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Abstract

The Influence of Hardness and Retained Austenite on
the Fatigue Limit after Shot Peening

Erik Björklund

This thesis was performed at Scania CV AB and aimed to optimize the effect of shot
peening in order to increase the bending fatigue limit of planetary gears. In this
project three parameters affecting the performance of the shot peening were
examined in more detail, specifically the hardness of the shot peening media, the
hardness of the material and the amount retained austenite.

Shot peening and measurements were performed on carburized gears consisting of ss
92506 steel. In order to find out how the fatigue limit is affected by the material
hardness, a number of gears were tempered whereas other remained untempered.
Similarly the retained austenite content was altered in some of the gears with a
cryotreatment. The shot peening of these gears was performed by dual shot peening
using media of two different hardness. The fatigue limit was evaluated by a servo
hydraulic material testing machine.

The results show that the fatigue limit is enhanced when the shot peening was
performed with hard media. This was expected since the harder media can cause
larger plastic deformation in the material giving rise to larger compressive residual
stresses which is known to increase the fatigue limit. The fatigue limit was also
improved for samples with lower surface hardness. The amount of retained austenite
does not seem to affect the fatigue limit for samples shot peened with media of
sufficient hardness in order to cause adequate plastic deformation. The surface
roughness remained unchanged for samples shot peened by different media, which
indicates that this parameter should not hinder a change of media.
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Populärvetenskaplig sammanfattning 

(Summary in Swedish) 

Inverkan av hårdhet och restaustenithalt på utmattningshållfastheten efter kulpening. 

Med ökat krav på livslängd och viktreducering i lastbilar ökar ständigt prestandakraven hos 

drivlinekomponenter. Kulpening är idag en vanligt förekommande metod som används för att 

öka utmattningshållfastheten hos olika komponenter. Vid kulpening så bombarderas ytan 

med små runda kulor som deformerar ytan. Under den deformerade ytan så bildas 

tryckspänningar som försöker återställa ytan till sin ursprungliga form. Dessa tryckspänningar 

försvårar spricktillväxt vilket förlänger utmattningslivslängden. Dessutom så ökar hårdheten 

vilket beror på att materialet deformations hårdnar. För att optimera kulpeningseffekten så 

finns det många olika parametrar att ta hänsyn till såsom kulornas hårdhet, kulornas 

hastighet, materialets hårdhet, vilken vinkel kulorna träffar ytan med, kulornas storlek mm. 

I det här projektet undersöktes kulornas hårdhet, materialets hårdhet och halt restaustenit i 

materialet för att optimera utmattningslivslängden av planethjul. Restaustenit halten 

ändrades genom att kugghjul doppades ner i flytande kväve som är så kallt så att austeniten 

omvandlas, vilket minskar restaustenithalten. Hårdheten på kugghjulen har varierat p.g.a. att 

vissa av dem var anlöpta1. Utvärderingen har gjorts genom att utmattningsprova kugghjul 

som är kulpenade med olika parametrar med hjälp av en maskin som trycker med snabbt 

varierande last på kugghjulet så att man ser hur länge kugghjulet klarar sig utan att gå 

sönder. Efter att kugghjulen är utmattningsprovade så kan resultaten från de olika 

kulpeningsparametrarna jämföras med varandra, vilket visar vilka parametrar som ska 

användas för att maximera utmattningslivslängden. 

Resultatet visar att planethjul som är kulpenade med hårda kulor i stället för normalhårda 

kulor får den största ökningen av utmattningslivslängd. Det visade sig även att kugghjulen av 

det mjukare materialet förlängde utmattningslivslängden. Detta borde bero på att hårdare 

kulor kan deformera materialet mer än kulorna med normal hårdhet samt att mjukare 

material defformeras enklare än det hårdare materialet, vilket ger större tryckspänningar. Det 

visade sig även att restaustenithalten inte hade någon nämnvärd effekt då tillräkligt hårda 

kulor användes, men att det är fördelaktigt med en hög restaustenithalt om mjukare kulor 

används vid kulpeningen. Från ytfinhetsmätningar så syns det att inte finns någon märkbar 

skillnad mellan prov då mjuka och hårda kulor använts. Detta visar att ytfinheten inte 

påverkar utmattningslivsängden om hårdare media används. 

 

 

 

 

1 Anlöpning är en slags värmebehandlingsprocess som minskar hårdheten men gör 

materialet mindre skört. 
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Aim and Objective 

This master thesis aims to optimize the effect of shot peening in order to increase the 

bending fatigue limit of planetary gears. There are several parameters during a shot peening 

process affecting the fatigue limit. But in this project only 3 parameters will be examined in 

more detail. These parameters affect e.g. the compressive residual stress in the material 

which is known as a very important factor for increasing the lifetime of specimens undergoing 

fatigue testing. This work has the following objectives: 

 Evaluate the effect of the hardness of the media during shot peening on the fatigue limit. 

 Evaluate the effect of the hardness of the material shot peened on the fatigue limit. 

 Evaluate the effect of the retained austenite in the material shot peened on the fatigue 

limit. 

 

Theory 

Case Hardening 
 

Case hardening is used in order to create hard and wear resistant surfaces with softer and 

tougher core in components. There are different methods used to achieve this. One way is 

using steel already containing a high amount of carbon and selectively heat treating the 

surface that requires higher hardness followed by quenching.  Another method is using steel 

with low amount of carbon and altering the composition of the surface by diffusion so that it 

can be hardened.(1) Carburizing is an example of the second process, Fig.  1 (2), which will 

be explained in more detail.  
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Fig.  1 (2) This graph shows a typical heating sequence during carburizing. 

Carburizing 

The main objective of carburizing is to create a hard, wear-resistant surface with surface 

residual compressive stresses which improve the useful life of the component.(1) Usually 

low-carbon steels (containing a maximum of about 0,3% carbon) with or without alloying 

elements are used. During carburization the sample is placed in a furnace and carbon is 

dissolved into the steel surface, Fig.  1.(3) This is only possible if the carbon content in the 

environment is higher than the carbon content in the steel since the carbon is absorbed in 

order to achieve equilibrium with the atmosphere. However equilibrium conditions only exists 

at the surface and as the distance from the surface increases, the carbon concentration 

gradually changes from high, decreasing down to the original carbon concentration of the 

bulk, Fig.  2.(1) This alters the microstructure and mechanical properties as well.  

 

Fig.  2(4). Carbon concentration gradients in SAE 8620 steel, carburized for 4, 8, and 16 hours at 927
o
C. 

The deeper the case the less sharp is the slope of the carbon gradient.  
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The carburizing process is followed by quenching and tempering in order to form martensitic 

microstructure. The resulting gradient in carbon content causes a gradient in hardness.(4) 

Therefore it is important to carefully plan the finishing operations e.g. grinding, so that not too 

much of the case is removed. The total case depth is the length from the surface to the bulk 

where the carbon content has dropped down to the original level. Because it is often hard to 

measure the point where the carbon concentration has dropped down to the original level in 

carburized samples, usually the effective case depth is used instead. The effective case 

depth is the distance from the surface to the point where the case hardness drops to 50 

HRC.(1) 

There are different kinds of carburizing processes e.g. gas carburizing, vacuum carburizing, 

plasma carburizing, salt bath carburizing and pack carburizing. One of the most commonly 

used processes is gas carburizing. During gas carburizing processes a carbon rich gas is 

used as source of carbon for the sample. The carbon rich gas is carried by an endothermic 

carrier gas. Several different gasses can be used as sources of carbon e.g. methane, 

propane and vaporized hydrocarbon liquids.  

When methane gas is used as carbon source other gas molecules are present as well e.g. 

CO, H2, CO2, H2O and N2. The nitrogen gas is inert and used as carrier gas. Although the 

exact reaction mechanisms involved in carburizing are not known. It is known that carbon 

can be added or removed from steel by these fast overall reversible reactions: Reaction 1, 

Reaction 2.  

2CO  C (in Fe) + CO2   Reaction 1 

CO + H2  C (in Fe) + H2O  Reaction 2 

 

 

Fig.  3. (2) The reaction described in Reaction 2. 

The carbon monoxide and hydrogen gas is provided by the slow reactions when methane 

reacts with carbon dioxide or water, Reaction 3 and Reaction 4. Since methane is in excess 

during carburizing processes the reactions will not reach equilibrium. 



Page 6 (59) 
 

CH4 + CO2  2CO + 2H2   Reaction 3 

CH4 + H2O  CO + 3H2   Reaction 4 

The sum of the reactions in Reaction 1, Reaction 2, Reaction 3 and Reaction 4 can be 

written as: 

CH4  C (in Fe) + 2H2   Reaction 5 

Therefore the only changes in concentration during carburizing will be reduction of methane 

content and an increase in hydrogen content. The atmosphere flow rates are high enough in 

most commercial operations to prevent a large buildup of hydrogen. 

Several kinds of furnaces are used for gas carburizing, two of these are continuous and 

batch furnaces. The specimens are then loaded in baskets or placed on fixtures.(4) In a 

batch furnace, the workload is charged and discharged as a single unit. Whereas in a 

continuous furnace, the workload is fed continuously at the charged end and is received at 

the discharge end. In continuous furnaces the heating chamber is divided into different zones, 

in which the atmosphere and temperature can be controlled.(3) 

There are several central variables during carburizing processes e.g. temperature, time and 

atmosphere composition. The temperature determines how fast the carbon will diffuse. The 

diffusion rate increases rapidly with increasing temperature, Fig.  4.(4) Usually 925oC is used 

but it can be increased in order to shorten the time to carburize parts with thick cases. The 

carbon potential in the atmosphere must be greater than the carbon potential in the sample, 

otherwise there would be no driving force for carbon to diffuse into the sample. (4)Time is 

used for controlling the depth of carbon penetration in the material at the carburization 

temperature, Fig.  4. (3) 

 

Fig.  4.(5) Time and temperature affecting the case depth. 



Page 7 (59) 
 

 

Retained Austenite in Carburized samples 

Retained austenite is usually present at the surface of case hardened parts. The austenite is 

stable during the carburizing process but becomes metastable during the quenching and 

finally becomes unstable at the martensite start temperature (Ms) and transforms into 

martensite. Ms is affected by the carbon content, making the Ms high in the core and low at 

the surface. The difference in temperature between Ms and the transformation temperature 

determines how much martensite that will be formed.(2) 

Parameters such as surface hardness and compressive residual stresses are dependent on 

the amount of retained austenite. The higher amount of retained austenite the lower will the 

surface hardness be. Since the retained austenite is very ductile it will prevent propagation of 

cracks and level out stress gradients. The retained austenite can also transform into brittle 

untempered martensite when mechanically loaded. This transformation will cause an 

increase in residual compressive stresses.(2) 

Residual Stresses due to Carburizing 

The martensite start temperature (Ms) is high in the core and low in the surface and therefore 

it will be a Ms –temperature gradient from the surface to the core. The transformation from 

austenite to martensite will therefore begin in the transformation zone between surface and 

core. From the starting depth the transformation first move inward towards the core and then 

outward to the surface layer. The surface layer will expand during the martensite 

transformation, which will generate compressive residual stresses at the surface, Fig.  17. 

Compressive stresses have a positive effect on both fatigue strength and static bending 

strength. However there will be tensile residual stresses in the core to balance the 

compressive stresses at the surface.(2) 

Quenching and Formation of Martensite 

During austenitization the austenite can dissolve as much as 2 wt% carbon. If the steel is 

slowly cooled from the austenitization temperature carbon atoms are rejected as the 

austenite transforms to ferrite, and altering layers of cementite and ferrite form. However, a 

rapid cooling will not allow carbon to diffuse out of the austenite structure. (6)Instead the 

carbon atoms become trapped in the octahedral sites of a body centered cubic structure 

(bcc), i.e. martensite is formed. Since the solubility of carbon in a bcc structure is greatly 

surpassed during the transformation to martensite, the structure assumes a body centered 

tetragonal (bct) unit cell. The tetragonality is dependent on the carbon concentration and 

increases as the carbon concentration of the martensite increases. Martensite is a 

metastable phase and only present because diffusion has been suppressed. Hence if the 

steel was heat treated the carbon atoms would start to diffuse away from the octahedral sites 

and the tetragonality would be diminished. 

Martensite is formed by a shear mechanism in which many atoms move cooperatively and 

almost simultaneously. The shear forces displace the formed martensite crystal partly above 

and partly below the surface of the austenite parent phase, see Fig.  5. The initially horizontal 

surface is therefore tilted into a new orientation. Plastic deformation of the parent austenite 

must therefore also go along with the creation of a martensite crystal. This is possible in steel 

because the austenite has sufficient ductility, otherwise the material would crack. Eventually 
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the width of the martensite lath is limited by the constraints of the parent phase. It is 

thereafter only possible for the transformation to continue by nucleation of new plates. 

 

Fig.  5. (7)The midrib is considered to be the starting plane for the creation of a plate of martensite. The 
habit plane is the interface plane between austenite and martensite. The arrows show the directions of 
shear of both sides of the plane on which the martensitic transformation was initiated.  

The morphology of the martensite depends on the carbon content. There are two different 

kinds, termed lath and plate martensite, Fig.  6 and Fig.  7, which refer to the three-

dimensional shapes of individual martensite crystals. Low and medium carbon steel will form 

lath martensite for normal quenching rates whereas steel containing more carbon will form 

plate martensite. However it is possible to form plate martensite in low carbon steels by a 

very rapid quenching rate. In lath martensite the laths tend to align themselves parallel to one 

another in large areas of the parent austenite grain, referred to as packets(7). In plate 

martensite the microstructure seems tangled, but the orientations of the plates are well 

defined. The martensite plates that grow in the austenite can have a lot of possible 

orientations. These martensite plates grow until they are stopped by the austenite grain 

boundaries or other already formed plates. During the phase transformation the increase in 

volume cause strain which hinders plate growth but also helps to nucleate plates of other 

directions. This can lead to a zig-zag pattern of small plates rebounding between larger 

plates.(8) 
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Fig.  6. (9). Schematic drawings of martensitic microstructures, lath martensite to the left and plate 
martensite to the right. 

 

 

Fig.  7.(9) Martensitic microstructures, lath martensite to the left and plate martensite to the right. 

The high carbon plate martensites are sensitive to micro cracking, Fig.  8, and are relatively 

brittle due to the non parallel plate formation. The micro cracks are usually formed in the 

largest martensite plates. These cracks are therefore not present to any great extent if the 

austenite grain size and, accordingly, martensite plate size are fine. The development of 

micro cracks is also eliminated in lower-carbon steels where the morphology shifts to lath 

martensite.(7)  
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Fig.  8. (7) Micro cracks seen as black lines in the plate martensite. 

In order to form martensite, the cooling rate must be so high that it is to the left of the nose in 

the isothermal transformation diagram (TTT-diagram), Fig.  9. Formation of martensite does 

not occur before the martensite start temperature (Ms) is reached and does not finish before 

the martensite finish (Mf) is reached.(6) If the cooling is stopped in between Ms and Mf no 

additional transformation would occur. The Ms reflects the amount of thermodynamic driving 

force necessary to start the shear transformation of austenite into martensite. The Ms value is 

dependent on how much carbon there is in the steel, see Fig.  10. The dissolved carbon 

enhances the shear resistance of the austenite. As a consequence, greater undercooling or 

driving force is necessary to initiate the shear for martensite formation steels with a higher 

concentration of carbon.(7) For steels with alloying elements, the nose of the TTT-diagram is 

moved to the right, which allows slower cooling rates to form martensite. As a consequence 

the hardenability (6)(the depth from surface to which to which the steel is hardened, usually 

quantified with the Jominy end quench test)(10) is increased for alloying steels. However, the 

alloying elements also influence the Ms and Mf to lower temperatures, so that some highly 

alloyed steels must be cooled below room temperature to obtain fully martensitic structures. 

(6) 

 

Fig.  9. (6)A schematic isothermal transformation diagram shows how the material must be quenched in 
order to form martensite.  
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Fig.  10 (7)The martensite start temperature (MS) is expressed as a function of carbon content. 

 

The hardness of martensitic steel depends on the carbon content, as illustrated in Fig.  11. 

The strength and hardness are related to the effectiveness of the interstitial carbon atoms in 

hindering dislocation motion and also related to the low number of slip systems in martensite. 

(11)The hardness increases with increasing concentrations of carbon until the concentration 

reaches about 0,8%, thereafter the hardness declines because the larger amount of retained 

austenite.(2) 
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Fig.  11. (2)Hardness as a function of carbon content for a hardened low alloy steel. 

 

Quenching 

Quenching in liquids can be separated into three different stages of heat removal. During 

stage 1, a uniform vapor blanket is formed around the part. The vapor blanket is maintained 

as long as the heat supply from the bulk to the surface is larger than the amount of heat 

required to evaporate the quenchant. During stage 2 the vapor envelope collapses and high 

cooling rates are achieved as the quenchant contacts the metal surface and is vaporized. 

The 3rd stage starts when the temperature of the metal surface becomes lower than the 

boiling point of the quenching liquid. During this stage the part is cooled by conduction and 

convection into the quenchant. 

If the quenchant flows relative to the part, the vapor blanket will be disrupted and it will be a 

faster transition into the 2nd stage. If there is no flow relative to the part it can cause 

nonuniform quenching. As a result of nonuniform quenching, spotty hardness, increased 

surface cracking, distortion and higher residual stresses might happen. 

Several different media can be used as quenchant e.g. water, oil and brine solutions. An 

ideal quenchant would have a high effect during stage 1 and 2 but would cool slowly through 

stage 3. Water and brine solutions have high initial quenching speeds but they also quench 

fast during the 3rd stage. The high cooling rate for water produces residual stresses that 

might cause distortion and cracking. Oils have slower quenching rates and more uniform 

heat extraction could be accomplished, hence the risks of cracking and distortion are 

decreased.(6) 
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Tempering 

As-quenched steel is very hard and strong, but also very brittle. During tempering the steel is 

reheated to an intermediate temperature (below A1, the eutectoid temperature) increasing the 

toughness and ductility whereas the hardness and strength will decrease. The steel is 

usually held at this temperature for 1 to 2 hours. However the tempering temperature is a 

much more important parameter than the tempering time. The hardness will decrease more 

for higher tempering temperatures, Fig.  12. If the sample is tempered between 150 and 200 
oC it will get improved ductility and toughness whereas the decrease of hardness and 

strength will be relatively small.  

 

Fig.  12. (6)The tempering temperature and carbon content affecting the hardness during tempering. 

Tempering can be divided into 3 different stages as the steel is heated to higher and higher 

temperatures but the stages overlap each other. In stage 1 a transition carbide is formed and 

the amount of carbon in the martensitic matrix is decreased. In stage 2 the retained austenite 

is transformed to ferrite and cementite. In stage 3 the transition carbide and low carbon 

martensite are replaced with ferrite and cementite. 

Stage 1. 

Stage 1 occurs in the temperature range from 95 to 260 oC. In low-carbon steels the carbon 

atoms start to redistribute themselves to lower energy sites e.g. dislocations. Because steels 

with less than 0,2 wt% carbon reduce their energies more by segregation of carbon to 

dislocation sites than by forming transition carbides, no transition carbides are formed. 

However in steels with more than 0,2% carbon the initial carbon segregation occurs by 
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precipitation clustering. Thereafter very fine particles of transition carbide nucleate and grow 

within the martensite. This process reduces the carbon content within the martensite. 

During stage 1 the hardness is not reduced much. Actually the hardness can increase 

slightly for steels of medium to high carbon contents. 

Stage 2. 

Stage 2 occurs in the temperature range from 205 to 315 oC. This stage involves the 

conversion of retained austenite to ferrite and cementite. This stage is therefore not 

important for steels with low content of retained austenite. 

Stage 3. 

Stage 3 begins around 260 oC and results in the formation of ferrite and cementite. When the 

temperature is increased in the range of 260 to 705 oC the transition carbides dissolve and 

are replaced by cementite. The martensitic matrix loses tetragonality and transforms into bcc 

ferrite as its carbon content decreases due to the diffusion of carbon to cementite. The 

hardness is affected by the tempering temperature and decreases more at higher 

temperatures. 

Alloying elements in the steel slows the rate of tempering and lessen the reduction of 

hardness. By adding alloying elements such as vanadium, molybdenum, manganese, 

chromium and silicon the tempering process can be retarded. Some of these alloying 

elements form harder carbides than cementite and the elements diffuse slower than the 

interstitial carbon. (6) 

The normal tempering temperature for carburized and quenched gears varies from 115oC to 

175oC. Higher tempering temperatures decrease both case depth and case hardness. In 

order to enhance the effect of tempering, it should follow soon after the quench. However if it 

is tempered too early, interruption of the martensitic transformation might occur causing 

serious problems. On the other hand the sample might crack if the delay before tempering is 

too long.  

In the tempering process the sample is heated and cooled which may generate new stresses. 

These stresses are quite small due to the low temperature differences. However it is 

recommended to use uniform heating and cooling in order to keep the distortion causing 

stresses at a minimum.(3) 

Deep Cryogenic Treatment 
During deep cryogenic treatment, DCT, the component is slowly cooled to 77K for several 
hours and then gradually warmed up again. The cooling rate is an important parameter 
because if the cooling rate is too high the sample will undergo thermal-shock cracking. It is 
possible to improve hardness, wear resistance and fatigue limit with this method. This 
treatment changes the microstructure in the sample by transforming retained austenite into 
martensite, making it harder. Another change that occurs is carbide precipitation. (12) The 
carbide percepitation is dependent on dislocation movement and accumulation of carbon 
atoms, which are very slow processes at cryogenic temperature and therefore requires long 
soaking time. It should be noted that the carbides are not formed at cryogenic temperature 
but at the after following tempering.  
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It has been shown in several studies that the wear resistance of steel is improved after 
cryogenic treatment, which is thought to be due to the carbides. (2)  
 
Not many authors have investigated the bending fatigue of steel after cryogenic treatment. 
However one study performed bending fatigue test on cold rolled steel. Two different 
cryotreatments were performed. One in which the steel was directly immersed into liquid 
nitrogen for 1 hour and in the other treatment, the steel was cooled by controlled cooling and 
was held for 30 minutes. It was found that there was no difference in fatigue limit for either 
treated or untreated specimens.  
 
Many hardness tests on cryogenically treated steels show that the hardness increases, the 
amount of hardness increase depends on the materials.(12) 
 

  

Shot Peening 
During shot peening the surface is exposed to a stream of thousands of high speed small 

spheres, see Fig.  13. This treatment increases the fatigue limit of the material due to work 

hardening and the residual stress field that is induced into the surface layer. The impact of 

the spheres causes permanent plastic deformation in the thin surface layer because the 

stresses exceed the yield stress of the material. The material under the surface is also 

stressed, but since the stresses are smaller than the yield stress of the material, the material 

tries to return to its initial position after the shot peening treatment. However this process is 

inhibited by the plastically deformed surface. Therefore a compressive residual stress field is 

created at the surface and underneath. Tensile residual stresses are generated below, that 

balance the compression close to the surface. (13) 

 
Fig.  13. (14)To the left is shown the deformation after a shot hits the surface, to the right is shown how 
the elastically deformed material under the surface try to return to the initial shape but is hindered by the 
plastically deformed surface, giving rise to compressive residual stresses. 

 
When carburized steels are shot peened, another parameter is also contributing to high 
compressive residual stress. Retained austenite in the surface will be transformed into 
martensite due to the intensity of the local stress field caused by the impact of the shots. This 
stress induced martensitic transformation increases the compressive residual stress in the 
surface because of the constraint to the volume expansion exerted by the surrounding 
material. (15) 
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Work hardening contribution is a beneficial effect of shot peening due to plastic deformation. 
However, cold working does not influence as much as compressive residual stress influence 
the fatigue life. Work hardening is especially important for low strength alloys with high strain 
hardening capacity giving the material higher tensile strength which is associated with higher 
fatigue strength. 
 
The shot peening also alters the surface by producing small “dimples” that by themselves 
would have a negative effect on fatigue life because they would act as countless local stress 
concentrations. The favorable residual compressive stresses more than counterbalance the 
negative aspect of this surface roughening. It may be possible to improve the fatigue 
properties even more by polishing the material after the shot peening process. (9) 

 

 

Parameters Influencing Shot Peening 

 

Intensity 

The intensity is measured by exposing Almen strips (at least 4) to a stream of high speed 

spheres, Fig.  14. This is repeated for increasing exposure times and then plotting the time 

against arc height of the almen strip. Thereafter a best fit curve is drawn in order to 

determine the intensity. The intensity is defined as the first position of the curve that, if the 

exposure time is doubled (from T to 2T), the arc height increases by 10%, see Fig.  15.(16) 

The intensity is dependent on several factors e.g. the mass of the shot, its velocity, its angle 

of impact on the peened surface and its hardness.  

There is no simple relationship between the peening intensity measured with the Almen strip 

and the residual stress depth distribution produced. The Almen arc height depends upon the 

shape of the residual stress-depth curve, i.e. different stress distributions can produce 

equivalent arc heights. Therefore shot peening to the same Almen intensity using different 

shot sizes will generally create different subsurface residual stress distributions. Only by 

measuring the subsurface residual stress distributions can shot peening be reliably 

controlled.(17) 
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Fig.  14 (16)How the arc height is measured from an almen test strip after shot peening. 

 

Fig.  15(16) The intensity is measured (at point T) where the arc height is increased by 10% if the 
exposure time is doubled. 

Coverage 

The coverage (C) is the amount of surface that has been impacted by the peening media. 

When 100% coverage is reached, the entire surface has overlapping peening dimples. 

Coverage above 100% can be reached by exposing the surface longer time, e.g. in order to 

reach a coverage of 200% it is needed to expose the surface for twice the time required for 

100%.(13) The coverage should be at least 100% even though compressive stress layers 

are formed at lower coverage. This is because the risk of a potential crack in an area that is 

not shot peened remains. 
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Shot Peening Media- Material and Shape 

The shot peening material is another factor affecting the shot peening process. The depth 

and the extent of the compressive stresses will change depending on the hardness of the 

shot (HS). The shot peening material should therefore be harder than the working material. 

When shot peening high-tensile steel (harder than 50 HRC) it is required to use especially 

hard peening material, Fig.  16. (18) 

 

Fig.  16.(18) A 1045 steel shot peened with 330 shots. To the left the steel has the hardness 48 HRC and to 
the right the steel has the hardness 62 HRC. 

There are several different types of materials used for shot peening shots e.g. cast iron, steel 

(both cast and cut wire), glass and ceramic. Except cut wire steel shots, the other materials 

are cast to roughly spherical shape whereas cut wire shots are produced by chopping up 

short length of steel wire followed by a process in which the sharp edges of the produced 

cylinders are removed. The cast shots are used mainly because the ease of which spheres 

can be produced. Since cast iron has lower melting point than steel it is much cheaper to 

melt and cast. Some samples should not be contaminated by iron and these materials e.g. 

austenitic stainless steel and can therefore be shot peened by ceramic or glass shots. 

However ceramic and glass shots have higher breakage rate than steel shots.(19) 

Shot Size 

The size of the shot (d) affects the maximum residual compressive stress. By increasing the 

shot size when shot peening high tensile steel, the size of the residual compressive layer will 

increase. The maximum value of the residual stresses as well as the depth of the maximum 

residual will also increase.  

When shot peening softer materials, the roughness and the depth of the residual 

compressive layer changes. The surface will be smoother when a larger shot size is used if 

the intensity remains the same. 

Shot Velocity 

The shot velocity (v) is another important parameter especially since it can be varied easily 

by changing the air pressure. Similar to the case of shot size the depth of the maximum 

residual compressive stresses is dependent on the shot velocity, Fig.  17. If the shot velocity 

is too high the surface will be damaged and simultaneously the surface stresses will 

decrease.(18) 
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Fig.  17 (4) Residual stress in a carburized steel sample (16MnCr5), shot peened at different shot 
velocities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  18. (18) The residual stress profiles dependency on different shot peening parameters. HM is the 
hardness of the material, HS is the hardness of the shot, v is the velocity of the shot, C is the coverage 
and d is the shot size.  
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Shape of the Shot Peening Media 

The shape of the shot peening media must be spherical and free from sharp edges that can 
damage the sample. It is shown that the fatigue life decreases as the percentage of broken 
particles increases. (20) 
 

Dual Shot Peening 

During dual shot peening, the same surface is shot peened twice by different intensity. This 

is done with the purpose of achieving higher compressive stress at the outer surface, which 

will hinder initiation of fatigue cracks. During the second shot peening often a lower intensity 

is used and as a result the depth of the compressive layer will not change. 

Shot peened surfaces are supposed to have a uniform dimpled appearance with high points 

and low plateaus. The low plateaus and high points are caused by displacement of the 

surface material when the shot peening media hit the surface. Shot peening a surface at 

higher intensities will produce larger dimples. The compressive residual stress is smaller in 

the high points than in the low plateaus. During the second shot peening, media with a 

smaller diameter is used. This media can reduce the high peaks present after the first 

peening. This is why dual shot peening has a finer surface and a more compressed top 

surface layer, Fig.  19.(21) 

 

Fig.  19. (14) Increased compressive residual stresses near the surface after dual shot peening. 
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Fatigue 
Fatigue failure is caused by fluctuating applied stresses that are much lower than the stress 

necessary to cause failure during a monocyclic load. The three most important factors 

affecting fatigue are the maximum tensile stress, the variation of the applied stress and the 

number of cycles of the applied stress. (6)The definitions for these variables are shown in Fig.  

20. 

 

Fig.  20. (9) σa represents the stress amplitude, Δσ the stress range, σm the mean stress, σmin the minimum 
stress and σmax the maximum stress.  

The stress ratio, R, and the stress amplitude    can be calculated according to Equation 1 

and Equation 2.              Equation 1                Equation 2 

 

Fatigue with short fatigue life (up to about 104 cycles) is called low-cycle fatigue whereas 

fatigue with a long fatigue life (more than about 105 cycles) is called high cycle fatigue. The 

limit between high and low cycle fatigue is not exactly defined by a particular number of 

cycles. A more important difference between high and low cycle fatigue is that during low 

cycle fatigue macroplastic deformation occurs in every cycle (22) whereas during high cycle 

fatigue the applied stress is low enough to be elastic (but plastic deformation can occur at the 

crack tip). During the low cycle fatigue the stress strain curve form a hysteresis loop Fig.  21a. 

When the material is unloaded, from point A to point D, the component is under no stress. As 

the material is subjected to compressive stress the strain will change according to the curve 

from point D to point B. When the compressive stress is released the curve will change from 

B to C, and continue to A as tensile stress is applied. The total strain, Δε, is the sum of the 
plastic and elastic components, Equation 3. 
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Δε = Δεe + Δεp  Equation 3 

Δεp is the plastic strain corresponding to the width of the loop at its center, the distance from 

C to D, and Δεe is the elastic strain which can be calculated by Equation 4.          Equation 4 

The area of the loop corresponds to a measure of plastic deformation work done on the 

component. Some of this work is stored in the component as cold work and/or is emitted as 

heat. 

If the material is subjected to high cycle fatigue the plastic strain in Fig.  21a decreases to 

zero and would look like Fig.  21b.(6) 

 

 

 

 

 

a    b 

Fig.  21 a (6) hysteresis loop for cyclic loading in a material undergoing both elastic and plastic 
deformation, b(9) hysteresis loop for cyclic loading in an ideally elastic material. 

 

The stresses generated by loads are generally higher at the surface than in the bulk, which 

will cause fatigue cracks to mostly originate from the surface. Other factors increasing the 

risk of cracks originating from the surface are handling and machining defects, which act as 

stress raisers.(23) This is true for a sample not being shot peened, whereas in a shot peened 

sample in high-cycle fatigue the crack is likely to be initiated under the surface since the 

compressive residual stress field decreases their propagation and nucleation. However, if it 

is low cycle fatigue the cracks are likely to originate from the surface if the high applied 
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tension stresses surpass the compressive residual stress field. (24) Depending on how large 

the residual stresses are the location where crack initiation occurs can change e.g. in 

bending fatigue, the cracks can start below the surface if the compressive residual stresses 

near the surface are large enough. The crack initiation depth is also dependent on the stress 

amplitude, decreasing with increasing stress amplitude.(18) 

 

Generally fatigue cracks are initiated within the material at heterogeneous nucleation sites. 

These nucleation sites are either preexistent (e.g. inclusions and gas pores) or they are 

generated during the cyclic straining process. Under steady stress, slip will occur creating a 

staircase morphology Fig.  22, whereas under cyclic loading nonreversible slip will create 

extrusions (peaks) and intrusions (dips) Fig.  22. It is probable that these intrusions and 

extrusions are the first stage in micro crack formation. These surface changes represent free 

surface terminations of dense bands of highly localized slip. It is believed that these bands 

are softer than the surrounding matrix material and that they cyclically soften, resulting in a 

concentration of plastic strain. These bands are called persistent slip bands.(9) 

 

Fig.  22. (25) to the left the stair case morphology, to the right extrusion (the part above the surface) and 
intrusion (the part below the surface). 

When the size of the micro crack is still in the order of a single grain, the micro crack is 

present in a crystalline structure with several slip systems.(22) The initial crack propagates 

parallel to the slip bands with a very slow growth rate, about 1 nm per cycle, which results in 

an almost featureless fracture surface.(6) Furthermore, if the crack is growing into 

neighboring grains, the constraint on slip displacements will be more restricted by the 

presence of adjacent grains. As a result it will become more and more difficult to contain the 

slip displacements by just one slip system. Instead of slip displacements on parallel 

crystallographic planes, it should occur on slip planes in different directions. The direction of 

the micro crack growth will then change from the initial slip band orientation, tending to grow 

perpendicularly to the loading direction, Fig.  23. (22)  
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Fig.  23.(22) Cross section of a micro crack 

Crack growth is continued by an ongoing process of crack sharpening and crack blunting. 

This often creates a pattern of fatigue striations, with each striation corresponding to one 

cycle of fatigue. The striations are not visible to the eye but can be observed by scanning 

electron microscopy. When fatigued surfaces are viewed series of concentric markings on 

the surfaces will often be observed. These markings are called beach marks and each of 

these beach marks contain thousands of fatigue cycles. Eventually ultimate failure will occur 

when the fatigue crack becomes so long that the remaining cross section no longer can hold 

the applied load.(6) 

Growths of micro cracks can be hindered by barriers e.g. grain boundaries. As seen in Fig.  

24 crack growth rate decreases when the crack tip approaches a grain boundary and 

increases after it has passed the boundary. (22) 

 

 

 

 

 

 

 

 

 

 

Fig.  24. (22) the crack growth rate decreases close to grain boundaries. 
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In gears the fatigue damage generally occurs through initiation and propagation of a critical 

flaw on the outer layer of the component e.g. at persistent slip bands, grain boundary triple 

points or inclusions. Compressive residual stress fields leads to a decrease of driving force at 

the crack tip. This delays the crack initiation and closes cracks after the crack initiation. 

These mechanisms extend the fatigue life of the component, Fig.  25.  It is shown that higher 

amounts of retained austenite have an important role in high cycle fatigue since it decreases 

the yield strength and therefore decrease stress controlled high cycle fatigue. During shot 

peening the retained austenite transforms into martensite leading to austenite grain 

refinement and reduces its detrimental effect on high cycle fatigue.  The refinement of the 

microstructure also reduces the dimension of the nucleated cracks, which prevents them 

from reaching a critical size to overcome the austenite grain.(15) 

 

Fig.  25.(15) The higher the residual stress is, the higher is the fatigue limit. E1, B1, C1, R3 refers to 
different companies performing shot peening on the same kind of steel. 

 

XRD 

 

Advantages and Disadvantages of Using XRD 

XRD has a lot of advantages like not being significantly influenced by degree of cold work 

and hardness. XRD can be used on most polycrystalline materials and is non-destructive at 

the sample surface. The technique is capable to analyze a wide variety of sample geometries 

and is also capable of high spatial resolution, on the order of millimeters and depth resolution 

on the order of microns. However XRD methods are limited to relatively fine grained 

materials and the shallow depth of penetration of the x-ray beam can be a disadvantage 

when trying to characterize a stress distribution with only surface measurements.(17) 

 



Page 26 (59) 
 

Measuring Residual Stress 

A typical metallic sample will consist of a lot of small grains that are nominally randomly 

oriented. The spacing between a specific set of lattice planes e.g. the (211) planes in steel 

will be the same independent of orientation relative to the sample surface in a stress free 

sample. The spacing between the planes will be compressed or expanded elastically by an 

amount dependent upon orientation by any stress present in the sample. Therefore the state 

of stress can be determined by measuring the lattice spacing at different orientations.(17) 

The change in spacing of crystallographic planes will cause the Bragg angles to either 

increase or decrease according to Bragg’s Law, Equation 5. The change of Bragg angle will 

shift the positions of the peaks in the spectra. If it is tensile stress the peak will shift to lower 

2θ (angular position) while compressive stress shifts a peak to higher 2θ value, Fig.  26.(26) 

 

n  = 2d sin( θ )  Equation 5 

θ is the diffraction angle, n is an integer, λ is the wavelength of the x-ray and d is the spacing 

between the lattice planes.(17) 

 

 

Fig.  26 (26) Showing how the peak position will change depending on stresses. 

There are two different kinds of stresses affecting the lattice spacing, macroscopic and 

microscopic residual stresses. Both macroscopic and microscopic residual stresses can be 

determined nondestructively by this technique. Macroscopic stresses extend over distances 

that are large relative to the grain size of the sample. Macroscopic stresses vary with 

direction at a single point in a material. Macroscopic stresses strain several crystals uniformly 

in the surface. This uniform distortion of the crystal lattice shifts the angular position of the 

diffraction peak. 
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Microscopic stresses result from imperfections in the crystal lattice and differ from point to 

point within the crystal lattice. These stresses are associated with strains within the crystal 

lattice that traverse distances similar to or less than the dimensions of the crystals. These 

kinds of stresses alter the lattice spacing and the diffraction peak will therefore be broadened. 

It is possible to determine micro stresses and macro stresses separately by measuring the 

peak position and the breadth of the peak.(27)   

 
 

 

There are different methods to calculate the residual stress using XRD, where one of the 

most commonly used is the sin2ψ method. 

 

 

 

 

 

 

 

 

 

Fig.  27 (27) 

Ψ  The angle between the normal of the surface and the diffracting plane.  

ϕ The angle between the projection in the plane of the normal of the diffracting plane and 

affixed direction in the plane of the sample. 

E modulus of elasticity 

ν is the Poisson’s ratio 

σ1 principal stress in the plane of the surface 

σ2 principal stress in the plane of the surface 

σϕ stress acting in a chosen direction (at an angle ϕ to σ1)(28) 

 

 

The strain can be expressed as a function of lattice spacing where d0 is the stress free lattice 

spacing and dϕψ is the spacing between the lattice planes measured in the direction defined 

by ψ and ϕ, Equation 6. 

 



Page 28 (59) 
 

                   Equation 6 

 

The lattice strain measured, εϕψ, in any orientation can be expressed as a function of the 
stresses present in the sample and the elastic constants in the (hkl) crystallographic direction 
used for stress measurement according to Equation 7.(17) Fig.  27. 
 

Diffraction elastic constants:           
                
 

It is important to know that the elastic constants may differ from the values obtained by 
mechanical testing, due to elastic anisotropy. The elastic constants should therefore be 
determined empirically.(29) 

  Equation 7 

Substituting εϕψ in Equation 7 with Equation 6 will give an expression with lattice spacing as a 

function of σϕ and Ψ, Equation 8 . 

  Equation 8 

By plotting dϕψ as a function of sin2(ψ) the slope and the intercept can be used to calculate 
the residual stress without measuring d0 in a reference sample (unstressed sample), Fig.  28. 

The value of the lattice spacing dϕ0 measured at ψ=0, will be equal or less than ±1 percent 
from the stress free lattice spacing, d0, because E>>      . 
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Fig.  28 Lattice spacing dϕψ as a function of sin
2(ψ). The intercept and slope in this plot is used in order to 

calculate the stress  

 

 

Using the equation for the slope, the stress can be expressed according to Equation 9.                          Equation 9 

Since d0≈dϕ0 this formula can be rewritten into this expression, Equation 10, still having a 

high accuracy for the stress.                           Equation 10 

 

 

 

Materials and Methods 

The planetary gear wheels examined, Fig.  29, consist of carburized SS92506 steel, as 

specified in Table  1. In order to achieve different hardness, 50 % of the gears were 

tempered and 50 % remained untempered, see Fig.  30 and Fig.  31. A few weeks later 50% 

of the tempered samples and 50% of the untempered samples were cryogenically treated.  

The cryogenic treatment was performed by individually dipping the gears in liquid nitrogen, -
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196oC, for 5 min. The gears were thereafter dipped in ethanol until they reached room 

temperature. Afterwards most of the gears were sent to a supplier for a dual shot peening 

treatment with either media of normal hardness or media of higher hardness, see Table  2. 

 

Fig.  29 Planetary gear wheel used in this thesis. 

 

Table  1 The nominal composition of the steel of the planetary gears. 
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Fig.  30. The eight different kinds of shot peened gears analyzed in this study. The samples marked by 
green ovals were fatigue tested. 

 

Fig.  31 The heat treatment during the carburizing of the gear followed by tempering.  
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Table  2 Parameters for the shot peening process. 

 Normal Media Hard Media 
Step1  Low hardness 

High intensity 
High hardness 
High intensity 

Step 2 Low hardness 
Low intensity 

High hardness 
Low intensity 

 

The gears were investigated using the following methods: 
1 Hardness testing 
2 Fractographic examination 
3 Residual Stress measurements 
4 Retained Austenite measurements 
5 Surface Roughness measurements 
6 Bending Fatigue Test 
7 Microstructure examination 
 

1 Hardness testing  

The hardness testing was performed by a Matsuzawa MXT30 and a Matsuzawa 
DVK-1S Vickers hardness tester. Hardness depth profiles were established at the 
root and at the flank, according to Vickers HV1 (1Kg). Each hardness profile shown in 
the result or appendix in this report is a mean value of 3 different hardness profiles. 
 
For measuring the hardness 0,05 mm and 0,1 mm below the surface a Qness Q10A+  
hardness tester was used, according to Vickers HV0,5 (0,5Kg). To increase the 
precision the mean value of 5 indentions was used.  
 
 

2 Fractographic examination 

The fractures were all examined visually and by stereo microscope, a few were 
examined by scanning electron microscopy. 
 
 

3 Residual Stress 

The residual stress was measured at the middle of the flank of a gear tooth by using 
a Xstress 3000 G3R X-ray diffractometer. The stress measurements were made in 
three directions: along the root, transverse the root and at an angle of 45°between 
the two. In order to measure the residual stress below the surface, electrochemical 
polishing was performed using a Movipol 3. A dial indicator was used to measure the 
depth after the electrochemical polishing. In the result, only the stress measured in 
the direction perpendicular to the root direction is presented i.e. the 45° rotation angle. 

Process parameters can be found in Table  3. 
 
Table  3. used during the compressive residual stress measurements. 

Radiation:   CrKα 
2θ / hkl:   156.4° / 211 
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Exposure time:  30-50 s 
Collimator:  2 mm 
Collimator distance:  17,88 mm 
Tilt angles  5/5 between -45° and 45° 
Rotation angles:  -45°, 0°, 45° 
Background:   Linear 
Peak shift:   Cross correlation 
Young’s modulus:  211 GPa 
Poisson’s ratio:  0.3 
Goniometer arc:  75 mm 

 
 

4 Retained Austenite Measurements 

The retained austenite was measured at the middle of the flank of a gear tooth by 
using a Xstress 3000 G3R X-ray diffractometer. In order to measure the retained 
austenite below the surface, electrochemical polishing was performed using a 
Movipol 3. A dial indicator was used to measure the depth after the electrochemical 
polishing. Process parameters can be found in Table  4. 
 
Table  4. Parameters used during the retained austenite measurements. 

Radiation:   CrKα 
Ferrite 2θ / hkl: 156.4°, 106.1° / 211, 200 
Austenite 2θ / hkl: 130°, 80° / 220, 200 
Exposure time ferrite:  20 s 
Exposure time austenite:  40 s 
Collimator:  2 mm 
Collimator distance:  17,88 mm 
Filter:  Vanadium 
Tilt angle:  45° 
Rotation oscillations:  45° to - 45° 
Background, ferrite:  Linear 
Background, austenite:  Parabolic 
Curve fitting, ferrite: Pearson VII  
Curve fitting, austenite: Gauss 
Goniometer arc:  75 mm 

 

 

5 Surface Roughness measurements 

The surface roughness was measured at the flank by a MarTalk. The distance of a 
single measurement was 4 mm, performed at 0,2 mm/s. The roughness values are  
mean values of 6 different measurements where 3 are performed at the right side of 
a gear tooth and the other 3 are performed at the left side. The surface roughness 
measurements were performed by the UTMP department at Scania. 
 

6 Bending Fatigue Test 

Bending fatigue tests (pulsator testing) of the planetary gears were carried out by a 
servo hydraulic material testing machine, Fig.  32, and the results were evaluated by 
the Scania software UTM2.  
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Fig.  32. A schematic picture of how the gear was placed in the servo hydraulic material testing machine 
between two mandrels. 

 

7 Microstructure examination 

 
The samples were etched in 2% nital (alcohol with 2% nitric acid) for about 10 s, 
followed by examination of the microstructure with light optical microscope. 
 

Results 

Hardness 
From Fig.  33 it can seen that the cryotreatment increased the surface hardness. The 

tempering has decreased the surface hardness. Shot peening increases the surface 

hardness regardless of tempering or cryotreatment. The untempered samples are harder 

than the corresponding tempered samples, regardless of shot peening. Furthermore, the use 

of harder media seems to produce a higher surface hardness. However, this is only evident 

for the untempered samples. 
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Fig.  33 The average hardness of the different samples as measured on the flank of the gear tooth. The Standard deviation is also indicated. 
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There is no difference in hardening depth after shot peening treatment, as expected, see Fig.  

34 below. 

 

Fig.  34. Hardness profiles on the flank of the tempered samples. 

The cryogenic treatment was found to give a shallower effect (approximately 0,3 mm) than 

the tempering, Fig.  35, and it did not affect the hardening depth. 

 

 

Fig.  35. Hardness profiles on the flank of the unpeened samples. 
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After the shot peening it is not possible to distinguish the cryogenically treated samples from 

the tempered and untempered, respectively. However, there is still a clear difference in 

hardness between the tempered and untempered samples. The relationship in hardness 

which is observed in Fig.  36 is similar for samples shot peened with normal media, as can 

be found in the appendix, see Fel! Hittar inte referenskälla.. 

 

Fig.  36 Hardness profiles for samples shot peened by hard media. 
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Fig.  37 The residual stress measured at the surface (depth 0 mm) of shot peened samples. 

 

Shot peening increases the compressive residual stress, as expected. The compressive 

residual stress is higher and deeper for samples shot peened by hard media compared to 

samples shot peened with normal media, as seen in Fig.  38. The samples not shot peened 

have the highest compressive residual stress in the surface due to honing, but it quickly 

decreases below the surface. 

 

Fig.  38 Residual stress profiles for tempered samples after different shot peening treatments. 

The compressive residual stresses induced by shot peening with normal media, see Fig.  39, 

show the best results for the tempered samples i.e. highest and deepest stresses. The 

untempered cryogenically treated samples have much lower stresses compared to the other 

samples. 
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Fig.  39 Residual stress profiles for samples shot peened by normal media. 

Also when hard media is used, the tempered samples show higher and deeper compressive 

residual stresses, Fig.  40. Both the tempered samples has also deeper stresses compared 

to the untempered samples. The untempered and cryogenically treated sample shows much 

better results than when normal media was used i.e. only marginally lower compared to the 

untempered sample.  

 

 

Fig.  40 Residual stress profiles for samples shot peened by hard media. 
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The retained austenite content in non shot peened samples, Fig.  41, is almost constant 

below the surface. However, it increases steeply the first few micrometers. It can also be 

seen that the retained austenite content seems to be lower for cryogenically treated samples. 

This is also seen in the surface hardness i.e. a lower amount of retained austenite will 

increase the surface hardness. There is a notable uncertainty in the measurement of 

retained austenite, as seen in Fig.  42. Data for the other retained austenite measurements 

can be found in the appendix. 

 

Fig.  41 Retained austenite profiles for unpeened samples. 

The austenite content after shot peening shows a very high uncertainty which makes it 

difficult to interpret the results.  

 

Fig.  42 Retained austenite profiles for samples shot peened by normal media. The error in this graph is 
large.
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Microstructure  

Fig.  43 - Fig.  50 show the microstructure of all samples shot peened with hard media. The 

effect of the shot peening, tempering and cryogenic treatment cannot be seen in the 

microstructural investigation.  

  

 

 

 

 

 

 

Fig.  43 Tempered flank   Fig.  44 Tempered Root 

    

 

 

 

 

 

 

 

Fig.  45 Untempered flank   Fig.  46 Untempered root 

   

 

 

 

 

 

 

 

Fig.  47 Tempered cryogenically treated, flank  Fig.  48 Tempered cryogenically treated root 
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Fig.  49 Untempered cryogenically treated flank                     Fig.  50 Untempered cryogenically treated root 

 

Fractografic Results 
After the pulsator testing, all fractured gear teeth surfaces were observed with stereo 
microscope and a few samples where more thoroughly investigated with scanning electron 
microscopy (SEM). It was seen that all cracks were initiated at the surface. In Fig.  51 - Fig.  
60 examples of initiating points for cracks are shown. The initiation points look like white dots 
in the camera photos and are marked with red arrows, whereas in the SEM the initiation 
spots look like a flat half circle surrounded by a rough surface. 

 

Fig.  51 Fracture surface appearance of tempered gear tooth, shot peened with hard media and pulsator 
tested at 51kN (optical macro photo) 
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Fig.  52 Fracture surface appearance of tempered gear tooth, shot peened with hard media and pulsator 
tested at 51kN (SEM) 

 

 

Fig.  53 Fracture surface appearance of untempered gear tooth, shot peened with hard media and 
pulsator tested at 49kN (optical macro photo) 

 

Fig.  54 Fracture surface appearance of untempered gear tooth, shot peened with hard media and 
pulsator tested at 48 kN (SEM) 
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Fig.  55 Fracture surface appearance of tempered cryotreated gear tooth, shot peened with hard media 
and pulsator tested at 49 kN (optical macro photo) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  56 Fracture surface appearance of tempered cryotreated gear tooth, shot peened with hard media 
and pulsator tested at 50kN (SEM) 
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Fig.  57 Fracture surface appearance of untempered cryotreated gear tooth, shot peened with hard media 
and pulsator tested at 47kN (optical macro photo) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  58 Fracture surface appearance of untempered cryotreated gear tooth, shot peened with hard media 
and pulsator tested at 50kN (SEM) 
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Fig.  59 Fracture surface appearance of tempered gear tooth, shot peened with normal media and pulsator 
tested at 47kN (optical macro photo)  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  60 Fracture surface appearance of tempered gear tooth, shot peened with normal media and pulsator 
tested at 47kN (SEM) 

Fatigue 
Higher hardness on the shot peening media has a positive effect on the fatigue strength 
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The fatigue limit is highest for the tempered sample which is shot peened with hard media 

followed by the tempered sample which is cryogenically treated and shot peened with hard 

medium. The sample tempered and shot peened with normal media has higher fatigue limit, 

than that which is untempered, cryogenically treated and shot peened with normal media, 

Fel! Hittar inte referenskälla. . 

The curves in Fig.  61 are steeper for samples that are cryogenically treated.  

 

Fig.  61 Pulsator testing of: 1 tempered hard media, 2 tempered cryogenically treated hard media, 3 
tempered normal media, 4 untempered cryogenically treated hard media, 5 untempered hard media. 

 

Discussion 

The hardness, residual stress and retained austenite were measured on the flank of the gear 

tooth. However, the fatigue cracks were initiated at the root of the gear tooth. Therefore it 

would have been preferred to measure at the root, but due to the geometry of the gear it was 

considered too time consuming.  Previous work has investigated the difference in  the 

residual stresses between the flank and root position after shot peening (30). It was found 

that the compressive residual stresses were higher at the flank than at the root, especially 

near the surface. The retained austenite was not measured in this investigation. All the data, 

retained austenite and residual stress and hardness, presented in this chapter is measured 

in the flank. The hardness was also measured at the root and this data is included in the 

appendix. 

 

Hardness of Material 

IShot peening increases the surface hardness due to an increase of dislocations caused by 
the plastic deformation during the process. From Fig.  62 it is possible to confirm that the 
cryogenical treatment increased the hardness down to 0,3 mm below the surface. This 
increase is probably caused by transformation of retained austenite into martensite. The 
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surface has generally a higher retained austenite content due to the higher carbon content 
because carbon stabilizes retained austenite.  

The tempering process affects the hardness at least down to 0,7 mm below the surface. This 
decrease in hardness is probably caused by the formation of transition carbides which result 
in decreased amount of carbon in the martensite. The decrease in hardness is only observed 
in the surface and not in the bulk, which might be due to the amount of high carbon 
martensite decreases with increasing distance from the surface. 

No difference in hardness was observed after shot peening between cryotreated and non-
cryotreated samples. This indicates that the retained austenite does not have a significant 
influence on the hardness increase after shot peening i.e. it is either transformed in the 
cryotreatment or in the shot peening process. 

However the hardness still differed between tempered and untempered samples after the 
shot peening. This phenomenon might occur because untempered samples have a higher 
concentration of carbon in the martensite than tempered samples, and the shot peening 
process does not change the chemical composition of the martensite.  

 

Fig.  62 Hardness profiles on the flank of the unpeened samples. 

It is observed that the fatigue limit increases for tempered samples (which are softer) 
compared to the untempered samples (which are harder), Fig.  63. This effect could be due 
to deeper compressive residual stress for the tempered sample, Fig.  64 . This reason for the 
deeper residual stresses could be caused by larger deformation taking place during shot 
peening in tempered samples, which will result in higher compressive residual stresses 
deeper in the material.  
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Fig.  63. Pulsator testing of: 1 untempered samples shot peened with hard media (green), 2 tempered 
samples shot peened with hard media (blue). 

 

 

Fig.  64. Difference in depth of compressive residual stresses between untempered and tempered 
samples shot peened by hard media. 
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Hardness of Shots 

By using hard media instead of normal media, the fatigue limit increases for tempered 

samples, Fig.  65. This increase is could be due to increased compressive residual stresses 

at all depths, Fig.  66. The effect occurs because harder shots cause more deformation, 

since the shots with normal hardness are themselves deformed to a higher extent in the 

collision. The hardness of the material has most likely not influenced the results since there 

is no significant difference between the two samples, see Fig.  33. 

 

.  

Fig.  65. Pulsator testing of: 1 tempered samples shot peened with normal media (green), 2 tempered 
samples shot peend with hard media (blue). 

 

Fig.  66. Increased compressive residual stresses when hard media is used instead of normal media, 
tempered samples. 
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Retained Austenite 

Due to the large errors in the XRD measurements, see Fig.  41, the hardness measurements 

are used instead to observe the influence of retained austenite. This can be done since the 

retained austenite transforms into martensite during the cryotreatment. Thereby the hardness 

increases after the cryotreatment close to the surface, which confirms that retained austenite 

has transformed into martensite. As seen in Fig.  67. 

 

Fig.  67 Increased hardness after cryotreatment in unpeened samples 

 

When observing the compressive residual stress of samples having undergone the same 
treatments, no significant difference could be seen, Fig.  68. This indicates that the amount of 
retained austenite does not affect the compressive residual stresses.  
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Fig.  68 The stresses are unaltered by the cryotreatment 

In Fig.  69. it is observed that the hardness increase up to a certain value after shot peening, 

when comparing the blue staples. This value is independent on the amount of retained 

austenite when hard media is used during the shot peening. However when normal media is 

used it can be seen that the cryotreated sample have a much smaller increase in hardness 

compared to when hard media was used, the red staples in Fig.  69. This is probably 

because the amount retained austenite affects the initial surface hardness, green staples. 

When the normal media is used, it is softer than the surface of the material and can therefore 

not cause sufficient deformation in order to increase the hardness. 

 

Fig.  69 To the left the hardness increase to the same level independent on which media used, to the right 
the hardness also increases up to the same level when hard media is used, but the normal media is too 
soft to increase the hardness of the untempered cryotreated sample to the same level. 

A similar effect is observed for the compressive residual stresses, see Fig.  70. There was a 

small difference in compressive residual stress between cryotreated and not cryotreated 

samples when hard media was used. However when normal media was used, a very clear 

difference is observed. The shallower compressive residual stresses observed in the 

cryotreated sample shot peened with normal media support the hardness measurements, Fig.  
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69 . This indicates that the sample is too hard for the media to deform sufficiently.

 

Fig.  70little difference in compressive residual stress between the samples shotpeened with hard media 
but large difference in compressive residual stress when normal media is used. 

 
 
When looking at the fatigue data, Fig.  71, only a very small difference in fatigue limit 
between tempered and tempered + cryotreated samples shot peened with hard media is 
observed. It would have been interesting to compare the fatigue data for the untempered 
samples shot peened with normal media in order to confirm that the untempered cryotreated 
sample is too hard for the media. 
 

 

Fig.  71. The wöhler curves for tempered cryotreated (blue) and tempered (green) samples shotpeened 
with hard media. 
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There is much error in the XRD measurements of the retained austenite, which makes it hard 

to draw good conclusions.  However, some trends can still be seen. In Fig.  41 it is observed 

that the retained austenite content increases steeply a few micrometers below the surface in 

unpeened samples.  A similar trend is found in Fig.  38 where the compressive residual 

stress decreases steeply just a few micrometers below the surface. These trends are 

probably observed because the gear is honed.  Previous reports have noted the same trend 

with increased compressive residual stresses near the surface due to honing(31). It is also 

observed that the cryotreatment had an effect for the untempered sample, Fig.  41, 

decreasing the amount retained austenite.  However, the tempered sample has too large 

errors in order to confirm whether the amount has decreased or not. 

The large uncertainties in the retained austenite measurements are caused by the wide width 

of the iron peaks in the XRD spectrum. Since the detectors can only detect signals from a 

small range of angles, parts of the iron peak are not detected. This cause an error in the area 

measurement of the peak which is used in order to calculate the amount of retained 

austenite. Because some parts of the iron peak are omitted it will probably calculate a too 

high amount. 

 

 
Fractography 

All fractures seem to be initiated at the surface which indicates that the compressive residual 

stress at the surface should be increased even further in order to reach a higher fatigue limit.  

Surface Roughness 

The surface roughness was measured because all cracks were initiated at the surface which 
indicates that surface roughness might affect the fatigue limit. However no such relationship 
could be seen, in fact the samples with the highest fatigue limit had the highest surface 
roughness, see Fig.  72. 
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Fig.  72. The surface roughness of samples shot peened by hard media is used. 

 
The surface roughness is affected by the hardness of the sample. This phenomenon takes 
place since softer samples are more easily deformed during the shot peening than harder 
samples. It is also observed that there is very little difference in surface roughness between 
samples shot peened with hard media and samples shot peened with normal media. This 
little difference is probably within the error of measurements. Since there is no significant 
difference in surface roughness between samples shot peened with hard or normal media, 
surface roughness should not cause any problems if changing to harder media. 
 
The unpeened samples tend to have lower Ra value than shot peened samples. This 
probably occurs since shot peening generally increases the surface roughness when the 
shots hit the surface.(32) 
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Conclusions 

This master thesis provides important information about the relationship in shot peened 

gears between the amounts retained austenite, hardness of the media, hardness of the 

material, compressive residual stresses and the fatigue limit. The following conclusions can 

be drawn. 

 

 The favorable effect from the shot peening operation, regarding fatigue limit, is 

probably due to the increased level of compressive stresses, than to the increased 

surface hardness. 

 Hardness of shotsThe peening effect benefits from using hard shots and relatively 

low hardness of the peened surface as this results in more plastic deformation and 

higher compressive residual stresses. 

 

 Harder media induce higher level of compressive residual stresses due to increased 

plastic deformation. It has no significant influence on the final hardness of the sample. 

 

 The hardness of the media does not affect the surface roughness. 

 

Hardness of material 

 

A higher initial hardness of the peened surface will decrease the plastic deformation 

and thereby have a negative effect on the compressive residual stresses, provided 

that the shot hardness is unchanged  

 

 A harder material surface, before shot peening, results in a better surface roughness 

after shot peening.  

Retained austenite:  

 The initial amount of retained austenite has little direct influence on the peening 

effect. However, a low retained austenite content results in higher surface hardness. 

This might affect the shot peening negatively since the media might be too soft to 

cause sufficient plastic deformation. 

 

 The retained austenite content does not influence the surface hardness after shot 

peening. 
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Further Work 

Since several of the gears were not fatigue tested it would be interesting to fatigue test these 

in order to confirm the relationships seen when hard media was used.  

Instead of using steel as media, ceramic media could be used in order to observe the 

maximal effect of shot peening since even the hard media used in this study is just slightly 

harder than most of the shot peened samples. 
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