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Introduction

It’s a warm morning in November 2023 as an Israeli officer peers out from the hatch of his Merkava Mk 4 and adjusts the GoPro he fixed to the turret roof. His tank and two others have been making their way through Gaza for the past week following the 7 October Hamas attack. The fighting has been heavy and many of the buildings around the tanks have collapsed into piles of rubble, hiding the tunnels that enable Hamas to move around the area undetected. From the officer’s left, a Hamas fighter and his cameraman emerge from one of those tunnels; on the fighter’s shoulder is an Al-Yassin 105, a shoulder-fired anti-armour weapon carrying a high-explosive anti-tank (HEAT) warhead that has been manufactured in a small workshop beneath Gaza City. He aims at the tank; he can see the officer adjusting his GoPro. Perfect. 

The fighter fires his rocket, and in that moment decades of engineering and thinking around the design of armoured vehicles come into play. The rocket travels fast, 300 metres per second (m/s); it will take less than half a second to reach the officer and his tank. At 50m from the tank, a radar that forms part of the Trophy active protection system emits a series of electromagnetic pulses fractions of a millisecond apart. Those pulses bounce off the rocket and back to the radar; its processor uses that information to conclude that this rocket is heading for the vehicle, and fast. The rocket is 4 milliseconds from the tank and the exposed commander. The computer that the radar is connected to has realized this, and 1 millisecond later rotates a launcher loaded with explosively formed projectiles. Using complex algorithms and the input from the radar, the computer has told the launcher when to detonate its projectile. With 2 milliseconds to go, the launcher detonates, sending a cluster of explosively formed projectiles into the rocket’s path. The rocket is now one millisecond from the vehicle and commander when the spray of projectiles smashes into the warhead causing it to detonate metres from the vehicle, leaving the officer unharmed. All the officer was able to process in that length of time was the sound of the rocket being launched, and the sound of the interceptor detonating the rocket – to him, both happened at almost the same time. 

Below the officer, in the cramped turret of the tank, the gunner’s computer is flashing and offering him a prompt. He presses a button and the turret begins to rotate; the officer climbs down from the roof and takes his place. The turret comes to a stop, and the officer gives the order to fire, having confirmed that he can see the Hamas fighters through his thermal imager. A 120mm high-explosive round hurtles towards the fighters and collapses the room they are sheltering in. The entire engagement has lasted less than a minute. Decades of technological evolution mean that the odds were always against the Hamas fighters. Even without Trophy intercepting the Al-Yassin 105, the Merkava Mk 4 is protected by layers of advanced composite armour designed to minimize the lethality of the rocket. 

The Merkava is not alone; it is one of dozens of armoured vehicles and tanks around the world protected in this way. Externally, the Merkava would be recognizable as a tank to any soldier from 1939. Internally, and in the technology that protected the Israeli officer and his crew, it is dramatically different. Over 80 years the tank has evolved to become a marvel of modern engineering. The Merkava Mk 4 and others like it have grown out of focused and dedicated research: research that continues even when the vehicles prove hard to destroy. This is the story of the modern tank. 





PART 1 1945–53: South Korea and the makings of the main battle tank

Our story begins with Lieutenant Francis Nordstrom, an officer serving in the US 89th Medium Tank Battalion in North Korea, October 1950. The weather was beginning to turn cold as Lt Nordstrom and his battalion of M4A3E8 Shermans were attached to the 27th Commonwealth Brigade – a collection of infantry regiments from the British Commonwealth. The US, British, and South Korean forces had recently advanced to take PyongYang, and were now charged with racing to the Yalu River. On 29 October, a significant North Korean presence had been detected in a valley ahead of the 27th Brigade, and Nordstrom had been selected to command the lead tank of the formation that would break through the Chongju Valley and continue the advance. Nordstrom embraced the challenge of leading and controlling an action. He moved forward with his tank and four others.

Two other tank platoons were supporting the action, around 450m to his rear; they were charged with seizing the hills either side of the road in support of infantry assaults. Nordstrom may have felt nervous as his tank advanced down the road. Like most tank commanders, he had his hatch open with his head and shoulders exposed. The murky glass in his periscopes would give a very limited understanding of the world around him – otherwise known as situational awareness. Even if he decided to duck down inside the turret of his ‘Easy Eight’, he was quite exposed. To his front was around 6.35cm of cast steel armour set at a maximum angle of 56 degrees; this increased the line-of-sight thickness to around 7.7cm.1 The 85mm ZiS-S-53 tank gun that armed North Korean T-34-85 tanks could penetrate at least 11cm of armour at a range of 500m.2 As Nordstrom’s tank advanced into the valley he was unable to see the four enemy tanks ahead of him, which were camouflaged, but he did notice the North Korean infantry as they moved into position. Nordstrom’s machine gunner opened fire, and his gunner soon joined the fray, firing a high-explosive round against a machine-gun team. The blast from the shell displaced the camouflage on a nearby T-34, which immediately fired on Nordstrom’s tank. The shell passed between Nordstrom’s head and the hatch to his rear – remarkably leaving him unscathed. Instinctively he called for armour-piercing shells and his gunner engaged the target with three rounds, leading to the destruction of the enemy tank.

The scene at this point would have been overwhelming. Thick black smoke was pouring from the T-34 less than 100m from Nordstrom’s tank and obscuring the hills around him. Tank fire, which can be momentarily deafening, would have been joined by the rattle of machine guns and rifles as the infantry began their assaults to take the high ground either side of the road. Soon, another North Korean tank was identified and destroyed by Nordstrom’s gunner; the rate of fire from the US tanks increased as they attempted to locate possible enemy tanks and support their attacking infantry. Then – disaster – faulty ammunition jammed the 76mm guns in both Nordstrom’s tank and the tank behind him. In what must have been a panicked few minutes, he ordered a third tank to provide fire support while the blockages were cleared. Back in the fight, Nordstrom continued engaging likely enemy positions using only his ‘mark one eyeball’ and his assessment of the situation. An 85mm round hurtled over his turret once more and slammed into one of the tanks supporting the infantry advance to Nordstrom’s left. The round would have been heavy and overwhelmed the armour of the Sherman before detonating inside. The commander of the platoon that had suffered the casualty, Lt Cook, inserted a pencil into the hole left by the North Korean shell to figure out where the round had come from; he radioed the approximate location to Nordstrom, who promptly ordered three tanks to engage the position.

The fighting continued until the infantry assaulting the hills on either side of the road had secured their objective. Nordstrom and his tanks, now running low on ammunition, formed a defensive position and prepared for the night. As darkness fell, North Korean infantrymen went onto the offensive with the goal of destroying the tanks. Nordstrom and his crews switched on their headlights and engaged the attacking infantry with small arms and their pistols. By morning, the action was over.3 Nordstrom would continue fighting in the Korean War and earn a Silver Star with a Bronze Oak Leaf cluster for his actions. His experience of combat was raw – it relied on his own ability to see and understand the situation. Luck was key: he was protected, yes. But if either of the shells that passed above his tank had found their mark, it is unlikely he would have survived. The M4A3E8 was better than the Shermans that had defeated Nazi Germany, but it was a far cry from the South Korean K2 Black Panther that defends the south of the peninsula today. So, what was Nordstrom’s tank made of? How did it work?


[image: A map showing Lt Nordstrom’s advance in Korea on 29 November 1950, marked with the locations and movements of North Korean T-34/85s, Lt Nordstrom’s platoon, Lt Van Der Leest’s platoon and Lt Cook’s platoon along a road labelled ‘to Chongju’.]






Chapter 1 Tanks are all about the guns

The history of tanks, or at least the technology used in them, can be traced back to the late 1800s. They were principally designed to support infantry during the bloody stalemates of World War I. Through the 1920s and 30s they evolved to provide protection and mobility, which meant they tended to be lightly armed. By 1942, however, it was clear that tanks needed to provide fire support for infantry and engage other tanks, which led to the widespread adoption of larger-calibre guns.1 This brings us to the core role of a tank, which has not really changed in the 109 years since the first British tanks were deployed during the battle of Flers-Courcelette in 1916. A tank is a vehicle built around a large-calibre gun, which is mobile enough to take it most places that infantry will go, and carries enough protection to survive most things thrown at it in battle. The idea is that the gun provides overwhelming firepower that can help the infantry achieve their mission, whether that is against enemy armour, infantry, or buildings. So, the gun will tend to drive much of the design of a tank, from its minimum size to its weight and its speed.2 The way a force fights will have a significant bearing on gun, armour, and mobility selection. But, generally speaking, design starts with the gun. So, with that in mind, we will start by looking at the gun that armed Nordstrom’s tank, the M1 family.

The main gun on the M4A3E8 was the M1 series 76mm rifled gun, which had been developed during World War II to improve the lethality of the Sherman tanks against Germany’s later designs like the Panther.3 It had a 52-calibre (L52) barrel, which simply means that the barrel was 52 times as long as the diameter – around 3.96m long.4 At the end of the barrel was a muzzle brake, which is an extension of the barrel with vents or ports cut into it. As the projectile passes out of the muzzle, the gas that is propelling it down the barrel is expelled from the ports, reducing the recoil that the gun has to absorb. This is an important design feature of a tank, because it is essentially designed to bring a large and very powerful gun into a battle unharmed, so that it can provide firepower in support of infantry and other forces. The tank’s gun is meant to defeat most of the things that it is likely to encounter with a few shots. Doing that requires a few things, of which the first is muzzle velocity. This is achieved by deflagrating a large propellant charge behind a projectile, in a process very similar to that of a rifle or shotgun. The detonation creates forward momentum for the projectile and, according to Newton’s Third Law of Motion, an equal reaction in the opposite direction. In other words, the barrel, breech, and other recoiling parts move backwards. The M1 family of guns could weigh up to 520kg and the entire gun would move, possibly up to 30cm.5 The weight and force of the gun would be absorbed by two hydraulic recoil cylinders that returned the gun to its firing position. A muzzle brake allowed some of that energy to be expelled from the muzzle, creating forward movement, rather than absorbed by the recoil mechanism.

The propellant burns, producing gas that expands. Behind the propellant is the breech of the gun, which is cut from a large piece of solid steel. The breech block is opened to insert ammunition and then closed, using one of two primary mechanisms: the sliding block and the interrupted screw. A sliding block moves vertically or horizontally to open the breech to the gunner; the gunner inserts a round of ammunition and the block closes. An interrupted screw is a section of metal with parts of the thread removed; this allows the block to be opened and a round loaded, after which the breech is closed and turned partially to lock.

This matters because the gases generated by the burning propellant cannot escape to the rear. They can only go forwards, and in front of those gases is the munition. The M1 series 76mm rifled gun was designed to fire a new nature of munition called the M93 Hyper Velocity Armour Piercing – Tracer (HVAP-T).* The HVAP-T had a tungsten carbide core, which was selected because of its very high hardness and density, which made it better at penetrating armour than other materials like steel.6 It seems self-explanatory that a harder metal is better at breaking through a softer one, but understanding why this happens, and the physics that control these interactions, is key to understanding all of the firepower and armour solutions that this book covers. With that, let’s explore ballistics.

There are a few different parameters that are used to describe the physical effects that happen when a projectile is fired from a tank gun. The way the projectile behaves inside the barrel of the gun is known as internal ballistics; when it leaves the muzzle of the gun, it transitions to external ballistics. Finally, when it reaches the target, it is described by its terminal ballistics. Within this, a few facts and figures help to understand how a projectile is likely to perform. In a nutshell, however, penetrating armour with kinetic (as opposed to explosive, i.e. chemical) energy depends on many factors, which include the speed of the projectile, the hardness and density of the projectile compared to the armour, and the ratio of the length of the projectile to its diameter. Muzzle velocity describes how fast the projectile is travelling as it leaves the muzzle of the gun. If Nordstrom’s tank was carrying the HVAP-T, it would have left the muzzle of his 76mm gun travelling at around 1,000m/s. If it was fired at a target 1,000m away, it would have taken 1.07 seconds to reach the enemy tank, and would have been travelling at 848 m/s when it got there.7 Achieving this speed depends on that breech design as well as the projectile. Ideally, a projectile, the propellant/casing, and the breech together will achieve good levels of obturation. This means that they form a tight seal within the breech so the gases can only go forwards. The casing for the HVAP was made of brass or steel, and would expand when the propellant was ignited, filling what space was left in the breech of the gun. The penetrator itself was made of an aluminium windshield with the tungsten carbide core inside. On the outside of the penetrator was something called a rotating band. Rotating bands, or driving bands in the US, are typically made of a softer metal like copper, and help improve obturation by wedging into the rifling inside the barrel. The driving band is also essential for imparting spin from the rifling inside the barrel onto the ammunition. Driving bands continue to feature on modern tank ammunition for rifled guns, despite the ammunition natures changing quite significantly.

The band grips the rifling, which imparts spin onto the projectile as it leaves the barrel. As a projectile flies through the air, forces such as drag and the wind will begin acting on it – typically ahead of the centre of gravity. This can cause a projectile to tip and begin to tumble, which makes it less aerodynamic, slowing it down. For tank ammunition, it may also mean that the projectile will strike the target side-on, and therefore probably fail to penetrate the armour. So, the spin stabilizes the round because it creates angular momentum, which resists those forces. The speed of flight and stability of anti-armour rounds give a number of advantages for tank gunnery that have come to play an important role through to the modern tank. High-velocity rounds have a very flat trajectory, which makes them much more accurate than a slower round. The short flight time also means that it is unlikely that the enemy tank will have moved far by the time the round arrives on target. Altogether this increases accuracy, and the likelihood of a successful first shot. We have already seen how important a quick and accurate shot can be, both in Nordstrom’s engagement of North Korean tanks and in the failure of the North Koreans to land their own shots. Had the rounds that passed over Nordstrom’s head found their mark, it is likely that the advance of the 27th Commonwealth Brigade would have been slowed or stopped.

So, muzzle velocity in tank-on-tank engagements matters. But it is not the only element of gun-fired projectiles that should be considered. The second is muzzle energy or kinetic energy. This can be calculated if you know the weight of the fired projectile and its muzzle velocity. Kinetic energy is measured in Joules (J), or more typically megaJoules (MJ) for tank rounds, and you can calculate it by multiplying the muzzle velocity by itself, then multiplying the result of that sum by the mass of the projectile in kilograms. Finally, divide that number by two: the resultant figure provides the kinetic energy of the projectile at the muzzle. You can also calculate the terminal energy if you have the velocity of the projectile at a given range. For the HVAP-T, the weight given in a US Army data booklet from 1945 is 4.24kg. Using the formula for kinetic energy, the M93 HVAP returns a muzzle energy of 2.12 MJ, falling to 1.5 MJ at a range of 1,000m. I apologize for the maths, but I promise this is leading somewhere.

The next characteristic that matters is the hardness of the projectile. The HVAP was carrying a tungsten carbide core, which can have a Vickers hardness rating of 1,200–1,500 – more than double that of a typical hardened steel. In fact, it is so hard that the Brinell hardness test, which measures how hard a steel is, is not really suitable for it. This means that the core of the HVAP is much harder than the typical steel used in the hull of a tank and it will not deform when it hits. One way to think of this is to imagine trying to hammer a wooden nail into another piece of wood. You might make some progress but the wooden nail would not survive long and it would eventually crack and break. However, a steel nail will have no problem penetrating the same piece of wood as it is much harder. This is an imperfect representation of terminal ballistics, but it captures the essence of what is happening.

There are now two key elements to consider: the kinetic energy of the round, and its core material. The core is very hard and travelling very fast; its hardness means that it will deliver more of its energy into the target armour without the projectile deforming than would be delivered by a softer projectile that is the same shape, size, and same velocity.8 It also means that the projectile could travel more slowly than a softer material and still penetrate a target, whereas the softer material might fail. This effect was experienced by US Army tank crews fighting against Germany’s Panther tanks in Europe in 1944, for instance.9 In Nordstrom’s case, if he carried the M93 in his Sherman, much of the round’s energy – 1.5 MJ at 1,000m – would be deposited over the surface area of the projectile into the target armour. At that point there are two possible results: either the armour will fail and some form of penetration will occur, or the round will fail and the crew will remain safe. If the armour is hit hard enough by a projectile that is at least as hard as the armour, then it may fail, assuming of course that it is not too thick.

When steel armour is defeated, it can fail in a number of ways. One of them is plugging, which is where the armour around and ahead of the projectile fails and is essentially pushed out of the rear face of the armour plate. Another mechanism is penetration, where the projectile passes all the way through the armour and into the vehicle and unfortunate crew inside. In both cases, it is likely that spalling will also occur; this is where small fragments of armour around the area with which the projectile made contact spread out in a cone inside the vehicle. This is probably the fate that befell the North Korean tank crews facing Lieutenant Nordstrom and his battalion as they moved down through the valley. The HVAP proved to be a significant overmatch for the North Korean armour, which is not surprising given that it was designed to defeat the armour of Germany’s tanks.10 But the US and other allied troops did not have it all their own way. North Korean T-34-85s were also well armed, and comparable to the M4A3E8 Sherman tanks, though unable to defeat the larger M26 Pershing.

The T-34-85 was a development of the original Soviet T-34 that had been the work horse of the Red Army during World War II. The original turret was replaced with a larger one allowing an 85mm ZiS-S-53 main gun to replace the 76mm model that had fought through most of the war. Its development was spurred by the appearance of Germany’s Panther tanks in 1943, which required a larger gun to defeat their thick armour. A few hundred of the T-34-85s were deployed by the North Korean forces in 1950 and in July that year came head to head with the US 78th Tank Battalion equipped with the M24 Chaffee. The M24 was a light tank armed with a 75mm gun, and despite scoring several direct hits on the first T-34-85 that they encountered, the US battalion failed to penetrate its armour. M24 losses were heavy over the following two weeks, leading to a loss of confidence in tanks amongst US Army commanders.11 Even against the better-protected Shermans, the 85mm ZiS-S-53 gun was equally capable of penetrating the frontal armour, as Lieutenant Nordstrom and his crews found out. However, it is worth noting that the North Koreans were poorly trained and would rarely hit US tanks with their first shot, a fact borne out by the account of the action as Commonwealth forces raced to the Yalu River. The result of this poor gunnery performance was that many more US tanks were actually lost to North Korean mines than to tanks. A US report on United Nations (UN) tank losses between July 1950 and January 1951 noted that 64 tanks were lost to mines, representing 64% of those lost to enemy action. Just 17 were lost to enemy tank fire – five fewer than were lost to infantry engagements.12

There are two observations to draw from this data that are relevant to all tank development that has followed. The first is that there has always been a competition between lethality and protection which



* Note that ‘nature’ has been deliberately used instead of ‘type’. Type can mean machine gun or tank ammunition, but nature very specifically refers to whether it explodes when it hits the target, or is designed to the penetrate the target.
† A gate guardian is a tank that has been retired from service and mounted on a concrete pedestal, typically at the entry to a military base.
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