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Abstract

Professor John Edwin Field passed away on October 21%, 2020 at the age of 84. Professor Field
was widely regarded as a leader in high-strain rate physics and explosives. During his career in
the Physics and Chemistry of Solids (PCS) Group of the Cavendish Laboratory at Cambridge
University, John made major contributions into our understanding of friction and erosion, brittle
fracture, explosives, impact and high strain-rate effects in solids, impact in liquids, and shock
physics. The contributions made by the PCS group are recognized globally and the impact of
John’s work is a lasting addition to our knowledge of the dynamic effects in materials. John
graduated 84 Ph.D. students and collaborated broadly in the field. Many who knew him attribute
their success to the excellent grounding in research and teaching they received from John Field.

Biography of Prof. John E. Field, FRS (1936-2020)

John Edwin Field was born on 20 September 1936 in Stourbridge, Worcester.

His family were not scientists, but his lifelong interest in physics was sparked by two older
neighbourhood children who went on to study it at University. As a result, John graduated from
University College, London in 1958 with a First Class degree in Physics. He then moved to
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Cambridge to perform research for a PhD under the supervision of Frank Philip Bowden FRS.
Bowden was the founder of the Physics and Chemistry of Solids Group in the Cavendish
Laboratory (the Department of Physics of Cambridge University) where John would spend the
rest of his career. John was awarded his PhD in 1962 for his thesis entitled “High speed liquid
impact and the deformation and fracture of brittle solids” [1].

It was in Cambridge that he met his wife, Ineke, who was working in the University Library.
They married in Cambridge in 1963. They have two sons, one daughter, and five grandchildren.

In 1964, John was elected to a Research Fellowship at Magdalene College Cambridge. Two
years later, he was elected an Official Fellow of the College, a position he held from 1966 to
2003 during which time he was successively a University Demonstrator, Lecturer, Reader and
Professor (from 1994). Despite being immensely busy with his research and major administrative
roles in the Cavendish Laboratory, John found time to help countless graduate students and
undergraduates in his college as well as maintaining his enthusiasm for cross-country running.

Following the untimely death in 1968 of Philip Bowden, David Tabor became head of PCS and
John took over the supervision of two of Bowden’s PhD students, Graham Coley and Munawar
Chaudhri, who were studying liquid explosives and solid primaries respectively. John’s interest
in these materials soon extended into secondary explosives through his supervision of Stephen
Heavens. Such studies remained a major part of John’s research interests up until his retirement
in 2003.

Over the years John expanded his group within PCS and was an enthusiastic proponent of
photographing high-speed events as a method of explaining the complex phenomena. Before it
became fashionable at universities, he was also skilled at obtaining research funds and grants
from industry and Government to support both students and expensive equipment purchases.

Because of a collaboration on some papers in the early 1970s about liquid impacts on solids with
two of the founding Professors at Lulea University of Technology in Sweden, John spent at least
two weeks in Luled every spring for the rest of his career (Figure 1), preferably when the cross-
country skiing was good.
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Figure 1. A photograph of John Field taken in 2014 at the entrance of the laboratory in Lulea,
Sweden, named in his honour.

Another university with which he developed strong links was the National University of
Singapore (NUS). He first went there in 1999, spending a semester as a Visiting Professor at the
Impact Mechanics Laboratory, during which time he delivered a course of lectures entitled
“Shock Waves and Explosives”. These lectures arose out of the development by Neil Bourne in
the early 1990s of a shock physics capability at the Cavendish.

As part of his wide-ranging scientific interests, John was also heavily involved with research into
the fundamental properties of diamond. For many years he was Secretary of the annual diamond
conference. For the benefit of people new to the field, John also edited two books on the
properties of diamond.

John Field leaves behind a legacy of scientific innovation, intellectual leadership and two
generations of students and scientists who benefitted from his mentorship.

Reminiscences

Over his career, Prof. John Field graduated 84 Ph.D. students, mentored numerous students and
postdocs. He impacted numerous researchers around the world. This was through both his direct
friendship and collaboration and indirectly through his extensive publications and by his students
going off into the world and expanding his legacy. He was a physicist by training, and pursued
an array of fundamental and applied research areas. John’s major contributions can largely be
aligned into friction and erosion, brittle fracture, explosives, impact and high strain-rate effects in
solids, impact in liquids, and shock physics. As shown in Figure 2, John pursued these areas
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relatively equally over time, with shock physics being an area of study coming in the late 1980s.
Many students worked across these areas over the course of their studies. They worked together
sharing equipment with the more senior students often playing important mentoring roles with
the newer members of the group. This paper offers reminiscences from several of John’s students
and collaborators, offering both personal anecdotes from their relationship with John, which
often lasted long beyond their time at Cambridge, and highlighting technical contributions they
made with John. Figure 2 seeks to illustrate the primary areas of John’s research that the
contributors to this paper focused on for the doctoral work and the year they completed their
Ph.D. The following sections offer reminiscences from students in the chronological order in
which they completed their Ph.D., interspersed with contributions from other visitors in the time
they visited the Cavendish.
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Figure 2. Professor Field's cumulative Ph.D. students graduated by focus area.

lan M. Hutchings, Emeritus GKN Professor of Manufacturing Engineering, University of
Cambridge, Ph.D. awarded 1975 - The erosion of ductile metals [2].

Ian M. Hutchings first met John Field in 1971 shortly after lan’s final examination results came
out. After a brief chat in the Physics and Chemistry of Solids (PCS) Group tearoom (in a very
ramshackle corner of the Old Cavendish site) John offered lan a place as a Ph.D. student. A
research topic of erosion by solid particle impact was mentioned, but it was a subject of which at
that point lan knew nothing, and he suspects John knew only marginally more. Until then, lan
had been planning to join Imperial College to study nuclear reactor physics, but his meeting with
John changed his direction of travel completely.
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Within days of starting research, under the enthusiastic and wise guidance of Ron Winter (Ph.D.
1971 [3]), lan was accelerating small particles by spalling them off a thin copper shim placed
above an electrical detonator. The detonator was fired by using a screwdriver blade to short two
bare wires connected in series with the detonator and the mains, a process that even now fills lan
with horror. lan recalls being initially much happier when Ron—who seemed unafraid of any
hazards despite his apparent wisdom—set the thing off, rather than having to do it himself.

With experience, lan became more accustomed to the apparently relaxed approach to safety that
characterised the group’s practical research in those days. Ron’s lab—and office—had a window
in recognition of his seniority, while lan was given a desk in a gloomy and very cluttered
underground room that he shared with Keith Fuller (Ph.D. 1973 [4]), then writing up his thesis
and working nocturnally. lan recalls he does not think he met Keith at all for the first couple of
weeks. A current research student in the Cavendish has commented in a recent issue of the
alumni magazine (CavMag [5]) on the lack of hierarchy and the willingness of researchers at all
stages of their careers to collaborate. Exactly the same applied within John’s group 50 years ago.

The space then occupied by PCS, in buildings on Free School Lane in the centre of Cambridge,
was a rabbit-warren of rooms full of old experimental lash-ups as well as rigs in current use.
There was apparatus on desks and papers on laboratory benches, but it was nevertheless packed
with friendly people. Specialist kit, such as the high-speed cameras, was housed separately, and
lan quickly learned that the rising scream of the mirror turbine of the Beckmann and Whitley 189
at any time of day—or night—would soon be followed by a loud bang from yet another impact
or explosive event. The cheering that ensued when the lighting and camera were found to have
captured the event with perfect synchronisation came later, after the film had been developed in
the darkroom.

Research in PCS into the impact of high-speed liquid jets, with practical application to raindrop
impact on aircraft and missiles as well as erosion of steam turbine blades, had been started by
Philip Bowden in the late 1950s, with John Brunton as his research student [6], and had included
high-speed photography using the Cranz-Schardin technique. John Field extended this work [7],
and also studied the effects of stress waves on fracture [8], with the great benefit of the Beckman
and Whitley rotating mirror camera acquired by Bowden from DuPont [9].

Ian’s own studies of the erosive wear of metals by solid particles [10,11] (Figure 3) followed the
well-tried approach handed down to John Field from Philip Bowden: first try to understand the
effects of a single impact before attempting the more complex question of multiple impacts.
Spalling particles from metal shims was insufficiently reproducible, and an air rifle clamped to
the bench (as used to generate high speed liquid jets by Brunton and many subsequent
researchers including John himself [7]), insufficiently flexible. Following a visit to the Royal
Armament Research and Development Establishment (RARDE) Fort Halstead facilitated by
John’s contacts in the world of defence research, lan designed a gas gun with a 16 mm bore and
a double-diaphragm valve, which proved a very versatile piece of apparatus that was
subsequently used in many later projects [12]. Having built the gun himself in the PCS
workshop, lan naively pressure-tested the reservoir, breech and barrel with nitrogen gas at 100
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bar, completely oblivious to the damage to life and limb that would have followed had they
failed.

Figure 3. High-speed photographic sequence of the impact of a 9.5 mm diameter steel sphere on
mild steel. Impact parameters: 210 m s%, 20°. Interframe time 19 ps. Camera used Imacon 790.
From [13].

The development of ingenious experimental techniques and their exploitation played a major role
in John’s research group. Most students were expected to build their own apparatus, and the
training in research methods was ‘hands-on’. John’s success in attracting research money from
government and industry meant that there was no lack of funding for research students, postdocs
and support staff, as well as state-of-the-art high-speed photographic equipment which was
widely used throughout the group. lan was fortunate to have access to a newly acquired Hadland
Imacon 790 image-converter camera for some of his own work (Figure 3) [10]. Studies of
erosive wear by subsequent members of John’s group were reviewed by Walley and Field shortly
after John’s retirement [14].

John was an enthusiastic lecturer at meetings and conferences, and the high-quality photographs
with which he illustrated his talks were always impressive, a tribute not only to the skills and
equipment of his research team, but also to the talents of the group’s photographic technician,
Alan Peck. John was also an energetic organiser of meetings, including the series of International
Conferences on Erosion by Liquid and Solid Impact (ELSI) held in Cambridge, for which he
served as Conference Secretary and Editor of the Proceedings from 1979 to 1987. Their success
owed a great deal to John’s personal efforts to find additional funding and to attract the leading
international researchers to Cambridge. The ELSI conferences continued under that name until
1994 [15], and John presented an invited paper on liquid impact at the following meeting in 1998
[16].

In the spring of 1973 John’s research group was one of the very first to move to the New
Cavendish Laboratory on the University’s West Cambridge site. In his history of the Cavendish
Laboratory, J.G. Crowther wrote that “instead of grimy congested little workplaces and cellars
there were light, shining rooms, surrounded by vistas of green fields, trees, and even a lake”
[17]. All true, but the old labs and the research carried out there within John Field’s group had a
special character which lan remembers with nostalgic affection.
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Michael Swain, Professor Emeritus of Biomaterials, University of Sydney, PCS Postdoc
1975

Michael Swain first met John Field after he joined PCS at the New Cavendish in April 1975.
Michael had been offered a post-doc position to join the group by David Tabor [18] when he had
briefly visited Cambridge the previous year. The research area of Michael’s activity was on the
mechanical properties of novel glasses that formed the basis of the protection for various missile
detector and guidance systems and was supported by a grant that John had. During this period,
Michael worked very closely with Joe Hagan (Ph.D. 1973 [19]) on a range of problems from
slow crack growth studies to indentation deformation and fracture [20-22]. Towards the end of
Michael’s stay, Joe and he began extending some of John’s early work on water jet impact
initiated stress waves on crack initiation and growth in glass. In addition, Michael had the
opportunity to work with Munawar Chaudhri on high speed photography of cracks initiated in
glass by the impact of small metallic spheres [23].

Michael’s arrival at PCS occurred not long after the lab had been transferred to the new site,
which was somewhat remote from the rest of the University. Also, the lab was still in the process
of unpacking and a tremendous amount of “stuff” was to be found in the cupboards of the lab.
For an experimentalist there were tremendous opportunities to conduct research on a range of
topics not only the ones that formed the basis of the grant. The excellent home-made gas gun
systems for generating high speed particulate and water jet impact, plus the high-speed
photography systems, provided the opportunity to engage in impact deformation and cracking
research of various materials. Not long after Michael’s arrival at PCS, John went on an extended
(18 month) sabbatical to Sweden and Switzerland which left Joe and Michael free to explore a
wide range of topics, some of which caused John’s wroth upon his return. A particular case was
the work Joe and Michael did investigating the role of Rayleigh waves induced by water jet
impact to initiate and extend cracks from previous indentation flaws [24].

One of Michael’s major disappointments during his stay at PCS was that he never really got to
know John. They did have the occasional group meeting but there were no opportunities to get to
know him socially. Even though most academics, technicians and students at the Cavendish
participated in the daily morning and afternoon tea ritual it was rare that John joined the group
during Michael’s stay. To his credit John was very supportive of his students and post-docs
enabling them to attend major international conferences and visits to various labs abroad. In
conclusion, Michael shared that he is exceptionally grateful for the opportunity John provided
him to undertake a post-doc at PCS.

Hermann Hauser, Information Technology Entrepreneur, Ph.D. awarded 1977 -
Mechanically activated chemical reactions [25]

Hermann Hauser was introduced to John Field by Jacob Israelachvili in Tabor’s group, who was
working on his van der Waals force measuring instrument at the time. Jacob was kind enough to
propose Hermann as a research assistant to John’s group whilst he was doing his physics studies
in Vienna where Hermann had met Jacob as a language student the previous summers.
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His reception as a research assistant in John’s group could not have been more friendly.
Hermann was immediately accepted as an, all be it very junior, member of the group. His first
job was to calibrate an airgun for John Camus. Hermann’s workplace was in the windowless
cellar lab in the old Cavendish Laboratory in Free School Lane. The group spirit that John
managed to create was wonderful. Hermann was particularly impressed by teatime which was
observed religiously and the whole group including John were always there and always willing
to give advice and answer questions. It was a happy time with a lot of work but also many
pranks. One of Hermann’s favourites was to use a syringe to squirt water from the room next
door through a small window onto hard working Ph.D. students like Keith Fuller (Ph.D. 1973
[4]), lan Hutchings (Ph.D. 1974 [2]), and David Gorham (Ph.D. 1974 [26]) who would than seek
revenge with similarly harmless antics a few days later.

John himself had worked out some impressive routines to avoid being disturbed by unwanted
visitors. He would come down to see students in the lab pretending to start a high-speed camera
experiment to record explosive events by sounding a very loud bell. This was to let people,
especially visitors, know that it was very dangerous to get anywhere near the lab during the
experiment which, of course, could last for hours as the secretary was instructed to explain.

When Hermann had finished his studies in Vienna, John was kind enough to offer him a place to
do a Ph.D. in the PCS group which Hermann was absolutely delighted to accept. Hermann’s
doctoral research resulted in the following publications on explosives [27-30].

Shortly after Hermann’s start as a Ph.D. student the group moved to the New Cavendish on
Madingley Road. They could not believe how modern and spacious the new labs were compared
with the rather dingy rooms at the Old Cavendish but nevertheless the group spirit remained the
same. It was mainly due to John’s ability to be so supportive of his Ph.D. students and his ability
to raise money from many different sources. One such grant was from de Beers, the large
diamond company.

This led to an annual diamond conference where the group were to show all the work they had
done during the year. This led to an annual routine: John would come down to see the students
and tell them that results were needed for the conference. Since none of students had done any
diamond work during the year the whole group scrambled to produce useful papers in record
time as there were normally only two or three weeks left until the conference. This very
concentrated and focused effort actually produced some good results albeit with a bit of stress
and sometimes burning of the midnight oil [31].

As part of Hermann’s Ph.D. thesis, he developed a new analysis method for thermogravimetric
and differential scanning calorimetric data [28] which were data logged and processed by spline
software written in the Computer laboratory (probably still called the Mathematical Laboratory).
The lab was located in the adjacent Austin building which could be reached via a lofty bridge on
the 4™ floor. It was this work on the IBM360 using FORTRAN, which started Hermann’s
interest in Computing, and he joined the University Microprocessor Group. This led to the ARM
processor.

Hermann shares that he will always remember John as a generous and supportive ‘Doktorvater’.
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M. John Matthewson, Professor of Materials Science and Engineering, Rutgers University,
New Jersey, Ph.D. awarded 1978 - Protective coatings and mechanical properties of
materials [32]

John Matthewson went up to Cambridge to read Physics with a plan to join one of the
Astronomy groups for graduate work. However, in his final (third) year, he met John Field who
was his supervisor for a Materials Science optional course in Part Il Physics. For each meeting,
John Field would give some help with the course and then show slides of his research results.
This awoke John Matthewson’s interest in Materials Science and eventually he asked to join
John Field’s group for a Ph.D. John Field asked John Matthewson to help him with supervising
Physics undergraduates at Magdalene College. These early interactions with John Field inspired
John Matthewson’s career-long passion for teaching and Materials Science.

John Matthewson was the first of John’s Ph.D. students to visit Luled University (see next
section) in the early 1980s where he set up a Laser Doppler Velocimeter and associated data-
recording systems to observe the complex flow of water over a simulated shark’s skin. Each of
the small teeth shaped elements that make up the shark’s skin were cast from a polymer resin.
For many years afterwards, these facilities were in constant use and many Ph.D. students at
Luled were involved in fabricating the shark skin teeth for this interesting study. In those days,
John Matthewson had a 1934 Austin Seven (as his only car) and whenever the Erosion by Liquid
and Solid Impact (ELSI) Conference, chaired by John Field, was held in Cambridge, John
Matthewson would ferry the US and other visitors from Churchill College, where they were
staying, out to the Cavendish in it.

John Matthewson subsequently became a Professor of Materials Science and Engineering at
Rutgers University where his research interests are mechanical performance of optical fibres,
ceramic coatings and thin films, research topics of much interest to John Field [33-40]. John
Matthewson is a co-author of a book entitled Mechanical Properties of Ceramics [41]. When he
sent a signed copy to John Field, his only comment was that the book lacked coverage of
diamond. This criticism should have been anticipated given John’s interest in that material!

Luled University of Technology, Sweden — SHPB, Liquid Impact and other research
activities

John Field had a very long friendship with Luled University of Technology in Sweden (see
Figure 4). This started when Professor Martin Lesser became the first Professor in Fluid
Mechanics and Professor Bengt Lundberg became the first Professor in Solid Mechanics, at
Luled University. John Field would often visit in March, when the weather was good for some
skiing at weekends. From a young age, John was a very good runner and ran with the National
Team. Following trips to Luled, John also became an accomplished cross-country skier. For
nearly 40 years, John had much influence on research activities at Luled, and in honour of John’s
considerable contributions on experimental mechanical research over these years, there is now
The John Field Laboratory for experimental mechanics research at the Lulea University of
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Technology (see Figure 1 of John at the entrance of the laboratory in Lulea, named in his
honour). Ph.D. students and Post-Doctorates would visit Luled University with John and many of
the research activities below grew out of the strong research links with Lulea University.

"- "’ ‘ }' - .;
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- Yo
Figure 4. Professor John Field OBE FRS, Cavendish Laboratory, University of Cambridge —
Long-time collaborator and Honorary Doctor at Lulea University of Technology (LTU), Sweden
[42] (left) and LTU in winter (right).

David R. Andrews, Director at Cambridge Ultrasonics Ltd, Ph.D. awarded 1980 - Erosion
of Metals [43]

David R. Andrews arrived in Cambridge at the beginning of October in 1976 to study for a Ph.D.
in the Fracture Group of PCS following some personal issues in his undergraduate time at the
university of Bristol. However, he righted the ship and started a Ph.D. in Cambridge with John in
1975. David is very grateful for John’s support during this difficult time and although, by his
own account, he only got to study in the Cavendish in 1976 by the skin of his teeth and it was in
a large measure due to John Field.

Once David arrived, John delegated his responsibilities for supervising David to a young post-
doctoral worker called lan Hutchings (PCS Ph.D. 1974 [2]), who eventually became a Professor
in Engineering. lan suggested David should do some experiments that were not too difficult, and
whilst they occupied his time, they left him feeling rather like a rudderless ship apart from
knowing he had to work on solid particle erosion of metals. With lan moving to the Department
of Materials Science and Metallurgy in 1977, David worked on the statistical nature of erosion
and the effect of temperature on single and multiple particle impacts submitting his thesis in
1980.

When David arrived in Cambridge, he was given rooms in Selwyn College, staying in the same
rooms for three years. He took the opportunity to participate in College activities: rowing,
playing soccer and participating in the College’s drama society. It was drama that led David to
incur John’s temper. David led a trip to the Edinburgh Festival Fringe with Selwyn’s drama
society and there was great excitement and enthusiasm as David found and reserved: excellent
accommodation and a fine theatre in a school in Comely Bank. He even purchased an old
ambulance from Girton Motors in Cambridge to provide transportation. David directed one of

10
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the three major plays that they performed and even acted in another. The group of 18 had a very
enjoyable experience for three weeks in August and September of 1977.

Before leaving for Edinburgh, David ordered £500 worth of optical components for a secondary
project. John was in the North of Sweden for several weeks when David was about to go to
Edinburgh, so David ordered the essential optical parts before he left. When David returned from
Edinburgh, he went to morning coffee to find virtually all the Fracture Group sitting around one
table including John Field, which was unusual. They all wanted to know about David’s
adventures in Edinburgh so he related them but when David had finished, John spoke to him in
front of the assembled members of the research group. “Next time you order £ 500 of optical
equipment without my permission and then disappear on holiday for 3 weeks—don 't expect to
return to complete your Ph.D.” - he then stood and left.

In 1994, twelve years after leaving Cambridge, David returned to live and work near Cambridge
and after giving a seminar to the group, John asked that he refund the £500 he had spent 17 years
earlier. David sent John a cheque of £100 every year thereafter until John said enough. David
believes he repaid more than £500.

Towards the last 6 months of David’s Ph.D. studies, he had built a substantial piece of
equipment. It could perform single impact erosion tests and continuous erosion tests using sand
or even the diamond grit as well as single ball bearings mounted on plastic sabots. The sample
could be heated to 1200 °C and even cooled to -100 °C using liquid nitrogen. Upon successfully
defending his thesis, John generously provided a research fellowship for two years during which
time David developed additional instrumentation for the solid particle erosion rig, notably a
novel vibrating method for continuously measuring the mass of the sample during a continuous
erosion test. David further developed the statistical theory of erosion to cover inter-particle
collisions in the vicinity of an eroding surface. He also published several papers. The erosion rig
David built is still in existence, albeit in modified form, and continues to be used up to the
present by his successors in the Cavendish.

Sybrand van der Zwaag, Professor of Novel Aerospace Materials, TU Delft, The
Netherlands, Ph.D. awarded 1981 - Strength and impact properties of IR transparent
materials [44]

The experimental and computational research on liquid jet impact initiated by John Matthewson
was continued by Sybrand van der Zwaag [45,46]. Sybrand got this topic allocated to him during
his very first meeting with John Field, who after some pleasantries posed the question to his very
fresh Ph.D. students Chris Freeman and Sybrand “Which topic would you prefer: diamond
fracture or liquid jet impact on IR transparent ceramics?” Both Chris and Sybrand were taken
by surprise and could not utter anything more than “Uhhh...” John, with his characteristic high
speed in decision making, then said “Well we are not going to wait for this. Chris you do
diamonds and Sybrand you do jet impact! Please read into the literature and come back to talk
to me next week on details.” And so, both our careers started.
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Looking back to his time working with John, Sybrand will always remember John’s speed and
precision as well as the diversity of his interests in applied science/physics, but also his
commitment to his students, irrespective of their talent. He would guide and expect results to be
delivered, but at the same time would also allow and stimulate students to work on new topics
and to propose new strategies. He did not micromanage his students and they always felt safe
and secure to play croquet on the lawn under his office windows on sunny days, knowing that if
he needed them then and there, he would open the window and shout out, but would never hold it
against them that we were wasting valuable research time. This freedom made them work hard
and with great creativity and deliver results to the best of their abilities. While Sybrand certainly
learned a lot on the scientific aspects of his research topic, he thinks John’s talent for academic
leadership has had the biggest impact on his career. John’s ability to decide and act fast, to make
sure that lack of funds was never an issue, that his students felt challenged and supported, and
that a proper research policy would involve some long-lasting research lines as well as some
shorter-lived side-lines, were lessons Sybrand shares he has never forgotten.

After completing his Ph.D. project, Sybrand, his wife Emma and their two young daughters
returned to the Netherlands to take up a post-doctoral project on amorphous metals after which
he joined AkzoNobel to work as a physical chemist on the development of liquid crystalline
polymer fibres. In 1992 Sybrand was appointed full professor at the TU Delft where he built a
new research group on Microstructural Control in Metals. In 2003 he started a new research
group at the TU Delft working on Novel Aerospace Materials, where he could combine his
interests in ceramics, polymers and metals and lead the national and international research on
Self-Healing Materials. In the 40 years of his post PCS research career, he always remained
grateful to John Field for the numerous wise lessons graciously given during his Ph.D. time.

Stephen M. Walley, Research Associate, Cavendish Laboratory, University of Cambridge,
Ph.D. awarded 1982 - Erosion of polyethylene by solid particle impacts [47]

Stephen Walley first met John Field in 1977 when he was a final year Physics undergraduate at
the Cavendish Laboratory, University of Cambridge, doing a research project in John’s group
under the supervision of Munawar Chaudhri on the impact of small steel spheres on glass. For
this project Stephen (along with two other final year students, Adrian Stephens and Patricia
Brophy) got to use the group’s Beckman & Whitley 189 rotating mirror high-speed camera, the
same one that John Field had used in his Ph.D. back in the early 1960s [1,48]. The 189 has a
maximum framing speed of 4x108 frames per second. In order to achieve that framing rate, the
helium-driven turbine has to be spun at 16,000 r.p.s. Since it would be catastrophic if the turbine
were to fail at that rotation rate, they were under strict instructions not to exceed 4,000 r.p.s. This
limited the framing rate to 1x10° frames per second. Stephen was very fortunate that the students
with which he did the project were much more confident experimentalists than he was at the
time. All three projects led to papers being written and published by Munawar Chaudhri [49-51].
The 189 is now in the Museum of the Cavendish Laboratory.

Towards the end of Stephen’s final undergraduate academic year, Munawar Chaudhri introduced

him to John Field as a potential Ph.D. student. John Field recommended Stephen do a Masters at
Bristol University on the Physics of Materials. This was a full one-year programme, the first half
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consisting of examinable lectures, the second half being a research project. Stephen had a very
happy 12 months in Bristol during which his experimental skills improved. He then returned to
Cambridge in the Autumn of 1978 to work under John Field’s supervision on the solid particle
erosion of polyethylene, a project which the British Gas Corporation funded as they were
worried about the migration of rust and dirt from their old cast iron pipe network into their new
polyethylene gas-distribution system.

When Stephen started, lan Hutchings and others had recently developed laboratory gas-guns for
the Physics and Chemistry of Solids (PCS) group that could fire spheres and square plates at
velocities between around 40-300 m s [52,12]. So, Stephen’s initial studies on behalf of the Gas
Corporation were on the impact of single particles, which he managed to capture using a
Hadland Image Convertor Camera that John Field had recently obtained for the group (Figure 5).
But, of course, the engineers at British Gas were really interested in what happens when many
small particles impact a surface in quick succession. Fortunately for Stephen, a post-doc in
John’s group, David Andrews (Ph.D. 1980 [43]), was designing a rig to do just that [53]. His
erosion rig therefore enabled Stephen to complete a thesis to their satisfaction by 1983 [47], a
summary which was published a few years later in the Philosophical Transactions of the Royal
Society [54].

Figure 5. Selected frames from a high-speed photographic sequence showing the pulling out of a
filament of polyethylene caused by the impact of a 4mm diameter steel ball at 190 m s at 25°
impact angle. Interframe time 19 ps. From [14].

During the course of Stephen’s doctoral studies, he came to understand that the mechanical
properties of polyethylene he was studying depended on how rapidly it is deformed. So, it made
sense to accept a post-doctoral position that John Field offered him to investigate strain-rate
effects in a number of different polymers that were being considered as replacement materials for
the soft metals used in driving bands that spin up shells as they are accelerated up rifled gun-
barrels [55-57]. Again, Stephen was very fortunate to be joined by two people John Field had
attracted to the group (Peter Pope (Ph.D. 1984 [58]) and Nick Safford (Ph.D. 1988 [59])) who
had taken over the miniaturised direct impact Hopkinson bar (3 mm diameter) previously
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developed by David Gorham [60]. So, at the time Stephen started this project, like most groups
that performed high-rate testing, they were only able initially to obtain stress-strain curves at
very low rates of strain (10~ s) and very high rates of strain (10"3-10* s1) [61,62].

After that project was finished, Stephen heard that at Loughborough University (where Gerry
Swallowe, a former student (Ph.D. 1979 [63]) and post-doc of John Field’s had moved to) there
was a hydraulically operated mechanical testing machine that could generate data at intermediate
strain rates (1 and 30 s%). This led to Stephen to work on the Loughborough campus for two
weeks to obtain this data. He found that plots of the yield/flow stresses against log(strain-rate)
lay on a straight line for a wide range of polymers up to about 103 s*, which was very pleasing
(Figure 6). Although John Field and Stephen published the data in the short-lived DYMAT
Journal [64], this has been one of Stephen’s most-cited publications.
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Figure 6. Plot of the flow stress as a function of strain rate in uniaxial compression for PVC.
From [64].

Before Gerry Swallowe left Cambridge, he had trained Stephen in the use of the C4 rotating
mirror camera (Figure 7), one of which had been given to the PCS group by the Atomic
Weapons Establishment a few years after the Partial Nuclear Test Ban Treaty of 1963. The C4
camera had been designed at AWE in the mid 1950s for obtaining high-speed photographic
sequences of nuclear bombs exploding in the atmosphere [65]. The C4 camera had the capability
of taking 140 photographic images with a 5 ps interframe time with still camera resolution
(Figure 8), although for safety reasons the group almost never ran it faster than 7 ps interframe
time. Again, Nick Safford and Peter Pope were amazingly helpful during the year or so that it
took to bring the optics of the camera into the condition where images such as those shown in
Figure 8 could be obtained.
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Figure 7. (left) Randolph Churchill (Winston Churchill’s great-grandson) standing in front of our
restored C4 camera in the Science Museum, London [66]. (right) Schematic diagram of the
internal optical workings of the C4 camera. For more details about this machine, see [65].

Figure 8. Selected frames from a high-speed photographic sequence of a 1 mm thick, 5 mm
diameter polycarbonate disc being deformed between glass anvils in a dropweight machine. The
streaks around the disc are petroleum jelly lubricant. From [61].

It was not until around 2005 that electronic cameras were marketed that could take a similar
number of pictures with microsecond precision, albeit with inferior picture sharpness as the
pixels in CCDs were still larger than the silver grains on black and white negative film [67].
However, since electronic cameras are much easier to use (and much smaller!) than rotating
mirror cameras, in 2012 the group gave their C4 to the permanent collection of the Science
Museum in London, who restored it and put it on show for 15 months starting in January 2015 as
part of an exhibition entitled ‘Churchill’s Scientists’ (Figure 7).

From around the mid-1990s, John Field’s group was equipped with the techniques that Stephen
was to use until his retirement in 2014, namely light gas guns, the glass-anvil drop-weight, split
Hopkinson pressure bars and high-speed cameras. This led to Stephen publishing a series of
research papers with John on topics as diverse as the impact ignition of propellants and PBXs
[68,69], explosive powders [70,71] and the high rate properties of metals investigated using
Taylor impact [72-74] and split Hopkinson pressure bars [75].
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Stephen had always read widely in the published literature for any research project John Field
introduced him to. So, John was also able to sell Stephen’s services to sponsors of research to
perform literature reviews on subjects they were interested in. This has led to Stephen to writing
a number of published research reviews on a wide range of topics including: experimental
methods at high rates of strain [76,77], elastic wave propagation in materials [78,79], impact
sensitivity of explosives [67,80], shear localization [81,82], indentation hardness [83] solid
particle erosion [14], and the high rate properties of ceramics [84] and glasses [85]. This set
Stephen up well for his retirement where he has continued to write historical reviews on various
topics to do with the high-rate mechanical properties of materials [86-92].

Chris J. Freeman, Technical Director GaffneyCline, Ph.D. awarded 1984 — Strength and
fracture properties of diamond [93]

John Field was also heavily involved with diamond research and had several Ph.D. students
researching the topic, including Chris Freeman. John edited two books on the properties of
diamond [94,95] and organized many of the annual diamond conferences in Cambridge, Oxford,
Reading and Royal Holloway. Chris’s Ph.D. with John focused on the strength and fracture
properties of diamond [96] and Chris also worked with John Field and David Tabor on the
friction properties of diamond [97].

John was incredibly good at securing research funding from a host of sources and very
effectively managed the expectations and needs of the funding organizations which included US
and UK Military establishments as well as private companies. John followed in the footsteps of
Philip Bowden and David Tabor, especially with regard to the importance of ‘simple’ direct
experimental design and the capability to research and solve real engineering problems as well as
perform high quality fundamental research.

John led and managed a unique group of research staff and we all recall that morale was always
high. John’s ‘Fracture Group’ also provided significant input to the annual PCS cabaret, the
Cavendish Boat crew and the Croquet team. Chris shared “we all know that many of our
colleagues and peers thoroughly enjoyed our time in the Group and look back with very fond
memories”.

John P. Dear, Professor of Mechanical Engineering, Imperial College London, Ph.D.
awarded 1984 - The fluid mechanics of high-speed liquid/solid impact [98]

John Dear is now a Professor at Imperial College London and his Ph.D. research interest was
high velocity liquid impact [99-101] and cavitation [102,103]. Much of the experimental
research published came from research performed by John Dear, John Field and Martin Lesser at
Lulead University of Technology and Cavendish Laboratory. John Field and Martin Lesser had
suggested that by adding gelatine to water it should be possible to perform two-dimensional
impacts of a liquid drop and other liquid shapes to visualize shock wave generation, jetting and
related processes (see Figure 9).
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Figure 9. Liquid impact (at 150 m/s) using the two-dimensional gelatine technique. From [99].

This technique could also be applied to cavities collapsed by a shock wave and the interaction of
the shock wave to form a jet and subsequent collapse of other cavities could be visualized
(Figure 10). John Field was very good at describing this research in a lively and interesting way
when giving lectures or entertaining visitors at the Cavendish Laboratory. He would often finish
with a story or two of their escapades on the cross-country ski tracks through the forests around
Luled. John liked to tell the story of how on one occasion, a dog sled was coming towards us.
John would say: “The dogs went on one of side of John Dear and the sled on the other, and you
can imagine what happened.”

Figure 10. Cavity collapse with the two-dimensional gelatine technique of 3 mm diameter
cavities collapsed by a 0.3 GPa shock wave. From [102].
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In recent times, John Dear has focussed on impact damage of laminated glasses and composites,
a topic of much interest to John Field [104-106]. John Dear very much enjoyed his Ph.D. days at
the Cavendish Laboratory supervised by John Field and when he left to join Gordon Williams
and Tony Kinloch at the Department of Mechanical Engineering at Imperial College, John Field,
who was always very competitive, reminded me that the Cavendish were the first to discover hot
crack tips!

David Townsend, Senior Research Fellow, Rolls-Royce University Technology Centre,
University of Oxford, Ph.D. awarded 1985 - Liquid impact properties of brittle materials
[107]

Underpinning interest in liquid impact, was research by David Townsend, formerly Senior
Research Executive, BAE Systems and now Senior Research Fellow, Rolls-Royce University
Technology Centre, Oxford University. David’s research was focussed on liquid and solid
particle impact damage to ceramic materials used in the aerospace industry. The characteristic
circumferential cracking (see Figure 11) is unique to liquid impact and was often described by
John Field to visitors, when they came to the Cavendish Laboratory. There was usually a lunch
for the visitors at a nearby pub in Coton village. John would often say, “We will go in David’s
car”. The US visitors would look at each other and think how they were all going to fit in a small
UK car. They were always pleasantly surprised when we walked into the car park to get in
David’s Saloon Jag.

imm

Figure 11. Liquid drop impact démage site on zinc sulphide. From [107].

In recent times, David Townsend’s research has focussed on high-rate SHPB testing of
engineering alloys, a topic of much interest to John Field [108,109]. David very much enjoyed
his Ph.D. with John Field and went onto to set up a state-of-the-art two stage light gas gun
capable of launching projectiles in excess of 4 km s, at the BAE Systems Sowerby Research
Centre in Bristol [110].
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Jonathan M. Huntley, Professor at the School of Mechanical, Electrical and Manufacturing
Engineering, Loughborough University, Ph.D. awarded 1987 - Laser speckle and its
application to strength measurement and crack propagation [111]

Jonathan Huntley first met John in 1983, when John lectured a final year course on materials.
John preferred traditional ‘chalk and talk’ to the overhead projectors used by most lecturers of
that era, with a distinctive left-leaning handwriting that was difficult to follow at times. But he
gave valuable physical insights into the more abstract concepts and brought the subject to life.
Jonathan also caught glimpses of what he realised later was a great sense of humour, often dry
and with such a deadpan delivery you were not always sure if he was joking or not—for
example, “I’ve now seen this year’s exam paper, and all I can say is I'm glad I'm not taking it”.
Jonathan had a keen interest in photography, particularly the freeze-frame photography of insects
in flight pioneered by Stephen Dalton [112]. After visiting John’s ‘Fracture Group’ Lab on the
ground floor of the Cavendish (to a cash-strapped student, this seemed like an Aladdin’s Cave of
high-speed photographic equipment), Jonathan decided to accept John’s offer to do a Ph.D. with
him.

As mentioned elsewhere in the paper, John and his predecessors in the PCS Group had
assembled an impressive array of high-speed cameras, but in the late 1970s he realised that
information on displacement and strain fields would be needed to quantify fracture phenomena
such as the stress intensity factor at the tip of a running crack. He invited Prof Fu-Pen Chiang
(State University of New York) for a one-year sabbatical to the group. Fu-Pen is an expert on
experimental mechanics techniques such as moiré and speckle photography.

John together with long-standing Fracture Group member, Stuart Palmer, initially adopted laser
speckle for quantifying the mechanical properties of polymer bonded explosives undergoing
quasi-static loading. The ‘Brazilian’ test geometry (diametral loading of a small disc) allowed
measurements on small amounts of material (an essential requirement from a safety perspective),
and laser speckle, as a non-contacting technique, avoided errors due to strain gauges debonding
from, or reinforcing, the explosive samples [113].

John’s idea for Jonathan Ph.D. (1983-1986 [111]) was to extend the laser speckle work to the
high-speed cameras, to capture the dynamic displacement fields associated with impact and
fracture events. This involved two main challenges: firstly, how to analyse the large number of
fringe patterns (typically hundreds or thousands) associated with each speckle photograph, and
secondly how to achieve sufficient laser power on the target to expose film when recording at up
to one million frames per second. For the first challenge, Jonathan proposed building an
automated system, based around the new readily available microprocessors (the BBC Micro had
just appeared). John was initially reticent as he felt that integrating a computer into a test rig
risked introducing months of delays, but went along with the idea and was very supportive
throughout. For the high-speed work, his suggestion was to use a rotating mirror camera (the
Beckman and Whitley 189) and a pulsed ruby laser that was lying idle in the lab. The laser, with
its water-cooling unit springing leaks at regular intervals over an impressive bank of high voltage
capacitors just below, would not be allowed in today’s health and safety climate, but by
introducing a Pockels cell Q-switch into the laser cavity, and a set of photodetectors in the
camera, we were finally able to achieve the long-term goal [114]. Along the way, they also
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investigated the use of multiple exposure speckle photography to record time-varying
displacement fields without a high-speed camera [115], proposed the use of the J-integral to
extract stress intensity factors from experimental displacement field data [116], and developed a
high-resolution version of traditional moiré photography [117], which provided sub-micron
displacement resolution at microsecond framing rates (Figure 12).

Figure 12. High-speed photographic sequence of the deformation of moiré fringes produced by
the impact of a 2mm diameter steel ball on PMMA at 115 m s%. Interframe time 0.95 ps. Field of
view 16x16 mm?, From [117].

Following his PhD, from 1990-1993 Jonathan accompanied John on four occasions to Luled
University in the far north of Sweden, where John had a well-established collaboration with the
group led by Professor Nils-Erik Molin. John chose the time well—always the Easter vacation,
when temperatures were still low enough to guarantee excellent skiing conditions, and evenings
were already light enough to make full use of the cross-country trails in the nearby forests. John
had a ‘work hard, play hard” approach to life there—after an 8am start, he would typically be
doing gas-gun impact experiments through the day with Allan Holmgren, while Jonathan was in
one of the interferometry labs. At about 4 pm he would wander over, suggesting it was ‘time for
a bit of exercise’.

The “bit of exercise” would consist of a circuit round the 5 km or 10 km ski trail just off the
campus. Jonathan had never been on skis before his first visit. John explained the basics very
well (though he was never fully au fait with the elaborate system of waxes for the different
temperature ranges), and always waited patiently for Jonathan at each fork in the trail as he
struggled behind in John’s wake. Jonathan never managed to go as fast as John, despite the near
30-year age gap, but for one exception: Professor Hakan Gustavsson one weekend took John and
Jonathan onto a frozen lake and taught them how to skate with cross country skis. This technique
allows one to cover distance much more efficiently on flat ice than with the classic ‘parallel ski’
method, but requires careful coordination and angling of the skis that John was not always
comfortable with. They made use of their new-found skills on many wonderful day visits to Nils-
Erik’s summer cottage on the edge of the Lulea archipelago. They would eat waffles on the
terrace, then ski across the frozen sea to one of the nearby islands, sometimes with Nils-Erik’s
daughters, Elisabeth and Johanna, wife Eva, and always with his hunting dog, Rita (Figure 13).
Supper would be reindeer or other wildlife caught by Nils-Erik and Rita. Post-supper
conversation was diverse: music, Swedish history, economics, family. John and Nils-Erik also
introduced Jonathan to the black humour of Tom Lehrer songs (‘we will all fry together when we
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fry’, etc.) which amused them greatly as they sang through them from memory. It was truly
‘back to nature’, and John summarised it on one occasion with the verdict: ‘one of the five best
days of the year’.

Figure 13. Photograph taken by Jonathan Huntley in 1992 at Lulea of John Field (right) with
Professor Nils-Erik Molin (left).

Dr Lars Benckert and his wife Inger were also very generous in inviting Jonathan and John to
their home for dinner on numerous occasions. After dinner, John would read bed-time stories
from books about tractors or lorries to their young son Martin (aged three on their first visit).
Martin always struggled to understand the mangled Swedish, but was too polite to complain.
Other memorable outings included one to Allan’s summer house where they spent several hours
fishing through a small hole in the ice, with no success. At the end of each stay, John would
invite all the people who had been so kind to them to a meal at a local restaurant. He and Ineke
were also hospitable hosts, inviting overseas visitors, researchers and colleagues to their
Cambridge home on many occasions.

Before Sweden, if Jonathan had had to summarise John’s character in a few words, he would
have said: hard-working, intelligent, competitive, conservative. The Swedish trips revealed to
him other sides to his personality: kind, humorous, cultivated, sociable and generous.

Jonathan commented that John was an ideal Ph.D. supervisor: “he sketched the outlines of the
big picture, and provided all the paints Jonathan requested, but left the detailed brushstrokes to
me. He was no backseat driver”. He emphasized the importance of publishing; before the first
visit to Luled, his advice was to do the experiments and write them up before the returning
home—something Jonathan aspired to each time, though never quite managed.

The group he led was focussed on the applications of physics, which meant regular meetings
with, and presentations to, the industrial and defence establishment sponsors. These contacts
helped keep one’s feet on the ground, and the income from them meant that new lines of research
could be supported at short notice.
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The working environment of the Fracture Group was enriched by the very diverse range of
projects his students and post docs were engaged in, together with sabbatical visits by senior
scientists from around the world. He provided excellent advice to Jonathan when he was
applying for his own funding, which led to research fellowships from the Science and
Engineering Research Council, Gonville and Caius College, and ultimately the Royal Society, all
of which Jonathan held in John’s group. The experiences from those early years, the shelter from
excessive routine teaching too early on, and the opportunity to co-supervise talented research
students (Tim Goldrein and Martin Whitworth) proved to be invaluable preparation for
Jonathan’s own academic career: he was offered a readership at Loughborough University at the
age of 32, and promoted to a personal chair five years later. Jonathan relays that all of his
subsequent research activity over the past 26 years, from laser measurements of biscuit fracture
to 3D vision systems for robots, has been shaped in some way by those formative years in John
Field’s group.

Timothy G. Leighton, Professor of Ultrasonics and Underwater Acoustics, University of
Southampton, Ph.D. awarded 1988 - Response of gas-filled cavities to acoustic field [118]

In 1984 John Field’s interests extended to the acoustics of bubbles with an undergraduate project
by Timothy Leighton on the sound produced by gas bubbles when injected into liquids, co-
supervised with Alan J. Walton who had just arrived to the Cavendish from the Open University.
John and Alan supervised a second undergraduate, Hugh Pumphrey, and they adapted the
techniques to study the sound of rainfall over oceans, whilst, under the co-supervision of John
and Alan, Leighton moved from the sounds made by bubbles, to the effects that various forms of
medical ultrasound (e.g. physiotherapeutic, foetal imaging) could have on bubbles, and whether
this might produce desirable or undesirable effects on tissues.[119-121] Although Leighton left
the Cavendish in 1992, John and he stayed firm friends for the rest of John’s life, continuing in
the 1990s their joint trips to Lausanne, and corresponding and exchanging papers until 2019
[122].

John’s trips to the Laboratoire de Machines Hydrauliques at Ecole polytechnique fédérale de
Lausanne (EPFL) in Swtizerland were a feature of many summers in the 1980s and 1990s.
Ostensibly to study cavitation from the cavitation tunnel there—including the first detection of
sonoluminescence from undoped water, in an experiment with Timothy Leighton in
collaboration with EPFL’s Mohamed Farhat and Francois Avellan—the trips were also an
opportunity for John to indulge in his love of mountain walking. On a trip with Tim Leighton
and EPFL’s Sadi Ridah, the three aimed to be the first in the climbing season to reach the top of
Rochers de Naye using the Grottes de Naye, a cave system through the upper half of the
mountain. This entailed climbing to the approximate entrance to the caves, then finding that
entrance in the trackless, snow-covered face of the mountain, then breaking through the snow
and entering the mountain. Having successfully climbed the upper portion of the mountain from
the inside to the summit, rather than on the side of the mountain on which they had left Sadi’s
car, the three descended halfway down the far side and, at John’s insistence, ran through the train
tunnel that goes through the heart of the mountain, John asserting the feat would be possible if
they started just after a train emerged from the tunnel, because of the accuracy by which Swiss
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trains kept to their timetable. Once they started, they found the construction rubbish strewn along
the pitch-black tunnel slowed their run, but nevertheless they completed it in time, the only
mishap being Sadi’s car brakes, which became so overheated on the descent that they visibly
glowed in the night, and the team had to blow mouthfuls of water down straws onto the brake
pads to cool them. Cohabiting with John, running and trekking with him on these trips, revealed
the depth of his sense of humour and love of fun, and showed that whilst on the surface his
smiles (though not infrequent) were not large, they covered a profound ability to see the amusing
side of things.

Neil K. Bourne, Professor of Matter in Extreme Environments, Department of Mechanical,
Aerospace & Civil Engineering, the University of Manchester, Director of The Thomas
Ashton Institute, Director of The University of Manchester at Harwell, Ph.D. awarded 1990
- Shock wave interactions with cavities [123]

Neil Bourne’s association with John began when John attended Neil’s Cambridge interview in
Magdalene in 1983. That was the start of a long relationship that spanned Neil’s time at the
university, starting with John being Neil’s supervisor for his degree, then as John’s PhD student,
within the ‘Fracture’ group, and on to a research fellowship in Clare Hall. Finally, John helped
Neil return to a fellowship in Magdalene as he started the shock physics group within the Physics
and Chemistry of Solids group (PCS). Neil’s research straddled several research areas, each with
shock waves as their driver. First through interest from Marty Lesser (Luled) and Francois Avellan
(Lausanne) on cavitation and the erosion of solid surfaces attacked by cavities. A common
approach to understanding behaviour followed a method developed by John Dear who
demonstrated that a cavity punched into a confined sheet could be collapsed under a weak shock.
A second strand was research on explosive ignition by bubble collapse, stretching back to the
pioneering work of Bowden and Yoffe who showed the importance of localised hot spots in
starting a reaction in an energetic material (Figure 14). Finally, the work on solid and liquid impact
had equipped the lab over the years with several small launchers capable of firing projectiles at
surfaces where erosion, pitting or fracture could be studied and where shocked states could be
observed as materials were loaded. Neil’s PhD focused on the collapse of bubbles added or
entrained within solid explosives. The problem was posed by Nobel’s Explosives, where at the
division of ICI based in Ayrshire, and Neil spent many wet Scottish winters doing experiments in
bunkers. There he drove bubbles in explosives to collapse with a detonating charge, returning to
shock inert analogues with a laboratory gun in Cambridge. John never ventured north during Neil’s
time there, choosing the snow of Sweden rather than the rain of Scotland.
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Figure 14. Hot spot ignition; a). shear banding in HMX [124], b). shock-induced cavity collapse
in high explosive [125].

Throughout Neil’s research (and surely in that of others) it became clear that equipment in the
Cavendish limited the amplitude of the impulses that could be generated and the size of projectiles
that could be launched. However, in 1990, a visitor from the RAFAEL laboratory in Israel—Zvi
Rosenberg—arrived for a sabbatical. Zvi’s work resonated with equivalent interests from groups
at the DRA Fort Halstead and Chertsey laboratories. John wove his magic and brought together
sponsor problems, funding and visiting expertise. Neil’s background in shock and launchers
allowed him to build a new facility and founded a shock physics group within PCS. Further, a
launcher capable of precise, one-dimensional shock loading was built, the first of many Neil then
constructed across the UK. The facility was operational within a year, and Neil will always be
grateful that John was so generous in allowing a new speciality to prosper alongside his existing
areas. Indeed, John supported Neil’s bid for a series of lectures on Shock Waves and Explosives,
which was accepted, written and delivered to fourth year students. Other visitors followed
including Rusty Gray from Los Alamos, who joined PCS on sabbatical expanding the shock
physics group’s interests and growing our capabilities. At the same time Peter Dickson was
developing his work on ignition into studies of full detonation, again expanding capabilities to
access more extreme environments and problems.

Shock physics in those early years spawned streams of work across a range of metals and
polycrystalline ceramics. A particular interest of Rosenberg was the shock response of glass and
particularly in the unexplained fracture wave following an elastic shock, first observed by Kanel
[126]. The failure of a metal, in the weak shock regime at least, can be thought of as a shock front
following an elastic precursor wave taking the material to its higher stress plastic state via slip and
twinning. Experiments on glasses, however, showed evidence of wave reflections from
propagating damage fronts behind the elastic front that indicated a delayed drop in shear strength
behind it within the elastic range [127]. We were able to confirm these inferences using embedded
sensors and simultaneous high-speed streak and framing photography which unequivocally
showed the process of failure occurring in the compressed material (see Figure 15 a).
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Figure 15. a). High-speed photography of soda-lime glass (shocked from above). b). Components
of the stress field measured at a station 3 mm from the impact face in soda lime glass below the
WSL. ¢). Strength data in the initial elastic and the final inelastic states for the three glasses;
soda-lime (SL), DEDF - a lead glass and borosilicate (BS) [128,129].
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The failure process can directly be imaged in the glasses under shock. Figure 15 (a) shows a flyer
plate (above the frame) hitting soda-lime glass where failure is initiated at the impact face and the
shock, driven from the top can be seen travelling down the target. The fracture front passes down
the block behind the shock which appears as a dark bar, at higher stresses it travels faster until at
a critical stress level, failure occurs in the front. When first detected by Kanel these fronts were
known as fracture waves. However, they are better dubbed failure waves since similar fronts
observed in polycrystalline ceramics for instance have some ductile component.

If the longitudinal and lateral stress components are measured in a glass block as it is loaded, the
effects of propagating fracture fronts become apparent as losses in strength. Figure 15 (b) shows
the recorded stress levels at a sensor in the flow and in the direction of, and perpendicular to the
shock travel. The shear strength history shows a drop in the strength of the glass behind the front.
Whilst these histories were obtained from soda-lime, similar behaviour is also observed in other
glasses that have been examined in this stress regime. The locus of the unfailed and failed
strengths, shown in Figure 15 (c) demonstrates that shear strength levels are similar for the three

glasses, remarkable since density for instance varies from 2.2 to 5.2 g cm™ amongst them. This
shows strengths to be governed by the amorphous silicate network that bonds the materials
together - a result ahead of equivalent work in other laboratories at the time.

Forming a shock physics group extended the range of strain-rates and controlled the precision of
the loading that might be applied at the Cavendish. Previous studies of materials were based around
drop weight and split or direct Hopkinson bar work already in progress. With Peter Dickson then
extending the classic hot-spot heritage to include studies on detonation and laser initiation, the
reach of the physics studied was expanded and enriched (Figure 16). Yet in the end, the space
available within the crowded Cavendish limited the size of the launchers that could be constructed
and the quantity of explosives that could be initiated. This thus constrained the range of problems
that could be studied. Thus, a suite of larger launchers including a two-stage system for more
extreme states and the capability to shock hundreds of grams of high explosives, were built in a
parallel laboratory at the Royal Military College of Science in Shrivenham. Neil remembers John
visiting to see the laboratory on his annual trip to Oxfordshire, examining the three large launchers
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then operational and commenting on the luxury of space and the ability to fire quantities of
explosive that we had on that site.

Figure 16. An X-ray sequence showing a steel rod 10 mm in diameter hitting a block of soda-
lime glass at a velocity of about 540 m s~* [130].

With the legacy that John and his students have continued, John has assured a cadre of experience
exists both in the UK and in other universities and national laboratories overseas where supervisees
are now working. The mix of subjects studied, and techniques fielded was always varied and
eclectic, but it was that heterogeneity, coupled with the freedom that John permitted, that allowed
his students the freedom to innovate and create. His outreach to funding agencies brought a unique
mix of industrial, government laboratory and research council funding and in many ways, the
group’s great strength was that it was multidisciplinary before multidisciplinary became de
rigueur.

From the time John inherited Philip Bowden’s cross-disciplinary group, and up to his retirement,
John Field acted as a research beacon for Cambridge’s high strain-rate research. The period of
rationalisation in national establishments, and changes of emphasis in research, that occurred
during his tenure moved physics towards nanoscale, biological and quantum problems, and away
from multidisciplinary, macroscale research. Nevertheless, at a time when cross-disciplinary,
applied research is an increasing focus for funding councils, the Fracture group’s diverse range of
problems and cadre of high-quality cross-disciplinary students, is model for research that is now
being recreated. Finally, whilst John never spent as much time in the college as some, Neil shares,
“John is remembered whenever | visit, and | shall toast his memory when I next return to
Magdalene to remember his achievements and thank him for the formative assistance he gave me”.

Peter Dickson, Group Leader, Los Alamos National Laboratory, Ph.D. awarded 1990 -
Fast reaction in primary explosives [131]

Explosives research at the Cavendish dates back to World War 11, when Philip Bowden and one
of his students, Abe Yoffe, temporarily stationed in Australia, started working on explosive
initiation mechanisms related to explosive accidents, studying, in particular, how reaction is
started by non-shock impacts and other mechanical stimuli such as friction [132]. This was a
natural extension of Bowden’s work with David Tabor on the physics of the frictional interaction
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between solids [133], and directly led to the seminal theory that all explosive initiation processes
are fundamentally due to localized thermal hot spots.

After returning to Cambridge after the war, they continued to work on explosive initiation,
including frictionally induced hot spots [134,135], branching out to include both primary and
secondary explosives, initially in the Department of Physical Chemistry but later forming what
became the Physics and Chemistry of Solids Laboratory (a.k.a. PCS) in the Department of
Physics. John Field joined PCS in 1958 and, although his own research interests did not initially
include explosives, he inherited that work as part of the PCS Fracture Group after Bowden’s
death in 1968.

The science of explosives has always been something of a niche subject area, dominated by two
quite distinct and different uses; mining and military. It splits further into safety studies (how to
stop explosives from exploding) and performance studies (how to optimize the results when they
do). Partly constrained by operational limitations on the kind of experiments that could
reasonably be performed at the University, and partly due to the historical expertise in PCS that
focused on safety issues, John built extensively on Bowden’s contacts and funding from
industry, the UK Ministry of Defence and the US Department of Defense to develop the
Cambridge group into the foremost non-shock research group in the UK, and one of the most
successful worldwide. While his primary interests remained in the areas of brittle fracture, liquid
impact and friction, he nurtured the steady continuation of ground-breaking experimental
research into explosive behaviour, additionally attracting sabbatical visits from distinguished
scientists such as Phil Howe (Ballistic Research Laboratory at Aberdeen Proving Ground) and
Jim Johnson (Los Alamos National Laboratory).

Initiation and propagation of reaction in primary explosives, exemplified by the creative work of
Munawar Chaudhri on single crystals [136] and pressed beds [137], explored the unique
sensitivity of these materials and included several efforts to find replacements for the ubiquitous,
but still problematic, lead azide [138].

The initiation of both solid and liquid explosives by impact was explored extensively by several
of his students and group members, including Heavens, Swallowe, Walley, Palmer and Bourne
[139-141,124], using innovative techniques such as the transparent-anvil drop weight, which
allowed the viscous and visco-plastic processes that dominate high-strain-rate thermal
localization mechanisms to be directly observed.

Dear [102] and Bourne [142] performed novel experiments to observe the initiation of
transparent explosive gels by observing the detailed mechanism of the shock collapse of voids in
the explosive, work that was later extended to the shock collapse of hollow propellant grains.
Significant advances were also made by Huntley, Palmer, Goldrein, Rae and others [113,143] in
understanding the mechanical response of polymer-bonded explosives (PBX) at lower strain
rates using optical methods to track the 2-D strain field up to fracture.

Dickson and Luebcke [144] used transparent confinement to examine the progression of the
deflagration-to-detonation transition in porous beds of the secondary explosive PETN.
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Laser initiation of explosives became a significant new area of study in the 1990s. Ramaswamy
studied the ignition of explosives by direct irradiation [145], while Dickson, followed by
Watson, Goveas, Gifford and Greenaway [146,147] investigated the direct shock initiation of
secondary explosive by thin laser-driven metal fliers.

John was a regular attendee of the quadrennial International Detonation Symposium and the
biennial American Physical Society Topical Group conference on Shock Compression of
Condensed Matter, and he encouraged his students to attend them too, which helped to foster
many international collaborations. His tireless commitment to pushing the existing boundaries of
our understanding of explosives leaves an impressive legacy of advances in the subject.

George T. “Rusty” Gray III, Los Alamos National Laboratory, Cavendish Laboratory
visitor 1998

Rusty’s interactions with Professor John Field, while relatively brief overall, had a lasting impact
of great significance on both Rusty’s scientific career as well as on the education and cultural
acumen of his family. In the Fall of 1997 Professors Michael F. Ashby and J. David Embury,
who both visited Los Alamos National Laboratory (LANL) regularly and were mentors of
Rusty’s, suggested that he might enjoy an extended research extended travel “sabbatical” within
the University of Cambridge. Mike and David thereafter sponsored Rusty’s application to
become a visiting Fellow of Clare Hall within Cambridge University. Simultaneously, through a
budding friendship with Neil K. Bourne with whom Rusty had interacted at APS Topical
Conferences, he inquired about the possibility of spending 6 months at Cambridge University
working within Professor Field’s research group. Professor Field welcomed Rusty’s interest in
working with the PCS group, and he further helped secure funding from the Ministry of Defence
to partially sponsor Rusty’s visit and research within the Cavendish Laboratory, in exchange for
agreeing to present a series of extended lectures on high-strain-rate and shock-loading behaviour
in materials. So it was that Rusty arrived in Cambridge in April of 1998 for a 6-month visit as
both a Visiting Fellow at Clare Hall and a visiting scholar within Professor Field’s PCS research
group. John and his staff further helped Rusty secure an amazing old house to rent off of Jesus
Green in the centre of Cambridge. Rusty’s family, including his 12 year-old son and 10 year-old
daughter and wife would later join him for ~ 3.5 months of his stay.

The impact of this period on both Rusty’s scientific research career as well as his family’s life
stories has been nothing but amazing. Rusty’s research career, in so far as shock research,
multiplied across many areas due to his interactions with John directly and through the breadth
of research he conducted with staff within PCS including Drs. Bourne, Walley, Millett, and
Proud [148-150]. New research topics in Rusty’s career including shock-wave profile effects on
shock hardening and spall, shear-wave loading effects on materials, and shear effects on damage,
to name but a few, were all spawned during his time in PCS. His interests in shear-wave and
friction effects on material damage were also the direct result of discussions with John, and
papers John gave him to read, on the research of John’s own Ph.D. advisor Professor Philip
Bowden [9] as well as the work of Professor David Tabor [18]. John also encouraged Rusty,
upon his learning of Rusty’s interest in stained glass, to visit all the colleges in Cambridge to see
the wealth of amazing stained glass in the various college chapels. Also, during this time, Rusty
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became acquainted with all of John’s students and eventually one of them, Dr. Philip Rae, would
come to do a Post-Doctoral fellowship with Rusty at LANL, and later join LANL as a staff
member [151-154].

On a personal note, Rusty shares that he and his family were each enriched on so many levels
during their stay at Cambridge. Rusty will never forget attending High-Table by candlelight with
John and Neil within Magdalene College nor will his family forget their times punting on the
Cam, touring Cambridge and Oxford, seeing Shakespeare plays performed in the evenings in
Cambridge, or strolling on Jesus Green. Rusty shall always be indebted to Professor John Field
for his friendship and the effect John has had on his career and his family.

Stephen G. Goveas, Senior Sponsor - Explosives, Trials & Test Estate Strategy, Atomic
Weapons Establishment, Ph.D. awarded 1998 - The laser ignition of energetic materials
[155]

In 1987, Stephen arrived in Cambridge from Newcastle in the North of England. It was his first
week as an undergraduate and John Field was one of the first fellows of Magdalene College that
he met.

Stephen visited John in his rooms in the Lutyens Building and John welcomed him to the
university and college. John was to be his Director of Studies and Stephen was excited at the
prospect of studying Natural Sciences and the opportunities that John described. He thought John
was an amiable, clever chap, but probably just another passing face in Stephen’s career. He did
not see that this was the start of a relationship that would stretch over 30+ years and that John
would be an integral part of his life and career throughout those decades.

Over the next 3 years, Stephen and John regularly met to discuss studies, progress and, later,
career options. Friendly chats in John’s rooms and occasionally the Cavendish canteen, over a
cup of tea and a slice of cake. Stephen gradually moved away from Physics and Materials to
finally specialise in Theoretical and Physical Chemistry. Nevertheless, he stayed in touch with
John, who was always keen to encourage young scientists to stay in science when they graduated
(even if they had given up on Physics!).

In 1990, Stephen waived goodbye to Cambridge and started work as a scientist at the Atomic
Weapons Establishment (AWE), a department of the UK Ministry of Defence (MoD). He was
rather taken aback by the opportunity of leading experiments on the ignition and initiation of
explosives using large and small lasers (surely, every boy’s dream - certainly any boy excited by
fireworks and the like).

Within a few months, he was asked to present his work to a senior MoD committee, and there
was John, reviewing and advising on the technical aspects of his work and supporting his
funding. Soon after this, Stephen restarted his studies with John as his supervisor, as he
embarked on a PhD and finally made the switch back to Physics, which pleased John greatly.
John advised that he narrow his graduate studies to laser ignition for the purposes of his thesis
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and his time was shared between AWE and Cambridge. Stephen was going back to Cambridge
and back to Magdalene College.

As with many of his other students, John delegated the day-to-day supervision of Stephen’s
studies to one of his trusted team, Neil Bourne, Director of Research - Stephen’s first year
undergraduate physics supervisor. It’s a small world! Nevertheless, those occasion chats, gems
of wisdom and advice, and an introduction to the politics of academia and government, resumed
over cups of tea and slices of cake in the Cavendish and John’s rooms in college, intermingled
with notes of John’s running career and reminisces.

Strangely, after a few more months, Stephen was asked to help place and manage an AWE
research contract with Cambridge and a certain John Field, and Stephen was introduced to Peter
Dickson, the postdoc who would carry out research supporting the other half of his AWE role,
the laser initiation of explosives. Stephen had been introduced to Peter some years earlier, during
his first year in Cambridge, by Neil. It really is a small world.

Over the following decades, John's and Stephen’s path would cross many times. John sitting on
many increasingly senior research and defence committees, reviewing and advising on the state
of UK research capabilities and programmes; sometimes reviewing, providing direction and
deciding on funding for the defence work that Stephen was involved in. Occasionally, Stephen
would be presenting progress and proposals - a flashback to those research presentations to John
and his Group in the Cavendish, many years before (and John still always had at least one
question to ask!).

John was singularly respected within the academic research and defence communities, and his
strengths included advising on and defending promising work, pulling strings to make sure
things happened, filtering out blind alleys and wrong turns, and ensuring his research group was
always well funded.

John was a strong character and not always the good guy. Stephen was aware of stories of the
wrath of John, but he never experienced this himself. Sometimes they had rather heated debates
and disagreements, and John would redirect or block Stephen’s proposals, but he was always
constructive in his criticism, he always provided a way forward and everything was fine after a
cup of tea and a slice of cake.

Philip J. Rae, Scientist, Los Alamos National Laboratory, Ph.D. awarded 2000 - Quasistatic
studies of the deformation, strength and failure of polymer-bonded explosives [156]

Philip Rae interviewed for a Ph.D. student position in Prof. John Field’s group as a result of a
chance remark to Prof. Bradley Dodd—who studied adiabatic shear banding—who was working
at the time at Reading University where Philip obtained his B.Eng. Philip asked Bradley if he
knew anybody who studied the physics of explosives and might be looking for a Ph.D. student.
In any event, Philip started his Ph.D. some months later at the Cavendish investigating the
strength properties of polymer bonded explosives as part of a sponsored project for the Atomic
Weapons Establishment (AWE). Although John was Philip’s official supervisor, day-to-day
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mentorship fell to Dr. Tim Goldrein who himself had been a student of John and Dr. Jon
Huntley.

Philip learned many valuable lessons from John over the years about the business of doing good
science. John was not computer savvy (in fact for several years he had his secretary print all of
his incoming email and he would handwrite a response on the bottom, sign it, and return it to her
for typing); however, he did greatly value the assistance that computers and technology in
general brought. John was a strong proponent of the idea that a good, clear, picture was worth a
thousand words (or even equations). As a result, he kept a large collection of carefully produced
35 mm slides for all his talks. It was also the reason why the group focused so much on high-
speed photography as well as employed a full-time professional photographer. At the time the
Cavendish had only two professional photographers: one for John’s group, and one for
everybody else. John understood that a picture often explained a complex physical phenomenon
better to scientists than words, but this was even more true of the layman (or project sponsor,
often the same thing!).

As soon as laptop computers and portable projectors became viable, John quickly and willingly
moved from slides to Powerpoint. This did mandate a designated Post-Doc (Tim Goldrein during
Philip’s time) acting as technical consultant and accompanying John to every presentation to set
things up and fix inevitable Microsoft-based emergencies.

John was very good at estimating what a project would actually cost to execute. This was a
valuable skill when, significantly before it became the norm in British academia, much of the
group was continuously funded by industry, the Ministry of Defence and AWE. He also
maintained a genuine open-door policy at his office. That is, the door would normally be open,
and he was actually in the room. Although always available for advice, or to answer a request for
funding a new widget, a conversation or even meeting would end with “GooooD”. At which
point either he would stride out of the room, or it was very clear that you would leave now.
Philip also recalls that John would often end a question with “..., Yes?”.

John had very few rules about hours and attendance, etc. There were just three. You were
expected to attend the Thursday afternoon colloquia. Your research was high quality and on time
(how that happened was up to you so long as it happened). And finally, your reports and
presentations to the sponsors were professional. This also meant that everybody in the group had
to become somewhat proficient at presenting and also good at a little ‘marketing, expectation
management and spinning’ of your research (which was good training for real life).

It must be mentioned that at the time when Philip was at Cambridge, opportunities for academic
advancement in the physics department were few to none. It is an unfortunate truth that by then
the Physics department hierarchy viewed John’s group as something of a group of blacksmiths
and not real physicists. Since there was even less space at the Engineering or Materials Science
department than at the Cavendish, a move there was out of the question from a practical point of
view, even if the historical inertia was overcome. However, as an alternative John always
encouraged students to make contacts both inside and outside UK academia as well as in
industry. For example, it was expected, not just permitted, that students would attend one
international conference a year as well as at least one UK-based one. The only cost saving
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measure was that you were expected to share a hotel room with another student or recently
converted Post-Doc on such ventures.

Because much of the science that John championed was aimed at a real end user, not just of
academic interest, John also made sure that experimental apparatus and consumables could
actually be made and repaired. In that regard he followed the old Cavendish rule that there
should be numerous skilled craftsmen readily available who could make the impossible based on
a badly drawn sketch on a napkin. Philip thinks while everyone in the group was aware that there
was such a thing as technical drawings, the group did not really think they applied to them. A
few minutes’ conversation and some hand waving usually got things built to specification.

Philip shares, “I think I would have been happy as a researcher at the Cavendish, but as a result
of connections made at some of the international conferences John encouraged me to attend, |
joined Los Alamos National Laboratory in the US about 18 months after | obtained my Ph.D.”
Philip did have the opportunity ten years ago to undertake a six-week sabbatical at the Cavendish
PCS group. John had long retired by then, but the group at that time retained much of the same
character, John’s influence was still felt and it was a highly enjoyable experience.

Marc Meyers, Distinguished Professor of Materials Science and Engineering, Departments
of Mechanical and Aerospace Engineering and Nanoengineering, University of California,
San Diego Cavendish Laboratory visitor

In the mid-eighties, Marc Meyers laboured in New Mexico, USA and conducted explosive
experiments in the mountains around Socorro. One day, he and his colleagues had a strange idea,
to create a Center for Explosives Technology Research in the middle of the desert! They got state
funding and were fortunate to attract a brilliant researcher as director in Per-Anders Persson
[157] who left Nitro Nobel to join them. Soon they received the visit of two of his Cambridge
friends: John Field and Munawar Chaudhri. Per Anders and John had been students at the
Cavendish lab and were both athletes: one a high jumper and the other a runner. This enhanced
Marc’s admiration for them. From the first moment, Marc was amazed at John's knowledge of
explosives and at his fundamental insight into the processes of explosive initiation. In deep awe
of the group at Cavendish, where pioneering work by Frank P. Bowden [9], David Tabor [18],
Abe D. Yoffe, and John E. Field had been conducted, Marc managed to visit the Cavendish on
several occasions and conduct research there. John was always the most gracious host and
invariably invited Marc for lunch and dinner. Marc had the opportunity to gauge the positive
effect John had on the entire PCS group and the admiration that John elicited even after his
retirement. John was nominated for the DYMAT 2009 John Rinehart Award, which he received,
and gave a brilliant lecture on that occasion, in Brussels, Belgium at the Belgian Royal Military
Academy (this lecture was not part of the conference proceedings, but the content that lecture
may be found in [77]).

In the mid 2000s, Marc Meyers spent a sabbatical at the PCS Group. He returned a few times and
always had the opportunity to conduct meaningful research. He used the drop-weight test
apparatus to generate high compressive stresses and strains in reactive mixtures of PTFE-AI-W.
These tests were combined with high-speed photography to determine the plastic deformation of
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the mixtures under confinements produced by machined aluminium disks of varying thicknesses.
The high-speed photography was accomplished in the historic C 4 camera, and Steve Walley
showed an amazing mastery of extracting excellent data form fifty-year equipment. It had been
used earlier for recording nuclear explosions and was an impressive machine. Shear localization
of the mixtures was identified and a peculiar behaviour of the PTFE was registered: A network
of these PTFE nanofibers is also shown in Figure 17 [158]. They are evidence of crazing which
had been observed by Brown et al. [159] earlier, but with the fibres having a much larger
diameter.

Figure 17. PTFE nanofibrils generated by high velocity compressive deformation under
confinement of Al-PTFE-W compacted mixture. From [158].

This work on the dynamic behaviour of reactive mixtures, funded by the US Office of Naval
Research Award, led to research funded by the European Research Office, in which explosives
were used to establish the fragmentation of aluminium and nickel-aluminium compacts. These
compacts were made by a swaging process in which the particle size and interface cohesion were
independently varied. Chris Braithwaite, then a post-doctoral fellow at Cavendish, did most of
the experimental work using an explosive chamber coupled with a high-speed camera. The
apparatus is shown in Figure 18 and consisted of an explosive chamber activated by an explosive
cap placed in the axis of a copper hollow cylinder around which the ring was placed. The
detonation drives the expansion of the copper tube which, in turn, accelerates the ring. The
camera recorded the velocity of expansion as well as the fragmentation process. The mean
fragment size and fragment size distribution were measured from the specimens embedded
paraffin from which they were recovered by melting the latter. This was an exhausting process
since the fragments had to be separated from the liquid and then individually weighed in order to
obtain a meaningful distribution. The fragmentation statistical distribution was compared to was
compared to the famous Mott model [160-163]. In Mott’s days fracture mechanics was still in its
infancy. Our contribution was to incorporate fracture mechanics into Mott’s energy balance
equation. The mean fragment size was found to be dependent on both yield strength and fracture
toughness of the compacts, which were separately determined. The results of experiments and
calculations are shown in Figure 19 for Ni-Al compacts. One can see a very satisfactory
correlation between the two.
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Figure 18. Expanding ring setup driven by detonation of explosive cap and associated
diagnostics. From [164].
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Figure 19. Fragment size in Ni-Al compacts as a function of fracture toughness and yield
strength; full lines are theory predictions using a modified Mott theory and squares are
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During his visits to Cambridge, Marc fondly remembers the fantastic library in the PCS group. In
spite of the availability of internet, the physical library was essential in his pursuits, since an
enormous amount of knowledge was accumulated in one room. He also remembers the coffee
and tea breaks which provided the opportunity for the group members to exchange ideas and
information. The sorties to the local pubs added the needed lubrication to these creative minds.
Marc became a Life Member of Clare Hall and had the opportunity to enrich his intellectual life.

Clive R. Siviour, Professor in Engineering Science, University of Oxford, Ph.D. awarded
2005 - High strain rate properties of materials using Hopkinson bar techniques [166]

Like many of John’s students, Clive Siviour started as a Part 11l (final year) project student in
John’s Fracture Group, and stayed for a Ph.D., finishing in 2005. Clive’s research focussed on
using the split-Hopkinson pressure bar to evaluate the response of quite a variety of different
materials. This led to a series of influential papers on temperature—strain-rate equivalence in
polymers [77,167-170]. However, research he later did at Luled, as part of John’s collaboration

34



O©CO~NOOOTA~AWNPE

and trips to the university, mainly focussed on 3D image correlation (often called Digital
Volume Correlation) on X-ray Tomography scans of powders under compression.

John’s leadership of the Fracture Group very much encouraged good (publishable!) science, but
with an eye on providing data that helped to understand problems of industrial importance. One
of the features of the group was that there were a number of very good post-docs and students
working on a wide variety of topics: shock loading, explosive detonation, mechanical response at
low and high strain rates, bubbles, various optical techniques, diamond, and liquid and solid
erosion. This meant that students were quickly exposed to different techniques and ideas, with
plenty to talk about at the well-observed morning and afternoon tea breaks. This provided fertile
ground for new ideas to develop, such as the work combining the split-Hopkinson bar and
Digital Image Correlation (Figure 20). Another advantage of working with John was the huge
number of friendships and contacts he had, which allowed a young student to interact with some
of the leading researchers in the field, and also to develop their own contacts for the future, both
of which Clive found very helpful as he developed his career. John was quite quiet, but he was
excellent at engaging with people, and always had the right question to ask about their family, or
some other aspect of their personal lives.

Throughout Clive’s time in Oxford, John’s support was invaluable, not just for references but
also to encourage focus on the right activities. The split-Hopkinson bar and high-speed
photography continue to be two key components of his research, which still focusses on the
experimental study of mechanical behaviour of materials, and development of techniques for
measuring these properties, continuing, to some extent, the Fracture Group philosophy of
designing new experimental techniques to help solve relevant industrial problems.

Figure 20. Application of Digital Image Corelation to a high-speed Brazilian test on a PBX
simulant [171]
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David M. Williamson, Principal Research Associate at the Cavendish Laboratory,
University of Cambridge, Ph.D. awarded 2006 - Deformation and fracture of a polymer
bonded explosive and its simulants [172]

David Williamson first came to Cambridge almost immediately after finishing his physics degree
course at Loughborough; in his recollection arriving before he had even graduated. From 8 July
to 30 September, 2002, he was employed as a Technical Vacation Assistant to Professor John E.
Field; a prelude to beginning his Ph.D. studies under John that October of 2002. David came on
the recommendation of another of John’s former Ph.D. students, Gerry Swallowe (Ph.D. 1975—
1979 [63]), who strongly recommended John to David as a supervisor. David shares that it is no
exaggeration to say that John played a very influential role in his life; in signing David up to
Magdalene College, John set the scene for David meeting his future wife Nataliya.

John excelled in dovetailing academia, industry and government, and to David’s mind, it is in
that role that he thinks he learnt the most from John. David recalls that one of his first, of what
have become many outings from the Laboratory, was to attend a TEEMAC meeting; and David
remembers feeling very proud that it was his supervisor who chaired the proceedings with such
ease. As well as being academically rigorous, John was also a highly entrepreneurial individual.
As director of his own limited company, John engaged David in numerous projects over a ten-
year period. John gave David the example of how it was possible, within the Cambridge
environment, to not only to develop academic skills, but also to put them to use in the wider
world.

David travelled a little with John, and a particularly memorable trip was to Singapore in 2012 to
deliver a series of lectures at Nanyang Technical University. Whilst there, they were very well
looked after by another of John’s former students, Qiqing Sun (Ph.D. 1987-1992 [173]), and the
mutual respect and friendship was obvious and natural. It was on that trip David saw John at his
most relaxed, and they talked the most freely. John was very familiar with the layout of the city,
and seemed to have an innate knowledge of the bus routes and timetables. On a shopping trip to
buy silks and thousand-layer cake for his wife Ineke, David thinks John was the happiest he ever
saw him. They took tiffin at Raffles Hotel; a memory that David will always remember and hold
dear.

From the early 1960s to the late 2000s, John supervised around 84 students; that is
approximately one for each year of his life. Their collected theses are kept in the Cavendish
Laboratory, and continue to be an invaluable resource for David’s own Ph.D. students; such is
the enduring nature of John’s research interests. As David supervises them today, he incorporates
the lessons he learnt from John over the 18 years that he was privileged to know him.

David was amongst one of the last cohorts of John students, it is no surprise therefore that David
regularly meets former students at conferences and meetings both in the UK and around the
world; and all remember John fondly. Surely those individuals and their on-going research are
both testament to John’s success, and his greatest legacy.
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Conclusion

Professor John E. Field was widely regarded as a father figure in high-strain rate physics who
inspired many during his lifetime. John made major contributions to our understanding of
friction and erosion, brittle fracture, explosives, impact and high strain-rate effects in solids, and
impact physics during his career in the Physics and Chemistry of Solids (PCS) Group of the
Cavendish Laboratory at Cambridge University. The contributions by the PCS group are globally
recognized and the impact of John’s work is a lasting addition to our knowledge of the dynamic
effects in materials. The legacy of his work and his students have made an indelible mark on the
field.

Acknowledgements

The authors would like to thank Jennifer Jordan and the Journal of Dynamic Behavior of
Materials for the opportunity to share our memories of our colleague, mentor and friend John E.
Field. Some of the text in the biography was contributed by Ineke Field, Peter Grubb, Victor
Shim, Mikael Sjodahl. NKB thanks the large of number of colleagues and friends contacted to
contribute to this tribute who were so generous with their contributions. Particular thanks go to
lan Hutchings who contacted many of the early students, Stephen Walley who coordinated the
biographical and reference library and John Dear who assembled reminiscences from Lulea.

References

1. Field JE (1962) High speed liquid impact and the deformation and fracture of brittle solids.
Ph.D., University of Cambridge, Cambridge, UK

2. Hutchings IM (1974) The erosion of ductile metals. Ph.D., University of Cambridge,
Cambridge, UK

3. Winter RE (1971) Microdeformation of materials by impact and slow loading. Ph.D.,
University of Cambridge, Cambridge, UK

4. Fuller K (1973) The brittle fracture of polymers. Ph.D., University of Cambridge, Cambridge,
UK

5. Graduate Student Edition (2020). CavMag: News from the Cavendish Laboratory. University
of Cambridge, Cambridge, UK

6. Bowden FP, Brunton JH (1958) Damage to Solids by Liquid Impact at Supersonic Speeds.
Nature 181 (4613):873-875. doi:10.1038/181873a0

7. Field JE (1966) Stress Waves, Deformation and Fracture Caused by Liquid Impact.
Philosophical Transactions of the Royal Society of London Series A, Mathematical and Physical
Sciences 260 (1110):86-93

8. Field JE, Heyes AD The fracture of materials of high elastic moduli. In: Helwich O (ed)
Proceedings of the Seventh International Congress on High-Speed Photography, Zurich,
Switzerland, 1967 1967. Verlag, pp 391-398

9. Tabor D (1969) Frank Philip Bowden, 1903-1968. Biographical Memoirs of Fellows of the
Royal Society 15:1-38. doi:10.1098/rsbm.1969.0001

37



O©CO~NOOOTA~AWNPE

10. Hutchings IM, Winter RE, Field JE (1976) Solid Particle Erosion of Metals: The Removal of
Surface Material by Spherical Projectiles. Proceedings of the Royal Society of London Series A,
Mathematical and Physical Sciences 348 (1654):379-392

11. Hutchings IM (1977) Deformation of metal surfaces by the oblique impact of square plates.
International Journal of Mechanical Sciences 19 (1):45-52. doi:10.1016/0020-7403(77)90015-7
12. Hutchings IM, Winter RE (1975) A simple small-bore laboratory gas gun. J Phys E: Sci Instrum
8:84-86

13. Hutchings | (1977) The Erosion Of Metals By Solid Particles - A Study Using High-Speed
Photography, vol 0097. 12th International Congress on High Speed Photography. SPIE,

14. Walley SM, Field JE (2005) The contribution of the Cavendish Laboratory to the
understanding of solid particle erosion mechanisms. Wear 258 (1-4):552-566.
do0i:10.1016/j.wear.2004.09.013

15. Hutchings |, Little J (1995) Editorial. Wear 186-187:v. doi:10.1016/0043-1648(95)80043-3
16. Field JE (1999) ELSI conference: invited lecture: Liquid impact: theory, experiment,
applications. Wear 233-235:1-12. doi:10.1016/5S0043-1648(99)00189-1

17. Crowther JG (1974) The Cavendish Laboratory, 1874-1974. Science History Publications,
Sagamore Beach, MA

18. Field J (2008) David Tabor. 23 October 1913 — 26 November 2005. Biographical Memoirs
of Fellows of the Royal Society 54:425-459. doi:doi:10.1098/rsbm.2007.0031

19. Hagan JT (1973) Some aspects of brittle fracture and laser damage in dielectrics. Ph.D.,
University of Cambridge, Cambridge, UK

20. Hagan JT, Swain MV, Field JE (1978) Stress corrosion characteristics of toughened glasses
and ceramics. Journal of Materials Science 13 (1):189-194. doi:10.1007/BF00739290

21. Hagan JT, Swain MV, Field JE (1979) Fracture-strength studies on annealed and tempered
glasses under dynamic conditions. Philosophical Magazine A 39 (6):743-756.
do0i:10.1080/01418617908239304

22. Swain MV, Hagan JT (1976) Indentation plasticity and the ensuing fracture of glass. Journal
of Physics D: Applied Physics 9 (15):2201-2214. doi:10.1088/0022-3727/9/15/011

23. Knight CG, Swain MV, Chaudhri MM (1977) Impact of small steel spheres on glass surfaces.
Journal of Materials Science 12 (8):1573-1586. doi:10.1007/BF00542808

24. Swain MV, Hagan JT (1980) Rayleigh wave interaction with, and the extension of,
microcracks. Journal of Materials Science 15 (2):387-404. doi:10.1007/PL00020072

25. Hauser H (1977) Mechanically activated chemical reactions. Ph.D., University of Cambridge,
Cambridge, UK

26. Gorham D (1974) High velocity liquid jets and their impact on composite materials. Ph.D.,
University of Cambridge, Cambridge, UK

27. Ng WL, Field JE, Hauser HM (1976) Study of the thermal decomposition of Pentaerythritol
Tetranitrate. Journal of the Chemical Society, Perkin Transactions 2:637-639

28. Hauser HM, Field JE (1978) New method for TG and DSC data analysis. Thermochimica Acta
27 (1):1-8. d0i:10.1016/0040-6031(78)85016-3

29. Hauser HM, Field JE, Mohan VK (1983) Fracture-induced decomposition of a brittle high
explosive: Pentaerythritol tetranitrate. Chemical Physics Letters 99 (1):66-70.
doi:10.1016/0009-2614(83)80271-1

38



O©CO~NOOOTA~AWNPE

30. Ng WL, Field JE, Hauser HM (1986) Thermal, fracture, and laser-induced decomposition of
pentaerythritol tetranitrate. Journal of Applied Physics 59 (12):3945-3952.
doi:10.1063/1.336743

31. Field JE, Hauser HM, Hutchings IM, Woodward AC (1974) Strength testing of diamond.
Industrial Diamond Review 34:255-259

32. Matthewson MJ (1978) Protective coatings and mechanical properties of materials. Ph.D.,
University of Cambridge, Cambridge, UK

33. van der Zwaag S, Field JE (1982) The effect of thin hard coatings on the Hertzian stress field.
Philosophical Magazine A 46 (1):133-150. doi:10.1080/01418618208236213

34. van der Zwaag S, Field JE (1983) Indentation and liquid impact studies on coated
germanium. Philosophical Magazine A 48 (5):767-777. doi:10.1080/01418618308236543

35. Field JE (1985) Cleaving optical fibres using diamond wedges. In: Advances in Ultrahard
Materials Application Technology, Volume 3. DeBeers Industrial Diamond Division, pp 1-10
36. van der Zwaag S, Dear JP, Field JE (1986) The effect of double layer coatings of high modulus
on contact stresses. Philosophical Magazine A 53 (1):101-111.
d0i:10.1080/01418618608242810

37. Field JE, Samuels B, Townsend D, Hagan JT (1988) Cleavage of optical fibres following
diamond-wedge indentation. Philosophical Magazine A 57 (2):151-171.
doi:10.1080/01418618808204506

38. Seward C, Field J, Coad E (1994) Liquid impact erosion of bulk diamond, diamond
composites and diamond coatings. Journal of Hard Materials 5:49-62

39. Coad EJ, Pickles CSJ, Jilbert GH, Field JE (1996) Aerospace erosion of diamond and diamond
coatings. Diamond and Related Materials 5 (6):640-643. doi:10.1016/0925-9635(95)00403-3
40. Jilbert GH, Field JE (1998) Optimum coating thickness for the protection of zinc sulphide and
germanium substrates from solid particle erosion. Wear 217 (1):15-23. do0i:10.1016/50043-
1648(98)00171-9

41. Wachtman JB, Cannon WR, Matthewson MJ (2009) Mechanical properties of ceramics,
second editon. Wiley, Hoboken, NJ

42. Till minne av professor John Field. (2020). https://www.ltu.se/org/tvm/Till-minne-av-
professor-John-Field-1.203423. Accessed 25 Jan. 2021

43. Andrews DR (1976) Erosion of Metals. Ph.D., University of Cambridge, Cambridge, UK

44. van der Zwaag S (1981) Strength and impact properties of IR transparent materials. Ph.D.,
University of Cambridge, Cambridge, UK

45. van der Zwaag S, Field JE (1982) Liquid jet impact damage on zinc sulphide. Journal of
Materials Science 17 (9):2625-2636. doi:10.1007/BF00543897

46. van der Zwaag S, Field JE (1983) Rain erosion damage in brittle materials. Engineering
Fracture Mechanics 17 (4):367-379. doi:10.1016/0013-7944(83)90087-5

47. Walley SM (1982) Erosion of polyethylene by solid particle impacts. Ph.D., University of
Cambridge, Cambridge, UK

48. Bowden FP, Field JE (1964) The brittle fracture of solids by liquid impact, by solid impact,
and by shock. Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Sciences 282:331-352

49. Chaudhri MM, Walley SM (1978) Damage to glass surfaces by the impact of small glass and
steel spheres. Philos Mag A 37:153-165

39


https://www.ltu.se/org/tvm/Till-minne-av-professor-John-Field-1.203423
https://www.ltu.se/org/tvm/Till-minne-av-professor-John-Field-1.203423

O©CO~NOOOTA~AWNPE

50. Chaudhri MM, Stephens A (1979) Damage and dynamic hardness of ionic crystals by
microparticle impact. Proceedings of SPIE 189:726—-729

51. Chaudhri MM, Brophy PA (1980) Single particle impact damage of fused silica. Journal of
Materials Science 15 (2):345-352. doi:10.1007/Bf02396782

52. Hutchings IM, Rochester MC, Camus JJ (1977) A rectangular-bore gas gun. J Phys E: Sci
Instrum 10:455-457

53. Andrews DR, Horsfield N (1983) Particle collisions in the vicinity of an eroding surface.
Journal of Physics D: Applied Physics 16 (4):525-538. doi:10.1088/0022-3727/16/4/014

54. Walley SM, Field JE (1987) The erosion and deformation of polyethylene by solid-particle
impact. Philosophical Transactions of the Royal Society A-Mathematical Physical and
Engineering Sciences 321 (1558):277-303. doi:DOI 10.1098/rsta.1987.0016

55. Hartman WF, Stirbis PP (1973) Rotating Band Pressures and Engraving Forces in 155mm
Artillery Shells. Journal of Engineering Materials and Technology 95 (2):124-129.
d0i:10.1115/1.3443132

56. Andrews TD (2006) Projectile Driving Band Interactions With Gun Barrels. Journal of
Pressure Vessel Technology 128 (2):273-278. d0i:10.1115/1.2172965

57. Woodley C (2011) Modelling the internal ballistics of lightweight plastic driving band
projectiles. In: Baker E, Templeton D (eds) Proc. 26th Int. Symp. on Ballistics. Destech
Publications, Lancaster, PA, pp 613-624

58. Pope P (1984) Dynamic compression of metals and explosives. Ph.D., University of
Cambridge, Cambridge, UK

59. Safford N (1988) High strain rate studies with the direct impact Hopkinson bar. Ph.D.,
University of Cambridge, Cambridge, UK

60. Gorham DA (1980) Measurement of stress-strain properties of strong metals at very high
rates of strain. In: Institute of Physics Conference Series, London, 1979. pp 47:16-24

61. Walley SM, Field JE, Pope PH, Safford NA (1989) A study of the rapid deformation behaviour
of a range of polymers. Philosophical Transactions of the Royal Society A-Mathematical Physical
and Engineering Sciences 328:1-33. doi:DOI 10.1098/rsta.1989.0020

62. Walley SM, Field JE, Pope PH, Safford NA (1991) The Rapid Deformation-Behavior of Various
Polymers. Journal De Physique Il 1 (12):1889-1925

63. Swallowe G (1979) Effect of grit on the impact initiation of explosives. Ph.D., University of
Cambridge, Cambridge, UK

64. Walley SM, Field JE (1994) Strain rate sensitivity of polymers in compression from low to
high strain rates. DYMAT Journal 1:211-228

65. Coleman KR (1959) The photography of high temperature events. In: Schardin H, Helwich O
(eds) Proc. Fourth Int. Kongress Kurzzeitphotographie. Verlag Dr. Othmar Helwich, Darmstadt,
Germany, pp 32-39

66. Celebrating Churchill’s scientists with Sir Winston’s great-grandson. (2015) Science
Museum. https://blog.sciencemuseum.org.uk/celebrating-churchills-scientists-with-sir-
winstons-great-grandson/. Accessed 25 Jan. 2021

67. Walley SM, Field JE, Biers RA, Proud WG, Williamson DM, Jardine AP (2015) The Use of Glass
Anvils in Drop-Weight Studies of Energetic Materials. Propellants, Explosives, Pyrotechnics 40
(3):351-365. doi:10.1002/prep.201500043

40


https://blog.sciencemuseum.org.uk/celebrating-churchills-scientists-with-sir-winstons-great-grandson/
https://blog.sciencemuseum.org.uk/celebrating-churchills-scientists-with-sir-winstons-great-grandson/

O©CO~NOOOTA~AWNPE

68. Walley SM, Field JE, Palmer SJP (1992) Impact Sensitivity of Propellants. Proceedings of the
Royal Society of London Series a-Mathematical Physical and Engineering Sciences 438
(1904):571-583. d0i:10.1098/rspa.1992.0126

69. Balzer JE, Siviour CR, Walley SM, Proud WG, Field JE (2004) Behaviour of ammonium
perchlorate—based propellants and a polymer—bonded explosive under impact loading.
Proceedings of the Royal Society of London Series A: Mathematical, Physical and Engineering
Sciences 460 (2043):781-806. doi:10.1098/rspa.2003.1188

70. Walley SM, Balzer JE, Proud WG, Field JE (2000) Response of thermites to dynamic high
pressure and shear. Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Sciences 456 (1998):1483-1503. d0i:10.1098/rspa.2000.0572

71. Balzer J (2003) High-speed photographic study of the drop-weight impact response of
RDX/DOS mixtures. Combustion and Flame 135 (4):547-555.
doi:10.1016/j.combustflame.2003.08.009

72. Walley SM, Church PD, Townsley R, Field JE (2000) Validation of a path-dependent
constitutive model for FCC and BCC metals using "symmetric" Taylor impact. Journal De
Physique IV 10 (P9):69-74. doi:10.1051/jp4:2000912

73. Chapman DJ, Radford DD, Walley SM (2005) A history of the Taylor test and its present use
in the study of lightweight materials. In: Teixeira-Dias F, Dodd B, Lach E, Schultz P (eds) Design
and Use of Light-Weight Materials. University of Aveiro, Aveiro, Portigal, pp 12-24

74. Walley SM, Taylor NE, Williamson DM, Jardine AP A novel technique for performing
symmetric Taylor impact. In: DYMAT 2015 - 11th International Conference on the Mechanical
and Physical Behaviour of Materials under Dynamic Loading, 2015. EPJ Web of Conferences, p
01029. doi:10.1051/epjconf/20159401029

75. Walley SM, Proud WG, Rae PJ, Field JE (2000) Comparison of two methods of measuring the
rapid temperature rises in split Hopkinson bar specimens. Review of Scientific Instruments 71
(4):1766-1771. d0i:10.1063/1.1150534

76. Field JE, Walley SM, Bourne NK, Huntley JM (1994) Experimental Methods at High-Rates of
Strain. Journal De Physique IV 4 (C8):3-22. d0i:10.1051/jp4:1994801

77. Field JE, Walley SM, Proud WG, Goldrein HT, Siviour CR (2004) Review of experimental
techniques for high rate deformation and shock studies. International Journal of Impact
Engineering 30 (7):725-775. doi:10.1016/].ijimpeng.2004.03.005

78. Walley SM, Field JE (2001) Elastic wave propagation in materials. In: Buschow KHJ, Cahn
RW, Flemings MC, llschner B, Kramer EJ, Mahajan S (eds) Encyclopedia of Materials: Science
and Technology. Elsevier, Amsterdam, pp 2435-2439

79. Walley SM, Field JE (2016) Elastic Wave Propagation in Materials. In: Reference Module in
Materials Science and Materials Engineering. Elsevier, Amsterdam. doi:10.1016/b978-0-12-
803581-8.02945-3

80. Walley SM, Field JE, Greenaway MW (2006) Crystal sensitivities of energetic materials.
Materials Science and Technology 22 (4):402-413. d0i:10.1179/174328406x91122

81. Walley SM (2007) Shear localization: A historical overview. Metallurgical and Materials
Transactions A-Physical Metallurgy and Materials Science 38a (11):2629-2654.
do0i:10.1007/s11661-007-9271-x

41



O©CO~NOOOTA~AWNPE

82. Walley SM (2012) Strain localization in energetic and inert granular materials. In: Dodd B,
Bai YL (eds) Adiabatic Shear Localization: Frontiers and Advances. Elsevier, Amsterdam, The
Netherlands, pp 267-310

83. Walley SM (2012) Historical origins of indentation hardness testing. Materials Science and
Technology 28 (9-10):1028-1044. doi:10.1179/1743284711y.0000000127

84. Walley SM (2010) Historical review of high strain rate and shock properties of ceramics
relevant to their application in armour. Advances in Applied Ceramics 109 (8):446-466.
doi:10.1179/174367609x422180

85. Walley SM (2014) An Introduction to the Properties of Silica Glass in Ballistic Applications.
Strain 50 (6):470-500. doi:10.1111/str.12075

86. Dodd B, Walley SM, Yang R, Nesterenko VF (2015) Major steps in the discovery of adiabatic
shear bands. Metallurgical and Materials Transactions A-Physical Metallurgy and Materials
Science 46a (10):4454-4458. doi:10.1007/s11661-015-2739-1

87. Siviour CR, Walley SM (2018) Inertial and frictional effects in dynamic compression testing.
In: Othman R (ed) The Kolsky-Hopkinson Bar Machine. Springer, Berlin, pp 205-247

88. Walley SM (2018) Aristotle, projectiles and guns.http://arxiv.org/abs/1804.00716

89. Walley SM (2018) The origins of the Hopkinson bar technique. In: Othman R (ed) The Kolsky-
Hopkinson Bar Machine. Springer, Berlin, pp 1-25

90. Walley SM (2018) The Beginnings of the Use of Iron and Steel in Heavy Armour. In: Kaufman
B, Briant CL (eds) Metallurgical Design and Industry. Springer, New York, pp 71-153.
do0i:10.1007/978-3-319-93755-7_2

91. Walley SM (2020) Highways and Byways in the History of High Rate Mechanical Testing.
Journal of Dynamic Behavior of Materials 6 (2):113-158. doi:10.1007/s40870-020-00237-9

92. Walley SM (2020) The Effect of Temperature Gradients on Elastic Wave Propagation in Split
Hopkinson Pressure Bars. Journal of Dynamic Behavior of Materials 6 (3):278-286.
doi:10.1007/s40870-020-00245-9

93. Freeman CJ (1984) Strength and fracture properties of diamond. Ph.D., University of
Cambridge, Cambridge, UK

94. Field JE (1979) The Properties of diamond. Academic Press, London, UK

95. Field JE (1992) The properties of natural and synthetic diamond. Academic Press, London,
UK

96. Field JE, Freeman CJ (1981) Strength and fracture properties of diamond. Philosophical
Magazine A 43 (3):595-618. d0i:10.1080/01418618108240397

97. Freeman CJ, Field JE (1989) Friction of diamond, syndite and amborite sliding on various
alloys. Journal of Materials Science 24 (3):1069-1072. doi:10.1007/BF01148800

98. Dear JP (1984) The fluid mechanics of high-speed liquid/solid impact. Ph.D., University of
Cambridge, Cambridge, UK

99. Field JE, Lesser MB, Dear JP, Tabor D (1985) Studies of two-dimensional liquid-wedge impact
and their relevance to liquid-drop impact problems. Proceedings of the Royal Society of London
A Mathematical and Physical Sciences 401 (1821):225-249. doi:doi:10.1098/rspa.1985.0096
100. Dear JP, Field JE (1988) High-speed photography of surface geometry effects in liquid/solid
impact. Journal of Applied Physics 63 (4):1015-1021. doi:10.1063/1.340000

101. Field JE, Dear JP, Ogren JE (1989) The effects of target compliance on liquid drop impact.
Journal of Applied Physics 65 (2):533-540. doi:10.1063/1.343136

42


http://arxiv.org/abs/1804.00716

O©CO~NOOOTA~AWNPE

102. Dear JP, Field JE (1988) A study of the collapse of arrays of cavities. Journal of Fluid
Mechanics 190:409-425. doi:10.1017/50022112088001387

103. Dear JP, Field JE, Walton AJ (1988) Gas compression and jet formation in cavities collapsed
by a shock wave. Nature 332 (6164):505-508. doi:10.1038/332505a0

104. Gorham DA, Field JE (1976) The failure of composite materials under high-velocity liquid
impact. Journal of Physics D: Applied Physics 9 (10):1529-1541. doi:10.1088/0022-
3727/9/10/018

105. Gorham DA, Matthewson MJ, Field JE (1979) Damage Mechanisms in Polymers and
Composites Under High-Velocity Liquid Impact. In: Adler WF (ed). ASTM International, West
Conshohocken, PA, pp 320-342. doi:10.1520/STP35807S

106. Walley SM, Field JE, Blair PW, Milford AJ (2004) The effect of temperature on the impact
behaviour of glass/polycarbonate laminates. International Journal of Impact Engineering 30
(1):31-53. doi:https://doi.org/10.1016/S0734-743X(03)00046-0

107. Townsend D (1985) Liquid impact properties of brittle materials. Ph.D., University of
Cambridge, Cambridge, UK

108. Gorham DA, Pope PH, Field JE (1992) An improved method for compressive stress-strain
measurements at very high strain rates. Proceedings of the Royal Society of London Series A:
Mathematical and Physical Sciences 438 (1902):153-170. doi:doi:10.1098/rspa.1992.0099
109. Siviour CR, Walley SM, Proud WG, Field JE (2005) Mechanical properties of SnPb and lead-
free solders at high rates of strain. Journal of Physics D-Applied Physics 38 (22):4131-4139.
doi:10.1088/0022-3727/38/22/018

110. Dixon D, Townsend D (1989) Hypervelocity impact research in British Aerospace. Institute
of Physics Conference Series (102):553-556

111. Huntley JM (1987) Laser speckle and its application to strength measurement and crack
propagation. Ph.D., University of Cambridge, Cambridge, UK

112. Dalton S (1985) Split Second: The World of High Speed Photography. Salem House
Publishers, Topsfield, MA

113. Palmer SJP, Field JE, Huntley JM (1993) Deformation, Strengths and Strains to Failure of
Polymer Bonded Explosives. Proceedings of the Royal Society A: Mathematical and Physical
Sciences 440 (1909):399-419

114. Huntley J, Field J (1994) High-speed laser speckle photography. Part 2: rotating mirror
camera control system and applications. Optical Engineering 33 (5)

115. Huntley JM, Field JE (1986) Measurement of time-varying displacement fields by multiple-
exposure speckle photography. Applied Optics 25 (10):1665-1669. doi:10.1364/A0.25.001665
116. Huntley JM, Field JE (1988) Measurement of crack tip displacement field using laser
speckle photography. Engineering Fracture Mechanics 30 (6):779-790. doi:10.1016/0013-
7944(88)90139-7

117. Huntley J, Field J (1989) High Resolution Moire Photography: Application To Dynamic
Stress Analysis. Optical Engineering 28 (8):288926

118. Leighton TG (1988) Response of gas-filled cavities to acoustic field. Ph.D., University of
Cambridge, Cambridge, UK

119. Leighton TG, Walton AJ, Field JE (1989) High-speed photography of transient excitation.
Ultrasonics 27 (6):370-373. doi:10.1016/0041-624X(89)90036-X

43


https://doi.org/10.1016/S0734-743X(03)00046-0

O©CO~NOOOTA~AWNPE

120. Leighton TG, Lingard RJ, Walton AJ, Field JE (1991) Acoustic bubble sizing by combination
of subharmonic emissions with imaging frequency. Ultrasonics 29 (4):319-323.
do0i:10.1016/0041-624X(91)90029-8

121. Leighton TG, Fagan KJ, Field JE (1991) Acoustic and photographic studies of injected
bubbles. European Journal of Physics 12 (2):77-85. doi:10.1088/0143-0807/12/2/006

122. Leighton TG, Farhat M, Field JE, Avellan F (2003) Cavitation luminescence from flow over a
hydrofoil in a cavitation tunnel. Journal of Fluid Mechanics 480:43-60.
do0i:10.1017/50022112003003732

123. Bourne N (1990) Shock wave interactions with cavities. Ph.D., University of Cambridge,
Cambridge, UK

124. Field JE, Bourne NK, Palmer SJP, Walley SM, Smallwood JM (1992) Hot-Spot Ignition
Mechanisms for Explosives and Propellants. Philosophical Transactions of the Royal Society of
London Series A-Mathematical Physical and Engineering Sciences 339 (1654):269-283.
d0i:10.1098/rsta.1992.0034

125. Bourne NK, Milne AM (2004) Shock to detonation transition in a plastic bonded explosive.
Journal of Applied Physics 95 (5):2379-2385. doi:10.1063/1.1644632

126. Kanel Gl, Rasorenov SV, Fortov VE (1992) The failure waves and spallations in
homogeneous brittle materials. In: Schmidt SC, Dick RD, Forbes JW, Tasker DG (eds) Shock
Compression of Condensed Matter—1991. Elsevier, Amsterdam, pp 451-454. doi:10.1016/B978-
0-444-89732-9.50102-3

127. Bless SJ, Brar NS, Kanel G, Rosenberg Z (1992) Failure Waves in Glass. Journal of the
American Ceramic Society 75 (4):1002-1004. d0i:10.1111/j.1151-2916.1992.tb04174.x

128. Bourne NK, Rosenberg Z, Field JE (1995) High-Speed Photography of Compressive Failure
Waves in Glasses. Journal of Applied Physics 78 (6):3736-3739. doi:10.1063/1.360709

129. Bourne NK, Millett JCF, Field JE (1999) On the strength of shocked glasses. Proceedings of
the Royal Society A: Mathematical, Physical and Engineering Sciences 455 (1984):1275-1282.
d0i:10.1098/rspa.1999.0360

130. Bourne NK (2012) Materials in Mechanical Extremes; Fundamentals and Applications.
Cambridge University Press,

131. Dickson P (1990) Fast reaction in primary explosives. Ph.D., University of Cambridge,
Cambridge, UK

132. Bowden FP, Mulcahy MFR, Vines RG, Yoffe A (1946) Detonation of Liquid Explosives by
Impact. Nature 157 (3978):105-105. doi:10.1038/157105a0

133. Bowden FP, Tabor D (1942) Mechanism of metallic friction. Nature 150 (3798):197-199.
do0i:10.1038/150197a0

134. Bowden FP, Gurton OA (1948) Initiation of Explosions by Grit Particles. Nature 162
(4121):654-655. doi:10.1038/162654a0

135. Yoffe AD (1957) Initiation and Growth of Explosion in Solids. Nature 180 (4576):73-75.
do0i:10.1038/180073a0

136. Bowden FP, Chaudhri MM (1968) Initiation of explosion in AgN3 and B-PbNe single crystals
by a collapsing bubble. Nature 220 (5168):690-694. doi:10.1038/220690a0

137. Chaudhri MM (1976) Stab initiation of explosions. Nature 263 (5573):121-122.
do0i:10.1038/263121a0

44



O©CO~NOOOTA~AWNPE

138. Dickson PM, Field JE (1993) Initiation and propagation in primary explosives. Proceedings
of the Royal Society of London Series A: Mathematical and Physical Sciences 441 (1912):359-
375. doi:d0i:10.1098/rspa.1993.0066

139. Heavens SN, Field JE, Tabor D (1974) The ignition of a thin layer of explosive by impact.
Proceedings of the Royal Society of London A Mathematical and Physical Sciences 338
(1612):77-93. doi:d0i:10.1098/rspa.1974.0074

140. Field JE, Swallowe GM, Heavens SN, Tabor D (1982) Ignition mechanisms of explosives
during mechanical deformation. Proceedings of the Royal Society of London A Mathematical
and Physical Sciences 382 (1782):231-244. doi:10.1098/rspa.1982.0099

141. Field JE (1992) Hot spot ignition mechanisms for explosives. Accounts of Chemical
Research 25 (11):489-496. doi:10.1021/ar00023a002

142. Bourne NK, Field JE (1991) Bubble collapse and the initiation of explosion. Proceedings of
the Royal Society of London Series A: Mathematical and Physical Sciences 435 (1894):423-435.
d0i:10.1098/rspa.1991.0153

143. Rae PJ, Goldrein HT, Palmer SJP, Field JE, Lewis AL (2002) Quasi-static studies of the
deformation and failure of B-HMX based polymer bonded explosives. Proceedings of the Royal
Society of London Series A: Mathematical, Physical and Engineering Sciences 458 (2019):743-
762. doi:10.1098/rspa.2001.0894

144. Luebcke PE, Dickson PM, Field JE (1995) An experimental study of the deflagration-to-
detonation transition in granular secondary explosives. Proceedings of the Royal Society of
London Series A: Mathematical and Physical Sciences 448 (1934):439-448.
d0i:10.1098/rspa.1995.0026

145. Ramaswamy AL, Field JE (1996) Laser-induced ignition of single crystals of the secondary
explosive cyclotrimethylene trinitramine. Journal of Applied Physics 79 (8):3842-3847.
do0i:10.1063/1.361812

146. Watson S, Gifford MJ, Field JE (2000) The initiation of fine grain pentaerythritol
tetranitrate by laser-driven flyer plates. Journal of Applied Physics 88 (1):65-69.
do0i:10.1063/1.373625

147. Greenaway MW, Gifford MJ, Proud WG, Field JE, Goveas SG An investigation into the
initiation of hexanitrostilbene by laser-driven flyer plates. In: Shock Compression of Condensed
Matter-2001, 2002. vol 1. AIP Conference Proceedings, pp 1035-1038. doi:10.1063/1.1483715
148. Johnson JN, Gray GT, Bourne NK (1999) Effect of pulse duration and strain rate on incipient
spall fracture in copper. Journal of Applied Physics 86 (9):4892-4901. doi:Doi 10.1063/1.371527
149. Gray GT, Bourne NK, Zocher MA, Maudlin PJ, Millett JCF Influence of crystallographic
anisotropy on the Hopkinson fracture "spallation" of zirconium. In: Furnish MD, Chhabildas LC,
Hixson RS (eds) Shock Compression of Condensed Matter-1999, 2000. AIP Conference
Proceedings. pp 509-512

150. Millett J, Gray GT, Bourne N (2000) The shock Hugoniot of the intermetallic alloy Ti-46.5Al-
2Nb-2Cr. Journal of Applied Physics 88 (6):3290-3294. doi:10.1063/1.1288500

151. Rae PJ, Gray GT, Dattelbaum DM, Bourne NK The Taylor impact response of PTFE (teflon).
In: Furnish MD, Gupta YM, Forbes JW (eds) Shock Compression of Condensed Matter - 2003,
2004. AIP Conference Proceedings. pp 671-674

45



O©CO~NOOOTA~AWNPE

152. Brown EN, Trujillo CP, Gray GT, Rae PJ, Bourne NK (2007) Soft recovery of
polytetrafluoroethylene shocked through the crystalline phase Il-lll transition. Journal of
Applied Physics 101 (2):024916. doi:10.1063/1.2424536

153. Sun PL, Cerreta EK, Gray GT, Rae P (2005) The influence of boundary structure on the
mechanical properties of ultrafine grained AA1050. Materials Science and Engineering a-
Structural Materials Properties Microstructure and Processing 410:265-268.
doi:10.1016/j.msea.2005.08.068

154. Brown EN, Rae PJ, Gray GT (2006) The influence of temperature and strain rate on the
tensile and compressive constitutive response of four fluoropolymers. Journal De Physique IV
134:935-940. d0i:10.1051/jp4:2006134143

155. Goveas SG (1997) The laser ignition of energetic materials. Ph.D., University of Cambridge,
Cambridge, UK

156. Rae P (2000) Quasistatic studies of the deformation, strength and failure of polymer-
bonded explosives. Ph.D., University of Cambridge, Cambridge, UK

157. Holmberg R, Ouchterlony F (2001) In Memoriam Per-Anders Persson. Fragblast 5 (4):197-
199. doi:10.1076/frag.5.4.197.3620

158. Cai J, Walley SM, Hunt RJA, Proud WG, Nesterenko VF, Meyers MA (2008) High-strain,
high-strain-rate flow and failure in PTFE/AI/W granular composites. Materials Science and
Engineering A-Structural Materials Properties Microstructure and Processing 472 (1-2):308-315.
doi:10.1016/j.msea.2007.03.068

159. Brown EN, Rae PJ, Orler EB, Gray GT, Dattelbaum DM (2006) The effect of crystallinity on
the fracture of polytetrafluoroethylene (PTFE). Materials Science & Engineering C-Biomimetic
and Supramolecular Systems 26 (8):1338-1343. doi:10.1016/j.msec.2005.08.009

160. Mott NF (1943) Fragmentation of h.E. Shells: A theoreticl formula for the distrobution of
weights of fragements. Ministry of Supply

161. Mott NF (1943) A theory of the fragementation of shells and bombs. Ministry of Supply
162. Mott NF (1943) Fragmentation of shell casings and the theory of rupture in metals.
Ministry of Supply

163. Mott NF (1944) A theory of fragmentation. Application to wire wound bombs such as the
American 20 Ib. F. Ministry of Supply

164. Marquez AM, Braithwaite CH, Weihs TP, Krywopusk NM, Gibbins DJ, Vecchio KS, Meyers
MA (2016) Fragmentation and constitutive response of tailored mesostructured aluminum
compacts. Journal of Applied Physics 119 (14):145903. doi:10.1063/1.4945813

165. Marquez AM, Li Z, Braithwaite CH, Weihs TP, Krywopusk NM, Gibbins DJ, Meyers MA
(2018) Fragmentation and mechanical performance of tailored nickel-aluminum laminate
compacts. Materials Science and Engineering: A 727:123-132.
doi:https://doi.org/10.1016/j.msea.2018.04.027

166. Siviour C (2005) High strain rate properties of materials using Hopkinson bar techniques.
Ph.D., University of Cambridge, Cambridge, UK

167. Siviour CR, Walley SM, Proud WG, Field JE (2005) The high strain rate compressive
behaviour of polycarbonate and polyvinylidene difluoride. Polymer 46 (26):12546-12555.
doi:10.1016/j.polymer.2005.10.109

168. Siviour CR, Walley SM, Proud WG, Field JE (2006) Mechanical behaviour of polymers at
high rates of strain. Journal De Physique IV 134:949-955. doi:10.1051/jp4:2006134145

46


https://doi.org/10.1016/j.msea.2018.04.027

O©CO~NOOOTA~AWNPE

169. Jordan JL, Siviour CR, Foley JR, Brown EN (2007) Compressive properties of extruded
polytetrafluoroethylene. Polymer 48 (14):4184-4195. doi:10.1016/j.polymer.2007.05.038

170. Jordan JL, Foley JR, Siviour CR (2008) Mechanical properties of Epon 826/DEA epoxy.
Mechanics of Time-Dependent Materials 12 (3):249-272. doi:10.1007/s11043-008-9061-x

171. Grantham SG, Siviour CR, Proud WG, Field JE (2004) High-strain rate Brazilian testing of an
explosive simulant using speckle metrology. Measurement Science and Technology 15 (9):1867-
1870. doi:Pii S0957-0233(04)78735-4

10.1088/0957-0233/15/9/025

172. Williamson DM (2006) Deformation and fracture of a polymer bonded explosive and its
simulants. Ph.D., University of Cambridge, Cambridge, UK

173. Sun Q (1992) Solid particle erosion and ballistic impact. Ph.D., University of Cambridge,
Cambridge, UK

47



Click here to access/download;Figure;Fig1.png %



https://www.editorialmanager.com/jdbm/download.aspx?id=25496&guid=0d6c0cd4-bc84-47b1-bc1c-6a1840abd312&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25496&guid=0d6c0cd4-bc84-47b1-bc1c-6a1840abd312&scheme=1

Click here to access/download;Figure;Fig2.png %

0 David
Williamson

80 Philip Clive
Siviour
Neil Stephen Rae 3
70 Timothy Bourne  Gayeas
Leighton Peter
e Jonathan Dickson
= John
é Stephen De Huntley
ar
8 Walley
% S0 Sybrand Chris | pavid
g van der Zwaag Freeman Townsend
¢ 40 David
® Andrews
-gao John
3 Matthewson
20 Herman
Hauser
lan
10 Hutchings
0
NQG\O#NMQ&‘DNQQQﬂvamwf\wmcﬂvamwl\Cﬂmoﬂﬂmﬂmmf\ﬂ
PR RN AN DA RN AN T AR A 383888888
o e e e M e e e e M e e e et e M M M e M M M M M M T N N N NN NN N NN
mExplosives wmliquid wmShock wImpact & High Strain Rate  m Friction & Erosion  m Brittle Fracture


https://www.editorialmanager.com/jdbm/download.aspx?id=25497&guid=c25fe158-04c9-4e23-8d04-d6f46404d15f&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25497&guid=c25fe158-04c9-4e23-8d04-d6f46404d15f&scheme=1

Click here to access/download;Figure;Fig3.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25498&guid=ff97d88a-2166-497b-a6b6-43df71d43808&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25498&guid=ff97d88a-2166-497b-a6b6-43df71d43808&scheme=1

Click here to access/download;Figure;Fig4-left.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25499&guid=efee5d53-ed71-4f92-811c-9066c1975c97&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25499&guid=efee5d53-ed71-4f92-811c-9066c1975c97&scheme=1

Click here to access/download;Figure;Fig4-right.png %

R
S —

.’ ‘L;E - r

-

]



https://www.editorialmanager.com/jdbm/download.aspx?id=25500&guid=7b88983f-e8dd-426b-8e69-534902dfa9b4&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25500&guid=7b88983f-e8dd-426b-8e69-534902dfa9b4&scheme=1

Click here to access/download;Figure;Fig5.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25501&guid=220ac927-e98d-4fe4-9787-f7b0828efe49&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25501&guid=220ac927-e98d-4fe4-9787-f7b0828efe49&scheme=1

Stress/ MPa

200

160

—
N
o

xn
O

40

10" 10’
. 1
strain rate /s

Click here to access/download;Figure;Fig6.jpg %

10° 10°


https://www.editorialmanager.com/jdbm/download.aspx?id=25502&guid=cc89b631-1b83-4582-a69c-c22046d705db&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25502&guid=cc89b631-1b83-4582-a69c-c22046d705db&scheme=1

Click here to access/download;Figure;Fig7-left.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25503&guid=4c7ef761-da05-4954-b238-5ffe2701159c&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25503&guid=4c7ef761-da05-4954-b238-5ffe2701159c&scheme=1

Click here to access/download;Figure;Fig7-right.jpg %

Tw
F
RS P
NG UEINSES Sw
LX
W
’ A
B8 H G .
S e ' - —
'/



https://www.editorialmanager.com/jdbm/download.aspx?id=25504&guid=ed5623e9-86e9-4b1b-981e-86108bff7b07&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25504&guid=ed5623e9-86e9-4b1b-981e-86108bff7b07&scheme=1

Click here to access/download;Figure;Fig8.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25505&guid=17d4ad6b-4de4-468e-bfe9-dc885ecf2c54&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25505&guid=17d4ad6b-4de4-468e-bfe9-dc885ecf2c54&scheme=1

Click here to access/download;Figure;Fig9.jpg %



https://www.editorialmanager.com/jdbm/download.aspx?id=25506&guid=09216eba-c99e-41c7-a2df-f0f4321c8775&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25506&guid=09216eba-c99e-41c7-a2df-f0f4321c8775&scheme=1

Click here to access/download;Figure;Fig10.jpg 2



https://www.editorialmanager.com/jdbm/download.aspx?id=25507&guid=f2147553-7bb8-4497-b977-b10e51e3172a&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25507&guid=f2147553-7bb8-4497-b977-b10e51e3172a&scheme=1

-4

Click here to access/download;Figure;Fig11.jpg

,‘i'!l;

stk

e



https://www.editorialmanager.com/jdbm/download.aspx?id=25508&guid=d23351d7-6a09-46c9-aee6-7051b364100a&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25508&guid=d23351d7-6a09-46c9-aee6-7051b364100a&scheme=1

Click here to access/download;Figure;Fig12.jpg 2



https://www.editorialmanager.com/jdbm/download.aspx?id=25509&guid=2f3d0cbf-ec8f-4d4d-9a79-00cc3be8a38f&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25509&guid=2f3d0cbf-ec8f-4d4d-9a79-00cc3be8a38f&scheme=1

Click here to access/download;Figure;Fig13.jpg 2



https://www.editorialmanager.com/jdbm/download.aspx?id=25510&guid=c0ba7a30-5269-49c4-94bc-c7d6ae7830f3&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25510&guid=c0ba7a30-5269-49c4-94bc-c7d6ae7830f3&scheme=1

Click here to access/download;Figure;Fig14.png %

— Luminescence
( = \
/ Initial QJ.\; |
wall Reaction® -
position Viscous ite : o

. Compressed
\. gas/vapour(



https://www.editorialmanager.com/jdbm/download.aspx?id=25511&guid=1ef13eec-444e-4552-b814-4b111cb34500&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25511&guid=1ef13eec-444e-4552-b814-4b111cb34500&scheme=1

- —
b)- : (, Y

Stress (GPa)

6|
g o
4 ’
: 2r
2|
' ] W ST abiiantoosbosdtad
0 0.4 0.8 1.2

Time (us)

2 7 (GPa)

Click here to access/download;Figure;Fig15.png %

.
' m SL
5 . a DEDF |
0 BS pat
i
4 : s Al f;i ‘
: K
3 g o= i
| A .. )
: : SO S
| Ky
1 .
15 " PTG Ve | PR S
0 2 4 6 8

Stress (GPa)


https://www.editorialmanager.com/jdbm/download.aspx?id=25512&guid=12b9d75f-76eb-4810-a254-80cf6a02fe3f&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25512&guid=12b9d75f-76eb-4810-a254-80cf6a02fe3f&scheme=1

Click here to access/download;Figure;Fig16.png %



https://www.editorialmanager.com/jdbm/download.aspx?id=25513&guid=5d201e5b-bc70-4ca5-8410-137f742a3584&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25513&guid=5d201e5b-bc70-4ca5-8410-137f742a3584&scheme=1

Click here to access/download;Figure;Fig17.jpg 2



https://www.editorialmanager.com/jdbm/download.aspx?id=25514&guid=2fcbb74e-9a03-4020-b4c4-0b422d2faf36&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25514&guid=2fcbb74e-9a03-4020-b4c4-0b422d2faf36&scheme=1

Click here to access/download;Figure;Fig18.jpg 2

'. - —
B “
— : — ’
.;



https://www.editorialmanager.com/jdbm/download.aspx?id=25515&guid=4287a098-93e8-4051-9186-c87fa59481fc&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25515&guid=4287a098-93e8-4051-9186-c87fa59481fc&scheme=1

Mean Fragment Size (mm)

Click here to access/download;Figure;Fig19.jpg 2

0.06

—u— Experimental results
—— Prediction for ¢ =135 MPa 0, =135MPa

Prediction for “v=15° MPa

Prediction for ¢ =155 MPa < 0, =150MPa
' {;4=0_=155MPa

0.05

0.04

. =150MPa

0.03
o, =135MPa ' c, =155MPa
0.02 \

0.01

0.00
00 01 02 03 04 05 06 0.7 0.8 09 1.0

Fracture Toughness (MPa*m#1/2)


https://www.editorialmanager.com/jdbm/download.aspx?id=25516&guid=05afba71-81e9-4e80-9847-cbbf0d16030f&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25516&guid=05afba71-81e9-4e80-9847-cbbf0d16030f&scheme=1

Click here to access/download;Figure;Fig20.jpg 2



https://www.editorialmanager.com/jdbm/download.aspx?id=25517&guid=ddef21a3-aae8-4e30-9cff-fb888dc0322b&scheme=1
https://www.editorialmanager.com/jdbm/download.aspx?id=25517&guid=ddef21a3-aae8-4e30-9cff-fb888dc0322b&scheme=1

