.4015 63.2012 27.8490

11.4911 4.8388 0.9313 0.7403 0.1155 0.4280 12.7583 0.0876 35.5465 32.0577

-

-

-

0.1553

-

-

-

-

-

-

-

-

-

4.2457

4.2088

5.1704

1.1020

1.1019

-

-

*

-

-

*

Pb

*

*

-

*

-

*

*

21.9245

*

*

*

*

-

*

*

*

*

-

-

19.3507

65.5052

0.6719

0.5850 0.9759

*

0.0396

0.0438

*

*

*

*

*

*

*

*

*

*

*

Hg

* = Less than Limit of Detection

*

*

-

*

-

-

*

3.6973 1.2026 0.6915 3.1337 0.3596 43.0269 25.1733 0.7907

0.7538 1.5667 0.0659 0.1544 0.0589 1.2657 1.4326 0.3804 64.4007 29.8398

-

1.5851

4.1408 1.3307 0.7656 4.4240 0.4037 41.2204 24.3892 1.2103

18.1941 0.2019 0.0548 11.9908 0.1692 1.0091

0.6929 0.1091 0.8019 0.0154 0.1401 0.9876 1.2439 0.6144 61.9711 33.0931

-

-

1.1717 1.3114

-

3.0555 2.2959 0.1372 10.7506 10.2255 0.6111 1.9220 0.4434 43.4661 24.9507 0.6977 0.7162

-

-

*

*

-

-

-

-

-

*

-

-

*

*

-

Al

Chemical composition of Monel samples at various surface points

Overall, twenty-one readings were taken (see Table 6.4). Where the paint was not present and
the historic Monel was either brown-grey or matte grey, all samples provided a higher nickel reading
of between 1-1.5% than the contemporary Monel and a lower copper reading by up to 2% or more.
Monel 2 from the Metropolitan Museum roof had the highest amount of nickel at an average of 65.3%,
with copper in the 30% range. Historic Monel had higher contents of silicon, cobalt and sulphur, at
an average of 0.75%, 0.51% and 0.17%, respectively, versus nil or trace amounts for modern Monel.
Higher silicon was most noticeable in the historic rod, standing at 1.57%. Historic Monel had less
chromium than modern Monel, averaging less than 0.1%, in comparison to 0.48% (see chapter 3.1).
Rust was present along the seam of Monel 3, reading a 4.4% iron content, while the rod Monel 4
sample registered 12.8% around the fastener location. None of the samples appeared to display
consistent corrosion product, likely because of their fully exposed positioning. Despite this, a test on
apparent small turquoise corrosion spots on the rod was attempted. The corrosion, however, was
difficult to target, registering strangely higher readings of aluminium. It is likely this rod may have been
stored or used with a wide range of different fasteners that caused these aberrant readings.
In summary, the results maintain that historic Monel has higher nickel content and lower
copper content than modern Monel. There was also a pointedly higher amount of impurities, namely
silicon, sulphur and cobalt. Silicon content appears higher in the rod form, likely due to a slightly
higher silicon-rich formula being used for ductility. The chromium in the modern Monel seems high
at around 0.5% despite it being claimed as a residual element. If true, this could be due to bleed from
chromium production in the modern-day induction furnaces. Overall, the Alloy 2 setting had tighter
limits and was closer to the expected composition of Monel. At the advice of the Bruker
representative, the remainder of testing used this setting as the benchmark.
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Sequential layer test
As many of the historic samples had apparent oxidation layers and paint, a further test was
implemented to confirm compositional changes as successive layers were removed from the Monel.
Samples were marked with tape, as stipulated prior, and tested progressively with cleaning, sanding
and, where required, paint stripping.
The first three Monel samples were chosen to judge compositional differences at each stage
of the test. Monel 1 was selected to test the application of acetone, Monel 2 for sanding of the browngrey apparent oxidation layer and Monel 3 side B for the apparent paint layers. The previous table
demonstrated Monel 3 registering up to 65.5% lead content and 19.4% along the seam. Magnesium,
zinc and lead, common elements used for paints, were also discovered in both Monel 2 and 3, while
small amounts of arsenic present in Monel 3 during pre-testing were not apparent in these tests. Large
amounts of mercury found using Precious Metals 2 calibration on Monel 3 was replaced for lead under
Alloy 2, demonstrating the latter setting was a better indicator for this analysis. At all three stages,
acetone was applied to clean the surface apart from the paint strip, where it was applied in the final
stage only.
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Paint stripping process
Step 1: Mark with blue painter’s tape

Step 2: Apply painter stripper and time

Step 3: Wipe off residue and XRF

Step 4: Reapply and repeat

Step 5: Reapply and repeat

Step 6: Sand with 600 grit and XRF

Figs. 6.18
to 6.23

A natural bristle brush and painter’s cloths were used to apply paint stripper and wipe
away residue before XRF testing. Acetone was applied after the final sanding process.
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Silvery
Silvery
Silvery
Brown grey
Brown grey
Brown grey
Brown grey
Brown grey
Brown grey
Green paint Paint stripper
Red paint
Yellow paint Paint stripper
Silver

Monel 1 A

Monel 1 B

Monel 1 B

Monel 2 A

Monel 2 A

Monel 2 A

Monel 2 B

Monel 2 B

Monel 2 B

Monel 3 B

Monel 3 B

Monel 3 B

Monel 3 B

Table 6.5

Nothing

Silvery

Monel 1 A

-

-

-

-

-

-

-

-

-

-

-

Mg

600 grit

-

*

Mn

Fe

Cu

63.8511 32.0916

Ni

63.9957 32.2741

0.5429 0.1002 0.0185 0.1271 1.1108 1.6710 0.5164 65.4543 29.9265

*

*

*

*

*

*

*

-

*

4.4345 3.8907 3.1158 64.4227

0.0428

0.0636

0.0527

0.0346

0.0380

0.0492

*

*

*

*

P

4.6761 4.8224 0.5238 4.2131 0.3533 31.7747 20.9950 12.9076 13.9061

0.5054 1.1412 0.0516 22.4248

-

-

-

-

-

-

-

-

-

-

Zn

-

0.1784
* = Less than Limit of Detection

0.8603 0.3461 0.9915 1.0213 0.8419 1.5976 0.4911 61.3329 31.3170

3.0308 0.6218 1.4628 0.9734 1.0004 1.7856 0.5303 55.3494 30.1006 2.6888 2.4560

*

*

0.0412 0.0195 0.1566 1.1485 1.6161 0.6174 65.6792 30.0538

0.3164 0.0887 0.0500 0.0730 1.1040 1.6250 0.5983 65.2937 29.9858

0.8054 0.2116 0.0510 0.0893 1.1080 1.6956 0.5342 65.4156 29.6246

1.3168 0.4018 0.0667 0.0228 0.1095 1.1029 1.5873 0.5535 65.1066 29.6347

*

0.7341 0.1388 0.0257 0.1219 1.1292 1.7113 0.4989 65.3500 29.7710

*

0.0349 0.5308 1.2978 1.9334 0.0504 63.8547 32.1460

0.0338 0.5406 1.1796 1.8809

0.0342 0.5338 1.2889 1.9689 0.0504 63.8602 32.0778

*

Co

*

*

Cr

0.0294 0.5324 1.2685 1.9274

Ti

0.0921

*

*

*
*

*

S

0.1207

Si

*

*

*

*

Al

Paint stripper 1.0680 0.6583 4.0764

600 grit

Acetone

Nothing

600 grit

Acetone

Nothing

Acetone

Nothing

Acetone

Application

Sample Side Colour

Chemical composition of Monel samples at oxidation and paint layer points

In the sequential layer test, acetone saw minimal change, with no pattern emerging across any sample.
Interestingly, Monel 2 after sandpaper yielded similar results, suggesting the brown film on the surface
of historic Monel, likely a basic nickel sulphate (see chapter 5.2), was invisible to XRF. Monel 3 had
much lower lead yet higher zinc, magnesium and aluminium after the first layer, indicating differing
paint compositions. However, rapidly higher nickel and copper as stripping proceeded indicated the
device’s ability to penetrate two layers, confusing the reading. At the final stage, Monel was registered.

6.7

Calibration

Calibration is an essential component of any analytical method, defined as “to determine the correct
position, value, capacity, etc., of; to set an instrument so that readings taken from it are absolute rather
than relative.” 174 As with before, reported tests were carried out using the designated Alloy 2 setting.
Despite the in-built calibration, a dual iterative and relative test was carried out to measure precision.
Iterative
A grid of forty-two squares measuring 1"x1" was drawn
on the Monel 1 sample with a whiteboard marker and
labelled from A to G on the horizontal and 1 to 6 on the
vertical axis. The Tracer 5i was placed in the centre of
each square using the in-built camera for confirmed
accuracy.
Fig. 6.24 Monel 1 with coloured grid.
Oxford English Dictionary, s.v. "calibrate, v.," Oxford, England: Oxford University Press, accessed March 16, 2020,
https://www-oed-com.ezproxy.cul.columbia.edu/view/Entry/26348?redirectedFrom=calibrate.

174
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1-inch square test by compositional percentage (main elements)
Square
A1
A2
A3
A4
A5
A6
B1
B2
B3
B4
B5
B6
C1
C2
C3
C4
C5
C6
D1
D2
D3
D4
D5
D6
E1
E2
E3
E4
E5
E6
F1
F2
F3
F4
F5
F6
G1
G2
G3
G4
G5
G6
Per centage
Deviation

Si
*
0.1223
0.1502
0.1051
*
*
0.1111
0.0931
*
*
*
*
*
*
*
*
*
0.1139
0.1061
0.1651
0.1431
*
*
0.1294
*
*
0.1051
*
*
*
0.1370
0.1210
*
0.1322
*
*
*
0.1000
*
*
*
*

Cr
0.5796
0.5338
0.5430
0.5407
0.5648
0.5107
0.4916
0.5220
0.5028
0.4924
0.5082
0.4879
0.4939
0.5025
0.5124
0.4938
0.4903
0.5158
0.5131
0.5126
0.5179
0.4920
0.5043
0.4963
0.4845
0.5075
0.5230
0.5210
0.5129
0.4785
0.5148
0.4838
0.4651
0.4809
0.4872
0.4815
0.4825
0.5040
0.4993
0.5185
0.5292
0.5092

Mn
1.2477
1.2335
1.3214
1.2911
1.2252
1.3274
1.2917
1.2732
1.2523
1.3145
1.2876
1.2585
1.2621
1.3136
1.2506
1.2765
1.2254
1.2396
1.2490
1.3003
1.2457
1.2498
1.3087
1.2706
1.3146
1.2346
1.3247
1.2476
1.2776
1.2596
1.3143
1.2786
1.2681
1.2830
1.2773
1.2415
1.3221
1.2652
1.2643
1.3071
1.2748
1.2610

Fe
1.9001
1.9403
1.9417
1.9185
1.9082
1.9553
1.9432
1.8974
1.8957
1.9108
1.8964
1.9029
1.9399
1.9127
1.8689
1.8609
1.8922
1.9306
1.8799
1.9354
1.8840
1.9214
1.8823
1.9097
1.9091
1.8542
1.8915
1.9453
1.9113
1.8927
1.9099
1.8798
1.9116
1.8850
1.9070
1.8871
1.9112
1.9450
1.9248
1.9369
1.8762
1.9351

Co
*
*
0.0416
0.0294
*
*
*
*
0.0378
*
*
*
0.0322
0.0430
*
*
0.0328
*
*
0.0406
*
*
0.0422
*
*
*
0.0473
*
*
*
*
*
*
0.0343
*
0.0296
*
0.0301
*
0.0318
*
0.0294

Ni
64.0002
64.0052
63.7142
63.8044
63.8915
63.7474
63.8334
63.9085
63.9199
63.9007
63.8752
63.9048
63.7772
63.9824
63.9193
64.1128
63.8072
63.9264
63.9499
63.8986
63.8140
63.8663
63.8499
63.9276
63.9161
63.8845
63.6180
63.9635
63.8402
63.9659
63.7463
63.7691
63.9352
63.6658
63.8117
63.9772
63.9205
63.9359
63.9627
63.7532
63.8112
63.9411

Cu
32.1123
32.0390
31.9897
32.0884
32.0668
32.2650
32.0699
32.1662
32.2260
32.0877
31.8470
32.2929
32.0704
31.9180
32.2181
32.0852
32.3994
32.1806
32.1950
32.0363
31.9467
32.2813
32.2001
32.1630
32.1816
32.3290
32.3779
32.1717
32.2896
32.2613
32.0498
32.2526
32.2901
32.1569
32.3322
32.0381
32.0544
32.0921
32.0975
32.0030
32.1801
32.1817

n/a

3.4%

1.9%

1.1%

n/a

0.1%

0.3%

Table 6.6

Less than Limit of Detection
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*=

Visualisation of results
Nickel percentage radar

Copper percentage radar

64.1
64
63.9
63.8
63.7
63.6
63.5

32.4
32.2
32
31.8
31.6
31.4

Iron percentage radar

Manganese percentage radar
1.32
1.29
1.26
1.23
1.2
1.17

1.95
1.92
1.89
1.86
1.83
1.8

Chromium percentage radar

Silicon percentage radar
0.15
0.12
0.09
0.06
0.03
0

0.57
0.54
0.51
0.48
0.45

As expected, the percentage deviation is higher at the lower end of the spectrum, but the XRF yields
an impressive 0.1-0.3% deviation for the base metal nickel and copper. Modern Monel registered an
average 0.51% chromium, 1.28% manganese, 1.91% iron, 63.88% nickel and 32.15% copper. Carbon
is undetectable, silicon, where present, ~0.1%, and sulphur was largely beneath the limit of detection.
Given the official composition (see chapter 3.1), these levels are all within the expected range.
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Relative
A sample was requested from Special Metals
Corporation, with an analytical laboratory report of the
ingot that included head and toe composition (see
Appendix B.3-4). Three subsequent XRF firings were
taken of the alloy, one with and without acetone on side
A and one on side B. The results are tabulated below:
Fig. 6.25 Monel 5 used for calibration.

Comparison between the XRF and analytical laboratory report compositions
Sample
XRF Top
XRF Top Acetone
XRF Bottom
SM Head of Ingot
SM Toe of Ingot
Per centage
Deviation

Si
0.1723
0.2113
0.1527
0.3000
0.2100

Cr
0.8654
0.8488
0.8579
0.6600
0.6600

Mn
1.1323
1.1792
1.1416
1.0100
1.0200

Fe
1.7714
1.7563
1.7089
1.7600
1.7500

Co
0.0760
0.0469
0.0842
0.0600
0.0600

Ni
63.1502
63.1632
63.2127
63.6800
63.5800

Cu
32.5808
32.2169
32.5827
32.1600
32.2100

n/a

0.9%

1.9%

1.4%

n/a

0.04%

0.5%

Table 6.7

Per centage deviation was not taken into account for low per centage elements due to the potential
skew from XRF’s inability to measure boron and carbon that total 0.1122% and the remainder of trace
elements in the laboratory sample. Given the XRF, on average, totalled a composition of 99.999%, in
comparison to 99.905% for the laboratory report, we can assume the latter data needs to be skewed
slightly higher for an apples-to-apples comparison. Even with this adjustment, the per centage
deviation for the base metal is ~0.05%. This demonstrates a suitably high level of precision for the
XRF device.
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7.

Case Studies

The application of case studies to a thesis is instrumental in the reduction of multi-faceted problems
to a singular and controllable environment. Monel is not helped by the total lack of preservation-based
research, continuing to confound conservators of the built environment because of the multiplicity of
its ageing and colouring processes and the absence of historical records relating to surface treatments.
In choosing three case studies, two within a seven-hundred-feet walk of one another in the Bronx,
New York City, and one eighty-five miles south-west in an historic district northeast of Philadelphia,
there was a conscious attempt to emulate previous ASTM (see chapter 5.2) and British studies that
contrast Monel weathering properties in varying urban and rural environments.
Seasonal aspects such as light, precipitation and wind may have impacted the sample data to a
minor degree, but overall mineralogy and the apparent stability of the corrosion compounds over a
short testing timeframe point to unnoticeable impacts on the result. There are, however, several other
limitations to the case studies that should be highlighted. Although various authors, including INCO,
have written on the natural weathering patterns of Monel, the content is deficient, and scientific
information outmoded and bare-boned at best. While all effort has been made to improve this
situation, due to the nature of a master’s thesis, its time constraint and absence of funding for testing
purposes, the assessment will be based on a small cluster of samples. Findings will therefore be
introductory and an open invitation for others to continue the work. The scope of this in-field survey
does not include a full preservation condition assessment. This is not a historic structure report (HSR),
nor is it intended as comprehensive documentation for suggesting future treatment for these
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monuments. 175 The purpose of this area of the research is to understand Monel’s weathering in a
specific context, to create new avenues for future research and, based on observation as well as
chemical analysis, to test certain hypotheses:
What are the various weathering colours and textural qualities of Monel?
When it comes to colouring, copper and its alloys tend to snare the public eye. Despite nickel and its
compounds yielding an impressive range of grey, green, yellow, and other colours, the majority of
literature reviewed tends to assume the colours on Monel are due to the one-third copper content (see
chapter 5.3). 176 No assumptions as to the composition of Monel weathering compounds should be
made. At each sample location, colour and texture are recorded.
What are the chemical elements and compounds we find present?
Without a scientific approach, it is impossible to find the minerals and compounds that form on the
surface, their physical constants, and their stability in the overall oxidation layer of Monel. It is for this
reason that four forms of testing, XRF, XRD, Raman and GC-MS (see chapter 6.1-6.3), were used.
Why does Monel weather differently, and what are the potential causes?
Using basic skills of observation and the results of testing, an attempt is made to suggest reasons for
the various colour schemes and corrosion products found on Monel. While this research is not
exhaustive, it does aim to shed light on some of the current theories present in the community, namely
solubility of surface layers and impact of exposure and location on corrosion product formation.

National Park Service, "Historic Structure Report Overview," 2016,updated January 29, accessed March 12, 2020.
Colours are taken from the CRC Handbook of Chemistry and Physics, ed. Robert C. Weast, Melvin J. Astle, and William
H. Beyer (Boca Raton, Florida: CRC Press, Inc., 1984).
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7.1

Woodlawn Cemetery

Fig. 7.1 Woodlawn, The Bronx, New York.
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Figs. 7.2 and 7.3
The Jesse I. Straus and James N. Hill
gates were chosen as test samples due
to distinct weathering patterns, despite
being installed in the same location
and made in the same workshop within
three months of each other.
For reference:
The Percy S. Straus gate faces south
The Jesse I. Straus gate faces west
The Herbert N. Straus gate faces north
The James N. Hill gate faces east
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Sites and Mausoleums
Woodlawn Cemetery was established in 1863. Totalling up to four hundred acres, the tranquil location
sits at the end of the No. 4 subway line of New York City, around seven miles north northeast of
central Manhattan. Designed in the romantic picturesque style found throughout Anglo-Germanic
gardens, Woodlawn was influenced by the likes of Père Lachaise Cemetery in Paris and the Olmsted
Vaux partnership of Central Park that dominates its pastoral aesthetic. 177A wide range of plots catered
to different strata of society.
The Straus Mausoleum houses the surviving male descendants of Isidor and Ida Straus: Percy
S. Straus, Jesse I. Straus and Herbert N. Straus, heirs to the Macy’s department store fortune. The lot
sits on roughly 13,500 square feet at Myosotis Lot 16541. It is located at latitude 40°53'16.65"N,
longitude 73°52'20.36"W, and an altitude of 131 feet.

Fig. 7.4 The Straus Mausoleum.
For more in-depth information see Charles D. Warren et al., Sylvan cemetery : architecture, art & landscape at Woodlawn
(New York, NY: Avery Architectural & Fine Arts Library : The Woodlawn Conservancy, 2014).
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The Hill Mausoleum houses James Norman Hill and his wife Marguerite, heir to the Northern Pacific
railroad fortune of James Jerome Hill. The plot is approximately 3,000 square feet and is found at
Columbine Lot 10, latitude 40°53'15.70"N, longitude 73°52'15.63"W at 138 feet.

Fig. 7.5 The Hill Mausoleum.

Both mausoleums were designed by the Yale graduate and famed architect of the École des BeauxArts of Paris, James Gamble Rogers. A keen advocate of the workmanship of Samuel Yellin, Rogers
frequently sub-contracted Yellin for any metalwork required for his distinguished client list.
On July 22, 1929, the shop of Samuel Yellin wrote to architect James Gamble Rogers regarding
the James Norman Hill Mausoleum and stated, “All of this work is to be similar to what we have been
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doing on the Straus tombs.” 178 Along with this
letter confirming the “Monel metal doors,”
order

books

from

the

University

of

Pennsylvania Archives, and photographs of the
Straus tomb, we can confirm both sets of gates
were likely installed less than three months
apart towards the end of 1929. And yet, despite
originating in the same foundry by the same
workers and being situated in the same park-like
area in New York City, the weathering patterns
of these decorative works of art are entirely
Fig 7.6 Letter confirming similarity of the gates.

different.

Very few records exist relating to any form of maintenance on either of the mausoleums. It is
likely, however, that given both mausoleums were endowed, all gates have received some form of
treatment over the ninety years they have been extant. A letter from the cemetery’s assistant secretary
to the superintendent confirms a $4,300 special care fund was set up for the Hill Mausoleum on April
18, 1933, while a further letter to a Mr William J. Shannon from the superintendent confirmed
“cleaning the bronze doors” on July 28, 1936. 179 The Hill gate had been installed for under seven years
and was already mistaken for bronze. A note in Samuel Yellin’s archives, dated November 12, 1930,

Letter, W. H. L to James Gamble Rogers, July 22, 1929, Order #2900, Client James Norman Hill Mausoleum,
Location Woodlawn, N.Y., 049, Series I: Project Files, Folder 566: James Norman Hill Mausoleum, Woodlawn
Cemetery; job files, 1929-30, Architectural Archives, Weitzman School of Design, University of Pennsylvania.
179 Letter, Superintendent to Mr. William J. Shannon, July 28, 1936: Mausoleum Owners correspondence, Box 7, Folder
83, Avery Drawings and Archives, Avery Architectural and Fine Arts Library, Columbia University.
178
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mentions a phone call from Mr Seeler of the builders' Marc Eidlitz & Son to inform him that the
Straus work had turned white. 180 Yellin seemed perturbed by this and his office stated he did not know
what they meant by turning white. Given the research by Vernon, this was likely the first stage of
“fogging,” described in his work of 1932. Yellin subsequently instructed a Bill Hagner “to go to the
Woodlawn Cemetery with some oil and rags and clean everything off. He is not to do any polishing.”
Straus’ recognition as a major monument at Woodlawn may have kept maintenance to a higher
standard. While little further exists, we know the Straus windows behind one of the gates, likely a later,
undated addition and also present at Hill, were repaired in early 1992, while a significant cleaning of
all masonry was done by Integrated Conservation Resources after a report was issued in November,
2005.

Letter, Samuel Yellin to Marc Eidlitz & Son, April 29, 1929, RE: STRAUS MAUSOLEUM, 049, Series I: Project
Files, Folder 1127: Straus Tombs; job files, 1928-30, Architectural Archives, Weitzman School of Design, University of
Pennsylvania.
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7.2

Case Study I: The Straus Gate

Figs. 7.7
and 7.8

The Jessie I. Straus gate. The original photograph has been manipulated with a
perspective tool. Notice the two-tone weathering pattern on the contemporary gate.

Given the similar condition of the three Straus gates, the Jesse I. Straus gate was chosen as the
representative used for examination and testing. The four horizontal by five vertical panel gate
depicted an organic grape design. It had a matte finish and a notable two-tone appearance of green
and brown. Within this, there were flowerings of turquoise corrosion, especially along the outer frames
and triangular decorative ornament, an olive-green colouring in the top section where a red-brown
underlayer was emerging, and brown-grey along the lower kick plate.
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The turquoise corrosion product was significant throughout the
top four of the five rows. It seemed to have formed mostly
around the edges but was apparent elsewhere. In some areas it
was blue-white in the spectrum, was especially prevalent around
joints and had flattened relief around the bosses. It was very
powdery and dry and had a friable texture. The green areas were
smoother and less powdery but remained friable.
Fig. 7.9 Turquoise was prevalent
around joints and bosses.

The lower row of the gate had a chocolatey brown colour with a
mixed grey-black base underneath. There was a slight luminosity
to the layer that was only visible in close proximity and under
sunlight. The texture was dry and smoother like the green areas
above but had no friability and felt more closely bound to the
underlying material.
Fig. 7.10 Brown section of the gate.

In the upper row of the gate, there appeared to be a mixing of a
red-brown and green layer into an olive colour. The red-brown
layer appeared to be underneath and was dominant in the indented
areas of the relief, while the green was found on the flatter surfaces
and edges. The texture was more powdery and friable than the
Fig. 7.11 An olive mixture of
green and red
brown was evident.

brown above.
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Photographs of the gate, including the
overhang and step, were taken after rain to
understand water distribution on the
surface. At Straus, several points were
noticeable. Contrary to the literature, green
residue from the Monel was apparent on
the step below and likely staining the
stonework. The central rows remained
turquoise and green and were almost
entirely dry. After around thirty minutes,
the interior relief on all panels dried quicker
than the rest of the grid, which retained
water on the surface.
Fig. 7.12

Straus gate after a rain shower. The redbrown hue was more noticeable, as was
green wash-off on to the stonework below.

The upper row, an olive colour when dry, was wet despite
being undercover. This was likely through dripping from or
saturation of the stone and had a very dominant red-brown
hue that was much less noticeable when dry. Water
dispersion and colour appeared related.

Fig. 7.13 Red brown was more visible
on the mullions when wet.
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The lower row, the chocolatey brown area, and
handles were entirely wet and retained a greyish
cast. Saturation was higher around the mullions
and horizontal bars. The sidewalls and step were
also entirely wet. It was unclear how the green
corrosion product reached this step, so further
investigation is required. Condensation on the
glass doors behind the gate was not high due to
net gratings provided throughout.

Fig. 7.14 Saturation was evident at the base.

This, however, had had little impact on the extreme
levels of corrosion product that were found on the
rear of the gate at Straus. The entire surface was
almost exclusively covered in the turquoise product
found in only certain sections at the front. It
appeared to be extremely powdery and friable.

Fig. 7.15 Corrosion on the rear of the gate.
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X-Ray Fluorescence
XRF readings were taken at different locations that exhibited colour changes. The gate was tested
under the guidance of Mika Tal, laboratory manager at Columbia University. No cleaning or wiping
of the gate was done prior.
Initial XRF testing on the Straus gate
Sample

Al

Si

S

Cr

Mn

Fe

Co

Ni

Cu

Green area

1.3862

4.3546

2.8967

-

0.2595

2.0600

0.3010

44.3519 44.1280

Turquoise area

0.8403

3.1895

3.3375

-

0.2139

2.3655

0.2586

37.8765 51.3731

Brown area

0.6456

3.6473

0.1335

0.0354

0.4517

1.6894

0.4552

59.8425 32.4961

Brown baseplate

0.8932

4.0407

0.0468

0.1661

0.4061

1.6099

0.3646

62.6188 29.5271

Table 7.1

The testing provided sizeable clues in the analysis of
corrosion product on the surface of decorative Monel.
Both green and turquoise areas had notably lower levels
of nickel and higher levels of copper. The turquoise area
registered 51.4% copper to just 37.9% nickel. In
comparison to the brown areas at the base of the gate,
which registered as Monel on the XRF device, green and
turquoise areas saw higher readings of sulphur, in the
2.9% to 3.3% range versus an average reading of less than

Fig. 7.16 Tracer 5i taking a reading
on the Straus gate.

0.1%, and higher iron readings averaging 2.2% versus 1.65%. As with the laboratory Monel samples,
chromium remained trace in content, cobalt a notable impurity, while aluminium appeared, on average,
just under 1%. Unusually, silicon for all four readings averaged 3.8%. This is abnormally high for
wrought Monel and is more similar to the cast types found in "H" and "S" Monel (see chapter 3.4).
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Following the scraping of surfaces for XRD analysis, further XRF post-scrape tests were
devised at the same locations of Straus Mausoleum just under two months later. These would be used
to compare differences in composition over time and to gauge any impact the scraping may have had
on the surface compositional readings. A further two tests were also added to study the composition
of the corrosion on the rear of the gate, and a sandpaper test nearby to confirm the base metal was
the same throughout. Sanding was of minimal size and was done on the inside of the gate jamb so as
not to be visible from the exterior when closed.
Post-scrape XRF testing on the Straus gate
Sample

Al

Si

S

Cr

Mn

Fe

Co

Green area
post-scrape

-

1.9698

2.3750

*

0.2254

2.1428

0.3043

41.2307 51.5215

Turquoise area
post-scrape

-

1.6094

3.0887

*

0.2166

2.1183

0.2341

40.2474 52.3713

Brown area
post-scrape

*

2.4020

0.1087

0.0341

0.4551

1.6649

0.4493

61.1997 32.8716

0.9669

3.8174

0.0443

0.1901

0.4090

1.6139

0.3750

62.7451 29.6155

Turquoise area
rear of gate

*

1.0176

5.4614

*

0.1981

1.1825

0.3142

58.6598 33.0578

Turquoise area
inner door jamb

*

1.0683

3.0751

0.0521

0.8301

2.4662

0.2617

52.4079 39.7929

Turquoise jamb
320 sandpaper

*

0.6356

2.2894

0.0630

1.1678

2.1627

0.3924

62.0665 30.8498

Brown baseplate
no scraping

Ni

Cu

* = Less than Limit of Detection

Table 7.2

Brown areas were mostly consistent across both XRF readings and registered Monel. Across all four
original samples except the unscraped brown baseplate, unusually high silicon and slight aluminium
readings both dropped significantly. Both the green and turquoise areas recorded slightly higher
amounts of copper post-scraping, while nickel content was inconclusive. Sulphur content dropped
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slightly, while chromium, manganese and iron were all stable. The rear of the gate and door jamb
areas, despite a total turquoise coating, read surprisingly close to Monel, standing at 58.7% and 52.4%
nickel and 33% and 39.8% copper, respectively. After sanding the jamb, readings confirmed Monel.

Figs. 7.17 The Straus rear facing jamb and inner jamb showed a near total turquoise coating. However,
a translucent grey underneath and XRF pointed to an alternate layering to the front side.
to 7.19

While no firm conclusions can be made on potential compounds present, the higher copper
and sulphur content on the original green and turquoise samples may indicate the existence of copper
sulphates. The increased copper content post-scrape may also point to a multi-layered weathering
pattern that is richer in a copper compound underneath the surface. The rear of the gate, while
appearing almost entirely coated in a turquoise product, seems to have a shallower corrosion layer that
is almost translucent to the Monel below (see photos above). This is likely due to much lower weather
exposure. The readings of silicon and aluminium, given they were consistent for the unscraped brown
baseplate and dropped for the other samples, point to a surface condition only. As Woodlawn
Cemetery is not a siliceous environment, these elements could potentially be present due to a prior
sandblasting or mill finish (see chapter 3.6), but this remains inconclusive.
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X-Ray Diffraction
Samples were analysed using copper radiation tubes with scans run over the range of 5° to 80°, a step
size of 0.0131° and an accumulated counting time of 500 seconds per step. Crystalline phases were
then identified using the Powder Diffraction File published by the International Centre for Diffraction
Data or the Inorganic Crystal Structure Database. 181 While a total of four scraping samples were
attempted at Straus, the brown-grey areas provided no powder due to the superficially thin nature of
the film, leaving only the more friable green and turquoise samples below:
XRD Qualitative Phase List on Straus gate

Table 7.3

Green area

Turquoise area

Cu2O (Cuprite)

Major

Major

Cu/Ni

Minor

Minor

SiO2 (Quartz)

Minor

Minor

Cu4(SO4)(OH)6 (Brochantite)

--

Likely

Cu(SO4)5(H2O) (Chalcanthite)

Possible

Possible

Cu2Ni(SO3)2(H2O)2

Possible

Possible

(Cu12(SO4)12(H2O)3(H2O)

Possible

Possible

Both samples were “very similar,” with only the base metal present in the form of nickel peaks, as well
as a majority pattern of cuprite Cu2O and minor amounts of quartz SiO2. Brochantite Cu4(SO4)(OH)6
was a likely match in the turquoise areas but did not appear in the green area sample. For tentative
phases, Chalcanthite Cu(SO4)5(H2O), copper nickel sulphite hydrate Cu2Ni(SO3)2(H2O)2 and
dodecacopper dodecasulphate (VI) triaqua hydrate (Cu12(SO4)12(H2O)3(H2O) all appeared as potential.

181

Steve Mercurio, "XRD analyses of Samples," Report, H&M Analytical Services, January 8, 2020.
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Figs. 7.20 and 7.21 Phase identification for the green and turquoise areas of Straus gate with minor
compounds.
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Fig. 7.22

Tentative and potential phases for green area of Straus gate.
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Fig. 7.23

Tentative and potential phases for turquoise area of Straus gate.

Of the major and likely corrosion compounds found for the turquoise areas, cuprite and its sulphation
phase, brochantite, demonstrate clearly that the copper in Monel is reacting with surface or
atmospheric pollutants. Cuprite is composed of copper(I) oxide, has an isometric structure and is red,
brown or black in colouring. 182 Brochantite is a sulphate mineral, is monoclinic and is green in
colour. 183 Research suggests that formation occurs from sulphur dioxide environments during
relatively high humidity, is accelerated by the presence of ozone and carbon, and is fairly stable and
common in temperature climates. 184 A possible match for chalcanthite also occurred. This is another
common bronze sulphation phase and is a mineral found where chlorides are present. It tends to form
in a lower pH environment. 185 Chalcanthite is triclinic and has a blue or green-blue colouring. 186
The presence of a copper nickel sulphite hydrate, an unresearched compound, highlights the
difficulty of XRD analysis for Monel. Furthermore, some compounds may not be identifiable in any
database. Analysis of the Monel 2 laboratory sample in open architecture did not recognise Monel as
an alloy (H&M marked it as Cu-Ni in the Hill XRD). Limitations are also evident for amorphous
phases. Basic nickel sulphate, an oxidation film that forms on nickel, discussed in both Vernon’s work
and later analysis of the 1990s, is often amorphous and highly soluble, requiring other technologies. 187
And while a crystalline phase was witnessed, no nickel hydroxy sulphate is found in the International
Center for Diffraction Data.

mindat.org, "About Cuprite," accessed March 27, 2020, https://www.mindat.org/min-1172.html.
"About Brochantite," accessed March 27, 2020, https://www.mindat.org/min-779.html.
184 Helena Strandberg, "Reactions of copper patina compounds - I. Influence of some air pollutants," Atmospheric
Environment 32, no. 20 (1998): 3515.
185 Scott, Copper and Bronze in Art: Corrosion, Colorants, Conservation, 149.
186 mindat.org, "About Chalcanthite," accessed March 27, 2020, https://www.mindat.org/min-959.html.
187 See both D. Persson and C. Leygraf, "Analysis of Atmospheric Corrosion Products of Field Exposed Nickel," Journal
of The Electrochemical Society 139, no. 8 (1992); J. Tidblad, C. Leygraf, and V. Kucera, "Acid Deposition Effects on
Materials: Evaluation of Nickel After Four Years of Exposure," ibid.140, no. 7 (1993).
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Gas Chromatography-Mass Spectrometry
Given the lack of architectural maintenance schedules, GC-MS was carried out in the hope of
discovering further information about potential organic coatings on the surface of the Monel gates.
The green area of the Straus gate only showed a
plasticizer of terephthalic acid and dimethyl ester, likely
present from environmental contamination. The
turquoise sample, however, provided some more
detailed observations. While DEET can be disregarded
as an insecticide measure, non-drying oil made up of

GC-MS Straus Characterisation
Green area

Turquoise area

Plasticizer

DEET
Non-drying oil
Pine Resin
Table 7.4

myristic acid, methyl palmitoleate, palmitic acid, stearic acid and eicosanoic acid demonstrated a likely
oil used for treatment. Pine resin is a common additive for varnish or lacquer (see chapter 3.6) and
was probably used for these purposes, although it has been known to be used in patination formulas
as well. 188

188

Scott, Copper and Bronze in Art: Corrosion, Colorants, Conservation, 297.
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Fig. 7.24

1,4-Benzenedicarboxylic acid, dimethyl ester (Terephthalic acid, dimethyl ester)
Pentadecanoic acid, methyl ester
Hexadecenoic acid, methyl ester, (Z)- (Methyl palmitoleate)
Heptadecanoic acid, methyl ester (Margaric acid methyl ester)

Green area of Straus gate, gas chromatogram (black) overlaid with control chromatogram (red).
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Fig. 7.25

10
14
16
17
19

Hexadecanoic acid, methyl ester (Palmitic acid)
Octadecanoic acid, methyl ester (Stearic acid)
Eicosanoic acid, methyl ester
Methyl dehydroabietate
Adipic acid, dioctyl ester

Turquoise area of Straus gate, gas chromatogram (black) overlaid with control chromatogram (red).

1,2-Benzenedicarboxylic acid, dimethyl ester (Dimethyl phthalate)
1,4-Benzenedicarboxylic acid, dimethyl ester (Terephthalic acid)
Diethyltoluamide (DEET)
Tetradecanoic acid, methyl ester (Myristic acid)
Hexadecenoic acid, methyl ester, (Z)- (Methyl palmitoleate)

7.3

Case Study II: The Hill Gate

Figs. 7.26 and 7.27

The Hill gate original photograph has also been altered to correct for perspective.

The Hill gate consists of a grid of four horizontal and six vertical relief panels. The panels are
symmetrical and identical, with four seed pod motifs topped by fleur-de-lis and framed by leaves. It
had a matte finish and was primarily charcoal to black in colour but included yellow colouring towards
worn sections of the centre, matte light grey at the base, and sporadic growths of turquoise in the top
section. The black surface was squeaky to the touch, indicating a high likelihood of coating. The senior
conservator at Kreilick Conservation confirmed on-site that this was likely a wax application. 189

189

Gabriel Harrison, Senior Conservator, Kreilick Conservation Limited, Interview with author, November 19, 2019.
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The turquoise corrosion product was minimal, sporadic
and found in the higher quadrant panels. It was powdery
with a fair degree of friability. While it is unclear as to
the nature of the level of corrosion, the product
appeared to rest on top of the surface, impacting the
sculptural relief. These areas looked to be protected
from rainwater from the mausoleum entrance overhang.

Fig. 7.28 Turquoise corrosion on the Hill gate.

A yellow layer was visible around the centre section of
the gate and may be related to touch from entry into
the gate. While it was difficult to determine the layer
order of the product, it seemed to sit underneath the
black coating and was less waxy to the touch.

Fig. 7.29 A Yellow layer surrounded the lock.

The light grey matte colour was most apparent towards the
bottom kick plate of the gate. Prominently colder in the
colour spectrum than the yellow directly above, it was dry to
the touch and appeared to be Monel. It was found near the
Fig. 7.30 Matte grey Monel similar to
the Philadelphia rings and
Monel 4 was seen at the base.

most worn areas of the gate at the base where the coating
had slowly dissolved from the surface.
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The Hill gate bore a few differences to
the Straus gate post-rain. There was no
noticeable staining on the stonework
below. The presence of water staining
on the soffit indicated a potential
leakage in the masonry that had caused
the upper horizontal line of panels and
surrounding framework to be moist,
but not fully wet.

The remaining

mullions, horizontal bars and handles
showed no sign of being exposed to
rainwater.

Fig. 7.31 Hill gate after rain. Here the lower sixth
panels of the gate appeared a lot wetter.

The lower sixth horizontal was the only area of the gate
that was entirely saturated, with a minimal spray of water
drops above the second level of rosettes. Condensation on
the glass behind was significantly worse than Straus due to
no apparent netting in the glass for air ventilation.
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Fig. 7.32 The matte grey Monel
stood out after the rain.

Condensation appeared to have had a
similarly dramatic effect to Straus on the
level of corrosion found on the rear of the
gate. The screen had, unlike Straus, been
bolted in. The Monel was, therefore, harder
to analyse for texture but seemed to have
areas of turquoise powdery and spotted
Fig. 7.33

The rear of the Hill gate shows corrosion
similar to Straus but was more spotty.

corrosion residue.

X-Ray Fluorescence
XRF readings were also taken on exhibited colour changes around the Hill gate with oversight by
Mika Tal. Again, no cleaning or wiping of the gate was done prior.
Initial XRF testing on the Hill gate
Sample

Al

Si

S

Cr

Mn

Fe

Co

Black coated area

*

2.0234

2.2215

0.0404

0.9455

2.0126

0.3416

50.6567 40.4296

Yellow area

*

2.6465

1.5119

0.0672

0.9103

2.1154

0.3208

51.2962 39.9687

Grey baseplate

*

0.8740

0.0213

0.0840

0.8686

2.8048

0.4622

67.4035 27.2920

1.6019

2.0588

3.3489

*

0.5332

3.2430

0.3037

41.0334 47.4714

Handle

Ni

Cu

* = Less than Limit of Detection

Table 7.5

Overall, black and yellow areas on the front of the gate registered a higher copper content and lower
nickel content from Monel. The composition change was less extreme to the green and turquoise areas
of Straus, with an average of 51% nickel and 40.2% copper, and while similarly higher, sulphur
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remained more muted, at an average of 1.8%. The left gate handle registered aluminium of 1.6%, the
highest level of sulphur at 3.3%, iron at 3.2% and copper
at 47.5%, while nickel dropped to 41%. The handles did
not appear wet after the rain shower, had no discernible
black coating on them, and did carry turquoise corrosion
products, specifically in the indents. The matte grey areas
of the baseplate registered Monel on the XRF device,
with a clear composition of 67.4% nickel and 27.3%
copper, but a slightly high iron content of 2.8%.
As with the Straus gate, a further level of XRF

Fig. 7.34 The handle of the Hill gate
is dry post-rain and has a
turquoise tinge.

was carried out after scraping was performed for the XRD collection. However, the presence of a
potential organic coating at the Hill gate merited a more methodical sequential layer test, as executed
previously in the laboratory (see chapter 6.5). As original sample locations were fairly visible, they
received only the first step of acetone. Further locations were chosen for paint stripper applications,
while sanding was done on internal non-visible door jambs. All effort was made to find similar surface
qualities to the original sample locations. Unfortunately, the inside of the door jambs, as with Straus,
did not register similar composition to the external weathered Monel, but it was determined that
sanding would not be appropriate on the front of a decorative work of art without a remedial plan.
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Post-scrape XRF testing on the Hill gate
Sample

Al

Si

S

Cr

Mn

Fe

Co

Ni

Cu

Black area
post-scrape

*

0.2230

1.9113

0.0582

0.9744

1.9206

0.3628

50.2763 43.2878

Black area
post-acetone

0.7361

*

2.2958

0.0411

0.9545

2.1076

0.3552

49.0845 44.2048

Yellow area
post-scrape

*

0.2131

1.2346

0.0630

1.0922

1.6336

0.3577

56.9059 37.8526

Yellow area
post-acetone

*

*

1.1554

0.0545

1.1136

1.5580

0.3603

58.7438 36.3360

Black area 2

2.1077

4.1186

2.8158

0.0275

0.8982

2.1927

0.3278

46.6837 40.2359

Black area 2
post-acetone

1.1106

2.8073

3.2416

*

0.8815

2.1672

0.3215

47.0967 42.0045

Black area 2
post-paint strip

1.1959

3.5397

3.6729

*

0.9628

2.1491

0.3363

46.6643 41.1807

Black door jamb

0.6236

2.7727

2.8296

0.0389

0.9910

1.5274

0.3016

61.0415 29.7526

Black door jamb
post-acetone

0.5449

0.9248

2.5457

*

1.1209

1.5454

0.3626

63.1393 29.7510

Black door jamb
post-sandpaper

*

0.3874

2.1402

0.0222

1.1535

1.4983

0.4169

63.8144 30.3112

Black door jamb
post-SP-acetone

*

*

0.5607

0.0485

1.0539

1.5101

0.4084

65.5531 30.8018

* = Less than Limit of Detection

Table 7.6

At the original black coating sample area, scraping and acetone application increasingly raised the
copper content from its original level of 40.4% to 44.2%, lowering the nickel content from 50.7% to
49.1%. However, at the yellow sample area near the front of the gate lock, scraping and acetone
application lowered the copper content from 40% to 36.3% and raised the nickel content from 51.3%
to 58.75%. While some of this may be accounted for in a 2-2.5% drop in silicon, similar to the Straus
gates, the inverse nature of these moves is informative. Despite two successive paint stripper
applications on a new black coating sample area, there was no discernible impact. Sulphur content
often fell following acetone application but only dropped significantly after sanding and acetone
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cleaning. At the door jamb, sulphur dropped from 2.1% to 0.6%, with nickel and copper making up
the difference with a 3:1 rise accordingly.
As with Straus, the sulphur content of up to 3.7% may indicate the presence of copper or
other sulphates, but again, further compound analysis is required. The results from the acetone and
scraping tests may also show the yellow layer underneath the black coating is a more nickel-rich oxide
layer, given the inverse nature of the readings above, but this requires further investigation. Of the
original samples at the Hill gate, aluminium is present only on the handle, where there appears to be
no coating application. Given the difficulty finding a flat surface to measure and the fact that it does
not appear on the matte grey Monel at the baseplate, this could again be polishing or cleaning residue
or an accuracy issue with the handheld device.
XRF limitations must be taken into account. While the Tracer 5i should penetrate most
organic coatings, laboratory testing demonstrated that three layers of paint hid the metal composition
almost entirely, despite reports to the contrary. 190 Furthermore, calibration is an important factor,
given the Precious Metals 2 setting on the Bruker previously confused lead for mercury in the paint
analysis (see chapter 6.5). Bronze refinishing such as Matthews kits have been known to be used at
Woodlawn Cemetery. 191 These kits often consist of a triple-layer, such as oxide stains, highlighters and
a final finish, while factory finishes include a sand-blast (see Appendix E.6). It is important to
recognise, therefore, that coatings may be impacting the precision of the device.

This pamphlet from the Forest Service states XRF can detect lead under ten paint layers, Robert Beckley, James
Groenier, and United States Forest Service, "Using XRF Hand-Held Devices To Detect Lead-Based Paint," May, 2008,
accessed March 12, 2020, https://www.fs.fed.us/t-d/pubs/pdfpubs/pdf08732310/pdf08732310dpi72.pdf, 4.
191 Scott Kreilick, Owner, Kreilick Conservation LLC, "Matthews Kit," Email with author, January 18, 2020.
190
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X-Ray Diffraction
Copper radiation was again used to run scans over the same range, step size and accumulated counting
time per step as the Straus Mausoleum, while phases were identified using the same databases (see
chapter 7.2). While a total of three scraping samples were attempted at the Hill Mausoleum, just the
black-coated area and yellow area were successfully collected and gave the following results:
XRD Quantitative Phase Analysis (wt. %) on Hill gate
Black coated area

Yellow area

Cu/Ni

~6

~1

Cu2O (Cuprite)

~ 20

~ 32

NiO (Bunsenite)

~ 28

~ 57

Cu2(OH)3Cl (Clinoatacamite)

~ 17

~1

Ni(C2O4)2(H2O)

~ 23

~8

SiO2 (Quartz)

~6

~1

-

~2

Likely Present

-

CuO (Tenorite)
Paraffin / Polyethylene
Table 7.7

The Hill sample shows peaks for Monel, marked as copper nickel in the table and charts. The phase
was an approximate two-thirds shift towards nickel from the copper phase but was not recognised in
the database. As with the Straus samples, the two charts were very similar, but the black coating area
registered a strong paraffin or polyethylene phase, which would account for the waxy nature of the
surface material.
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Figs. 7.35 and 7.36 Phase identification for black coating and yellow areas of Hill gate with minor
compounds.
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While both samples registered bunsenite and cuprite, the yellow sample registered substantially more
of both. The strong presence of cuprite and only minor peaks of tenorite at both the Straus and Hill
gates confirm the academic research that cuprite is the predominant copper alloy corrosion product. 192
Bunsenite is a much less researched corrosion product. A mineralised form of nickel(II) oxide, it is
also isometric like cuprite and has a pistachio tawny colour. 193 In an article for the Journal of the
Electrochemical Society, a study on corrosion mechanisms of nickel exposed to the atmosphere
demonstrated bunsenite as the inner layer that forms on nickel, with an outer layer of theophrastite or
nickel hydroxide. 194 An equivalent to cuprite on copper, it is notable that Hill, unlike Straus,
demonstrates both copper and nickel oxides and both a hydrated and hydroxide phase for both.
The presence of clinoatacamite, a green monoclinic crystalline form of atacamite, notes the
presence of chlorides in the black-coated area. 195 Chlorine was not found in the XRF results and is
not highlighted in the Alloy 2 calibration, accentuating the need for multiple methods to analyse
corrosion data. Strandberg discusses clinoatacamite and its early confusion with paratacamite,
confirming its prevalence on “dark-rain sheltered areas.” 196 Further tests revealed, as with cuprite, that
ozone was a powerful oxidiser of sulphur dioxide for clinoatacamite formation.

The Hill gate is

substantially closer to the road than the Straus gate, and this may have exposed it more to de-icing
salts during the winter months. While chlorides from de-icing salts are a common feature in causing
bronze disease, Monel’s resistance to hydrochloric acid will prevent this level of corrosion. 197 The

Strandberg references Selwyn et al. who find cuprite in all but 2 statues in Ottawa, while tenorite is found in only 1
"Reactions of copper patina compounds - I. Influence of some air pollutants," 3513; L. S. Selwyn et al., "Outdoor
bronze statues: analysis of metal and surface samples," Studies in Conservation 41, no. 4 (1996): 212.
193 mindat.org, "About Bunsenite," accessed March 27, 2020, https://www.mindat.org/min-801.html.
194 Graedel and Leygraf, "Corrosion mechanisms for nickel exposed to the atmosphere," 1012.
195 mindat.org, "About Clinoatacamite," accessed March 27, 2020, https://www.mindat.org/min-1065.html.
196 Strandberg, "Reactions of copper patina compounds - I. Influence of some air pollutants."
197 Mogerman and LaQue, Nickel Monel Inconel, Their Contribution to Chemical Engineering, 26.
192
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presence of nickel oxalate hydrate, more so on the coated black areas, may show the use of an oxalic
acid cleaner, commonly used in rust treatments, but this requires additional enquiry.

Gas Chromatography-Mass Spectrometry and Fourier-Transform Infrared Spectroscopy
As the first sample tested, the Hill gate yellow area

GC-MS Hill Characterisation

used the alternative method of FTIR for analysis.

Black coated area

Yellow area

Subsequently, it was decided that GC-MS would be

Non-drying oil

Beeswax

more

appropriate

for

all

remaining

organic

Wax

examination. Extracted with chloroform, the sample

Table 7.8

was stirred over one hour to solubilise organics, then evaporated and placed on a diamond cell, and
rolled for analysis using a Thermo Scientific Nicolet 6700 FT-IR with Nicolet Continuum FT-IR
microscope. Both the black and yellow areas of the Hill gate demonstrated evidence of a wax, with
the yellow area showing a clear beeswax present. The black area also presented hexadecenoic,
docosanoic and tetracosanoic acids, demonstrating again an oil-based coating.
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Fig. 7.37
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Tetracosanoic acid, methyl ester
Saturated hydrocarbon
Saturated hydrocarbon
Saturated hydrocarbon

Black area of Hill gate, gas chromatogram (black) overlaid with control chromatogram (red).

10

Hexadecanoic acid, methyl ester (Palmitic acid)
Pentacosane
Docosanoic acid, methyl ester (Behenic acid, methyl ester)
Heptacosane
Octacosane
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Fig. 7.38

Yellow area of Hill gate FTIR signal (red) overlaid with beeswax (green).

7.4

Bryn Athyn Historic District

Fig. 7.39 Bryn Athyn Historic District, Bryn Athyn, Pennsylvania
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Figs. 7.40 and 7.41
Detailed map of sample locations at
Glencairn ground floor and the tower.
An interior railing on a balcony and a
grille were examined in the upper hall.
Subsequently an exterior railing was
tested in the tower on the 7th floor.
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Site
Bryn Athyn is a Swedenborgian faith-based social community located in Montgomery County,
Pennsylvania. Situated just under fourteen miles and north northeast of Independence Square,
Philadelphia, the historic district received designation as a National Historic Landmark in October
2008. 198 An area just under thirty-seven acres, it was initially bought and landscaped under the guidance
of the Pitcairn family and the patriarch John Pitcairn of Pittsburgh Plate Glass Company wealth. A
paradigm of the Arts and Crafts movement in the United States, edifices were built using traditional
methods of artisanal craft that housed on-site masons, blacksmiths, carpenters and glassmakers. While
the majority of the design was managed by Parke Edwards (see chapter 4.2), an on-site blacksmith,
Mathias Schmidt, oversaw metalwork production. 199 The properties comprise the main cathedral and
three former residences: Cairnwood, Glencairn and Cairncrest.
An initial site visit towards the end of September 2019 revealed a number of interesting
observations. Hand oil from mechanical abrasion removed any weathering or patination on the Monel.
This was especially apparent
around door handles and was
seen in multiple locations
around the property. The
metal

was

polished

and

silvery to the eye.
Fig. 7.42 The door handles at the entrance to Bryn Athyn cathedral.
National Park Service, "Bryn Athyn Historic District," ed. United States Department of the Interior, National
Historic Landmark Nomination (October 6, 2008), accessed March 28, 2020, https://catalog.archives.gov/id/71994153.
199 E. Bruce Glenn, "Metalwork," in Bryn Athyn Cathedral, The Building of a Church (Charlotte, NC: Bryn Athyn Church,
2011), 123.
198
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Colouration throughout the property was varied and, in some cases, could not be linked to
location or exposure. The staircase on the south side of the cathedral bears a multi-coloured spectrum
of weathering patterns (see also cover photo), while grilles nearby consist of darkened matte grey and
matte grey mixed with green corrosion product similar to that seen on the Straus gate. The depth

Figs. 7.43 to 7.45

The staircase on the south steps south of the cathedral have brown, yellow, green,
grey and black hues.

and notable spectrum of colours led the blacksmith to believe chemical patination may have been
applied, but despite substantial archival research, this could not be confirmed. While there was
evidence of enamelling, parkerisation, and numerous orders for sal ammoniac (ammonium chloride),
there is no written letter of instruction from Pitcairn or notes by Edwards to settle whether chemical
patination was definitively applied. 200

Ammonium chloride is a common additive for patination and is in 15 of the 47 recipes to create a green patina in the
cast bronze section of Hughes and Rowe, The colouring, bronzing, and patination of metals. It was widely used historically for

200
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A staircase in the crypt beneath the cathedral has a similar level of turquoise product to that
found at the Straus gate. While the space is now enclosed, it was originally open to the elements. An
undated black and white photograph of the space indicates a similar shift in tone around the corrosion
products found today. The photograph is considered to be from the 1920s but needs dating. It seems
unlikely that sufficient exposure to a sulphurous environment would have taken place in such a short
amount of time to create such an extreme weathering pattern. Although it would be extremely difficult
to determine if the railing was chemically patinated, it seems extremely likely given the colouring.

Figs. 7.46
and 7.47

The staircase to the crypt has evidence of potential patination that appears even in an old
undated photograph held in the construction collection. If so, it may date to the 1920s.

the same purposes and is found in a Green, Yellow Green and Bluish green recipe in the 1907 edition of ; G.D. Hiscox,
Henleys' Twentieth Century Book of Recipes, Formulas and Processes (N.W. Henley Publishing Company, 1907), 585.
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Glencairn was chosen as the preferred site for testing. Originally the private residence of son
and heir Raymond Pitcairn, the building was constructed between 1929 and 1938 in a Romanesque
revival style. 201 Today, it houses the offices of the Academy of the New Church and is the centre of
the Glencairn Museum and archives. The building is located at latitude 40° 8'11.36"N, longitude 75°
3'51.68"W, and an altitude of 328 feet. The entire Bryn Athyn Historic District is maintained by the
historic buildings project manager, Drew Nehlig, and Luke Betz. Metalwork is performed by a local
blacksmith and teacher at the affiliated university, Warren Holzman. Site visits have brought up the
discussion of patination having been applied to the Monel, but no maintenance log exists, and there
is no confirmation of any treatments having been applied other than protective coatings.

Fig. 7.48

201

Glencairn, built with twenty-six different stones but with Monel as the predominant metal.

National Park Service, "Bryn Athyn Historic District."
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7.5

Case Study III: Glencairn Beam, Grille and Railings

Figs. 7.49
and 7.50

The cantilevered Monel beam with a paste-like painted on texture. On the grille, there was a
notable corrosion shift from a black base to the head, where a turquoise powder was found.

In the first instance, two interior objects in the Upper Hall of Glencairn were studied. The first was a
supporting Monel beam for a cantilevered balcony. The item appeared to have a green-black
appearance with a pasty film that stuck to the blade upon scraping. While there was some turquoise
spotted corrosion product at the ends, the surface appears to be dominated by this non-uniform film.
Hidden underneath the balcony in an unreachable space and not exposed to an external sulphurous
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environment, the colouring and texture may indicate patination.
A Monel grille was also analysed. Placed within an air ventilation system, it has been in a
similarly unreachable location to the beam and has had no external exposure. The grille seemed to
have two basic colourings, a dark grey, almost black, colouring towards the base of the design, with
increasingly turquoise corrosion products from the mid-point upwards. The black areas had a sheen,
especially in sunlight, indicating a coating may have been applied to the surface. Upon scraping, these
areas were sticky and difficult to remove, corresponding to that found on the balcony beam. The
turquoise product, however, was extremely friable with a powdery texture but still retained an oily
under-layer. A blue-green and white powder is also present on the wood frame attached to the grille.
Testing this substance might reveal a chemical compound that may have been applied lazily and
brushed onto this support.

Figs. 7.51
to 7.53

A reflective surface was seen on the black section of the grille, while the turquoise section
appeared crusty. A blue green powdery compound was apparent on the supporting wood.
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In the second instance, two exterior railings were chosen in the tower of Glencairn on the
ninth floor. Fully exposed and side by side, they shared a brown-grey colour, which revealed a silverygrey metallic colour upon minor scratching. A black and yellow-green mottled corrosion product
interspersed with orange was apparent at or around joints or weldings and was similar to that found
on the stairwell to the south of the cathedral (see chapter 7.4). Despite the product looking flaky, it
was firmly encrusted with the black areas substantially raised from the surface, noticeable to the touch.

Figs. 7.54
and 7.55

Two railings were studied on the tower of Glencairn. A brown film was apparent on the left,
while a yellow corrosion product appeared around joints and weldings on the right.
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This was especially visible around the edges and on top of the balustrade itself. The baluster’s tenon
joint, connected through the balustrade, was surprisingly matte grey and would have been hammered
down in a forging process after installation. The difference was all the more striking when seen next
to the yellow-black corrosion product and brown-grey railing underneath.

Figs. 7.56
and 7.57

The yellow and black encrustation is clearly visible in these two photographs, while the
matte grey tenon joint stands out against the corrosion throughout the balustrade.
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X-Ray Fluorescence
XRF was carried out on all three items above with the help and support of Norman Weiss, a faculty
member of the historic preservation program at Columbia University. Due to availability, testing was
done after samples were scraped for XRD, allowing for collation of results in one day.
XRF testing on Beam, Grille and Railing at Glencairn
Sample

Al

Si

S

Cr

Mn

Fe

Co

Ni

Cu

Beam
Post-scrape
Post-scrape
Acetone
Inside
Inside Acetone
Inside Naptha
Inside 600 grit
Grille
Turquoise
Turquoise
Acetone
Turquoise 600
grit
Black
Black Naptha
Black Paint
Stripper
Railing
Brown
Black yellow
Black yellow
post-scrape

*
*

1.2918 3.6523 0.0251 0.9825 1.7222 0.4160 61.7469 29.9577
2.2666 3.0779 0.0185 1.5669 2.2650 0.6135 64.5243 25.3272

*
*
*
*

0.6041
2.0185
0.3903
0.2922

3.1653
2.9438
3.3470
0.4113

1.2631 2.2781 3.0137
1.0833 1.7626 3.1714

0.0644
0.0474
0.0271
0.0501
*
*

1.3800
1.3761
0.9967
1.0949

2.5343
5.1917
1.5697
1.7238

0.4744
0.5624
0.3683
0.4827

60.9548
60.6505
58.9319
64.1318

30.5020
26.9549
34.2445
31.4447

1.6091 4.1729 0.2158 63.0340 23.7390
1.3418 4.6499 0.2722 63.1659 23.8156

1.7223 2.2251 0.6396 0.0157 1.3838 2.8411 0.3304 64.3366 26.1151
*
1.3374 2.7304 0.0328 1.2120 1.9256 0.2881 63.5113 28.8178
*
1.4593 2.6915
*
1.7946 2.4084 0.3418 63.9523 26.9050
0.7697 1.2353 2.6061 0.0459 1.2693 1.8922 0.3242 63.1667 28.6331
*
0.2982 0.1004 0.0411 1.2217 1.3782 0.5098 66.9227 29.1754
0.6787 2.7249 2.3324
*
1.0163 2.2459 0.4053 48.8700 41.2559
1.2632 1.4583 3.0935
1.2028 2.0126 0.3769 46.3657 43.4951

Black yellow
Paint Stripper

0.8466 0.6016 3.7858

Grey Tenon

1.4664 2.9082
*
0.0824 1.2665 1.3229 0.4848 63.7243 28.5163
0.8772 2.0367 0.1069 0.0698 0.8633 1.7787 0.5653 65.6142 27.7876

Balustrade top

*

Table 7.9

0.1935 1.9839 0.2258 37.5463 54.1869

* = Less than Limit of Detection
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Two locations were analysed for the balcony beam in the upper hall. XRF was first taken on the
outside of the beam where scraping was previously done for XRD, and another location was chosen
on the inside of the beam due to the intention of sanding. In both locations, acetone had an odd effect
on the XRF device, with a jump in silicon from 1.3% to 2.3% and 0.6% to 2% and a rise in iron from
1.7% to 2.3% and 2.5% to 5.2%. In both cases, the readings dropped in copper content by around
4%, while nickel rose in the first reading from 61.7% to 64.5%. A second reading was taken on the
inside beam to confirm the iron content (not shown in the table), and it remained high at 5.4%.
Naphtha was then used after discussion with Kreilick Conservation confirmed it may be
superior to paint stripper to remove bronze treatment kits. The solvent saw both the silicon and iron
drop to within the usual ranges for wrought Monel, 0.4% and 1.6%, while copper rose respectively
from 27% to 34.2%. Sulphur as an element was present throughout every test with an average of 3.2%
content but was removed in the final stage of sanding to 0.4%, raising the nickel content to 64.1%
and lowering the copper content back to 31.4%.
The interior grille had similar results to the beam in the upper hall. The application of acetone
on the turquoise section of the grille saw a similar rise in iron as the first scraped beam sample, rising
from 4.2% to 4.7% while sanding likewise removed the sulphur from the sample from an average of
3.1% to 0.6%. The black sample was not sanded, but first naphtha and then paint stripper was applied.
After naphtha, the grille saw a rise in iron content, unlike the beam from 1.9% to 2.4%, but this may
have been an aberration as the value returned after the stripper was applied. Both products saw no
ultimate change and were non-impacting. In four of the six samples, it should be noted that aluminium
appeared from a 0.75% reading to 1.72% after sanding. Given the abrasive was a silicon carbide paper,
there seems no logical reason for these values.
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The exterior balcony railings in the tower of Glencairn had a wide range of readings. The
brown-grey railing registered a typical wrought Monel reading of 67% nickel, 29% copper, 1.4% iron
and 1.2% manganese. As with the historic samples in the laboratory, there was 0.5% cobalt content
and trace amounts of chromium, silicon and sulphur. Both the grey matte tenon joint and the top of
the balustrade registered similar readings to the brown-grey railing, with slightly lower base metal
readings in exchange for higher silicon of 2.9% and 2% and aluminium of 1.5% and 0.9% respectively.
This was not the case, however for the black-yellow area of the railing, where nickel content stood at
48.9%, copper at 41.3% respectively. Scanning the scraped area presented a slightly higher copper
content of 43.5% at the loss of silicon and nickel, but a paint stripper application raised the copper to
54.2% and nickel down to 37.5%. Sulphur rose throughout these applications from 2.3% to 3.1% to
3.8% respectively. Sanding was unfortunately not an option on an exposed balcony railing.
The presence of iron in both interior samples may indicate a patination compound that
includes a ferrous ingredient. Ferric chloride is known to be part of a green patination recipe for cast
bronze, with a mixture of either copper nitrate, zinc nitrate and hydrogen peroxide, or copper sulphate
and water, both for grey-brown or black-brown bronze. 202 The sulphur content, likely in sulphate
form, can only be removed from the metal by mechanical abrasion. This was confirmed at both Hill
and Bryn Athyn. On the exterior tower railings, it seems evident that the black yellow corrosion
demonstrates a copper product.

202

see recipes 1.127 and 1.151 in Hughes and Rowe, The colouring, bronzing, and patination of metals, 97 and 102.
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X-Ray Diffraction and Raman Spectroscopy for Interior Monel
Two different methods were required to identify inorganic compounds at Bryn Athyn. Both the
samples in the upper hall, the beam and the grille initially failed to be identified clearly with XRD but
had some success in Raman.

Table 7.10

XRD Quantitative Phase Analysis (wt. %)
Beam

Grille Turquoise

Grille Black

Majority

Majority

Majority

Major

Minor

Minor

Minor (Tentative)

Minor (Tentative)

Minor (Tentative)

Cu/Ni

Trace

-

Minor / Trace

NiO (Bunsenite)

Trace

Minor / Trace

Minor / Trace

Minor / Trace

Minor / Trace

-

-

-

Minor / Trace

Unknown Phase(s)
NiSO46H2O) (Retgersite)
Cu3(SO4)(OH)4 (Antlerite)

SiO2 (Quartz)
Cu2O (Cuprite)

Raman Spectroscopy Analysis (peak shift)
Cu3(SO4)(OH)4 (Antlerite)

991cm-1

991cm-1

-

The large majority of XRD peaks were unknown phases at the lower end of the 2θ range. This often
indicates organometallic complexes or a hydrate or hydroxide phase, interacting with the metal which
can potentially be metastable and, as a result, difficult to find in the database. 203 Initially, Monel
(Cu/Ni), bunsenite, quartz and cuprite were only present in minor or trace elements throughout.
Raman, however, saw a distinct peak, with shift at 991cm-1 corresponding to the reference spectrum
of antlerite. 204

203
204

Steve Miller, Telephone conversation with Author, March 30, 2020.
Catherine Matsen, Scientist, Winterthur Museum, "Monel Finishes Analysis," Report, March, 15, 2020.
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Figs. 7.58 and 7.59

Phase identification for the beam and turquoise grille area in the Upper Hall,
Glencairn.

168

Fig. 7.60 Phase identification for the black area of the grille in the Upper Hall, Glencairn.

Further analysis of the XRD data post-Raman provided a tentative match for antlerite due to the
exception of a major peak at twenty-five degrees. Retgersite, a nickel compound, was also then
discovered unexpectedly. Although the peaks indicate a different orientation, the phase is major.
Unlike the prior XRD analysis at both Straus and Hill, major or minor phases of cuprite are
absent. This seems unusual, given cuprite is often found as the primary layer of corrosion before the
formation of brochantite or antlerite as a surface oxidation layer. In fact, Pollard et al. confirmed
antlerite does “not crystallize from solution below 35C and that it occurs rarely as a natural mineral in
temperate regions,” giving further credence to the interior Monel patination theory. 205

Strandberg, "Reactions of copper patina compounds - I. Influence of some air pollutants," 3512; AM Pollard, RG
Thomas, and PA Williams, "The stabilities of antlerite and Cu3SO4(OH)4.2H2O: their formation and relationships to
other copper (II) sulfate minerals," Mineralogical Magazine 56, no. 384 (1992).
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Figs. 7.61 and 7.62 Raman shifts for the beam and the turquoise grille show antlerite at 991cm-1.

991
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Retgersite is formed through the reaction of nickel and sulphate ions in a hydrated solution. 206
Assuming a copper or bronze patination recipe was used that contained a sulphate compound, this
may have had the unintended effect of creating not just antlerite, but also retgersite. As long as the
major unknown phases remain a mystery, the teal white powder on the timber behind the grille may
hold the answers either to the recipe or the result.

Fig. 7.63 The Raman shift for the black area of the grille, however, shows no shift at 991cm-1.

206

Graedel and Leygraf, "Corrosion mechanisms for nickel exposed to the atmosphere."
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The exterior Monel data yielded clear

XRD Quantitative Phase Analysis (wt. %)
Beam

XRD phases in comparison to the interior
Cu/Ni

39

Cu4(SO4)(OH)6 (Brochantite)

31

NiO (Bunsenite)

16

Cemetery, no sample was able to be collected

Cu2O (Cuprite)

12

on the brown area of the railings, leaving just

SiO2 (Quartz)

2

one sampling area, the black-yellow corrosion

Raman Spectroscopy Analysis (peak shift)

samples, while Raman did not yield any new
information.

As

with

the

Woodlawn

Unknown

product around the ornamental scrollwork.

Table 7.11

Fig. 7.64

Unlike the XRD for the interior Monel, the tower railing has clear XRD phases.
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Fig. 7.65 The Raman shift was unremarkable for the tower railing.

Both cuprite and bunsenite were found in the diffraction breakdown, emulating the Hill gate. No
further nickel corrosion product was present, however, with Brochantite the dominant phase
according to quantitative analysis.
There is no research to date that specifically looks at the reasoning behind why and how
sulphation phases form in Monel. While it is clear, in this case, the cuprite formed into brochantite
after an extended period of time, in other cases such as Hill, we also see the formation of hydrated
nickel sulphate. Bimetallic catalyst work from the 1980s proved through chemisorption of hydrogen
that nickel-copper alloy chemistry was not homogenous, and that surface composition could differ
radically from the underlying metal. 207 In a 1976 study, different heat treatments were found to impact
surface composition. A 50-50 copper nickel alloy was found to have 100% copper Auger “surface”

207

John H. Sinfelt, "Bimetallic catalysts : discoveries, concepts, and applications," (New York, NY: Wiley, 1983), 20.
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composition when annealed but 25±10% nickel and 75±10% copper when sputtered. 208 Similarly, at
the Statue of Liberty, differences in weathering along edges of copper panels found softer annealed
sheets corroded, whereas non-annealed sheets did not. Smaller grain size and greater hardness
prevented corrosion to form. In another study, Pourbaix found a higher positive electrode potential
for annealed copper as an oil residue from the manufacturing process created a carbon film on the
surface. 209 In Strandberg’s analysis, the addition of carbon to a surface with the presence of nitrogen
dioxide, a common atmospheric pollutant, enhanced sulphation rapidly. 210
At Bryn Athyn, it is noticeable that corrosion has formed around the welding areas of the
railing and not on the tenon joint. This is likely due to the same metallurgical reasons mentioned
above. The tenon was work-hardened, shown by the notable hammering marks on the joint, while the
scroll areas were welded, likely by acetylene torches. This possibly had the inadvertent consequence
of annealing these areas and creating an enhanced environment for a corrosion cell to form.

K. Y. Yu, C. R. Helms, and W. E. Spicer, "The effect of surface composition on the surface electronic structure of
the CuNi alloys: A study by UPS," Solid State Communications 18, no. 9 (1976).
209 Pourbaix and the other cases are covered in Richard A Livingston, "Influence of the environment on the patina of
the Statue of Liberty," Environmental science & technology 25, no. 8 (1991): 1407.
210 Strandberg, "Reactions of copper patina compounds - I. Influence of some air pollutants."
208
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Gas Chromatography-Mass Spectrometry
GC-MS Glencairn Characterisation
Beam

Turquoise Grille

Black Grille

Tower Railing

DEET

DEET

DEET

DEET

Non-drying oil

Non-drying oil

Non-drying oil

Non-drying oil

Beeswax

Beeswax

Pine Resin
Table 7.12

All samples had notable concentrations of the insecticide DEET, likely picked up during internal and
external fogging operations on the property. Non-drying oils were varied throughout the samples, but
hand oils were apparent on both the grille samples and the tower railing, likely due to installation or
maintenance. The presence of beeswax and pine resin are probable protective coatings, while the resin
may potentially have been used in a thicker lacquer component for exterior exposure.
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Saturated hydrocarbon
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Palmitic acid, octadecyl ester
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Beam in upper hall, gas chromatogram (black) overlaid with control chromatogram (red).
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Tetradecanoic acid, methyl ester (Myristic acid)
Pentadecanoic acid, methyl ester
Hexadecanoic acid, methyl ester (Palmitic acid)
Heptadecanoic acid, methyl ester (Margaric acid)
9-Octadecenoic acid (Z)-, methyl ester (Oleic acid)
9-Octadecenoic acid, methyl ester, (E)- (Elaidic acid)
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Fig. 7.67

13
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24
30

9-Octadecenoic acid, methyl ester, (E)- (Elaidic acid)
Octadecanoic acid, methyl ester (Stearic acid)
Octacosane
Palmitic acid, octadecyl ester

Grille turquoise area, gas chromatogram (black) overlaid with control chromatogram (red).

Diethyltoluamide (DEET)
Tetradecanoic acid, methyl ester (Myristic acid)
Pentadecanoic acid, methyl ester
9-Hexadecenoic acid, methyl ester, (Z)- (Methyl palmitoleate)
Hexadecanoic acid, methyl ester (Palmitic acid)
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Hexadecanoic acid, methyl ester (Palmitic acid)
Heptadecanoic acid, methyl ester (Margaric acid)
9-Octadecenoic acid, methyl ester, (E)- (Elaidic acid)
Octadecanoic acid, methyl ester (Stearic acid)

Grille black area, gas chromatogram (black) overlaid with control chromatogram (red).

Dodecanoic acid, methyl ester (Lauric acid)
Diethyltoluamide (DEET)
Tetradecanoic acid, methyl ester (Myristic acid)
Pentadecanoic acid, methyl ester
9-Hexadecenoic acid, methyl ester, (Z)- (Methyl palmitoleate)
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Fig. 7.69
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7.6

Summary

Although considerable work has been researched on corrosion layer mineralogy, with equilibriumphase diagrams modelling metallic corrosion in terms of pH and redox potential, these studies have
focused on copper minerals. Monel, by comparison, has had no such studies, while its bimetallic nature
adds a catalogue of further mysteries to corrosion dynamics. It is clear that Monel does not react
uniformly across similar geographies and is influenced by historic manufacturing processes, surface
treatments, atmospheric exposure, and metallurgy.
Limitations on each method of analysis have demonstrated that a multi-faceted approach to
analysis is key. Portable XRF is an extremely quick and useful surface analysis method, yet calibration
can impact results, confusing basic elements such as lead for mercury, while entire elements such as
chlorine are missed if they are not included in the software package you purchase. The use of Raman
was not in and of itself particularly useful, yet its use in conjunction with XRD helped in the tentative
identification of antlerite. Many of these technologies rely on databases that require constant and
verifiably accurate data, while users depend upon their knowledge to interpret the results. Neither is
easily won.
An extremely wide range of different minerals was found on the three case studies. Organic
analysis demonstrated the considerable amount of acids, oils and resins present, with up to nineteen
different compounds identified on the upper hall beam of Bryn Athyn alone. Inorganic analysis
similarly provided a bevvy of different corrosion products. While much work remains to be done on
the subject of historic decorative Monel, the research has shown common copper and nickel oxides
with their hydrated or hydroxy sulphation forms present. Knowledge of these copper compounds is
already evident in considerable bronze conservation research, and while the nickel compounds are less
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examined, confirming their presence on Monel gives validity to verified treatments such as laser
cleaning that can remove active atacamite and maintain stable layers of cuprite and brochantite. 211

Helen Thompson and Martin Cooper, "The Use of Laser Cleaning in the Conservation of Public Copper-Alloy
Monuments in the UK," Journal of Architectural Conservation 16, no. 1 (2010).
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8.

Conclusions

Upon hearing the term “white metals,” many would point to pure elements such as aluminium, silver,
tin, titanium or zinc, while British compatriots would surely add lead, a common material in the United
Kingdom that has all but vanished elsewhere in the West due to toxicity. In the jewellery field, some
might mention platinum, palladium and rhodium. Suggest an alloy, and stainless steel, nickel silver or
pewter may appear, but very few would ever utter the word, Monel. When this investigation was begun
and questions were formulated for the community, many professional conservators admitted a fleeting
experience, if any at all, and nothing significant to add to the discourse. The literature that does exist
often relies on information gleaned from dated marketing material of the 1920s and 30s or technical
bulletins that mostly vanished by the early 1960s. The depletion of the ore, the use of nickel copper
matte in production and the inability to extrude are all examples of inaccurate information that
required rectification.
The fall of the alloy due to government restrictions on nickel during World War II has been a
common thread throughout historical accounts of the metal, yet evidence points to more convoluted
reasoning. Stainless steel’s concomitant rise refutes this, despite its eight per cent nickel composition,
while INCO and government data suggest that nickel sales snapped back quickly (see Fig. 2.11). The
end of World War II ushered in an unbridled demand for architectural metals with suburbanisation
producing inordinate construction and consumption. By the 1950s, families and workers were flocking
to gleaming drive-ins and diners made out of stainless steel and aluminium, for the promise of cheap
eats in a clean, hygienic and safe environment. Yet, Monel’s exterior aesthetic issues prevented it from
taking part in this and other markets for the emerging middle class. Ultimately, the blame for the
failure of Monel rests with INCO. The loss of Robert Stanley and a rudderless leadership after the
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war botched the market positioning of Monel, just as an onslaught of new products hit the market.
INCO’s head of corrosion engineering said it best when he stated, “since nickel does ‘fog’ in industrial
applications the commercial material, Nickel 200, is seldom used for architectural or decorative
applications” (see chapter 5.2). This gets to the crux of the issue for not just nickel but Monel as well.
Although price and supply were no doubt issues, Monel failed aesthetically to live up to the hype and
was removed from decorative use as a result.
Evidence supports the fact that not only did smiths and designers not anticipate the range of
weathering and colouring, but this was also true for the company itself. This result was likely due to
the peculiar situation in which the International Nickel Company placed itself: selling a “silvery” metal
before fully comprehending the true nature of the material. It is clear that Samuel Yellin believed that
Monel would maintain a metallic finish and a pewter-like colouring, while Parke Edwards never
painted Monel in any other colour than mid-grey to black (see chapter 4.2 and 4.3). These artisans
were aware of the effect of oxidation on the metal in the forge (see Fig. 3.27) but demonstrated no
knowledge of the various green, brown and red hues that subsequently appeared. While sulphurous
environments have precipitously dropped over the past thirty years, nickel’s position as a prominent
chemical catalyst continues to encourage the formation of such colouration even on modern Monel. 212
Conservators must therefore ask themselves if the preservation of these so-called patinas is the correct
course of action for decorative items that were never intended to be viewed this way. These facts
should be presented to the steward or owner of the decorative item before the decision is made for
them. The cleaning and conservation of the gates of the Hall of Graduate Studies at Yale University

Nickel has always been known as an effective catalyst but until fairly recently has remained difficult to tame, see
Valentine P. Ananikov, "Nickel: The “Spirited Horse” of Transition Metal Catalysis," ACS Catalysis 5, no. 3 (2015).
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(see chapter 5.5) include the use of cupric nitrate on stainless steel replacement pieces to simulate the
Monel “green patina.” Yet, did Yellin intend this, is the corrosion stable, and should we protect the
age value or perhaps consider a sensitive restoration to its intended sheen?
Monel does corrode, despite the lore. In terms of conservation practice, it is essential to reject
the notion that this alloy is immutable. Cemented in the public’s mind through decades of marketing,
this myth perpetuates to this day in preservation circles: leave it be. This may, however, amount to
damage by neglect. Tests from ASTM and other organisations have proven that mass loss is dependent
on exposure and colouration, with the brown-grey type exhibiting four times as much corrosion as
the green in some cases (see chapter 5.2). Clearly, the corrosion products, while slight, remain active
and should be stabilised across the entire surface, or the resulting aesthetic will not only be nonuniform in colour but also in relief and may impact the surrounding building fabric.
Monel can stain masonry. Although sold from the start as a non-staining roofing material, it
is apparent that copper and
nickel corrosion products are
discolouring the stonework of
Woodlawn Cemetery (see Fig.
7.12). This can also be witnessed
in the photograph taken at Yale
University to the left. While the
colouration of the Monel bears a
Fig. 7.70

Green staining is evident on stonework beneath Monel
window grilles at Sterling Memorial Library.

striking similarity to that found

on the Glencairn tower railings, testing would be required to determine if these compounds are
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copper-based, nickel-based or both, and of what form. Such staining demonstrates the solubility of
Monel’s corrosion products in rainwater and should inform experimentation on cleaning methods (see
recommendations in chapter 9).
Historic Monel on the same site may have an entirely different structure or surface
composition based on fabrication methods and assembly. Even within a single decorative installation,
different methods of working have been shown to affect the weathering of the metal. Hammered
areas, subject to “work hardening,” may have a smaller grain size than areas adjacent to welds, which
have been softened, or “annealed,” by heat (see the end of chapter 7.5). Railings in the Bryn Athyn
Tower reflect how this may enable the formation of corrosion cells. Tenon joints hammered for
assembly showed no corrosion despite being directly adjacent to portions of the balustrade that
weathered more typically (see Fig. 7.57). Pourbaix’s experiments on copper piping likewise
demonstrated the impact an oil residue from manufacturing processes can have on surface
composition. Annealing broke down the organic deposit into a thin carbon film that subsequently
accelerated corrosion. Carbon is currently undetectable with portable XRF, a key testing method used
for this thesis. Quality control for historic Monel production would not have been what it is today.
Both examples demonstrate the need to fully understand the metallurgy and chemistry before
formulating a conservation plan.
Organic coatings do appear to impact Monel’s weathering patterns and warrant, as per
Trelstad’s article, further investigation. The beeswax coating that was used on the Hill gate revealed a
yellow underlayer, likely the basic oxides found through XRD, but saw no sulphation phases appear
in the underlying Monel. By contrast, the pine resin mixture on the Jessie I. Straus Mausoleum and
the exterior railing in the Glencairn tower did not halt sulphation. Furthermore, the bottom of the
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Hill gate, most prone to water and wear, reveals a dull grey metal underneath the black coloured
beeswax coating. While turquoise corrosion product remains towards the top of the gate, it is sporadic
at best, and it appears whatever treatment was used, has succeeded in arresting the level of weathering
found at the neighbouring Straus site. Paint impact should also be examined given the apparent
protection of Monel underneath, seen at both St. Ignatius Loyola and the Philadelphia Museum of Art
(see figs. 5.7 and 5.12).
Preservationists have a duty to educate themselves and the greater public in the protection of
our tangible and intangible heritage. The history of Monel, tied so closely with that of nickel, the
Sudbury ore deposits and the monopoly of the International Nickel Company, explains the struggle
the company had to find markets for this new, yet accidental proto-superalloy. Detailing Monel’s
period of significance, the material science and uses enable conservators and the general public to
identify the alloy, a core tenet of this research. The distinct differences between modern and historic
Monel must be taken into account (see Chapter 6 and 7), and although this metal remains expensive
in comparison to its younger cousin stainless steel, conservators should encourage replacement-inkind, especially in severe environments where substantial longevity would be gained. 213 The roof of
Bryn Athyn cathedral consists of Monel, copper, lead and now stainless steel due to cost implications.
Such decisions do not heed aesthetic concerns due to the inherent inconspicuousness of the roof, but
galvanic corrosion and life expectancy must factor into these decisions.

Prices for Monel sheet equivalent to 16oz (24 gauge) were priced at ~$20 per square foot in December 2019.
Equivalent stainless steel dependent on standard size, customisation and finish was ~$5-10. Zahner’s research in 2005
similarly reported Monel as more than three times as expensive as stainless: Zahner, Architectural Metal Surfaces, 313.
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9.

Recommendations

The latter section of this thesis has utilised a wide range of modern instruments to demonstrate the
complex nature of corrosion on Monel. However, without further laboratory testing, there can be no
conclusive statements about the stability of these compounds and the subsequent corrosion that can
take place on and under the surface. Although there remain many unanswered questions surrounding
the corrosion mechanisms of Monel, this thesis has begun the arduous task of identifying many of the
corrosion products in an effort to help further research and to inform conservation and restoration
plans for the future. It is hoped that others will continue the task at hand.
Further testing, from an inorganic perspective, should include a full range of quantitative
analysis that includes data on the solubilities of the sulphates that form from Monel, as well as
thermodynamic, kinetic, and equilibrium parameters that relate to their formation. Potential-pH and
schematic diagrams are incredibly useful in understanding complex processes involved in corrosion
research. Timed studies should also be carried out, identifying the development of each corrosion
layer in various temperatures, humidities and in multiple exposures. These should first be performed
in a laboratory environment and then tested on location, either at Woodlawn, Bryn Athyn or elsewhere
and could include artificial patination.
The writing of this text occurred during the height of the COVID-19 pandemic and
subsequently restricted the ability to extend research on organic analysis. The use of beeswax for future
treatments should be considered, given the partial success at James Norman Hill. It is likely, given the
colouration, that the beeswax may have been part of a bronze kit application (see chapter 7.3) or could
have been a stand-alone application, but pigmented wax should be avoided for Monel.
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Cleaning of weathered Monel should be considered. Methods could include a broad mock-up
of a range of techniques that have been successfully used on copper-based corrosion given our current
knowledge of Monel surface compounds. Examples may include water spraying, low-pressure air
abrasion with media such as walnut shells, laser cleaning, and other methods. Prior to any process
being decided, however, the toxicity of nickel and copper must be taken into account. Nickel,
particularly in a powder phase, can be carcinogenic, while copper is a well-known biocide. Any use of
water would therefore need to be strictly controlled, while media blasting must include the use of
filtration masks to protect workers. Results must be photographed and catalogued by a professional
metals conservator.
Finally, no known census exists for Monel. While historic literature and INCO publications
have provided evidence of material used all over the United States and Canada, no equivalent
marketing within the British empire was carried out, and the Wiggin division of Special Metals was
unresponsive to requests for further information. In the first instance, trade and marketing catalogues
from INCO and its distributors should be probed and site visits carried out to confirm current status.
This census is especially important to protect decorative and architectural objects that are no longer
made in Monel. Unfortunately, the alloy’s more utilitarian uses such as revolving doors, grilles and
gates have transpired in significant loss of fabric as fashions changed and buildings were updated. The
mass redevelopment of banks to other commercial enterprises since the Great Recession of 2008 has
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Figs. 7.71 and 7.72 The Guardian Building had large amounts of Monel interior items that are now lost.

witnessed much wanton destruction. In one instance, the “Great Banking Quarters” in the Guardian
building, the paint and finishes have been restored, but all Monel teller screens and grilles are lost.
This continued desecration of American metallurgical history is likely to continue, given the high cost
of Monel and the unfamiliarity with its background and intended aesthetic, but it is hoped that this
thesis offers a pathway to allaying this eventuality.
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APPENDIX A
Alloys discovered, commercialised, patented, or trademarked by the International Nickel
Company of Canada, Limited between 1920-1985.
Information gleaned from annual reports, advertisements in trade journals, documents courtesy of
Special Metals, newspapers, patents and trademarks.
1905

MONEL (Alloy 400)

1910s*

CAST MONEL

1920

BRIGHTRAY, DULLRAY, GLOWRAY, REDRAY

1922

FERRY (Wiggin part of Mond since 1919 and then absorbed by INCO in 1929)

1923

"F" nickel, "K" MONEL (Alloy K-500)

1927

"W" nickel (from "A" nickel, date unknown), NI-RESIST, NI-TENSYLIRON

1929

"V" nickel

1931

"R” MONEL (Alloy R405)

1933

"Z" nickel renamed DURANICKEL, PERMANICKEL

1935

"G" MONEL, "H" MONEL (Alloy 506), "J" MONEL, "P" MONEL, "S" MONEL (Alloy 505)

1938

"330" nickel, "U" nickel renamed INCOBAR

1940

NIMONIC 75

1941

NIMONIC 80, NIMONIC 80A, NI-SPAN C

1942

"KR” MONEL (Alloy 501)

1944

INCONEL X

1945

NIMONIC 90

1946

NI-ROD

1947

"224" nickel, Ductile cast iron

1948

"220" nickel, "225" nickel

1949

"326" MONEL (Alloy 402), 804 alloy

1950s*

"RH" MONEL, "LC MONEL," MONEL ALLOY 401, 403, 404, 410, 411

1951

Alloy 713C, NIMONIC 95
200

1952

NI-O-NEL

1953

NIMONIC 100

1955

INCO-ROD A

1956

MAR-M 252

1958

INCO-HARD 1, INCO-WELD A

1960

GANNALOY

1961

NIMONIC PK33

1962

IN-100, INCONEL alloy 718

1963

"S" nickel, "SD" nickel

1964

Alloy 713LC, INCONEL alloy 625, NIMONIC 115

1965

MONEL Alloy 474

1968

M-21, Ni-Cu-Cb Steel

1969

IN-738

1970

IN-748

1971

IN-657, IN-736, IN-792, INCONEL alloy 601

1972

IN-732, IN-787, INCOMAG alloy 3, INCOMAG alloy 4

1973

IN-0300, IN-838, IN-861, INCOLOY alloy 903

1975

INCOLOY alloy 901, INCONEL alloy 617

1976

IN-939, INCONEL alloy MA 754, INCONEL alloy MA956

1977

IN-862

1978

INCOCAL alloy 10

1979

INCONEL alloy MA 6000

1980

MONEL Alloy 450*, INCOLOY alloy 907

1983

INCOLOY alloy 925

1985

C-214, Hastelloy alloy C-22
*Likely
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APPENDIX B
B.1 Special Metals Corporation, MONEL® alloy 400 data, accessed February 13, 2020.
https://www.specialmetals.com/assets/smc/documents/alloys/monel/monel-alloy-400.pdf
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203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

B.2 INCO, Huntington Alloys numbering system, International Nickel Company, Inc. 1961.
Courtesy Lewis Shoemaker, Application Engineering & Business Development, Special Metals
Corporation

218

219

220

221

B.3 INCO, head of ingot M2531B G 400 analysis. Courtesy of Special Metals

222

B.4 INCO, toe of ingot M2531B G 400 analysis. Courtesy of Special Metals
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APPENDIX C
All patents courtesy of Google
C.1 Patent 477,449 Inventor David H. Browne, Assignor to The Canadian Copper Co.
1909-02-11 Application filed 1909-09-14 Application granted 1926-09-14 Expiration

224

C.2 Patent 1,599,424 Inventor Lellep Otto, Assignor to The International Nickel Co.
1923-04-07 Application filed 1926-09-14 Application granted 1943-09-14 Expiration

225

226

227

C.3 Patent 1,623,797 Inventor Lellep Otto, Assignor to The International Nickel Co.
1926-03-22 Application filed 1927-04-05 Application granted 1944-04-05 Expiration

228

229

230

C.4 Patent 1828752 Inventors Arthur Scott Shoffstall, William Alvin Mudge, Aaron Bysar
Bagsar, and Clarence George Bieber, Assignors to The International Nickel Co.
1928-05-03 Application filed 1931-10-27 Application granted 1948-10-27 Expiration

231

232

233

C.5 Patent 1,572,744 Inventor Paul D. Merica, Assignors to The International Nickel Co.
1923-06-26 Application filed 1926-02-09 Application granted 1943-02-09 Expiration

234

235

C.6 Patent 947,067 Inventor John F. Thompson, Assignors to The International Nickel Co.
1908-09-30 Application filed 1910-01-18 Application granted 1927-01-18 Expiration
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APPENDIX D
(Photographs by James Churchill unless stated)
D.1 North clock face at the Old Yale Art Gallery, 2019. Fabricated by Yellin workshop.

D.2 South clock face at the Old Yale Art Gallery.

237

D.3 Sterling Memorial Library side gate, Yale University, 2019. Fabricated by Yellin
workshop.

D.4 Sterling Memorial Library side gate detail.

238

D.5 Sterling Memorial Library railing, 2019. Fabricated by Yellin workshop.

D.6 Sterling Memorial Library railing detail.

239

D.7 Trumbull College gate, Yale University, 2019. Fabricated by Yellin workshop.

D.8 Trumbull College gate detail.

240

D.9 Herbert N. Straus Mausoleum gate, Woodlawn Cemetery, 2019. Fabricated by Yellin
workshop. Photograph by Robert Kesack.

D.10 Herbert N. Straus Mausoleum gate detail. Photograph by Robert Kesack.
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D.11 Straus Mausoleum main gate, Woodlawn Cemetery, 2019. Fabricated by Yellin
workshop.

D.12 Straus Mausoleum main gate detail.

242

D.13 Bryn Athyn Cathedral crypt staircase, Bryn Athyn, 2019. Design by Parke Edwards.

D.14 Bryn Athyn Cathedral crypt staircase detail.

243

D.15 Bryn Athyn Cathedral interior door, Bryn Athyn, 2019. Design by Parke Edwards.

D.16 Bryn Athyn Cathedral interior door detail.

244

D.17 Bryn Athyn Cathedral interior hinge, Bryn Athyn, 2019. Design by Parke Edwards.

D.18 Bryn Athyn Cathedral interior door handle, Bryn Athyn, 2019. Design by Parke
Edwards.

245

D.19 Cairncrest garden gate, Bryn Athyn, 2019. Designer likely Parke Edwards, unknown.

D.20 Cairncrest garden gate detail.

246

D.21 Bryn Athyn Cathedral Monel roofing, Bryn Athyn, 2019.
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APPENDIX E
E.1 ASTM B127-19 Standard Specification for Nickel-Copper Alloy Plate, Sheet, and Strip
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252

253
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E.2 Atmospheric corrosion behaviour of nickel alloys after seven-years by ASTM, 1968.
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E.3 Evaluation of nickel-alloy panels after twenty-years by ASTM, 2002 (completed 1996).
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273

E.4 Stuart Dean’s white paper on architectural metal mistakes Monel for a nickel silver
https://stuartdean.com/wp-content/uploads/2018/04/Architectural-Metal_HQ.pdf
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277

278

279

280

E.5 Kreilick Conservation report for the Philadelphia Museum of Art restoration, 2005.

281

E.6 Flyer for a Matthews bronze refinishing kit, 2017.
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F.1 Bruker S1 Titan and Tracer 5i User Manual, chapter 2, radiation safety.
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F.2 Bruker Tracer 5i Alloy 2 calibration
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F.3 Bruker Tracer 5i Precious Metals 2 calibration
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F.4 Fisher scientific acetone A18P-4 safety data sheet
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F.5 Jasco’s Premium Paint and Epoxy Remover safety data sheet
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